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Results are reported on the paramagnetic resonance spectrum recently
identified with the negatively charged state of substitutional nickel in
n-type silicon. Studies were made on the presence of the spectrum in
silicon with different concentrations of phosphorus doping and under
various conditions of illumination. The centre has orthorhombic-I
symmetry. Its resonance spectrum is described by a spin Hamiltonian
with effective spin J = 1/2 and an anisotropic g-tensor with principal
values gj o = 2.0163, g,y = 2.0536 and gy1,; = 2.0182. The hyper-
fine interaction with two ligand silicon nucfei is described by an
approximately (11 1) axially symmetric tensor with 4, = 132.5 MHz
and A, = 97.5MHz. Diffusion of the magnetic ' Ni isotope leads to
the appearance of resolved hyperfine structure in the spectrum. The
results demonstrate a similarity of negative substitutional nickel in
silicon to the Ni; centre in germanium and to the impurities Pd;” and

Pt; in silicon.

1. INTRODUCTION

ELECTRON paramagnetic resonance (EPR) studies
on transition metals in silicon, initiated some thirty
years ago in the extensive investigations of Ludwig
and Woodbury [1], have provided detailed infor-
mation on the electronic structure of these systems.
Theoretical calculations on electronic structure were
stimulated [2] and models to account for observable
properties such as lattice sites, charge state and spin
were proposed. For substitutional impurities the
Ludwig-Woodbury model [3] describes the impurity
as tetrahedrally coordinated with bonding to each of
the nearest neighbour silicon atoms. Spin and charge
are localised on the transition metal. For the late
transition metals in the 3d, 4d and 5d series, i.e. for Ni,
Pd and Pt, respectively, the vacancy model was pro-
posed more recently by Watkins [4]. In this model
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these impurities in their negatively charged state are
considered to have a closed d'°-shell and to be accom-
modated in a negative vacancy. The unpaired electron
spin and charge are on the bond connecting two sili-
con atoms, as in the negative vacancy. Bonding to two
silicon neighbours has been suggested as an alterna-
tive intermediate between the cases of full fourfold or
zero coordination [S]. The two silicon bonds accom-
modate one impurity electron each, leaving one hole
in its d shell. Obviously, the distribution of spin and
charge in the three models is different. Spin and charge
can manifest themselves by hyperfine and nuclear
quadrupole interactions. Since these can be deter-
mined by magnetic resonance such experiments pro-
vide basic answers regarding the validity of the
models.

The relevant data for palladium and platinum in
silicon have been available for many years [6]. Also for
nickel, data were reported a long time ago, but only
for the interstitial site in silicon [1] and for the sub-
stitutional centre in germanium [7]. Just recently, a
new EPR spectrum was described which was detected
after nickel diffusion into n-type Czochralski silicon
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[8]. The centre was described as {110) axially sym-
metric with g, = 2.0537 and g, = 2.0173. A pre-
liminary investigation was made of the appearance of
the spectum in materials of different phosphorus
dopings and after various illumination treatments. It
was concluded that the EPR spectrum is related to
negative substitutional nickel.

The present paper reports further studies on this
spectrum. A more accurate determination of the
symmetry of the centre was obtained by resonance
measurements at higher resolution. Hyperfine inter-
actions with nickel, isotope ¢ Ni, and silicon, isotope
»gj, were resolved. Also the experimental conditions
to obtain more intensive EPR signals in samples
doped with phosphorus to different levels and after
illumination with filtered light were investigated.

2. EXPERIMENTAL

Samples for the present experiments were prepared
starting from both float-zoned and Czochralski-
grown silicon, doped with phosphorus in the con-
centration range from 5 x 10" to 5 x 10" cm™.
The introduction of nickel was performed by enclosing
the sample electroplated with nickel into a quartz
ampoule, which was filled with argon gas to a pressure
of 200 mbar. Alternatively, in particular for the
dopings with the precious * Ni isotope, nickel was
deposited onto silicon by mechanically rubbing a
small grain of the metal on the sample surface. Distri-
bution of nickel through the sample was achieved by
diffusion at the temperature of 1200°C for times vary-
ing from 4 to 24 h. Fast cooling after diffusion was
obtained by quenching the whole ampoule into room
temperature oil or water. Typical sample dimensions
are 15 x 1.5 x 1.5mm’.

