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Excitons bound to isoelectronic Bgo centers, which appear in pure single-crystal silicon (having a
density of electrically active impurities < 10> cm™3) after neutron irradiation followed by
annealing at 385 °C, have been investigated. The recombination luminescence spectra of excitons
bound to these centers have been investigated in magnetic fields ranging from 0 to 6 T and

with uniaxial compression of the samples in the (001), (111), and (110) directions. A high-
resolution Fabry—Perot spectrometer has been used for spectral analysis of the
recombination luminescence. The fine structure of the ground state of excitons bound to By,
centers has been observed. It has been established that the ground state is split in two (~65
meV) and that the optical transition from the lower state is forbidden by the selection rules

and appears in the recombination luminescence spectra only in a magnetic field. It has been shown
that Bgo centers are of the trigonal type and have a symmetry corresponding to the Cj,

point group. The Hamiltonian for excitons bound to Bgo centers in a magnetic field and in a strain
field has been constructed. The structure of the excitonic terms can be explained, if the

exchange interaction between the electron and the hole and the interaction of the electron and the
hole with the defect potential are taken into account. The splitting of the recombination
luminescence lines associated with uniaxial straining of the crystals in the (001), (111), and
(011) directions is explained. A comparison of the Zeeman spectra with the results of

the calculation yields the g factors of an electron and a hole bound to an isoelectronic Bjg, center,
which are equal to g, =2, gi =2.68, and gﬁ’= 1.27. © 1995 American Institute of Physics.

1. INTRODUCTION

The investigation of the recombination luminescence of
excitons bound to radiation centers is an effective method for
obtaining information on their symmetry and composition, as
well as on the structure of excitons bound to them.! Excitons
bound to isoelectronic Bg, centers'’’ have been investigated in
a large number of studies. It was shown in Refs. 2—4 that
By, centers are of the trigonal type and that excitons bound
to these isoelectronic centers have a complex system of ex-
cited states and are of the “triplet—singlet” type.>S In Ref. 7
the radiative decay times of these excitons from the ground
and excited states were determined, and it was established
that the radiative transition from the triplet state is partially
forbidden. We note that the composition of Bj, centers has
not been determined. The purpose of the present work was to
obtain additional experimental data using high-resolution
spectroscopy, to determine the point group of B‘;O, and to
construct a model of an exciton bound to a By, center which
would account for the experimental data that has been
amassed.

2. EXPERIMENT

Our starting material was pure silicon (the density of
electrically active impurities was <10'> cm™3), which was
grown by zone melting without a crucible. The samples wére
irradiated with neutrons (the cadmium number was =~ 50) in
a 10"-cm™2 dose, which corresponds to the addition of
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2% 10" cm™? atoms transmuted into phosphorus to the sili-
con. Then the samples were subjected to annealing for 30
min in air at a temperature of about 385 °C.

Samples (10X2X3 mm?®) were cut along the (001)
crystallographic direction, the lateral planes being perpen-
dicular to the (110) and (110) directions, respectively.
These samples were used both to obtain the Zeeman spectra
and to obtain the dependence of the position and amplitude
of the recombination luminescence lines on the direction of
the magnetic field. The temperature of the samples could be
varied from 4.2 to 1.8 K by evacuating the liquid-helium
vapor.

A magnetic field with a strength up to 6.5 T was created
in a superconducting solenoid with a central opening having
a diameter of 26 mm. When the dependence of the position
of the Zeeman components of the recombination lumines-
cence spectrum on the magnetic field strength was recorded,
the samples were oriented so that the magnetic field would
be parallel to the (001), (111), or (110) crystallographic
direction, and when the position and amplitude of the recom-
bination luminescence lines as functions of the magnetic
field direction with a fixed magnitude were obtained, the
samples were rotated in the (110) plane from the (001) di-
rection to the (110) direction about the {110) axis, which
was perpendicular to the direction of the magnetic field. The
recombination luminescence emitted by the sample perpen-
dicular to the direction of the magnetic field (the Voigt con-
figuration) was subjected to spectral analysis.
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Radiation from an argon laser with a power of ~1 W
was used to excite the samples. The recombination lumines-
cence was spectrally analyzed using a Fabry—Perot interfer-
ometer, in which the spectrum was scanned by varying the
pressure of the gas in the chamber. A cooled photomultiplier
operating in a photon-counting mode served as the detector
of the recombination luminescence. The spectra obtained
were recorded with a spectral resolution of ~40 meV.

