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Measurements of 1-MeV He' channeling have been used to study the lattice location of ion-
implanted Bi in Si. Single-alignment (110) and (111) angular distributions for He scattering
from both the Si and Bi atoms at the same depth were measured as a function of implant con-
ditions at 296 and 80 K. Double-alignment angular distributions were also measured for uni-
axial and SO' biaxial channeling along (110) axes. For both single- and double-alignment
measurements, the widths of the Bi distributions show significant narrowing relative to those
for Si. Also, the Bi minimum yield is reduced from 15% for (110) single alignment to 5%
for (110) uniaxial double alignment. Angular-distribution calculations based on the average-
potential model were made for single-alignment axial channeling as a function of equilibrium
displacement of an atom from a substitutional lattice site. The best agreement with the data
is obtained for the case of =50% of the Bi displaced 0.45 A from Si lattice sites and the re-
maining Bi atoms located substitutionally on Si lattice sites.

I. INTRODUCTION

An important technique for directl. y determin-
ing the lattice I.ocation of impurities in single crys-
tals is the use of energetic-particle channeling.
For example, when the reductions in the back-
scattering yield for various crystal channeling
directions are the same for the impurity as for
the lattice atoms, then the impurity atoms are
determined to be on substitutional lattice sites.
For cases where part or all of the impurity atoms
occupy nonsubstitutional sites the interpretation
is l.ess straightforward. A minimum require-

ment for the unambiguous assignment of lattice
locations seems to be careful angular scans along
various channeling directions for both the im-
purity and the lattice atoms. In principle, the
fact that the beam flux density varies across the
channel region between the lattice rows or planes'
should allow the technique to be sensitive to any
well-defined location within the unit cell. How-

ever, an understanding of the ultimate experi-
mental limitations of the technique is still needed.

Most channeling studies have been performed in

a single-alignment rather than double-alignment
mode. For single-alignment channeling measure-
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ments the ion beam is incident along a crystal
axis or plane and ions are detected which exit the
crystal along a nonchanneling direction, whereas
for double alignment the ions both enter and exit
along channe1. ing directions. The double-align-
ment technique has been used primarily to en-
hance the sensitivity of the channeling effect to
impurity atoms or defects. However, since the
flux distribution of the ion beam across the chan-
nel is not uniform, double-alignment measure-
ments, as indicated in the present work, give
valuabl. e additional information for lattice-location
studies.

Examples of recent progress in lattice-location
studies by single-alignment measurements include
the study of interstitials in Si'~ and W3 for which
peaking in the angular distributions is observed.
This effect is due to the increased beam flux den-
sity in the center of the channel. 4~ A second im-
portant result has been the determination of the
sublattice occupied by a substitutional species in
a diatomic lattice. 7 Bi was found to occupy P sites
in GaP by comparing the Bi angular distribution
for the (110) direction to that for pure-Ga and
pure-P rows.

Another class of problems is that of impurity
atoms only slightly displaced from lattice rows.
Earlier measurements'9 of angular distributions
have shown a narrowing of the impurity distribu-
tion (channeling dip) relative to that for the lattice
atoms for Bi and Sb implanted in Si. The largest
effect was seen for the Bi dips. It has been sug-
gested that this may be due to the impurity atoms
being displaced 0. 1-0.2 A from the Si lattice
rows 9'10

A closely related area involving small displace-
ments from the lattice rows is the study of nuclear
lifetimes. The observed blocking dip from the
emission of a reaction product depends on the dis-
tribution of recoil distances of the compound nu-
cleus from the crystal row or plane. Recent angu-
lar-distribution calculations"'~ for these systems,
however, are not directly applicable to the case of
equilibrium displacements since they involve a
distribution of disp1acements dependent on the de-
cay process.

In this study we have extended the lattice-loca-
tion studies for the case of Bi in Si using single-
alignment channeling measurements of the angular
distributions. In addition uniaxial and biaxial
double-alignment channeling distributions were
measured. To our knowledge double-alignment
distributions have not previously been measured.
Channel. ing calculations of the single-alignment
angular distributions based on the average-poten-
tial model'3 also were made for atoms as a func-
tion of displacement distance for the lattice row.
C omparisons of calculations with measurements

indicate certain general features and suggest a
possible semiquantitative model for the Bi loca,-
tion.

