PHYSICAL REVIEW B

VOLUME 14, NUMBER 6

Resonant interaction of acceptor states with optical phonons in silicon*

H. R. Chandrasekhar,” A. K. Ramdas, and Sergio Rodriguez
Department of Physics, Purdue University, West Lafayette, Indiana 47907
(Received 7 June 1976)

This paper presents a study of the broadening and splittings of bound-hole excitation lines in silicon when the
excitation energy is comparable to that of optical phonons. The approach utilized is a generalization of a
similar study for donors in which the degeneracies of the ground and excited states do not play an essential
role. However, the specific excitation considered in this work is a ['y— Ty transition which is in resonance
with the '} zone-center optical phonon of frequency w,, a situation which obtains for line 2 of Si(Ga). The
hole-phonon interaction gives rise to a mixing of the I'y excited states of the acceptor with the states in which
the acceptor is in its 'y ground state and the optical phonons are excited. The mixing of these states is
governed by matrix elements which are linear functions of two phenomenological constants. The experimental
observation that the expected line 2 of Si(Ga) is replaced with a broad feature and a sharp spike on the high-
frequency side of w, can be explained using this model. Futher, the model accounts for the striking sharpening
of spectral features observed under uniaxial stress as well as the differences in this behavior when this stress is
applied along different crystallographic directions. In the theory, the nonlinear stress dependence of the stress-
induced components, the “pinning” of some components to hw, and the possibility of observing the
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otherwise infrared-inactive zone-center optical phonons find a natural explanation.

I. INTRODUCTION

The excitation spectra of group-III acceptors in
silicon have similar spacings, but are displaced
with respect to one another as a result of the chem-
ical shifts experienced by their ground states.!'?
This is customarily understood within the frame
work of the effective -mass approximation' 3
which accurately describes the excited states. The
ground state, however, is significantly altered by
the departures from the effective-mass potential in
the vicinity of the impurity; this is called the cen-
tral-cell correction to the potential. The excitation
spectra of the different group-III acceptors in sil-
icon are displayed in Fig. 1. Figure 2 shows the
excitation spectrum of the gallium acceptors re-
corded under improved experimental conditions;

a weak sharp line, X, at 64.9 meV and a broad
feature peakedat~62 meV are seen. It is found ex-
perimentally that typical linewidths of the excita-
tion lines are ~0.1 meV. Line 2 of gallium accep-
tors is a striking exception. Figure 1 shows that

a broad feature replaces line 2 at the expected
position. This behavior was first noticed by
Hrostowski and Kaiser® and attributed to an inter-
action of the hole excitation with the silicon-oxygen
bending mode; these authors used crucible-grown
silicon which contains dispersed oxygen. However,
this broadening is also present in oxygen-free
floating zone silicon doped with gallium. Onton

et al.” ascribed the anomalous broadening to a res-
onant interaction of the excitation with the zone-
center optical phonon of the host. Under uniaxial
stress the hole excitation lines split and shift; such
effects are, in comparison, two orders of magni-
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tude smaller for the optical phonons. It is thus
possible to exploit piezospectroscopic effects to
tune the hole excitation in and out of resonance with
the optical phonons. The present authors discussed
such effects in a recent communication,® where new
features such as “mixed” hole-phonon excitations,
pinning effects, and intensity changes were dem-
onstrated. In this paper we develop the theoretical
basis for the understanding of these and in addition
provide an interpretation of other features such as
polarization effects. We also present additional
experimental results.

II. THEORY

Piezospectroscopic studies® '° have established
that line 2 in the excitation spectra of acceptors in
silicon is an optical transition from the I'y ground
state to a T'y excited state.'' One can describe the
electronic excitation by a Hamiltonian H, and the
fourfold ground and excited states by the wave func-
tions ¢, and ¢, respectively, with u,u’=3%, 3,

-%, —3. These states behave, under T,, like
atomic states of angular momentum j =3. The
phonon Hamiltonian is of the form 3 ; fiwal;ay,
where w,; is the frequency of a phonon of wave vec-
tor § belonging to branch i. The operators aIi
(aqi) are phonon creation (destruction) operators.
We shall consider here only those phonons which
are in approximate resonance with the excitation
of line 2. For Ga acceptors in Si these are the
zone-center optical phonons. Of course, one must
also take into account the optical-phonon branches
in the vicinity of §=0. Because of the absence of

translational symmetry the §-conservation rule
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FIG. 1. Sketch of the group-III acceptor excitation
spectra in silicon. The sketch shows the positions of
the lines accurately. The relative intensities of the lines
within a given spectrum are representative; note that the
intensities of the p;/, lines compared to those of the p;/,
lines have been scaled up by a factor of 7. The 2p’ lines
of the various spectra have been brought into coincidence,
and the discontinuities in the horizontal scales have the
same magnitude. The effective-mass excited states cal-
culated by D. Schechter [J. Phys. Chem. Solids 23, 237
(1962)] for B<0 are also shown; the I'y state has been
aligned with line 4 of the boron spectrum. (See Ref. 9.)
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FIG. 2. Excitation spectrum of gallium in silicon,
Si(Ga). Liquid helium was used as coolant. p(300 °K)
=2.6x10!5 cm™%. Note the lines 2 and X on either side
of the zone-center optical-phonon energy Zw,.

need not be satisfied. However, since the acceptor
states extend over several unit cells of the crystal,
wave-vector conservation holds to within the re-
ciprocal of a length of the order of the extension
of the acceptor states.'?