3. RESULTS AND DISCUSSION

Figure 1 presents a typical spectral distribution of the
recombination luminescence of excitons bound to Bg, cen-
ters at 4.2 K. The X3, (J,) and X3, (J,) lines at 1.10680 and
1.10767 eV correspond to the ground and first excited state
of a bound exciton.>~* When the temperature is lowered, the
contribution of the lines of the ground state increases, and
the contribution of the excited states decreases. Conversely,
when the temperature is raised, the contribution of the lines
of the ground state decreases, and the contribution of the
lines of the excited states increases. This is a natural conse-
quence of thermalization. At high temperatures’ the recom-
bination luminescence spectra display two more lines (J,
and Js) at 1.10853 and 1.10883 eV (Refs. 2 and 3), which
correspond to excited states of an exciton bound to Bg,. The
spectral positions of these lines are indicated in Fig. 1 by
arrows. We did not take into account the J, line, because it
has a low intensity, it was observed only in Ref. 3, and it
probably belongs to another center.

Figure 2 presents the evolution of the recombination lu-
minescence spectra of excitons bound to By, in weak mag-
netic fields. The four spectra in Fig. 2 were obtained at 4.2 K
in magnetic fields equal to 0 T (a), 0.29 T (b), 0.49 T (c), and
0.74 T (d). It is seen from Fig. 2 that the X3, line, which is
assigned to the first excited state of the bound exciton (com-
ponent 4), does not split in a magnetic field. The Xgo line,
which corresponds to the ground state of the bound exciton,
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splits into three components: 1, 2, and 3. Component 1 is
absent at zero magnetic field and appears with increasing
intensity as the magnetic field is increased from 0 to 0.74 T.
Thus, it can be postulated that the ground state is a spin
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FIG. 2. Recombination luminescence spectra of excitons bound to By, cen-
ters obtained in weak magnetic fields at 7=4.2 K and O T (a), 0.29 T (b),
0.49 T (c), and 0.74 T (d) (the Voigt configuration, B[{100)). The numbers
label the Zeeman components.
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FIG. 3. Dependence of the spectral position of the Zeeman components of
the recombination luminescence on the magnitude of the magnetic induction
vector B obtained in the Voigt configuration at T=4.2 K with B|{001). The
circles, diamonds, triangles, and squares mark the empirical positions of the
recombination luminescence lines. The solid lines give the positions of the
recombination luminescence lines calculated from (1).

triplet, that the first excited state is a spin singlet, and that the
exciton bound to Bgo is of the “triplet—singlet” typez) (Refs.
5 and 6).

Figure 3 presents plots of the spectral positions of indi-
vidual components of the recombination luminescence spec-
trum versus the magnetic field strength for B{|(001) align-
ment of the magnetic field. As the magnetic field is increased
to 6 T, components 2, 3, and 4 are thermalized, and only
component 1 remains in the recombination luminescence
spectrum (at 2 K). If the magnetic field is aligned parallel to
the (111) or (110) direction, two components, which corre-
spond to different orientations of the By, defect relative to
the crystallographic axes, remain in strong magnetic fields
(see Fig. 4) (this is an example of so-called orientational
splitting). According to Ref. 9, the number of orientational
components just indicated corresponds to a trigonal center.

According to Ref. 9, defects of the trigonal type can
belong to two point groups: C; and Cj,. It was shown in
Ref. 5 that the construction of two diagrams is sufficient for
determining the point group of a trigonal defect. These dia-
grams show how the magnitude of the orientational splitting
of the recombination luminescence lines of the ground state
of the bound exciton and their amplitudes depend on the

direction of the magnetic field as it is rotated in the (110)
plane. We obtained such diagrams. They are presented in Fig.
4. A qualitative comparison of these diagrams with the dia-
grams presented in Ref. 5 (see Fig. 4 in Ref. 5) reveals that
the Bgo defect belongs to the C3y symmetry group, and the g
factors of excitons bound to it should obey the relation
81<8.-

Thus, the B, defect is of the trigonal type and belongs
to the C3, symmetry point group. We now proceed to a
quantitative analysis of the experimental results which we
obtained.

