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The present state of research on multiexciton-impurity complexes is reviewed. These complexes are weakly
bound nonequilibrium states of a shallow neutral impurity (a donor or acceptor) and several excitons in a
semiconductor. Bound multiexciton complexes are stable because of the high degree of degeneracy of the
bands of the semiconductor. The shell model for 2 multiexciton-impurity complex is discussed. According to
this model, the electrons and holes in the complex fill shells successively in accordance with the Pauli
principle. The shell model classifies the electron (or hole) states of the complex, with allowance for the local
symmetry of the impurity center, and it predicts the number of lines in the spectra and their fine structure.
The effects of the valley-orbit interaction and the crystal splitting on the fine structure in the spectrum are
analyzed. The use of external agents {uniaxial deformations and magnetic fields) as tools for studying the
internal structure of multiexciton-impurity complexes is discussed. Particular emphasis is placed on silicon,
which has received the most experimental study.
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and isoelectronic traps have been observed in addition
to exciton~impurity complexes at neutral centers in
many crystals.

1. INTRODUCTION

In addition to the lines corresponding to the emission
of free excitons, the emission spectra of semiconduc-

tors contain lines which result from the recombination
of excitons bound by impurities. The possible existence
of excitons bound to shallow impurities (exciton—im-
purity complexes) in semiconductors was first sug-
gested by Lampert! back in 1958, Lampert studied an
exciton bound to a neutral donor (ND) or neutral ac-
ceptor (NA) as an analog of a diatomic molecule. Bound
states of an exciton with shallow impurities were dis-
covered in a semiconductor (silicon) by Haynes? in
1960. Since then, excitons bound to charged centers
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In 1970 Kaminskii and Pokrovskil® observed a series
of narrow lines, with energies below that of the emis-
sion line of an exciton-impurity complex at an accep-
tor, in the radiative-recombination spectra of boron-
doped silicon at high excitation levels. Since longer-
wavelength lines appear at high excitation levels,*™
these investigators interpreted the observed spectrum
as resulting from the radiative recombination of a com-
plex consisting of a neutral impurity center and several
excitons bound by this center. We will denote by NDE,,
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the state of a bound multiexciton complex containing a
definite number (m) of bound excitons at a neutral
donor, and by NAE,, the gorresponding state at a neu-
tral acceptor. Kaminskii, Pokrovskii, et al.>”® sug-~
gested that the longer-wavelength lines in the observed
discrete spectrum corresponded to complexes having .
relatively large values of m. Studies by the Pokrovskii
group,3*® Sauver,® and Kosai and Gershenzon,” who ob-
served new series of lines associated with other im-
purities in silicon and who made a detailed study of the
dependence of the intensity of the lines of the series on
the excitation level, confirmed Kaminskii and Pokrov-
skii’s suggestion regarding the nature of these lines.?
In contrast, the results of subsequent studies by Sauer
and Weber®® on the splitting in a magnetic field and in
deformed silicon crystals of lines attributed to bound
multiexciton complexes could not initially be explained
by the model of multiexciton-impurity complexes, and
Sauer and Weber?® categorically rejected this model.
Although their conclusion proved premature, their work
itself®® undoubtedly stimulated interest in the problem
of multiexciton~-impurity complexes. Experimental and
theoretical work in recent years has not only confirmed
the concept of multiexciton—impurity complexes but has
also made much progress toward an understanding of
their structure. There have been significant increases
in the number of objects which have been studied and in
the number of experimental methods which have been
used,

Our purpose in this review is to outline the major re-
sults of experimental and theoretical research in this
field. We will also point out several questions which
require further study.

2. SHELL MODEL OF BOUND MULTIEXCITON
COMPLEXES

The stability of bound multiexciton complexes con-
taining several excitons in the indirect semiconductors
Si, Ge, and SiC, among others, is a consequence of the
high degree of band degeneracy. In a semiconductor
with simple bands there can be only two electrons, with
opposite spins, at the I' point in a given 1s orbital
state, but in silicon, which has extrema at the 4 points,
there may be 12 electrons in this state, differing in
either spin or Bloch function. In germanium the ex-
trema of the conduction band are at the L points, and
the degree of degeneracy of the electron ground state
is eight. In all of these crystals the valence band is
fourfold degenerate at the I' extremum, so that four
holes, with angular momenta j_=+3/2,+1/2, may be in
a given orbital state. The role played by the band de-
generacy in stabilizing bound multiparticle states was
illustrated some time ago by Wang and Kittel,'® who
used the particular model of a multi-valley semicon-
ductor with an electron/hole effective-mass ratio m,/
my ~ 0 to demonstrate that such complexes could exist
with a binding energy of the order of the exciton ryd-
berg per bound pair. Even in the earliest papers on
bound excitons,**!? the one-electron approximation was
used for their description. In other words, it was as-
sumed that the electrons and holes are in a self-con-
sistent field whose symmetry is the same as that of the
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impurity center. The valley-orbit splitting of the
ground state of the neutral donor was taken into ac-
count, and it was assumed that both of the electrons

in the exciton—-impurity complex at a neutral donor were
in the lower of the I"; split states, so that their spins
were antiparallel. This model was successful in ex-~
plaining the observed Zeeman splitting of the emission
lines of exciton~impurity complexes in GaP and Si. A
similar model was used by Dean et al.,'3 who studied
the splitting of the emission lines of complexes in cubic
SiC crystals in a magnetic field. They found that the
identical number of Zeeman components for the lines

of multiexciton—impurity complexes with different num-
bers of eiectron~hole pairs could be explained by as-
suming that the electrons and the holes in the complexes
occupy one-particle states in accordance with the Pauli
principle.

In a logical extension of these ideas, Kirczenow!*1®
suggested that in complexes at neutral donors (NDE,,)
two electrons occupy the lower level of ', while the
other m — 1 electrons occupy upper levels which are
split off as a result of the valley-orbit interaction. In
silicon, for example, where the 12-fold degenerate
ground state of a neutral donor is split into the three
terms I',, T';, and I'; by the interaction with the short-
range field of the donor,'® m -1 electrons occupy the
T, and I'; terms, which have essentially the same en-
ergy. The only exceptional case is lithium, for which
the lower levels are I', and I',. In germanium, the
eightfold-degenerate ground state of a neutral donor
is split into'® I, and I, and the I'; level is occupied in
complexes with m > 2, The magnitude of the valley—
orbit splitting, Ay,, like the binding energy, depends
on the number of bound excitons and also on the par-
ticular impurity to which these excitons are bound.

The ground state for a hole in an exciton—-impurity com-
plex in 8i, Ge, and SiC is the fourfold-degenerate state
I',. For two holes, the ground states are correspon-
dingly spin-antisymmetric states with total angular mo-
menta J=0(I",) and J=2. The difference between the
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FIG. 1. Diagram of the optical transitions between the energy
terms of multiexciton—impurity complexes at shallow neutral
substitution impurities P, B, and Al in Si. P—Neutral donor;
B and Al—neutral acceptors in the cases of weak and strong
j-j interaction.
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energies of these states is called the “j-j splitting,”
The J = 2 state is split by the short-range potential of
the impurity into the two terms' T, and I',. The ground
state for three holes is the I'y state with J=3/2, while
that for four holes is the non-degenerate I'; state with

J =0, The subsequent holes occupy excited states I'y
which differ from the ground state by a smooth function.
According to Lipair and Baldereschi,'” the state nearest
T, in silicon is the twofold-degenerate state I',;, to
which a large contribution is made by the wave func-
tions of the I', valence band, which is split off from the
T’y band by the spin—orbit interaction.

For excitons bound to neutral donors the j ~j splitting,
like the I'; - T, splitting, of the J=2 term is small and
is ordinarily not reflected in the spectra., In this case
it can be assumed that two holes occupy all states al-
lowed by the Pauli principle, as shown in Fig. 1, which
illustrates the occupation of the NDE,, states.'* Ac-
cording to this scheme the NDE, ground state in silicon
can be described by

{20y, (m—1) T, 5 mTg} for 2<Km<4,
{2, (m—1) Ty 5 4@, (m—4)T;} for m=5,8.

{2ry; T} for m=1,
} )

According to the shell model, the lower-lying excited
state of a multiexciton—impurity complex forms in the
transition of one electron from the I'; shell to I'; ;. For
m < 4 these states are described by

{T mlas mls}. (2)
The substantial decrease in the energy in the I'| state
for the neutral donor results from the large amplitude
of the smooth wave function of the electron in the at-
tractive potential of the central cell. In contrast, in
complexes at neutral acceptors the electrons are re-
pelled by the field of the ion from the central cell. Con-
sequently, the splitting of the electronic states I'} and
I, s is negligible for complexes bound by neutral ac-
ceptors in silicon, and there is essentially no evidence
of this splitting in the spectra. In this case the lower-
lying I’ , ; state may haveup to 12 electrons. In an
exciton-impurity complex at the shallowest acceptor,
boron. the j—j splitting is also small.'®'*® Figure 1
shows the scheme for the occupation of the states of a
multiexciton-impurity complex at boron. According
to this scheme, the NAE,, ground state in silicon can be
described by

{ml,3,5 (m + 1) Fs} for

{ml') ;5.5 4L, (m — 3) Iy} for
For complexes bound to deeper acceptors (Al, Ga, In) the
luminescence spectra of NAE, with one or two bound ex-
citons clearly exhibit a line splitting caused!) by a

m < 3, 3
m = 4,5. (3)

Yin some early papers,23 2 the splitting of the J=2 term was
attributed to an exchange interaction of J=2 holes with an
s=1/2 electron which led to the formation of two states
with total angular momenta of 3/2 and 5/2. The observed
splitting, however, was much larger than that expected for
the silicon exchange splitting. Kirczenow'® and Pikus®®
suggested that the appearance of three lines in the spectra
might result from a splitting of the J=2 term by a short-
range impurity field of symmetry Ty. For multiexciton—
impurity complexes and neutral donors, as at boron centers,
this splitting is slight because of the low density of the hole
wave function at the center.
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splitting of the ground state of the holes in the complex
into the three terms I', T,, and I'; (Refs. 15 and
20-22).

The degree of degeneracy of the terms in the shell
model is higher than would follow from group theory for
a cubic crystal, in which the maximum degree of de-
generacy for states with integer spin is three, and that
for states with half-integer spin is four. The reason
for the difference is that the shell model ignores the
correlations between particles, which should lead to a
further splitting of terms, Parsons?® has observed a
fine structure in the emission lines of multiexciton-—
impurity complexes in silicon through the use of a
high-resolution spectral apparatus {consisting of a
grating monochromator and an interferometer). In
germanium, where these splittings are larger, some
additional fine structure of the levels of an exciton—
impurity complex at a neutral donor has recently been
discovered by Mayer and Lightowlers.?” We turn now to
a more detailed discussion of the reasons for the fine
structure of the levels of multiexciton—impurity com-
plexes.

3. EMISSION SPECTRA OF MULTIEXCITON—-IMPURITY
COMPLEXES IN SILICON

The recombination of electrons and holes in indirect
semi-conductors is accompanied by a transfer of mo-
mentum to a phonon or an impurity. In silicon, transi-
tions involving the emission {(or absorption) of all four
phonons—TO, TA, LO, and LA— are allowed, The
corresponding emission lines are shifted from the no-
phonon (NP) lines by the frequency of the corresponding
phonon, with the wave vector K,., In silicon the NP and
TO lines are the most intense.

a) One-electron transitions

The most intense radiative transitions in complexes
are the one-electron transitions, which give rise to a
photon and to the formation of a new complex with a
number of bound excitons smaller by one. As men-
tioned above, in complexes at substitution donors two
electrons are in the I', lower level, while the other m
~ 1 electrons are in an upper level, i.e., I'; ; in silicon
or I'; in germanium. In this case, in complexes con-
taining two or more excitons, transitions of two types
are possible'® (Fig. 1). First, there are the a transi-
tions,

{20y, (m — 1) T35 mls} — {Ty, (m — 1) Uy s (e — 1) Ta), 4)

in which the T", electron recombines, and the remaining
complex is in an excited state. Second, there are the
8 transitions,

{20y, (m — 1) Iy 55 mTg} — {20y, (m — 2) Iy5; (m — 1) Ty}, (5)

in which the T, ; electron recombines, and the system
remains in the ground state. In an NDE, (two electrons
of T',), only the a transition is possible; the radiative
decay leaves a neutral donor in the ground state. A
crucial step toward an explanation for the spectra of
multiexciton-impurity complexes at neutral donors

was Kirczenow’s suggestion's that all the lines observed
in the no-phonon spectra of NDE,, in Si(P) (Fig. 2) were
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FIG. 2. Emission spectra of multiexciton—impurity com-~
plexes in Si(P) in the no-phonon (NP) region and also for the

emission of TO phonons (T'=4.2 K; Ref. 18).

consequences of the recombination of an electron from
the I', state, i.e., that these were a lines. Although g
lines are not forbidden in the NP spectra of silicon by
the selection rules (more on this below), these lines
are essentially not observed. The reason is that the
combinations of Bloch functions corresponding to all
the states of the I'; ; term vanish at the center of the
donor, where the short-range potential of the donor is
at a maximum, The amplitude of the hole wave function
at the donor is also small, so that the matrix element
for the corresponding indirect NP transitions is small.

Emission lines resulting from the recombination of
T;,s electrons have been observed by Thewalt'® (Fig, 2)
in the phonon components of the spectrum, In agree-
ment with an increase in the fraction of T'; ; electrons
with increasing number of excitons in the complex, the
intensity ratio of the 8 and a lines, I3, _l)/I(a,, , in-
creases with increasing m.

The binding energies of the excitons in the complexes,
8,, can be determined from the positions of the «, line
for m =1 and the B,,_, line for m=2-4, In Si(P), these
energies are 4.58, 3.8, 6.69, and 9 meV for m=1, 2, 3,
and 4, respectively. The nonmonotonic behavior of §,
at m =2 occurs because a new electronic shell, I'; .,
begins to be filled in NDE,. Lyon ef al.?® have attempted
to determine the exciton binding energies in multiex-
citon—-impurity complexes by a thermodynamic method.
The values which they found for 5, and &, are approxi-
mately equal to the values listed above, but their values
of 6, and §, are smaller by a factor of three or four.

We do not rule out the possibility, however, that a
thermodynamic equilibrium is not reached for short-
lived multiexciton—-impurity complexes with m=3 and
4.

