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The annealing behavior and the uniaxial stress response of the radiation-induced defects causing the
1.8-, 3.3-, and 3.9-u infrared absorption bands were studied after 45-MeV-electron and fast-neutron ir-
radiation. The results indicate that these three bands all arise from the same defect. The defect exhibits
two kinds of stress response, as evidenced by the dichroism induced in the bands: one due to electronic re-
distribution and the other due to atomic redistribution among the allowable orientations. We determine
that the defect has an atomic symmetry along a (111) direction and a transition dipole close to a perpendicu-
lar (110) direction. The activation energies for atomic reorientation and for annealing of the defect are the

same, about 1.2 eV. Correlation of these results with

the previous EPR studies indicates that the defect

giving rise to these bands is the divacancy. Using the one-electron molecular-orbital model deduced for the
divacancy from the EPR studies, some suggestions are given as to the nature of the optical transitions

involved.

I. INTRODUCTION
A. General

ANY radiation-induced infrared absorption bands

have been observed in silicon. These are

at 1.8u,7 3.3u,%7 3.9u,% 5.5u,% 12u,"' and some
bands?:8:10.11 hetween 9 and 13 w.'? The bands are in-
dicated schematically in Fig. 1.1% Of these bands, only
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the 12-u band has been identified with a specific
defect configuration. This band is due to the vibration
of the oxygen atom in a vacancy-oxygen complex (i.e.,
the Si-4 center'*16—recently renamed the Si-Bl
center’”). This identification was accomplished primarily
by studying the response of the 12-u band to uniaxial
stress and correlating the results with similar experi-
ments done using electron paramagnetic resonance
(EPR).

In this paper, we present the results of similar
studies on the 1.8-, 3.3-, and 3.9-u bands produced by
45-MeV electron and by fast-neutron irradiation. From
the Fermi level dependence of the 1.8- and 3.3-u bands,
Fan and Ramdas?® originally suggested that these two
bands were due to the same defect. They also observed®
a stress-induced dichroism which they argued was due to
electronic reorientation and that the character of the
dichroism was consistent with what they termed a
(110) defect symmetry. We find that all three bands
show a similar behavior in a variety of different stress
experiments, as well as common annealing behavior,
etc., arguing they all arise from the same defect. More-
over from correlative information available from pre-
vious EPR experiments'®=20 we find that the behavior
of these bands correlates closely with the behavior of
the divacancy. To facilitate the presentation we will
summarize the published divacancy properties and,
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Fic. 1. Schematic diagram of
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after a section describing experimental procedures, use
this framework to present the infrared results.

B. Divacancy Properties

The divacancy configuration obtained from the
EPR experiments!®20 is shown in Fig. 2. The adjacent
vacancies are designated by the dashed circles, ¢ and
¢’. The nearest-neighbor atoms to vacancy ¢’ are
labeled @, b, and d; those to vacancy ¢ are labeled o,
o', and d'. The symmetric divacancy belongs to the
D34 symmetry point group. The filling of the orbitals
results in a Jahn-Teller distortion and the point-group
symmetry is lowered to Css. More pictorially, we may
say that pair-wise bonding of vacancy neighbors occurs.

FiG. 2. The model of the divacancy
deduced from EPR studies.

The Co oribtals?! are shown in Fig. 3. Here as in Ref.
18 we show the one-electron orbitals as made up of
linear combinations of the broken bonds (e, b, d, @/,
o', and d’) of the six correspondingly labeled atoms
surrounding the divacancy.

The charge state of the divacancy is primarily deter-
mined by the filling of 5-b" orbitals. The divacancy
has net charge (4-1) for one electron, and charge (0)
for two electrons, in the bonding 4-b" orbital; it has
charge (—1) for one electron, and (—2) for two elec-

z X-Y
DIPOLES DIPTOLES (bg ) a-d + o= d'
(e, ) a-d - d'+d'
! (by ) b-b'
$i r (o:) b+b'
a B
H (by) a+d —a'-d'
f ’

(g ) a+d + a'+d'

Fic. 3. The one-electron molecular orbital energy levels as-
sociated with the divacancy model of Fig. 2. Allowed electric-
dipole transitions are indicated.

21 Admixtures between the ¢, and b, states, respectively, are
allowed by symmetry, but these are found to be small in the EPR
studies (Ref. 18) and for simplicity, we refer to the orbitals as
simply b-, etc.
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trons, in the antibonding 6-b’ orbital. The states in
the forbidden gap corresponding to these charge states
are shown in Fig. 4(a). The Fermi level dependence of
the infrared (IR) bands that was found by Fan and
Ramdas? is shown in Fig. 4(b).

There are two types of optical transitions that we
might anticipate for the divacancy. First there are
electronic transitions to excited localized “molecular”
states visualized in Fig. 3 as transitions between the one-
molecular orbitals. The allowed transitions can be
worked out by straightforward group-theoretical
techniques or can be found in papers by Kaplyanskii??
who has tabulated the allowed electric-dipole and mag-
netic-dipole selection rules for noncubic defect centers
in cubic crystals. The electric-dipole transitions are
shown in Fig. 3. As is indicated the transitions either
have their axis along the [110] direction for the defect
in Fig. 2—the Z dipoles, or in the (110) plane—the
X-Y dipoles. As is readily evident, for a given stress the
dichroism due to Z dipoles and X-¥ dipoles will be radi-
cally different and easily identifiable. We will find our
IR bands have X-Y type dipoles. However, group
theory does not specify where these dipoles lie in the
X-Y plane and the angle 6 the dipole axis makes with
the X axis will remain a parameter to be evaluated by
comparison to experiment.

In addition to these ‘“molecular’ excitations, we can
anticipate transitions between the 54-3' states and the
nearest band edges. These, of course, would be accom-
panied by photo conductivity. For these, group theory
allows transitions for all dipole moment directions. How-
ever, because of the extended character of the 548’
orbitals along the [110] direction, we anticipate here
too that the dominant oscillator strength will be in the
[110] plane and with 6 close to zero.

