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A thorough investigation by means of perturbation spectroscopy and electron paramagnetic reso-

nance has been carried out on the line spectrum at about 8000 cm™
The uniaxial stress and Zeeman results show that this center has

platinum-doped silicon.

!, recently observed in

tetrahedral symmetry. The optical transitions are conclusively identified as excitations to donorlike
excited states from a I';(T,) ground state, and substitutional Pt in its singly positively charged state

is suggested as the center’s chemical origin.

I. INTRODUCTION

Platinum-related centers in silicon have been extensive-
ly studied over the years, in particular the biaxial-Pt
center which was observed already in the early 1960’s in
the electron paramagnetic resonance (EPR) experiments
by Ludwig and Woodbury.! This center has been
identified as the isolated negatively charged substitutional
center (Pt™) showing C,, point-group symmetry con-
sistent with a superposition of tetragonal and trigonal
distortions. The similarities between the electronic prop-
erties of Pt™ and the well-established properties of the
monovacancy in silicon resulted in the vacancy model®
for the platunim center. This model assumes that plati-
num in a closed-shell configuration, 5d19, enters a vacan-
cy and the electronic properties are essentially similar to
the vacancy. Pt~ has also been studied by means of
different junction space-charge techniques from which
the activation energies for transitions between different
charge states have been determined. The levels in the
band gap are E,+0.32 meV (Pt°—Pt*) and E.—0.23
meV (Pt°—Pt™) (Ref. 3); the acceptor level being found
above the donor level in the band gap, which is also the
case for gold* in silicon. Sharp-line spectra have recently
been observed in platinum-doped silicon using different
techniques, e.g., photoluminescence,’ absorption,® and
photothermal ionization spectroscopy’ (PTIS). A typical
transmission spectrum is presented in Fig. 1. The transi-
tions at photon energies in the range 7380 to 7800 cm ™!
have been conclusively ascribed to the isolated Pt center
by a combination of experimental results obtained by
photo EPR and by PTIS.® These lines have their origin
in bound-to-bound hole transitions from the deep ground
state to delocalized shallow excited hole states at the neu-
tral isolated Pt center (Pt°).

The already mentioned PTIS study reported on the ob-
servation of a new Pt-related line spectrum. The spec-
trum consists of three sharp lines at about 8000 cm!,
which were labeled T, T,, and T'; (see Fig. 1). No infor-
mation on the origin of these T lines could be established,
but it was convincingly demonstrated that the 7 lines did
not belong to the acceptor spectrum. Furthermore, the
three lines were always observed with the same relative
intensity, indicating that they have a common origin, and
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it was also found that, for a specific shallow-dopant con-
centration of the starting material, their intensity relative
to the acceptor lines was similar in different samples.

The total potential seen by a charge carrier bound to a
defect in a semiconductor can be divided into two parts.
One which is short range, and a second long range, being
the well-known screened Coulomb potential. Shallow
donor and acceptor states are derived from the bottom of
the conduction band and the top of the valence band, re-
spectively, and their wave functions are extended in real
space. In the central-cell region, where the localized po-
tential is strong, the amplitude of the wave functions of
the p-like states is small and, thus, they are only affected
to a minor extent by a central-cell correction. This im-
plies that the p-like states of shallow donors and accep-
tors in silicon are well described by the effective-mass
theory (EMT),’ which accounts for the energy-level struc-
ture caused by the screened Coulomb potential. The
shallow states are thus uniquely defined by the semicon-
ductor material only and may serve as a “fingerprint” for
the donor or acceptor bound-to-bound transitions. The
EMT level scheme has, therefore, been successfully ap-
plied to several deep-level spectra in silicon.!° 3 How-
ever, the electric-dipole selection rules and intensities de-
pends on the electronic properties of the specific deep
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FIG. 1. Transmission spectrum of Pt-doped silicon showing
sharp-line spectra due to the acceptor and the 7-line center.
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center, since the localized potential determines the elec-
tronic properties of the ground state. Such effects have
been observed in the spectra for the deep chalcogen
donors in silicon,'® where an EMT-forbidden (but sym-
metry allowed) intra-1s transition has comparable intensi-
ty to the strongest EMT-allowed transitions. A line spec-
trum obtained from Ag-doped silicon'? was interpreted as
dominated by EMT-forbidden transitions. This shows
that a comparison with shallow-level spectra may give
useful information in many cases, but exceptions to the
“fingerprint rule” may be expected. In the PTIS work,’
the T lines were not observed as part of an EMT series,
which made an analysis based on line spacings and rela-
tive intensities impossible. Furthermore, no electronic
continuum was observed, as in the case of the Pt-acceptor
spectrum and, hence, no combined photo EPR and PTIS
experiments were possible. Thus, the electronic proper-
ties and the chemical origin of the T-line center remained
unknown.

Perturbation methods in conjunction with, for exam-
ple, transmission measurements, may give useful informa-
tion on the electronic properties of defects in semicon-
ductors. Uniaxial-stress spectroscopy has proven to be a
valuable tool for studying centers showing orientational
and/or electronic degeneracy and may determine their
symmetry properties. This method can also be used to
bring different states into near resonance, thereby
enhancing the coupling between states of equal symmetry
and making originally invisible lines visible. An analysis
of such stress patterns may establish the symmetry of the
center and indicate the labeling of the wave functions,
i.e., the irreducible representation and row index of the
relevant point group according to which they transform.
The fitting parameters of a parametrized theoretical mod-
el, may be related to the spin-orbit (s.0.) coupling or the
exchange interaction, for example, and the method can
therefore be used to determine the strength of such
effects.

