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The electron-paramagnetic-resonance transitions of isolated neutral interstitial iron (Fe;°) in n-type sil-
icon show a satellite structure, which is clearly detectable for donor concentrations (P or As, respective-
ly) above 10'> cm™3. The satellite structure reflects the hyperfine interaction with one shallow-donor nu-
cleus and one iron nucleus in the case of doping with *’Fe. The spectra are explained by the spin-spin in-
teraction of one Fe,° (spin Sg.=1) and one shallow donor (spin Sp, =%). Neither line positions nor line

shapes depend on the direction of the magnetic field with respect to the crystal axes. A random distribu-
tion of distant iron-donor pairs is suggested by the following facts. Both (Sg.+Sp) levels (high-field sa-
tellites) and (Sg.-Sp) levels (low-field satellites) are thermally populated. Asymmetric line shapes and
dissimilar hyperfine components indicate a continuous distribution of spin-spin interaction parameters.

INTRODUCTION

Iron as a scarcely avoidable contaminant in silicon
influencing essential properties and degradation of de-
vices has been thoroughly investigated by various
methods.! Its relevance has recently been underlined by
investigation of polycrystalline silicon for photovaltaic
applications.?

A large number of iron-related defects in silicon have
been thoroughly investigated by electron paramagnetic
resonance (EPR); they have been quoted in a survey® con-
taining spectroscopic parameters. Besides various com-
plex defects, isolated interstitial ions are known* in two
charge states Fe;® and Fe;*. The easily detectable Fe;°
defect was especially a subject of further EPR (Refs. 5-9)
and electron-nuclear double resonance'®!! investigations.
The EPR spectra could be explained in the following
way: Neutral interstitial iron has a 3d (Ref. 8)
configuration. The free-ion 3F state is split by the cubic
crystal field, where at an interstitial site an orbital singlet
34, is lower than two excited triplet levels *T, and °T,.
Because of the electron spin Sg., =1, a random strain-
induced zero-field splitting causes an angular-dependent
line broadening for the single-quantum transitions (SQT).
The narrow lines of the double-quantum transitions
(DQT) exhibit an angular-dependent superhyperfine
structure due to 2°Si ligands.

The interstitial Fe donor (E,+0.40 eV), mobile even
near room temperature, forms several paramagnetic com-
plex defects with shallow and deep acceptors (see, e.g.,
Refs. 1 and 12). The occurrence of defect reactions of
iron with shallow donors was recently inferred from EPR
measurements by comparing Fe,® concentrations after
different thermal treatments of Fe-doped n-type Si.'> The
phenomenon of Fe gettering by surface layers containing
high P concentrations was explained by the gettering ac-
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tivity of structural defects.!* An early EPR study of me-
tallic Si:P with iron concerned relaxation phenomena of
conduction-electron spin resonance.!* In no case were
EPR spectra of Fe—shallow-donor complexes reported.

Donor “clusters” are known to cause additional lines
between the hyperfine components of the P resonance in
Si containing shallow donors in the concentration range
of 1X10'°~1X10'8. These clusters are randomly distri-
buted distant pairs and triads, which were experimentally
and theoretically investigated.!6 12

In this paper we contribute an experimental
phenomenon to this field of problems by presenting EPR
spectra which exhibit a hyperfine structure due to one Fe
nucleus as well as to one shallow-donor nucleus. The
latter fact induced the term “pair” in the title, though ac-
cording to the following analysis the two partners are dis-
tant neighbors in a diluted random distribution.

EXPERIMENT

Different n-type starting materials were used: Czo-
chralski (CZ) and float zone (FZ) Si with P concentra-
tions cp of 5X 10 cm ™3 up to 3X10'* cm ™3 P, and FZ
Si containing 1X 10'® cm ™3 up to 5X 10 cm 3 As. The
samples (roughly 3X3X 10 mm?) were doped by anneal-
ing them at 1200°C in an evacuated ampoule together
with metallic natural Fe or 3'Fe, respectively, followed by
a rapid quench to room temperature. The way of
quenching was modified, and the samples were stored for
some days or even months at room temperature; the re-
sults did not depend on these treatments apart from
slight changes in the concentration of incorporated iso-
lated interstitial iron and in the broadening of the SQT
due to modified local stress fields. EPR measurements
were done with a Bruker spectrometer ESP 300 with
sample temperatures ranging from 4 to 30 K.
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EXPERIMENTAL RESULTS

