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Hydrogen passivation of the selenium double donor in silicon: A study by magnetic resonance
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The passivation by hydrogen of selenium double donors in silicon has been investigated by magnetic
resonance. Hydrogen was introduced by heat treannent at high tempeÍatuÍes in an atmosphere of water vapor.
Two spec&a were observed, labeled Si-NÍóO and Si-Nl,6l for fur0rer rcference, both showing trigonal sym-
metry for the paramagnetic center. By using isotopically enriched selenium and heavy (deuterated) wat€r, the
participation of selenium and hydrogen in the shucture of the centers was conclusively established. By analysis
of the experimental data" micÍoscopic models for the centers were developed. It is concluded that spectrum
Si-NLó0 corresponds to a SeH pair in a neutal charge state. An unambiguous interpretation of the Si-NIól
spectrum cannot yet be presented. According to the spectroscopic information from the experiment, Si-NLál
is the spectrum of a selenium center with two hydrogen atoms on nonequivalent sites, which is observed in an
ionized state. Alternatively, it could correspond to two neutral one-selenium-one-hydrogen pairs which re-
semble each other so much that they are indistinguishable by electron paÍamagnetic tesonance.

I. INTRODUCTION

In recent yeaÍs the chalcogen elements-sulfur, selenium,
and telluriuffi--es dopant impurities in silicon have been
subjected to intensive investigations, both by experiment and
theory. As a result the microstructure of these electronic cen-
ters and their properties are \ryell established. The chalcogen
impurities occupy substitutional sites in the crystalline sili-
con. Electronically they behave as double donors, though
with deep levels for both first and second ionization
processes.l'2 The chalcogen impurities have shown a strong
tendency to be involved in complex formation. They easily
form complexes among themselves of homonuclear type,
such as 52 and Str, or of a heteronuclear structure as for
instance SSe.3 Complex formation between chalcogen atoms
and other impurities, e.9., iron and copper, has been reported
Íls weil.4-8 In this perspective the inlèraction of chaliogen
atoÍns with hydrogen, also known for its reactivity, is an
interesting field for study. The issue is of practical techno-
logical relevance, as the presence of hydrogen in crystalline
semiconductors has been shown to cause significant changes
in the properties---electrical, optical, etc.---of the material.
Hydrogen passivation of electrically active centers has be-
come an engineering tool. Early observations demonstrated
the passivation of shallow single acceptor and donor impuri-
ties in silicon.e'1o Also, neutial centérs can bind hydrógen
and become electnrnically active centers. A most interesting
example in this category is the isoelectronic carbon
impurity.t t Double donors are another interesting category of
impurity, as, due to their electronic structure, the effect of
partial passivation is likely to occur, possibly conelated with
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the binding of one or more hydrogen atonu.
Passivation studies on all three chalcogen double donors,

using the experimental technique of deep-level transient
spectroscopy, were carried out by Pensl and co-worken.l2'13
They found that hydrogenation fully passivated the donors,
i.e., both band-gap levels were removed, oo new levels were
introduced. In later experiments carried out by Peale et al.
using infrared-absorption spectroscopy, three donor levels
related to sulfur-hydrogen centers were identified.l4 Stimu-
lated by this appilent controversy the magnetic resonance
technique has been applied more recently on sulftr-doped
silicon. In these studies two spectra, known as Si-NIJ4 and
Si-NIJS, were identified as arising from two structually dif-
ferent impurity pairs of substitutional sulfur and interstitial
hydrogen in the neutral charge state.l5'16 Samples in which
the two magnetic resonance spectra were observed also
showed the presence of the three infrared-absorption
spectra,lT on the one hand providing mutual support but on
the other hand indicating that the correlation between the two
techniques is not known in full detail. Formation of analo-
gous complexes is anticipated for the two other chalcogen
elements.

In this paper, we thereforc report on a study of hydrogen
passivation of the selenium double donor in silicon. The
method of magnetic resonance, in its varieties of electron
paramagnetic resonance (EPR) and the double-resonance
techniques of electron-nuclear double resonance (ENDOR)
and field-scanned ENDOR (FSE), has been applied. Mag-
netic resonance has proven itself to be a most suitable tool
for identification and further characterization of the chalco-
gen impurities in single isolated4'18-20 or complexed
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forms,2t-z3 as well as for chalcogen-impurity complexes.4'5'8
The observation of two EPR centers, labeled Si-NL60 and
Si-NL61, corresponding to two different selenium-hydrogen
complexes, will be repoftd.