The divacancy is found to exhibit two kinds of re-
sponse to an applied uniaxial stress: electronic and
atomic. The electronic response occurs because the elec-
tronic configuration shown in Fig. 2 is only one of three
possible electronic configurations for the divacancy
c-¢’: namely, the extended orbital can be between
atoms b-b’ (as shown), atoms a-¢’, and atoms d-d’.
In the unstressed state these three configurations are
equivalent energetically. An applied uniaxial stress can
lift this degeneracy and, provided sufficient thermal
energy is available to overcome the reorientation activa-
tion energy, the configurations can re-equilibrate result-
ing in a net alignment of the defects in the favored con-
figuration. It is found in the EPR studies that this
activation energy is only ~0.06 eV and reorientation
occurs readily at very low temperatures (i.e., 2 20°K).
In the atomic response to the applied stress it is the
vacancy-vacancy axis that changes, e.g., for the defect
shown in Fig. 2, from the [111] to, say, the [111]. The
barrier for this motion is high enough that equilibra-

22 A. A. Kaplyanskii, Opt. i. Spektroskopiya 16, 602 (1964)
[English transl.: Opt. Spectry. (USSR) 16, 329 (1964)].
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F16. 4. (a) The energy levels in the forbidden gap corresponding
to the different charge states of the divacancy deduced from the
EPR studies; (b) the Fermi-level dependence of the IR bands
found by Fan and Ramdas. The shaded areas indicate the range
in Fermi-level position over which each band is observed.

tion does not take place at room temperature and ele-
vated temperatures are required.

Because of the anisotropy of the electric-dipole transi-
tions, both types of alignment under stress should pro-
duce dichroism? in the optical transition allowing a
quantitative correlation with the EPR results. In
making this correlation, however, a word of caution is
in order. Most of the infrared dichroic-ratio studies to be
described were performed at room temperature, while
the EPR studies were at 20°K. One apparent difference
is that at room temperature, the defects can reorient
rapidly from one Jahn-Teller direction to another. The
effect of this, by itself, can be shown to be unimportant,
however, by extrapolation of the reorientation rates
determined in the EPR studies. At 300°K, the fastest
rate would be 771~10'? sec™!. Considering the associ-
ated fluctuating direction for the dipole-moment opera-
tor, this would contribute a width to the band of
2/(3wr¢)~6 cm~L. Compared to the observed widths of
~3500-1000 cm™!, this is negligible and we can con-
sider the defect as essentially stationary during the
optical transition.

However, there is another difference that is not so
easily dispensed with. At room temperature, higher
vibrational states in the Jahn-Teller wells will be
populated and the character of the wavefunction in
these states is not necessarily the same as that deter-
mined from the EPR at 20°K. It is difficult to estimate
the importance of such effects a priori and we will have
to be guided to some extent by the experimental results.
There is certainly reason to be cautious on this point
in that at 300°K, kT is approximately one-half the
barrier height for reorientation. The amplitudes of vi-

23 By dichroism we mean a difference in the absorption coef-
ficient for light polarized perpendicular and parallel to the stress
direction.
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bration are therefore sizeable and overlap of the wave-
functions of the different Jahn-Teller distortion states
could become important. The result of such effects
would probably be to make the dipole-operator direc-
tion less well defined, with a corresponding decrease
in the magnitude of the observed dichroic ratio.

II. EXPERIMENTAL PROCEDURE

The rectangular bar samples were cut from com-
merically available silicon ingots [pulled and floating-
zone (FZ) crystals_]. The orientations of the crystal were
determined by means of the growth marks on the
ingot.2* The resistivities of the sample before irradia-
tion were about 100 @ cm for the #-type crystals and
about 0.1Q cm for the p-type crystals. The surface of the
samples through which infrared light was transmitted
were polished with diamond compound and 0.3-u
alumina abrasive in order to achieve good transmission.

A Perkin-Elmer Model 21 infrared spectrometer was
used to measure the infrared spectra. The spectrome-
ter is constructed in such a way that the sample is put
before the monochromator and exposed to the light
beam having all wavelengths. For this reason we may
observe simultaneously bands characteristic of dif-
ferent charge states of the same defect. A pair of AgCl
polarizers were mounted in the spectrometer at a fixed
position, and the samples were rotated through 90° in
order to measure the dichroic ratio. A glass cryostat
was used for measurements taken at liquid-nitrogen
temperature. A hydraulic press was used in the i situ
stressing experiments at room temperature. The same
equipment also was used for the stressing experiments
at higher temperature by introducing a small oil bath
around the sample in the setup. The isochronal- and
isothermal-annealing experiments were carried out in a
temperature-controlled oil bath for temperatures
<275°C and in an oven for higher temperatures.

Most of the samples were irradiated with 45 MeV
electrons from the RPI linear accelerator. The samples
were immersed in a circulating cold-water bath during
irradiation which maintained a sample temperature of
<40°C. The rest of the samples were irradiated with
fast neutrons obtained from (v,%) reactions of brems-
strahlung radiation caused by an electron beam incident
on a tungsten target.

In order to obtain accurate information concerning
the dichroism in the 1.8-, 3.3-, and 3.9-u bands we need
to know the background absorption at these bands.
Since we observed no band shift or splitting in these
bands under stress, the dichroism itself provides a tool
for evaluating the background. The absorption cor-
responding to the different polarizations arises from
different numbers of defects absorbing in that orienta-
tion while the background appears to remain constant.
To evaluate the background we require that the band

2¢R. D. Hancock and S. Edelman, Rev. Sci. Instr. 27, 1082
(1956).
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at room temperature as a result of 15-min stress at ~160°C.

shape for each polarization be the same and further that
the background so obtained be smooth, i.e., contain no
vestige of the band. Examples of this analysis for each
of the bands are shown in Figs. 5, 6, and 7. The back-
ground at the 1.8-u band is particularly troublesome
because this background is in itself due to a radiation
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F1G. 6. The quenched-in dichroism exhibited by the 3.3-u band
at 80°K resulting from 15-min stress at ~160°C.