Stress can only affect the orbital part of the wave func-
tions, leaving half-integer spin systems at least twofold
degenerate due to Kramer’s degeneracy. Zeeman spec-
troscopy is yet another common perturbation method ap-
plied to numerous defect problems in semiconductors
which enables studies on the spin part of the wave func-
tion. This method gives information on certain proper-
ties, such as g values and total spin, which are difficult or
even impossible to obtain by other methods, in particular,
when no EPR signal can be detected. Furthermore, EPR
measurements offer information on the ground state only,
whereas in Zeeman spectroscopy, both the ground and
the excited states are probed.

The purpose of this paper is to report on a detailed
study on the platinum-related 7 lines by means of
transmission spectroscopy in combination with uniaxial
stress and a magnetic field. The experimental data are
fitted to a simple model based on EMT and the
deformation-potential approximation (DPA) (Ref. 14) for
donor impurities. The excellent agreement between
theory and experiment enables a symmetry labeling and
an identification of both the initial and final states. A
tentative assignment of the chemical origin and the

charge state is presented and the possibility of lattice dis-
tortions, as previously observed, for Pt~ is discussed.
The outline of the paper is as follows. After a presenta-
tion of the sample preparation procedures and experi-
mental conditions, preliminary stress results are present-
ed and, to some extent, discussed in order to determine a
possible identification of electronic states involved as well
as to establish a theoretical model for the experimental
data. In the next section of the paper, we present the
parametrized theoretical model, followed by a full presen-
tation of the experimental results, which are then dis-
cussed in detail. Finally, we conclude and tentatively as-
sign the chemical origin and charge state of the 7-line
center.

II. EXPERIMENTAL DETAILS

The samples used in this study were prepared by means
of solid-state diffusion. High-purity platinum was sput-
tered onto the surfaces of lapped, polished, and etched
(HF+H,0) floating-zone silicon. An x-ray elemental
analysis of the thin platinum layer after sputtering
showed no contamination by other elements from, for ex-
ample, the platinum source or the sputtering apparatus.
Several diffusion experiments were carried out on
different starting materials: phosphorus-doped n type
with resistivities of 0.09, 0.15, and 5.0 Q cm and boron-
doped p type with resistivities of 0.6, 3.5, 10, and 14
Qcm. Sputtering for about 1 h resulted in an approxi-
mately 100 nm thick platinum layer. After sputtering,
the samples were placed in quartz ampules containing ar-
gon gas at about 300 mbar and then sealed. The heat
treatment was carried out at a diffusion temperature of
about 1260°C for 6 days, followed by a fast quenching to
room temperature in diffusion-pump oil. After orienta-
tion by x-ray Laue backscattering, samples were cut in
the three main directions (100, (110), and (111) with
typical dimensions of about 2 X2 X 6 mm? for the uniaxial
stress experiments and about 8 X5X3 mm? for the Zee-"
man experiments. The dimensions were measured using
a micrometer screw. Different optical filters and polariz-
ers were used when necessary.

In the case of samples for uniaxial stress experiments,
the end surfaces were lapped parallel and the uniaxial
stress was applied to the samples by a pneumatic cylinder
via a pushrod made of stainless steel. The magnitude of
the stress was calculated from the gas pressure in the
cylinder and the sample area. In the transmission experi-
ments, the sample temperature was kept at about 10 K in
a Leybold continuous-flow cryostat using liquid helium as
a coolant.

In the Zeeman experiments, an Oxford Instruments su-
perconducting split-coil spectromagnet was used in the
Voigt configuration. The maximum magnetic field was
6.5 T. The sample temperature was accurately controlled
in the range 1.6-30 K with a temperature-control unit.
All spectra were recorded with a Bomen DA3 02
Fourier-transform infrared spectrometer equipped with a
liquid-nitrogen-cooled InSb photodiode detector.
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In order to establish the conditions for a maximum ab-
sorption signal due to the T lines, several diffusion experi-
ments were carried out. In our case, the highest intensity

III. REMARKS ON PRELIMINARY RESULTS
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was found using 0.6 Qcm p-type material for the

diffusion conditions presented above. In these samples,

the acceptor lines were almost invisible. The uniaxial-
stress behavior of the T lines, for stress parallel to the
three main directions, is presented in Fig. 2. It is notable
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FIG. 2. Transmission spectra showing the response of the T lines to uniaxial stress parallel to (a) [001], (b) [110], and (c) [111]. The
straight lines indicate the stress shifts of the unequivalent conduction-band minima.
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that no splitting and only a small center-of-gravity shift is
observed for stress parallel to [111], whereas large split-
tings are observed for both the [001] and [110] directions.
The nonsplitting behavior for [111], and the stress-
induced linear shift rates at higher stresses for the [001]
and [110] directions are characteristic of the conduction-
band minima in silicon. In order to make this observa-
tion more transparent, the straight lines in Fig. 2
represent the stress response of the conduction-band
minima of silicon. The close agreement immediately sug-
gests that the T-line final states are associated with the
conduction-band minima. It may therefore be assumed
that at least the final states of the transitions involve
donor states which can be described by EMT and DPA.
It may further be concluded that the T lines have a com-
mon origin since the stress components show avoided
crossing behavior due to mixing effects at about 25 MPa
for stress parallel to [001] and at about 50 MPa for stress
parallel to [110]. Such behavior is only possible for states
belonging to the same center. The nonsplitting behavior
seen for stress along [111] and the close agreement be-
tween the experimental data and DPA for the other two
stress directions, suggests that no orientational degenera-
cy is present at the 7T-line center. It is very important to
emphasize that there may be other effects that make an
orientational degeneracy difficult to detect. One such
effect is stress-induced reorientation, previously reported
for the Pt~ center.’* However, it is possible to analyze
our data, assuming tetrahedral symmetry and, we com-
ment further below on the possibility of a symmetry
lower than T, for this defect.