II. SAMPLE PREPARATION
AND EXPERIMENTAL APPARATUS

The samples were prepared by thermal diffusion of natu-
ral selenium, having 7 .6Eo of the magnetic isotope 77Se, or of
selenium enriched to 99. I% in 77Se into the starting material
which was p-tyry float-zoned silicon doped with boron to the
room temperatuÍ€ resistivity between 75 and 125 Ocm. The
samples, shaped as a rcctangular bar with the tlpical dimen-
sions 2x2X 15 mm3, weÍ€ enclosed in quaÍtz ampoules to-
gether with 0.5- I mg of selenium powder mixed with an
excess amount of silicon powder to create a SiSe atmo-
sphere. They wet€ heated to 1350 "C for a period of 120-
360 h. After the diffusion the rough surface layers of the
samples were mechanically r€moved and the samples were
etched in CP6 solution (HNO3:ÍIF:CH3COOH:2zl:1). Hy-
drogen or deuterium was introduced in a high-temperature
treatment, at 1250- 1350 oC, in water vapor for 30-45 min,
followed by a rapid quench to room temperature. Before
measuring, all samples were once again etched in the CP6
solution.

Magnetic-resonance experiments were carried out using a
superheterodyne spectrometer operated in the K band with
the frequency neaÍ 23 GlIz. Signals were observed with the
spectrometer tuned to dispersion under conditions of adia-
batic fast passage. The magnetic field was modulated to a
depth below around 0.1 mT with a frequency of 175 Hz. To
allow double-phase-sensitive detection of ENDOR signals,
the rf field inducing the ENDOR transitions was modulated,
on and off at the rate of 3.3 llz. The spectrometer has an
option of operation under full computer control. It is
equipped with facilities for ENDOR and FSE measurements.
In the latter mode, the magnetic field is scanned through the
EPR condition while the rf is varied in such a way that the
NMR condition remains satisfied. For a more complete de-
scription of the equipment and the experimental techniques,
see, e.g., Ref. 24.

III. RBST.]LTS

A. EPR spectnrm

In the samples diffused with natural selenium the EPR
spectra of single isolated selenium and of the selenium pair
were detected at an observation temperature of 4.2 K. The
intensity of these resonances \ryas found to depend strongly
on the quenching speed after selenium diffusion. A fast
quench favors the creation of the isolated selenium centers.
The spectra are not shown because of their generally low
intensity, which possibly is due to full ionization of the do-
nors in the p-type material. The spectra are identified as aris-
ing from Se+ and (SeJ* by their known g tensors and sele-
nium hyperfine splittings. They are clearly different from the
new spectra Si-NL60 and Si-NL6l to be reported.

After the hydrogen introduction treatment the selenium
spectra are Íeplaced by new resonances. A typical result re-
corded at the temperature T:1.5 K with the magnetic field B
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FIG. l. EPR over the full field range of the Si-NL60 and Si.
NIól centers for the magnetic-field Bll( 100) crystallographic dirpc.
tion, temperature T: L5 K, and microwave frequency f
:22.8153 GHz. The upper and lower insets show the structure of
the high-field hyperfine satellite lines in samples doped with hydro-
gen and deuterium, respectively.

oriented along a crystallographic (100) direction is depicted
in Fig. 1. The spectrum is interpreted as selenium rclated. In
that view the strong central line corresponds to centers with
the selenium isotopes with a zeÍo nuclear spin /, whereas the
two outermost pain of lower-intensity satellites arie from
centen with the 77Se isotope, havin g I: *. The relative in-
tensity of the side lines to the central line is consistent with
the 7.6Vo nafiinl abundance of this isotope. The pair of very
weak resonances indicated by amows was detectable for
some magnetic-field directions only. They might as well cor-
respond to a selenium-related center, but no study of them
was made. Also the spectral lines 1, 2, and 3, which were
always found to exist, will not be discussed at this stage.

