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Recombination Luminescence in Irradiated Silicon*t
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Radiative recombination of optically injected carriers has been observed in Co'-p-ray- and neutron-
irradiated silicon. All samples were irradiated at room temperature and stored at room temperature following
irradiation. The luminescent spectrum is complex and exhibits sharp structure at liquid-helium tempera-
ture. In both n- and p-type Goat-zone-grown material, the spectrum is dominated by a very intense sharp
band located at 0.971 eV. In both n- and P-type pulled crystals the same spectrum appears, but an additional
spectrum is found that is shifted to lower energies by 0.180 eV, with a very intense sharp band located at
0.791 eV. The major features of both spectra are independent of the type and amount of doping impurities
of valence III or V, and the type and amount of irradiation. The defect associated with the lower-energy
spectrum anneals at room temperature, while the defect associated with the higher-energy spectrum is
stable at room temperature. An additional band associated with a third defect is found at 0.794 eV in
y-irradiated pulled crystals under certain conditions. Measurements of the luminescence at liquid-nitrogen
temperature are consistent with those at liquid-heHum temperature. It is suggested that the luminescence
of the two major portions of the spectra are due to both phononless and phonon-assisted recombination
of free holes and trapped electrons in the ground states of two diferent defects. Subtraction of the energies
of the sharp bands found in the luminescence spectra from the band-gap energy yields 0.194 and 0.374 eV as
the energies of the traps below the conduction-band minima.

I. INTRODUCTION

1
~OPTICAL absorption' 'andphotoconductivitvt s ~'s

have been extensively used to determine the

energy levels and structure of radiation-induced defects
in silicon. The complementary phenomena of electron-

hole recombination luminescence, found useful in the
study of impurity centers, ""has only recently been

applied to the problem of radiation damage.

~ Work supported in part by the National Aeronautics and
Space Administration.

t Based on a thesis submitted to the University of Illinois in
partial ful6llment of the requirements for the Ph.D. degree.

f Present address: Air Force Materials Laboratory, Wright
Patterson Air Force Base, Ohio.

' V. S. Vavilov, E. N. Lotkova, and A. F. Plotnikov, J. Phys.
Chem. Solids 22, 31 (1961).

' H. Y. Fan and A. K. Ramdas, J. Appl. Phys. 30, 1127 (1959).' H. Y. Fan and A. K. Ramdas, Bull. Am. Phys. Soc. 5, 197
(1960).

'E. N. Lotkova, V. S. Vavilov, and N. N. Sobolev, Opt. i
Spektroskopia 13, 216 (1962) /English transl: Opt. Spectry.
(USSR) 13, 118 (1962)].

t' L. J. Cheng, J. C. Corelli, J. W. Corbett, and G. D. Watkins,
Phys. Rev. 152, 761 (1966).

6V. S. Vavilov and A. F. Plotnikov, Fiz. Tverd. Tela 3, 2455
(1961) t English Transl. : Soviet Phys. —Sond State 3, 1783
(1962)].

7 A. F. Plotnikov, V. S, Vavilov, and L. S. Smirnov, Fiz. Tverd.
Tela 3, 3253 (1961) (English transl. : Soviet Phys. —Solid State 3,
2363 (1962}].

8 V. S. Vavilov, G. N. Galkin, V. M. Malovetskaya, and A. F.
Plotnikov, Fiz. Tverd. Tela 4, 1969 (1962} t English transl. :
Soviet Phys. —Solid State 4, 1442 (1963)7.

V. S. Vavilov and A. F. Plotnikov, J. Phys. Soc. Japan
Suppl. III 18., 230 (1963).

' V. S. Vavilov, A. F. Plotnikov, and V. D. Tkachev, Fiz.
Tverd. Tela 4, 3446 (1962) /English transl. : Soviet Phys. —Solid
State 4, 2522 (1963)7.

"V. D. Tkachev, A. F. Plotnikov, and V. S. Vavilov, Fiz.
Tverd. Tela 5, 1826 (1963) t English transl. : Soviet Phys. —Solid
State 5, 1332 (1964)j.

"V. D. Tkachev, A. F. Plotnikov, and V. S. Vavilov, Fiz.
Tverd. Tela 5, 3138 (1963) /English transl. : Soviet Phys. —Solid
State 5, 2333 (1964)g.

"V. S. Vavilov, S. I. Vintovkin, A. S. Lyutovich, A. F. Plot-

175

Ivanov and Yukhnevich'4" obtained recombination

spectra at liquid-nitrogen temperature from Co' -irra-

diated silicon into which carriers were electrically in-

jected via P mjunction-s. The spectra disappeared upon
raising the sample temperature to 120'K. They
suggested that the luminescence resulted from the
recombination of an electron-hole pair bound at a
vacancy-oxygen combination, or Si A center. ' lt
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occurred. Further studies produced spectra associated
with deeper energy levels of unidenti6ed defects. '8 '0

In the present work, the temperature range of mea-
surements has been extended to liquid-helium tempera-
ture, where the recombination process is more CKcient
and thermal CGects are less important. Samples were
prepared only from bulk crystals, eliminating the am-

biguity associated with the idcnti6cation of defects in a
damaged p-n region. The samples were irradiated at
room temperature with CO60 y rays or fast neutrons
and stored at room temperature until measured at low
temperatures. The CGcct upon the luminescence spectra
of type and amount of radiation, interstitial oxygen
concentration, and dopant concentration have been
measured, yielding information about the structure and
production of radiation defects. Preliminary-measure-
ments have been previously reported in other papers. ""

Electron-hole pairs were excited by an Osram HBO
500-% high-pressure mercury lamp. e' The light from
the lamp, interrupted by a mechanical chopper 135
times/sec, passed through a filter made of two 3-mm
thick Jena KG-3 plates" separated from each other by
5 cm of water, This 6lter passed only photons whose
wavelengths lay between 3300 and 7000 A (10% trans-
mission points). The light beam was focused by a pair
of glass lenses upon the sample inside a vacuum Dewar.
The luminescence emitted from the sample on the
side opposite the incident light was collected by a
calcium Qouride lens and focused with 1:1 magnification
upon the entrance slit of a monochromator. A Jarrell-
Ash model 82-902, 0.5-m grating monochromator was
used for helium-temperature experiments and a Perkin
Elmer model 83 monochromator with a fused quartz
prism was used for experiments at higher temperatures.

The dispersion of the monochromators was deter-
mined from a measurement of the half-width as a
function of slit width of the Hg 15 295 A emission line
in a low-pressure mercury lamp. The value was 16 A/mm
for the grating monochromator and about 1000 A/mm
for the prism monochromator.