The difference between the frequencies of the g, and

a, ., lines determines the magnitude of the valley~orbit
splitting: &,y =#w(B,.s) ~Fw(a, ). In Si(P), for
multiexciton~impurity complexes with m = 1-3, the
splitting & v, is about 4 meV (Ref. 18). As expected,
this splitting is much smaller than the I'; - T'; splitting
for a neutral donor (~ 12 meV). Furthermore, in con-
trast with the ', — T'; splitting, the value of 4,44 in 2
neutral donor remains essentially constant from one
donor to another.?® We also note that 8,y5>6,=3.8
meV; in other words, an excited state of a multiex-
citon—-impurity complex with two excitons in Si(P) is
unstable with respect to the decay into an exciton-im-
purity complex and a free exciton. Nevertheless, it
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FIG. 3. Emission spectra of multiexciton—Impurity com-
plexes in Si(Li} involving the emission of a TA phonon (T=1.8
K; Ref. 30).

follows from the half-width of the @, emission line that
the lifetime of this state is at least no shorter than
10‘10 s

In Si(Li) (a case of an interstitial donor), in which the
electrons in multiexciton—-impurity complex are in only
the T'; , lower level at low temperatures, only a single
line, m,,, correspond to each complex in the emission
spectrum (Fig. 3). There is an analogous situation in a
multiexciton-impurity complex at a neutral acceptor
in the absence of j-j splitting [i.e., in Si(B) (Fig. 4)],
since the I';, T';, and I'; states have essentially the
same energy for these centers, as mentioned earlier.

The exciton binding energies in multiexciton-impurity
complexes in Si(Li) and Si(B) can be determined from
the spectral positions of the m, lines. The energy 9,
increases monotonically as the main electron and hole
shells are filled (Table I). It can be seen from Table
I that in Si(B) we have 8;~28,, while in Si(Li) we have

=36,.

In multiexciton—impurity complexes with m = 5 at
neutral donors and in multiexciton—impurity complexes
with m = 4 at neutral acceptors, the holes occupy the
T’y upper shell in addition to the I'y shell. In principle,
therefore, it would be possible to observe in the emis~
sion spectra of such complexes two series of lines, re-
sulting from the recombination of holes from the Ty
shell and from the I'y shell. Correspondingly, in the
first case the multiexciton—-impurity complex goes into
an excited state:

{mly 35 4T, (m — 3) Px} = {(n — 1) [1a.8; 30, (m — 3) ['x}. (6)

During the recombination of a 'y hole, the multiex-
citon~impurity complex goes to the ground state:

(nly a5 ATs (m — 3) Tx} = {(m — 1) U1y 478 (m — 4) Ty}, (1)

my
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FIG. 4. Emission spectra of multiexciton—impurity com-

plexes at acceptors. a—Si(B) (Ref. 19), T=1.8 K; b—St{AD)
(Ref, 18), T=4.2 K. The Py; line results from the emission
by an NDE, at a residual phosphorus impurity.
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TABLE I. Binding energies of multiexciton—

impurity complexes in silicon found by spec-

troscopic (5) and thermodynamic (6*) methods
(from the data of Refs. 18, 28, and 30).

B Al P Li
&% l o o1 L] 518 EEN B

[
I 3.9 ‘ 3.6 | 5.1 4.4 4.6 4.0 3.4
2 064060 |52 486 3.8 5.8 5.9
3 |s3ler)ss{ 68 | 67/ | 45 8 15
4 — l30] —- - — 3.3 10
5 - - — - 2.2 7.5
[&} b - — 8.8

L

Piezospectroscopic and magnetospectroscopic mea-
surements (see Sections 6 and 7 below) have shown that
the lines observed in the spectra of multiexciton— im-
purity complexes at neutral donors and neutral accep-
tors correspond to transitions of type (6), so that the
binding energies J,, cannot be determined from the posi-
tions of these lines in the case of complexes containing
more than four holes. Transitions of the type in (7) for
multiexciton—impurity complexes with m=5 and 6 in
Si(Li) may correspond to weak A and B lines®® (Fig. 3),
but these lines are faint, and so far they have received
nothing approaching a detailed study. In Si(B) the emis-
sion line of a multiexciton~impurity complex corre-
sponding to a transition of type (7) should lie on the
violet side of m, in the vicinity of the intense lines

m, ~m,, and it has not yet been distinguished from
these intense lines.

In multiexciton~impurity complexes at neutral donors,
the lines in (7) corresponding to the recombination of
T'y holes with electrons from the I'| inner shell should
also be observed in the no-phonon spectrum, where the
lines are narrower and much fewer in number (only o
lines are present). The observation of these lines
would make it possible to identify the I'y hole shell. As
mentioned earlier, the j —j interaction of holes becomes
important for acceptors deeper than boron in exciton—
impurity complexes, and it leads to a splitting of the
levels of the exciton—-impurity complexes into the three
terms I, T',, and I',. Figure 1 shows the transition
scheme in this case; Fig. 5 shows the positions!® of
the corresponding lines for B, Al, and Ga,

In the emission spectra of excitons bound to neutral
donors in silicon, lines in addition to the o and B lines
appear when the temperature is raised to 19 K. These
additional lines result from transitions from excited

m=4 m=3 m=2 m=1
1 ] 1 1
B — [] a o 3
[ N
Al—— = o ﬁ /cl /oi
fo— S A AR A
VA = Ay
AR e L L L L
143 151

Photon energy, meV

FIG, 5. Energy positions of the emission lines of multiex-
citon—impurity complexes in silicon doped with various ac-
ceptors.
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FIG. 6. Emission spectra of an NDE; in Si{P) (T=19 K;
Ref. 18).

‘states in which one of the electrons is excited from the

T, level to the I'; , state*® (Fig. 6). In this case there
may be a recombination of the I'| electron (the 7* and
»'* transitions to an excited state of a neutral donor)
and a I', , electron (the d transition to the ground state
of the neutral donor). In Si(P), both of the lines, » ¢’
and y'*, corresponding to transition to the I, and T,
states of the neutral donor, are allowed; there is a
slight difference in energy. Dean et al.®* were apparent-
ly the first to observe trausitions from an excited state
of an exciton-impurity complex, but these transitions
were not interpreted correctly on the basis of the shell
model until the study by Thewalt,'® who resolved all
three of the lines ¥!, »'*, and 6 in the Si(P) emission
spectrum at 19 K. The 6 transition had been observed
slightly earlier in the modulation-absorption spectra®?
of Si(P), but it was interpreted incorrectly as a two-
electron transition for a free exciton (see Ref. 33, for
example).

b) Two-electron transitions in exciton—impurity complexes

In addition to the one-electron transitions which we
have been discussing, the emission spectra of exciton—
impurity complexes at phosphorus donors exhibit so-
called two-electron transitions, in which one of the re-
maining electrons goes from the 1s ground state to the
ns excited state. Specifically, these are the transi-
tiong!834

{20, (1s);Tg) — (T} (n8)} ¢ n = 2 — 6 ®)
and the transitions'® (Fig. 6)
Ty, Ty5 (18); T} = {5 (25)). 9)

The emission lines corresponding to these transitions
are much less intense than the a, or 4 lines. Strictly
speaking, transitions (8) and (9) are not allowed by the
one-electron model, since the wave functions of the 1s
electronsinan exciton-impurity complexare not orthog-
onal with respect to the wave functions of the ns elec-
trons at a neutral donor. From this standpoint, the dif-
ference between transitions (8}, (9) and (4), (5) is quan-
titative, and Kirczenow!® suggests that these transi-
tions also be referred to as one-electron transitions.

The shell - model also forbids transitions in which the
final electron state is orthogonal with respect to the
initial state. For example, the transitions'®

{21 (1s); T} = T35 (ns) (10)
withn=1,2,..., are forbidden, since any state I"; is

orthogonal with respect to any state I’y ;. Transitions
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of this type have not been observed in weakly doped
silicon crystals, in either the no-phonon spectra or the
spectra of the corresponding phonon repetitions.

In general, i.e., when correlations between the par-
ticles in the complex are taken into account, it is nec-
essary to deal with the overall representations of the
initial and final states, rather than the representations
of the individual particles. When this general approach
is taken, group theory does not, for example, forbid
transitions of type (10) (Ref. 15). Such transitions have
in fact been observed in germanium, where the correla-
tion splittings are much larger than in silicon (Section
4).

4. FINE STRUCTURE OF THE LEVELS OF EXCITON—
IMPURITY COMPLEXES IN GERMANIUM

In germanium, in contrast with silicon, the existence
of multiexciton-impurity complexes has been firmly
established only for complexes with one or two bound
excitons, 33

Mayer and Lightowlers® have observed a fine struc-
ture of the levels of an exciton bound to a neutral donor
(Bi, P, As). This fine structure has been found in both
the no-phonon luminescence spectra associated with the
NDE, - NDE, and NDE, — ND transitions and in the ab-
sorption spectra associated with the excitation of a
bound exciton and an LA phonon,

Figure 7 shows the fine structure of the lines of ex-
citon—-impurity complexes bound to As and P.

In germanium, the fourfold-degenerate state of the
neutral donor is split into the two terms I', and I'; by
the valley—orbit interaction. According to the shell
model, the electrons in the ground state of the exciton~
impurity complex occupy both I', spin states, while in
the first excited state they occupy one I', state and one
T, state. The spectra in Fig. 7 correspond to transi-
tions to the ground and first excited states of the neu-
tral donor, As mentioned above, the shell model ig-
nores electron-electron and electron-hole correla-

.Intensity

1 b L i 1

735 735 737 738 739 hymeV

FIG. 7. Emission spectra of multiexciton—impurity com-
plexes at a donor in germanium in the no~phonon region
(T=1.5 K; Ref. 27). The subscript gives the number of
excitons bound in the complex. a—Ge(As); b—Ge(P).
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tions. Group theory predicts that the {I',, T;; T',} ex-
cited state should split in two as a result of electron-
electron correlations; the two resulting states would
correspond to the products (T, I',) which are sym-
metrized and antisymmetrized with respect to the orbi-
tal states. The wave function of the {(I',+ T'),; T';} state,
which contains the symmetrized product of the wave
functions of different valleys, is antisymmetrized in
terms of spin (the total spin of the two 1s electrons is
zero). States withS=1 and S;=+1,0, which are sym-
metrized in terms of the spin, correspond to the

{(T,* Ty),,; Ty} terms which are antisymmetrized with
respect to orbital states. The {2I';; I', } upper excited
state splits into four terms, which correspond to
(ry°T,),=T,+T,+T,, and (T,- T)W=Tow

The I', state may mix with the I', ground state, and
the I';, and T, , states may mix with the corresponding
terms of the first excited level, with resulting changes
in their energies and wave functions., The reason for
the splitting of the symmetrized and antisymmetrized
states is a difference between the energies of the two
electrons in the same or different valleys. Because of
the pronounced anisotropy of the effective masses in
germanium (m,, = 20m ), the wave function of an elec-
tron at a donor in each valley is contracted along the
principal axis of the valley. Because of the slighter
overlap of wave functions, the energy of the Coulomb
repulsion is less for electrons in different valleys than
for electrons in the same valley. A similar splitting of
one- and two-valley states has been observed®*” 3% at D~
centers in germanium and silicon, We will call this ef-
fect “correlation splitting.” If the magnitude of the
valley—orbit splitting is 4,y,, and the difference be-
tween the energies of the one- and two-valley states of
two electrons is 4., the energy of the {2I';; I', } ground
state is®

i~ ot 2 i b
fo ([‘1).—:;\1\»0*? Acgr— I// "\1\'0 "‘/TALVOACOP"T Néors (11)

and the energy of the two {I'}, I',; I'; } split terms is

E (') == % Aﬂ'o%—%— Al‘on'__i‘ V g0 Vo (12)
E (Fsas) == Avo- (13)
for the {2I',; T',} excited states,
Eliyg= E (i~ 2\ vo, (14)
E (s o AvoTdeor — V yg 35 (15)
E(Fysi= \wo*"'{’" Aeor -}/ My, "'<_kT Mvodeor *'*—2— Az . (18)

Under the condition &, <« 4 ,,, the splitting of the
{r,, T,; Ty} term is thus A,¢o/2. The correlation be-
tween electrons and holes should lead to a further
splitting of the degenerate states. In principle there
are two mechanisms for electron~hole interactions
which would lift the degeneracy. One is electron-hole
exchange, which leads to a splitting of the terms with
a hole angular momentum of 3/2 and an electron angu-
lar momentum of S=1 into three levels with total
angular momenta of 1/2, 3/2, and 5/2, Estimates put
the exchange splitting in germanium no higher than 0.1
meV, and it has not been observed experimentally. The
second mechanism involves the crystal splitting of the
T’y hole ground state in the exciton into the two terms
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FIG. 8. Splitting of the NDE; levels in germanium.% A’
=(1/4)A;; Bgop 18 the correlation splitting.

L,+Lgand L,. This splitting is caused by the non-
spherical electron distribution, which is a consequence
of the anisotropy of the effective mass. The L, + L, and
L, states correspond to projections of hole angular mo-
menta of +3/2 and +1/2 onto the direction of the given
extremum. The crystal splitting 4., for a free exciton
in germanium is%*%° about 1 meV, while that in silicon
is* about 0.3 meV. In an exciton-impurity complex,
the crystal splitting splits the {I‘S; T.} term into three
parts, 'y, Ty and (T, +T,); the {T';; Ty} state splits in
two, T’y and (I';+T';). The energies calculated for the
I'; and T, states are identical. The crystal splitting
also mixes the T'y,, Ty, or (I';+T,), states, which de-
rive from different terms. Figure 8 shows the level
scheme of the exciton—impurity complex which results
from correlation and crystal splittings.*® Also shown
here are the level shifts calculated under the conditions
A, <8 oand A <A ,. For the {2T; I';} states, it
also assumed that A, < A .. In this approximation,
the energy of the three states I';+I',, 'y, and I';+ T,
does not change. If only the crystal splitting is taken
into account (with A, =0), we find a complete splitting
of the terms in accordance with Fig. 7. According to
this scheme, the {I',, T';; I',} state should split into six
sublevels., Mayer and Lightowlers® have observed
four levels for arsenic and five for phosphorus. Fur-
ther experiments will be required to identify these
levels and to determine the correlation and crystal
splittings. In particular, it would be worthwhile to
study the behavior of these levels in a magnetic field
and upon deformation. For an exciton bound to a neu-
tral acceptor, the valley—orbit splitting is apparently
always small. As mentioned above, when the cubic
anisotropy of the acceptor field is taken into account,
the exchange interaction splits the two-hole state

(Ty* Ty, into the three terms '), T, and I',. We de-
note the I'; — ', splitting by 4_,, and we denote the
splitting I’; - ', by 4/,. The Coulomb interaction of
the holes with the electron in a definite valley lowers
the symmetry from T, to C,,. As a result, the I,
state splits into L, and L,, and the I', and I'; states
transform into L, and L,, respectively. There may be
a mixing of the L, states which derive from ') and T,
and also of the L, terms which derive from I'; and I';
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(Fig, 8). When the crystal splitting is taken account,
the energy of states 1 and 4 corresponding to the I',
representations is

Eii=-r Ax x4 At AL (1)
The energies of the other levels do not change; i.e.,
Ep 3= Aex and Es 6= Alx. (18)

Each of these levels is fourfold degenerate in the num-
ber of valleys and twofold in the electron spin.