We describe the hole-phonon interaction by

H':Z (Q‘Taz‘+ i) (1)
qi

The operators Q: (Q;) act on the hole states. We
restrict the summation over § and i to the optical
phonons near § =0 because of the approximate va-
lidity of the §-conservation law, and hence make
the approximation that QI and Q; are independent
of the wave vector. The zone-center optical phon-
ons have symmetry T';; hence, the operators @,
transform, under the action of the operations of
T,, according to the irreducible representation I';
of this group.'® It follows that the matrix elements
governing the coupling of the hole excitations with
the optical phonons are the same as those for op-
tical transitions in the dipole approximation.

We shall now study this interaction in some detail.
Later, we will require results in which the
excitation lines have been split by the application
of a uniaxial stress. Thus, we assume that the I'
quadruplets associated with line 2 have been split
into two doublets characterized by quantum num-
bers'“+ 3 and + §.

We now solve the eigenvalue problem by diagonal-
izing the Hamiltonian

H=Hy+ Y Twgalay+H’ (2)
Qi
in the subspace formed by single phonons and hole
excitations. We find the eigenvalues W of the
Schrodinger equation

Hy=Wwy, 3)

with states y of the form

U= CuluXot 3 by @, @), (4)
u aiy

where (@) is a state in which a single phonon of

wave vector § and in branch ¢ is present and y, is

the phonon vacuum state. Substitution of (4) into
(3) and use of Egs. (1) and (2) yield

cu,E",+}:(u'lQilwbm(G):W"u’ (5)

qip

and

2 l@T ") ey + 7w 35, (@) = Wb, (@) (6)
ul

From Egs. (5) and (6) we obtain
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Cyr
, =V z — (! Tlv’)=0.
Cyr V)+ P U,W—ﬁ“’qi<“ |Q:@f|v')=0 (M

Since @, and @] belong to T';, the quantities @,Q]
belong to I', +T';. We can, thus, write

Q:Q] =K+M(J; - 3J7), (8)

where K and M are real constants, K being non-
negative. The operators J; (i=x ,y z) are the an-
gular momentum matrices forj =3 and J®=%. This
shows that the states Y, are mixed by the hole-
phonon interaction according to the selection rule
Ap’=0,+2. Thus, u’=% and u’=-3% are hybrid-
izedasarepu’=3and p’=-3. For =0, w,=w,
is triply degenerate. If we neglect the separation
of the optical-phonon branches for 4 #0, i.e., if we
set w, =w,, Eq. (7) becomes

3K
W+ ;m~0. (9)

Equation (9) can be solved graphically as ex-
hibited in Fig. 3. The X line in Fig. 2 can be as-
sociated with the largest solution of Eq. (9). The
intensity of the line is proportional to the amount
of admixture of hole excitation in the phonon state,
i.e., it is proportional to 37 /|c,/|* in the absence
of strain. In the presence of a uniaxial stress the
T, levels split into doublets, leading to a structure
in line X. At sufficiently high stresses, only the

FIG. 3. Schematic graphical solution of Eq. (9). The
ordinate represents either f(W)=),,3K(W—Zw,)™ or
W—E, .. The vertical dashed lines are at the optical-
phonon energies and are asymptotic to f(W). The inter-
sections of f(W) with W—E yield the energy eigenval-
ues of the “mixed” hole-phonon excitations. The dashed
inclined lines represent the splitting of the excited I}
state under uniaxial stress into two sublevels, and their
intersections (crosses) give the corresponding solutions
of the mixed excitations.

lower T'y ground-state sublevel is populated and the
X line splits into two. Their relative intensities
are governed, however, by the proximity of the
resonance. In Fig. 3 we show schematically how
this splitting occurs. Another interesting feature
arises from the admixture of the j.’ =+ 3 with the
u’=%% levels which follows from Eqgs. (7) and (8).