At higher stress parallel to [110], the T lines split into
six components. In the case of [001] stress, five com-
ponents are readily observed. However, a close inspec-
tion reveals six lines for [001] stress and the sixth line, al-
though of low intensity, is found on the high-energy side
of the upper component of the T'; line at higher stress.
The number of stress-induced components observed for
stress parallel to [001] and [110] is six, which equals the
number of conduction-band minima in silicon. This gives
an important piece of information in the theoretical eval-
uation of the experimental data.

The theoretical model, presented below, is thus based
on EMT and DPA. It is well known that deep levels in
silicon may have a series of excited states bound by the
screened Coulomb potential. In the case of shallow
donors, the excitation spectra show transitions only to
shallow p-like states, which under uniaxial stress follow
their respective band edges rigidly. Deep-level excitation
spectra show, however, in most cases, in addition to the
p-lines, excitations to s-like states. Assuming that the T
lines involve p-like donor states, it is most probable that
not only a few but a complete series in a narrow-energy
range should be observed, as in the case of shallow
group-V and the deep chalcogen donors. We therefore
assume that the T-line spectrum involves transition to s-
like donor states, as in the case of the Ag-related donor in
Si.12 It is interesting to note that an s state is sixfold de-
generate (excluding spin) due to the six equivalent
conduction-band minima of silicon, a degeneracy which
equals the number of stress-induced components ob-

served for the T lines. This sixfold degeneracy is, for all
donors in silicon, known to be at least partly lifted by the
valley-orbit interaction and central-cell effects, in accor-
dance to the relevant point-group symmetry.

IV. THEORETICAL CONSIDERATIONS
A. Model for the center

We consider the final states as being built up from an
originally sixfold degenerate shallow-donorlike s state. It
is well known that for tetrahedral centers, e.g., the shal-
low group-V donors and the deep chalcogen donors, the s
states are split into an orbital singlet ns(A4,), a doublet
ns(E), and a triplet ns(T,). In the case of, for example,
the chalcogen donors, the ground state was experimental-
ly shown to be 1s( 4,), in accordance with full theoretical
calculations.'® However, we assume, for reasons to be dis-
cussed below, that the central-cell potential of the T line
center is not able to substantially alter the binding energy
of any of the EMT-like donor states. For a given s-like
donor state, therefore, all the six linear combinations are
nearly degenerate and we consider the 4, E, and T,
combinations of an s-like state as final states in the T-line
transitions.

The orbital parts of the wave functions are written as
symmetry-adapted linear combinations of the six
conduction-band minima:

6

V=73 a;F;(r)$;(r), (1)
j=1

where F;(r) are the EMT-envelope functions and ¢,(r) is

J
the Bloch function for the jth minimum. The coefficients

a; are determined from symmetry considerations and are

given by

A, a, (1/v6)(1,1,1,1,1,1);
E 6 (a/v12x—1,-1,—1,—1,2,2),
£ (1/2)(1,1,—1,—1,0,0); 2
T, x (1/v2)(1,—1,0,0,0,0),
(1/v2)(0,0,1,—1,0,0),
z (1/v2)(0,0,0,0,1, —1);

where the vectors indicate the contributions from the
X, —X, ¥, —Y, z, and —z conduction-band valleys, re-
spectively. The excited electron has a spin of 1. The
spin-1 functions span the I'¢ irreducible representation of
the T, double group. Taking spin into account, the irre-
ducible representation for the combined states are given
by the direct product between I'q and the orbital parts
(A, E, and T,). A, XTg transforms as I'q, EX T, as
I's, and T, XT'g as I';+T'g. The spin-orbit interaction is
important for the electronic structure of the heavier
group-V donors and the EMT-like donor states of the
chalcogen double donors. Considering the heavy element
Pt, this may very well be the case for the T-line center
and in our model we invoke a splitting of the T, state
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into a I'; and a I'g state due to the spin-orbit interaction.
The spin-orbit term in the Hamiltonian transforms ac-
cording to the totally symmetric 4, irreducible represen-
tation and, hence, it may also mix states of equal symme-
try, e.g., the I'g states derived from E and T,.

B. Spin-orbit interaction

The spin-orbit Hamiltonian in T; symmetry is given by

h
HSAO‘:W(VUXP)'O'z\"U . (3)
We define two spin-orbit parameters, &; and &,, which de-
scribe the spin-orbit interaction within the manifold of
T, states giving rise to the splitting between I';(T,) and
I's(T,) and the coupling between the I'g(T,) and I'g(E)
states, respectively. &, and &, are defined by

§1:_21< T2’x]Vy|T2>z> )
&=iv/I(E|V,|T,,z)

in accordance with Ref. 17. The spin-orbit matrix is
presented in the Appendix.