The magnitude of the crystal splitting for one hole,
A, in (17) may differ from the value of A_, for a free
exciton and for an exciton bound to a neutral donor.
According to (18), there is no mixing of the L, states
which derive from I', and I';, This result is a conse-
quence of the approximations made in the derivation of
(17) and (18): In accordance with the shell model, it
was assumed that the wave function of the two holes is
an antisymmetrized product of the wave functions of
each of the holes or the sum of such products, trans-
formed according to the corresponding representation.

5. SELECTION.RULES FOR TRANSITIONS IN
MULTIEXCITON—IMPURITY COMPLEXES IN SILICON
AND GERMANIUM

In the one-electron approximation, which is the basis
of the shell model, the selection rules for transitions
from a state of a multiexciton—-impurity complex with
m excitons to a state withm —1 or m +1 excitons are
determined by the selection rules for the recombination
or production of an individual electron-hole pair. For
indirect transitions, the emission or absorption of a
photon can occur only upon the simultaneous emission
(or absorption) of a phonon or upon the transfer of mo-
mentum to an impurity center. Indirect transitions in
silicon may be thought of as resulting from the virtual
transfer of a I'y, hole to one of the & bands or the
virtual transition of a &, electron to one of the I" bands,
followed by a direct recombination (or by the direct ex-
citation of a pair, in turn followed by the scattering of
the electron or hole). Indirect transitions in germanium
are accompanied by the scattering of an L, electron into
one of the ' bands or of a T',, hole into one of the L
bands., The interference of all possible channels must
be taken into account in calculating the transition
probability,

The use of a method of invariants based on general
symmetry considerations makes it possible to deter-
mine the general form of the transition matrix elements
without considering the specific contribution of each
channel. These selection rules are determined ex-
clusively by the group symmetry of the wave vector at
the extrema and by the representations under which the
electron and hole wave functions transform at the ex-
tremum.

Table II shows the selection rules for A, electrons
and I, holes in silicon and for L, electrons and A, holes
in germanium found by this method.?** These rules
hold for both pairs of free carriers and free excitons.
In Table II, the z axis is directed along the principal
axis of the corresponding extremum; for germanium,
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TABLE II. Selection rules for indirect transitions in
germanium and sgilicon,
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the x axis is chosen to lie in one of the ¢, planes, while
in silicon the directions of the x and y axes are left
arbitrary. Here j, and s, are the projections of the
hole angular momentum (j,=#3/2,+1/2) and the elec-
tron spin (s,=+1/2). In silicon, indirect transitions in-
volving all phonons are allowed: the longitudinal acous-
tic (LA) phonon, with the displacement amplitude u,, ,,
which corresponds to the A, representation; the longi-
tudinal optical (LO) phonon (#;,; the A, representation);
and the transverse TO and TA phonons (the 4, repre-
sentation). (In Table II it is assumed that the corre-
sponding displacements #, and u, transform as yz and
x2.) We see that the selection rules in scaftering by
LA phonons are determined by the single constant 7,
while those for scattering by LO, TO, and TA phonons
are determined by two constants: A and n or o and 4.

To determine the selection rules for a no-phonon line
it is convenient to write the impurity potential V(r), .
which does the scattering and which transforms under
the I', representation of the group Ty, as the sum of
potentials V*(r) and V-(») which are even and odd with
respect to the operation C,,, which appears in the group
A(C,,) but not in the group T,. The potentials V* and V~
transform under the representations 4, and A; of the
A group. Knowing these representations, we can de-
termine the selection rules given in Table IL_ The con-
stant 7 is related to scattering by V°, while X and 7 are
related to scattering by ¥~. In silicon, transitions
through different bands make comparable contributions.
For transitions exclusively through the band I, the
constants @ =43, 7 and ¥ are nonzero. For transitions
through 4, the constants 8, v, 7, ¥, and 7 are non-
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zero, For transitions through I'}, we have n=X and
=X; the other constants are zero. In germanium, in-
direct transitions from the point L in T are allowed
only if they involve an LA phonon with an amplitude #,
(the L, representation) and TO phonons with amplitudes
u, and u, (the L, representation). The selection rules
for an LA phonon are determined by the two constants

X and 1, while those for a TO phonon are determined
by the three constants o, 8, and y (Ref. 42). A transi-
tion involving LO and TA phonons is allowed away from:
the extrema.?® In the determination of the selection
rules for no-phonon transitions, the impurity potential
V(r) is written as the sum of potentials V' and V" which
are even and odd with respect to the inversion ¢, which
is included in the group L(C,,* i) but not in T,. The po-
tentials V' and V- transform under representations L,
and L, of group L. Transitions from point L in T are
allowed only if accompanied by scattering by the poten-
tial ¥°, and the selection rules are determined by the
two constants X and 7.

-In germanium, the energy distance between the ex-
trema I'; and L, is much smaller than the distance from
L, or T';; to any other extremum. The basic contribu-
tion to the LA and NP lines therefore comes from tran-
sitions through the T'; band. When only these transitions
are taken into account, we have =2, =X, and the se-
lection rules for the LA and NP lines are the same as
those for direct I') - I';_ transitions. Transitions
through the L} band contribute to only 7 and ﬁ, and tran-
sitions through the L} band contribute to only X and X,
For transitions through the I';; band we have = - 2n,

X =~ 27, Transitions involving TO phonons through the
band T, are forbidden. Transitions through the L] band
contribute only to ¥; those through L, contribute only to
@; and those through T, only to a=8=v/2.

Table II does not allow for the possible mixing of
states from other bands with the L and T'; terms which
derive from L, and I'j;, This mixing would result from
the spin-orbit interaction. In this approximation, opti-
cal transitions from the (3/2,1/2) and (-3/2; -1/2)
states are forbidden. The possible mixing of other ex-
cited states with the terms withj,=+3/2 and j,=+1/2
which results from the crystal splitting is not taken into
account for the indirect excitons. If the splitting is
comparable to the binding energy, the oscillator
strengths for transitions to these states may be slightly
different, but the dependence of the matrix elements on

TABLE III. Relative
intensities of the emis-
gion lines during the
recombination of T
electrons, averaged
over all the possible
hole states in german-
ium and silicon,

Term 81 Ge
r{ Endor fentar
ry | 2(—op -
Ty 6y? 2 (n—a)*
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the direction of the polarization vector ¢ will not
change.

Using Table II, and knowing the wave functions of the
electrons and holes in the multiexciton—impurity com-
plexes, we can find the selection rules for transitions
involving the recombination of a definite pair in the
complex.?’ For phonon transitions, the probabilities
for transitions through different extrema, correspon-
ding to the emission of phonons with the corresponding
wave vector K, are additive. The selection rules for
the electron states I', I'y, and I'; in silicon or I'; and
I, in germanium are therefore identical, and the inten-
sities of these lines (with equal populations} are propor-
tional to the statistical weights of these states. For the
no-phonon lines, in contrast, it is the transition matrix
elements which are additive, so that the transition
probabilities for different electron states are different.
The selection rules for the I', states in silicon and
germanium are the same as the selection rules for the
direct exciton I'; * I';. ‘Table III shows the relative in-
tensities of the lines associated with the recombination
of '), Ty, and T electrons in silicon and I', and T',
electrons in germanium, averaged over all possible
states of the holes and summed over the degenerate
states of the electrons {i.e., the degeneracy of the I,
and I'; terms is taken into account). As mentioned in
Section 3, the 8 lines associated with the recombination
of I'; , electrons are essentially not observed in the no-
phonon spectra of silicon. The constants ¥ and (77~ @)
are therefore small.?’ The reason is that for the I'; and
I', states the value of the corresponding combinations of
Bloch functions vanishes at the point at which the poten-
tial V{») reaches its maximum.

The transition probabilities for the two-hole states T',,
T,, and T'; which are formed as a result of spin-orbit
splitting are identical, so that the intensities of these
lines, for equal populations, are proportional to the
statistical weights of the states, 1:2:3.

In the sections which follow we will use these selec-
tion rules to calculate the polarization of the emission
in a magnetic field and in a deformed crystal.

Y The selection rules for the phonon lines of excitons bound
at a center may differ slightly from the selection rules for
free excitons, because the transition matrix element M for
the free excitons is proportional to f(7)1,.,,. ru =0 while that
for the bound excitons is given by M ~{ f,{r) fir) #». Con-
sequently, the intensity of the transitions for states with
jz= £3/2 and j,= £1/2 may be slightly different in the ab-
sence of crystal splitting, This circumstance can be taken
into account by introducing additional factors (1+») and
(1 - 1) in the matrix elements of the transitions to these
states. For the no-phonon transitions which are accompan-
ied by the transfer of a large momentum K ~1/a to the im-
purity {(a is the lattice constant) the transition matrix element
is determined by the short-range component of the impurity
potential Vi{r) at » ~a. For such transitions we thus have
M ~£,(0) £, (0}, and the corresponding selection rules are the
same as those for free excitons.

BKirczenow'* has pointed out that the degree of polarization
observed for the no-phonon emission line of free carriers
in Si(B) in a longitudinal magnetic field agrees best with the
theoretical results under the condition [ —-7) + 37?1/ (27
+R¥=0.18.
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6. EFFECT OF UNIAXIAL ELASTIC DEFORMATION ON
THE EMISSION SPECTRA OF MULTIEXCITON—
IMPURITY COMPLEXES

a} Band degeneracy and stability of complexes

According to the shell model, the maximum number
of electrons and holes in the ground state of the com-
plexes is determined by the degree of degeneracy of the
conduction band and the valence band. It would there-
fore be natural to expect that a strong uniaxial deforma-
tion, which would lead to a partial lifting of the de-
generacy, would have the consequence that complexes
with a large number of bound excitons either would have
a much lower binding energy or would not form at all
The effect of a strong uniaxial deformation on multi-
exciton—-impurity complexes in silicon was first studied
by Kulakovskii.}* At the deformation leVels he used,
the splitting of the valence band was much greater than
the binding energy of the excitons in the complexes, so
that only those states corresponding to the lower split-
off band could be occupied. Uunder these conditions the
degeneracy of the valence band is two. The conduction
band remains at least fourfold degenerate, since the
valleys lying on a common axis are not split. Conse-
quently, in multiexciton-impurity complexes at donors
and acceptors in deformed silicon, the first shell to be
filled is a hole shell which can hold only two holes.
Measurements have shown that in Si(B) and Si(P) sub-
jected to a large deformation along any of the axes
{111y, (110), and {100) the emission lines of complexes
having three and four holes disappear. The only emis-
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'FIG. 9. Emission spectra of multiexciton—impurity com-
plexes in uniaxial compressed silicon doped with B, P, and
Li. a—S8i(B) and Si{P), with pressure exerted in the direc-
tion PI1(111) at T=1.8 K. Solid curve) P=20 MPa; dashed
curve) P=120 MPa; dot-dashed curve) P=20 MPa at T=7 K
(Ref. 19); b—Si(Li), P!I{100), P=175 MPa, T=1.6 K (Ref.
30).
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sion lines which remain in the case of Si(P) are those
which correspond to the recombination of e-h pairs in
complexes with one or two excitons; the same is true
of Si(B), except that the complexes must have only one
exciton (Fig. 9). Corresponding results were subse-
quently obtained in a study of the stability of complexes
at various donors (P, As, Sb) and acceptors (B, Al)
(Refs, 26, 30, and 34), In all cases it was found that
the emission lines of complexes having three holes dis-
appear from the spectrum at 2 K if their binding ener-
gy falls below 1 meV. The formation of complexes
having such a low energy is obviously not a thermody-
namically favored process.

The situation is slightly different in highly compressed
Si(Li), in which the only remaining emission line is that
corresponding to a complex with three holes.?° In Si(Li)
the electron ground state is not the I', spin singlet but
the tenfold degenerate I'; ; state. Consequently, the
binding energy of NDE, (four electrons and three holes)
in Si(Li) is 1.5 times that in Si(P). Under these condi-
tions, NDE, remains stable even in highly compressed
silicon, despite the fact that it includes a hole in an ex-
cited state, as in a multiexciton-impurity complex with
five holes in undeformed silicon. The exciton binding
energy in NDE, in strongly compressed Si(Li) is only
one-fourth that in the undeformed crystal, while the
binding energy of complexes with one and two holes re-
mains essentially constant. These experimental re-
sults confirm that an orbital degeneracy of the bands is
a necessary condition for the formation of bound multi-
exciton—impurity complexes with » > 1. When the band
degeneracy permits the formation of a complex with
two or more excitons, in which all the electrons and
holes are in the 1s ground state, the possibility that
yet another exciton with an excited hole will be bound
to such a complex increases with increasing band de-
generacy. In highly compressed silicon, for example,
complexes with three holes form only in Si(Li), while
in undeformed silicon complexes with five holes form
at all donors and acceptors.

Valuable information on the electron states of the
complexes can be found by studying the splitting of the
emission lines of multiexciton—-impurity complexes with
a slight uniaxial deformation, such that the band split-
tings 4,, and &,, are smaller than the exciton binding
energy in the complexes. As mentioned earlier, in the
first studies in this direction®% it was found that all the
m,, lines in Si(B) and a,, lines in Si(P) split into the
same number of components as the emission lines of
exciton-impurity complexes, m, and o,, respectively.
In the one-electron approximation, which is the basis
for the shell model, this result can be explained natu-
rally, since the shift of each of the lines is determined
by only the change in the energy of the recombining
pair and does not depend on changes in the energy of
other electrons or holes.'®>!® The relationships between
the densities of the components should change from line
to line, since the numbers of electrons and holes
occupying the corresponding states change with
increasing number of e-h pairs in the multiexciton~
impurity complexes. This effect can be seen particular-
ly well in level splittings greater than 27: In multi-
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exciton~impurity complexes with few excitons, only the
low-lying levels are filled under these conditions, while
as the number of bound pairs increases there is a fil-
ling of levels with high energies. The splitting of the «
lines in Si(P) and of the m lines in Si(B) has been studied
in detail,%:3%34

b) Splitting of bands of levels of a free exciton and of
shallow impurities in deformed silicon

In the multivalley semiconductors Si, Ge, and 8iC, the
extent to which the conduction band splits depends on
the direction of the deformation, P, while the fourfold-
degenerate valence band (J=3/2) always splits into two
twofold-degenerate subbands. The energy of these
bands at the extremum (X =0) is given by'®

E=+VE,

=4 1/ ‘bzi Hezr— EW/)Z Heze— E“)LHE,W - Eu)zH‘dz (8;,, +ei + &4},

(19)
For deformation along the {(100) or (111) principal axes,
the split levels correspond to states with j,=+3/2 and
+1/2, During compression, the lower level for holes is
the (£1/2) level, while during extension this lower level
is (+3/2). For deformation along other directions, the
split states cannot be assigned a definite angular mo-~
mentum projection j, onto the deformation direction,
although these states are frequently called j,=+3/2 or
+1/2 states for brevity. At hole kinetic energies com-
parable to the magnitude of the deformation splitting,
the magnitude of the deformation shift and the value of
j. depend on the direction of the quasimomentum during
compression along any axis.