152 1.8-, 3.3—, AND 3.9-x4 BANDS IN IRRADIATED Si 765
0.0 T
uly w
§ Si-P-0I-B (FZ) 2 oz
= AFTER STRESSED <
2 - WITH 2000 kg/cm? _ 2
< AT~ 160°C FOR (5 min. S
[2]
[¢]
04— - <
[21]
— . 0.4
06— —
t— i —
08 IR BEAM -
~ STRESS 7] o6
1.0+ Tmea = 300°K —
15— -
o 1 L - 08
3 4 5
WAVELENGTH (MICRONS) e
Fic. 7. The quenched-in dichroism exhibited by the 3.9-u band at 1.5

room temperature resulting from 15-min stress at ~160°C.

produced band, which was termed by Fan and Ramdas3
“the absorption edge band.” They suggested it arose
due to a modification of the band edges due to the in-
troduction of defects. Using the procedure above we
were able to separate the 1.8-u band from this near-
edge absorption band. These results are shown in Fig. 8.
We will do nothing further with these results in this
paper than to note that the production rate of this
band is somewhat higher in the pulled samples than in
the floating-zone samples.

III. RESULTS AND COMPARISON TO THE
EPR DIVACANCY STUDIES

As indicated in the Introduction we find that the
stress-response behavior of the 1.8-, 3.3-, and 3.9-u bands
correlates with the EPR divacancy measurements and

WAVELENGTH IN MICRONS

Fic. 8. The radiation-induced near-edge absorption band in
pulled and floating-zone #-type samples after various doses of
45-MeV electron irradiation. (The curves have been normalized
at 3u.) —FZ samples; ——— pulled samples; ® 1.8X10!8 ¢/cm?;
® 2.0X108 ¢/cm?; ® 3.0 X108 ¢/cm?; ® 6.5X 1018 ¢/cm?.

therefore we will present our results vis @ vis the EPR
results.

A. Room-Temperature Stress Studies

The application of uniaxial stress i sil» at room tem-
perature produces sizeable dichroism in the 1.8- and
3.9-u bands. The results of a quantitative study for
various stress and viewing directions is given in Table
I. We also indicate the 1.8-u data of Fan and Ramdas3
determined at 300 and 77°K, and the 3.3-x data of Rao

Taste I. Dichroic ratios of the 1.8-, 3.3- and 3.9-u bands under stress at room temperature.

a(By) fa(En)

Stress N{f}gsr;’g;ge IR beam Experimental Calculated
direction (kg/cm?) direction 1.8u 3.3u 3.9u 9=—5° —10° —15°
[100] 1900 [1i0] 0.78,(<1)= (L1)® 0.71 0.73 0.76
[100] 1450 [1io0] (<P 0.74 0.76 0.78 0.80
[110] 2000 [o001] 1.25 (>1)p 1.46 1.37 1.29
[110] 1500 [001] (>1e 1.33 1.33 1.28 1.22
[11()] >1) >1)er
[111] 2000 [tio] 1.28 oo 1.36 1.29 1.22

2 Rao and Ramdas (Ref. 25), observed at 77°K.
b Fan and Ramdas (Ref. 8), observed at 300°K and 77°K.
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Tasie II. Dichroic ratios of the 1.8-, 3.3-, and 3.9-u bands after stressing at 160°C for 15 min.
Magnitude . a(Ey) /a(En)
Stress of stress IR beam Experimental Calculated
direction (kg/cm?) direction 1.8u 3.3u 3.9u =—5° —10° —15°
[110] 2000 [oo01] 1.29 1.24 1.29 1.35 1.40
[110] 3000 [oo1] 1.44 1.46 1.51 1.62 1.73
[110] 3000 [1io0] 1.27 1.24 1.27 1.32 1.47
[110] 1580 [0(_)1] 1.26 1.25 1.21 1.25 1.29
[l!l] 2100 [110] 1.33 1.20 1.24 1.28
[112] 2000 [1!1] 1.26 1.22 1.15 1.19 1.22
[001] 2100 [}10] 1.0 1.0 1.00 1.00 1.00
[001] 1500 [110] 1.0 1.04 1.00 1.00 1.00

and Ramdas?® determined at 77°K. Both of these
latter were terse conference reports and did not provide
sufficient information for us to arrive at quantitative
values for the dichroism. Qualitatively, however, these
data can be seen to agree with our data and serve the
additional purpose of demonstrating that similar
dichroism is introduced into the 3.3-u band.?® For
their low-temperature stress studies, a differential
thermal expansion was used to apply the stress? and
neither the temperature at which the stress is applied
nor its magnitude was well defined. However, the
large effects observed by these authors allowed them to
conclude that reorientation could take place at well
below room temperature, consistent with an electronic
reorientation.

We will defer a quantitative comparison of the data
of Table I with the divacancy until Sec. IV. We only

—O— 184 BAND

N
|

DICHROIC RATIO (IR)

T

| |

—@- 334 BAND

note here that the presence of this stress-induced
dichroism for all bands at or below room temperature
is consistent with expectations for the “electronic”
reorientation between the equivalent Jahn-Teller dis-
tortions of the divacancy.

B. Elevated-Temperature Stress Experiments

Table 1T shows the dichroism obtained on the 1.8,-
3.3-, and 3.9-u bands by stressing for 15 min at 160°C
and cooling the samples to room temperature with the
stress on. The stress was then removed for measure-
ment on the frozen-in dichroism. Typical results are
shown in Figs. 5, 6, and 7. Again, we will defer the
quantitative comparison of the Table II results with
the EPR data until Sec. IV.