4)

C. Uniaxial stress

The shift of the jth conduction-band minimum under
uniaxial stress was calculated using DPA. The jth
conduction-band minimum has stress-induced energy
shift, with respect to the center of gravity of the conduc-
tion bands, given by

6E(j)=Eu(SI1_512)[(11'.”2_%]71 R (5)

where =, is the shear deformation potential, s;; and s,
are components of the elastic compliance tensor, n is a
unit vector along the applied uniaxial stress, j is a unit
vector along the direction of the jth minimum, and 7T is
the magnitude of the applied stress. T is defined to be
negative for compressional stress. The matrix elements
of the stress operator V between the 12 basis functions is
easily obtained by first noting that ¥ is diagonal in spin
and then applying V between the functions given by Eq.
(2) and using the energy shifts in Eq. (5). The matrix ele-
ments of the stress operator are given by

6

(P V1Y, ) =3 a™a{"8E" (6

j=1

and are presented in the Appendix in terms of
A=E,(s;;,—s,)T/3. The stress response of the T,
states is diagonal whereas the 4, and E 4 states may mix,
as has previously been experimentally observed for shal-
low donors'® in Si. An inspection of the stress matrix
shows that the manifold of EMT-like donor states is not
sensitive to stress parallel to the [111] direction since all
{100) valleys have the same angle to the [111] direction.

D. Zeeman splitting

The Zeeman Hamiltonian for a single electron in a
magnetic field B, is given by
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HZ=I‘LB(g11+g_\'s)'B ’ ()]

where up is the Bohr magneton, g, is the orbital g factor,
and g; is the spin g factor. The basis functions are chosen
as |[Tu)|m, ), where T is an irreducible representation of
the orbital part (A4, E, or T,) and u is the row index.
(|ms> are the usual basis functions a and 8 for s =1.)
The angular momentum operators 1 and s transform ac-
cording to the irreducible representation 7| in T; sym-
metry and a matrix element between the chosen basis
functions, |Tw ) |m, ), may be simplified to read

(W'|H,|¥)=upB(g{Tw1|Tu){m/!|m,)
+g . (m/!|slm )(T'w|Tu)). (8)

The first term is diagonal in spin whereas the second is
diagonal in the orbital part.

Firstly, the first term in Eq. (8) is to be discussed. The
matrix elements involving the A4, state are zero, since the
direct product 4, X T, does not contain 4, E, or T,.
Since 1 is an off-diagonal operator within the T, manifold
(row index=x, y, and z), the only possible nonvanishing
matrix elements are between different valley pairs. These
intervalley matrix elements have, however, been shown to
be zero for EMT donor states.”?° The matrix elements
with the E manifold are certainly zero, since E X T; does
not contain E. Group-theoretical considerations alone
cannot exclude off-diagonal terms between the E and the
T, states since the direct product EXT,=T,;+T, con-
tains 7,. Using the Wigner-Eckart theorem matrix ele-
ments of the type

(Epllp'|Tyw" ) =(Ep|T \ Top'p ) EIT,|T,]1 )

are obtained, where the coupling coefficients
(Eu|T,T,u'n") can be found in, e.g., Griffith’s tables.?!
[E] T, | T,] is the reduced matrix element, independent of
u, ', and u". The coupling coefficient of e.g. the matrix
element { Ee|lz|T,z ) is found to be nonzero. However,
an inspection of Eq. (2) shows that this matrix element
couples differently valley pairs and, therefore, it must
equal zero. Accordingly, we conclude that the operator 1
has vanishing matrix elements in the manifold of 4,, E,
and T, EMT-like states and that g, =0 as long as the
states are well accounted for by EMT, as suggested by
their stress response.

The second term in the Zeeman Hamiltonian may be
calculated from, for example, Griffith’s coupling
coefficient tables. This term is diagonal in the orbital
part of the wave functions and the Zeeman matrix (ex-
cluding spin-orbit elements) becomes very simple, having
a block-diagonal structure of 2X2 matrices. In our cal-
culations we use g, =2. The Zeeman matrix is presented
in the Appendix.

E. Intensity calculations

When calculating the relative intensities and polariza-
tion rules, the symmetry of the ground state must be
known. As discussed below, a I'; ground state construct-
ed from a spin-orbit split 7', state is assumed. The
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electric-dipole operator D transforms as T, in 7,; sym-
metry. The direct product I'; X T, =T¢+TI'3 shows that
transitions to a I'; state are forbidden, whereas transi-
tions to states of I'g and I'y symmetry are allowed. The
eigenstates of the stress and Zeeman matrices are linear
combinations of our basis functions, |[T'u) |m,). D can-
not flip spin and its matrix elements are therefore deter-
mined by the orbital parts of the wave functions. The
electric-dipole matrix elements are therefore generally a
sum over matrix elements of the type T,— A4,, T, —E,
and T, — T,, where the T, state on the left-hand side and
the irreducible representations on the right-hand side in-
dicate the orbital part of the ground and the final state,
respectively. In our fitting procedure of the intensity, we
make use of the three parameters, a,, a,, and a3, propor-
tional to the reduced matrix elements for the T, — 4,
T,—E, and T,—T, transitions, respectively. The
values of a;, a,, and a; were found by obtaining the best
agreement for both the Zeeman and the stress data.