The light emanating from the monochromator passed
through a Jena RG-10 filter'4 3 mm thick and was then
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focused by another calcium Quoride lens upon a lead
sulfide detector cooled to dry-ice temperature. The
RG-10 61ter removed any scattered light of wavelength
less than 7000 A. The electrical signal from the lead
sulfide detector was amplified by a lock-in ampli6er
tuned to the reference voltage generated by the me-
chanical'chopper. The output of the lock™inamplifier
was displayed on a chart recorder. It is estimated that
only 1 photon was detected for about 10' photons
generated because of reQection losses at the sample
surfaces and the geometry of the light-collecting system.

The thickness of the plate-shaped samples ranged
between 0.4 and 0.9 mm. The sample thickness had no
effect upon the shape of the luminescence spectra
because the optical transmission in the 1.2—3.0-rM region
of the spectra was governed solely by surface reQection.

In order to reduce the probability of nonradiative re-
combination of carriers at the surface, the sample was
etched in CP4A (5HNOs, 3HF). After the etch was
quenched with distilled water, the samples were"quickly
dried on filter paper and joined to the cold 6ngers of
the vacuum Dewar reservoir with vacuum grease im-

pregnated with 6nely powdered silver. The intensity
of the luminescence of a given sample depended criti-
caOy upon the etching procedure, but the spectrum of
luminescence was independent of it.

The sample temperature with liquid nitrogen in the
reservoir was measured with an iron versus constantan
thcrmocouple and with liquid helium in the reservoir
with a gold-iron versus chromel-P thermocouple. The
temperature was measured for a typical sample 0.5 mrs
thick under the same experimental conditions as when
luminescence data were obtained, but with the thermo-
couple soldered directly to the center of the sample on
the side opposite the incident exciting light. The
measured sample temperature at liquid-helium tem-
perature was 6.8'K and at liquid-nitrogen temperature
was 78.1'K.

Some samples were irradiated at room temperature
by Co'0 y rays at the U. S. Naval Research Laboratory
and at the Oak Ridge National Laboratory using dose
rates of about 10' R/h. Others were irradiated by fast
Ilcutl'ons at, room temperature ln thc University of
Illinois General Dynamics Triga reactor whose fast-
neutron flux was approximately 1.5&t,'10rs/cms sec while

operating at 250 kW. Thermal neutrons were filtered
by shielding the samples with 0.030-in.-thick cadmium
foil. The samples were re-etched for about 10 sec
following each irradiation before obtaining a new lumin-
escence spectrum.

The re1ative response of the detector-monochromator
combination was measured using an Infratron" model-
404 blackbody source operating at a temperature of
1453'K. These results were used to correct the raw
data to allow them to be presented in terms of the
relative numbers of photons in a constant wavelength

g5„Infrared Industries, Inc., Santa Barbara, Calif.
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TmLE I. Sample histories. 100 I I I I
I

I I I I I I
I

I I I II I I l I I I I I I

Sample Material
No. class Boule Supplier

Resis-
tivity
(Q cm)

of
irradia-

tion
Irradiation

dose
Figure

No.

1
2
3
4

5
6
7

8
9

10
11
12
13
14

15
16
17
18

nFZa
nFZ
nFZ
nFZ

pFZb
pFZ
pFZ
nPo
nP
nP
nP
nP
nP
nP
pPd
pP
pP
pp

L Me
L M
L M
B D&

M M
M M

D
T M
T M
T M
T M
T M
T M
H D
R Sg
R S
R S
0 M

70
70
70
20

70
70
25

100
100
100
100
100
100
25

250
250
250
30

10™10&R 1, 2, 8
10K-1N4jcm~ 3

10«/cm~ 3
108 R . 3

106-108R
1(PK-10&4]cm~

10II R
5.4 )(10& R
106-101R

101~1014/cm~
10& R
10& R

1014/cm&

10&R
10'-10~ R

101L-1014/cm~

100 R
10~ R

6

5, 7
6

6, 9
7

7

& nFZ: n-type float zone.
b pFZ: p-type float zone.
e nP: n-type pulled.
d pP: p-type pulled.
e M: Monsanto.

& D: Dupont.
I S:Semi-Elements, Inc.
b y'. Cooo y-ray bombardment.
1 n: fast-neutron bombardment.

interval dX as a function of photon energy. Data are
presented in this form in all 6gures.

III. EXPERIMENTAL DATA

"W. Kaiser, P. H. Keck, and C. F. Lange, Phys. Rev. 101
1264 (1956)."W. Kaiser and P. H. Keck, I.Appl. Phys. 28, 882 (1957).

IsR. A. Hewes, Doctoral dissertation, University of Illinois,
1966 (unpublished)."J.R. Haynes and W. C. Westpha1, Phys. Rev. 101, 1676
(19S6).

A. Organization of Data

The experimental histories of the samples are shown
in Table I. They are mainly categorized by type of
majority carrier and method of growth. All n-type
samples were doped with phosphorous and all p-type
samples were doped with boron.

It is commonly found that silicon crystals pulled
from the melt contain oxygen in interstitial positions
in concentrations of nearly 10"/cm', while crystals
grown by the Qoating-zone technique are known to con-
tain less than 10"/cm' interstitial oxygen atoms. ""
This fact was previously verified for the samples used
here by Hewes'8 from the intensity of the 9-p oxygen-
silicon vibrational absorption band.

Prior to irradiation, the photoluminescence of at least
one sample from each boule was observed at liquid-

nitrogen temperature. Only the intrinsic band-gap
luminescence at 1.10eV previously reported by Haynes"
could be observed in the energy range 0.40—1.20 eV.

A number of samples were irradiated for successive
times, the luminescence spectra being obtained at
liquid-nitrogen temperature after each irradiation and
also at liquid-helium temperature following the dnal
irradiation. Other samples were irradiated only once

80—

60—
Vl
C

40—EP

C

.0' 20—
0i)Q. 0-

Liquid Nitrog
Temper atur

100—I

80—

60—

40—

Av. Noise

20—

i i i & I &» & I

.6 .7
I I I I I I I I I I I I I I I II

.8 .9 1.0 1.1 1.2 1.5 1.4
Photon Energy (eV)

and analyzed mainly at liquid-helium temperature.
Sample Nos. 1, 5, 9, and 15 received successive doses of
1, 2, 7, 30, and 60)&10' R of Co~ p rays. Sample Nos.
2, 6, 10, and 16 received successive doses of 1, 2, 7, 30,
and 60X10"/cm' neutrons. The data presented are
those which display the most distinguishing features of
the luminescence and do not include all the spectra
corresponding to each irradiation dosage.

B. n-Type Float-Zone-Grown SiHcon

The liquid-nitrogen temperature luminescence of
sample No. 1, 70 0 cm n-type Qoat-zone-grown silicon,
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O
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Photon Energy (eV)

Fro. 2. Luminescence spectra of sample No. 1, 70 0 cm n-type
Qoat-zone-grown silicon, obtained with 32 L spectral resolution
after total Co~ y irradiation of 10 R; (a) low-signal amplification,
187 days after final irradiation; (b) high-signal amplification, 126
days after 6nal irradiation.

