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I. INTRODUCTION

Like other noble metals, silver is an important impuri-
ty in silicon. Reported data on the maximum solubility
range from 1016 to 5x 1017 atoms per cm3. l-3 The elec-
trical properties of silver in silicon have been extensively
studied and a number of investigations of Ag-related deep
levels in silicon have been reported.4- l0 Although,
again, there exists some scatter in the data, all these in-
vestigations seem to indicate that silver introduces two
deep levels in silicon: a donor level in the lower half of
the band gap and an acceptor level near the middle of the
gap. In a recent study based on combined results from
thermal and optical measurements, using the deep-level-
transient-spectroscopy technigu€, Baber et al.tl have re-
ported that silver creates an acceptor level at E, - 0. 54
eV and a donor level at Er*0.34 eV. These deep levels
are in close vicinity of the acceptor and donor levels of
gold in silicon. This is not surprisirg, since the electronic
configuration of the free silver atom is similar to that of
gold, and also to copper. Consequently, due to the
resemblance of this configuration to AuO, and to Pt - as

well, it is reasonable to expect that isolated substitutional
silver is paramagnetic. Theoretical calculations of the
electronic structure of Cu, Ag, and Au, which were car-
ried out by Fazzio, Caldas, and Zunget,t2 have also sup-
ported such an assumption. No electron paramagnetic
resonance (EPR) spectrum confirming the existence of
the paramagnetic state for either of these isolated impuri-
ties has been obtained, to the authors' knowledge. 13 Nev-
ertheless, a number of papers has been published reveal-
ing several gold- and copper-related defect complexes.
For the silver dopant no EPR investigation has been re-
ported so far, to our knowledge.

In this paper, the EPR observation of silver in silicon is
reported. Among several EPR spectra that were found in
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silver-doped silicon, three centers have a well-resolved
hyperfine structure related to a nuclear spin I : t. The
spectra, labeled Si-NL42, Si-NL43, and Si-NL44, are
presented in the paper. Section tII gives detailed infor-
mation on the analysis of these spectra and proposals for
microscopic models for the relevant centers.

II. EXPERIMENTAL DETAILS

In order to prepare samples for the study, silver was
diffused into commercially available high-grade silicon.
In view of the expected location of deep silver-related lev-
els in the band gap of silicotr, high-resistivity n- and p-
type materials were chosen. For the studies described in
this paper, float-zone, dislocation-free, p-type, boron-
doped silicon with a resistivity of approximately 1000
O cm at room temperature \ryas used as a starting materi-
al. Typical dimensions of the samples \ryere l. 5 X l. 5 X 15

mm3 with the longest axis along the crystallographic
tOTl] direction. Several diffusions were performed with
high-purity natural silver containing two isotopes with
nearly equal abundance, or with monoisotopically eÍl-
riched l07Ag (99.5vo) or t0e4t (99.4Vo\. For the
identification measurement of the FeAg pair, an 57Fe iron
isotope enriched to 95.lVo was used. Silver and iron
diffusion processes \ryere conducted at a temperature of
1250"C in a closed quartz ampoule filled with 200 mbar
of argoÍI. The diffusion times range from 24 4A h, de-
pending on the isotope. After the diffusion process, the
samples were quenched in water to room temperature
and stored in liquid nitrogen.

The EPR measurements \ryere performed on X-band
(microwave frequency v=9 GHz) and K-band fu=23
GHz) superheterodyne spectrometers. The dispersion
part of the magnetic susceptibility was followed with the
microwave power kept at the microwatt level. The sam-
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ple was mounted with the [011] direction perpendicular
to the plane in which the magnetic field could be rotated.
The EPR spectra were measured at liquid-helium temper-
ature.

III. RESULTS AND ANALYSIS

A. Si-NL42 center

The most important result of this study is the observa-
tion of an isotropic spectrum that exhibited a hyperfine
structure with twofold splitting as illustrated in Fig. I (a).