We have also studied the loss of this dichroism upon

—0— EPR (WATKINS & CORBETT)

—/ 3.9 BAND

F1G. 9. Isochronal (15-min) anneal
of the quenched-in dichroism in (110)-

100 150

stressed crystals for the three IR
—~ —lozo bands. Also shown is the anneal of
= ’ the quenched-in divacancy align-
] ment as studied by EPR (Fig. 11 of
~ Ref. 18).
= ==~0.15
Bk
" —0.10
[
4
w
s
g —0.05
3
\ <
4
200 °

ANNEALING TEMPERATURE (°C)

25 M. G. Rao and A. K. Ramdas, Bull. Am. Phys. Soc. 10, 123 (1965).
26 In our samples the 3.3-u band could be observed only at low temperature and could therefore not be studied in the room-

temperature squeezing apparatus used in our experiment.
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o

annealing in the unstressed state. Isochronal-annealing
results are shown in Fig. 9 together with the loss of
the divacancy alignment as determined by EPR. It can
be seen that the loss of defect alignment for all three
bands correlates closely with that for the divacancy.
In Fig. 10 we show similar results for isothermal ex-
periments. The half-lives for recovery of these iso-
thermal experiments together with a lower temperature
experiment are shown in Fig. 11. The slope of the line
through these points gives an activation energy of
1.25 eV. (The EPR measurements in loss of alignment
were isochronal only but by assuming a frequency factor
of 103 sec™!, they were analyzed as indicating an acti-
vation energy of ~1.3 eV, fully consistent with our
measured E=1.25 eV.) Since the mean number of
jumps per defect for the loss of the dichroism is 1, we
may obtain the frequency factor for this process
—~8X102 sec™1.

The existence of the quenched-in dichroism plus the
close correlation of the reorientation kinetics, con-
stitutes additional confirmation of the identification of
these bands with the divacancy. One additional im-
portant confirmation is evident from Table II. All three
bands give no evidence of dichroism for a (100) stress
confirming the (111) atomic axis for the defect. (All
four (111) directions make the same angle with respect
to the (100) axis and are therefore equivalent.)

C. Damage Recovery

In Figs. 12 and 13 are shown the disappearance of
the 1.8- and 3.3-u bands upon annealing. It will be
noticed that in the FZ samples some loss of the bands
occurs at ~160°C. From the data in Fig. 11 we see that
the defects could make ~10 jumps in this stage. Since
it seems unlikely that this number of jumps could give
the significant loss of defects, we attribute this stage

200 300
TIME IN MINUTES

500

rather to the onset of migration of other defects and
they in turn either annihilate or sufficiently alter the
defects giving rise to the IR bands so that they no
longer contribute to the absorptions. We have made
isothermal measurements on the remaining high-temper-
ature recovery stage for the 1.8-u band in floating-zone
silicon. These are shown in Fig. 14. The half-time for
recovery of these data is shown in Fig. 11, as is similar
data in pulled silicon obtained by Fan and Ramdas.?
(They had analyzed their data as indicating an activa-
tion energy of 0.8 €V but now concur that it should be
~1.2 eV.) All three lines in Fig. 11 indicate an activa-
tion energy 1.2 eV. Since the loss of atomic alignment
requires the motion of the divacancy in the lattice we
see that these energies should be the same for the
divacancy. The faster anneal in pulled silicon is con-
sistent with the identification of oxygen as an effective

o
T T T

Twe IN MINUTES
S

Fic. 11. Time of 509, anneal versus 1000/7 for (a) anneal of
the 1.8-x band in floating-zone silicon, (b) anneal of the 1.8-u
band according to Fan and Ramdas, and (c) anneal of the di-
chroism of the 1.8-u band.
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F16. 12. Isochronal anneal (20 min
at each temperature) of the 1.8-u
band in pulled and in floating-zone
silicon.
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trap for the mobile divacancies. We have additional ex-
perimental evidence for the oxygen as a trap for di-
vacancies in that the Si Bl centers (12-u band) increase
in number as the divacancy anneals out.

Direct comparison of the data of Figs. 12 and 13
with the EPR annealing results is made difficult be-
cause different temperature intervals (10° vs 50°
for the EPR) and annealing times (20 min vs 15
min for the EPR) were used. However, using E=1.25
eV, we may convert the annealing curves of Figs. 12
and 13, to the equivalent curves for the isochronal
annealing sequence used in the EPR. The results
determined from two of the curves of Fig. 13 are shown
in Fig. 15. Again we see the close correlation of the data
both from the general region where annealing is oc-
curring and in the constant difference between floating-
zone and pulled silicon.
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Fic. 13. Isochronal anneal (20 min at each temperature)
of the 3.3-u absorption band in pulled and in floating-zone
silicon.

IV, DISCUSSION
A. Dichroic Ratios

The energy of a defect in a stress field can be ex-
pressed in a multipole expansion. The lowest order term
is due to what Nowick and Heller* call an “elastic
dipole.” The energy of an elastic dipole is related to the
strain tensor, a second-rank tensor, by a second-rank
tensor:

E=Z B,’jéi]‘. (1)
@

o.10
0.09

008

ABSORBANCE

004

003 1 | I 1 ! | J
[e] 200 400 600 800 1000 1200 1400

TIME IN MINUTES

Fic. 14. Isothermal anneal of the 1.8-u
band at 198°C and 248°C.

% A. S. Nowick and W. R. Heller, Advan. Phys. 12, 251 (1963).
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Kaplyanskii?? has shown that for the symmetry char-
acterizing the divacancy, which in his notation is a
type-I monoclinic center, the matrix B has only four
independent parameters.

In the X, ¥, Z axis a system shown in Fig. 2, sym-
metry considerations show that for the divacancy the

B matrix has the form

By By O
B=|B, B, 0]. (2)
0 0 B

In experiments such as ours which are insensitive to
the hydrostatic component of strain, (i.e., the trace of
B), the number of independent parameters are further
reduced to three.

