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Photoluminescence (PL) spectra of excitons bound to the isoelectronic defects B, (1.137 68 eV princi-
pal no-phonon line) created in phosphorus-doped silicon grown in a hydrogen atmosphere as a result of
irradiation by thermal neutrons were investigated in magnetic fields up to 12 T and under uniaxial stress.
The C,, symmetry of these defects was determined unambiguously from the dependences of the Zeeman
splitting and the intensities of spectral components on magnetic-field orientation. The ground state of
the bound exciton is split into a doublet with approximately 30 ueV energy separation. This splitting,
which is not evident in the zero-field spectra because of the selection rules, results in the appearance of
an additional spectral component in a magnetic field. Using group theoretical methods we constructed a
Hamiltonian for excitons bound to the B!, isoelectronic center, which takes into account electron-hole
coupling and interaction with external perturbations. The phenomenological parameters of this Hamil-
tonian were determined from the optimal fit between theoretical and experimental dependences of the
PL peak positions and their amplitudes on magnetic field and uniaxial stress. The proposed model of
these bound excitons explains all of our experimental observations.

I. INTRODUCTION

Investigations of the recombination luminescence of
excitons bound to radiation-damage defects in semicon-
ductors provides valuable information about these de-
fects. The isoelectronic center B, is one of the three ra-
diation damage defects recently discovered' in
phosphorous-doped silicon grown in a hydrogen atmo-
sphere which bind excitons with equal thermal and opti-
cal dissociation energies. This kind of isoelectronic
center has been less extensively studied than bound exci-
tons (BE’s) with optical dissociation energies, which are
considerably greater than their thermal dissociation ener-
gies, (the latter are usually referred to as “pseudodonors”
or ‘“pseudoacceptors”).  Recently, Safonov and
Lightowlers®> have demonstrated that the center B}, in-
corporates two hydrogen atoms in nonequivalent posi-
tions. However, the symmetry and details of the struc-
ture of B!, have not been determined. Kaminskii,
Safonov, and Lavrov! found several excited electronic
states of BE’s associated with B}, which can control the
BE lifetime and its temperature dependence, because
electron-hole recombination in the ground state is par-
tially forbidden. The goal of the present work was to in-
vestigate the symmetry of Bl isoelectronic centers, to
characterize the ground and the excited electronic states
of corresponding BE’s, and to furnish a model describing
electron-hole coupling accounting for the energy-level
structure of these BE’s using perturbation photolumines-
cence (PL) spectroscopy and methods of group theory.

II. EXPERIMENTAL TECHNIQUE

We studied the samples of phosphorus-doped
(Np=2X10" cm~?) silicon grown in a hydrogen atmo-
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sphere by the floating-zone technique. The samples were
irradiated with a beam of thermal neutrons at a dose of
10" c¢cm™?, corresponding to a transmutational phos-
phorus content of 2X 10" ¢cm ™3 (the cadmium number
K =200). The irradiated samples were isothermally an-
nealed for 30 min in a muffle furnace at the annealing
temperature of 460—470°C depending on the sample ori-
gin.

The uniaxial stress technique developed in Ref. 3 was
used to achieve the best stress homogeneity. For that
purpose the samples were cut in a form of parallelepipeds
with dimensions 2 X2 X20 mm? with rectangular pyram-
ids on the ends. The samples were x-ray oriented in
(001), (111), and (110) crystallographic directions.
The ends of the pyramids were positioned in the centers
of conical holes stamped in the brass pistons to which
force was applied by a push rod with weights on the top.
The stress rig with the sample was placed either into a
variable temperature He cryostat with temperature set in
the range between 5 and 20 K or into an immersion He
cryostat. 0.3 W cw radiation from a Ti-sapphire laser
(Spectra Physics) tuned to 80 u wavelength was used to
photoexcite the samples. Linear splitting of the no-
phonon line a,; of excitons bound to neutral phosphorus
donors was used for the precise stress calibration.

The Zeeman effect measurements were performed in
liquid He with the sample in the two inch bore of a 12 T
superconducting solenoid (Oxford Instruments). The
sample orientation could be changed accurately between
(001) and {110) in a (110) crystallographic plane by ro-
tating the sample around its {110) axis which was per-
pendicular to the magnetic field. PL radiation emitted
from the sample perpendicular to the field (Voigt
configuration) was collected by a system of mirrors, col-
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limated by a lens, and analyzed using Fourier-transform
interferometer (BOMEM DAS) fitted with a cooled
In, Ga,_,As photo diode at spectral resolutions of up to
0.025cm™ .