The spectrum \ryas first observed in a rapidly quenched
l07Ag silver-isotope-doped sample. Both spectral com-
ponents have equal intensity and behave identically with
conditions of observation, such as temperature and phase
with respect to modulation. The structure of the spec-
trum is thus understood as being due to the hyperfine in-
teraction with one nuclear spin I - f with an abundance
of l}OVo. For the identification of the responsible impur-
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FIG. l. The isotropic EPR spectrum Si-NL42 as observed
for a sample doped with (a) toTAg (microwave frequency
v:9.2238 GHz) and (b) r0eAg(v:9.2251 GHz) silver isotopes.
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ity, one may note that there exist only a few elements
with such isotopic composition; these are tH, tnF, 

"P,ttY, to'Rh, and l6eTm. However, in view of the doping
treatment with a monoisotopic impurity, silver is the ob-
vious candidate for the interpretation of the Si-NL42
spectrum. As the intensity of the Si-NL42 spectrum was
rather low, it was not possible to identify the origin of the
hyperfine splitting in an electron-nucl ear double reso-
nance (ENDOR) experiment. Therefore, to obtain
confirmation of the presence of silver in the center, a

sample that was similar but doped with the heavier tonAg

isotope \ryas prepared. As depicted in Fig. 1(b), in this
sample the Si-NL42 spectrum could also be observed.
Comparison of the results obtained for l07Ag and tonOt,

as shown in the Figs. 1(a) and I (b), respectively, shows a

small but distinct difference in the hyperfine splitting.
This is very naturally related to the small difference be-
tween the nuclear magnetic moments of the two silver
isotopes, namely, p_ -0. I l35px for l07Ag and
p: - 0. 1305p1,, for l0e4*. 14 Indeed, the ratio of the
hyperfine splittings as observed in the experiment, equal
to 0.87, is in exact agreement with the ratio of the two
nuclear magnetic moments. Measurements on these sam-
ples were performed in both the X- and K-band spectrom-
eters. An excellent fit of the angular independent experi-
mental data to the spin Hamiltonian

H -gLraB.S+ AS.I

was obtained with spin S - f , and Zeeman splitting con-
stant g: 1.97 44. The full set of parameters as determined
for the Si-NL42 spectrum is given in Table I. The
significant deviation of the obtained g value from those of
other cubic centers in silicon provides additional solid
evidence that the Si-NL42 spectrum arises from a

different center.
Silver belongs to group IB of the Periodic Table and, as

a free atom, has the 4dr05s electronic configuration. In
the silicon lattice the neutral interstitial silver Agio tnuy
have the same configuration as the free atom, consistent
with the observation of an isotropic spin ^S - t purumag-
netic center. Ho\ryever, in the free l07Ag atom the 5s elec-
tron contact density leads to a hyperfine interaction con-
stant A- - 1831 MHz. 15 The very much reduced value
observed for the center in silicon, A:4.76 MH'z, indi-
cates strong delocalization of the electron. Such an elec-
tronic structure is similar to that of shallow donor states.
Apparently, these characteristics of the center deviate
from those reported for the substitutional silver and sug-
gest the present center to be of interstitial type. The fact
that the spectrum could only be observed following fast
quenching supports this interpretation. From the intensi-
ty of the Si-NL 42 spectrum the concentration of the cor-
responding center is estimated as l0l3 cm-3. Compar-
ison with the solubility data indicates that the Si-NL42
center represents a small fraction of the total amount of
silver present.

Followittg these arguments, the spectrum Si-NL42 is
identified with a neutral isolated silver atom on a high-
symmetry interstitial site. Whereas the evidence for the
presence of one silver atom on a site of cubic symmetry is
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TABLE I. Spin-Hamiltonian parameters of the Si-NL42, Si-NI/43, and Si-NL'I4 centers.
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Spectrum Si.NL42 Si.NL43 Si.NL44

Spin S

Isotope

8rr

8t
Ay (MHz)
A r (MHz)
D (GHz)

1.97 44

1.97 44

4,7 6 5.47

4.7 6 5.47

I
T

I,
l07Ag r0eAg t07Ag sTFe r07Ag

42.44

29.41

tor4,

2.0680
2.0986

48.47

33,12
=25
=19

2.0028

3.9846

lol4*

10.5

4,5

2.0004
1.9999

86

9.0

3.9

unambiguous, the identification as a single isolated inter-
stitial impurity is based on more indirect interpretation.