II. EXPERIMENTAL PROCEDURE

Samples were prepared from 1000-0 cm p-type
float-zoned silicon by bismuth imp1. antation on a
heavy-ion accelerator at Be11 Telephone Labora-
tories (BTL). For single-alignment channeling
measurements the Si was cut perpendicular to the
(110) plane with the surface normal bisecting the
angle between the (111)and (110) axes. This al-
lowed comparison of channeling measur ements
along these two major axes with the beam direc-
tion at the same angle to the surface normal
(~18') so that the Bi was at the same relative
depth. For double-alignment channeling measure-
ments a sample was cut on the (100) face so that
two perpendicular (110) axes were at 45' to the
surface normal.

Typical Bi implantations were at 150 keV, with
fluences of 2-4 x 10" cm at room temperature or
above, along nonchanneling directions. For room-
temperature implants the lattice disorder was an-
nealed in flowing dry Nz for 30 min at 650 C.

Channeling-effect measurements were carried
out by monitoring the large-angle scattering of a
1-MeV He' beam as a function of crystal orienta-
tion. The beam diameter was 1 mm with full angle
divergence less than 0.06'. The sample was ori-
ented by a two-axis goniometer which could be set
reproducibly to 0.91' and maintained at room tem-
perature (~296 K) or at 80 K. Measurements were
made in a turbo-pumped chamber at -10 6 Torr.
A secondary electron shield biased to —200 V sur-
rounded the sample, which was in turn surrounded
by a liquid-nitrogen shield to reduce surface contam-
ination.

For single-alignment measurements an Au sur-
face-barrier Si annular detector was placed colli-
near with the beam with a full-acceptance angle of
18 . The backscattered He ions were energy
analyzed with a resolution full vridth at half-~ax&-
mum (FWHM) =20 keV. The total Bi yield was in-
tegrated together for the angular-distribution mea-
surements, where the projected range and the
standard deviation in the projected range for 150-
keV Bi in Si are 515 and 125 A, respectively. '
The Si yield was measured over a constant energy
interval at energies corresponding to the same
average depth as the implanted Bi so that the rela-
tive Si and Bi angular distributions may be direct-
ly compared without significant depth corrections. "
A11 yields are norma1ized by the yield for a non-
channeling direction. Tilts through (110) and (111)
axes were made at an ang1.e of 16.8' with respect
to the (110)plane. The He' fluence was increased
in the region of the minimum to maintain a total
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Bi yield of 400-1200 counts (typical Si yield was
10 000 counts) and the beam current was varied to
limit the counting rate dead time to &3%. Typical
measurement currents were 1 nA and maximum
fluences for angular positions near the axis were
1 pC for single alignment. The currents and
fluences for double alignment were approximately
a factor of 100 higher. The influence of the He
analyzing beam was examined by measurements
of the Bi minimum yield as a function of He fluence
along a nonchanneling direction. Only a small
effect was observed with the yield increasing from
=9% initially to a constant level =14% after 8- pC
fluence for fluences up to 540 pC.

Two simultaneous double-alignment channeling
measurements were performed with two detectors,
a cooled annular detector along the beam direc-
tion for uniaxial channeling (full-acceptance angle
= 0.38') and a. collimated detector at 90' to the
beam direction for biaxial channeling (full-accep-
tance angle = 0. 14 ). Both uniaxial and biaxial de-
tectors had translational position control with re-
spect to the sample direction. Thus, after using
the goniometer to align a (110) crystal axis with
the incident-beam direction, the biaxial detector
was translated to a position to detect particles ex-
citing the crystal along the (110) axis at 90' to the
beam direction. In making the angular scan for the
double-alignment measurements each point was
taken at a new position on the sample to reduce
any radiation-damage effects due to the He' beam,
since high fluences are required to obtain adequate
statistics. This was accomplished by translating
the biaxial and uniaxial detectors and by "dog-
leg" electrostatic steering of the beam to main-

tain a parallel beam direction during translation.
The number of Bi atoms/cm~ was determined in-
dependently by backscattering measurements along
nonchanneling directions at each position on the
sample to normalize for effects of lateral nonuni-
formities of the Bi implantation on the double-
alignment yields.