The EPR divacancy measurements'® for both elec-
tronic and atomic reorientation were performed for
for only a (110) uniaxial stress. In those experiments,
it was found that one parameter sufficed to describe
the stress response in both types of reorientation. In
terms of B, the analysis assumed By=B,=By=0 and
B;=M. Viewed more physically this parameter M was
described as the energy change per unit strain along the
“bonding” atom direction—the a-d, &’-d’, or Z axis in
Fig. 2:

M= (dE/de)s;_si. 3)

In the electronic reorientation in the EPR, M was found
to be ~+24 eV/unit strain for the (41) charge state
of the divacancy and M ~+32 eV/unit strain for the
(—1) charge state. For the atomic reorientation, an
average value, M ~28 eV/unit strain, was found ade-
quate to describe the stress response. Assuming that
this M (or Bs) dominates the stress response and assum-
ing a well-defined dipole moment for the transition at
an angle 6 in the XY plane (see Figs. 2 and 3), we can
calculate explicit formulas for the dichroic ratios shown

FRACTION OF DEFECTS REMAINING

~
| | | S~
100 150 200 250 300 350 400

TEMPERATURE (°C)

F1c. 15. Comparison of the anneal of the 3.3-u band (Fig. 13)
with the divacancy anneal as studied by EPR. The IR results
have been converted to the equivalent isochronal sequence used
in the EPR studies (50° interval, 15-min duration), by using an
activation energy of 1.25 eV.
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in Tables I and II. These calculations are outlined in
the Appendix and the results?® are shown in Figs. 16
and 17. In these figures, the horizontal bars indicate the
values of the observed dichroic ratios from Tables I
and II.

Because of the different dependence upon 6 of the
electronic and atomic dichroism, we see that the allowed
value for 6 for all bands is restricted to a narrow range
around 0°. For comparison to the experimental results,
the value predicted for several values of 0 are included
in Tables I and II. For the 3.3- and 3.9-u bands we see
that the choice §=—5° gives remarkable agreement for
all stress experiments in both tables. The 1.8-u band
fit in Table II and = —5° is good but the fit in Table I
is better with §=—15°. A choice of §=—10° for the
1.8-u band is probably the best compromise with a
resulting uniform tendency for somewhat smaller
dichroism than predicted.

We feel that this close agreement constitutes strong
confirmation of the identification of these bands with
the divacancy. In all cases the sense and relative
magnitude of the predicted dichroism is borne out. We
believe the small uniform reduction in the observed
dichroism for the 1.8-u band though real, does not
represent a serious inconsistency with the model. This
probably reflects the reservations expressed in Sec. II,

28 For these, the average value M =28 eV /unit strain previously
estimated from the EPR results was used, and a correction for the
estimated 959, polarizer efficiency has been included. We have
used 150°C as the effective temperature in the high-temperature
experiments.
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that the transition dipole axis is not so well defined for
this transition. We will return to this point in the next
section. Indeed, the over-all agreement is quite re-
markable considering the over-simplified model for the
calculation, i.e., the ignoring of other components of
the B tensor of Eq. (2).

Similar calculations for the dipole-moment axis as-
sumed along the Z-direction of Fig. 2 immediately
rules out this possibility. In particular, most of the
predicted dichroic ratios of Tables I and II are reversed
in sense from that observed. The determination of the
transition-dipole-moment is thus unique.

B. Other Features

There are several other general observations that are
consistent with the identification of these bands with
the divacancy. First, we can conclude that the in-
tensity of the bands is not inconsistent with the num-
ber of divacancies that should be present. We estimate
the number of divacancies from the production rate
of 0.035 cm™ for 45-MeV electrons determined by
EPR.". From the integrated intensity of the 1.8-u
absorption band, we conclude that the necessary oscilla-
tor strength?® is only ~0.05. Second, as has been noted
by several authors,?7:% the 1.8-u band does not appear
to correlate with any known impurity, consistent with
the identification with an intrinsic defect.

29 See D. L. Dexter, in Solid State Physics, edited by F. Seitz
and D. Turnbull (Academic Press Inc., New York, 1958), Vol. 6,
p. 359. In this estimate we have taken ey/ecss=1.
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If has been noted by Fan and Ramdas?® that the
presence of oxygen greatly enhances the production
rate of the 1.8-u band for 4.5-MeV electron irradiation
but not for neutron irradiation. In our experiments at
45 MeV, we note also a production rate approximately
50% greater for the IR bands in pulled samples over
floating-zone samples. On the other hand, in previous
EPR studies at ~1 MeV, the production rates for
divacancies did not show any large variation between
these materials. This apparent lack of correlation may
reflect the much larger dose used in the IR work. In any
event this role of oxygen is not understood and the pro-
duction process needs further study.

C. Nature of Optical Transitions

In Fig. 4 we show that electrical level structure in-
ferred from EPR for the divacancy along with the
Fermi level requirements for the observation of the
bands, as reported by Fan and Ramdas.? Here we
include our observation that the 1.8-u band is observed
in low-resistivity p-type materials as well, a question
left unanswered by Fan and Ramdas.

Fan and Ramdas reported no photoconductivity
associated with the 1.8-u band. This strongly suggests
that this transition is to some kind of localized molec-
ular excitation, and that the excited stateis in poor
“contact” with the conduction or valence bands. We
therefore look to the one-electron molecular states of
Fig. 3 as a guide to the kind of excitation involved.