B. Si-NL43 center

The Si-NL43 spectrum was observed in silver-doped,
p-type silicon, following slower sample quenching. It ap-
peared simultaneously with the Ag-related Si-NL44
center, which will be discussed in Sec. III C. In addition,
the well-known spectra of Fe;O, Fe;+, and Ti,*, with
which the sample was apparently contaminated during
the diffusion process, \ryere present. The Si-NL43 spec-
trum shows hyperfine structure with the resonance line
being split into two components of equal intensity. The
trigonal symmetry of the center is evident from its angu-
lar dependence, as given in Fig. 2. The intensity of the
resonance lines varies considerably with the angle, espe-
cially for the higher magnetic-field values, and attains a

minimum for the [1] l] direction. The twofold splitting
of the spectrum is indicative of the hyperfine interaction
with one l\OVo abundant nucleus with spin I : t. In the
natural silver, which was used for the preparation of this
particular sample, two isotopes, both with nuclear spin
value I : t, were present: l07Ag with an abundance of
51.3 5Vo and l0eAg for 48 .65Vo. However, due to a very
small difference between the two nuclear magnetic mo-
ments of only about l3Vo, the resonance lines related to
different isotopes are nearly coincident. For this reason,
not only no splitting but not even a slight asymmetry of
the line shape could be detected. Since, similarly to the
case of Si-NL42, the intensity of the spectrum did not
permit ENDOR measurement, monoisotopically en-
riched l07Ag ancl l0eAg isotopes were used to prove the
presence of silver in the center. Following the diffusioÍI,
basically the same spectrum was observed in samples
doped with any of these isotopes, with the linewidth be-
ing in both cases narrower than for material doped with
the natural silver. Figures 3(a) and 3(b) show EPR spec-
tra as obtained in the [0 ] I ] direction of the magnetic field
for the samples doped with l07Ag and loeAg silver iso-
topes, respectively. The apparent difference of the
hyperfine splitting may be noticed. The ratios of the
hyperfine values as measured at low- and high-field points
in the [011] direction are 0,89 and 0.88, respectively.
Again, this is in good agreement with the value 0.87 of
the ratio of nuclear magnetic moments of the two iso-
topes. Similarly as for Si-NL42, the result depicted in

Fig. 3 provides direct evidence for the participation of
one silver atom in the Si-NL43 center. Rather than by
inspection of Fig. 3, the same conclusion is reached by
comparing the principal values of the hyperfine interac-
tion tensors, which were determined for the two isotopes
from the computer fits of the experimental data (see

Table I).
In view of the trigonal symmetry and $ r f spin value

on one side and the electronic configuration of silver on
the other, it was difficult to imagine that the center would

t1001 [1 1 11 t01 1l
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FIG. 2. Angular dependence of the EPR spectrum Si-NL43.
The magnetic field is rotated in the (OTt) plane. The solid
curves represent a fit to the experimental points of the tol4*

hyperfine lines according to Eq. (2), The microwave frequency
is rz:23,182 GHz.
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consist of a single silver atom only. An impurity pair ap-
peared more likely and, consequently, a second com-
ponent was searched for. In a sample co-doped with en-
riched ttF., which has nuclear spin I : *, and tonOt, an

additional splitting of each line \ryas observed, as shown in
Fig. 4. The central component of a resonance line in Fig.
4b) is due to 56Fe with nuclear spin I-0 and the two side
lines correspond to the hyperfine interaction with one
57Fe isotope. The Si-NL43 spectrum is thus identified as

an FeAg pair. A good fit to the experimental data \ryas

obtained by using the spin Hamiltonian

H-pnB.E:.s+s.Àor.IAs+s.Ár..IF. , Q)

with an electron spin S :*, nuclear spins I ne:Irr':*,
and coupling tensors of trigonal symmetry. The full set
of parameters as deduced from the fit is given in Table I.