III. EXPERIMENTAL RESULTS

A. Single-Alignment Channeling

The (110) axis angular distributions for Bi in
Si are shown in Fig. 1 for 1-MeV He' channeling
at 296 K. The Si sample was implanted with
150-keV Bi at room temperature to a fluence of
1.8&& 10'4/cm and then annealed for —,'-hat 650C.
No significant change in the distribution was ob-
served after an additional anneal at 840 C. Simi-
lar angular distributions were observed for a 150-
keV implant at 450 C and a 40-keV implant at
350 C for 2. 4x 10" Bi atoms/cm~. In the region
of the shoulders of the dip (1'-3') the Si and Bi
distributions are similar. However, at smaller
angles the Bi dip is significantly narrower than
that for the Si lattice and the minimum yield is
greater. Single-alignment channeling measure-
ments were also made for the (111)axial distribu-
tion at 296 K on the same sample. As shown in

Fig. 2, the results were similar to the (110) dips
with slightly more narrowing of the entire Bi dip.
The measurements shown in Figs. 1 and 2 were
repeated for the sample temperature at 80 K.
As shown in Figs. 3 and 4 for the (110) and (111)
axes, respectively, the Bi dip is again signifi-
cantly narrower than that for the Si, particularly
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in the lower part of the dip. Some differences are
also observed between the Bi and Si shoulders for
the (110) 80-K results.

A simple way to characterize the angular dis-
tributions is to specify the critical angle (,&s and
the minimum yield y. The critical angle is the
half-width of the dip at a level halfway between
the minimum yield and the yieM for a nonchannel-
ing direction; whereas y is the ratio of the yield
for the beam incident parallel to the channeling
direction to the yield for a nonchanneling direc-

tion. Our measured g~s and )f values for the Si
and Bi angular distributions are given in Table
I.

The single-alignment dips (Figs. 1-4) all show
the same general decrease in slope for the sides
of the Bi dip relative to that for Si. Also, there
is some indication of an inflection point for several
of the Bi curves in the region of 0.4 to Q. 7 rela-
tive yield. These results suggest that the Bi atoms
are not all located substitutionally on Si lattice
sites, as might be expected for a group-V dopant.
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FIG. 3. Channeling distributions
as in Fig. 1 for the (110) axis at
80 K.
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Previous measurements'6 of the Bi minimum
yields along the (111) and (110) axes suggested
that approximately 85% of the Bi atoms were on

lattice sites and the other 15% were off lattice
sites (for example, at precipitation sites). Our
minimum yields are in agreement with these
earlier measurements; however, the narrow
angular distributions suggest that the Bi atoms
may have an equilibrium position slightly dis-
placed from substitutional sites with more than
85/q of the Bi near lattice rows.

B. Double-Alignment Channeling

TABLE I. Single-alignment critical angles' and
minimum yields for Si implanted with Bi."

Implant Anneal
temp. te mp.
('c) ( c)

Analysis
temp.
(.c) Axis

&'& t p(deg)
Si Bi Si

Double-alignment measurements wer e made to
gain more information about the location of the Bi
atoms. The results of [110]uniaxial (channeling
in and out along the same axis) and 90' biaxial
(channeling in along the [110]axis and out along

Bi

the [110]axis) distribution measurements are
shown in Fig. 5. The measurements were made
using 1-MeV He' at 296 K for a room-temperature
150-keV 2&& 10"Bi atoms/cm implant annealed
to 650 C for —,

' h. The measured critical angles
and minimum yields are given in Table II. The
Bi dips are again narrower relative to the Si dips
(Fig. 5) but tend to show the same relative nar-
rowing at the top and bottom of the dips, in con-
trast to the single-alignment results. The (110)
Bi minimum yield is reduced significantly from
=0. 15 for single alignment to =0. 05 for double
alignment, as shown in Fig. 6. This suggests
that at least 95% of the Bi atoms are near lattice
rows.

For atoms on lattice rows, calculations"'" of
the minimum yields for double alignment p have
indicated y = v(o') ya, where y is the single-align-
ment yield and v(o) is a constant of the order of 1

to 2, dependent on the angle & between the incom-
ing and outgoing channeling axes. Therefore, for
Bi atoms near lattice rows where the flux density
is less than 1, the double-alignment yield should
be further reduced approximately as the square of
the flux density. The measured double-alignment

23

23
450

650

840
none

—193
—193

23
23
23
23

(110) 0. 79 0.69 0. 035 0. 15
(111) 0. 70 0. 61 0. 049 0. 18
(110) 0. 71 0. 57 0. 039 0. 16
(111) 0. 61 0.47 0. 051 0. 23
(110) 0. 75 0.64 0. 049 0. 20
(110) 0. 72 0.60 0. 040 0. 19

Axes
&lq~ («g) X'

Si Bi Si Bi

TABLE II. Double-alignment critical angles and
minimum yields for Si implanted with Bi.

