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Deep states associated with platinum in silicon: A photoluminescence study
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In this paper we present a photoluminescence study of Si:Pt. Two centers were detected. Piezo-
spectroscopy and Zeeman experiments of one center were carried out. The experiment is we11 inter-
preted in terms of a I 3+I &+I 5~I l transition in T~ symmetry. The transition is related to the
donor center of Pt in silicon at E„+0.32 eV.

I. INTRODUCTION

Platinum is usually diffused in silicon to control the
carrier lifetimes. Two levels in the gap are well identified,
an acceptor at E, —0.23 eV and a donor at E„+0.32 eV. '

ESR studies of platinum in silicon were presented some
years ago by Woodbury and Ludwing, and more recently
by Henning and Egelmeers. ' One of these ESR signals
was attributed to the acceptor center. However, to our
knowledge, no photoluminescence (PL) study has been yet
carried out on this impurity. In this paper we present
such a study.

Two spectra characteristic of Si-diffused samples have
been identified and attributed to two distinct defects. One
spectrum has a no-phonon transition at 805 meV, and the
other a no-phonon structure at 810 meV. Piezospectros-
copy and oman experiments were done on one spectrum
(805 meV). The study indicates a T~ site symmetry for
this center, and a suggestion of its nature is made.

II. EXPERIMENTAL DETAILS

The starting materials were fioat-zoned (FZ) or Czo-
chralski n-type silicon. A layer of 600 A of platinum was
deposed on the silicon wafers, and the diffusions were car-
ried out at 850'C, 950'C, 1050'C, or 1150'C for 16 h.

The PL spectra were obtained using a double 0.85-m
Spex monochromator and a cooled germanium photo-
detector. Magnetic fields up to 7 T were generated using
a split-coil superconducting magnet, and the experiment
was carried out in the Voigt configuration. The samples
used in the stress experiments were parallelipiped, and the
typical dimensions were 18g 2)& 1 mm .

The luminescence was excited by the 752-nm krypton
laser line or the 1.06-p, m YAG laser (YAG denotes yttri-
um aluminum garnet) line, the latter excitation was the
more efficacious.

III. LUMINESCENCE AS A FUNCTION
OF THE TEMPERATURE OF DIFFUSION

We have not observed any specific spectrum in the
850'C and 950'C diffused samples. However, the 1050'C
diffused samples show the spectrum presented in Fig. l.
This spectrum consists of only one no-phonon transition
at 805.36 meV, labeled B, and some localized replicas at
789 and 776.3 meV. As the sample temperature increases,
the intensity of the no-phonon line grows, reaching a
maximum at 14 K and then it begins to decrease. This
hot line behavior suggests the existence of another excited
level at lower energy.

In Fig. 2 we present the spectrum of the 1150'C dif-
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FIG. 1. Luminescence spectrum of the Si:Pt 1050 C diffused
sample.
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FIG. 2. Luminescence spectrum of the Si:Pt 1150'C diffused
sample. In the inset the spectrum of the no-phonon transition at
810 meV.
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FIG. 3. Fan chart for [001]stress. The solid curves represent
the theoretical positions of the dipole-allowed transitions, with

the values of A and B given in the text.
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FIG. S. Development of the stress splitting for P~

~
[110]. The

solid curves represent a ftt based on Eq. {I)with the values of A,
B, and C given in the text.

fused sample. A new structure appears, co-existing with
the preceding transition. This new superimposed spec-
trum has a no-phonon structure mth two lines peaking at
811.08 and 810.45 meV. In the inset of Fig. 2 we present
a spectrum of this new set of no-phonon lines with a pro-
posed level scheme. These lines involve a defect distinct
from the one investigated, and are not the main subject of
the paper.

IV. EXPERIMENTAL STUDY

A. Piezospectroscopic experiment
of the 0.805-eV transition

In Figs. 3, 4, and 5, we present the results of the piezo-
spectroscopic experiment relative to the 0.805 eV no-
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FIG. 4. Fan chart for [111]stress. The curves represent the
theoretical positions of the dipole-allowed transitions, with the
values of A and C given in the text.
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FIG. 6. P()[001] and P()[111), some spectra at different
stress intensities.
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phonon line. The experimental positions of the lines were
obtained from spectra such as those of Fig. 6.

1. 1'
l l1001J

For weak stress the 8 line splits into two components,
labeled 8& and 82. As the stress increases a new line ap-
pears at higher energy, labeled C. The 8] line is polar-
ized parallel to [001],whereas the C and 82 lines are po-
larized perpendicular to [001].

806-

2. 1 ll1111J

The 8 line splits into two components labeled Bi and
82. As the stress increases a new line appears at lower en-

ergy, labeled A, and reaches the 8& line at high stress.
The Bq and A lines are polarized perpendicular to [111],
whereas the Bi line is polarized parallel to [111]. The C
line is also seen but with weak intensity, and its polariza-
tion is hard to determine.