Following the one-electron linear-combination-of-
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atomic-orbitals (LCAO) approximation, which is known
to be suitable for a description of transition-metal impuri-
ties in silicon, the \ryave function of the unpaired electron
can be written as a superposition of the electronic \ryave

function of s and d orbitals

V- q(arltr*yrla) . (3)

This \ryave function gives rise to a hyperfine interaction
with isotropic and anisotropic components, which can be
related to the unpaired spin in the ^s and d orbitals, re-
spectively. The decomposition of the hyperfine tensor
into isotropic and anisotropic parts can be written as

À-oï+Ë'.
The trace a of tensor

787 788 789 790 791

790 791 792 793 794. 795

MAGNETTC FTELD (mT)

FIG. 4. Part of the EPR spectrum of the Si-NL43 center near
the region g:2.0986 for nlltOl l]: (a) the tonAg hyperfine struc-
ture (microwave frequency v:23.182 GHz); (b) the additional
splitting due to the 57Fe isotope with nuclear spin I : t; the

central component arises from the 5óFe isotope with spin .I:0
(microwave frequency v:23.277 G}Ià.
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FIG. 3. EPR spectrum of the Si-NL43 center for magnetic
field BlltOl l] showing the hyperfine structure due to silver nu-
clei with nuclear spin I : i and the difference between totAg

and tonAg hyperfine splittings: (a) toTAg hyperfine structure
measured at microwave frequency v:23.073 GHz; b) to'Ag

hyperfine structure measured at v:23.182 GHz. The scale of
the magnetic field is the same in both parts of the figure.
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term, is given by the spin density rld, in the s orbital, by
the expression

a - +( A,+2 A r): trpgpngult*rl2o2lrl,,(0)12 . (5)

The traceless anisotropic part Ë' ir an axial tensor with
principal values (2b, -b, -b), where

b -+( Ar- A,): 
l+)r*rrsut-rurt2y'(t+)(r-314 

.

(6)

Using atomic constants given by Morton and Prestotr, 15

gn' values as tabulated by Fuller, la and hyperfine parame-
ters from Table I, the spin densities q2a2 and rfyz in the
5s and 4d orbitals on the silver atom are found to be
l.8Vo and 'l .4Vo, respectively. This localization is sub-
stantially higher than that found for the Si-NL42 center
and suggests a different lattice site for silver in the FeAg
pair defect. For iron the spin densities in the 4s and 3d
orbitals aÍe determined to be 2.8Vo and 7.2Vo. Parame-
ters from the LCAO analysis of the hyperfine interaction
are summartzed in Table II.

Due to its high diffusivity, iron is known to form pairs
and complexes with other impurities. A number of shal-
low acceptor-iron and transition impurity-iron pairs in
silicon have already been studied in the early 1960s by
Ludwig and V/oodbury. 16 For the description of
impurity-iron pairs in silicon, they proposed a highly suc-
cessful model that could in all cases account for the ob-
served electron spin values. It is therefore justified to ap-
ply their model also to the case of FeAg pairs. The neu-
tral interstitial iron Fe,O has 3d8 configuration and an
electron spin Sr,. : 1. For silver no data revealing its
favored lattice position is available. However, from the
similarity in electrical properties to gold, it is reasonable
to assume that silver will occupy the substitutional posi-
tion in silicon. fn the neutral charge state, the substitu-
tional silver Agr0 has 4d7 5s6pt configuration; three miss-
ing electrons in the 4d shell will result in an orbital sing-
let state with Sne - +. An antiparallel coupling between
iron and silver spins then gives rise to a total spin S : *,
in agreement with the experimental finding. The same
total spin can also be obtained for the case of Fe,*Agr-,
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by the antiparallel coupling of spin Sn. - + on Fe, + and

spin Sa.e : 1^ on ê9, -. The hyperfine interactions for
both the Fe;oAgr0 and Fei *Ag, - models are considered
here. The hyperfine interaction, as calculated on the
basis of the observed experimental data using total spin
S : *, results in fact from the interactions of the indivi-
dual electron spins Sr,. and Sae with the individual nu-
clear spins .Ip. and I e,e. The relations between the actual
hyperfine parameters Ap", A e,c and the experimental
values A#, A'[, , are given 6v Arr: - (+ )/ tT and