The conduction band in silicon is not split in the case
Pli{111), but with P{l{100) and P[[{110) it splits in two.
The number of valleys in the lower band is two if the
compression is along the (100) axis. For other defor-
mation directions, there is a splitting into three bands.
In germanium the conduction band does not split with
PIK100); with P{[{111) and P[|{110), there is a splitting
in two; for other directions, there is a splitting into
three or four bands. The splitting of a free-exciton
level results from a splitting of both the conduction
band and the valence band; the contributions are addi-
tive.'® The level of a free exciton in silicon thus splits
in two with P|{111) or in four with P {{100) or (110
(Ref. 46). At small deformations we should expect a
crystal splitting of the hole states of a free exciton,
This splitting can be described by introducing the initial
deformation ¢, in (19), directed along the principal axis
of the corresponding extremum: (100), (010), (001) in
silicon and (111), (11T), (111), and (I11) in germanium.
In silicon, with a small crystal splitting (~0.3 meV;
Ref. 41), the splitting is seen only at a very small load
(s 10 MPa), at which a nonlinearity is observed in the
shifts of the split levels of the free exciton. In germani-
um, the crystal splitting is* ~1 meV.

In multiexciton~impurity complexes at donors, the
electrons occupy the states of a neutral donor, The
splitting of the 1s ground state of the neutral donor has
been studied well (see Ref. 16, for example). In a de-
scription of the defermation depenedence of the energy
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levels, the lowering of the symmetry of the impurity
center in the deformed crystal can be ignored in a first
approximation, and the valley-orbit splitting can be
assumed independent of the deformation. In this case
the matrix of the interaction with the deformation for
silicon is'®

1 [ 1
T, 5 (B Ve (E;—Eg) T (2E, 0 0 0
+—E,+Ey) —E1—Ey)
1 1 1
‘—/-6-*(31—*}32) —2"(E1+En)+ m(Er—Ez) Y 0 0
T +4,
3 ——L . eE —‘-(E —Ed) --(Bi+Ep ) 0 o |-
sﬁ 3 Zﬁ 1 2, 6 1 2.
—E;—Ey) +—§—-E3+A:
Q 0 0 EA; O 0
T, { 0 0 0 0 E,tA; 0
0 0 0 0 0 Eyt+a,
(20)

where E; is the shift of the valley on the axis i=x,y, z;
A, and A are the valley-orbit splittings for the I'; and
I', terms in undeformed silicon. With P{{(111), and E,
=E,=E,, there is no splitting of the Ty, I';, and T",
levels. With P|[(100) or P{l{110), the conduction band
splits in two: a fourfold-degenerate band and a twofold-
degenerate one. In the first case we have E; =~ 34, _,
E,=E,=14,,; in the second we have E, =E,=-34__ and
E,=(2/3)a,,, where A is the deformation splitting of
the conduction band (A >0 for compression and 4,

< 0 for extension). According to (20), the state of a
neutral donor splits into five levels. If 4;=4.  two of
these levels are coincident. The number of split levels
which derive from the I'y term during deformation along
the (111) and (110} directions (Fig. 10) is lower than al-
lowed by group theory (Table IV). The reason is that
expression (20) ignores the change in the valley-orbit
splitting upon deformation. This change is small and
can essentially always be ignored.

We turn now to a neutral acceptor, whose I'y ground
state in undeformed silicon and germanium is fourfold
degenerate in the spin. Deformation along any axis
splits this state, like the valence band, into two twofold-
degenerate states. This splitting is determined by Eq.
(19). The splitting of the ground state of a neutral ac-

Energy, meV
Energy, msV

Y
1680

S0 7
LIS <o 7. MPa

FIG. 10. Splitting of the 18 state of a neutral donor in silicon
for compressions P1{100) and P {(110). a—Si(P); b—Si(Li).
The degeneracy of the term is given in parentheses.
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TABLE IV, Splitting of the I';, Ty, T, and
T’y states in silicon deformed along various

axes,
Deformation Sym- Stat
direction metry tates
No deformation Ty I, Ty I'y Tg
(1t1) Cyo | I Ty Ty+Fy Te+Ts+Ts
(110 Cor | Ty |IWFTTy4T,4Ty TatTs
{100} Deg | Ty {T4Tyl T,4T, | TotTy

ceptor is slightly smaller than the band splitting at the
point K = 0.

c) Splitting of the levels of multiexciton—impurity
complexes in silicon deformed along the (111) axis

According to the shell model, the electrons and holes
in the complexes successively occupy the neutral-im-
purity states discussed above. The pattern of level
splitting is simplest in the case P{l{111) (Fig. 12), in
which case the electron states do not split. It can be
seen from Fig. 11 that all the « lines in Si(P) and all the
m lines in Si(B) with P{|(111) split into doublets. This
result means that the splitting of the hole shells is the
same, Al=AR for all complexes at P and B withm
= 1. At a fixed temperature, the population of the upper
levels of the complexes falls off with increasing A" At
thermodynamic equilibrium, the intensity ratios of the
doublet components for complexes containing n, holes
are described by

P Ah
et fmew ().
I _1; _ 4 exp (— AL/ET) +exp (—2AL/ET)

h== T 1+4 exp(—AB/KT) ’ (21)
RPN (o 14 2exp (-- AR/&T)

b 7 24 exp(—aer) ’
m=d =t

The measurements of [’/I(A") at a fixed temperature in
Si(B), Si(P) (Refs. 19, 30, and 34), and Si(Li) (Ref. 30)
agree well with the results expected on the basis of the

B MPa SR P, MPo 5i(8)
zaul— 3
I 2017[-
oor wl
Ritgiey Pt
a a
o
100}
b piciooy
2e crsatscn, o Bl o, CFE 0 T, My My My FE
A - AL 1 A -l X 1
3 114 115 Fw, eV 114 115 hw,eV
a) b)
FIG. 11, gplitting of the lines of multiexciton—impurity

complexes in Si{P) and Si{B) during compression along the
(100) and (111) directions.!*3%% For convenience in compar-
ison of the spectra, the 8 lines in Si(P) and the free-exciton
(FE) lines in Si(B) and Si(P), meansured in the phonon region,
are shifted by the energy of the TO phonon (58, 05 meV) into
the no-phonon part of the spectrum,
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FIG. 12, Diagram of allowed optical transitions between the
levels of multiexciton—impurity complexes during a slight
deformation along the (111) axis, a—Si(P); b—Si(B). The
splitting of the 8 lines in Si(P) is not shown,

shell model. For the a, and a, lines in Si(P) and the
m, line in Si(B), the ratio I’/I is unity, as for @, and
m, (Ref. 25). This result shows that the a,, @, and
m, lines result from the recombination of holes from
the I'y ground state, as has been suggested previous-
ly.15.18

With increasing deformation, the absolute intensities
of the emission lines of complexes having one and two
holes increase slightly in both Si(P) and Si(B), while
the intensities for complexes having three or more
holes fall off, and the lines vanish completely at P
>P . ~120 MPa (Ref. 19). From the position of the 3;
and 8/ lines in Si(P) and the m, and m; lines in Si(B),
which correspond to transitions to the ground states,
we can follow the change in the exciton binding energy
in multiexciton-impurity complexes with n,=3 and 4,
respectively. Extrapolation of the positions of these
lines to P =P, in Si(P) and Si(B) leads to an exciton
binding energy ~1 meV in complexes with n,=3 and
~3 meV in complexes with n,=4. The disappearance
of the complexes withn,=3 at P~ P is therefore
caused by thermal dissociation.’®* The absence of
these complexes also leads to the disappearance of
multiexciton—-impurity complexes with n,=4, since the
probability for the simultaneous capture of two excitons
to a complex is vanishingly small in comparison with
the lifetime of such complexes. In accordance with the
significantly larger binding energy of complexes with
n,=4, the intensity ratio of the a, and a, lines in Si(P)
and that of the m, and m, lines in Si(B) depend only
slightly on the deformation up to P ~P,,.

d) Effect of the splitting of the conduction band

As mentioned earlier (Fig. 10), the I', state remains a
singlet upon deformation along any axis, so that the a,
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emission lines in Si(P) for P {{(100) and (110), as in the
case P[l(111), are split into only two components, be-
cause of the splitting of the hole shell. Additional com-
ponents appear only for the lines which result from the
recombination of T', , electrons, i.e., the g lines in
Si(P) and all the lines in Si(Li) and Si(B). Since T,
splits into the three subshells®’ I'}, I';, and T'Y; in the
case PJ100), the number of components in the 8 lines
can reach six, when the twofold splitting of the hole
shell is taken into account, Although the 8 lines also
have a large half-width in this (phonon) part of the spec-~
trum, there are intense @ lines, most of whose com-
ponents can be resolved.*”*? Let us examine the main
aspects of the behavior of the 8 lines in compressed
Si(P). For very large deformations P [|[(100), the emis-
sion spectrum retains only a single component of the
NDE, emission line, 8,, which corresponds to the

{2r1, % 218} —{2r}; 2} transition and which is seen
only in the phonon part of the spectrum.!*% For a
small deformation in the phonon region, we can dis-
tinguish four components in each of the lines g, of NDE,
and 8, of NDE,; in each case, two of the components
(the fainter ones) are also seen in the no-phonon spec-
trum,’ This aspect of the B, and 8, lines can be ex-
plained easily by referring to the arrangement of states
of a neutral donor (Fig. 10). Those components which
are not found in the no-phonon spectrum result from the
recombination of electrons in the I'] state, while the
components which are observed in the no-phonon spec-
trum result from the recombination of electrons from
a higher term, T} (Refs. 30 and 34).

As mentioned in Section 3, the lines corresponding to
the recombination of the I', and I'; electrons have a very
low intensity in the no-phonon spectrum. For deforma-
tion along (100) (and also along {110)), the I'! and I'?
states are mixed, with the result that the y line intensi-
fies. At large deformations, at which the deformation
splitting &, is much greater than the valley-orbit
splitting, the wave function of the I'? electrons is a
symmetrized combination of the wave functions of the
four upper valleys, while the I'} wave function is a sym-
metrized combination of the wave functions of the two
lower valleys.

The presence of the I'! electron state, symmetric with
respect to the valleys, in deformed silicon also leads to
the intensification of the 2¢ line, which corresponds to
two-electron transitions®>*® {2I'}(1s); re}-{r:} (rig.
12). The ratio of the intensity of the 2e line to that of
the &, line, which corresponds to a transition from the
same state of the exciton-impurity complex, does not
depend on the excitation density or the temperature, and
the difference #w(a,) - iw(2e) (Fig. 11) corresponds well
to the splitting of the I'} and I'{ states which has been
found for the phosphorus neutral donor (Fig. 10a). The
transitions from {2I'}; T8} to the antisymmetric I'§ and
T? states and also the transition from {2I; Ty} to T, ,
are not observed in undeformed silicon. In Si(Li) com-~
pressed along the (100) axis, the splitting of the I'; and
T} lower terms (Fig. 10b) in NDE,, is slight even at a

DThe superscripts denote the states from which the given
subshells derive.
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large compression P 2 100 MPa [E(T) - E(T'3)~0.1
meV)}. Under equilibrium conditions, therefore, the
upper level is occupied even at T7=1.6 K. The emission
spectrum of Si(Li) compressed in this manner shows a
doublet structure for the NDE, and NDE, lines at any
pressure®® (Fig. 9b).

e) “Hot” luminescence of multiexciton—impurity
complexes

In addition to these transitions from the ground states
of multiexciton-impurity complexes in Si{(P) compres-
sed along the {100) axis, even at 2 K we can clearly see
emission lines corresponding to transitions from an ex-
cited state of an exciton~impurity complex, {T'!,T'5; T¢},
in T} (the 6 transition) and in I’} (the y transition).3
In undeformed silicon these lines appear only at!® T
>15 K. The ratio [{6)/I(y) does not depend on the ex-
citation intensity or the temperature. Omne reason for
the intensification of these lines is the decrease in the
splitting of these states, from 4 meV in undeformed
silicon to 1.5 meV in highly compressed silicon. Even
with the splitting, however, the fraction of exciton-
impurity complexes which are excited at 2 K at thermo-
dynamic equilibrium should be vanishingly small. In
all probability the relaxation time increases upon de-
formation and becomes comparable to the lifetime of
the state. A significant deviation from a thermody-
namic-equilibrium distribution is also observed for
complexes with m > 1 containing electrons from T', ;
excited states in addition to the I' term.*® The re-
laxation times of electrons in such complexes have not
been calculated.

The most pronounced deviation from a thermodynamic-
equilibrium state is observed in complexes at acceptors
(B, Al) (Fig. 13; Refs. 19, 20, and 30), in which case
the electron wave function at the impurity center is
small in all states, so that it is difficult for momentum
to be transferred to the impurity. In relatively pure
Si(B) crystals, with an impurity concentration ~10**
cm™, for example, the emission line of a “hot” ex-
citon-impurity complex at a boron atom is visible at
2 K at a splitting of the conduction band greater than 10
meV (Refs. 19 and 49). The shift of the m| and m,(c)
lines in Si(B) is linear in the deformation (Fig. 11),
showing that there is essentially no valley—orbit

arb. units

z,

Z, arb. units

1 L 1
Fuwsbet,, —-

.mf( ¢}

!

i
Uhe b, oV

5 7150
FIG. 13. Emission spectrum of multiexciton—impurity
complexes in Si(Al) compressed along the (111} axis (T=1.8 K;
Ref. 20). Top—The TO components; bottom—the no~phonon
region. The emission lines of NAE, with an electron in the
upper split-off valey are denoted by “C”. The lines are classi-
fied in accordance with the transition scheme in Fig. 14b.
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splitting of the I’} and I, ; states in multiexciton~im-
purity complexes in undeformed Si(B), as we would ex-
pect in the case of an acceptor center.

f) Level splitting in the case of strong j-/ coupling

As mentioned in Section 2, the two-hole I'; x Iy state
splits into the three terms I';, I',, and I'; in exciton—
impurity complexes at acceptors deeper than boron. In
the absence of a splitting of the ', and I'; terms, in
which case these five levels form a state with a total
angular momentum J=2 and withJ,=+2,+ 1,0, deforma-
tion causes a mixing of the states with J,=0 and the
terms with J=0 and J =2 (for deformation along the
{100) and {111) axes, the z axis is directed along the
corresponding axis), The energy of these states is%5!

