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The effect of uniaxial stress on the excitation spectra of neutral zinc
in germanium and Group III acceptors in silicon has been studied with
compression along the simple directions {111}, 110> and <100> using
polarized light. A comparison of selection rules deduced from symmetry
arguments with the observed polarization features and the energy spacings
of the stress induced components is given.

§1. Introduction

In view of the inherent mathematical com-
plexity of the theory of acceptor states'™" in
silicon and germanium, a comprehensive experi-
mental investigation of the optical excitation
spectra of acceptors is clearly valuable. As in
atomic spectroscopy, perturbing external fields
can be used effectively to investigate the sym-
metry of the energy states. Magneto-spectro-
scopic'~™ and piezo-spectroscopic®™'¥  studies
have already been reported for some acceptors
in silicon and germanium. The object of the
present paper is to discuss the results of recent
experiments on the piezo-spectroscopic effects of
neutral zinc in germanium and the Group III
acceptors in silicon.

§2. Experimental Results

The excitation spectra to be described were ob-
tained using grating monochromators, polarized
light and the differential thermal compression
technique of Rose-Innes."’

(i) Neutral zinc in germanium

In Fig. 1 is shown part of the excitation
spectrum of neutral zinc in germanium. The
upper curve, Fig. la, is for zero stress while
Fig. 1b shows the effect of a compressive force,
F, applied along a 100> direction. It is clear
from Fig. 1b that the B line has split into two
components while the C and D lines each gives
rise to three components. The components C,
and D, occur at the zero stress positions.

The effect of compression along {111} is shown
in Fig. 2. It can be seen that for this stress
the B, C and D lines each give rise to two
components. At a higher stress, the component
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Agency and the U.S. Army Research Office, Durham.

labeled D,+D,, observed for the electric vector
E perpendicular to F, splits into two com-
ponents; hence the designation D;+D,. Also,
at higher stress, the lines labeled D, and D,
become resolved.

Measurements have also been made for
F||[110] with the direction of light propaga-
tion, g, either along [110] or [001]. For this
direction of compression, at least two D, three
C, and two B components have been observed.

(ii) Neutral group III acceptors in silicon

In Fig. 3 is shown the effect of a (111} com-
pression on the excitation spectrum of neutral
boron in silicon.’”'*®  As indicated in the
figure, the observed excitation lines are associated
with the excited states derived from the py/,
and the p,;, valence bands.”*”’ The two insets
in the figure show the effect of an increased
stress on line 1 of the p;/, spectrum and line
2p’ of the p,/, spectrum. The magnitude of the
strain is gauged by the spacing of the two 2p’
components.

The improved experimental conditions used
for the present {111) measurements have enabled
more details to be observed than previously.'”
This has necessitated relabeling the components.
The presence of the component 1.2, observed
for E|| F, shows that four stress induced com-
ponents arise from line 1. At the lower stress
used in the previous measurement, the com-
ponents 4.1 and 4.2 shown in Fig. 3 merged to
give the component previously labeled 4.1.
Further, the present results show that the weak
line 3 generates four components with a polari-
zation pattern identical to that of line 1. This
is seen clearly in Fig. 4 which shows the {111}
stress dependence of part of the p;;, spectrum
for a boron concentration higher than that of
Fig. 3. Also, from Fig. 4, it is seen that line

224



A Piezo-Spectroscopic Determination of the Symmetries of Acceptor States in Si and Ge 225

30

25

20r=

IN CENTIMETER

(cl)l | \©

Ge (Zn) — 208A
F=0

20+

ABSORPTION COEFFICIENT

)

9

—~
o
=

F 11[100]
—-EuF
—FELF T

(@)
29

30

33

PHOTON ENERGY IN MILLIELECTRON VOLT

Fig. 1. Part of the excitation spectrum of neutral zinc in germanium measured
with and without uniaxial stress. Liquid helium used as coolant. Room

temperature resistivity~2.5 ohm-cm.
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Fig. 2. Effect of a {111> compression on the ex-
citation spectrum of neutral zinc in germanium.
The vertical dashed lines indicate the positions

of the zero stress lines.