A. EPR spectra

All the samples doped with P and Fe gave the well-
known EPR spectra shown in Fig. 1 for two directions of
the magnetic field B with respect to the cubic axes. The
temperature was 7=20 K, the microwave power
W=3.17 mW, and the modulation amplitude B ,,4=0.2
mT. There are hyperfine pair lines caused by the 100%
abundant nuclear spin I =1 of P at fields corresponding
to the g value of g =1.9985; between them are lines due
to exchange coupling of two or three P atoms (according
to P concentration) and the Fe;° line at g =2.0699 [called
central line (CL) in the following] with its angular-
dependent linewidth. The DQT as a part of the CL is not
visible as a distinct narrow line because we applied larger
modulation amplitudes in order to improve the signal-to-
noise ratio of the satellites.

In samples containing a sufficiently high concentration
of phosphorus, which means more than roughly 1X 10"
cm 3, the Fe,° CL exhibits a satellite structure of four
lines visible in Fig. 1. The satellite intensities exhibit a
roughly linear increase with increasing P concentration
cp; the example of Fig. 1 corresponds to 1X10' cm ™.
The satellite structure is isotropic: Neither line positions
nor line shapes or intensities depend on the direction of B
within the margins of experimental error. The satellite
line positions are also independent of temperature and
microwave power, whereas these parameters remarkably
influence the line shapes and the intensities. Figure 2
gives a 20-K spectrum for an intermediate level of mi-
crowave power. It demonstrates that the phenomenon is
easily observed on applying suitable conditions of mea-
surement. The field positions B,_, B;_, B,,, and B, ;
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FIG. 1. EPR spectra of Fe,° and P at 20 K for B||{100) and
B||{111). W=3.17mW; B,,q=0.2mT; c;=1X10"cm ™.
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FIG. 2. EPR spectrum at 20 K for B||{100) of Fe,° (SQT
and DQT) in Si:P with outer satellites (B, _ and B, ) and inner
ones (B, and B;;). W=3.17 mW; B_,4=0.2 mT,
cp=3X10'® cm™>. Satellite positions are indicated by the
scheme above the spectrum. The zoomed parts shown in the
upper insets underline the asymmetries and different intensities
of the satellites. The lower insets represent these spectral parts
measured at 7 K.

are specified by the subscripts — and + for the low-field
satellites and the high-field ones, and by the subscripts o
and i for the outer pair and the inner one, respectively.
At high temperature (20 K, 25 K) and low power the sa-
tellite lines are of asymmetric shape and of different in-
tensities increasing in the sequence given above (see
zoomed parts in the upper insets). With decreasing tem-
perature and increasing microwave power the satellites
tend to become more symmetric and of nearly equal in-
tensity; the lower insets of Fig. 2 show the satellites ob-
served at 7 K.

Samples of the same starting materials were doped
with iron enriched with the isotope 'Fe (nuclear spin

=1). The abundance of *’Fe was determined from a
measurement of the narrow-line-ligand hyperfine groups
of the DQT to be 94%. Figure 3 represents the spectrum
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FIG. 3. EPR spectrum at 7 K for B||{100) of Fe, in a sam-
ple enriched with *'Fe (94%). W=3.17 mW; B,,,4=0.2 mT;
cp=3X10' cm~3 Satellite positions are indicated by the
scheme above the spectrum.
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of such a sample in a measurement at 12 K (at 20 K the
low-field satellite intensities are smaller compared to the
high-field ones, just as in the case of Figs. 1 and 2). The
hyperfine splitting of the CL agrees with the value of
| Ag.|=7.0X10"* cm™! known from the literature.*
The satellites are split because of the interaction with one
iron nucleus; but the splittings of the low-field satellites
differ strongly from those of the high-field ones.