V. RESULTS AND DISCUSSION

A. Uniaxial stress

In Fig. 3, the splittings of the T lines for uniaxial stress
applied parallel to the [001], [110], and [111] directions
are presented. The eigenvalues of the full-stress matrix
have been fitted to the experimental data to obtain the
best agreement for the stress and Zeeman spectra simul-
taneously. The values of the spin-orbit parameters £, and
&, that gave the best fit are —3.7 and |5.2| cm ™!, respec-
tively and the energies of the donor states in absence of
the spin-orbit interaction were determined to be
E(A4,)=7981.0 cm™!, E(E)=7995.3 cm~!, and
E(T,)=8010.0 cm™!. The value used for A was 0.227
cm ™ !/MPa. In Fig. 3, the lines at zero stress have been
relabeled in accordance with our model as follows:
T,—T¢A,), Ty—T4(E), and T3—T4(T,). In addition
there is a I'7(T,) component, which is invisible at zero
stress. This new labeling scheme will be used throughout
this paper. When stress is applied, the symmetry is
lowered from T, to D,; and C,, for stress parallel to
[001] and [110], respectively. The stress-split components
have been labeled X4(n), X,(n), and As(n), these being ir-
reducible representations of the D,, and the C,, double
groups, respectively, and »n indicates the level ordering in
the figure. It must be emphasized that the states I'g(E)
and I'g(T,) include both E and T, character since they
are mixed by the spin-orbit interaction, however, our la-
beling scheme indicates the dominant contribution.

The line at lowest energy I'¢( 4,) is sensitive only to
the hydrostatic component of the stress unless mixed
with other states of equal symmetry. This can be readily
observed at very low stresses parallel to [001] in Fig. 3(a),
where the admixture with one of the I'g( E) components is
still negligible. The two states of equal symmetry, X4(1)
and X4(2), show an avoided-crossing behavior below 30
MPa. At higher stresses, X4(1) contains contributions
only from the z valleys, whereas, X4(2) only contains
contributions from the x and y valleys, as mirrored by
their stress response. The small hydrostatic stress
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FIG. 3. The stress response of the T lines for stress applied
parallel to (a) [001], (b) [110], and (c) [111]. The open circles are
the experimental data and the solid lines are obtained from the
theoretical model. For the labeling of the components, see text.
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response of I'4(A4,;) is observed more transparently for
[110] stress [Fig. 3(b)], since higher [110] stress is needed
to bring the 4; component close to the E, component.

The line at 7994 cm ™!, labeled T'4(E) in T, symmetry,
splits into two components, X¢(2) and X,(1). The X((2)
state moves towards lower energies approximately as —A
for low stresses while the admixture with the X (1) state
is still negligible. Due to the repulsion of X(1), the
stress shift for X¢(2) changes to A and X¢(2) moves to-
wards higher energies. The admixture between X4(1)
and X4(2) is due to a stress induced mixing of the 4, and
E 4 orbitals which leads to a decoupling of the z and the
x,y valley pairs at higher stress. The other I'y(E) com-
ponent, X,(1), shifts for smaller stresses approximately as
A approaches the X,(2) component and is then repelled
due to the spin-orbit interaction. The two lines into
which the I'4(E) is split at very low stress will therefore
approach each other and cross at about 25 MPa without
showing any avoided-crossing behavior since they belong
to different irreducible representations. This crossing is
very accurately reproduced by our theoretical model, the
energies of which are obtained from the eigenvalues to
the stress matrix in the appendix. At higher stress, the
energy of the stress splittings exceeds both the valley-
orbit and spin-orbit energies which leads to a linear-stress
response with shift rates equal to those of the six
conduction-band minima. The I';(T,) line is invisible at
zero stress but becomes weakly visible at higher stresses
as a high-energy partner to X4(3). This makes the deter-
mination of its energy position less reliable.

In Fig. 3(b) the splitting for stress in parallel to [110]
for the wave vector of the photons, k, parallel to [001] is
presented. The same splitting behavior is observed for
k||[110] although the lines are observed with different rel-
ative intensities. All six stress-induced components could
be clearly followed as a function of stress. It is interest-
ing to note that the I';(T,) line, only weakly visible for
[001] stress, becomes one of the strongest lines at higher
stresses, as is readily seen by a comparison between Figs.
2(b) and 3(b). In this case the theoretical model is also
able to predict the splitting behavior with high accuracy
by using the same parameters as in the case of [001]
stress.

Figure 3(c) shows the response of all three lines for
stress in the [111] direction. The six conduction-band
minima have the same angle to the [111] axis and all six
valleys experience the same energy shift. No splitting is
therefore expected, as experimentally observed. The only
effect is the hydrostatic shift which was determined from
this measurement and found to be small, only 0.011
cm ™ !/MPa. This hydrostatic shift rate has been includ-
ed in the [001] and [110] fits.

The stress data are very well fitted by the T,-donor
model. One may expect to have detected a symmetry
lower than T, for this Pt-related center, since the single
substitutional center, Pt™, has a C,, symmetry and com-
plex centers by necessity have a lower symmetry than T,.
It is reasonable to assume that even in the case when the
delocalized excited states are not perturbed by a central-
cell potential lower than 7, symmetry, the ground state

OLAJOS, KLEVERMAN, AND GRIMMEISS 40

should be strongly affected which should show up as an
orientational degeneracy. No such degeneracy was ob-
served and for all stress directions, a common hydrostatic
shift was found.