5 behaves in much the same way as lines 1 and 3.
Lines 6 and 7 appear to give two and three
components, respectively. Little can be said
regarding the behavior of lines 8 and 9.

The results for F||[110] are given in Figs. 5a
and 5b for ¢||[110] and [001], respectively. It
is expected that the spectra should be identical
for E|| F irrespective of g. This is borne out
by the present results in that the strong com-
ponents 2.2, 4.3 and 4.4 are observed for both
g with E||F. The relative intensities of 4.3
and 4.4 are, however, clearly different for the
two cases; this is attributed to stress-dependent
depopulation effects.

In the case of F'||<100>, the most striking
feature is that little effect has been observed
for line 2 even for comparatively large stresses,
whereas lines 1, 3 and 4 do exhibit splittings.

The effect of stress on 2p’, the strongest line
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Fig. 3. The excitation lines 1-4A and 2p’ of neutral boron impurity in silicon under a (111>
compression. The encircled numbers together with the associated vertical arrows indicate
the positions of the zero stress lines. The two insets show the effect of a larger stress on
lines 1 and 2p’. Room temperature resistivity~12 ohm-cm.
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Fig. 4. The effect of a <111) compression on lines 3, and 5-9 of the excitation
spectrum of neutral boron impurity in silicon (see upper half). The curve

in the lower half is the zero stress spectrum. Room temperature resistivity
~1 ohm-cm.
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Fig. 5. Excitation spectrum of neutral boron in silicon with compression along
[110], for ¢||[110] and [001]. Room temperature resistivity~12 ohm-cm.

of the p;, spectrum, is found to be identical
for F||<111>, <100> and <110>. The remaining
prominent line, 3p’, of the p/, spectrum’  be-
haves exactly like 2p'.

The behavior of gallium and aluminum im-
purities in silicon has also been examined under
uniaxial stress. A comparison of the experi-
mental results shows that the 2p’ lines of boron,
aluminum and gallium behave identically. Of
the p,s. spectra, the lines of aluminum and
gallium which correspond to line 1 of boron,
behave similarly. This is also the case for line
2 of boron and aluminum. A more complete
comparison of the entire excitation spectra under
stress is in progress.

§3. Discussion

(1) Symmetry considerations

An impurity which replaces a germanium or
silicon atom precisely, has the site symmetry 7.
The transformation properties of the impurity

states, including spin, must conform to those of the
irreducible representations I's, I'; and I’y of the
double group 7. The behavior of such states
under uniaxial stress is shown schematically in
Fig. 6. Here it is assumed that for F=0 the
ground state belongs to I as is predicted theore-
tically for Group III impurities.’~* The actual
splittings of the I'y states will be determined by
the magnitudes and signs of the appropriate
deformation potential constants which will also,
of course, determine the ordering of these
states.’® The selection rules for electric dipole
transitions for F'||<111> and (100> are also
shown.

In the case of F||<110>, the I’ states split
into two levels. The selection rules, however,
permit all transitions for both directions of
polarization and of q.

(ii) Neutral zinc in germanium

The energy spacings of the excitation lines of
neutral zinc in germanium are identical to those
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Fig. 6. The behavior of transitions from a I's ground state to I%, Iz and [%

excited states of the double group 7; under uniaxial compression.
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dashed arrows are for E|| F while the full arrows are for £ | F.
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of the Group III impurities. Further, this
is also true for the neutral impurities copper,®
mercury'® and beryllium' in germanium. The
similarity of the line spacings for all these
acceptors strongly suggests that the excited states
involved in the optical transitions are essentially
the same, in agreement with the effective mass
approach. A comparison of the experimental
energy spacings of the excited states of Group
III impurities in germanium'” with the theore-
tical values® clearly indicates that the upper
state for the B transition belongs to I";. Thus,
this is also expected to be the case for neutral
zinc. The low energy B component is observed
for E|| F, for both F||<100> and {111>. It is
not clear for F'||<111) if there is a high energy
B component for E|| F. This ambiguity appears
to be a consequence of the proximity of the A
components. The experimental results for the
B components are consistent with the selection
rules given in Fig. 6 if the ground states for
F||<100> have the same order as that given in
Fig. 6b while those for F|[|<111> have the
opposite order to that shown in Fig. 6a. It is
assumed that for neutral zinc the unperturbed
ground state has I's symmetry.