Measured at a depth in silicon corresponding to the
depth of the Bi implant.

"All implants at 150 keV to fluences 2-4x10 /cm .
Biaxial
Uniaxial

[1101' [1101
[1101 ' [1101

90' 0, 90 0. 70 0, 0033 0. 040
180' 0 ~ 91 0. 68 0. 0059 0 ~ 050
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FIG. 5. Uniaxial and 90' biaxial double-alignment angular distributions for (110}axes. Bi and Si dips for 1-MeU He'

scattering from a Bi-implanted Si sample.

and single-alignment minimum yields are com-
pared for both the Si and Bi scattering in Table
III. The v values for the Si lattice are about a
factor of 2 to 3 larger than those expected theoret-
ically for a perfect crystal and are comparable to
measurements by Appleton and Feldman" for pure

Ge crystals. The v values for Bi are approximate-
ly equal to the calculated values for lattice atoms.
The reason for the larger v value for Si than for
Bi may be the residual implantation disorder re-
maining after the 650 C anneal or dischanneling by
a surface oxide layer, Because of the much lower
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double-alignment (110) angular
distributions in Figs. 1 and 5.
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Bl

90'
180'
90'

180'

0.039
0.039
0. 164
0. 164

X'

0. 0033
0. 0059
0. 040
0. 050

h'/x')

2. 17
3.88
1.49
1.86

'FABLE III. Comparison of single- and double-
alignment minimum yields.

from the row, p- is the mean-square vibrational
amplitude in the plane perpendicular to the row
about the equilibrium position, and n is a nor-
malization constant dependent on xo/p. The emis-
sion from the atom at a position (r, 8 ) is described
by spherical coordinates (p, 8) at that position with
the z axis parallel to the atom row (z axis). The
transverse energy of the emitted particle is de-
fined as the sum of the kinetic and potential terms
by

scattering yield from the Si than the Bi, the Si is
much more sensitive to any such contributions.

IV. CALCULATION

The experimental differences between the Si
and Bi channeling angular distributions have sug-
gested9' that the Bi atoms may be displaced from
substitutional Si lattice sites. In order to gain
more information about the Bi location we have
calculated the angular distributions for single-
alignment axial channeling as a function of the
equilibrium disPlacement of an atom from a lat-
tice row. The calculation is based on the average-
potential model developed by Lindhard. '3 This
model has been quite successful in predicting the
relative angular widths over a wide range of crys-
tal targets and incident-ion parameters. '9'2P Simi-
lar calculations for substitutional atoms have been
carried out previously by Andersen using the half-
way-plane approach. In deta, il, a vibrating lattice
atom is considered to be emitting particles iso-
tropically, and the distribution in transverse en-
ergy of the particles with respect to the atom row
is calculated at a plane halfway between the atoms
in the row. Changes in the transverse energy
distribution of the particles during passage through
the crystal are neglected, and the angular distri-
bution of the particles (blocking pattern) outside
the crystal is obtained by accounting for the sur-
face transmission. This angular distribution may
be directly related to the probability of an ion hit-
ting an atom as a function of incident-ion beam an-
gle with respect to the crystal row (i.e. , channel-
ing angular distribution).

The coordinates for the emission of a particle
are illustrated by Fig. 7. The position of the
emitting atom in the x-y plane with respect to the
distance from the row of atoms (z axis) is de-
scribed in terms of a Gaussian probability dis-
tribution about the equilibrium position. In cylin-
drical coordinates we have

(2)

where E is the energy of the emitted particle and

U is the average potential of the row of atoms. %e
have used Lindhard's standard potential and have
neglected the vibrations of the atoms in the row.
However, the calculation can be carried out equally
well for other potential approximations and for
thermal averaging of the potential. The value
r, in Eq. (2) is the perpendicular distance of the
emitted particle from the rom after it has traveled
a distance —,