Bygm =+ Ao+ VEETEAL,; (22)

where 4, is the exchange splitting, and the deformation
splitting A, is given by A =2V%,, where &, is given
by Eq. (19). The energies of the other terms with J=2
do not change. If the exchange splittings of the I,
-T,(4,,) and I'; = " (4,,) terms are different, then each
of the I'; and T'; states will, in general, split into two
levels upon deformation in an arbitrary direction. If
the deformation is along the (100) axis, only the T,
level splits; if the deformation is along the {111) axis,
only I'; splits. The energies of the two levels, which
depend on the deformation, are found from Eq. (22);

in the first case, 4,, should be taken as the distance to
the I'; level, i.e., Al,, while in the second case it
should be taken as the distance to the T, level (&,,). If
there is a significant crystal splitting, in addition to
the external deformation we should take into account
the internal strain along the axis of the corresponding
extremum,

All the transitions for multiexciton-impurity com-
plexes at acceptors which are allowed in highly de-
formed crystals as one-electron complexes (the solid
arrows in Fig. 14b), can be seen well in the emission
spectra of Si(Al) (Fig. 14a; Ref. 20). The transitions

200~
Z,MPat
’5UF

100 -

50F

FIG. 14. Splitting of the emission lines of multiexciton—im-
purity complexes in Si(Al) compressed along the (111) axis,?
a—Observed splitting; b—splitting scheme. The dots show’
the measured level splittings.
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indicated by the dashed arrows in Fig. 14b are allowed
only at small deformations, because of a mixing of dif-
ferent one-particle wave functions in the E, and E,
states by the exchange interaction. For deformation
along the (100) and (111) axes, the intensgities of these
lines should fall off with increasing deformation in ac-
cordance with

I1(Aey) =1 Agy (23)

o “]/———'——4 A
% AT e
while the intensity of the allowed lines should rise
slightly,

Ta (Bev) 1 Agy . 24
For deformation along an axis other than (100) and {111),
the split hole states do not have a definite angular mo-
mentum, and Eqs. (23) and (24) hold only under the iso-
tropy condition

»___4 @25)

€1 —612 3ew

For silicon, we have

‘112‘11"'12 Vg‘“ = 1\14'
so that the deviation from (24), (23) should be slight.
The m? emission line of an exciton—impurity complex
which corresponds to transition 2 and which lies on the
red side of the m] emission line, separated from it by
an amount equal to the splitting of the neutral-acceptor
level, can be seen clearly in the no-phonon spectrum in
Fig. 13. It cannot, however, be followed in the phonon
repetitions.?® Figure 15 shows the dependence of the
intensity ratio of the no-phonon lines m? and m} for
P 1100y, (110y, and {111), along with the result cal-
culated from Egs. (23) and (24), for two values of the
constants d and & measured for NAE, and a neutral ac-
ceptor. It can be seen from this figure that the experi-
mental dependence I(m?)/I(m!) for “cold” exciton—im~
purity complexes in Si(Al) compressed along the (100)
axis is much weaker than in other cases. This behavior
implies a significant deviation from the shell model.

S

I(m2)[1(m])

4
Ay (HA), meV

FIG. 15. Dependence of the intensity ratios of the m! and

m} lines of multiexciton—impurity complexes in Si(Al) on

the magnitude of the splitting of the ground state of the neutral
acceptor. The experimental values were obtained under the
following conditions: 1—Pil{100), “cold” NAE,; 2—Pil(100),
“hot” NAE;; 3—PI{110), “cold” NAE;; 4—PH(11¢), “hot”

NAE;; 5—P|[{111). The solid curves are calculated for the
parameter values d/dpg=b/bpz=0.6 (curve 6) and 0.8 (curve
7.
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From the splitting of the emission lines we can deter-
mine the constants of the strain energy for holes in all
multiexciton—-impurity complexes in Si(B) and Si(Al),
which determine the line splitting upon deformation
along (111) or (100):

Auu=%l’-m. (26)
Avioo = bmE1go- (27)

Here €,,, and g,,, are the strains during deformations
Pli(111) and (100), respectively, and m is the number
of excitons in the complex. As expected (Section 3),
the values of d,(3,) in a NAE,, at boron do not depend
on the number of bound excitons and have the values
~0.84 dpg (b pg), as for a boron neutral acceptor,*"*
For the deeper aluminum acceptor, we have®® dy, (by,)
20.6 d (b gg). For a NAE, at aluminum, on the other
hand, the deformation constants d,(b,) increase to

0.8 dgp{bgg). These constants do not change with a
further increase in the number of excitons in the NAE,.

g) Polarization of the emission lines of multiexciton—
impurity complexes in deformed silicon

According to the shell model, the polarization of each
emission line of a multiexciton—impurity complex and
also the spectral position of this line are determined by
the states of the recombining electron and hole. Uni-
axial deformation changes the energies of these states
and the splitting of the corresponding emission lines.
As mentioned above, in the simple case with P{(111),
in which only the valence band is split, all the emission
lines of multiexciton~impurity complexes split into
doublets. The components of a doublet are conveniently
denoted as X3, where the superscript and the subscript
specify the states of the recombining electron and hole,
respectively (Fig. 16). We wish to call attention to the
fact that during compression the X3 ,, lines are the
longer-wavelength lines, while during extension the
X$ /2 lines are the longer-wavelength lines. With
Pll{100), the electron states also split (Fig. 19), leading
to a further splitting of the emission lines. The exciton
emission lines thus split into two doublets, FES19%,
FE:?‘}IZ) (010) apnd FEP:IOZ)’ FE:g(;lz)(OlO)'
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p<l P>

7
—

T

T i L i v’% (s}
o i B
m mm ala| ald a:’
- ) - ’!’s i E: A ,E "
nt— N 4G r, \ G
[ooq]

[oar]

!
7 (ﬂﬂﬂﬂ) P<b i:ﬂ P>0
1100y ~ " ~
£ (vifon) 95~ (£ (0000)
.

3

.

;g(m;o_uo) I T S 5 (caoo

vQ.(ﬂa foo) 5 . A
fA— a 7

FIG, 16. One-electron transitions in a multiexciton—impur -
ity complex at a substitution acceptor and at a substitution
donor for the cases of uniaxial extension(P <0) and uniaxial
compression (P> 0) along the (111) and {100) axes.’® a—Mul-
tiexciton—~impurity complex at an acceptor, B; b—multiexci~
ton—impurity complex at a donor, P,
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TABLE V. Relative intengities of the TO and TA emission

lines in deformed silicon in the 7 and o polarizations.

For &/$=0.5
P Term S 1°
mooe
(111) Xl;‘f/‘z" 2 (@t+af+pY) 2 (3488 —af | 3.5 {2.0
xT1a0 2 (a2 —af+p3) 2 (@ 4+p0+af | 1.5 |30
] x5/%
(100 x{onm al 2t 0,25 {2
X498 3ar 0 0.75 )0
1
x(to‘i/og(ooi) [ _2_(5ai+g:) 1 1.125
3
X‘:g;%“’” b 3p2 > (@2 3 1.875

As mentioned above, during the recombination of elec-
trons and holes in multiexciton—impurity complexes in-

(T3

TABLE VI, Degree of polarization of the emission lines of multi-
exciton—impurity complexes in uniaxially deformed silicon

(+ — compression; - —extension).
e " 'Statetc')f Degree of polarization —[
ormation g ~
Impur- particles Experimental
ity i Phonon| Line Calcy- Exciton|
Direc- " g Mea- [ Cor-  |lin
tion Sign Electon | Hole )jared | gured | rected FEe(TO
Pl I - NP Je, |1, +3/21—100 | —70 | —100%)
U+ NP o, |y F12)] 80| 45 B4
— NP jo; I +3/21—100 } —62 100 *)
wo {| TR f; [F 12| s0| 42| es
(111 { + TO ja; I, +1/2 27 19 27
S]ighrccm TO {ey Ty +32] —33| —-23 | 33
oression 110 {a {r, +1/2{ —43| —31 | —49
{300y E;rr:!;gxér TO |ar Iy +t/2{ —78 | =50 | —T79
stont 1 TO 18, 6Ty, +4/27 —18 1 -5 —719
i - TO jay [Ty 321 33[ 20 33
B (111} + TO {my Ty s.s +1/2 27 19 27 24
+ TO [my [[ras (12| 27{ 17{ 24 2%
(100) + TO |my (100)| 21/2 | —78 | —47 ) —72 —68
+ TO |mg {100}y +-4/2) —78 1 —44 ) —65 —68
- TO {m; [(010)(004)| +3/2 23 17 26 27
- TQ [my {(010)(001)} +3/2 23 18 27 27

volving phonons we should sum the intensities for tran-
sitions from different valleys. Table II shows selection
rules for transitions associated with the recombination
of T, and I'; ; electrons with a I'y hole for the TO (TA)
lines. The results in this table can be used to calculate
the relative intensities of the TO (TA) emission lines of
free excitons in deformed silicon®™** (Table V). It fol-
lows from experimental work on the polarization of the
exciton emission lines during uniaxial deformation of
silicon®® and during the imposition of a magnetic field>*
that we have a ratio @/p=0.5 for the TO line. The nu-
merical values of the transition intensities in this case
are also listed in Table V.

The situation is simplest for multiexciton—-impurity
complexes in Si(B), for which there is no valley—orbit
splitting of the 1s electron shell. As a result, the elec-
tron states split in accordance with the valley splitting.

PO

R
>R

NP

=
=]

:;»

~ R.
>
e
;

3

>0

1095

™
1090 Hw, eV

1.090
d)

FIG. 17. Emission spectra of multiexciton—impurity com-
plexes in the polarization parallel to the deformation direction
PI(111) (solid curves) and in the direction perpendicular to
the deformation direction (dashed curves), (Ref. 55). a,b—
Si(p), P=25 MPa, T=2K; c,d—Si(B), P=22 MPa, T=2K;
a, c—extension (P<0);b,d—compression (P> 0).
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*Values used for determining the depolarization factor.

As we would expect in this case, the polarization of
the phonon components of the emission lines of multi-
exciton~impurity complexes in Si(B) is the same as the
polarization of the corresponding emission lines of free
excitons®® (Figs. 17c and 17d and Table VI).

In Si(P) the I', electron ground state for a deformation
Pl{111) incorporates in an identical fashion the wave
functions of all six of the unsplit valleys. Consequently,
the measured polarization of the phonon repetitions of
the emission lines of exciton-impurity complexes is
also the same as the polarization of the corresponding
exciton lines.®

For deformations P l[{100), the valleys in the conduc-
tion band are not equivalent. The valley-orbit interac-
tion mixes the states of different valleys, and this
mixing is seen in two terms:

Ei,2 1_1)’ [( "‘;_Asc ‘{‘ AVO) + l/ A§c+ Ai«o ‘l‘ ’_é‘ AscA\'O]- (28)

The polarization of the corresponding emission lines of
the corresponding emission lines of multiexciton-im-
purity complexes at donors thus depends on the ratio of
the deformation splitting A, and the valley—orbit
splitting A,,. The intensities of these lines (the popu-
lations are not taken into account) in the 7 and ¢ polar-
izations are given by

T - gy 14070 (FEGY ) (1 — 2+ 1 (FESISY) (1 + 207,
(29)
T 1 { ~ 2
TR gy U (FES 2t ) (1 200 15 (FEGE) (1 - 02,

(29")
where =4, /3E,.

The remaining four terms are formed either exclu-
sively by electrons of the (100) valley (E,= Ay - 24.,)
or by electrons of both the (010) and (001) valleys (E,_,
=Ayo+3%A,,.). The polarization of the emission lines
corresponding to these terms should be the same as the
polarization of the FE;}3%),,, and FEf9'}‘%°’ emission

lines, respectively, and the relative intensities of these
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lines should be one (E,) and three (E ).

It can be seen from (28) and (29) that with a small de-
formation, such that the mixing of the I'; states into I,
can be ignored, we have the following for the a line in
Si(P):

I (@aj2qssm) = U (FESA ) + T FEGIE 1. (30)

In other words, the intensity is equal to the sum of the
intensities of the exciton transitions from different
valleys. For a large deformation (¢ —1) the lower elec-
tron state includes the wave functions of only the two
lower valleys, and we have

I (@syaum)~ TFE§R ). (31)

Table VI shows the calculated and experimental de-
grees of polarization of the TO compounents of several
lines in Si{P) (Ref. 55). Under the particular experi-
mental conditions, the light leaving the crystal was par-
tially depolarized by the multiple reflections in the
crystal, so that a corresponding depolarization coeffi-
cient is introduced for convenience in comparing the
calculated and experimental degrees of polarization.

We determined this coefficient from the measured
polarization of the no-phonon line, af}a 20 Which should
be 100% according to the theory. As can be seen from
Table VI, the introduction of this coefficient leads to
good agreement between the calculated and experimental
values for all lines.

Transitions in multiexciton~-impurity complexes in-
volving phonons were discussed above. As was men-
tioned above, a calculation of the intensities of no-pho-
non lines differs from a calculation for the phonon com-
ponents in that there is an interference between transi-
tions from different valleys. The relative intensities of
the no-phonon transitions are the same during the re-
combination of T', electrons with deformations P {[{100)
and P ||{111) (Table VII). It follows from Table VII that
the degree of polarization for the of,,,, and a}',,,,
lines should be 100% and 60%, respectively. Figures
17a and 17b show experimental emission spectra® of
multiexciton—-impurity complexes in Si(P). As for the
TO components, the agreement between the measured
and calculated degrees of polarization is good when the
depolarization factor is taken into account.

For deformation along directions other than (111) and
{100), the intensities I* and I? depend on the light propa-

TABLE VII.
Relative inten-
sities of the NP
lines o, in de-
formed silicon
in the r and o
polarizations
for P it 100)
and P Il (111).

T
Term m I

4 1
0 3

Xl
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gation direction and also on the ratio of elastic moduli,
(s,, — $13)/544 and the ratio of strain-energy constants
b/d [these constants are determined from Eqs. (40) and
(39) from Ref. 16, as for I'. - T, direct transitions].