FIG. 1. Luminescence spectra of sample No. 1, 70 0 cm @-type
float-zone-grown silicon. Curve A obtained with 920 A spectral
resolution 22 days after Co y irradiation of 10 R; curve 3 ob-
tained with 300 A spectral resolution 20 days after total Coco 7
irradiation of 10' R.
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TmLE G. Energy location of luminescence bands
of Figs. 2(b) and 3.

100

80-

I I I i j I I I I
j

I i I I
j

I i [ J j i i i i j i

Liquid Helium
Temperoture

Band
location

(ev)

0.971
0.954
0.935
0.923
0.911
0.899
0.884

Separation
from band
No. 1 {eV)

0.017
0.036
0.048
0.060
0.072
0,087

Phonon
emitted

zero
TA~
2TA
Jb

TOO
TO+TA
TO+2TA

60—
- 100—

40—
80—

oo 20—
60—

0— 100—

TA: transverse acoustic phonon.
b L: longitudinal phonon.
o TO: transverse optical phonon.

20—

0—
60—

is shown following y irradiation in Fig. 1. For the
lightest dose of 10' R of Co" y rays, the luminescence
spectrum consists of a single asymmetric band peaking
at 0.935 eV. The intrinsic band-to-band luminescence
has entirely disappeared for this irradiation level. The
spectrum for a total dose of 3&(10' R is similar to that
for 10' R. Structure is found in the luminescence
spectrum following irradiation with 108 R of Coco y
rays, the higher luminescent intensity allowing the use
of greater spectral resolution. There are at least two
bands in the spectrum, one peaking at 0.954 eV and
one peaking at about 0.920 eV. The spectra for total
doses of 10' and 4X10~ R are similar to that for 10' R.
The luminescence spectra at liquid-nitrogen tempera-
ture of sample No. 2, a 70 Q cm e-type Goat-zone-grown
sample that was irradiated with fast neutrons, are
similar to that of sample No. 1.

The luminescence spectrum of sample No. 1 at
liquid-helium temperature is shown in its entirety in
Fig. 2(a) and under higher amplification in Fig. 2(b).
The energy locations of the bands in Figs. 2(b) and 3
are listed in Table II. The assignment of cooperative
phonons to the various bands will be discussed in Sec.
IV. The most distinguishing feature of both spectra is
the great intensity of band No. 1 centered at 0.971 eV.
Band No. 1 is resolution broadened in all spectra pre-
sented in Figs. 2, 3, 6, and 7. Consequently, little
signihcance can be attached to the relative intensity of
this band compared to the other bands in the spectra.

The luminescence at liquid-helium temperature for
sample No. 4, p-ray-irradiated 20 0 cm e-type float-
zonc-gI'own slllcon Is glvcn by curve A ln Flg. 3. Thc
IIlstrumcntal spcctI'Rl width ls twlcc Rs 1RI'gc Rs thRt
of Fig. 2(b) and consequently the structure of band
No. 3 is barely resolved. The bands labelled 1 through 4,
peaking at 0.971, 0.954, 0.923, and 0.899 CV, are the
same as those of Fig. 2(b). There is also a weak band,
No. 5, which peaks at 0.884 eV. The energy position of
this band is also listed in Table II. Band No. 5 is
probably not seen in Fig. 2(b) because the luminescence
intensity there is smaller due to the higher instrumental
resolution. Allowing for the different intensities of the
bands because of different resolution, the results are

40—

20—

85 90 95 100
Photon Energy (eV)

FIG. 3. Luminescence spectra of e-type Qoat-zone-grown silicon,
obtained with 64 A spectral resolution. Curve A, sample No. 4,
20 0 cm, 36 days after Co' y irradiation of 10 R; curve 3,
sample No. 2, 70 0 cm, 257 days after total irradiation by 10'4jcm'
fast neutrons; curve C, sample No. 3, 70 Q cm, 181 days after
irradiation by 10rs/em' fast neutrons.

the same as for sample No. 1, 70 0 cm n-type y-irra-
dlR'tcd Goat-zone-grown slllcon.

The luminescence spectrum at liquid-helium tem-
perature for sample No. 2 is given by curve B in Fig. 3.
The spectrum after a total dose of 10"/cm' fast neutrons
is essentially the same as that of Fig. 2(b) and of curve
A in Fig. 3, where the samples have received total y
irradiations of 10 R. In particular, the ratios of the
peak. intensities of band Nos. 1-5 are the same for curves
A and B in Fig. 3, which were both obtained with the
same spectral resolution. This indicates that the entire
spectrum is associated with the same defect and that
the same defect occurs in both y- and neutron-irradiated
material for the relatively low fluxes stated above.

The luminescence spectrum of sample No. 3, /0
0 cm e-type Boat-zone-grown silicon irradiated with a
heavier dose of 10"/cm' fast neutrons is given by curve
C in Fig. 3. One reason for the difkrent shape when
compaxed to curve 8 is that the 0.971-CV band is lower
in relative intensity, yet the intensity maximum of all
spectra has been normalized to 100 arbitrary units.
The background intensity under band Nos. 2, 3, and
4 has grown relative to them and to band No. 1. It is
also possible that this background intensity is asso-
ciated with another defect whose concentration is so
small that the defect cannot be detected for Quxes
~& 10"/cm'.

No luminescence was observed in any Goat-zonc-
grown samples corresponding to photons with energies
between 0.80 and 0.40 eV. At dry-ice and ice tempera-
tures, no luminescence was seen in either Goat-zonc-
grown or pulled crystals after irradiation.
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C. P-Tyye Float-Zone-Grown Silicon

The liquid-nitrogen temperature spectra of sample
Nos. 5 and 6, y-ray —and fast-neutron —irradiated 70 0
cm p-type Boat-zone-grown silicon were similar to those
of e-type Goat-zone-grown silicon, with one exception.
In both samples an additional weak luminescence band
peaking at 0.83 eV was observed for the lomest irradia-
tion dosages. The liquid-helium temperature lumi-
nesccncc spcctrR of sample Nos. 5 Rnd 6q Rs well Rs

sample No. 7, y-irradiated 25 0 cm p-type Qoat-zone-

grown silicon were the same as sample Nos. 1, 2, and 4 of
the e-type Goat-zone-grown material.