All our experimental results can be explained if the
model proposed in Ref. 5 for trigonal isoelectronic centers
belonging to the Cj3y point group is utilized. The Hamil-
tonian for trigonal isoelectronic centers belonging to the
C3y point group was derived in Ref. 5 with consideration of
a uniaxial strain and a magnetic field. Following Ref. 5, we
assume that the potential of the defect splits the quadruply
degenerate I'g hole state into two doublets, viz., I's+I'¢ and
I, (in the notation used in Ref. 8). The sixfold valley-
degenerate electron state splits as a result of the valley-orbit
interaction into a I"| (I'y with consideration of the spin)
ground state and three excited states, viz., 2I"; and I';. We
also assume that the electron is found in the I"; ground state,
which is strongly separated from the excited 2I'; and I',
states. If the electron—hole interaction is now taken into ac-
count, a C;y exciton can be found in the following five
states:

(Ts+Ts+T )@=+ +3I5.

The splitting scheme of the hole and exciton states is pre-
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FIG. 4. Dependence of the magnitude of the orientational splitting and amplitude of the recombination luminescence lines corresponding to the ground state
of excitons bound to By, centers on the direction of the magnetic induction vector B with a fixed magnitude |B|=5.83 T. The magnetic induction vector B was
rotated through the angle 9 in the (110) plane from 0°, which corresponds to the (001} direction, to 90°, which corresponds to the {110) direction. The
squares and triangles mark the positions of the recombination luminescence lines calculated from (1). T=2 K. The arrows point to the angle corresponding
to the (1 11) direction. N is the degree of degeneracy of the respective exciton state (sec the text).

597 JETP 81 (3), September 1995

A. S. Kaminskil and E. V. Lavrov 597



sented in Fig. 1. In order for the long-wavelength transition
to be forbidden [as follows from the experiment (see Fig. 2)],
the exciton wave function corresponding to this optical tran-
sition must transform according to the I', representation,
since the optical transition from I'S* to the I'{ ground state of
a C,y defect is forbidden [since T'{®(I'P"+T{)eIS
=(F2+F3)].3) It is seen from Fig. 3 that the first excited
state does not split; therefore, the wave function correspond-
ing to it must transform according to the I"| representation.
Finally, if we take into account that

rier{=ry+I*+If,

it is not difficult to construct the scheme presented in Fig. 1.
This scheme agrees well with the data which we obtained. In
fact, the ground state has the form of a triplet, one of whose
components (I";) is forbidden. The first excited state is a
singlet (I"), as is observed in the experiment. The exciton
states mix in a magnetic field with the resultant appearance
of component 1 (see Fig. 2).

In Ref. 5 we used the theory of invariants'® to construct
the eight-dimensional matrix of the Hamiltonian for a bound
exciton belonging to the C;y point group. However, since we
were unable to obtain the dependence of the recombination
luminescence lines on the magnetic field corresponding to
the upper 2I'; exciton terms (see the inset in Fig. 1), we used
an approximate Hamiltonian, which can be represented in the
form of a four-dimensional matrix.> This Hamiltonian takes
into account only the interaction between the three lowest
terms (I';, I';, and I'3), i.e., it neglects the interaction with
the upper 2I'; states, and can be represented in the form®

H=H°+H(B). (1)
Here
H°= A(oy®0¢p)+Ay(0,00,)

+A3(0,®0,+0,00,),

H(B)=}pp|g* 2, Bi0o®0;)+g[B.(0,80y)

1=X,y,2
+g"[B(0,®00) +B,(0,®00)]},

where o, , gy, and o, are Pauli matrices, o, is a two-
dimensional unit matrix, g, , gf , and g|'|' are the electron and
hole g factors, A; are parameters which determine the en-
ergy levels of the exciton in the absence of external pertur-
bations, the B; are the components of the magnetic field
vector, and up is the Bohr magneton.

The positions of the energy levels of the bound exciton
were determined by solving the equation

det(H — EI)=0.

We determined the values of the unknown parameters ap-
pearing in (1) from the best agreement between the calcula-
tion and experiment. In the absence of external perturbations,
the energy levels expressed in terms of A, A,, and A; are
at

E([‘])zAI_AZ_zA:;,
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FIG. 5. Splitting of the Xg, and X3, lines under uniaxial compression in the
(001) (a), (110) (b), and {111) (c) directions at T=2 K. The squares and
circles mark the experimental positions of the recombination luminescence
lines. The solid curves give the positions of the recombination luminescence
lines calculated from Eq. (3).