A a,e: (+ 7 ,a,'[, foi Fe,oAgr0 and by Apr- (+ ) A{, and
A e,e - (+ ) A'fefor Fe, *Ag, - (for a detailed treatment,
see Ref. l7). For both cases Eqs.(5) and (6) can still be

used with the quantities ,fo'lrl,,(0)12 and rfy'(r-3)a be-
ing replaced by effective wave-function parameters

| r/, (O ) l3n and (, - ' );n These effective parameters, as

determined from the numerical analysis, are given in
Table II. Since the signs of the hyperfine constants are
not determined in the experiment, these aÍe ignored. It
can be concluded that the values of the effective atomic
constants are in all cases much smaller than those found
or extrapolated from Hartree-Fock calculations. l8' le On
the basis of these values, it is difficult to assess which of
the two models is more appropriate. However, in view of
the similarities of the recent findings to the case of the
FeAu pair, t7'20 for which the electronic Fe, *Ar, - model
was adopted, the Fe, *Ag, - model appears more prob-
able. Interstitial iron has a donor level at Er+0.4 eV,
while a substitutional silver atom may behave either as a
donor, with its ionization level at E, * 0.34 €V, i.e.,

slightly below the iron level, or as an acceptor, with the
appropriate level at Er-0.54 eV, i.e., slightly above the
iron level. In this situation, transfer of one electron from
iron to silver is conceivable, thus giving rise to Coulomb
interaction between two impurities and forming the
Fe, *Ag, - center.

C. Si-NL44 center

As mentioned in Sec. III B, following silver diffusion
into p-type silicon another trigonal spectruffi, labeled Si-

TABLE II. Hyperfine data frorn the analysis with different models of the Si:FeAg center (spectrum

Si-NL43). The signs of hyperfine constants, which are not determined in the experiment, are taken pos-
itive.

Model

o

(MHz)

b

(MHz)
lr/,(o)l3r

tÀ-31

(r- ')?n

tÀ-31,f a' ,l'?''

LCAO
sn.ne _+ 

]]1,

Fe,oAg^,0

see - + t0eAg

SF. : I 57Fe

Fe, *Ag, -
^So, 

: I tonAg

so.: i 57Fe

38.24

2t

22.94

31.5

57.34

12.6

5.r2

2

3.07

3.0

7.68

1.2

0.01 8

0.028

o.o7 4

0.072

0.89

0.92

0.s4

1.37

t.34
0.5 5

4.8 5

2.73

2.90

4.10

7.28

1.64
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NL44, could be observed in addition to the FeAg pair.
The angular dependence of the Si-NL43 spectrum as

measured in the (011)plane is depicted in Fig.5. Due to
the large anisotropy and a small misorientation of the
sample, all four ( t t t ) orientations of the trigonal center
are separately visible. The spectrum exhibits some
hyperfine structure which, in the natural silver-doped

, sample, is rather anisotropic and not very well resolved.
The line intensity of the Si-NL44 spectrum is much
smaller than that of the FeAg pair, reflecting lower con-
centration of the relevant centers. Similarly as in the case

of the FeAg pair, doping with single l07Ag and l0eAg iso-
topes was used for further identification of the spectrum.
In the single-isotope-doped samples, the linewidth was
narro\ryer and the hyperfine structure could be resolved
better. In Figs. 6(a) and 6b) the hyperfine structure of
the resonance line is shown as observed for l07Ag and
l0eAg isotope-doped samples, respectively. As can be
concluded from these figures, the difference in the
hyperfine splittings reflects exactly the difference of the
nuclear moments of the two isotopes, proving the pres-
ence of silver in the center.