This admixture occurs if we do not make the ap-
proximation w, =w,. In such a case the eigenval-
ues are obtained by solving a 2 X2 secular equation.
We can write

A11c3/2+A12C-1/2=0 (10)
and

A12C3y2 tAnCo1/2=0, (11)
with

A11=E3/2"W+(K

1 1 1
M) z(W—h’wq, W e,
q

1
+(K#M)EW_—h_wq;, (12)
1
A “"'M‘/?E<W 7w g W—ﬁw“>’ (13)
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FIG. 4. Effect of a (111) compression on the lines 2
and X of Si(Ga) for different magnitudes of stress. The
electric vector E is either parallel or perpendicular to
the applied force F. Measurements made with liquid
helium as coolant.
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and

1 1
A22:E1/2'W+(K+%M)Z<W—h‘w +W—l"t’(.d )
< qx ay

+(K=-M) Y m (14)
q ez

As we shall see in Sec. III, this admixture allows
us to explain certain polarization features of the
excitation spectra in the presence of uniaxial stress
in different crystallographic directions.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The excitation spectra were recorded with a Per-
kin-Elmer double-pass grating monochromator
(model E-1). A Perkin-Elmer wire-grid polarizer
with AgBr substrate and a zinc-doped germanium
detector operating at liquid-helium temperature
were employed in the measurements. The data
were directly converted to a digital form and
punched on standard IBM cards. In several ex-
periments, averages of multip.e scans and optim-
um smoothing were performed on a computer.'®
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FIG. 5. Stress dependence of the coraponents of lines
2 and X of Si(Ga) for (a) FI(111), () Fll110], and (c)
i (100) . For Fll[110], the direction of light propaga-
tion k, was parallel to [11'_(3]. _The triangles and circles
represent data points for E L ¥ and EIF, respectively.

The low-temperature quantitative stress cryostat
with modified sample-mounting procedure has been
described elsewhere.'5 ¢

The experimental results for a portion of the ex-
citation spectrum, with compressive force F along
a (111) axis are shown in Figs. 4 and 5. Line 2 in
the excitation spectrum of Si(B) splits into four
components for ¥||(111). In the Si(Ga) spectrum
only two broad features are observed. At the high-
er stresses these can be identified as 2.3 and 2.4,
the other two (2.1 and 2.2) not being observed be-
cause of thermal depopulation of the upper ground
state. The polarization features of 2.3 and 2.4 are
identical to those of the corresponding components
of line 2 of other group-III acceptors. In the light
of the interpretation for line X given Sec. II, it
should split in a manner similar to line 2. The
components labeled X.3 and X.4 show dramatic in-
creases in intensity as the stress increases. Lines
X.1 and X.2 possess negligible oscillator strengths
since, even if allowed by population of the upper
ground state, their excitation energies in the ab-
sence of the hole-phonon interaction are farther
from resonance than those of X.3 and X.4. The po-
larization features of X.3 and X.4 are anomalous,
however, in that X.3 appears strongly in E||F, and
X.4in ELF, where E is the electric vector of the
incident radiation, whereas the opposite should be
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FIG. 6. Effect of a (100) compression on the lines 2
and X of Si(Ga) for different magnitudes of stress.
Liquid helium was used a coolant.
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FIG. 7. Effect of a uniaxial compression with Flll110]
and direction of light propagation k along [110] on lines
2 and X of Si(Ga). Liquid helium was used as coolant.

the case.'® We attribute this to the mixing of the
T,&3) and T, (= ) levels of the excited state of
the 2.3 and 2.4 lines as discussed in Sec. II. The
disappearance of 2.3 at the highest stress is to be
understood as a consequence of level crossing ef-
fects with line 1.'° The nonlinear stress depen-
dence of 2.4, X.3, and X.4 seen in Fig. 5 is a di-
rect consequence of the nature of the secular equa-
tion (9). On the scale of Fig. 5, the effect of uni-

axial stress on the zone-center optical phonon is
negligible and is therefore ignored.'” Notice that
the component 2.4 in this figure approaches 7w,
asymptotically. This “pinning” in effect allows the
observation of the otherwise infrared-inactive zone
zone-center optical phonon in infrared absorption.
Figures 5 and 6 show the results for F||(100). The
line labeled 2.3 moves to lower energies. The po-
larization features are consistent with the corre-
sponding components of line 2 of other group-III
acceptors. The compenents 2.1 and 2.4 which oc-
cur only in ELF are of low intensity (see Fig. 3 of
Ref. 14 and Fig. 19 of Ref. 9.). The sharpening of
2.3 with increasing stresses is due to the departure
of the excitation from the resonance with 7w, and
the weakening of the hole-phonon interaction for
§+0. The results for F||[110] and k, the propaga-
tion direction, along [110] are shown in Figs. 5 and
7. The polarization features are the same as those
observed for other acceptors without the resonant
hole-phonon interaction.

We wish to draw attention to the fact that at zero
stress, line X is sharp whereas line 2 is very
broad. This is a consequence of the dispersion
curves of the optical phonons which are not flat but
have a maximum at §=0. It can be shown that had
the dispersion curves been flat, lines X and 2 would
have been equally sharp and intense when in reso-
nance. The observed sharpness of line X is thus to
be understood as a result of a maximum in the dis-
persion curve; line 2, however, acquires its
breadth due to interaction with all the phonons be-
low this maximum.
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