B. Analysis of EPR spectra
The satellite spectra correspond to a spin Hamiltonian
H=FH,+H, +F,, (D
with a spin-spin interaction part
H,=JSgSp (2)

a Zeeman part

H,=B(gg.Sp.+8pSp)'B, (3
and a hyperfine part
ﬂ(.':AFeSFe'IFe-l_ADSD'ID ’ 4)

with the usual meanings of the symbols. Subscript Fe
refers to iron with Sg, =1 and Iy, =1 for *’Fe and I, =0
for the other isotopes. Subscript D refers to the shallow
donor phosphorus with S, =1 and I, =Ip =1 in a natu-
ral abundance of 100%. All the interactions are isotro-
pic.

Neglecting the satellite line-shape distortions, the posi-
tions are characterized by the schemes above the spectra
in Figs. 2 and 3. These positions follow from the spin
Hamiltonian (1) in the limit of strong spin-spin interac-
tion. The wave functions are determined by the
electron-spin quantum numbers M; and by the nuclear-
spin quantum numbers m; with j =Fe, D and

|Mgemp.Mpmp ) =|Mg.mg. ) Mpmp ) . 5)
A strong spin-spin interaction H, yields a twofold level
EY=E%=—-J, (6)
related to eigenfunctions
a;|—Img,+imp)+b,|0mg.—Lmp)
and
ay|+1mg,—1mp ) +b,0mg, +1imp ),
with
a,=a,=—1/% and b;=b,=1/V73,
and a fourfold level
E{=E%=E%=E%=J/2, @)

related to eigenfunctions
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|+1mg +imp)
agl+1mg,—imp ) +b4|0mp. +1imp ),
as|—1mg,+1imp)+bs|Omg,—1imy) ,

‘—lmFe—%mD> Py
with
a,=as=1/V3 and b,=bs=1/Z.

With these functions the eigenvalues E jl (j=1-6) of the
terms (3) and (4) are calculated, and the energy
differences within the multiplets for allowed transitions
are

E{_EZZB(%gFe_%gD)B+(%mFeAFe_%mDAD) (8)
and
E}—E}=E)—E!=E!—E|

=B(3gp.+18p)B+(imp Ap.+imp 4y) . (9)

The quantum numbers are mg,=+1, for *’Fe, mg, =0
for the other isotopes, and mp=mp==+1 for phos-

phorus. Within experimental error the values of the pa-
rameters are those of the isolated defects:* %20

gr. =2.0699+0.0001 ;
gp=gp=1.998540.0001 ;

| Ag.|=(7.0£0.1)X10"* cm™!
|Ap|=]A4p|=(39.240.2)X10 " * cm™" .

In the case of a strong antiferromagnetic coupling (J >0)
only the doublet level would be occupied. The experi-
mental spectra show that both the twofold level and the
fourfold level are thermally populated in our experi-
ments.

Although the agreement of the parameters seems to be
convincing, we tried to compare with another shallow
donor, and prepared a single crystal of Si with suitable
concentrations of arsenic. The results are presented in
Fig. 4(a) for natural iron and in Fig. 4(b) for iron enriched
with S’Fe. The spectra do not exhibit the good signal-to-
noise ratios of the P-doped material and the satellites are
partly covered by hyperfine components and donor clus-
ter lines, due to the high content of As. But the results
were well reproducible and the splitting schemes above
the spectra in Fig. 4 follow exactly the formalism of Egs.
(1)=(9). Of course the parameters of P had to be replaced
by those of As:!%2°

Ip =IA5=% ; mD:mAs=i%’i% 5
8p =8 as=1.9986+0.0001 ;
| Ap|=|4,]=(66.2+0.02)X 10 %cm ™! .
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FIG. 4. EPR spectra at 20 K for B||{111) of Fe,° in Si:As.
W=3.17 mW; B_,,,=0.2 mT. (a) Doped with natural Fe,
cas~1X10"7 cm™3. (b) Doped with 94% °'Fe, c,,~3X10'°
cm >, The zoomed spectra are the left parts of the total spectra
shown in the insets.

DISCUSSION

The theory of systems coupled by spin-spin interaction
has recently been summarized;?' the collection of exam-
ples is now extended by the important system of iron in
n-type silicon. We will discuss the geometrical arrange-
ment of iron-donor pairs; therefore, a quantitative esti-
mate will be given in the following.