D. 8-Type PGllel Silicon

The nitrogen-temperature luminescence spectra of
sample No. 9, y-irradiated 100 0 cm n-type pulled
silicon is shown in Fig. 4. Following an irradiation of
10' R, there are new bands at 0.743 and 0.925 eV as
mell as the intrinsic recombination band at 1.10 eV. It
should be noted that the 0.743-eV band was not ob-
served in Qoat-zone-grown samples. After a total dose
of 3&10' R, the band-gap luminescence has disap-
peared. The low-energy band does not have a resolved
pcRk. Thc luminescence spcctruIQ glvcn by curve C ls

typical of all higher doses of y rays from 10~ to 10' R.
The low-energy band is again distinct and peaks at
0.750 eV. There are also indications of structure on the
low-energy side of the main band peaking at 0.946 eV.
This band is the same as that observed in the Roat-
zone samples at nitrogen temperature.

The liquid-nitrogen-temperature luminescence spec-
trum of sample No. 10, neutron-irradiated 100 0 cm
e-type pulled silicon is shown in Fig. 5. In this case
there is no distinct lorn-energy band, but instead R tail
extending to 0.60 eV. The major band is the same as
that found in all other samples.

100 —
i r» I

~ i I I I i I I I I I I I I
I

I I I I

80—
tO

~60—Q)

tD
.+ 40-
U
03

CL 20—

Liquid N

Tem pe

I lIltI I I

.8 10
Photon Energy

i& I& ts& I ~»& I» ~&

1.2

100—
80—

I
j

Liquid Helium
1

I $ I I l I
I

I t 4 f [ I

Temperoture

'I 4

I
I I ~ I f I I I I

I
I g ~ i

2

FIG. 5. Luminescence spectrum of sample No. 10, 1000 cm
n-type pulled silicon. Obtained with 1150 A. spectral resolution
18 days after total irradiation by 10"/cm' fast neutrons.

%Mc studying th.c lumin csccncc Rt llquld-hclluYIl

temperature in y-irradiated n-type Goat-zone-grown
silicon, it mas found that the spectra depended upon
the elapsed time after irradiation. This phenomenon is
shown in Fig. 6, where the curves are arranged in order
according to thc elRpscd tlIIlc.

Before discussing the time va, riation of the curves, the
details of a typical curve, B, will be presented. The
spectrum was obtained from sample No. 11,y-irradiated
100 Q cm e-type pulled silicon, because sample No. 9,
from which the intensive nitrogcn-temperature data
were taken, developed a small hole after repeated
etching. The pattern between 0.81 and 1.00 CV is the
same as found in the Qoat-zone-grown samples, but the
pattern between 0.64 and 0.81 eV m'as never observed
in Qoat-zone-grown samples. Evidently, the defects re-
sponsible for the low-energy group of bands are de-
pendent upon the presence of oxygen for formation.
The resolution is better at lower energies because the
wavelength resolution is constant while the corre-

100
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60—

I I
I I I I
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Liquid Nitrogen
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80-
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20 —100-
0 —80—
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A 8
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Photon Energy (eV)

FIG. 4. Luminescence spectra of sample No. 9, Co' p-irradiated
100 0 cm I-type pulled silicon. Curve A obtained with 1150 A
spectral lesolutlon 22 days Rftel lrladlatlon of 10 R' cuI've 8
obtained with 580 A spectral resolution 28 days after total
irradiation of 3X10 R; curve C obtained with 520 A spectral
resolution 3 days after total irradiation of 4X107 R.
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FIG. 6. Luminescence spectra of Co'o y-irradiated 100 0 cm
g-type pulled silicon; obtained with 64 A spectral resolution.
Curve A, sample No. 12, three days after irradiation with 10' R;
curve 3, sample No. 11, 14 days after irradiation with 108 R;
curve C, sample No. 12, 45 days after irradiation with(10s R;
curvd D, sample No. 11, 80 days after irradiation with 108 R;
curve E, sample No. 8, 407 days after irradiation with 5,38&3.0~ g.
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Trna@ III. Energy location of luminescence bands of curve 3, Fig. 6.

Sand
No.

1
2

3-A
3-$

4.
5
6
7

8-A
8-3
9-A
9-8
10

Band
location

(eV)

0.971
0.955
0.936
0.925
0.900
0.883
0.792
G. /75
0, /57
0./51
0.730
0./27
0.719

Separation from
band No. 1 in

the high-energy
pattern (gj}

0.016
0.035
0.046
0.071
0.088

Separation from
band No. 6 in
the low-energy
pattern (eV)

0.017
0.035
0.041
0.062
0.065
0.073

Corresponding
bands

10

Separation
between

cor respondj. ng
bands I'eV)

0.179
0.180
0.179

0.181

0.179
0.180
0.179

Phonon
emitted

2TA
Ib

TO+TA~
TO+2TA

zero
TA
2TA
I

TO
0

TO+TA

& TA: transverse acoustic phonon.
b I' longitudinal phonon.

sponding energy interval decreases with decreasing
photon energy.

Thc cncrglcs of the peaks of thc VRI'ious bRnds Rlc
listed in Table III. The most striking features are the
great intensities of band Nos. 1 and 6, and the high
degree of similarity between the two patterns. Thc
energy separation of the various bands from the two
most intense bands are also listed in Table III. From
these it can be seen that if either pattern is shifted by
0.180 CV toward the other, that many of the features
will be replicated. In particular band Nos. 1, 2, 3-A,
and 4 will coincide with band Nos. 6, 7, S-A, and 10,
respectively.

The luminescence spectrum of curve B of Fig. 6 was
obtained 14 days after irradiation of sample No. 11.
The luminescence spectrum of the same sample ob-
tained 80 days after irradiation is given by curve D of
Fig. 6. The intensity of the low-energy bands was
greatly reduced ln comparison to the high-energy
pattern. Evidently the defect producing the low-energy
pattern anneals at room temperature. The high-energy
pattern remained about the same in absolute intensity.

Curve A of Fig. 6 shows the luminescence spectrum
obta, ined 3 days after irradiation under identical condi-
tions for sample No. 12, also cut from the same boule
as sample No. 11. It is particularly striking that. the
intensity of the low-energy group of bands is much
lower than the intensity of thc high-energy group.
There appears to be a ncw band centered at about
0.794 CV which was not seen in any other samples. The
features of the higher-energy pattern are the same as
for RH other samples. A spectrum not shown herc
which was taken 5 days after irradiation showed no
trace of the 0.794-eV band. It is not possible to state
whether this band is present in neutron-irradiated
pulled crystals and in Goat-zone-grown crystals, since
no attempt was made to observe luminescence this
soon after irradiation in these materials, Curve C of.
Flg. 6 shows thc spcctlUm obtained oIl thc sanlc saIIlplc
45 days a,fter irradiation. It is nearly identical to that of
curve B, which was obtained 14 days after irradiation.
The low-energy group of bands in curve C is 30'Po less

e TO: transverse optical phonon.
d O: zero vrave vector optical phonon.

in intensity than the high-energy group, while in curve
B the two groups have nearly equal intensities.