As shown on an expanded magnetic field scale in Figs.
2(a)-2(c), the central line has a multicomponent structure.
The g-tensor anisotropy indicates a center symmetry lower
than cubic. The resolution in EPR is, however, insufficient to
reveal individual components and angular patterns. In spite
of this handicap it appears that the linewidth and structure
observed for hydrogenatd and deuterated samples are diË
ferpnt. This hints at a hydrogen involvement. In agreement
with such an interpretation the linewidth in the deuterium
spectrum is smaller. The insets of Fig. I show the structure
of the high-field satellite lines in greater detail. Lines are
labeled Si-NL60 and Si-NL6l, respectively, as they belong
to different independent spectra. As can be observed by com-
paring upper and lower insets the ratio of the intensities of
the spectra can be vastly different in differently prepared
samples. For the Si-NL60 spectrum a twofold splitting is
apparent in the hydrogenated sample, and coÍresponds to a

hydrogen hyperfine interaction which is just resolvable. For
the deuterated sample (lower inset) the hyperfine splitting,
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FlG. 2. Central part of the EPR spectrum (thick curves) for
Bll(01l) on an expanded field scale. Components as resolved by
FSE (thinner curves) indicate a center symmetry lower than cubic.
Labels AÏ, etc., specify the hydrogen ENDOR ransitions selected
for FSE. The line width and structure for hydrogenated [(a) and (b)]
and deuterated (c) samples are different.

which must be :6.5 times smaller, is not visible. For the
Si-NL6l spectrum any hydrogen hlperfine interaction will
be smaller, as no splitting is observed in EPR. It has been
possible to measure the full angular dependence of the hy-
perfine components of the spectra. The result, as shown in
Fig. 3, reveals trigonal symmetry for both centers. Acciden-
tally the g and Á tensors give an equal anisotropy resulting in
the quasi-isotropic behavior of the hyperfine lines on the
high-field side, where the two interactions act in opposite
sensgs.

[1001

PRB 6L

10111
828

824

i

i sl-NL60
I

:
I

sl-NL61

sl-NL61

sl-NL60

818

816

814

0 1020 3040506070 E0o0

Angle (degrees)

FIG. 3. Angular dependence of the Si-NL60 and Si-NLó1 spec-

tra of the 77Se hyperfine lines, temperature T: L 5 K, microwave
frequency .f :22.8252GH2. Experimental datat l, O. Solid lines
are computer fits using the spin Hamiltonian described in Eq. (1).
The double loops observed for the Si-NL60 center are due to hy-
drogen hyperfine interaction.

B. Hydrogen identification

For funher study of the spectra, the ENDOR technique
was apptied. Following from the sample preparation the par-
ticipation of hydrogen in the paramagnetic centers is antici-
pated. For that reason the range of hydrogen interaction fre-
quencies has been carefully examined. With the magnetic
field coincident with the central component of the EPR spec-
trum, i.e., at ff*820ffiT, the ENDOR transitions are ex-
pected to be near the hydrogen nuclear Zeeman frequency
(vàu: (gr)HÍrr.rB lh*35 MHz. For the proton the nuclear g
value (gr)n:5.585 56.2s As shown in Fig. 4, indeed several
ENDOR lines are observed in this frequency range with a
pair-wise symmetrical displacement with respect to the hy-
drogen nuclear frequency. ENDOR spectra as shown in Fig.
4 were observed for several samples at slightly different val-
ues of the magnetic field for EFR, Íild therefore also slightly
different frequencies for the ENDOR transitions. From the
variation of the ENDOR frequencies with magnetic field,
measured as *42lvfr{arf and given by dvldB: gnpNlh, ill
ENDOR lines are directly identified as arising from hydro-
gen. For these ENDOR spectra the complete angular depen-
dence was as well obtained for the rotation of the magnetic
field around a (011) direction of the silicon crystal. Results
are shown in Figs. 5(a) and 5(b) for the smaller and larger
hyperfine splittings, respectively. The rotational patterns in-
dicate trigonal symmetry of the underlying centers. As three
patterns are observed, on either side of the nuclear fre-
quency, with distinct hyperfine interactions three different
hydrogen atoms must be present. For the larger hyperfine
interaction the resonances for Bll[ 100] do not exactly coin-
cide. This is due to a small misalignment of this sample. The
four lines as observed for an arbitrary angle of B correspond
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FIG. 4. Hydrogen ENDOR observed on the central line in the
EPR spectrum, (a) close to pnotonkman frequency (vàs and (b)

more distant from (vàH. The ENDOR transitions of different pat-

terns for three hydrogen atoms are labeled Á and B for the Si-NL6l
center and C for Si-NIóO. ENDOR frequencies are symmetrically
displaced with resprct to the hydrogen nuclear frequency. Magnetic
field Bll(0l l).

in a one-to-one manner with the fotr EPR orientations of the
(lll)-axial center. The magnitude of this hyperfine interac-
tion is around 6.7 MHz. In EPR such a hyperfine strength
gives a splitting of 0.24 ÍrT, which is as observed for the
spectnrm labeled Si-NL60 in Figs. 1 and 3. It links the hy-
drogen and selenium hlperfine interactions to the same cen-
ter. Also, for the deuterated samples the ENDOR spectra
have been taken. Following from (gn)p= 0.857 42 (Ref. 25)
for the deutenrn the spectra are found near (vào
:5.3 MHz. An example of such ENDOR is given in Fig. 6.