' d in the z direction where d is the
average spacing of atoms along the row. As seen
in Fig. 7, r, is determined by variables (xo, r,
8, y, 8) from the set of equations

+ xp —2J xp cosp y

2 Q2 2

r~'= r'+ (-,'qd)'+ ryd cos8,

2 I2 2 I I+xp-2x xp cos8,

(r'rr ' —( ', rd)'](r'rx', —r")-)COSJ=
4 2~

8 EMITTING

:::::7 ATOM

I

EMI TTED

PARTICLE

dP(r', 8') = o.'exp
P P j

2xor cos8 d(r )
P P

where xp is the equilibrium displacement distance
FIG. 7. Geometry for channeling-angular-distribution

calculation.
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FIG. 9. Calculated (110) angular distributions for
1-MeVHe' incident on Si for atoms on lattice sites as a
function of atom vibrational amplitude p~=. 0. 106 A is
the root-mean-square value transverse to the row for
Si at 296 K.
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FIG. 10. Comparison of angular-distribution calcula-
tions with measurements (see Fig. 1) for the (110) axis
at 296 K where the solid line is for Si, the dot-dashed
line is for Bi assuming all of the Bi atoms displaced
0.2 A along the (110) directions, and ths dashed line is
for 60% of the Bi displaced 0.46 A along the (110) direc-
tions and 50% on substitutional lattice sites.

qualitativel. y similar to that for a uniform dis-
placement in Fig. 8.

V. COMPARISON OF MEASUREMENTS AND
CALCULATIONS

A. Si Angular Distributions

Comparisons between the calculated and mea-
sured dips for the Si lattice as a function of lattice
row and temperature are shown in Figs. 10-13.
The solid lines represent the calculation and the
open circles give the measured Si points taken
from Figs. 1-4. The experimentally measured
angle g is normalized by g, and related to the
calculated value g,/g, by a constant, g/g = b(g,/(I|I).
The need for a factor b arises from depth effects"
which are neglected in the calculation and from
deficiencies in a single-string model. "'3 The
value of b=0. 75 was determined by fitting the
width of the 2S6-K (110) Si dip to the measure-
ments, and this same value was used for all the
Si and Bi curves.

The agreement of calculation and experiment
in the width and slope of the sides of the Si dips
is good, even though the measured widths vary
significantly with direction and temperature (see
Table I). The agreement is less satisfactory in
the region of the minimum of the dip, where the
observed yield is significantly greater than the
calculated level. . The calculated minimum yield
in the curves corresponds to that obtained by the
simple-average-potential-theory estimate'3 X
=Ãmdp . Barrett" has shown by Monte Carlo
calculations that a better estimate is given by

Si(BI) (ill), 296K

1.0—

0.8—

LU
hJ

06—
CL
C)

0.4—

0.2—
l

o~o
0. 0 I I

-l. 5 -l. O -O. 5 O. O O. 5 l. 0 l. 5

NORM. ANGLE FROM AXIS iglg )

FIG. 11. As in Fig. 10 for the (111)axis at 296 K
where the solid line is for Si and the dashed curve for Bi
with the same location as for the dashed curve of Fig. 10.
The dot-dashed and the dotted curves include calculated
minimum-yield corrections to the Si (solid) and Bi
(dashed) curves, respectively.

3Nmdp~. In addition, we estimate from the Si sur-
face peak of the (110) spectrum that the surface
is covered by approximately 85 A of oxide which
gives an additive contribution" to the (110) mini-
mum yield g ~0. 015. Thus, using a more realistic
esti~at~ given by X~3X,„,+ Xs, where X„„=Ãmdp'
for the Si dips, we obtain 0.034 and 0.043 for the
(110) and (ill) minimum yields, respectively,
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FIG. 12. As in Fig. 10 for the (110) axis at 80 K.

which is in better agreement with the observed
values 0.039 and 0.051 (see Table I). This esti-
mate is still slightly low, probably due to residual
lattice disorder remaining after the anneal of the
Bi implant. ~4 We also note that the calculated dips
do not predict the high yields in the shoulders of
the distribution; these are primarily due to "planar
effects" which depend on the tilt orientation and
are not accounted for in the axial dip calcula-
tion. ~5