From Fig. 4 we see that the 1.8-u band is present for
several charge states of the divacancy but disappears
when the Fermi level rises above ~E,—0.21 V. This
suggests that the disappearance is associated with the
change from the single-minus to double minus-charge
stage of the divacancy, estimated from EPR studies to
occur at ~E,—0.4 eV. The discrepancy in these values
for the energy could be the result of errors in either or
both measurements. Both estimates were made by
rough monitoring of the Fermi level versus emergence
of the relevant EPR or IR spectrum. Since both experi-
ments were performed under conditions where the
divacancy was probably not the dominant defect, and
under conditions where considerable inhomogeneity in
Fermi level position may have been present, error could
be present in both measurements. Levels near both
E.—0.21 eV and E,—0.4 eV have been detected in
electrical measurements.?® Further study is clearly
necessary in order to be conclusive on this point. We will
assume here, however, that the uncertainties in both
measurements adequately accommodate the identifica-
tion as the same level.

From Fig. 3, we see that the change from the single-
minus to double-minus charged state corresponds to the
filling of the -8’ orbital. Both transitions & and v van-
ish upon the filling of the orbital, while they continue to

30 See, for example, E. Sonder and L. C. Templeton, J. Appl.
Phys. 34, 3295 (1963).
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exist for the other charge states in agreement with the
experimental observations. Both transitions have their
dipole moments in the X-¥ plane and because of the
extended nature of the 5-" orbital should have 6~0°.
The 1.8-u band corresponds to 0.69 eV which seems
large for the v transition, being between two states
which differ mainly by virtue of the weak overlap be-
tween the b and &’ orbitals. Also it seems hard to under-
stand why this energy difference does not change notice-
ably with charge state, i.e., as one, two, and three elec-
trons are accommodated by them.

For this reason, we tentatively identify the 1.8-u
band with transition a. This identification further sup-
plies a natural explanation for the breadth of the absorp-
tion band. In the transition, an electron is removed
from the strongly bonding (Jahn-Teller) states between
atoms @, d and o/, d’ and is transferred to the “non-
bonding” 5-b’ state. The excited state, having only
three electrons in the “bonding” orbitals, will have a
different (smaller) equilibrium Jahn-Teller distortion.
In such systems where the ground- and excited-state
equilibrium “‘configurational” coordinates are different,
“vertical” transitions in the Franck-Condon sense can
give broad lines because transitions involving many
different changes in vibrational quantum number be-
come important. Indeed transitions to high vibrational
states of other Jahn-Teller distortion directions may
also become important, making the dipole operator
direction become less well defined. This plus the fact
that at room temperature as mentioned before kT is
becoming comparable to the barrier height in the ground
state could account for the uniform decrease in the
dichroism observed for the 1.8-u band.

The 3.9-u band appears only when the Fermi level
is above E,+0.25 eV and we therefore identify this
transition as arising from the singly positively charged
divacancy. Fan and Ramdas® measured photoconduc-
tivity associated with this band, which suggests that
the transition is an excitation of an electron from the
valence band edge to the 645" orbital of Fig. 3. The
hole produced in the valence band thus contributes the
photoconductivity. In this sample view, the dipole-
moment direction reflects primarily the extended
character of the 543’ orbital.

The fact that the 3.9-u band is a well-defined band,
with oscillator strength comparable to the 1.8-u band,
suggests also looking for an excited localized molecular
state in Fig. 3 that is well coupled to the valence band.
(The band and localized molecular orbital pictures are
not entirely unrelated, of course. The molecular orbitals
can be viewed as made up of suitable wave packets from
the band states.) Transition 3 has the required proper-
ties, being an XV dipole and existing only for the singly
positively charged state.

(We should point out that the relative ordering shown
in Fig. 3 for the a, and b, states for both the b’ orbitals
and for the ad-a’d’ orbitals is somewhat uncertain.
They were ordered as shown to favor the wavefunction
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with the least number of nodes, a usually reliable prac-
tice in isolated molecules. However in our case, inter-
action with the conducting and valence bands could well
reverse the ordering. For instance, the b, orbitals might
be expected to have strongest interaction with the
conduction band and be repelled downward and the @,
states with the valence band, being repelled upward. If
the level ordering were reversed, the 8 transition would
be identified with the 1.8-u band and the « transition
the 3.9. This has some appeal in that the remaining hole
after the 1.8-u band excitation would be in the &,
orbital, with poorer contact to the valence band and no
photoconductivity. The remaining hole after 3.9-u ex-
citation would be in the @, orbital with stronger contact
to the valence band with subsequent photoconductivity.
Since all of the discussion in this section is speculative
in nature, however, we will not elaborate on these finer
details further. Indeed, the a and B transitions may be
very close in energy, both contributing within the
breadth of the 1.8-u band, and not be involved at all
for the 3.9-u band.)

The 3.3-u band must arise from the doubly negatively
charged state. Since no photoconductivity has been
identified with it, it must also be viewed as a transition
to a localized “molecular” state. The sharpness of the
band and its structure would appear to indicate that
large lattice relaxation in the excited state does not
take place as it does in the 1.8-u band, possibly ruling
out transitions to and from the bonding or antibonding
ad-a’d’ states.

There are no XV dipole transitions remaining for the
double minus charged state in Fig. 3. There are, of
course, other excited molecular states not included in
the figure involving excited atomic states (3d, 4s, 4p,
etc.). The 3.3-u band could be associated with transi-
tions from the -8" orbital to these.

V. SUMMARY AND CONCLUSIONS

We have presented arguments that the 3.3-, 1.8-
and 3.9-u bands observed in irradiated silicon all arise
from the divacancy. These arguments were based upon
several correlations between the behavior of the e
bands and the divacancy as previously studied by
EPR. Briefly summarized, these arguments were:

1. All three IR bands exhibit stress-induced dichroism
at room temperatures which agrees in sense and sym-
metry and satisfactorily in magnitude with that pre-
dicted from EPR studies for the ‘“‘electronic’ reorienta-
tion of the divacancy associated with its intrinsic Jahn-
Teller distortion.