When there is j—j coupling (the cases of multiexciton—
impurity complexes at Al, Ga, and In acceptors), the
additional splitting of the two-hole state must be taken
into account: I'yXTy=T, +T,+T,. If the splitting of T,
and T'; is small enough, it may be ignored. A uniaxial
deformation does not shift four of the five I'y+ I’y levels
having J,=22(+1/2,23/2) and J,=+1(x1/2, +3/2), The
polarization of the X],,, and X3,,, lines is the same ag
that of the corresponding emission lines of free exci-
tons, FE;,;, and FE};,,. The resultant intensity of
these lines is four,

The spin states of the two remaining levels (Fig. 14b),
E, and E,, are superpositions of the +1/2 and +3/2
states, Both of the lines corresponding to transitions
from these states therefore split into doublets because
of the splitting of the final state of the neutral acceptor.
The polarization of the lower-energy lines in these
doublets is the same as that of the short-wave compo-
nent in the doublet which arises upon the recombination
of holes in J,=+2,+ 1 states which derive from I ,.

As the deformation becomes stronger, the contribu-
tion of the +3/2 holes to E, and that of the +1/2 holes
to E, decreases, and the lines corresponding to recom-
bination of holes in these states disappear from the
spectrum. A strong deformation leaves only a pair of
lines, which form a doublet split by an amount 24,
and shifted from the E,_ ¢ doublet by an energy Avo/ 2,
The arrangement of the lines in this doublet is the same
as in the E,_; doublet, while the relative intensity is
only half as large (the level populations are not taken
into account).

h) Binding energies of multiexciton—impurity complexes
in deformed silicon

The binding energies of exciton-impurity complexes in
Si(B) and Si{Li) remain constant, within the error in
their determination (~0.2 meV), when the silicon crys-
tals are deformed along any axis.!**3® The situation is
different in the case of Si(P). In undeformed Si(P) and
also in Si(P) compressed along the (111), (110), and
{100) axes, the binding energies of the exciton—impurity
complexes are 6,=4.5, 0,¢,,,,=4.3, 8,(;,0;=3.3, and
8, (100 = 2.9 0.2 meV, respectively.!® It can be seen
from these values that I', changes markedly in those
cases in which the deformation leads to a splitting of
the conduction band and to a decrease of the chemical
shift related to the valley-orbit interaction. According
to (20), the chemical shift of the I'! lower level in Si(P)
should decrease by an amount 24,/3 in the case of a
strong compression along the (100) axis, and it should
decrease by Avo/3 for compression along the (110) axis;
here Ay, is the valley-orbit splitting in the undeformed
crystal. As a result, the distance from the I'] level to
the nearest of the split I'; ; levels decreases by a factor
of three in the first case and by a factor of 1.5 in the
second (the change in the smooth functions upon the de-
formation is not taken into account). There is a dif-
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ference between the cases Si(Li) and Si(P) in that the
chemical shift of the lower, multiply degenerate T', .
level in Si(Li) upon deformation along the (100) and (110)
axes does not change [although the distance to the
nearest levels also decreases by a factor of three
(P1I{100)) or 1.5(P}i(110)), as mentioned above]. The
values of 6, and 5, in Si(Li) are thus independent of the
deformation,

We also note that the NDE, binding energy in the
ground state {2I'}, T'S; 2I%} in Si(P) which is strongly
compressed along the {100) axis (4.4+0.2 meV) is
slightly higher than in undeformed silicon®® (3.8+0.2
meV). The binding energy of exciton-impurity com-
plexes in Si(Al) falls off from 5.1 meV to 4.2 meV in
the deformed crystals, at a valence-band splitting of
only A, ~4,_ ~1 meV (Ref. 20). This result can be at-
tributed to a decrease in the exchange energy.

7. EFFECT OF A MAGNETIC FIELD IN THE SPECTRA
OF MULTIEXCITON-IMPURITY COMPLEXES

a) Zeeman splitting

In the shell model, without the valley-orbit and j —j
interactions, the splitting of the emission lines of
multiexciton—impurity complexes is determined ex-
clusively by the change in the energy of the recom-
bining pair. In the absence of e-h exchange this change
in the energy is the sum of the changes in the energies
of the electron and the hole:

hAw= E5,+ Efse : (32)

Unless the field H is very strong, it is sufficient to re-
tain in (32) only the Zeeman splitting, which is linear
in the field. The corresponding Hamiltonian for the
electrons is'®

= p 1O+ gy (OH 0y H). (33)

The z axis here is along the principal axis of the given
extremum. In Eq. (33), i is the Bohr magneton, o is
the Pauli matrix, and g; are the electron g-factors.
According to (33), each electron level of a given valley
splits in two, with energies

B = s Vi HIF g L, 5= (34)

For silicon, g, is essentially the same as g,, and the
splitting does not depend on the direction of H:

Eg = sgenH. (35)

For germanium, with g, #g, the nature of the level
splitting is different for the I'| and I'; states. A mag-
netic field mixes these states. The splitting of the NDE,
and NDE, emission lines with &, #0 is thus not deter-
mined by the simple expression in (34). In silicon (g,
=g, =g, =2) the splitting of the electron levels is the
same for all the terms I', T',, and I'; and is deter-
mined by expression {35) even in the case Ay, #0.

The Hamiltonian describing the Zeeman splitting of
the hole levels is

K0 = pwlgy (VH)? -+ gy (JRHE+ JZHL + J3HY)], {36)

where g, and g, are the isotropic and anisotropic hole
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TABLE VIII. Relative intensities of the NP lines @, ina
magnetic field in silicon in the Faraday and Voigt
arrangemeants,

Faraday geometry Voigt geometry

I_ iy Fed I

3 0 3

3
w

|
1
f
|

|
-
=
e
-
[
=l

g-factors. For free holes, we have g, < g,, but in the
case of bound holes these factors may be comparable in
magnitude. At g,=0 the four-fold-degenerate I'; state
splits into four terms with j=J,=+3/2,+1/2:

By, =gl j. (37

For g, #0 the levels are not spaced uniformly; instead,
the spacing depends on the direction of H (Ref. 16):

E%, +3/2= £3/2gny, uH, El}‘i.il/ZZi%'ghj/zp'H' (38)

Under conditions (32), each line in the emission spec-
tra may split into eight parts, corresponding to the
two values s,=1+ 1/2 for electrons and the four values
of J, for holes. (In germanium with H not along the
(100) axis, the splitting £, is different for the dif-
ferent valleys.) The selection rules (Table II) forbid
transitions from the (3/2,1/2) and (-3/2, ~1/2) states.
In those cases in which the electron and hole spins are
parallel, therefore, the corresponding emission lines
are not observed. It can be seen from (33) that with g,
+g, the spin 8 is not parallel to H if H is not either
parallel or perpendicular to the principal axis. Ac-

TABLE IX. Relative intensities of the TO and TA emission
lines in silicon in the Faraday and Voigt arrangements.

PIKIID

Faraday geometry Voigt geometry
: I- Is & s
302 12 9 by L ’ ‘ B
32 e 9 dip 32 ) il ) 5 (2=
12 1.2 3 g ]
12 12 3 by 2ty Ior )
1/2 —1/2 0
4(1— 2(1+2D 2(1—d
12 12 0 ( ) (1 42Dq) ( T
P100)
2 —42 —
3 1 8 Op 3 3 372
—3/2 172 6 @p
2 —2 @y
i ! r 1 1 12
—1/2 —1/2 20
172 —1/2 0
4 0 2
—1/2 1/2 0
- . — o
Or= ot pt Dr=0.4 for B =0.5.
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FIG. 19, Splitting of the no-phonon « lines of multiexciton—
impurity complexes in compressed Si(P) crystals in a magnet-
ic field.’” Voigt geometry, HLK, HIl P i {111}, H=62 kOe,

P =230 MPa. Dashed curves—Emission lines for H=0; the
scheme of allowed transitions is shown at the right.

ground state is not split, the relative intensities of the
Zeeman components do not change. The intensity of
component 4 in the exciton—-impurity complexes de-
creases with increasing H, in accordance with the in-
terpretation of this component as corresponding to the
transition from an excited state. The intensity ratio of
the components 4 and 1 in exciton—-impurity complexes,
however, is an order of magnitude greater than that ex-
pected at quasiequilibrium between spin sublevels. The
spin-relaxation time in the complexes in deformed Si(P)
is thus, at the very least, no shorter than the lifetime
of these complexes (10”7 s; Ref, 58). Such a pronounced
increase in the spin-relaxation time in deformed silicon
is attributed to a decrease in the spin-orbit interaction
upon lifting of the degeneracy of the valence band.>®

LIt
a!
x4
S——C
xig Lol

FIG. 20. The emission spectra, I, +I_, and the polarizations
I, —I.. a—Of the no-phonon ¢ lines; b—of the TO compon-
ents of the o and g lines in the emission spectra of multiex-
citon—impurity complexes in Si(P) in a magnetic field 52
HiI{111), T=1.9 K. a) H=30kOe; b) H=50 kOe.
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¢) alines in Si (P} in the Faraday geometry

Figure 20 shows the no-phonon and TO spectra of
complexes in undeformed silicon as reported by Altuk-
hov ef al.5® They measured both the resultant intensity
I, and the difference between the intensities of the right-
hand and left-hand polarizations, I.. Since the light is
partially depolarized upon reflection from the crystal
surfaces, the observed degree of polarization is dif-
ferent from the actual degree. Correspondingly, a cor-
rection is made for the depolarization factor in the de-
termination of I.. The correction is found from the
polarization of the no-phonon emission line «, of an ex-
citon—-impurity complex in a strong magnetic field. In
this case, of all the hole levels, only the state with j,
= -3/2 is populated, and according to Table VIII the a,
emission should be completely polarized in the no-
phonon line. From Fig. 20 we see that o, and o, are
dinstict emission lines with the polarization o_; a, is
slightly broader than «,. The a, — a4 lines are split
into two components, which are clearly observable in
the polarized spectrum. These components have dif-
ferent polarizations. For the ¢, lines, the intensity
ratio of these components, which is equal to the ratio
I._/1,,, is 4:1, while for the a,— a, lines itis 1:1. As
mentioned earlier, the shell model predicts that only
the state with j, = — 3/2 will be populated in an exciton—
impurity complex in a strong magnetic field, while in
the NDE, only the state J,= — 2 with /,=3/2 and j,=-1/2
will be populated. According to Table VIII, the emission
is fully polarized (c.) for both transitions, (-3/2,+1/2)
and (- 1/2, —1/2). These two lines are not resolved in
the spectrum: All that is seen in some broadening of
@, in comparison with «,. In the NDE, in a strong field,
only the J,= — 3/2 term with j,=—3/2, —1/2, and 1/2
is populated in a strong field. In this case the intensity
ratio of the right-hand and left-hand polarizations is
I1,./1._=1/4 (Fig. 20). The lines o, — o, result from the
recombination of the I'| electron and holes of the com-
pletely filled I'; shell withJ=0, so that the intensity
ratio for these lines is I,,/I._=1. If the a, and qy lines
were a consequence of the recombination of holes of the
I'. shell, then only the a, line or both lines, depending
on the degree of degeneracy of this level, would have to
be strongly polarized.

The degree of polarization of the «, line in the TO
spectrum (Fig. 20) is lower than that in the no-phonon
spectrum: According to Table VIII with &,.=0.4 we have
P, =1,,/1._=50% for this line. The polarization in the
TO spectrum of the ¢, - o, lines is even lower, since
the unpolarized (x1/2,+1/2) lines are superimposed on
the polarized (*3/2,+1/2) and (x1/2,%1/2) lines.

d) Multiexciton—impurity complexes in Si {B) in the Voigt
geometry

As mentioned earlier, the j-j splitting is slight in the
exciton-impurity complex in Si(B). The paramagnetic
splitting of the terms becomes greater than the j —j
splitting at H = 30 kQOe. Let us first consider the spec-
tra of complexes in Si(B) which is compressed elas-
tically along the {111) axis, in which case only the ex-
citon—impurity complexes are stable. The two holes
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in an exciton-impurity complex form a singlet state,
which is not split. The emission spectrum of the ex-
citon—-impurity complex and the transition scheme in
this case are qualitatively the same as for an exciton-
impurity complex in strongly compressed Si(P) (Ref.
57). The Zeeman components corresponding to the
{1/2,-1/2) and (- 1/2,1/2) transitions are not resolved,
but the line corresponding to these transitions is greatly
broadened. The intensity distribution in the Zeeman
emission spectrum also implies that a quasiequilibrium
is not reached between the spin sublevels during the
lifetime of the exciton—-impurity complex (~10 5; Ref.
58), as in compressed Si(P).