The experimental data and a comparison with the elec-
tronic structure of the heavier group-V and substitutional
chalcogen donors in Si may suggest another model for
the T-line center. This alternative model has to be dis-
cussed, since it is a natural extension of the electronic
properties of these well-known centers which have the
1s(A4,) state as ground state. The 4, symmetry allows
electric-dipole transitions to the valley-orbit split 1s(7,)
state only which, although EMT forbidden, becomes visi-
ble for those centers where the ground state deviates con-
siderably from EMT. The 1s(T,) donor state is split into
a I'; and a I'y state by the spin-orbit interaction. This
may account for two of the T lines visible at zero stress,
and in order to obtain three lines, a D,; distortion, or one
of its subgroups, has to be assumed, lifting the degenera-
cy of the I'y state. As a result, three lines (Kramer dou-
blets) should be observed at zero stress. The T,-orbital
states are thus quantized along the D,; axis of the center
of the observed splitting, e.g., for [001] stress, is due to
the different stress response for centers having their axis
parallel or perpendicular to the [001] stress direction.
This model gives rise to six components for [001] and
[110] stress and accounts rather well for the overall split-
tings at higher stress, but does not predict the correct
stress behavior at lower stress. In addition, this model
predicts two stress-induced lines originating from the
I'¢( 4,) line, which are not experimentally observed and,
furthermore, this model is not able to predict the weak
I';(T,) line for the [001] stress.

B. Zeeman results

The Zeeman splittings of the T lines were observed to
be identical for magnetic fields parallel to [001], [110],
and [111]. The Zeeman pattern is shown in Fig. 4 for
BJ||[001]. For this direction of the magnetic field, the
Zeeman Hamiltonian is diagonal when neglecting the
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FIG. 4. The Zeeman splittings of the 7-line center for
B||[001]. The open circles. are the experimental data and the
solid lines are obtained from the theoretical model using g, =0
and g; =2 and the same fitting parameters as for the stress mod-
el. In addition, the spectrum for B=6 T is present.
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spin-orbit matrix elements (see appendix). The splitting
of the I'¢( 4,) line is therefore linear, since the magnetic
field does not affect the valley-orbit splitting. The experi-
ment offers an excellent check of our model, interpreting
the T lines as transitions to EMT s states. For such states
g;=0, as discussed above, and only the spin has to be
considered. By using g, =2 and the wave functions used
previously, a fit to the Zeeman data was obtained which
is presented in Fig. 4, together with the experimental re-
sults. Since the splittings are relatively small, the line po-
sitions are less certain for low magnetic fields, and espe-
cially for the lines in the I'g(T,) manifold. In this case,
only the central peak value has been plotted in Fig. 4 for
magnetic fields up to about 4 T.

The four I'g(E) states would have shown identical split-
ting to that observed for the I'¢( 4,) states unless they
were mixed with T, states by the spin-orbit interaction.
The small additional splittings of the I'y(E) main com-
ponents, as implied by our model, were too small to be
experimentally resolved. The energy positions of I'g(T’,)
components are difficult to measure below about 4 T,
whereas a satisfactory agreement between experimental
data and theory was achieved for higher fields. At higher
fields, the I';(T,) lines gain in intensity by mixing with
some of the I'y(T,) compounds but their energy positions
have been determined with some ambiguity since they are
not clearly resolved.

The good agreement between experimental stress and
Zeeman data and the T,; model proposed strongly sug-
gests that the electron in the excited state is found in one
of the six valley-orbit-split s-like donor states. The fitting
procedure so far only considered the excited-electron
states whereas in the intensity calculations, knowledge of
the initial state in the transitions is necessary. The
electric-dipole operator D does not flip the electron spin
and accordingly, its matrix elements are diagonal in spin.
In T, symmetry D transforms as the T, irreducible rep-
resentation. The orbital part of the ground-state wave
function of the 7T-line center must allow transitions to
states of 4, E, and T, symmetry which is possible only
if the ground state has a T, orbital part. The correct
ground state to be chosen is determined by the observa-
tion that the I';(T',) line was invisible in the limit of zero
perturbations. Symmetry considerations show that tran-
sitions from a I'; ground state are allowed to all excited
states except to I';(T,). We therefore assume a I',
ground state, a choice which gives the correct intensity
and polarization rules (see below). This state is obtained
if the spin-orbit coupling splits the 7', ground state into a
fourfold degenerate I'y state and a twofold degenerate I';
state.

C. Relative intensities and polarization rules

In order to further test our assignment of the ground
and excited states, the relative intensities as well as the
polarization rules of the stress and Zeeman-split com-
ponents were calculated. In Fig. 5 the experimentally
found relative intensities from our stress measurements

are compared with those given by our theoretical model
using o;=—0.410, a,=—0.205, and a;=0.405. Al-
though the relative intensities are not perfectly repro-
duced, the overall behavior is found to be well repro-
duced by our model. It should be pointed out that in
some cases it was impossible to measure the relative in-
tensity at lower stress due to overlap of various lines. In
Fig. 6 the results of the polarization experiments are
compared with the values obtained from theory. The po-
larized intensities were measured with the electric field of
the photons parallel (E||F) or perpendicular (ELF) to the
stress axis. Our model is able to accurately reproduce the
main features obtained in the polarization experiment.

The relative intensities and polarization rules were also
calculated for the Zeeman experiment. The results for
B||[001] and B =6 T are presented in Fig. 7 and it is
readily seen that the observed intensities are well repro-
duced by our calculation. It must be pointed out that in
order to reproduce the experimentally observed intensi-
ties we have to include contributions to the intensity from
both m;==+1T"; ground states and, thus, the good agree-
ment between experiment and model shows that a split-
ting of the I'; ground state is too small to be detected by
our experiment.