Luminescent datR obtRlncd 407 days RftcI' llladlRtlon
under identical experimental conditions on sample
No. S„cut from the same boule, as sample Nos. 1.1 and
12, are shown in curve E. The low-energy pattern has
further decreased in intensity relative to the high-
cnergy pattern, whose absolute intensity has remained
approximately constant.

Evidently, the 0.794-eV band is caused by a third
defect which anneals out from 3 to 5 days after irra-
diation. The defect producing the rest of the low-energy
pattern grows until about 2 weeks after irradiation,
after which it decays with a time constant on the
order of months.

Luminescence spectra in the range 0.40—0.64 eV were
not observed in the samples used for determining the
data presented in Fig. 6 or in any other pulled-silicon

The liquid-helium-temperature luminescence spec-
trum of sample No. 14, y-irradiated 25 0 cm m-type
pulled silicon is shown in Fig. 7, curves A and B.
Curve A was obtained 13 days after irradiation and
curve B was obtained 90 days after irradiation. These
data also clearly demonstrate the room-temperature
anneaHng of the low-energy portion of the luminescence
spectrum. There are also some differences in bands 3-A,
8-A, 9-A, and 9-B.Band 3-A did not appear in curve B.

The liquid-helium-temperature luminescence for neu-
tron-irradiated 100 0 cm e-type pulled silicon is shown
ln Flg; 7 cUrvcs C Rnd D. Thc lUmincsccxlcc of sample
No. 10 after an irradiation of 10"/cm' neutrons seen in
curve C is essentiaHy the same as for y-irradiated
sample Nos. 11, 12, and 14, shown in curves B and C,
of Fig. 6 and curve A, of Fig. 7, respectively. There are
slight di8crences in the weakest bands, but this is not
considered to be signi6cant due to the rather high noise
level. The luminescence of sample No. 13 after an
irradiation of 10"/cm' neutrons in curve D, of Fig. 7 is
quite a bit different than sample No. 10. Band 8-A is
stronger, while all of the bands in the high-energy
pattern are reduced in intensity and tend to be washed
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Fro. 7. Luminescence spectra of e-type pulled silicon obtained
with 64 A spectral resolution. Curve A, sample No. 14, 2S Q cm,
13 days after Coco p irradiation with 108 R; curve 8, sample No.
14, 90 days after Co" p irradiation with 10' R; curve C, sample
No. 10, 100 0 cm, 231 days after total irradiation by 10'4/cm'
fast neutrons; curve D, sample No. 13, 100 0 cm, 158 days after
irradiation by 10'6/cm' fast neutrons.

' K. S. Seshadri and R. Norman Jones, Spectrochim. Acta 19,
1013 (1963).

out, just as for the heavily neutron-irradiated e-type
Goat-zone sample shown in curve C of Fig. 3.

E. P-Type Pulled Silicon

The liquid-nitrogen-temperature luminescence spectra
of sample Nos, 15 and 16, 7- and neutron-irradiated
250 0 cm p-type pulled silicon were the same as for
sample No. 10, neutron-irradiated 100 0 cm e-type
pulled silicon. There was a low-energy tail extending
to 0.57 eV, but no distinct low-energy band at any
level of irradiation. The absolute intensity was much
weaker than in any other type of material.

At liquid-helium temperature, the luminescence of
the p-type pulled sample Nos. 15—18 was too weak to
obtain reliable data. As far as could be determined, both
the high- and low-energy luminescence bands were
present and had the same shape as the e-type pulled
samples.

F. High-Resolution Spectra of Intense Bands

A high-resolution spectrum of band No. 1 for sample
No. 1, 70 0 cm p-irradiated n-type Qoat-zone silicon is
shown in Fig. 8(a). The half-width is 0.0045 eV at
78.1'K using an instrumental resolution of 0.0024 eV.
The band may be approximated by a Gaussian after
subtraction of the background portion of the low-energy

tail. If the effective monochromator slit function is also
a Gaussian, the true half-width may be obtained by
the relation~

(») =L(»)-'-(»)'3'", (1)

where (»)& is the true band half-width, (»)„is the
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FxG. 8. Luminescence spectra of the intense band No. 1 in
sample No. 1, 70 0 cm e-type Boat-zone-grown silicon after total
Co'o y irradiation with 10' R. (a) Sample temperature 78.1'K,
93 days after final irradiation, spectral resolution 0.0024 eV;
(b) sample temperature 6.8'K, 30S days after final irradiation,
spectral resolution 0.0010 eV for curve A and 0.0005 eV for
curve B.

measured band half-width, and (»), is the slit-

function half-width. Substituting known quantities
into the right-hand side of Eq. (1) yields a value of the
true half-width of 0.0039 eV, which is somewhat smaller

than kT at this temperature, 0.0067 eV.
The high-resolution spectrum of this band at 6.8'K

is shown in Fig. 8(b). The measured half-width is

0.0014 eV using a resolution of 0.0010 eV and is
0.0011 eV when using as resolution of 0.0005 eV.
The true band half-width calculated from Eq. (1) is
0.0010 eV, a value somewhat greater than the value of
kT at this temperature, 0.0006 eV.

Both intense bands of sample No. 12, y-irradiated

e-type pulled silicon were studied under high resolution

at liquid-helium temperature. The 0.971-eV band is
shown in Fig. 9(a). The measured width is 0.0013 eV
using a resolution of 0.001Q eV and is Q.QQQ9 eV
when using a resolution of 0.0005 eV. These results are
the same as for sample No. 1, within experimental error.

The 0.791-eV band of sample No. 12 under high
resolution is shown in Fig. 9(b). The measured half-

width is 0.0008 eV using a resolution of 0.0006 eV and

is 0.0006 eV when using a resolution of Q.0003 eV. The
resolution is greater for this band because the energy

interval changes as a function of energy when the wave-

length interval is held constant. The true half-width

calculated from Eq. (1) is 0.0005 eV, or nearly equal

to kT,
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FIG. 9. Luminescence spectra at 6.8 K of the intense bands in
sample No. 12, 1000 cm I-type pulled silicon, 5 days after Co~ y
irradiation of 10' R. {a)Band No. 1, curve A taken with a spectral
resolution of 0.0010 eV, and curve B taken vnth a spectral resolu-
tion of 0.0005 eV; (b) band No, 6, curve A taken vrith a spectral
resolution of 0.0006 eV and curve B taken psmith a spectral resolu-
tion of 0.0003 eV.

It can be concluded, on the basis of the above half-
width measurements, that the half-width of the most
intense bands is essentially proportional to the tempera-
ture at both 78.j. and 6.8'K.