In the report of the experimental results, the assump-
tion of a spin-spin interaction gave a correct explanation
of the line positions. On the other hand, the fact that
both line groups corresponding to the fourfold level and
to the twofold one are observed in the spectra verifies the
thermal population of both levels even at low tempera-
tures. This means that the spin-spin interactions are not
as large as usually observed for close partners.?! There-
fore, we will now treat Zeeman interaction (3) and spin-
spin interaction (2) as having equal order of magnitude;
the corresponding matrix with functions (5) is diagonal-
ized. Eigenfunctions of type (6) and (7) are obtained with
coefficients a; and b; (j=2,3,4,5) depending on the rela-
tive magnitude of Zeeman interaction and spin-spin in-
teraction. Probabilities ij (j,k=1-6) of microwave-
induced transitions between the six states are calculated
in the usual way for each value of the spin-spin interac-
tion parameter J. The result is represented in Fig. 5. The
field positions of the strongly allowed transitions are
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FIG. 5. Central positions of satellite hyperfine groups calcu-
lated in dependence of spin-spin interaction for D=0. Low-
intensity lines are indicated by dashed lines. For the marked
value of J /(hv) the dependences on D will be given in Fig. 7.

given by full lines labeled by index pairs jk =12, 24, 46,
and 35 in parentheses; line (24) is the most intense one.
Resonances with negligible transition probabilities are in-
dicated by dashed lines. The right-hand scale shows the
value of J for hv=0.314 cm ™! corresponding to the mi-
crowave frequency of our experiments [energies E are
given as wave numbers E /(hc)]. The resonance fields of
the isolated Fe,® and P defects are approached at the bot-
tom of the figure.

The left-hand scale of Fig. 5 visualizes the fact that the
resonance fields of strong spin-spin interaction (upper
part of the figure) are also observed for values of J even
slightly smaller than the microwave energy. Thus, a
nearly equal thermal population of all the levels even at 7
K is natural for this range of J values. The intensity of
the absorption line corresponding to a transition j<>k is
proportional to the product

Ijk=ij(nj—nk) 5 (10)

where the thermal occupation of the level j characterized
by the fraction n; is assumed to be restricted to the six
levels considered above:

Figure 6 represents the calculated ratio y of the high-field
satellites’ intensity to the intensity of the low-field ones.
Part (a) of the figure gives the ratio

y=U,+1u+146)/ 155,

typical for the case of coincident or nearly coincident
field positions of the high-field satellites. Part (b) gives
the ratio

y=1I5/1s ,

possibly of interest in the case of strain-shifted lines (12)
and (46) (see below). As expected, the levels of the excit-
ed states are not occupied (y =0) for values of roughly
J/(hv)>170, i.e., only the low-field satellites are observed.
For J /(hv) <1 the levels are equally populated.
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FIG. 6. Calculated intensity ratio ¥ of high-field and low-
field satellites, respectively, for 7 K (solid lines), 12 K (dotted 4.
lines), and 25 K (dashed lines). In (a) all fine-structure transi- 32' 0 3é5

tions are included, in (b) it is only the central one.

Up to now only isotropic interactions (2)—(4) were con-
sidered as corresponding to the experimental behavior.
On the other hand, it is known that anisotropic interac-
tions exist:?>2! a fine-structure contribution

ﬂdZSFe'D'SFe (11)

of the Sg. =1 state, and a magnetic dipole-dipole interac-
tion

H,=B¢r8p" [Spe:Sp —3r “ASg.T)(Sp1)], (12)

where r is the vector from the Fe ion to the P atom, and r
is the corresponding distance. It is useful to check the
conditions which make these interactions negligible in
our experiments.

The crystal-field splitting due to random strains caus-
ing the line broadening of the SQT of the Fe,° defect may
be exceeded by that due to the strains caused by near-
donor defects. For phosphorus-induced strain in Si the
fine-structure tensor D can be calculated approximately
following ideas and data contained in early papers>?* de-
voted to this field. For an estimate of the magnitude we
confine ourselves to the special case of a point defect lo-
cated on one of the cubic axes. Thus the fine-structure
term (11) is simplified to an axial “quadrupole” term

FH,=D[S}—S(S+1)/3]. (11a)