D. Doping and annealing experiments

The intensity ratio between the T and the Pt-acceptor
lines is strongly dependent on the Fermi-level position in
the starting material but they were both observed simul-
taneously in all our Pt-doped samples. It was found that
the intensity of the T lines increases with increasing
shallow-acceptor concentration, whereas the intensity of
the acceptor lines decreases. This shows that the T lines
and the acceptor transitions have different ground states.
It has been suggested that the single substitutional Pt im-
purity in silicon is an amphoteric center, i.e., it may be
found in the single negative and positive charge states, as
well as in its neutral charge state. A similar behavior is
also expected for the single substitutional gold impurity
in silicon. In the case of gold, both line spectra as well as
deep-level transient spectroscopy signals have been attri-
buted to the donor and acceptor levels. Although the 7-
line spectrum involves transitions to shallow-donor
states, the spectrum is not a candidate for the 0/ + donor
transitions of the substitutional Pt center since both the T’
lines and the acceptor transitions should then have the
same initial state and, hence, should show the same trend
in the doping experiments. Furthermore, the transition
energies of the T lines are not consistent with the binding
energy obtained earlier for the Pt donor.>

An isochronal annealing experiment was performed on
a p-type (boron-doped) sample of initially 14 Q cm resis-
tivity in which both the T lines and the acceptor lines
were observed in transmission with relatively high inten-
sity. In this sample, Pt~ was observed in EPR only un-
der illumination. The annealing time was 30 min and the
change in relative intensity between the T lines, the ac-
ceptor lines, and the Pt~ EPR center was monitored after
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each annealing step. It was found that the intensity of
the acceptor lines and Pt~ decreased while the intensity
of the T lines increased (see Fig. 8). This may indicate
that as substitutional Pt centers disappear, new T-line
centers are formed. This assumption is, however, ruled
out by an additional experiment. In samples of originally
low resistivity (0.6 2 cm) p type (very low transmission
signal from the acceptor) the intensity of the T lines as
well as the Pt~ EPR signal did not change in a similar
annealing experiment to the one described previously.
These experiments strongly suggest that the change in
relative intensities in the 14 Q cm p-type sample is not
due to production of T-line centers at the expense of sub-
stitutional Pt centers, but rather an effect due to a change
in the Fermi-level position in the material.

The annealing and EPR experiments could unfor-
tunately not give any information which could be used to
unambiguously identify the chemical origin of the T-line
center. However, it is possible to tentatively assign its
origin based on the wealth of information gained from
the various experiments carried out, and which can be
shortly summarized: the center is well described by a
model of tetrahedral symmetry, p-type material favors
the T-line center and decreases the concentration of neu-
tral substitutional Pt centers, the T lines are due to exci-
tations to shallow donorlike states, and, finally, the T
lines are not due to the donor transition Pt —»Pt* +e .

40
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FIG. 8. The intensity of the Pt acceptor (absorption) and Pt~
(EPR) as a function of the intensity of the T lines (absorption)
obtained from the annealing experiment on the same sample.
The resistivity prior to the Pt doping was 0.6 Q cm p type. The
intensities of the unannealed samples are normalized to 1.

These results indicate that the T lines are due to the
double-donor transition PtT—Pt>* +e™t at the single
substitutional Pt center.

VI. MICROSCOPIC MODEL

It is not possible to define a microscopic model for the
T-line center unambiguously and this section should be
considered as a discussion of a plausible model in the
light of the known properties of Pt™. It was not neces-
sary to invoke reorientation effects in our model and we
conclude that the actual symmetry of the center is 7.
Theoretical calculations on the substitutional platinum
center in silicon show that the bound state in the band
gap is a vacancylike ¢, state. These results are in agree-
ment with the Watkins vacancy model in which the Pt
atom with a 5d'° closed-shell configuration enters a va-
cancy. The electronic properties are mainly given by the
vacancy. Pt has an atomic configuration of 5d°6s! and it
is assumed that the 6s electron enters the d shell. The
different charge states of Pt should then resemble the cor-
responding charge states of the vacancy. This model has
been successfully applied to the electronic properties of
Pt~ observed in EPR. The ¢,-gap orbital of platinum is
sensitive to Jahn-Teller (JT) distortions similar to those
occurring for the silicon vacancy. Whereas the spin-orbit
could be excluded for the vacancy it may be of great im-
portance in the case of Pt. The spin-orbit interaction and
the JT effect are competing processes. On the one hand,
the JT effect gives rise to a quenching of, e.g., the orbital
g factor and the spin-orbit interaction (Ham effect) and,
on the other hand, the spin-orbit interaction may stabi-
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lize the center against JT distortions.

In the microscopic model for the T-line center we as-
sume, in accordance with the one-electron model for V',
that the T,-gap state is occupied by a single electron.
The spin-orbit interaction splits the T, state into a I';
and a I'g state. Only the I'g state is JT active and in the
case when the lowest state is I';, the JT effect acts only in
second order due to mixing with the I'y state. The ob-
served T, symmetry leads to the assumption that the
spin-orbit interaction is stronger than the JT effect and
stabilizes the center against distortions. A cluster calcu-
lation?? on the electronic structure of Pt including the
spin-orbit interaction, did not show a large spin-orbit
splitting of the T, state of platinum. However, our
wealth of experimental data strongly suggests such a
spin-orbit splitting. It is difficult to exclude a small ad-
mixture between the I'y and I'; states due to second order
JT effects in the dynamical regime since it should not
affect the splitting behavior (assuming no preferential
stress alignment) but only the intensity and the polariza-
tion rules which are difficult to obtain with high accura-
cy.