All of the luminescence bands seen after irradiation
have an energy much less than the band gap of the
material. It can be reasoned, therefore, that the re-
combination occurs via defects, and that. these defects
are introduced into the material by the irradiation. As
previously noted, there are two major luminescence
spectra seen at liquid-helium temperature, one in the
range 0.64-0.8j. cV and the other in the range 0.8I—
I.00 eV. Each of the two spectra is associated with R

slnglc defect. Before onc CRD usc these dRtR to dctcI'-
mine an explicit model of the defect or to examine thc
interaction of the defect with the lattice, it is necessary
to determine which of several possible models for re-
combination ls RppllcRblc. Thc col lcct. Inodel Inust
explain the similarity of the two major luminescent
patterns, and the intensity and the thermally dependent
half-width of band Nos. I and. 6.

Consider 6rst the possibility that the luminescence
results from recombination between a neutral donor-
Rcccptol pair. In order for rccomblnatlon to occur
between neutral doDox'"Rcccptox' pRlx's Rt low tcIDpclR-

tures, the concentration of these defects must be such
that thc ground. -state wave functions of the trapped
carriers over'lap. This critical concentration is about
3)&10"/cm' in silicon when the impurity energy levels
are about 0.05 cV from a band edge. ~o The energy
posltlons of the most cncrgctlc luminescent bands ln thc
irradiated samples indicates that the sum of the
ionization energies of a donor-acceptor pair would
have to be at least O. II.9 eV. Since the spatial extent of
thc glouDd stRtc wRvc functloD would bc substRntlRlly
smaller for a defect with an energy level 0.19 eV from
a band edge as compared to one only 0.05 eV from a
band edge„ the concentration of defects would have to
be much greater than the estimate given above. The
concentration of defects introduced by the irradiation
may be estimated in the following manner. Hewes"
has found thc defect-introduction rates to be about
1.0' cm ' R ' for an E,—0.17-CV level in y-irradiated
e-type Boat-zone-grown silicon. The introduction rates
for defects with other energy levels and in other types
of crystals were smaller than this value. Thus the
maximum possible concentration of defects for the
highest y-ray dose of 10s R is 10'4/cm', well below the
required concentration for donor-acceptor pair recombi-
nation even if the defect levels were as shallow as
0.05 eV. In the case of neutron bombardment, Ker-
theim" found the defect introduction rate to be a
maximum of 5.6 cm ' for. levels in the upper half of the
forbidden gap. For the largest neutron flux of 10"/cm'
used in the present case„ the concentrations of defects
would be 5.6X10"/cm'. Since luminescence was found
for irradiation cruxes about 10' times less intense than
this maximum, it appears very unlikely that the con-
centration can be sufhcient to give donor-acceptor pair
recombination. Furthermore, since both carriers mould
be localized prior to recombination, the half-width of the
luminescence bands shouM be much smaller than kT
at RH temperatures. In view of the thermally broadened
intense bands found in the present study, and the
insufhcient concentration of defects produced by irra-
diation, neutral donor-acceptor pair recombinatlon does
not RppcRl to bc thc IlMchanism glvlng thc luminescence.

There are three possible ways that electrons and holes
may recombine through a single center. These are de-
picted in Fig. 10.The wave function of a trapped carrier
may be repx'esented by an expansion in Bloch functions
corrcspondlng to dlGcrcnt CI'ystR1 momcnta

+,(r) =P ggu(k, r)e"',

where it is the crystal momentum corresponding to a
free-carrier energy state in the band nearest the ground-

4' R. A. Hoes, J. Appl. Phys. (to be published).~ G. K. VVertheim, Phys. Rev. 111, 1500 (1958).
43 V. L. Bonch-Bucevirh, Fiz. Tverd. Tela 4, 298 (1962) I English

transL: Soviet Phys.—Solid State 4, 215 (1962)g.
44 V. L. Bonch-Bruevich and A. A. DrugovaP Fiz. Yverd. Tela

7, 3083 (1963) LEnglish Transl. : Soviet Phys. —Solid State 7,
2491 (1966)j.

«~ M. Brietnecker, R. Sexi, and %. Thirring, Z. Physik 182,
123 (1964}.
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FIG. 10. Schematic representation of possible processes of
radiative recoxnblnatlon of carriers via L single recoInblnatlon
center in silicon. A: Free electron-bound hole; 8:bound electron-
free hole; C: bound electron-bound hole.

state energy level of the trapped carrier and r is the
posltloD vcctol of thc tlRppcd ox' fx'cc carriers. The
N(k, r) have the same periodicity as the lattice, and the
gI, are weighting coeKcients depending on k

Consider Grat process A in Fig. 10, the recombination
of a free electron with a trapped hole. For R very
shallow hole state, the important terms in Eq. (2) will

be those near the valence-band maximum and the
transition will be one of second order. The momentum
selection rule for an indirect transition ' will be approxi-
mately correct and will become

k,All=0, (3)

where k, is the wave vector of the free electron and q
is the wave vector of the emitted or absorbed phonon.
Thus all possible transitions by process A mill be ac-
coxnpanied by thc absorption or emission of phonons.
For a deep level, the wave function of the trapped
carrier will contain terms in Eq. (2) corresponding to
larger values of k, though the number of terms with a k
value near to that at the minimum of the conduction
band wiH. bc small. Thus for the case of deep levels
there is R posibBity for a direct phononlcss transition.
Empirically, Pokrovskii'92' has reported that the re-
combination level must be above the valence-band edge

by about I'e the value of the band gap in order to
observe these phononless transitions.

The shape of the recombination spectrum may be
calculated from classical scattering considerations. The
recombination rate per unit volume of electrons in an

energy interval dE is given by

I(E)dE=Srss(E)eo (e)dE, (4)

where ss(E) is the concentration of electrons in the con-
duction band, Z is the electron energy relative to the
conduction-band minima, Ep is the numbcx of occupied
hole traps, e is the electron velocity, and 0 is the cmss
scctlon fol. 1-RdlRtlvc CRptuxc of thc clcctIoQ. The photoD
spectrum I(o)do, wllosc fllllc'tloIlal sllRpc ls tllc same Rs

tllat of I(E)dE, 111 tllc case of R bRlld mvolvlng no
phonons or one phonon, has a half-width of 2.4kT if 0
is a,ssumed to be constant, 4"

ss J. Bardeen, F. J. Katt, and L. H. Hall, in Photooondlotsosty
Caefeelee Uohn VAley k Sons, Inc., Neve Vora', 1956), pp.
146-154.

A. A. Glpplus aQd V. S. Vavllovs ln RGASNM E8$05fNÃ84$Nf
sss Soossoossdlotors, edited by C. B. Guillaume (Dunod Cie.,
Paris, 1964), pp. 137-142.