2. The bands also exhibit additional dichroism
quenched-in as a result of stress at >150°C, which cor-
relates in sense and symmetry and satisfactorily in
magnitude with that associated with the “atomic” re-
orientation of the vacancy-vacancy axis. The kinetics
of this alignment agrees closely with that observed for
the divacancy in EPR studies.
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3. Annealing studies of the disappearance of the
bands correlate with that observed in EPR. This cor-
relation also shows up in consistent differences between
the annealing behavior in pulled and floating-zone
silicon for both types of studies.

We do not consider the results given here as positive
proof that these bands are to be associated with the
divacancy. There is always some degree of uncertainty
in such an identification. We do feel, however, that the
detailed correlations that have been observed give a
strong argument in favor of this identification. One
important set of experiments that remains to be done is
stress-induced dichroism studies in sifu at low tempera-
tures. The correlation of the kinetics of the stress in-
duced “electronic” alignment with that observed in
the EPR could be conclusive.

Assuming that the identification of these bands with
the divacancy is correct, the next step is to identify the
nature of the transitions and in turn to learn about the
electronic structure of excited states of the defect. In
this paper we have made only highly speculative sug-
gestions in this regard based upon the one-electron
molecular-orbital model deduced from the EPR studies.
Considerable additional experimental work will be re-
quired before a detailed assignment can be made. For
instance, Rao and Ramdas,? in addition to reporting
dichroism in the 3.3-u band noted that for low-tempera-
ture measurements the band splits under (111) stress.
Such piezospectroscopic effects have been analyzed in
detail by Feofilov and Kaplyanskii®* and will pre-
sumably give valuable information concerning the
states responsible for the 3.3-u band. It would be de-
sirable to search at low temperatures with high resolu-
tion for the zero-phonon line associated with the 1.8-u
band. If this line can be detected similar piezospectro-
scopic studies on it become possible.

Finally we note that Kurskii®? had argued that the
1.8-4 band could be associated with the oxygen-
vacancy complex. We have shown that the 1.8-u
band has the wrong symmetry properties and is re-
lated to the divacancy so that his suggestion is not
correct.
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APPENDIX

Here we present the derivation of the dichroism ex-
pected from the divacancy model for the X-¥ dipoles.
We will briefly describe the steps in the derivation and
then present the relevant equations without further
elaboration.

There are 12 different divacancy configurations. That
is, there are four nonequivalent (111) axes, which
specifiy the vacancy-vacancy axis, and each of these
has three different electron configurations. We will
adopt the labeling scheme used in Ref. 18. This scheme
can be understood using Fig. 2 of the text. Consider
one of the vacancies to be at the center of the cube
(at the site labeled ¢’). The four neighboring silicon
atom sites are labeled @, b, ¢, and d. The first letter of
the labeling scheme indicates the position of the other
vacancy site (¢ for the configuration shown in Fig. 2).
The second letter denotes the other neighbor silicon
site that lies in the X-V plane of the defect (b in the
figure). The divacancy configuration shown in Fig. 2 is
thus labeled cb.

Under the applied stress these various configurations
become nonequivalent. We will restrict ourselves to
the change in energy due to the stress as determined
only by the Bs (or M) component of the strain-energy
tensor. This component singles out the strain along the
(110) axis which is perpendicular to the X-¥ dipole
plane. For Fig. 2 this axis is the [110] axis. The change
in energy under stress for the ij defect is therefore
simply M ex1, where e is the resolved strain along this
perpendicular (110) direction. This direction is given by
the line between the other two neighbor sites and we
have therefore labeled it %/ where k,/5<1, j.

The population of the ¢j defect configuration will in
turn reflect the corresponding Boltzmann factor

Br=exp{—Mex;/kT} . (A1)

The exact relation between these Boltzmann factors
and the populations of the configurations is somewhat
different for the two types of experiments: electronic-
and atomic-reorientation.

In the electronic-reorientation experiment the stress
is applied during the measurement. Since the vacancy-
vacancy axis cannot change at the temperature of the
experiment, the equilibration between populations can
take place only among configurations with a common
(111) axis, e.g., %apy ac, and 7,4, and their sum remains
constant (equal to the total population before stress,
3N). Subject to this restriction, the populations of each
configuration will be proportional to its corresponding
Boltzmann factor given by Eq. (A1), evaluated at
300°K, the temperature of measurement.

In the atomic-reorientation experiments the room-
temperature measurements are made in the unstressed
state on the frozen-in populations due to equilibration
under stress at ~150°C. In this case all of the electronic
configurations for a given divacancy axis will be equally
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TasLE III. Dichroic ratios for the various experiments.

Stress Ei/En Dichroic ratio
[001] [110]/[001] Wag+Q2—W)nay
2(1 _W)"ad+2W”ab
- X+nca+X—”aa+(2+W)nab
[111] [ii2]/rit]
Y #eat+ Y i#0c+2(1—W)nap
o N W ttaa+3X _(1ap+ac) +3X 1 (#eat+7ba)
[iiz] [1io1/riiz]
4(1 - W)nad+X+(2ncb+nca) +X—(2nbc+na0) +Z+nab+z—nba
- W”ad+X+nba+X—nab
[1i07/[110]
Wnbc+X—”ba+X+nab
[110] W(nbu‘i‘ﬂab)‘i‘(l*W) (nbc+nad)
[0017/[110]

Wnbc+X-nba+X+”a,b

populated during the measurement. The total popula-
tion of a (111) axis will be proportional to the sum of
the Boltzmann factors corresponding to the three
electronic configurations for that (111), e.g., #zi~ B
+®ca+ Bra. Here the Boltzmann factors are evaluated
at 423°K.

The stress directions are shown in Fig. 2 and have
been chosen so that the relevant strains e; can be taken
directly from Ref. 16 where they have been previously
evaluated.