III. RESULTS AND DISCUSSION

The samples subject to no external perturbation show
at 17 K four strong features in near band gap PL spectra
(Fig. 1), X}, at 9176.29 cm ™!, X5 at 9178.87 cm ™!, X,
at 9185.48 cm ™!, and X}, at 9187.9 cm ™! where the la-
bels are those introduced by Kaminskii, Safanov, and
Lavrov! The amplitude ratios of these four features de-
pend on the sample temperature but do not change from
sample to sample, which implies that all four components
are due to the same center, namely B;,. The amplitudes
of X}, and X, are comparable with those of X}, and X},
only above 10 K, and are vanishingly small at 4.2 K. The
spectrum is dominated by the transitions X}, and X},
which arise from the first two excited states of Bl be-
cause the optical transition from the ground state is par-
tially forbidden;! as a consequence PL intensity increases
dramatically when the temperature is raised from 1.6 to
10 K. Our uniaxial stress and Zeeman effect measure-
ments were designed in order to determine the symmetry
of excitons bound to B7, and thus to help determine the
structure of this defect.
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FIG. 1. A photoluminescence (PL) spectrum of excitons
bound to the B}, centers taken at 17 K without external pertur-
bation of the sample. We employ the labeling scheme from Ref.
1. Upper-case letters X label observed spectral components
with subscripts and superscripts showing the energy separation
of a given spectral feature from the free exciton (FE) no-phonon
(NP) edge. For example, X}; is 16.8 meV below the FE, etc.
The inset shows the energy levels of the bound excitons on B},
labeled by corresponding irreducible representations in the no-
tation of Koster ez al. (Ref. 4) and possible optical transitions to
the ground state of the center B,. f stands for the forbidden
optical transition from the state I, to the state I',.
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A. The Zeeman effect measurements

Figure 2 shows the evolution of PL spectra of excitons
bound to the B, defects in a weak magnetic field with
{001) orientation. In Fig. 2, the spectra recorded at (a)
0, (b) 0.25, and (c) 0.50 T are shown by solid lines. Dots
and dashed lines represent experimental and calculated
PL peak positions, respectively. The spectra were
recorded at a low temperature of 2 K when the lines X ¢,
and X!, vanish. In a magnetic field the line X {3 remains
unsplit (component 4) at an approximately constant posi-
tion while the line X}, splits into two components, 2 and
3. One more component, 1, appears in a magnetic field
with the amplitude increasing rapidly when the field in-
tensity increases from 0 to 0.5 T. This component is ab-
sent at zero field, indicating that the corresponding dipole
optical transition is prohibited.

When the field is increased up to 12 T, components 2,
3, and 4 thermalize and only component 1 remains in the
PL spectra at low temperatures. Figure 3 shows the
dependences of the peak positions on the magnetic field
with (001), (111), and (110) orientations in the range
0-12 T. For the magnetic field orientations other than
{001) the number of spectral components is greater than
four, with two components evolving from the lowest
zero-field energy level of the BE. Only these two com-
ponents remain in the spectra at low temperatures in a
strong magnetic field. This doublet splitting of the low-
energy component in a magnetic field is due to the
different possible orientations of the defect with respect
to the magnetic field. The absence of this orientational
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FIG. 2. NP PL spectra of BE’s on B!, in a weak (001) mag-
netic field at 2 K and (a) 0.0 T, (b) 0.25 T, (c) 0.50 T (Voigt
configuration). Dashed lines show calculated and dots show ex-
perimental peak positions as a function of the magnetic field.
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splitting for magnetic fields with (001) orientation indi-
cates that all the B, centers are oriented equivalently
with respect to the (001) crystallographic axis, there-
fore, the B!, radiation damage defect has trigonal sym-
metry with the main axis oriented along one of the
equivalent { 111) crystallographic directions.

B. Theoretical model of excitons bound to B}, center

The results of the Zeeman effect measurements can be
explained by a simple model in which the defect has a
C;y symmetry with the main threefold rotation axis
aligned with one of the equivalent { 111) crystallographic
directions. The defect potential with such a symmetry
should split the fourfold degenerate hole state derived
from the top of the valence band into two doublets, T,
and ([s+T) (in the notation of Koster et al.*). It may
also combine the six electron states associated with the
six conduction band minima into the valley-orbit com-
binations with the valley-orbit splitting onto four energy
levels, ground state I'; and excited states 2I'; and T,
(electron spin is not taken into account because of the
negligible spin-orbit interaction). Throughout this paper,
we will assume that the electron occupies the ground
state I"| (T, if spin is taken into account) with energy sep-
aration from the excited electron states exceeding
significantly any other splitting of the BE energy levels.