The angular variation of the deuterium hyperfine coupling
shown in Fig. 7 agrees with the already established (111)-
axial synmetry of the defect structwe. Again, the mirror
symmetry of the specnum with respect to the keman fre-
quency of deuterium proves that the deuteron is the origin of
the interaction" Due to the nuclear spin Io: l, the number of
transitions has doubled. The transitions ffir:-I to m7:0
and ffir:O to m1: * I aÍe split by the quadrupole effect,
which is effective for this center of the axial synrmetry. The
frequencies for hydrogen and deuterium scale properly ac-

cording to the ratio of their nuclear g values (gr)n l(g)o
:6.5L4/'. Deuterium ENDOR coÍresponding to the lower of
the hydrogen frequencies was not obseryed, as it is too close
to the keman frequency.

Having collected the ENDOR data all on the central line
in the EPR spectnrm with its unresolved stnrcture, it remains
to establish in more detail with which EPR transitions they
are associated. For this goal the procedure of field-scanned
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FIG. 5. Angular dependence of the hydrogen ENDOR spectra as

observed for rotation of the magnetic field in the (0lt) plane from

[100] to [011]. Results are shown in (a) for the smaller, and in (b)

for the larger hyperfine splittings. Measurement conditions are tem-

perature T:9 K, microrvaye frequency f :22.909 GHz, and mag-

netic field B:814.812 mT (a), and T:8.2K, f :22.767 GHz, and

B:813.168 mT in (b).

ENDOR (FSE) is available. In an FSE scan the radio fre-
quency remains locked to a selected NMR transition of EN-
DOR, even when the magnetic field is scanned to trace the
EPR part of the double resonance. By the choice of an EN-
DOR frequency an impurity and the defect to which this
impurity belongs are selected. Also specific defect orienta-
tions can be tagged and observed. FSE scans through the
central region of the EPR were made for directions of B
parallel ro [100], [l I l], and [0] l]. The selected ENDOR
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FIG. 6. Deuterium ENDOR observed on the central line of spec-
ffum NLóO for B: 816.193 mT in a direction about 20o away from

[100] in the (0lI) plane. The nuclear Zeeman frequency of deute-
rium is ( z2)p:5.334 MHz.

transitions with Bll[011] are labeled in Fig.5 by A,B, and C
for the three different hydrogen patterns, with a subscript
indicating the angle between the [011] direction and the de-
fect axis. Superscripts * and - distinguish betrveen frequen-
cies above and below the hydrogen Larmor frequency. The

PB
FSE SI.NL

sE sl-NL61

804 808 812 816 820 821 828

Magnetlc Fleld (mT)

FIG. 8. EPR and FSE scans over a range of magnetic field also

covering the regions of selenium hyperfine splitting. FSE Si-NL61
is observed on hydrogen ENDOR frequencies Á and B; FSE Si-
NIóO is related to the C hydrogen ENDOR. Magnetic field
Bil( loo).

FSE spectra as obtained are shown in Figs. 2(a) and 2(b), and
it is seen that they form components of the resonance line as

observed in EPR. The result suggests that with FSE the
structure of the central line is fully resolved. For the Á and B
hydrogen atoms the resonance lines coincide, indicating
equal g tensors for the centers of these atoms. Hydrogen
atom C generates FSE lines at somewhat higher fields, and
belongs to a center with a different g tensor. The two peaks

are the result of the hydrogen hyperfine coupling of around
6.7 MHz in ENDOR and 0.24 mT in EPR. For the Á and B
hydrogen atoms a hyperfine interaction constant of around
0.8 MHz leads to an EPR splitting of 0.03 ÍrT, which is too
small compaÍed to the linewidth to be observable. The angu-
lar dependence pattern based on FSE measurements confirms
the trigonal symmetry of the centers. From the data obtained
by FSE, the two g tensors are determined.