E(F2)=A1—A2+2A3, (2)
E(T3)=A,+A,.

The values of A; determined from the spectral positions
of the J; and J, lines are A;=0.27 meV, A,=—0.2 meV,
and A;=—0.236 meV.

We determined the values of the g factors in (1) from the
best agreement with experiment. Our calculated positions of
the lines in the spectra as a function of the magnetic field are
shown in Fig. 3. We also plotted the dependence of the ori-
entational splitting of the recombination luminescence lines
and their amplitude on the magnetic field strength in Figs. 4a
and 4b. To determine the intensities of the lines correspond-
ing to the exciton ground state, we calculated the relative
probabilities of the optical transitions ~|(I",|d|¥;}|?, where
d is the dipole moment operator and W, are linear combina-
tions of the I';, and I'; states which diagonalize the Zeeman
Hamiltonian. Knowing that the transition from the I', state is
optically forbidden, we can determine the relative intensity
of the recombination luminescence line from the exciton
ground state in a magnetic field for any orientation of the
defect relative to the crystallographic coordinate system. In
plots shown in Fig. 4a, the multiplicity N of the orientational
degeneracy of each exciton state must be taken into account.

A. S. Kaminskii and E. V. Lavrov 598



The calculated results thus obtained are shown in the figure
as solid curves. The values of the g factors which yield the
best agreement with experiment are g,=?2, g'l’=2.68, and
g{|’= 1.27. It is seen from Figs. 3 and 4 that the calculation
and experiment agree well.

In conclusion, we consider the influence of uniaxial
compression of the samples on the recombination lumines-
cence spectra. As was shown in Ref. 4 (Fig. 5), the recom-
bination luminescence line corresponding to the ground state
of the bound exciton (Xg,) splits into three components un-
der uniaxial compression along the (111) direction, while the
line corresponding to the first excited state (ng) splits into
two components. Such behavior is fully explicable within the
proposed model, since no mixing of the I';, I'5, and I';
exciton states occurs for the centers corresponding to com-
ponents / and 3 under uniaxial compression in the (111)
direction. At the same time, mixing of the exciton states
occurs under uniaxial compression for the centers corre-
sponding to components 2, 4, and 5 with the resultant ap-
pearance of the forbidden component 5. The behavior of the
recombination luminescence lines under uniaxial compres-
sion in the (001) and (110) directions can be explained in a
similar manner. Figure 5 presents the dependences obtained
in Ref. 4 of the spectral positions of the recombination lumi-
nescence lines with uniaxial compression of the samples in
the (001), (110), and (111) crystallographic directions. The
solid lines are the results of the calculation we performed.
The Hamiltonian which takes into account the interaction of
the three lower terms (I'y, I';, and I';) and the two upper
states (2I';) can be represented in the form of an eight-
dimensional matrix H (Ref. 5). We determined the positions
of the recombination luminescence lines by solving the equa-
tion

det(H— EI)=0, @)
where
H=H’+H(ay),
H°=A,(A[®0¢)+A,(A;®0))
+ A3(E;® o+ E;® ay)
+A4(A%®00)+A5(A®0,)
+Ag(Ef®0,+E}®0,),
H(o1)=8,0,(A1®00) + 85(0,+ 7,,) (A ® )
+ 63011(Af® ag) + 04(0 4+ ayy)(Af® og)
+ 85( oxyEf® gy
+(1/2)(0— 0,,)E}® )
+ 56(0szi® oot oyin® 09),