The hole states will be expanded in the orthonormal
basis:

¢1=%2(|3/2;3/2)—i|3/2;—3/2)) :

¢2=—‘/l—§(~il3/2;3/2>+l3/2;“3/2>) :

#3=13/2,+1/2) , ¢,=13/2,—1/2),

where |3/2,m ),m=%3/2,%1/2, represent the canoni-
cal basis for the angular momentum j=3/2. The func-
tions ¢, and ¢, form the bases of the group Cj; irreduc-
ible representations I's and T, respectively, and the func-
tions @5 and ¢, form the basis of the I', representation.
Coupling of the hole in the BE with the electron spin
transforming as T, results in the splitting into five energy
levels (D,+Ts+T)'@{=T,+T,+3I; (Fig. 1). The
final state transforms according to the unit representation
T',; as a consequence, at zero magnetic field the dipole op-
tical transitions from the state I', of the BE are prohibit-
ed. We assume that the state I', is the ground state of the
BE, because the PL peaks associated with the ground
state in a magnetic field disappear at zero field. We also
assume that the BE states derived from the hole states ¢,
and ¢,, ([s+Tg)"®@5=2T; correspond to the lines X,
and X1, and, therefore, have significantly higher energy
than the states derived from the hole states ¢; and ¢,,
r*er{=r,+T,+; The latter give rise to the lines
X1, and X}3. The Zeeman splitting is small if compared
with the splitting between the pairs of components X b
X!, and X};, X; therefore, we can neglect the coupling
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between the BE states with the hole ¢5,4, and the states
with the hole ¢,¢, in our interpretation of the Zeeman
effect.

Therefore, we assume that at zero field the ground
state of the BE incorporates the hole occupying the states
', with the approximate angular momentum projections
on the defect axis m;==*1/2. Interaction of the hole in
this state with the electron in the state I’ splits the
ground state of the BE into three substates
r‘®ri=r,+r,+TI,. Dipole optical transitions from
the state I'; to the ground state of the defect I'; are
prohibited, therefore, only two spectral components X},
and X }; corresponding to states of the BE associated with
the I'y hole state can be observed in the zero-field PL
spectrum (the bottom spectrum in Fig. 2). However,
when a magnetic field is applied, the symmetry of the sys-
tem is reduced still further and dipole optical transitions
from the states evolving from the zero-field state I'; be-
come allowed. Correspondingly, additional components
associated with this state appear in the spectra (com-
ponent 1 in Fig. 2) with the amplitude growing rapidly
when the magnetic field is increased from 0 to 0.5 T. In
magnetic fields with (001) orientation, the zero-field BE
state I'; splits into a doublet (components 2 and 3) and
the state I'; remains unsplit (component 4). When the
field is increased further, components 3 and 4 anticross in
accordance with theoretical predictions (Fig. 3). Thus
the evolution of the PL spectra in a magnetic field, which
is shown in Figs. 2 and 3, provides reliable identification
of the zero-field BE energy levels.

The Hamiltonian of a BE in a magnetic field

H=H°+H(B), (2)

where HC is the zero-field Hamiltonian and H(B) de-
scribes the interaction with the magnetic field, can be
presented as a 4X4 matrix in the basis of the products
émb,, where ¢,, m=3,4, and §,, p=1,2, form the
single-hole and single-electron bases, correspondingly,
with quantization axis aligned with the defect. We con-
structed this matrix from symmetry considerations using
the method of invariants of Bir and Pikus.” The zero-
field Hamiltonian H can be expressed in a form of the
linear combination

H°=A(0,®0¢)+A)0,80,)+As0,80,+0,80,),
(3)

where o,, 0, and o, are the Pauli matrices, o is the
2 X2 unit matrix, and the phenomenological interaction
constants A;, A,, and A; define the zero-field energy lev-
els of BE

E(T)=A,—A,—24,
E(T)=A,—A,+24, @)
E(F3)=AI+A2 .

Equation (4) in combination with the zero-field positions
of the lines X},,X.; and the extrapolated zero-field posi-



S0 PHOTOLUMINESCENCE OF EXCITONS BOUND TO THE. ..