3. Pii/110J

In this direction the C and A lines appear as the stress
increases. The 8 line splits into three components, labeled

Bi 82 83 The Bi line is polarized parallel to [110], the
others (A, Bq, Bq) are polarized perpendicular to [110].
A common feature for the three directions is that all lines
remain thermalized together.

B. Zeeman experiment

In Fig. 7, some spectra are shown at a field intensity of
3 or 6 T for H parallel to [001],[111],or [110].
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FIG. 8. Development of the Zeeman splitting for H~ ~[001].

The solid curves are a fit based on Eq. (2). C3 and X indicate
different experimental conditions: The laser power is higher
and the spectroscopic resolution lower for the U points.

1. Hlif001J

In Fig. 8 we present the experimental positions of the
lines. As the field intensity increases, a new line appears
at lower energy, the so-called A line. The 8 line splits
into three components labeled Bi, 82, and 8& in order of
increasing energy. When the slits are opened and the laser
intensity is increased, a new line is also observed at higher
energy (not seen in Fig. 7) labeled Ci. The 8, and 83
lines are mostly polarized perpendicular to [001],whereas
A and Bt lines are polarized parallel to [001].
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FIG. 7. Zeeman spectra for a field intensity of 3 or 6 T.

2. Hlifl11J

8 line splits into three components labeled 8~, 82, and
83 As the field intensity increases, three new lines ap-
pear: one at lower energy, labeled A, and two others at
higher energy, labeled C~ and C2. The experimental posi-
tions of the lines are presented in Fig. 9. A, Bi, and 8&
are mostly polarized perpendicular to [111],whereas Bz is
most polarized parallel to [111].

3. H
i l/1 10J

8 line also splits into three components labeled 8], 82,
83, and as the field intensity increases three new lines ap-
pear, one at lower energy, labeled A, and the others at
higher energy, labeled C] and C2. When the slits are
opened wide, another line labeled C3, is detected. In Fig.
10 the experimental positions of the lines are presented.

Bq line is mostly polarized parallel to [110],whereas 83
and Bi lines are mostly polarized perpendicular to [110].
In the three dimensions, all the lines remain thermalized
together.
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FIG. 9. Fan chart for Hl i[111]. The solid curves represent
the theoretical positions of the transitions.

V. EXPERIMENTAL ANALYSIS

A. General discussion

The uniaxial stress and Zeeman experiments show that
there are two excited levels near the initial level of the
805-meV transition, one at higher energy (initial level of
the C lines, 805.6 meV}, and the other at lower energy (in-
itial level of the A lines, 804.7 meV}.

806-
x

The final state of the transition shows no splitting
under a uniaxial stress or a magnetic field. Consequently
this state should be a singlet. Since no orientational de-
generacy is detected, the symmetry of the defect is Td.
This symmetry group has two representations of dimen-
sionality one: I i and I z. If we choose I i for the final
state of the transition, the B line arises from a I 5~1 i

transition (the only one which is electric-dipole allowed).
The following discussion is made in this scheme (a similar
discussion can be made if B line is interpreted as a
I'4~ I'2 transition).

When stress is applied parallel to [001], the C line ap-
pears. The equivalent operator describing the effect of the
tetragonal component of the stress belongs to I s( T~), and
it can induce a coupling between I'& (transforming as
I'4+I

& in D2d) and I's (transforming as I'&+ I & in D~),
then the only possibility for the C line is that it arises
from a 14~1'i(T~) transition (the 14~1 i transition is
dipole-forbidden in Tz but is allowed when the stress is
applied).

When stress is applied parallel to [111],the A line ap-
pears. As the equivalent operator describing the effect of
the trigonal component of the stress belongs to 1 s(Tq),
and the A line does not appear when Pll[001], we have
two possibilities.

(i) The A line arises from a I"&~I i(Td) transition
[I'3(T~) is reduced to I 3 in C3„].

(ii) A line arises from a I i~l i(T~) transition [I i(Td )

Is reduced to 1 i ill Csy].
But since the A line is polarizai perpendicular to [111],

we can rule out the latter possibility.
The associated energy-level scheme at zero field, with

the deduced labels of symmetry is presented in Fig. 11.
The I'4+I s+I 3 states can be obtained from a I'ski s
product (or I sel 7), like the excited state of an exciton
bound to an isoelectronic center. The ground state of the
system is 'A i. (As we have said the B line can also be in-
terpreted as a I &~I 2 transition, then the C line arises
from a I &~I i transition, the experiment can not rule out
this possibility, but it has less physical meaning. } In the
following section we have chosen the I s I 7 coupling, the
reasons for this choice will be seen later (see Sec. VI).