The dichroic ratio ©, defined as the ratio of the
absorption with the light polarized perpendicular to
the stress direction to that with the light polarized
parallel to the stress is given by

ay Z %ij(P i) 17
P — (A2)
o Z ”ij(Pij)nz
i

Here n;; is the relative population of the ¢j configura-
tion, (P;). is the component of its transition dipole
moment P (see Fig. 2 of the text) in the perpendicular
polarization direction, and (P;); that in the parallel
polarization direction. Equation (A2) was evaluated for
each of the stress directions and the results are given
in Table I1I in terms of the independent #;;’s. In these
tabulated formulas, we employ the following functions:

W =cos?0,
X1 =1%(cosfV2 sinh)?,
Z.=%(3 cosfV2 sinb)?.
Using the Boltzmann factors defined by Eq. (A1)

the derived populations #;; to be used in the formulas
of Table III are as follows

1. [001] Stress
(a) Electronic
nad=3N(Bbc/((Bbc+20«))cd)
(=ndu=nbc=ncb)
1ay=3N®Ba/ (Boot2®ca)
(Mba=Mae=Nea=Npa=Nap=Nea=Ndc-
(b) Atomic
All (111)’s are equivalent and, in the absence of

stress during measurement, all #;; are equal, giving
D=1.

2. [111] Stress
(a) Electronic

Nea(=Nep=nca) =N,
Nae=3IN®Bpa/ (Brat2®Rcq)
(=nse="nac) ,
1a6=3N®Bca/ (Bpat2®.a)
(=na=MNea=naa= Npa=MNas).
(b) Atomic
Noa=2NBpa/ (Brat Bea)
(=nc="mn.a)

Nay=3N2®Bca+ Boa)/ (Boat Bea)
(= Nac=MNad=MNba=Nbc=Nba=MNda= nbd=ndc) .

3. [112] Stress

The relevant strains for this stress were not worked
out in Ref. 18 and are

ebe=—12(2S1+10S12+S4) P,
€aa=— 15 (25114-10S512+Sw) P,
€ac=—12(5S1+7512—254,)P,
eap=—17(5S 1+ 75124254, P,
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(a) Electronic
Omitted because this experiment was not performed.
(b) Atomic

15a=2N 2B actBaa)/ 2Bact2®Bap+ Baa+ Boc)
(= Noc= nbd) ’

1ea= 2N 2Bup+ Bud)/ 2Bact2Bup+ Boa+ Boo)
(=nco="nca),

1ap=2N (Bt Bact Bas)/ CBact2Bapt Boat Boe)

(=nac=nad=”da=”db=ﬂdc) ’

4. [110] Stress
(a) Electronic

Nad= 3N63bc/(63bc+ 2630(1)
(=14a) ,

PHYSICAL REVIEW

CORBETT,

VOLUME 152,

AND WATKINS 152
Nab= 3N(Bcd/(63bc+ 2@)cd>
(=tae=nar=na.),
nba=3N®ad/(63ad+2(Bcd)
(=7’ch) }
nba=3N®cd/((Bad+2(Bcd)
(=1’Lbd=7’lca=ncd) .
(b) Atomic
1ap=2N 2®Bca+ Bove) / (Boet4®Boat Baa)
(=nac=nad=”da="db=”d0)
150=2N2®B cat+ Baa)/ (Bpet+4®Beat Bug)
(=7Lbc= Nog=MNea= ncb=ncd) .
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Relationship between the Macroscopic and Microscopic Theory of
Crystal Elasticity. I. Primitive Crystals
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The general relationship between the macroscopic theory of crystal elasticity and a recently introduced
microscopic formalism is established for primitive crystals. The relationship is more simple and direct than
the corresponding relationship between the macroscopic theory and the Born-Huang formalism, which has
to be established via sound-wave propagation. Additional conditions are derived for the Born-Huang formal-
ism which remove an inconsistency in the microscopic theory and confirm that purely nearest-neighbor
interactions must be central. The new macroscopic-microscopic relationship is applied to an illustrative
study of the simple cubic structure which also shows that three of the six third-order elastic constants of

the alkali halides depend on long-range interactions.

I. INTRODUCTION

HE Born-Huang coupling-parameter formulation!

of microscopic elasticity has been in use for some

time, and its relationship with the macroscopic formal-
ism has been examined in several articles.!> Recently,
a new formalism® has been set up for microscopic elas-
ticity which allowed the formal demonstration that a
purely nearest-neighbor interaction must be a central
one.? The new approach offers a number of operational
advantages over the Born-Huang formalism which have
been demonstrated in calculations of the second-® and
third-order? elasticity of crystals of the diamond type.
Thus it has now become advisable to establish the
general relationship between this new microscopic ap-

1M. Born, K. Huang, Dynamical Theory of Crystal Lattices
(Oxford University Press, New York, 1954), Chap. V.

2 See, for example, M. Lax, in Lattice Dynamics, edited by R. F.
Wallis (Pergamon Press, Inc., New York, 1965), p. 583; G.
Leibfried and W. Ludwig, Z. Physik 160, 80 (1960) ; R. Srinivasan,
Phys. Rev. 144, 620 (1966).

$P. N. Keating, Phys. Rev. 145, 637 (1966).

proach and the macroscopic formalism so that it can
be used more generally. The general relationship is set
up for the case of primitive crystals in the present
article; the case of nonprimitive crystals exhibits
special problems and will be considered in a separate
article. We shall show here that, in addition to the
advantages mentioned in previous articles,®* the new
formulation of macroscopic elasticity allows a more
simple and direct formal relationship between macro-
scopic and microscopic elasticity for primitive crystals
than is possible with the Born-Huang approach.

There has also arisen a second problem in the study
of the microscopic theory of elasticity. In Ref. 3, here-
after referred to as K, purely first-neighbor interactions
were shown to be central. Because the two approaches
begin on common ground and are designed to allow the
same invariance requirements to be imposed, they
should be basically equivalent. However, for certain
crystal structures of high symmetry, the Born-Huang

4 P. N. Keating, Phys. Rev. 149, 674 (1966).