T T T T T T T T
| 4 n
9180 |= 8
- 2 —
9170 - -
. [ (a) B|<001> !
n T TR T NN NN SN W Y W O W=
g M= ng
%9180— :
w0 L
= »
()
a L
= 9170 |-
a - >
S - (b) Bl|<111>
o SN S S S NN NN T O N B
=i
o, T T T T T T |
- g 7
9180 |= =
=
9170 |-
| (c) Bll<110>
Lo v v 1
0

10
Magnetic Field (T)

FIG. 3. Dependences of the PL peak positions on a magnetic
field with (a) (001), (b) {111), and (c) (110) orientations. Dots
show the experiment and solid lines show the theory.

tion of component 1 in Fig. 2 gives immediately the
values of the constants A;=9276.88 cm™!, A,=—0.59
cm™ !, and A;=—0.73cm ™.

The Hamiltonian of the interaction with the magnetic
field can be expressed in a similar manner as the linear
combination

H(B)=1uy |g° 3 Bi(o®0;)+g!B,(0,80))

i=x,y,z

+g?[B.(0,800)+B,(0,80,)] [, (5)

where pp is the Bohr magneton, and gﬁ‘=1.3 and
g"=2.88 are the hole g factors which were determined
from the best fit to experimental data (Fig. 3). We as-
sume that the electron can be characterized by a single
isotropic g factor g¢=2.0.

In order to verify that the center Bl, has C;;, symme-
try we have recorded the Zeeman spectra at constant
fields of 6 and 12 T with the sample orientation changing
gradually between (001) and (111) in a (110) plane.
The angular dependences of the peak positions and am-
plitudes at 12 T are presented in Fig. 4, where the solid
lines represent the results of calculations based on the
model described above. As one can see, the patterns of
these angular dependences are in good agreement with
experimental data. These patterns depend on the symme-
try of the center and on the ratio r=gﬁ'/gil (Fig. 5),
therefore, they enable identification of the point group of
the defect.

Any defect in a cubic crystal belongs to one of the five
crystal classes: triclinic, monoclinic, trigonal, tetragonal,
or rhombic. The crystal class uniquely defines the pat-
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FIG. 4. Zeeman splitting of the ground state of BE’s on the
centers B}, (bottom) and amplitudes of corresponding spectral
components (top) as measured from the PL spectra at 12 Tin a
magnetic field with different orientations. Dots, circles, and
pluses represent experiment, solid lines represent theory. 6 is
the angle between the magnetic field and the (001) crystallo-
graphic direction. The (110) crystallographic plane is parallel to
the magnetic field. The splitting is due to the different possible
orientations of the defects B, with respect to the magnetic field.
n is the orientational degeneracy of the corresponding PL com-
ponent.
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FIG. 5. Predicted angular dependences of the ground-state
orientational splitting and of the PL peak intensities in a mag-
netic field for BE’s on isoelectronic centers with C; or C;, sym-
metry. The (170) crystallographic plane is parallel to the mag-
netic field. The angle O between magnetic field and the (001)
crystallographic direction increases from the left- to the right-
hand side of each diagram.
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tern of the angular dependence of the orientational split-
ting in magnetic fields. However, this dependence alone
does not uniquely define the point group of the defect.
For instance, a trigonal defect in silicon may have one of
the two point groups C; or C;, (Ref. 6). In both cases
the angular dependence of the orientational splitting will
have the same pattern (Fig. 5). For instance, the center
responsible for the lines J,,...,Js observed by Sauer
and Weber’ in phosphorus-doped Si irradiated with neu-
trons must have a trigonal symmetry and gﬁ' <.gi' accord-
ing to the angular dependence observed by Sauer and
Weber for the splitting of the line J, in a magnetic field.
We found that the point group of the defect can be deter-
mined unambiguously from the angular dependence of
the peak amplitudes if gﬁ’#:gf. This dependence can be
calculated by evaluating the dipole momentum operator
matrix elements on the set of proper linear combinations
of ¢,,5, which diagonalize the Hamiltonian (2). In doing
so it is important to take into account properly the de-
generacies of corresponding eigenstates. The results of
these calculations for the center with C; or C;; symme-
try and gl’l' <gi’ or gﬁ' >gf are summarized in Fig. 5. We
assumed in our calculations that in a zero magnetic field,
dipole transition probabilities are the same for every state
in the triplet. We believe that this is also the case for the
centers I, (Ref. 7). From the comparison of Figs. 4 and 5
it is obvious that the center B}, has a C;;, symmetry. It
is remarkable that in this case when gl'l' <gi’ the angular
dependences of the peak positions and amplitudes look
qualitatively the same. In our opinion the method de-
scribed above can be used for the point-group
identification of other defects as well.