B. Bi Angular Distributions

The agreement of the width and the shape of the
sides for the Si dips between measured and calcu-
lated values suggests that qualitative agreement
might similarly be expected for the Bi dips for
calculations using the correct Bi location. To
compare the calculations for a displaced atom
with respect to a given row to the measured re-
sults in Si, one must include symmetry considera-
tions of all the possible displacements which oc-
cur due to the six equivalent (110) rows and four
equivalent (111)rows. We have assumed that a
Bi displacement in a particular crystal direction
with respect to a given row (e.g. , [110])will have
an equal probability of displacement to equivalent
sites with respect to the other rows (e. g. , [110],
[101], [101], [011], [OT1]}. Since the channeling
measurement is made along a particular row, the
calculated angular distributions must be averaged
together to correspond to the perpendicular dis-
placements from that row for the equivalent sites
with respect to the other rows. Although we do
not have a detailed knowledge of the vibrational
nature of Bi in the Si lattice, large-amplitude
resonances are not expected since the Bi mass is
much heavier than that for Si. Therefore the mean-
square vibrational amplitude of Bi has been as-

sumed to be the same as that of the Si lattice
atoms in all the calculations. ~'

In order to calculate the Bi angula. r distribution
we must specify the Bi site(s) and the fractional
amount of Bi atoms on each site. We specify the
Bi site by a vector from a Si lattice site of magni-
tude and crystal direction corresponding to the Bi
displacement. Our approach is to begin with the
simplest possible assumptions concerning the Bi
location and examine which of these gives angular
distributions consistent with our experimental re-
sults.

Since assuming all the Bi are on Si lattice sites
clearly does not give agreement with the Bi data
(solid Si lines in Figs. 10-13},we begin in accord-
ance with previous suggestions ' by assuming that
all the Bi atoms have an equilibrium displacement
a small distance 6 from Si lattice sites. The re-
sult of a displacement 5= 0. 2 A along the (110)
direction is shown in Fig. 10 by the dot-dashed line
for the room-temperature (110) Bi dip. Choosing
instead a displacement in the direction of the Si
tetrahedral interstitial site (along (111))gives the
same result within the resolution of the drawing.
In general we may say that while the critical angle
can be accounted for by fixed displacement of all
the Bi atoms, the qualitative agreement of the
shape of the sides of the dip with our experimental
Bi data (triangles in Fig. 10) is far from satisfac-
tory.

The lack of agreement for a single displacement
has led us to consider that the Bi may be distri-
buted between two different equilibrium sites. We
have therefore assumed that only a fraction of the
Bi, fn, has an equilibrium displacement and that
the rest (1 fn) are on—Si lattice sites. The dis-
placed fraction fn and the displacement distance 5

have been varied for several displacement direc-
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FIG. 13. As in Fig. 10 for the (111) axis at 80 K.
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tions to give the best agreement with the four mea-
sured distributions for the (110) and (111)axes at
296 and 80 K. The results for 50'%%up of the Bi atoms
having a, displacement 5= 0.45 A along the (110)
axis with the other 50'%%up on lattice sites are shown

by the dashed lines of Figs. 10-13. The agreement
with experiment (triangles) of the shape of the sides
of the (110) dip at 296 K is seen to be quite reason-
able (Fig. 10). As for the Si distributions, the cal.-
culated minimum yield is considerably lower than
the measurements. Using this same Bi location the
agreement of the shape of the sides of the dip is
fair for the (111)dip at 296 K (Fig. 11}and some-
what poorer for 80-K measurements (Figs. 12 and

13). Changes in the displacement distance and/or
fraction displaced in excess of 10-20% give notice-
ably poorer agreement with the 296-K measure-
ments. The sensitivity to displacement direction
is somewhat less, however. For example, calcu-
l.ations for the same displacement 6 and displaced
fraction f~ along the (111)direction give similar
agreement, except in the case of the (111)dip at
296 K, where the calculated curve is noticeably
wider. In general the displacement distance and
fraction can be specified with greater confidence
than the displacement direction.

The inflections in the sides of the calculated dips
at 80 K (Figs. 12 and 13) would become less prom-
inent if some relaxation of the equilibrium dis-
placement distance occurred with decreasing tem-
perature. Such a temperature dependence would
not be unreasonable to expect and would give better
qualitative agreement with both the width and shape
of the 80-Kdips. Also, the nuclear multiple scat-
tering of the beam in traversing the 85 A of sur-
face oxide would tend to smooth any inflections in
the observed angular distributions since the rms
multiple scattering angle is calculated from theo-
retical estimates' to be =0.14'.