The recombina, tion of a free hole with R trapped
electron in an energy level near the conduction band is
xepresented by process 3 in Fig. 10. The clectmn wave
function will have the form given in Eq. (2), but the
sum over k will now extend to all equivalent ~~a in
reciprocal space. Thus thexe mill bc a very large pmb-
ability for a direct phononless transition. Thc phonon-
less recombination band, as well as those involving a
single phonon, will also have the functional form of
Eq. (4) and the same value of half-width. It must
bc noted thRt fox' bRnds lnvolvlDg phonon emis-
sion the following condition must be satisded during
1'ccoIQblDRtlon:

k,l„+ko,s—-0.
TERt 18) the dcfcct ccntcI' x'ccolls aftcx' cnllttlng tlM

phonon~ dlsslpRtlng lt8 IQomcDtUIQ 1Q R locRl mode
vibration or by transferring it to thc whole crystal.
asPokrovskiils "found experimentally that bound-elec-
tron free-hole recombination is more likely to produce
a greater relative intensity of a zero phonon band com-
pared to bands associated with phonon processes than
is free-electron bound-hole recombination. This is ex-

pected theoretically because the bound-electron free-
hole recombination is R direct process while the free-
clcctl'oD bound-hole x'ccoIQblQRtlon 18 RQ indirect oQc.

The recombination of a hole and clectmn while both
are bound to the sa,me center is depicted by process C
in Fig. 10. The energy level of each carrier will be an
cxpaIlslo11 ln Bloch WRvcs Rs 111 Eq. (2). Tllel'c will bc R

1RI'gc pzobRblllty fol R dlx'cct phononlcss tl RQsltlon.

However, there will be no thermal broadening of the
half-width, which consequently will be small in com-
PR1'lson to kT.

The thermally broadened half-width of the intense
bRQds found hcI'c cllInlDRtcs plocc88 C Rs R possible
explanation of the data. On the other hand, it is very
difBcult to distinguish between processes A and 8
because only qualitative predictions of spectra shape
Rnd lntcDslty hRvc bccn ob'tR1Dcd fI'om thcorctlcR1
studies for the case in which the trapped carrier is deep
ln 'thc forbidden energy gRp. ' However) thc fRct, thRt
the energy levels are deep and the fact that the intense
band Nos. 1 and 6 are much greater than the other
bands suggest strongly that these intense bands in-

volve no phonons in the recombination process. If, fox'

example, the recombination producing the intense
bands involved one of the transverse phonons, then
there should also be moderately intense bands involving
the other transverse phonon, a,nd no phonons. In
particular, thc cncx'gy scpRlRtlon between two of thc
hands shouM correspond to the energy difference of the
TO Rnd TA plmnons 4a This 18 Dot seen

It is therefore suggested that each of the two intense
bands is caused by the recombination of R free hole and
Rnd RQ clcctx'on boulld to R defects thc bouQd elec'tron

having an energy level near the conduction band. If

"B.N. Srockhouse, Phys. Rev. Letters 2, 256 I,'1959).



band Nos. I and 6 involve no phonons, then the energy
levels of the electron wouM be 0.194 and 0.374 eV from
the conduction-band edge, respectively.

After correction for the temperature shift of the
silicon band gap, the peak positions of the two most
intense bands agree with the observations of Yuk-
hnevich et al.2'29 and Bortnik et ul.~ However, the
values of the band half-width measured here do not
agree with those obtained by these authors, who ob-
tained values of &0,002 eV for the 0.97j.-eV band and
&0.004 eV for the 0.79I-eV band. As a result of these
observations, they attributed the transition to the
recombination of an electron and a hole both bound to
an Si A center, after the suggestion of Kurskii. "~ In
Vukhnevich's model, the hole is in its 6rst excited
state, 0.02 eV from the valence-band edge, and the
electron is in its ground state, 0.17 eV below the con-
duction-band minima. This disagreement in the mea-
sured temperature dependence between the present
work and that reported in Refs. 25, 29, and 30 may
arise from the difference in the way in which the data
were analyzed. They subtracted a background intensity
from the 0.971- and 0.79j.-eV bands before determining
the position of the half-maximum, the background being
Rbout one-half of the totRl 1ntens1ty under the bRnds.
In ihe present case, the monochromator slits were
narrowed as far as possible while still being able to
measure the shape of the intense bands. As seen in
Figs. 8 and 9, there is no background intensity at
liquid-helium temperature and only about a 10%%uq back-
ground at liquid-nitrogen temperature.

The separation of the less intense bands from the
intense bands, listed in Tables II and III, when com-
pared to known band edge phonon energies gives
support to the proposition that they result from re-
combination through the same defect levels with the
emission of phonons. The probable phonon associated
with each band is also listed. in Tables II and. III.
From the well-known phonon density of states for
silicon, ' it is seen that the most intense bands would
be expected to be those associated with the TA, TO,
and the zero wave vector optical phonon. Though the
TA bands are strong, the bands associated with the
latter two phonons are weak. Evidently, the prob-
ability of phonon emission is controlled by selection
rules dependent upon the phonon and defect symmetry.

The Si A center has been found in both Goat-zone-

grown and pulled silicon crystals following bombard-
ment by high-energy electrons~~ " '4 Rnd Co'0

's Yu. A. Kurskii, Fiz. Tverd. Tels 6, 1485 (1964) /English
transl. :Soviet Phys. —Solid State 6, 1162 (1964)j.

ss Yu. A. Kurskii, Fiz. Tverd. Tels 6, 2263 (1964) /English
transl. : Soviet Phys.—Solid State 6, 1'/95 (1965)g.

5'G. D. %'atkins and J. VV. Corbett, Phys. Rev. 121, 1001
(1961).

~ J. W. Corhett, G. D. Wstkins, R. M. Chrenko, snd R. S.
McDonald, Phys. Rev. 121, 1015 (1961).

Ni H. Saito, M. Hirata, and T. Horiuchi, J. Phys. Soc. Japan
Suppl. III 18, 246 (1963).

s4 H. Ssito and M. Hirats, J.AppL Phys. Qapsn) 2, 678 (1963).

rays. ~'~ This defect, may trap an electron in a ground
state 0.17 CV below the conduction-band minimum.
The energy position of the 0.194-eV level and the fact
'tha't tllls lcvcl ls also foulld ill I- Rnd p-type pulled Rlld

Goat-zone-grown silicon suggest that it arises from the
Si A center. The distance below the conduction band
for this level is somewhat greater than that usually
found by transport experiments, which measure an
ionization energy. Such measurements may give values
less than the value seen here because of the cooperation
of lattice vibrations in ionizing the center. Infrared
absorption and photoconductivity studies have indi-
cated energy levels in the range 0.j.6-0.22 eV below
the conduction-band minima. "Thus 0.194 eV is con-
sistent with the values obtained by other optical
methods. It is always possible, however, that the defect
responsible for the higher energy spectrum is not the
Si A center.