For measurements of electron paramagnetic
resonance a K-band (microwave frequency v =~
23GHz) superheterodyne spectrometer was used,
which was tuned to observe the dispersion of the
susceptibility. Sample temperature for observation of
EPR was 4.2 K. Samples could be illuminated in the
microwave cavity by light from a 100 W incandescent
halogen lamp. Light was channelled from the source
to the sample through a quartz rod. Different optical
filters were used to obtain light with maximum photon
energy of 0.52 and 0.75¢eV.

3. RESULTS

Samples prepared as described in the previous
paragraph revealed the same magnetic resonance
spectrum as reported in [8] for X-band (v ~ 9 GHz)
microwave frequency. In the lower resistivity n-type
material (o ~ 1Qcm) the spectrum due to neutral
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Fig. 1. Electron paramagnetic resonance spectra in
nickel and phosphorus doped n-type silicon, observed
at temperature 4.2K for magnetic field B nearly
parallel to a <0 11) crystal direction; (a) phosphorus

concentration ~ 10 cm~3, (b) phosphorus con-
centration ~ 5 x 10" cm™>.

phosphorus is simultaneously present. Spectra
measured at microwave frequency v = 23.50 GHz
and for magnetic field B approximately parallel to a
crystallographic (01 1) direction are shown in Fig. 1.
The resonances in the field range from 815 to 835mT
are ascribed to the nickel centre. The splitting between
the two resonances labelled C+ D is due to a slight
misalignment of the sample away from the true (0 11)
direction. The angular variation of line positions was
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Fig. 2. Angular variation for the Si:Ni spectrum of
the effective g-values and resonance fields for rotation
of the magnetic field from [100] to [0 1 1] in the (011)
plane.
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Fig. 3. EPR spectrum for B || [0 1 1] near g, = 2.0536
demonstrating the fourfold hyperfine splitting due to
the ¢'Ni isotope.

measured varying the magnetic field in the (0T1)
plane. The resulting rotation pattern is shown in
Fig. 2. All observed features, such as number of lines,
the relative intensities of components A:B:C:D =
1:1:2:2, and the pattern style, are unambiguously
characteristic for an orthorhombic-I symmetry. Effec-
tive g-values g.; were calculated from the resonance
condition hv = g.sugB. The principal g-values of the
spectrum are g o0y = 2-0163, g40115 = 2.0536
and g3 011, = 2.0182.

In order to establish the identity of the centre,
nickel enriched to 88.1% in the mass-61 isotope was
diffused in samples. This particular stable magnetic
isotope has nuclear spin I = 3/2. Following such dif-
fusion indeed a hyperfine structure as illustrated in
Fig. 3 was observed. For this particular measurement
the four strongest lines at equal separations represent
the hyperfine splitting according to m, = —3/2,
—1/2, +1/2 and +3/2 of ®Ni. The central com-
ponent corresponds to the 11.9% non-magnetic nickel
nuclei. Line intensities are proportional to isotope

1 1 1 1 1 1 1 i1
815 820
Magnetic field (mT)

Fig. 4. EPR spectrum for B || [100] near g,z = 2.0360
demonstrating the appearance of forbidden lines in
the Si:* Ni spectrum.
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Fig. 5. EPR spectrum of the natural nickel centre for
B|[100] showing hyperfine interactions with *Si
nuclei in two shells.

ratios. The spectrum thus confirms the presence of one
nickel atom in the centre. For other magnetic field
orientations the spectrum, however, appears to have
more complexity. For example Fig. 4 shows the spec-
trum as observed for B | [100] around g.; = 2.036.
The number of lines has increased due to the strong
presence of “forbidden” transitions. The full analysis
of the angular dependence of the ®' Ni hyperfine struc-
ture is thereby much more involved and will be dis-
cussed in a separate paper [9].

Hyperfine structure due to silicon nuclei near the
nickel centre is also apparent in all of the spectra. The
magnetic isotope #Si, with nuclear spin 7 = 1/2, has
a natural abundance of 4.7%. Figure 5 shows such
interactions with silicon nuclei in two shells. The rela-
tive intensity of the outer doublet, with hyperfine
splitting of about 4+ 2 mT, corresponds to the presence
of two sites in the shell. The inner doublet, not well
resolved from the central line, is associated with a shell
containing probably four lattice sites. For the larger
hyperfine interaction the angular variation could be
followed over the entire range. The result for the
centre orientations 4 and B, which have their {100
principal axis in the magnetic field plane, is shown in
Fig. 6. The result reveals a very nearly {111} axial
symmetry, with principal values 4, = 132.5 and
A, = 97.5MHz.