C. Uniaxial stress measurements

Interpretation of our uniaxial stress experiments re-
quires taking into account the hole states I's and I'¢, be-
cause under large uniaxial stress these states mix with the
states I'y. Thus we have to construct the Hamiltonian

H=H+H(o), 6

where o, is the stress tensor and H(o ;) describes the
influence of stress on BE states, in the full basis of eight
functions

Vp=0¢mb, (m=1,...,4and p=1,2). (7

We have constructed a Hamiltonian (6) using the
method of invariants of Bir and Pikus® from sixteen
linearly independent matrices, 41, 42, 43, 4}, 42, 43,
El,E2, E} E} E}, E), E}, E}, E}, and E; shown in Ap-
pendix A, which transform as partners in the basis ¢,, ac-
cording to irreducible representations of the group C,;,
and the Pauli matrices o, 0, 0,, and the 2 X2 unit ma-
trix o, in the basis {, representing the electron. The
8 X 8 zero stress Hamiltonian matrix H° has the form

H°=A((A]180())+A)NA}®0,)+AyE}®0, +E)®0,)
+A, 4200, +As4200,)
+A(Ef®0, +Ej®0,), (8)
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FIG. 6. Peak positions as a function of uniaxial stress in (a)
{001), (b) {111), and (c) (110) orientations. Dots represent
experiment and solid curves represent theory.

with phenomenological electron-hole interaction con-
stants A}, A,, and A, the same as in Eq. (3), A¢ set to zero,
and A,=11.21 cm ™!, A;=1.21 cm ™! as found from the
best fit to the experiment (Fig. 6). The stress Hamiltoni-
an matrix H(o ;) has the form

H(0})=8,0,(A4]800)+8,(0,,+0,,)(4]80))
+830,(A180()+84(0,, +0,,)(A4180,)
+85(axyE3® 0ot1/20,—0y, )Ef@ao)

+8¢(0 ,E}®0+0,E}®0,) , 9

with phenomenological constants §;=7.7 meV/GPa,
§,=—9.8 meV/GPa, 6;=17.3 meV/GPa, 5,=—18.2
meV/GPa, 8;=147.5 meV/GPa, and &z==27.5
meV/GPa, as determined from the best fit with the ex-
periment (Fig. 6). For generality we have constructed
also the Hamiltonian H(B) of the interaction with a mag-
netic field in the full basis (7) which is shown in the Ap-
pendix B. As one can see, the proposed model for BE’s
associated with the isoelectronic centers B!, can explain
all experimental observations.
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APPENDIX A

The following matrices were constructed in the basis of
functions ¢,, (1) and they transform as partners accord-
ing to irreducible representations I'; of the point group
Cip. A plus or minus in the parentheses indicates even
(+) or odd (—) parity with respect to time inversion.

Iy
A{=0,80, (+),
Al=0,®0, (+),
Ai=o®0, (—).
Iy

1
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I

El=0,80, (—), Eyl=02®ay (=),
El=0,X(0,+0,) (+),
Ey2=ax80x+ay®oo (+),
E3=ax®ax—ay®ao (+),
E}=0,X(0,~0,) (+),
E,‘:'=<r,‘®ao+ory®ax (=),
E}=0,8(0,—0,) (—),
E}=0,8(0,t0,) (—),

E)=0,80,—0,80, (—),

10 00
91 loof> 927 |01
APPENDIX B

In the basis of eight functions ¥,,=¢,(, (7)
(m=1,...,4;p=1,2) the Hamiltonian of the interaction
with the magnetic field has the form

H(B)=1pp{g{1,2B.(A1®0,)+8%1,,)[B,(4]180,)+B,(A4]80,)]+g]1,B,(4;80))
+g%1,)[B.(E}®0o)+B,(E!®0a,)]+g{3,,B,(41i80),)
+gj(3/2,[B,,(A%@ax)+B,(A%aay)]+gﬁ",/2,3,(A§®ao)+gf(m,[Gx(E,t@aoHBy(E;@ao)]} ,

: h h n n
where p1p is the Bohr magneton, and the g factors g1 ,2), 1(1/2)» & (172 81121 8 (3/20» & 1(3/2)» & (3/2)» 30d & [(312) Can be

determined from comparison with experiment.
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