The agreement between calculation and experi-
ment in the regions of the Bi and Si minimum yields
is not satisfactory and suggests the need for a bet-
ter quantitative approach. If for comparison we
consider the same modification to the Bi minimum
yield as argued for the Si lattice, X =3 X„y + X3 we
obtain for Bi X =0. 15 and 0. 18 for the (110) and
(111)at 296 K, respectively, which is in better
agreement with the observed values of 0. 16 and
0. 23. We note that the factor of 3 was determined
for atoms on lattice sites for (= 0 and may be some-
what different for displaced Bi atoms. However,
the effect of this correction on the angular dis-
tributions can at least be indicated by an additive
correction (with renormalization} to the calculated
curves. This is shown in Fig. 11 for the 296-K
(111)distributions by the dotted and dot-dashed
line for Bi and Si, respectively. The greatly im-
proved agreement with the measurements in Fig.

11 argues for the correctness of this modification
for the region of the minimum yield.

Lattice strain from high concentrations of Bi
atoms or lattice defects might result in a distribu-
tion of the Bi equilibrium position about Si lattice
sites. The case of an isotropic Gaussian distribu-
tion can be simulated by increasing the effective
mean-square vibrational amplitude of the emitting
atom, as was shown in Fig. 9. This does not give
good qualitative agreement with the observed re-
sults, but instead tends to give a uniform narrow-
ing of the dip similar to the case of all the atoms
being displaced a fixed amount.

Although it is straightforward to extend the mod-
el to more complex combinations of Bi displace-
ments, such elaboration does not seem justified
without first improving the calculation. Angul. ar
distributions obtained by Monte Carlo computer
simulations would be a valuable complement to
these studies.

VI. DISCUSSION

In these channeling-effect studies of impurity-
atom location we have tried in a semiquantitative
way to make use of the entire angular distribution
for the impurity-atom scattering rather than just
the minimum yield and angular width. Several im-
portant features have emerged from the single-
alignment studies. The special lattice-location be-
havior of Bi implanted in Si appears to be indepen-
dent of the implantation conditions. Both hot and
annealed room-temperature implants give rise to
the same narrowing of the Bi channeling dip. In
addition to the fluences used in these measure-
ments (~2-4 && 10'4/cm~}, the narrowing of the dip
has al.so been observed previously by blocking
patterns in a-emission studies~' for fluences
=10" cm'. The possibility that the He' analyzing
beam may affect the Bi location cannot be elimi-
nated, but the small effects (~ 5%) observed for
heavy He bombardments do not suggest a strong
radiation sensitivity. 2'

Comparisons of calculated single-alignment angu-
lar distributions with our measurements suggest that
it may not be possible to account for the Bi location
by a single displacement of all the Bi atoms. Bet-
ter agreement is obtained by a two-component mod-
el where part of the Bi is assumed to be displaced
and the remainder to be on latt~ sites. Although
unambiguous assignment of the Bi location cannot
yet be given, a best fit to our data is obtained by
assuming that ~50%%up of the Bi are displaced 0.45 A
from Si lattice sites and 50'%%up are located substitu-
tionally on Si lattice sites.

Important additional information is contained in
double-alignment channeling distributions. The
additional drop in, the Bi minimum yield from
=16/p for single alignment to =5% indicates (accord-
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ing to flux-distribution arguments) that at least
95% of the Bi are near lattice rows (~ 0.6 A). Also,
the relation between the Bi double- and single-
alignment yields y

- vX3 as shown in Table III is
not inconsistent with previous arguments indicat-
ing v ~ 2. The increase in angular width for double
alignment over that for single alignment, as indi-
cated by P,~a values in Tables I and II, maypartially
be explained by the lower energy of the scattered
He ions and the E ' ~ dependence of the angular
width for blocking. The relatively greater )~~a in-
crease for Si (~25%) compared tothatfor Bi (=15%)
is consistent with the smaller fractional ener gy re-
maining upon He scattering from Si (0. 563 for 8
=180') than from Bi (0. 926 for 9=180'). How-

ever, to more fully utilize the data double-align-
ment angular-distribution calculations are needed
as well as a more quantitative treatment of both
single- and double-alignment distributions in the
region of the minimum yield. For example, it is
important to try to understand the qualitative dif-
ference in the shape of the Bi dip for single- and

double-alignment measurements. For double
alignment the Bi dips show a fairly uniform nar-
rowing relative to the Si, whereas for single align-
ment the Bi dips are narrower primarily near the
bottom of the dip.