In the case of the chalcogen deep donors it may be per-
tinent to discuss a central-cell correction although the
ground state contains contributions not only from the
conduction-band minima. The 1s(A4,) state is the only
linear combination that has a nonvanishing amplitude in
the central cell and is strongly affected by the attractive
central-cell potential. As a result, only the E and T,
states are found at an energy given by EMT. Full calcu-
lations performed on the chalcogen donors show that the
central cell gives rise to a localized state in the band gap
and that it is an A4, state mainly derived from the con-
duction band. In the case of single substitutional Pt, cal-
culations show that the ground state is formed in a very
different way. The d orbitals are found deep in the
valence band and a vacancylike antibonding T, state
from the valence band is pushed up into the band gap.
Accordingly, there are no a priori reasons to expect that
one of the shallow-donorlike states should substantially
increase its binding energy. It is instead expected that all
six donor states would still be found at an energy position
close to that given by EMT.

The level ordering of the excited donor states of the 7-
line center is different from that observed for the shallow
group-V donors and the deep chalcogen donors in silicon,
for which the A, state has the largest binding energy, fol-
lowed by the T, state and the E state. The E state and
the T-line center is found below the T, state. A possible
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explanation of this observation is that the T', vacancylike
state repels the excited s-like T, state.

In the case of the silver donor spectrum several ns lines
were observed which made the assignment possible. It
was found that the strongest lines belonged to the 1s
manifold and that the intensity rapidly decreased with n
for the higher s states. This indicates that the T lines are
due to transitions to ls donor states. The EMT binding
energy of the T lines (Z =2) when assuming transitions
to ls states is about 9004 cm ™! and the position of the
ground-state level is then inferred to be roughly 432
cm ! (54 meV) above the top of the valence band.

VII. CONCLUSIONS

The T-line spectrum has been thoroughly investigated
by means of perturbation spectroscopy and conclusively
attributed to optical transitions to donorlike excited
states from a I'5(T,) ground state. The symmetry of the
center is T; and the experimental results suggest the sing-
ly positively charged state of substitutional Pt as the
chemical origin.
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APPENDIX

In evaluating the stress and Zeeman matrices, we have
chosen as basis functions simple products, |[Tu) |m; ), be-
tween the orbital part [T'w) and the spin part |m,) and
include the off-diagonal matrix elements due to the spin-
orbit interaction. I is the irreducible representation of
the orbital part, u is the row index, and |m, ) are the usu-
al spin-% functions, a and 8. In the matrices, the trans-
formation properties of the T, states are chosen in analo-
gy with angular momentum p functions and instead of
the usual row indices (x, y, and z) we use | T,u) with row
indices 0 and +1. |T,u) is abbreviated as |u) and in the
case of the E states, we only indicate the row indices €
and 6. ‘

The spin-orbit matrix between I'y(E) and I'y(T,) be-
comes
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and for the I'4(T,) manifold [omitting the diagonal elements E (T,)]

[a [1)B [0)a [0)B |—1)a |—1)B
1)a % 0 0 0 0 0
()8 | 0 —% % 0 0 0
[0)a | O % 0 0 0 o |, (A2)
0y | 0 0 0 0 % 0
|[—1)a| O 0 0 5—‘5 —% 0
[—1)B | O 0 0 0 0 %

where £, and &, are defined in Eq. (4).

The stress operator is diagonal in spin and the total stress matrix may be written as a 6 X 6 matrix. The EMT donor
states are sensitive only to the hydrostatic and the £ components of the stress operator and the stress operator ¥ may be
written as

V=4 1Tr0’ +E909+EEUE s

09=20,,—0,,—0y, , (A3)

O'E:Uxx_‘o'yy s

where 4, Ey, and E, are electronic operators and o4 and o, are symmetrized linear combinations of the stress tensor.
We chose the stress directions to be in the plane spanned by the [001] and [110] directions which gives o,=0. The
stress matrix becomes

|4,) [6) le) [1) 0) |—1)
AO’G
|4,) | E(A4,)) 5 0 0 0 0
AO’G AO'Q
18) 5 E(E)+ 5 0 0 0 0
AU@ )
le) 0 0 E(E)— 5 0 0 0 , (A4)
Ao'g
[1) 0 0 0 E(T,)— 5 0
10) 0 0 0 0 E(T,)+A, 0
AUG
|—1) 0 0 0 0 0 E(T,)— 5

where A=ZX (s, —5;,)/3 and the common diagonal ele-
ments due to the hydrostatic stress component have been
omitted.

we find that, when excluding the spin-orbit matrix ele-
ments, the Zeeman matrix has a block-diagonal form
with identical 2 X2 matrices

The Zeeman matrix bgc.omes very simple, since g, =0 I, u)e I, 1)B
for the donor states. Defining o — -
1 s IT,uda [E(T)+upB® —V2uyB (A6)
B =—(B,+iB 2, ~
(B +iB,)/ IT,u)B | VaupB' E(T)—uyzB°

B°=B (AS)

z

B~ !'=(B,—iB,)/V2,

which becomes diagonal when B is parallel to the z direc-
tion.
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