U)
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FIO. 10. Hl l[110]. The solid curves represent a fit based on
(2), with the values of g„K, and L given in the text. G and X
indicate different experimental conditions: The laser power is
higher and the spectroscopic resolution lower for the 0 points. FIG. 11. Energy-level scheme of the 805-meV transition.
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8. Uniaxial stress

The I z state (or I &) does not split under an uniaxial
stress, but the I s state doe+ split. The effect of a uniaxial
stress on the I s state can be described by the following
operators for [001],[110],or [111]stress:

V( ')=A PJ +BP(J —J)—

Vp~
1 AiP——J +CP(J„Jr+JrJ )+c.p. ,

I' 1 1 1]

J=—
Using for the I i, I 4, and I"

s levels the wave functions
arising from a I 78I's coupling, which can be found in a
standard table for the reduction of products of representa-
tions (the one used here was that of G. Koster and co-
workers ), the diagonalization of Eq. (1) in the initial
states of the transition can be easily done. The theoretical
positions of the dipolar-allowed transitions are presented
in igs. 3, 4, and 5, together with the experimental posi-
tions of the lines. The best adjustment found betQn ween

eory and experiment gives the following tetragonal (8),
trigonal (D), and hydrostatic ( A) coupling coefficients:

A = —0.011 meV/MPa,

8 =0.04 meV/MPa,

C =0.028 meV/MPa .

The polarization of the lines are also in agreement with
the model. For example, in Fig. 12 we present the polari-
zation spectra when P~ ~[001]. The C and 8z lines are po-
arized perpendicular to [001],and the 8i line is, polarized

I's~l i transition in D~, whereas the 8i line arises from
a I q~I ~ transition in D~.

806 805 804
Energy (me V}

FIG. 12. Polarization spectra for the [001] stress (P-100
MPa). (a) Spectrum recorded without polarization; (b) spectrum
recorded with e~

~
[001];and (c) spectrum recorded with el[001].

The magnetic field is rotated in a (110) plane. The solid
curves are a fit based on the Hamiltonian Eq. (2), the
points are the experimental positions of the lines; the line

i is only seen when the slits are wide open; its calculated
intensity (see Sec. V D) is very weak.

Figure 14 shows the polarization spectra when

C. Zeeman effect

The Zeeman interaction in the initial state of the transi-
tion can be described in a very general way by an effective

amiltonian perturbation of the following type:

~ k ~ k

h,rf psg, S H+psK——J H+Lpa(J H +J„H~+J,H, ) .
X x x x

\

In this equation the first term represents the interaction
within I 7 and the second and third terms the interaction
within I s. The best fit to the Zeeman data is found for
the following g„K, and L values:

g, = —0.55,
E =1.1,
I =0.

CD

I
805- X X

The theoretical positions of the dipole-allowed transi-
tions are presented in Figs. 8, 9, and 10 together with the
experimental position of the lines. In Fig. 13 we present
the angular dependence of the lines under study at 6 T.

[oo&] [&11] [&&o]

FIG. 13. Angular dependence of the lines upon rotation of
t e magnetic field in a (110)plane. The field intensity is 6 T
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values of the shallow acceptor centers, which have delo-
calized wave functions as do the calculated wave func-
tions of Ni+.

The Coulotnb field of Pt+ can bind an electron. In the
effective-mass approximation, the ground state of this
electron is ls ( A, + T2+ E) and the binding energy is
31 rneV. This level is split by the valley-orbit and spin-
orbit interactions. Between the two well-characterized in-
terstitial donors in silicon [Li and Mn (Refs. 8 and 9)]
there is a striking difference: the ground state of Li is
E+ T2, whereas that of Mn is zAi. The spin-orbit in-

teraction transforms A i into I 6, T2 into I's+1 7, and E
into I's. The g factor of 17( T2} alone is —0.66, very
similar to the one found. It is this similarity which sug-
gests that the ground state for the electron is I 7( T2) and
not I 6( Ai}, which has a g value of 2. This suggested
behavior (inversion of levels} is somehow similar to inter-
stitial Li in silicon.

The exchange-interaction between the I 7 electron and
the I s ground state of Pt+ gives the initial states of the
transition: I 3+ I 4+I 5.

VII. SUMMARY

In this paper we have presented a photoluminescence
study of Si:Pt. Two transitions are detected, which are re-
lated to two different centers. A detail study of one of
them is presented. The experimental results of this latest
transition are well interpreted in terms of a
I 3+ I 5+ I 4+ I ~ transition in T~ symmetry. The
I 3+I 5+I & levels arise from a I sel 7 product (very
similar to the excited state of an exciton bound to an
isoelectronic center). The energy of this transition sug-
gests that it is related to the donor center of platinum in
silicon. A suggestion of the possible nature of this transi-
tion is presented: a transition with a Pt at an interstitial
site.
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