FSE scans rwere also made over a wider range of magnetic
fields covering the regions of selenium hyperfine split lines
as presented in Fig. I as well. From an inspection of the
spectra shown in Fig. 8 one concludes that with the C hydro-
gen atom only the selenium atom with the wider doublet
splitting, labeled Si-NL60, is related. Such a result is consis-
tent with the observed hydrogen hyperfine splittings in both
central and peripheral lines. Hydrogen atoms Á and B both
only produce the selenium component labeled as Si-NL61.
From this coincidence it is concluded that the A and B hy-
drogen atoms belong to a center with equal selenium hyper-
fine interaction. This converges to the conclusion that the
Si-NL61 center has the two inequivalent hydrogen atoms Á
and B as its components. In a short summary, this latter
conclusion is based on the equal g tensor of Á and B hydro-
gen centers as revealed by FSE, the equal selenium hyperfine
interaction as also indicated in FSE, and, morsover, the equal
intensity ratio between A and B ENDOR lines in many
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FIG. 7. Angular dependence of the deuterium ENDOR of spec-

trum Si-NIóO for rotation of the magnetic field in the (01t) plane

from [100] to [011]. Experimental data (O) are presented together
with computer fitting (solid lines). Temperature T:5.2K, micro-
wave frequency f :22.7994GH2, and magnetic field B
:816.193 mT.
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FlG. 9. EPR spectrum of deuterated sample doped with natural
selenium, containing 7.680 77Se; only spectrum Si-NLóO is ob-
served. The intensity ratio between the central line and two hyper-
fine lines is about l2:1. Temperattue T:4.2K, microwave fre-
quency f :22.7940GH2, and magnetic field Bll( 100).

samples made with varying quenching rates. The hyperfine
interaction for the A hydrogen atom is some 8% smaller than
that for the B atom.

C. Selenlum ldentlflcatlon

No ENDOR experiments were performed on the selenium
nucleus. Conclusions about its presence are entirely based on
the correlation between the rcsonance intensities and the
abundance and nuclear spin of the 77Se isotope. As 77Se has

a nuclear spin t: *, a twofold splitting is characteristic and
required for its hyperfine stnrcture. Figtre 9 shows the EPR
spectnrm of a deuterated sample doped with natural sele-

niunr, containing 7.6Vo of ttS", and quenchcd very rapidly.
Only the Si-NL60 spectnrm was generated. The intensities of
two hyperfine lines at around 807 and 825 mT together sat-

isfy the expected ratio of 1:12 compared with the central line
for the presence of one selenium atom. In passing it may be

noted that in this sample with only the Si-NL60 spectnrm
and deuteriurl, rather than hydrogen, the central line became

naÍrow and without stnrcture. Also the twofold splitting of
the selenium hyperfine lines as characteristic for hydrogeo,
and apparent in Fig. 1, is absent. The proper intensity ratio
stays to be observed for all samples with a mixed prcsence of
the Si-NIó0 and Si-NL6l spectra. Therefore, for Si-NL6l a

single selenium atom must also be present. Further substan-

tiation of the conclusion is derived from the spectra observed
in samples doped with selenium enriched to 99. l% in 77Se.

In such spectra (an example is given in Fig. 10), the central
component has disappeared; all intensity has moved in equal
proportion to the lines with rnr: + | and -r.If two equiva-
lent or inequivalent selenium atoms were present in the Si-
NL60 or Si-NL6l centers, the spectra would have been es-

sentially different. In the former case the centers produce a
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FIG. 10. EPR spectra Si-NL60 and Si-NLól observed in a hy-
drogenated sample doped with selenium enriched to 99.1% in 77Se.

The central component corresponding to ntr:O is almost absent; all
intensity is in the hyperfine lines with ntr:-f and ntr:+|. The
spectrum rvas measured at T:4.2K, f :22.8777 GHz, and
Bil( too).

triple-line stnrcture with an intensity ratio lz2zl. As this is
not observed the spectra do not corïespond to a hydrogenated
selenium pair, even though such pain were present before
hydrogen introduction.

D. Spln-Hamlltonlan analysls

Following the qualitative description of the spectr4 the
quantitative spectroscopic analysis is based on the energy
levels of the spin system. For both centers the electronic spin
is S: l due to a single unpaired electron spin, and the
nuclear spin is t: * for hydrogen, I: I for deuteriuÍn, I
: t for isotope nnss 77 of selenium, and f :0 for other
selenium isotopes. The suitable form of the spin Hamil-
tonian,

?í- + pBB.g. S+ S. As.. Is.* >S.Anro. IH4)

- I(S,)Hp&NB'IHro+ >Iu'Qn'ID, (l)

has as r leading term the keman energy of the elecfion,
followed by the hyperfine interaction of the electron with
selenium and one or two hydrogen/deuterium nuclei. The last
two, purely nuclear, terms, the keman energy and quadru-
pole energy, are required only for the ENDOR spectroscopy.
The coupling tensors E, As", Anp, Ílnd Qp all have the
trigonal form. Results of computer fitting of data using the
above Hamiltonian are collected in Table I. For comparison,
the constants for the assumed similar centers Si-NL54 and

Si-NIJS are given as well.