In undeformed Si(B), the emission line of an exciton—
impurity complex splits into a doublet at H ~60 kOe
(Fig. 21a; Ref. 57). With increasing magnetic field,
the intensity ratio of the components (2) and (1) of the
m, line decreases:

This result means, first, that thermodynamic equilib-
rium is reached between the spin sublevels for an ex-
citon—impurity complex at boron in undeformed silicon,
as for a complex at phosphorus; second, only the com-
ponent (1) corresponds to a transition from the ground
state. In the ground state we thus have J,=~2 and S,
==1/2. Figure 21b shows the scheme of allowed transi-
tions for multiexciton—impurity complexes at boron
atoms in silicon in a magnetic field. The energies of
the emitted photons are the same for transitions 1 and
3. The coefficient of the exponential function in (39) is
related to the difference between the matrix elements
for transitions 1 and 2.
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FIG. 21. a—Splitting of the no-phonon lines in the emission
spectrum of multiexciton—impurity complexes in Si(B ina
magnetic field®? [H=62 kOe, T=1.8 K, Voigt geometry

(H1K, H{111); dashed curves: Spectrum for H=0; the line
a(P); emission of NDE; ata residual phosphorus impurityl;
b—level scheme and allowed transitions of multiexciton—im-
purity complexes at boron in a magnetic field (the dashed lines
are the expected transitions from the ground state of the NAE,
if two electrons from a spin singlet).
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The emission lines of multiexciton—-impurity com-
plexes with two and three excitons are split by a strong
magnetic field into a doublet and triplet, respectively
(Fig. 21). The relative intensities of the Zeeman com-
ponents in both lines remain the same as the magnetic
field is strengthened from 40 to 80 kOe, so that all the
components correspond to transitions from the ground
state. In order to explain the observed splitting pattern
we must assume that the lower-lying state for two elec-
trons in a multiexciton-impurity complex in a magnetic
field has a resultant angular momentum projection S,
=—1, while that for three electrons has S,= - 3/2 (Fig.
21). If two electrons formed a spin singlet T,, the m,
line would be split into a quintet in a magnetic field, as
shown by the dashed lines in Fig. 21b. The measure-
ments in a transverse magnetic field thus agree well
with the results found during uniaxial compression,

e) Spectra of complexes of a neutral acceptor with m
bound electrons in the case of a strong j-j interaction

The splitting of the NAE, emission line in Si(Al) crys-
tals in a magnetic field is precisely the same as that
observed in Si(B) (Figs. 21 and 22; Ref. 20). Figure
22b shows the transition scheme in a multiexciton—-
impurity complex at Al in a magnetic field. In the
shell-model study of the level splitting, the slight
splitting of the T',, Ty excited state of an exciton-im-
purity complex corresponding to a total hole angular
momentum J=2 is ignored. The ground state of an ex-
citon-impurity complex is a state with J=0 and an elec-
tron angular momentum S,=—1/2, as can be seen from
the fact that the spectrum of the m, line contains three
Zeeman components which result from transitions from
the lowest-lying state. In transitions from the J=2
state with s,= — 1/2, only a single component (-2, -1/2)
should be observed. This result agrees with the conclu-
sions reached in a study of the effect of uniaxial de-
formation (Section 6). Component 4 in Fig. 22 results
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FIG, 22, a—Emission spectrum of multiexciton—impurity
complexes in Si(Al) in a magnetic field® (=62 kOe, H1 K,
HI {111), T=1.8K; the dashed curves show the spectrum for
H=10); b—scheme of levels and allowed transitions in multi-
exciton—impurity complexes in Si(Al) in a magnetic field

(the relative arrangement of the levels with J=0 and 2 for the
NAE, corresponds to H=60 kOe).
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in an exciton—impurity complex form a singlet state,
which is not split. The emission spectrum of the ex-
citon-impurity complex and the transition scheme in
this case are qualitatively the same as for an exciton-
impurity complex in strongly compressed Si(P) (Ref.
57). The Zeeman components corresponding to the
(1/2,~1/2) and (- 1/2,1/2) transitions are not resolved,
but the line corresponding to these transitions is greatly
broadened. The intensity distribution in the Zeeman
emission spectrum also implies that a quasiequilibrium
is not reached between the spin sublevels during the
lifetime of the exciton-impurity complex (~10° s; Ref.
58), as in compressed Si(P).

In undeformed Si(B), the emission line of an exciton—
impurity complex splits into a doublet at H ~60 kOe
(Fig. 21a; Ref. 57). With increasing magnetic field,
the intensity ratio of the components (2) and (1) of the

m, line decreases:
I(2)

-mzlnexp(—

Buy )
¥T .
This result means, first, that thermodynamic equilib-
rium is reached between the spin sublevels for an ex-
citon—-impurity complex at boron in undeformed silicon,
as for a complex at phosphorus; second, only the com-
ponent (1) corresponds to a transition from the ground
state. In the ground state we thus have J,=-2 and S,
=—1/2. Figure 21b shows the scheme of allowed transi-
tions for multiexciton~impurity complexes at boron
atoms in silicon in a magnetic field. The energies of
the emitted photons are the same for transitions 1 and
3. The coefficient of the exponential function in (39) is
related to the difference between the matrix elements
for transitions 1 and 2.
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FIG, 21. a—Splitting of the no-phonon lines in the emission
spectrum of multiexciton~impurity complexes in Si(B ina
magnetic field®” [H=62 kOe, T=1.8 K, Voigt geometry

(HLK, HII(111); dashed curves: Spectrum for H=0; the line
,(p); emission of NDE, at a residual phosphorus impurityl;
b--level scheme and allowed transitions of multiexciton~im-
purity complexes at boron in a magnetic field (the dashed lines
are the expected transitions from the ground state of the NAE,
if two electrons from a spin singlet).
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The emission lines of multiexciton-impurity com-
plexes with two and three excitons are split by a strong
magnetic field into a doublet and triplet, respectively
(Fig. 21). The relative intensities of the Zeeman com-~
ponents in both lines remain the same as the magnetic
field is strengthened from 40 to 80 kQOe, so that all the
components correspond to transitions from the ground
state. In order to explain the observed splitting pattern
we must assume that the lower-lying state for two elec-
trons in a multiexciton~impurity complex in a magnetic
field has a resultant angular momentum projection S,
= =1, while that for three electrons has S,=-3/2 (Fig.
21). If two electrons formed a spin singlet ', the m,
line would be split into a quintet in a magnetic field, as
shown by the dashed lines in Fig. 21b. The measure-
ments in a transverse magnetic field thus agree well
with the results found during uniaxial compression.

e) Spectra of complexes of a neutral acceptor with m
bound electrons in the case of a strong /- interaction

The splitting of the NAE, emission line in Si(Al) crys-
tals in a magnetic field is precisely the same as that
observed in Si(B) (Figs. 21 and 22; Ref. 20). Figure
22b shows the transition scheme in a multiexciton—
impurity complex at Al in a magnetic field. In the
shell-model study of the level splitting, the slight
gplitting of the I',, I'y excited state of an exciton-im-
purity complex corresponding to a total hole angular
momentum J =2 is ignored. The ground state of an ex-
citon-impurity complex is a state with J=0 and an elec-
tron angular momentum S,=~1/2, as can be seen from
the fact that the spectrum of the m, line contains three
Zeeman components which result from transitions from
the lowest~lying state. In transitions from the J=2
state with s,= ~ 1/2, only a single component (-2, -1/2)
should be observed. This result agrees with the conclu-
sions reached in a study of the effect of uniaxial de~
formation (Section 6). Component 4 in Fig, 22 results
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FIG, 22, a—Emission spectrum of multiexciton—impurity
complexes in Si(Al) in 2 magnetic field® (=62 kOe, H1 K,
H (111), T=1,8 K; the dashed curves show the spectrum for
H=0); b—scheme of levels and allowed transitions in multi-
exciton—impurity complexes in Si(Al) in 2 magnetic field

(the relative arrangement of the levels with J=0 and 2 for the
NAE; corresponds to H=60 kOe).
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from the recombination of an e-h pair in the (J=0,s,
=1/2) state. Its intensity falls off with increasing mag-
netic field, but at H=60-80 kQe it is an order of mag-
nitude greater than that expected at thermodynamic
equilibrium between the s,=+1/2 and — 1/2 sublevels,
The components corresponding to transitions 5 and 6
cannot be resolved; they overlap lines 1 and 2, because
8. is approximately equal to the sumgy, ,,+ & 3/2at a
neutral acceptor. At 2 K, the spectrum does not reveal
the components corresponding to the recorabination of
e-h pairs in an exciton—-impurity complex in the

(-2, ~1/2) state, which lies below {1;1/2} but above

{0, ~1/2} at H=40 kOe (Ref. 20). In the exciton—im-
purity complex, therefore, there is a deviation from
equilibrium only between the electron states of the J=0
term. This is not a surprising result, since withJ=0
the electron-hole exchange interaction— the most effi-
cient spin-relaxation channel— is greatly suppressed.
Equilibrium is attained between the states with J=2 and
J=0atH#0, as at H=0.

In NAE, transitions from the (-3/2, -1) ground state
are forbidden in exciton-impurity complexes with J=0.
In strong fields (H 250 kQe), therefore, the emission
spectrum of NAE, contains only two lines, correspon-
ding to transition tothe J =2 states withJ,=—-2 and J,
=—1, as in Si(B). At this point it is not clear, how-
ever, why the intensity of the line corresponding to
the transition from the (-1/2; ~1) excited state is
higher in Si{Al) than ip Si(B). In Si(Al) this line can be
seen well even at H~60 kOe (Fig. 22; Ref. 20).

f) Polarization of the emission of multiexciton—impurity
complexes in a longitudinal magnetic field

The individual Zeeman components cannot be re-
solved in weak fields, especially in a study of the
phonon lines in the spectra of multiexciton—impurity
complexes. An effective approach in such cases is to
measure the degree of polarization of all the lines to-
gether. This method has revealed, in particular, a dif-
ference between the spectra of multiexciton—impurity
complexes with different numbers of excitons,® despite
the superficial similarity of the Zeeman distributions
observed in Ref. 7.

As mentioned earlier, the polarization of each of the
Zeeman components in a multiexciton—impurity com-
plex does not depend on the number of excitons and is
determined instead by the values of I,(j,, s,) in Tables
VIII and IX.

The relative intensities W of these components depend
on the populations of the corresponding states, i.e., on
the number of bound excitons (m), the nature of the
filled shell »(I';, ', ;) and the temperature. These in-
tensities W' (s,,j,) are given by*

Wi (s, Jo) = 2 g"m\S; exp ( - ﬂ%‘&—) 2 v]’.{ o CXD ( —
I,

2
s,

(40)
Here g%, , is the statistical weight of the state with the
total electron angular momentum S,, i.e., the number

of combinations with which the state with the given
value of S, can exist in the shell 7 of a complex with m
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kT N

electrons, The number vfl‘:,; is the number of electrons
with spin s, in shell r in the state S, for a given number
(m = 1) of electrons for the ', ; shell in NDE,, and for
the number m for the I', , , shell in NAE,,. Finally,
vjf, is the number of holes with angular momentum j,
in the state with total angular momentum J, for a given

number of holes (m) in NDE,, and m + 1 in NAE,,.

According to the Pauli principle, v{¢  takes on the
values 0 and 1, except for exciton-impurity complexes
at acceptors, in which we have v5,,, =1/2 for all four
values j, =+ 3/2,% 1/2 for the terms J=0 with J, =0, 2.
In complexes at neutral donors for the term I'; with S
=0 we have ug',f'},, =1 for all 5,=+1/2 and for all m, so

that WIi(s,, i,) does not depend on s, for the « lines:

fn; B,
kT

(41)

Wht(se id= w7 exp{ —
“ .

The degree of circular polarization of the emission in
the X}, lines is

Po(Xm - D T tsen i) Whe(see 20§ N 1ot j) Wise i)™, (42)

Sz
where X1 =a,, X5= 8, for NDE, and Xou35=m,,.

The polarization of the emission lines of Si(P) and
Si(B) in a longitudinal magnetic field was studied in
Refs., 60-62,

Figure 23 shows the dependence P (H) for the a, (NP
and TO) and B,,_,(TO) emission lines of complexes with
m=1~6 in 8i(P). The degree of polarization of the «
lines falls off with increasing number of bound excitons;
the NP and TO lines have different polarization, be-
cause of the difference in the signs of I_ (Tables VIIIL
and IX). The a,-a, lines are unpolarized, since they
are a consequence of the recombination of holes and
electrons from the filled I'; and I'; shells. The polar-
ization of the B, and B, lines is also determined pri-
marily by the orientation of the holes, and it has the
same sign as the polarization of the TO lines @, and
a@,. The polarization has the opposite sign for the §;
line, since the holes are unpolarized in a complex with
m =4, and the orientation of the electrons leads to a
polarization of the opposite sign, as can be seen from
Tables VIII and IX. Figure 24 shows the dependence

-054-07
~expt

4
(-25)-1.01 63

FIG. 23. Circular polarization of the no-phonon (NP} and
transverse optical (TO) components of the emission line

of multiexciton—impurity complexes in Si(P) (@ NP TO and

8T9) and of a free exciton (FE) in a magnetic field in the Fara-
day configuration.®? Hl (111), T=1.9 K. Solid curves—Ex-
perimental; circles and dashed curves—theoretical for g, =2,
&=12 and T=1.9 K.
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FIG, 24, Circular polarization of the NP and TO emission
lines of multiexciton—impurity complexes in Si(B) in a mag-
netic fleld.®® HN (111), T=1.9 K, Ny=3. 10" cm™®. Solid
curves——Experimental; dashed curves—theoretical for g =2
and g,=1.2.

P_(H) for the NP and TO lines of NAE,, with m=1-4,
The sign of the polarization of the m, and m, lines is
determined by the orientation of the holes, while that
of the m, and m, lines (which result from the recom-
bination of holes from the J =0 state) is determined by
the orientation of the electrons. They accordingly have
different polarization signs. The theoretical curves in
Fig. 24 were plotted from Eqs. (40)—(42) for the values
Cl/B: 0-57 g1=17 2’ ge=2'

According to Altukhov et al.,®® the agreement between
theory and experiment can be improved by assuming
that there is a slight valley—orbit splitting of the oppo-
site sign in the complexes at neutral acceptors, i.e.,
by assuming that the T', ; electron levels are the lower
levels in these complexes, as in complexes at lithium
neutral donors. Under this assumption, the splitting
A yo should increase slightly with increasing m, from
0.05 meV at m=1 to 0.16 meV at m=3. The valley-
orbit splitting is not observed directly in the NAE,,
spectra. :

Figure 23 also shows the P{H) dependence for the TO
line of a free exciton (FE). There is some difference
between the values of P at saturation for the free ex-
citon and the exciton-impurity complex, which is pos-
sibly a consequence of the difference between the selec-
tion rules for free and bound excitons, mentioned
earlier. The curves in Fig. 24 were recorded with
H{I{(111). It can be seen from Table IX that the degree
of polarization of the TO lines depends on the direction
of the magnetic field: If H is not directed along the
{111) or {(100) principal axis, a linear polarization
should also arise in a longitudinal field.** With
HI (110), for example, the intensities of the TO lines
in the ell{001) and el{{110) polarizations are different.
According to the calculations of Ref. 64, the degree of
linear polarization P, = (oo, —1,3,)/ (oo, +1,7,) reaches
31% and 11% for the TO lines @, and a;, respectively.
The ¢, and @, lines are not linearly polarized. These
calculations correspond to g,=0. The anisotropy of the
g-factor of the holes should also lead to a polarization
of the @,, no-phonon lines. With g, =0.6 and g,=0.4 for
the a, line we thus have P, =10%; for a, we have P,
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TABLE X. The g-factors of bound electrons and holes in
multiexciton—impurity complexes, neutral donors and
neutral acceptors and parameters characterizing the dia-
magnetic shift in multiexciton—-impurity complexes in
silicon (H !l {111)), according to the data of Refs. 12, 57,
66, 67, and 68.

NDE, | NDE, |NDE,~NDE,{ ND NA | NAE
SH(As)2 | Si(pps SL(P)57 [ S1(P)97 ) S1(B)ed | 81 (B)h?
2e 1.85 1.99 2.0 2.0 — 1.8%
gy, 1.46 1.5 1.8 - 1.45 1.2
Ehasy 1.17 1.27 1.2 — f 14 14
F 0,74 0.86 0.6 — ] 1| 12
£s 0.22 0.2 0.4 — | 004 [ 0.
meV -
bip ) 185 ) 15 229 -
meV - - B
by, 0% prsws! 3.4
*)Average value.