To allow for further characterisation of the centre
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Fig. 6. Angular dependence of the *Si hyperfine split-
ting between the two lines in the doublet, in mT, on
the EPR orientations 4 and B.

also the correlation of its intensity with concentration
of phosphorus doping was examined. In addition the
effect of illumination with white and filtered light was
measured. When samples are cooled from room tem-
perature to the measurement temperature without
allowing light to reach the sample, the present nickel
spectrum is not observed in p-type material. Instead,
at 4.2 K the isotropic spectrum with g = 2.026 related
to Ni} [1] is detected. The orthorhombic spectrum
requires n-type doping for its observation. However,
as Fig. 1 illustrates, heavier phosphorus doping in the
range above 10" cm~* leads to weaker nickel signals.
At the same time the Si: P EPR gives evidence of the
presence of the neutral un-ionised phosphorus. For

0.0

EPR intensity (arb. units)

0 20 40 60
T Time (s)
Light on

Fig. 7. Intensity of the nickel EPR signal, in arbitrary
units, as a function of illumination time with light of
hv < 0.52¢eV (dashed curves) or hv < 0.75¢eV (solid
curves); (a) sample with phosphorus concentration
np ~ 10°cm=3, (b) np >~ 5 x 10¥ cm™>.
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phosphorus concentrations in excess of 10'® cm ™ the
nickel spectrum is absent, only P lines appear.:

The behaviour of the nickel spectrum upon illumi-
nation is also different depending on the phosphorus
doping level. Figure 7 schematically represents some
results for light through filters passing maximum
energies of 0.52eV (dashed lines) and 0.75eV (solid
lines). An interesting but complex behaviour was
observed in the sample with phosphorus concentra-
tion np >~ 5 x 10 cm™ upon illumination with
hv < 0.75eV light. An initial enhancement of the
spectrum is later followed by its disappearance. For
the conditions of our experimental setup the maximum
resonance signal is obtained after about 20s of
illumination.

4. DISCUSSION

A multitude of electronic levels, measured by Hall
effect and deep level transient spectroscopy (DLTS),
has been reported for nickel doped silicon [10-13]. The
high diffusivity of nickel favours impurity pairing and
other complex formation. Unfortunately, the existing
experimental data and models are not well correlated.
A definite reliable assignment of electronic levels and
charge states to defect configurations is not yet avail-
able. However, there still appears to be a common
opinion on the existence of a small fraction, ~0.1%,
of electrically active nickel. While nickel is assumed to
diffuse interstitially, the more stable electrically active
species might be on substitutional sites. Amphoteric
behaviour, with a donor level at E, + 0.17eV and an
acceptor level at E, — 0.41eV, has been found fre-
quently. Occasionally double acceptor activity was
reported [14]. The intensity dependence of the new
nickel related EPR spectrum on the Fermi level,
through variation of the phosphorus doping, certainly
relates the spectrum to an electrically active centre.

The extreme sensitivity to illumination with light,
most easily explained by recharging of the centre,
confirms the electrical activity. The behaviour as
displayed in Fig. 7 can be tentatively interpreted if it
is assumed that the nickel concentration is about
10"* cm~3, both in the samples a and b. It is further
supposed that nickel can act as a double acceptor,
with first ionisation level near midgap and second
acceptor level in the upper half of the bandgap near
the shallow phosphorus level. In the lightly phos-
phorus doped sample, n, = 10'° cm 3, all nickel will
be present either as Ni~ or Ni’. Light with
hv < 0.52¢eV will have no effect. The more energetic
light, hv < 0.75eV, will excite electrons from Ni~
centres into the conduction band with their subsequent
capture by P* centres. This leads to decrease of the
nickel spectrum and increase of the phosphorus spec-
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Table 1. Principal values of the g-tensors of some
related orthorhombic centres

Centre 8hoo 811 8oty Ref.
Ge:Ni~ 2.0294 2.0176 2.1128 (7
Si:Ni~ 2.0163 2.0182 2.0536

Si:Pd- 2.0544 1.9715 1.9190 [6]
Si: Pt~ 2.0789 1.4266 1.3867 [6]
Si: vV~ 2.0038 2.0028 2.0151 [15]

trum, as is observed. In the more strongly doped
n-type sample most nickel will be doubly charged.
Light of hv < 0.52¢eV can just excite electrons from
the highest acceptor level, producing Ni~ and slow
enhancement of the spectrum. The same process
occurs, but faster, for light ~v < 0.75eV. The initial
production of Ni~ centres is then followed by a
further, but slower, excitation of electrons producing
Ni’. The concentration of paramagnetic Ni~ then
passes through a maximum.