the specific forms of the matrices A and E, which transform
according to one-dimensional and two-dimensional represen-
tations of the C,y group, are presented in Ref. 5, oy, is the
stress tensor, A and 6 are experimentally phenomenological
constants, the A; specify the positions of the recombination
luminescence lines in the absence of external perturbations
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and depend significantly on the structure of the center, and
6; specify the interaction of the exciton with the uniaxial
strain field. Note that for uniaxial compression of the
samples, we cannot restrict ourselves to the use of the four-
dimensional matrix, which leads to positions of the recombi-
nation luminescence lines that are linear in the pressure, in
contradiction to the experimental data presented in Fig. 5.
The nonlinear behavior in Fig. S points out a strong interac-
tion of the states considered (I'}, I',, and I';) with the two
upper excited states (2I';). The parameters appearing in the
Hamiltonian H were determined from the best fit between
the calculation and experiment. During the fitting, the param-
eters appearing in (3) were produced by a random-number
generator. Since we do not know the dependence of the lines
corresponding to the 2I"; excited states, the values presented
below for these parameters are arbitrary to a certain extent;
nevertheless, as is seen from Fig. 5, the proposed model
makes it possible to account for the experimental data quite
well. The following values were determined from the opti-
mal fit for the parameters appearing in (3): A;, A,, and
A; coincide with the values which we previously determined
in Eq. (2), A;=177 meV, A5=0.33 meV, A¢=0 meV,
6,=—7.7 meV/GPa, 6,=9.5 meV/GPa, 6;=—41 meV/
GPa, 6,=4 meV/GPa, d5=6 meV/GPa, and =46 meV/
GPa. Note that g is similar to the corresponding constant C
of a free exciton.! However, the values of the 6; for different
centers can differ greatly (for example, ¢ =27 meV/GPa for
B%l), since they depend on the symmetry and the specific
form of the wave function of the bound exciton.

4. CONCLUSIONS

In conclusion, we note that the model considered here
accounts well for all the experimental findings which pertain
to the By, center and are known to us. Attention should also
be focused on the surprising similarity of the principal prop-
erties of excitons bound to trigonal B}, B4, (Ref. 11), and
B, centers (the J lines).

This research was performed with partial financial sup-
port from the International Science Foundation (grants Nos.
MAF000 and MAF300) and INTAS (grant No. INTAS-93-
0622).

UThe individual components in the recombination luminescence spectra are
labeled by X. The indices accompanying X give the spectral position of the
recombination luminescence lines of excitons bound to a B center relative
to the bottom of the free-exciton band. For example, the X3, line is located
48 meV below the exciton band. The indices accompanying B correspond
to the most intense line in the spectrum or the ground-state line. The
designations of the same recombination luminescence lines taken from
Ref. 3 are given in parentheses.

ICenters at which the ground state of the exciton bound to them is a spin
triplet and the first excited state is a spin singlet.

3¢ is the irreducible representation according to which the ground state of
the defect transforms; ['%" and ['§" are the irreducible representations ac-

cording to which the dipole moment opcrator transforms in the C;y, group;
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the I'{* are the irreducible representations according to which the wave
functions of the bound exciton transform in the C,y group.

'G. Davies, Phys. Rep. 176, 83 (1989).

2J. A. Rostworowski and R. R. Parsons, Can. J. Phys. 59, 496 (1981).

3R. Sauer and J. Weber, Physica B 116, 195 (1983).

4A. S. Kaminskii, B. M. Leiferov, and A. N. Safonov, Fiz. Tverd. Tela
(Leningrad) 29, 961 (1987) [Sov. Phys. Solid State 29, 551 (1987)].

A. S. Kaminskii, E. V. Lavrov, V. A. Karasyuk, and M. L. W. Thewalt,
Phys. Rev. B 50, 7338 (1994).

SA. S. Kaminskii, E. V. Lavrov, V. A. Karasyuk, and M. L. W. Thewalt,
Phys. Rev. B 51, 4882 (1995).

600 JETP 81 (3), September 1995

7A. S. Kaminskii, A. N. Safonov, and E. V. Lavrov, Fiz. Tverd. Tela (Len-
ingrad) 33, 859 (1991) [Sov. Phys. Solid State 33, 488 (1991)].

8G. F. Koster, J. O. Dimmock, R. G. Wheeler, and H. Statz, Properties of
the Thirty Two Point Groups, MIT Press, Cambridge, MA, 1966.

9A. A. Kaplyanskii, Opt. Spektrosk. 16, 602 (1964) [Opt. Spectrosc.
(USSR) 16, 329 (1964)].

'9G. L. Bir and G. E. Pikus, Symmetry and Strain-Induced Effects in Semi-
conductors, Wiley, New York; Israel Program for Scientific Translations,
Jerusalem, 1974, p. 247 (Russ. original Nauka, Moscow, 1972, p. 394).

YA. S. Kaminskii, E. V. Lavrov, V. A. Karasyuk, and M. L. W. Thewalt,

Solid State Commun. (1995).

Translated by P. Shelnitz

A. S. Kaminskii and E. V. Lavrov 600