With the further confinement of B||z, which yields only
diagonal contributions of the term (11a), the influence of
the fine-structure term is demonstrated in Fig. 7 for
J/(hv)=0.1 and 70. These values roughly limit the
range relevant to the satellites: For values J/(hv)<0.1
the line positions differ essentially from the experimental-
ly observed ones (see Fig. 5), and for J /(hv)> 70 only the
low-field satellites would be observed (see Fig. 6). For the
following discussion one learns from Fig. 7 that for
values of roughly |D|<10X10™* cm™! influences of
strains can be neglected in the whole range of J. Large
values of J cause remarkable line shifts, which are aniso-
tropic according to the type of the interaction (11). For
large J and large |D| expected for close neighbors, this
shift concerns only the outer members of the high-field
satellites. These members [index pairs (12) and (46) in

magnetic field (mT)

FIG. 7. Central positions of satellite hyperfine groups calcu-
lated in dependence of D (solid lines for D <0, broken lines for
D > 0) for two values of spin-spin interaction.

Fig. 5] shifted far from the central field position might es-
cape from detection. The two other satellite lines keep
their field positions and their isotropic behavior; their rel-
ative intensities would follow part (b) of Fig. 6. Obvious-
ly this is not an argument against a definite close-pair ar-
rangement of Fe,® and shallow donors.

The magnitude of D caused by elastic deformation due
to phosphorus in silicon in a distance of 7 is approximate-

ly given by
-3
- r
1078 cm™! l
(see the Appendix).

For a distance of r=5.43X10"® cm™! corresponding
to third-nearest neighbors located on a cubic axis, one ob-
tains D =—0.6 cm™~!. Though approximation (11b) does
not yield correct values for near neighbors, it should give
the right order of magnitude and can be compared with
the value of |D|=2.7 cm™! determined for iron-boron
pairs.*2* For a distribution of pair distances, the param-
eter D estimated by relation (11a) will be represented in
Fig. 8. It turns out that for a random distribution of
pairs, the anisotropic influence of strain fields is beyond
the detection limit for the concentrations contained in
our samples, which agrees with the experimental results.

The asymmetric line shapes of the satellites (see Figs. 1
and 2) hint 4t a distribution of J values due to a distribu-
tion of “pair” distances. Random distributions of pairs,
triads, and larger clusters of exchange-coupled donors in
Si had been treated by Poisson statistics.!®”!® For pairs
considered here we preferred the following simple treat-
ment. The probability of finding a P atom in a small
volume element is the product of this volume times the
volume concentration of P, which is assumed to be larger
than the concentration of Fe,® ions. Starting from the
position of an Fe,° defect, subsequent spheric shells of ra-
dius r were considered as volume elements. The probabil-

D=-—9.48 cm™! (11b)
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FIG. 8. Energy parameters and probability densities vs dis-
tance of interacting partners.

ity of finding a P donor first in a certain shell is the prod-
uct of the probability that there is a donor in this shell
times the probability that there was no donor in all the
shells with smaller radii. The resulting probability distri-
bution for pair distances is represented in the lower part
of Fig. 8 for three P concentrations applied in our experi-
ments. The upper part Fig. 8 represents interaction pa-
rameters versus pair distance. J g, =B2gr.8pr ° is the
parameter, which gives the dipole-dipole interaction (12)
apart from an angular-dependent factor of order 1. Obvi-
ously a dipole-dipole interaction is too small to allow an
interpretation of the experimental results.

For the isotropic exchange-interaction parameter J we
examined a dependence as

J=Jyexp(—r/a) . (13)

A computer simulation was done following the treat-
ment developed above. Corresponding to the different
donor concentrations, the probability distribution of J
values (see Fig. 8) was considered. For each value of J
the eigenvalue problem was solved with (2) and (3); reso-
nance fields and relative intensities I, were calculated.
The hyperfine interaction (4) was included as a perturba-
tion. Shortcomings of our simulation were the assump-
tion of one common linewidth, even for Fe,-0 with its SQT
and its modulation-broadened DQT, and the neglect of P
atoms, which are not first neighbors of an Fe;® ion. The
latter restriction might easily have been avoided, but in
our opinion the consequences of the model are more obvi-
ous with this neglect. Thus, the calculated P lines were
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naturally smaller than the experimental ones. The exper-
imental spectra of the Si:P, Fe samples were fitted with

Jy=0.93cm™', a=2.5X10""cm .