The structure of the defect associated with the
0.374-eV level is unknown. The divacancys 5~" and
the Si E center, 2~'~ a vacancy-phosphorous combina-
tion, both have electronic states in this region of the
forbidden energy gap. However, they cannot be the
defect seen here because they do not need oxygen for
formation, and they are stable at room temperature.
The divacancy is produced in larger numbers in Qoat-
zone crystals than in pulled crystals because of lack of
oxygen to form Si A centers, while the Si E center is
found only in phosphorous-doped crystals. On the other
hand, the 0.374-eV level found here is found only in
pulled material and is independent of phosphorous-
dopant concentration. There are other unidenti6ed
levels reported near this one, but none is known to
anneal at room temperature or to need oxygen for
formation.

The 0.81-1.00 eV pattern has been observed by
Yukhnevich gf g).2& and by Qortnjk g] g$.+ at liquid-
Ill'tl'ogCI1 temperature II1 both blllk 111R'tC1'1Rl Rlld p-Is
junctions. They observed the 0.64-0.81 eV pattern
only after annealing at 400 and 450'C, respectively.
They observed another pattern in the region 0.42—0.53
eV previous to annealing, which was never observed in
the present case.

Sand No. Ii 1Q Flg. 5 which wRS seen Rt llquld-
helium temperature up to 3 days after 7 irradiation,
was not observed by Vukhnevich t,] al 29 and Bortnik

~~K. Soner and L. C. Templeton, J. Appl. Phys. 34, 3295
(1963).

~6 R. H. Glaenzer and C.J.Wolf, J.Appl. Phys. 36, 2197 (1965)."M. Hirata, M. Hirata, and H. Saito, J. Appl. Phys. 37, 1867
(1966).

'8 See, e.g., V. S. Vavilov, Egecls of Radiation on Semiconductors
(Consultants Bureau Enterprises, Inc. , New York, 1965), pp.
186-188.

'9 G. Semski, B. Szymanski and K. %'right, J. Phys. Chem.
Solids 24, 1 (1963)."G. D. Watkins and J. %. Corbett, Phys. Rev. 138, A543
(1965).

~' J. %. Corbett and G. D. %'atkins, Phys. Rev. 138, A555
(1965).

~ G. D. %'atkins and J. W. Corbett, Discussions Faraday Soc,
31, 86 (1961).
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et al.'0 An additional band found by then to be centered
at 0.795 eV at 77'K would be centered at 0.799 eV at
6.8'K. It is very unlikely that band No. 11 seen in
these measurements corresponds to the 0.795-eV band
reported by the above workers. The 0.794-eV band is
believed to be associated with a recombination level
0.371 eV from a band edge.

It is of interest to compare the present results with
those of Hewes, '8 who studied the photodecay lifetime
in y-irradiated samples cut from the same sibcon boules

used here. He found radiation-induced energy levels

0.17 and 0.4 eV below the conduction-band edge in

e-type material. In p-type material, the energy levels

were found to be 0.3 eV below the conduction-band

edge and 0.18 eV above the valence-band edge, although
the latter level could possibly have been located near
the conduction band edge. Thus the results reported
here for e-type material agree with those reported by
Hewes, but the results reported here for p-type material
do not agree with his. It may be that this discrepancy
results from a strong dependence of the lifetime upon
Fermi-level position, while the luminescence spectrum

may be essentially independent of the Fermi-level

position. The fact that luminescence spectra from the
same defect energy level are seen in both m- and p-type
material may be explained by considering the way in

which recombination occurs through the defect. For
small defect concentrations in e-type material, the
Fermi level is located above the defect level at low

temperatures. There is always an electron trapped at
the defect, which may recombine with an externally

generated free hole. In p-type material, the Fermi level

lies below the defect level under similar experimental

conditions. An externally generated electron is 6rst
trapped by the defect before recombining with an ex-

ternally generated free hole. The luminescence spec-

trum will be the same in both cases.
The absolute intensity of the luminescence was about

the same as that of the band-gap luminescence prior
to irradiation. Since the band-gap luminescence dis-

appeared after the samples received a suQicient radia-

tion dosage, recombination through radiation defects

is more effective than band-to-band recombination in

competing for the total radiative probability. Either
probability is very small, however, compared to the
nonradiative transition probability.

In general, the luminescence spectra appear to
depend mainly on the loca1 environment of the radiation
defects and upon the phonon spectrum of the crystal.

They appear to be less sensitive to the exact nature of
the defect. This is reasonable, however, since the
charges are not strongly coupled to the lattice.

The variations among samples of band Nos. 3, 8,
and 9 are not understood, nor is the origin of the 0,83-eV

band 1n p-type float-zone-grown silicon at llquld-

nitrogen temperature.

V. CONCLUSIONS

From this study, lt has been found that the defects
which act as radiative recombination centers in damaged
silicon are generally independent of type and amount
of GI-V dopant impurities, and the type and amount
of radiation, within the range of those parameters
used here.

The luminescence spectra in the region 0.81—1.00 eV
at liquid-helium temperature belong to one defect and
arise from both phononless and phonon assisted transi-
tions. This defect is stable at room temperature and is
found in both Qoat-zone-grown and pulled crystals.
The energy level of the defect is 0.194 eV from a band

edge. Because the phononless component of the spectra
is very intense and is thermally broadened, the transi-
tion producing the luminescence is most likely the re-

combination of a free hole and bound electron, and the
energy level is most likely near the conduction band.

The luminescence spectra in the region 0.64—0.81 eV
at liquid-helium temperature appearing 2 weeks after
irradiation belong to a single defect which anneals at
room temperature, is dependent upon oxygen for for-

mation, and has an energy level 0.374 eV from a band

edge. The phononless component is again very intense

and is thermally broadened, indicating that the radia-

tive transition is the recombination of a free hole and

bound electron in an energy state near the conduction

band.
A luminescence band produced by a third defect

appears at liquid-helium temperature at 0.794 eV in

y-irradiated pulled crystals 3 days after irradiation,
but disappears 5 days after irradiation. This would

suggest a defect at 0.371 eV from a band edge.
The spectra at liquid-nitrogen temperature, though

losing some features because of resolution, support the
above conclusions. The spectra disappeared at some

temperature between 78 and 195'K. No other spectra
were found between 0.40 and 1.20 eV.

Pote added ie proof. C. Jones (private communica-

tion) has informed the authors that subsequent high-

resolution measurements of the width of the 0.971.- and

0.792-eV zero phonon lines reveal that the linewidth

increases by only 30 jz between 6.8 and 30 K but by a
factor of nearly 10 between 30 and 80'K. The absolute

linewidths, as measured with a higher-resolution instru-

ment, were slightly less than reported above and were

always less than kT,
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