=6%; and the @, and o, lines are unpolarized. The ap-
pearance of a linear polarization in the Faraday geom-
etry with H}l (110) has been observed at bound excitons
in Ga(As) (Ref. 65). This phenomenon has not been
studied in detail experimentally.

g) The g-factors of electrons and holes in multiexciton—
impurity complexes

From the splitting of the emission lines of multiex-
citon—impurity complexes we can determine the g-fac-
tors of the recombining electrons and holes. The re~
sults!357% are shown in Table X, along with the g-
factors of an electron in a neutral donor and of a hole
in a neutral acceptor.”"%® It can be seen from this
table that the g-factors of electrons in multiexciton—
impurity complexes at donors and acceptors essentially
agree with the g-factor of an electron in a neutral
donor, within the experimental errors. The g-factors
of the holes, on the other hand, agree with the g-factor
of the holes in the boron neutral acceptor only in a
multiexciton-impurity complex at a boron atom; they
are quite different from g, in Si(B) in multiexciton-
impurity complexes at donors. The splitting of the
hole levels in the magnetic field is determined by
Hamiltonian (36). With g,# 0 the magnitude of the
splitting depends on the direction of the magnetic field,
and the g-factors of the holes, g,,,, and g, ,, are not
the same. With H|[(111}, for example, we have'®

Abisn® :g,%——?—yg, Eigra :%"/U (,',,71—}——5%-;!2)2—1» 3 (gj 'f"i—gz)z. (43)
In deformed silicon with H| P{[(111) we have!®

&y =g+ %B-S’-p (44)

From Table X we see that in a multiexciton-impurity
complex at phosphorus the difference Enysz —&hyya 18
much larger than in a neutral acceptor. The difference
between the values of the constant g, for free and bound
excitons is a consequence of the smooth functions of the
d,g,... types for the holes bound at the center or in the
exciton.’® The large values of g, in complexes at neu-
tral donors indicate a large amplitude for the d, g,...
functions, This is a natural difference, since it is not
energetically favorable for holes in multiexciton~im-
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purity complexes at neutral donors to be positioned
near the positively charged donor. Consequently, the
contribution of the d,g,... functions, which vanish at
the donor, increases. Finally, we note that the dif-
ference between &hy,, and &, WAS ignored in the
plotting of the theoretical curves P,(H) in Fig. 23, and
it was assumed that g,=1,2. The reason for this ap-
proach is that the contribution from the hole with j,
=3/2 is predominant for the «, lines in strong mag-
netic fields. The replacement of g, by &ny)2 " 1,2 thus
leads to good agreement with the theory, even at sig-
nificant values of g,.

h) Diamagnetic splitting of the terms of exciton—impurity
complexes at nautral donors in germanium

In strong magnetic fields, the emission spectra of free
and bound excitons should exhibit, along with the Zee-
man splitting, a diamagnetic splitting which is quad-
ratic in the field and also a diamagnetic level shift.
These effects are most pronounced in germanium,
where the exciton radius is much larger than in silicon.
The diamagnetic splitting of the electron levels results
from a difference between the longitudinal and trans-
verse effective electron masses, m, and m,. With H
not along the (100) axis in germanium, the states cor-
responding to different valleys undergo different shifts.
The shift is given by

Al AHZ(3 cos20,—1), (45)

where 8, is the angle between H and the principal axis
of the valley, z;. Under the condition m, > m;, which
holds in germanium and silicon, we have A,>0. In ex-
citons bound to neutral donors in germanium, the dia-
magnetic shift in (45) leads to a splitting of the I, terms
and to their mixing with I', terms. In a strong magnetic
field, in which the diamagnetic splitting is greater than
the valley—orbit splitting, the low-lying levels in the
case HI[{111) correspond to the valleys (117), (111),
and (T11), These three states are split by the spin-
orbit interaction into two terms, I', and I';. With

HI| {110}, the low-lying levels correspond to (1T1) and
(T11) valleys. Like the two upper states, these two
states are split by the valley-orbit interaction, Dia-
magnetic effects also split the + 3/2 and + 1/2 hole
terms. This splitting is described by a Hamiltonian
similar to the deformation Hamiltonian.!® In the spheri-
cal approximation, it is given by

Hygia= T [ Q)2 5 012]. (46)

In germanium, XS > 0. Because of diamagnetic effects
and the anisotropy of the hole g-factor, the nature of the
splitting of the levels of an exciton-impurity complex
and the polarization of the LA lines depend on the direc-
tion of the magnetic field, Since the diamagnetic
splitting of the I', term for an exciton bound to a neu-
tral donor, given by (45), may be comparable to or
even greater than the valley—-orbit splitting, the change
in the polarization in a longitudinal magnetic field and
also the level splitting are quite different in the cases
HI1(100), {111), and (110). The situation is shown
clearly by Fig. 25, which shows the dependence P (H)
for the no-phonon lines of exciton-impurity complexes
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FIG. 25. Circular polarization of the NP lines of NDE in
Gel(As) in a magnetic field.® T=1,9 K, N,=2, 105 cm=3,
1—H 11 (100); 2~—H [l {110); 3—H I (111).

in Ga(As) for these three directions of the magnetic
field.®s

i) Diamagnetic shifts of the lines of multiexciton—impurity
complexes in silicon

In fields H > 30 kQe, the emission lines of multiex-
citon-impurity complexes in silicon exhibit a shift
which is quadratic in the field.®” This shift can be seen
particularly well for the narrow emission line of an
exciton-impurity complex in Si(P). The behavior of
the emission line of an exciton—-impurity complex in
Si(P) was recently studied in detail by Kaminskii et al.®
at T=4.2 K, at which the population of the excited spin
states is quite high up to H ~ 60 kQe. Analyzing the
quadratic shifts of all six Zeeman components, Kamin-
skii et al. also distinguished a contribution from the
diamagnetic splitting of the + 3/2 and + 1/2 hole terms.
This splitting turned out to be very large at H| (111)
(Table X).

A determination of the diamagnetic properties is of
particular interest because of the possibility of evalu-
ating the size of a complex. For spherically symmetric
wave functions, the diamagnetic shift A ;;, is related in
first-order perturbation theory to the average particle
radius in the complex by the Langevin relation®

N e e 1 (a7)

12¢2 my

i

where the sum is over both the electron and hole states.

If we assume that the relation {(#?) = 3a2 holds in the
complex (as for the 1s hydrogen-like wave function) and
also that the radii of the electron and hole shells are
equal, by virtue of the approximately equal effective
masses of the electrons and holes, then we find the
value®” ;= 0.65, a5, g =30 A for the radius of an exci-
ton-impurity complex in Si(P) and Si(B). The radius
of an exciton-impurity complex is thus smaller than the
exciton radius, in accordance with calculations in Ref.,
70. We will point out, however, that the value found for
7 for an exciton~impurity complex through the use of
the Langevin equation, without the Van Vleck term, of
paramagnetic origin, which arises in second-order per-
turbation theory and which has the opposite sign, may
turn out to be somewhat too low.

Analysis of the diamagnetic shifts of the emission lines
of multiexciton-impurity complexes in Si(B) for transi-
tions between ground states with the help of expression
(47) from Ref, 57 revealed that the size of the complexes
remains essentially constant as the number of e-h pairs
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bound to the center increases. It follows that the elec-
tron-hole density increases with increasing number of
e-h pairs in the complex. This conclusion agrees with
calculations in Ref. 70. The ‘“self-compression” of
complexes with increasing number of e-h pairs observed
in research on diamagnetic shifts also correlates well
with the decrease in the radiationless lifetime of e-h
pairs in these complexes. In indirect semiconductors
this time is known to be determined primarily by radia-
tionless Auger recombination.

8. ELECTRON--HOLE AND ELECTRON—ELECTRON
EXCHANGE AND FINE STRUCTURE OF THE LEVELS
OF MULTIEXCITON—IMPURITY COMPLEXES IN
SILICON

The fine structure of the @ emission line of NDE, in
silicon was recently resolved for the first time,®*™
Kaminskii et al.™ used silicon samples grown by
crucible-free zone crystallization and doped with phos-
phorus through neutron bombardment. In those samples
the width of the « line of NDE,, which has no fine struc-
ture, was less than 5 peV. A high resolution was
achieved through the use of a Fabry-Perot interferom-
eter. It was found that the a, line, corresponding to
the {2I',, T, ,, 2T .} —{I', T, , [, } transition, consists
of a large number of components, related to the split-
ting of both the initial and final states. Particularly
interesting was the detection of a fine structure of the
a, line in samples compressed along the (001) axis, in
which case three components were reliably resolved in
the spectrum.”™ In the deformed crystal the initial state
of the NDE, is degenerate only in the spin of the I',
electron and is not split. The spins of the two other I'|
electrons, and also the spins of the two I'; holes, are
antiparallel. In the final state, NDE}, there are two
electrons, I', and I',, and a T'; hole, and the sole rea-
son for the splitting of this excited state is the exchange
interaction. These experiments thus yielded the first
direct determination of the magnitude of the exchange
splitting in silicon. Kaminskii et al.” considered the
exchange only between the I'; electron and the I’y hole,
This model explains the observed splitting of the a,
line, but it fails to explain the intensity ratios of the
components. As mentioned earlier, the shell model
predicts that the smooth wave functions of the I’y and I",
states will be the same, so that the e-h exchange for
~ the ', and I', electrons should also be the same, de-
scribed by

S A, (IS (Ay—A TS, (48)

where J is the angular momentum of the I'; hole (J,
=+1/2), and S= s, +8, is the resultant angular momen-
tum of the I', and T, electrons (S=0;1). In addition to
the e-h exchange it is necessary to consider the e-e ex~
change between the electrons of different valleys. In
silicon, this latter exchange is essentially isotropic. It
leads to an exchange interaction of I'; and I', electrons

given by
c%§§=A3(Sisa)="§‘A:(SZ—%)- (49)

The constants A, 4,, and A, should be nearly equal in
order of magnitude, since the e-e exchange, like the
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TABLE XI. Relative positions of £ and of
the intensity in the 7 (I,) and o (1)) polariza-
tions of the components of the «, line in sili-
con compressed along the (001) axis

(R=VIT8E, where t=4,/4)).

Intensity
~ E
Iy I,
1 A;;. 2 1/2
1 AjR—04 | 3R 48y | @R
i 24, /4 0 1
v —3 RN | 3-RIAES | U—RYA

e-h exchange, is determined by a short-range interac-
tion,'™™ According to (48) and (49) the a, line in a
crystal compressed along the {001} axis should consist
of four components, with positions and intensities in
the 7(,) and o(l, ) polarization determined by Table X1
(Ref. 72). This model yields a satisfactory explanation
for both the positions and relative intensities of the
lines observed by Kaminskii ef al.” if we set 4,=104
peV, A =-47 peV, and 4,=-12 peV (Ref, 72).

In the undeformed crystal the e-h crystal is deter-
mined by the expression'®

T & =28, (IS) + 24,21 /8. (50)

At a small deformation, such that the deformation
splitting of the I'y level is small in comparison with

the binding energy, the constants A, and A, in (48) are
related to A, and 4, in (50) by A, =44, +104,, 4,=24,
+1/24, (for compression along the {001) axis) or A,
=34,, A, =64, +27/2A, (for extension along {001)).
These values of A, and A, corresponds to 4, =-48 peV
and 4,=-17 peV, in agreement with the estimates
[A%%]= 50 neV made in Ref. T3 on the basis of the spin-
relaxation time of the electron in the exciton. In the un-
deformed crystal, the structure of the lower term of
NDE,, {2T',,T,, [}, is determined by thej—j splitting
and the crystal splitting (discussed in Section 4) in addi-
tion to e-h exchange, while the structure of the NDE}
term {I', T, T, } is determined by e-e exchange, e-h
exchange, and the crystal splitting. The exchange~
valley interaction leads only to an identical shift of all
the sublevels of this state. The magnitudes of these
splittings cannot be determined unambiguously from the
data of Ref. 71. This determination could apparently
be made if measurements were carried out at lower
temperatures, so that the population of the upper states
of the NDE, could be changed.

9. CONCLUSION

We have focused primarily on multiexciton complexes
in silicon in this review, because the corresponding re-
search has been most thorough in this semiconductor.

It is apparently in silicon that the properties of multi-
exciton-impurity complexes can be described best by
the one-electron theory on which the shell model is
based. As mentioned above, multiexciton-impurity
complexes are observed in Ge, GaP, and SiC as well
as Si. The formation of such complexes at shallow im-
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purity centers is a common phenomenon and can he ex-
pected in other semiconductors with degenerate bands.
In direct-gap semiconductors with the sphalerite struc-
ture, where the extremum of the upper valence band

is fourfold degenerate in the spin, there may be a
stable complex NAE, in addition to bound excitons at
neutral donors and neutral acceptors. Although the
shell model furnishes a qualitative and frequently quan-
titative description of the properties of multi-exciton—-
impurity complexes in silicon, there are mzny other
questions regarding the internal structure of the multi-
exciton—impurity complexes which remain unanswered.
For example, we do not yet know how the upper (ex-
cited) hole shells of the complex are filled and just how
stable the complexes are under these conditions. In this
connection it would be interesting to see just how many
e-h pairs can be bound to a center and form a stable
complex. A theoretical study of this question would be
interesting, The one-electron approach, which is
presently being used to describe the energy spectrum
and the filling of the shells of multiexciton—impurity
complexes, is only a crude approximation, It is thus
natural to expect to find a fine structure in the spec-
trum due to electron-—electron {or electron-hole) cor-
relations, Experiments on germanium and silicon con-
firm these expectations, but as yet there has been no
detailed study of the observed fine structure, and the
particular mechanisms responsible for the observed
level splitting have not been determined. The electron-
electron collective interactions should also lead to a
change in the g-factors of the electrons. It would there-
fore be interesting to see precise measurements of the
paramagnetic splitting in multiexciton-impurity com-
plexes with different number of bound excitons.

The multiexciton-impurity complexes at neutral im-
purities contain an odd number of particles (electrons
or holes), so that these complexes should be paramag-
netic centers. Consequently, a study of the electron-
spin~-resonance spectra of such complexes and the de-
velopment of optical methods for detecting the ESR
spectra might prove sensitive methods for studying the
internal structure of these complexes.

We will conclude by pointing out that the many-par-
ticle exciton-impurity complex in a semiconductor is
not amenable to a rigorous theoretical description, be-
cause the problem lacks a small parameter. There is
accordingly definite interest in variational calculations
of the ground-state energy of multiexciton—impurity
complexes; the results could be used to analyze the
stability of the multiexciton-impurity complexes upon
a change in the number of bound excitons.
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