Finally, it is of interest to consider how the Bi
lattice location suggested by these calculations
might arise. The larger size of the Bi atom (atom-
ic radius r, =1.70 A) relativeto the Si lattice
atoms (r, =1.32 A) may play an important role,
perhaps by defect or impurity association to relieve
strain fields. Under these conditions variations

in the Bi locations with depth might be expected
across the implanted region. A smaller but mea-
surable narrowing of the channeling dip also has
been observed for Sb (x, =1.59 A) implantedinSi. "
Also, the Bi concentrations in these implanted
layers (Na, = 6 && 10"/cm' for 150-keV, 2 && 10"
Bi atoms/cma) are more than two orders of magni-
tude above the equilibrium solid solubility of Bi
in Si. Since electrical measurements~9'30 have
indicated that active concentrations well in excess
of equilibrium-solid-solubility limits are achiev-
able for group-V implants in Si, these high con-
centrations may play an important role in the Bi
location. Recent electrical activity and Hall
mobility measurementss for Bi-implanted Si gave
electrically active fractions ~ 0. 6 and mobilities
appreciably lower than those expected for bulk Si
of comparable resistivities. These results are
not inconsistent with the present lattice-location
results. Other measurements of Bi-implanted Si
which are sensitive to the Bi location (EPR, NMR)
or Bi-associated energy levels (electrical, optical)
could give important support to the understanding
of the Bi location.
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Two-Electron Band-to-Band Transitions in Solids
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In highly excited Si and Ge there appears an emission band at about hv = 2E», which is ex-
plained by two-electron radiative transitions across the band gap. The dependence on energy,
temperature, and excitation intensity is measured and compared with theoretical calculations.
The weak temperature dependence, the quadratic dependence on the injection current, and the
energy dependence agree with the theoretical consideration. A transition coefficient of about
10 cm sec is found, in agreement with a rough theoretical estimate. The line shape in-
dicates that, at least at room temperature, the two-electron transitions are phonon assisted.
This leads also to the conclusion that the Auger recombination in Si must be phonon assisted,
in contradiction to former considerations.

GENERAL

In previous papers the appea, rance of radiative
two-electron transitions across the band gap was
established. ' Emission bands were observed in
Si and Ge at an energy of about hv = 2E». In this
paper we report further experimental results and
give a more detailed examination of this effect.

Radiative two-electron transitions are well known
in atomic physics in absorption, for example, as
preionization. Heisenberg has pointed out that the
change of the angular momentum of the single
particles in an electric-dipole transition is in first
approximation &1,= +1, &la=+ 2 or 0. In every
case, the total change of angular momentum is
4L = + 1, if spin-orbit coupling is neglected.

In contrast to the atomic situation, in a solid
both electrons may have the same initial state and
the same final state, since / is no longer a good
quantum number. For example, in the octahedra1.
group 0, transitions from I'» and I'» to all states
may occur. Therefore, transitions between va-
lence band and conduction band may occur with
twice the energy of the one-electron transiton.
Because of the strong absorption due to one-elec-
tron transitions at the energy of twice the band gap,

the expected transitions can only be observed in

emission.
Since energy doubling may also occur due to non-

linear optical effects, a material with inversion
symmetry has to be chosen. In this case, electric-
dipole transitions are not possible at the 1 point
of the Brillouin zone because of the parity selection
rule. In the k space away from the 1" point this
selection rule does not hold. Therefore, an indi-
rect-gap material has to be used. An additional
advantage of an indirect-gap material is that in

these materials the one-electron transitions near
the band gap are notpossible without other perturba-
tion because of the momentum conservation,
whereas the two-electron transitions are allowed
if both electrons have opposite momentum in the
indirect extrema. From these points of view and

from experimental considerations, we have chosen
indirect-gap semiconductors with inversion sym-
metry, namely, Si and Ge.

The line shape of the expected emission spectrum
is cal.culated under the following assumptions. Be-
cause of the small relative change of energy and
momentum transfer over the whole linewidth, we
have assumed the transition matrix elements to be
constant, i. e. , we have calculated the line shape