Analysis of the EPR spectrum requires effective
spin J = 1/2, arising from a single unpaired electron.
An odd number of electrons, while neutral nickel
supplies an even number, then indicates the presence
of a singly ionised centre. With observation of the
spectrum only in n-type material, the conclusion of
negative charge state is inevitable. The established
absence of the spectrum in low resistivity n-type
silicon is consistent with the existence of a non-
paramagnetic double acceptor state.

Further information on the structure of the centre
can be derived by closer consideration of the features
of the EPR spectrum. The fourfold splitting observed
when the isotope ¢ Ni is used definitely proves the
presence of one nickel atom in the centre. A com-
parison with the isoelectronic impurities nickel in
germanium and palladium and platinum in silicon is
suggested. In all these centres the impurity is assumed
to be on a substitutional site, in a negatively charged
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state. Table 1 summarizes the g-tensor constants of
the centres. For further comparison the negative
vacancy spectrum, Si: V™, is also included. All centres
have orthorhombic-I symmetry related to identical
distortion modes and similar bonding schemes. The
vacancy g-values are close to the free electron value
g = 2.0023, with little admixture of orbital contri-
butions. The very strong deviations from the pure spin
value observed for Pd~ and Pt~ related to d electron
orbitals, are absent in the Si: Ni~ case. A fair similarity
between the nickel spectra for silicon and germanium
is, however, apparent. Also for nickel in germanium,
double acceptor nature was concluded on the basis of
the experiments.

The electronic distribution is most directly reflected
in the hyperfine interactions. Data for the nearest
neighbour silicon or germanium atoms of the same
centres as discussed above are collected in Table 2. In
all cases the hyperfine tensor A is nearly {11 1) axial
and is therefore specified by the 4, and 4, principal
values. For further analysis the standard LCAO
approximation, where the wave function is expanded
as

¥ = nlass + Bpsi) 1

is employed. The s part of the wave function, y#a, on
the silicon site is related to the isotropic part a of the
hyperfine tensor. The p orbitals in the wave function
expansion, nfl, give the axial component of the
interaction tensor.

Briefly, the decomposition of the hyperfine tensor
is given by

A = al + B. @)

Relations to the s- and p-type unpaired spin density
are

a =

b

(2/3)ogrsgnunn’o?|s(0) 2, 3)
(2/5) (1/Am)pogupgnunn® B<1/r),. @

Such expressions are more fully discussed for instance
in [15]. For numerical analysis the atomic constants

Il

Table 2. Hyperfine data and LCAO coefficients for ligand interactions in some related orthorhombic centres

Centre A, A a b n* o? B Ref.
(MHz) (MHz) (MHz) (MHz) (%) (%) (%)

Ge:Ni~ 59.4 49.5 52.8 33 9.1 25 75 (7

Si:Ni~ 132.5 97.5 109.2 11.7 12.6 19 81

Si:Pd~ 150.3 107.1 121.5 14.4 15.2 17 83 [6]

Si:Pt™ 114 75 88 13 13.3 14 86 [6]

Si: vV~ 400.5 333.5 355.8 22.3 27.3 28 72 [15]
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|s(0)|> and (1/r*>, for silicon and germanium are
taken from Morton and Preston [16]. Inspection of
Table 2, giving the results of the analysis, reveals a
close similarity between the spin density on the nearest
neighbour atoms of the transition metals. With two
atoms in this shell 20 to 30% of an unpaired electron
or hole is localised on these neighbours. The pre-
dominant distribution of spin density on only two
neighbour atoms is consistent with the orthorhombic
distortion of the centre. In the vacancy case appreci-
ably higher density of spin on the neighbour sites is
found.

In summary, the identification of the EPR spectrum
as arising from one nickel atom on a substitutional site
with orthorhombic distortion, in a negative charge
state, is well supported. The experimental results
indicate close similarity of the electronic structure of
the transition metal impurities nickel, palladium and
platinum in silicon and germanium.
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