The value of J, is three orders of magnitude smaller
than that of interacting identical partners in the P-P pairs
(Jo=900 cm™ '), whereas the decrease with distance is
slower (@ =1.0X10"7 cm for P-P pairs).'®

Criteria for the fit were the relative intensities of the
satellites in the spectra for the range of P concentrations
(1.5X10" to 3X 10' cm ™) in the 18- and 25-K spectra,
respectively, and the asymmetric line shapes of the satel-
lites. A decrease of the intensities of the high-field satel-
lites with decreasing temperature compared to the inten-
sities of the low-field satellites is expected for antiferro-
magnetic coupling caused by a depopulation of the excit-
ed fourfold level. Although this is a hint at an antiferro-
magnetic type of coupling, the depopulation calculated
for 7 K is essentially smaller than the observed change in
satellite intensities with temperature (see Fig. 2); we sup-
pose that saturation effects are responsible for this
phenomenon, which is supported by the fact that increas-
ing the microwave power produces the same tendency as
lowering the temperature.

Figure 9 shows simulated spectra for doping with natu-
ral iron [part (a) with one Fe,° CL] and with *’Fe en-
riched according to our experimental conditions [part (b)
with two hyperfine components of the Fe,® CL]. Charac-
teristic features are well reflected: Relative intensities cor-

(a)
XV7 x7
!
g \
: Fe? P
¢ (b) A
d B
320 330 340

magnetic field (mT)

FIG. 9. Calculated spectra for T=25 K, cp=1X10'"* cm
(only interacting P included, see text); (a) natural mixture of
iron isotopes; (b) 94% content of >’ Fe.
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respond to the experimental spectra. This concerns the
ratio of satellites to the central Fe° line, the ratio of
high-field to low-field satellites, and the remarkable dis-
similarity in the intensities of the P hyperfine pair lines.
The latter phenomenon especially cannot be simulated by
assuming a definite geometrical arrangement of P-Fe
pairs, which always creates two lines of equal intensities.
A further feature which corresponds to the experimental
spectra is the asymmetry of the satellite lines.

CONCLUSIONS

In silicon single crystals containing intermediate con-
centrations of shallow donors and well detectable concen-
trations of Fe;° a spin-spin interaction between one Fe;°
and one neutral donor atom causes a characteristic elec-
tron spin resonance spectrum irrespective of the thermal
treatment. Thus, one can study the type of interaction
between these defects and the local distribution in the
samples.

The analysis of our experiments suggests a local distri-
bution of Fe, ions with respect to neutral shallow donors
in FZ and Cz single crystals of silicon, and this distribu-
tion is a random one or at least near to it. If there was
considerable binding energy, close pairs should have been
created in some of the different thermal treatments we
did. On the basis of our analysis, such pairs are expected
to be detectable if they would exist in an amount assumed
in the kinetic experiments recently published.'> We con-
clude that processes at room temperature or at elevated
temperatures which are passed during “slow quenching”
do not produce close pairs of Fe,? and shallow donors to
an essential extent. This result, which is all the more val-
id at high temperature, is important for the discussion of
gettering processes.
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APPENDIX: FINE STRUCTURE PARAMETER D
CAUSED BY A PHOSPHORUS ATOM
ON A CUBIC AXIS

The displacement vector u of a P atom in Si is given?’

by
3

X4
5 r3

x;
u,-="’A1—'7+3A3
r r

2x; + 5x;  Sx; Cxd4xd +x]
—t———[x]t+x5+x
r’ 6r3 P 2 3

3 , (A1)

with
A;=4.23X10"% cm®,
A,=5.39X107% cm?,
A;=—3.17X10"% cm? .

Here x, to x; are the cubic axes. The parameters 4, to
A, were calculated from the ratio C,/C,; =0.383 of
elastic constants of Si and the elastic strength A4
=—0.15X10"2* cm? of P in Si.

The strain field e,
1 | Ou; Quy
o= | — 4 —= A2
kT2 |ax, | ox (42
is related to the stress field by
X=C-e, (A3)

as usual by the elastic tensor C of Si. The fine structure
tensor D can be calculated from

D=6y [X;—33 X | » Dix=GuXy , (A4
j*k
with the strain coefficient G;;=—49 cm™! per unit

strain.’ Locating the defect on a cubic axis yields (11b).
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