The fact that the C line gives at least three
components for F|[[[110], ¢]||[001] and for
F||<100> implies that the upper state for this
transition must be at least four-fold degenerate.*”’
The effective mass theory predicts the existence
of two almost degenerate states, a I'; and a [,
which can account for the C line. The polariza-
tion and spacings of the stress induced C com-
ponents are consistent with either the I's or the
combination I';+I"g being the final state for this
transition. The latter possibility is favored by
Dickey and Dimmock'® for Group III impurities.

The D line has been assigned to a I's— I

transition.'" For F||<111), the polarizations
and energies of the D components uniquely
order the sub-states of both the ground and final
state; this ordering is opposite to that shown in
Fig. 6a. This is the same ground state ordering
predicted above by the B components. For
F||<110>, the number of D components ob-
served is consistent with a transition to a Iy
state. Also, for F'||<100>, the number of D
components is not inconsistent with this assign-
ment. However, it has not been possible to
reconcile the selection rules with the observed
energy spacings. It might be noted that if the
final state of the B line is I';, instead of I7;,
this inconsistency is removed.

In the above discussion, a single particle de-
scription has been used i.e. no attempt has been
made to take into account the fact that zinc is
a double acceptor. Chapman and Estles®”’ have
recently considered this aspect for mercury in
germanium.

(iii) Neutral group III acceptors in silicon

The p,, spectra of the Group III impurities
in silicon provide a measure of the ground state
splitting. That this spectrum has a ground state
in common with the p,, spectrum is readily
demonstrated by the occurrence of this spacing
in all the stress induced multiplets of p;/,. Also,
the stress induced depopulation effects go hand
in hand for the p,;, and py, spectra. The
polarization features of the p,;, spectra are con-
sistent with the final states for these lines having
either I'y or I'; of T; as their representation.
The ordering of the stress induced ground states
has been possible for F||<111> because both
I's and I'; of T; become I', of C,,. For
F||<100», however, Iy and I'; of T; become
I's and I'; of Dy, respectively. Since measure-
ments for F'[[{111> cannot determine the sym-
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metries of the final states of the p,), lines, it
does not appear possible to arrive at a unique
ordering of the ground states for F'||<100> from
symmetry considerations alone.

In the spectrum shown in Fig. 3, the behavior
of line 1 can be understood on the basis of the
selection rules given in Fig. 6a provided the
sub-levels of the upper I'y state are inverted.
The only exception to this is the presence of
the very weak 1.4 component observed for
E||F. The existence of this component, how-
ever, has not been established beyond doubt
experimentally. The decrease in intensity of
the two low energy components 1.1 and 1.2
with increasing stress, the latter being gauged
by the splitting of the 2p’ line, supports the
above interpretation.

From Figs. 3 and 4, it can be seen that lines
3 and 5 follow the same stress pattern as line 1.
Hence, the excited states for these transitions must
also have [’y symmetry with the same ordering
of their stress induced sublevels as for line 1.

The polarization features and energy spacings
of the components of line 2 in Fig. 3 conform
to the selection rules depicted for the Iy — I
transition in Fig. 6a.

The complexity of the stress pattern for lines
4 and 4A makes it difficult to arrive at a unique
assignment of final states for these lines. Further,
the polarization features and the number of
components for the lines 6 and 7 in Fig. 4 do
not admit of a simple interpretation for the
symmetries of the final states of these lines.
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DISCUSSION

Balslev, I.: Did you make any theoretical analysis of the absolute values of the ob-
served energy shifts? This might be possible for high stresses when the valence bands

become ellipsoidal.
Fisher, P.:

We have to date confined ourselves mainly to the symmetry aspects of the

problem. I agfec' that a quantitative investigation of the stress-dependent splittings and
intensities of the lines is essential. Some progress in this direction is possible using a
phenomenological approach as developed by Kaplyanskii for piezo-spectroscopic effects in

general.