The angular dependence of the Si-NL44 spectrum

t1111
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could be analyzed with the spin Hamiltonian

H-F'B.E:.S+S.À.I , 0)

with S : + and I : t. In this case the experimental
points could be fitted with the maximum deviation of 1.5

mT. The results are given in Table I. The value
gr :3.9846 as obtained from the analysis with spin S : *
indicates that the resonance is observed in the ground-
state doublet of a spin quartet, with real spin S - ], split
by a crystal field. However, since Br is measurably small-
er than 2g tt, the splitting between the two doublets, as in-
duced by the trigonal crystal field, is not much larger
than that caused by the magnetic field. In such a situa-
tion an analysis with an effective spin S : *, taking into
account also spin-spin interaction, is more appropriate.
The spin Hamiltonian is written as

H -p|B.E:.S+S.À.t+DIS;-+S(S+1)1, (8)

(a)

822.5 823.0 823,5 824.0

829.5 830.0 830.5 831.0 831.5
MAGNETIC FIELD (mT)

FIG. 6. EPR spectrum of the Si-NL44 center at gg1 :2.0028
for Bll[11] showing the hyperfine structures due to different
silver isotopes: (a) the toTAg hyperfine structure (v:23.075
GHz); (b) the 'onAg hyperfine structure (v:23.277 GHz).
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FIG. 5. Angular dependence of the EPR spectrum Si-NL44
measured at microwave frequency v:23.075 GHz for rotation
of the magnetic field in the (0ïl) plane. Due to the small
hyperfine splitting and the large anisotropy of the g value, only
the center of each hyperfine spectrum is given. The solid curves

are simulated ones with parameters given from the fit using spin

Hamiltonian (7).
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FIG. 7 . EPR spectrum of the Si-NL44 center at g - 2.8298

for Bll[011] showing an unresolved hyperfine interaction with an

impurity that has a natural abundance of a few percent and

probably a high nuclear spin.

where the D termlepresents the crystal-field splitting and
the tensors !'and A are constrained to trigonal symmetry
along the z axis. The analysis with this spin Hamiltonian
results in a fit of quality clearly superior to the previous
one and gives g values in the vicinity of g:2. The calcu-
lated parametrs are also summarized in Table I.

The trigonal symmetry, as well as the high g value as

obtained from the analysis, are again indicative of the
possible relation of the Si-NL44 spectrum to a silver-
impurity complex. From Fig. 6 an unresolved hyperfine
interaction with an impurity of a natural abundance of a

few percent can be concluded. Unfortunately, due to its
low intensity and severe overlap, the hyperfine structure
could not yet be disentangled. Nevertheless, ês seen in
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Fig. 'l , in the [011] direction the hyperfine structure is

unusually broad and therefore suggestive of an un-
resolved hyperfine interaction with an impurity that has a

high nuclear spin and a small nuclear moment. This ob-
servation practically rules out silicon as being responsible
for the observed hyperfine splitting. The center is very
similar to CrAu anq CrCu pairs; t6'2t'22 however, at this
stage, no further identification of the other nucleus could
be made. It seems that, among the possible candidates
for pairing components, chromium and titanium, which
aÍe frequent contaminants of the diffusion process, should
be considered

IV. CONCLUSION

Silver-related defects in silicon have been observed by
EPR. By doping with 107Ag and l0e4t silver isotopes,
three of these spectra, labeled Si-NL42, Si-NL43, and
Si-NL44, were directly shown to be related to centers
that incorporate one silver atom. Based on the electron
spin, the hyperfine structure, the high symmetry, and fur-
ther circumstantial evidence, the Si-NL42 spectrum is
identified as the isolated interstitial silver atom Agr0.

In addition, two silver complexes have been found.
The FeAg pair has been identified and the model of
exchange-coupled spins is shown to account well for the
observed effective spin of the center. By comparison with
the similar FeAu center and in view of the electrical
properties of silver, the electronic model Fei *Ag, - is

suggested for the Si-NL43 spectrum. Also, the Si-NL44
spectrum has been confirmed to be silver related. The
center is very similar to CrAu and CrCu pairs and, there-
fore, is suggesled to be identified as a patr of silver with
another impurity. On the basis of the hyperfine interac-
tion, the second impurity involved in this center could be

a transition metal. For its identificatiotr, investigations of
samples co-doped with silver and isotopically enriched
impurities are necessary.
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