IV. DISCUSSION

A. Defect geometry

From experiments the trigonal symmetry of the Si-NL60
and Si-NL61 centers seerns to be unambiguously established.
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TABIJ I. Spin-Hamiltonian pa.rameters of Eq. (l) for the trigonal Si-NIó0 and Si-NÍ,61 centers obtained
by computer fining to experimental angular dependence data. g Tensor principal values are based on FSE
mea$rements, selenium hyperdne interaction on EPR, and hydrogen/deuterium hyperfine and quadrupole
interactions on ENDOR. Corresponding values for the sulfur-hydrogen specra Si-NL54 and Si-NLSS are
included for comparison (Refs. 15 and 16)

Parameter Si.NL6O Si-NL61 Si-NL54 si-NL55 Unit

PRB 6I

Symmetry

s

8rr

8r
(Áu)s.n
(Ar)s.ys
(Ár)H,r

(Ár )H,r

(Á tt)H,z
(Ár )H,z

(Árr)p

(Ár)o
(Qilo
(Or )n

trigonal
It
r.966 35 {- 0.000 05

1.994 59+ 0.000 05

535.6 + 2.5

495.3+ 2.5

6.782-r- 0.01
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As the centers contain one selenium this atom must be situ-
ated on the (111) a)ris. The observed (11l)-axial symmetry
of the hyperfine interaction with 77Se confirms this state-
ment. Selenium atoÍns occupy a substitutional site in silicon,
either in their single isolated form or in a Se2 pair. Also, in
complexed form with Cu, the selenium atom stays on the
lattice site. This situation is assumed to be true as well for
the selenium-hydrogen complexes as observed in this experi-
ment. Also, for hydrogen/deuterium atoms, a (l I l)-axial
syÍnmetry of their hyperfine interaction is measured. This
implies that these atoÍns must find their position on a (lll)
axis passing through the substitutional selenium atom. With
one selenium atom on a substitutional site the center cannot
have inversion symmetry. It follows that the hydrogen shells
contain one atom. The hyperfine interactions Á, B, and C
thus each correspond to single hydrogen atoms. On can dis-
tinguish several possibilities for their sites: a bond-centered
site between selenium and a neighboring silicon atom; an
antibonding site with respect to selenium; an antibonding site
with respect to silicon; or a site at larger distance from sele-
nium along the (lll) defect axis. Figure 1l illustrates some
possibilities, all with the point-group symmetry 3m(C3).
The main question to be answered about atomic structure is
on the position of the hydrogen atom(s) along the (l l1) axis.
The main question for the electronic structure is whether the
hydrogenated centers still are electrically active.

B. g tensor

The g values of the sulfur-hydrogen and selenium-
hydrogen complexes, given in Table I, show small deviations
only from the free-electron value gr:2.W21 These devia-
tions are due to admixture of orbital momentum in the
ground state by the spin-orbit interaction. As the effects are
small they can be calculated by perturbation theory. A
simple formula expresses the principal values g i of the g
tensor as

s i: I e- 2r>n*o(0lt,lrXnl Ltlurl(E n- Ei, (2)

with i: l, 2, and 3.26 Application of the formula in a prac-
tical case is a formidable task as interactions between ground
state lO) and several excited states ln) have to be taken into
account. So far, a calculation yielding excellent agreement
with experimental values has only been reported for elec-
trons in a conduction-band minimum.ZT Avoiding the de-
tailed calculation of matrix elements and energies E n , ex-
pression (2) can be the starting point for a semitheoretical
treatment of the g tensor problem for cenain series of defects
with similar structures. If the defect wave function is of an
extended character, the spin-orbit coupling constant )t
*20meV for silicon 3p orbitals2s will be applicable. The
summation in Eq. (2) is replaced by an average constant
assumed to be equal for all impurities in the series. In such a
case the g value will depend only on the defect electron
energy in its ground state Es. Using this approach the g
values for chalcogen donor impurities were related to the
ionization energies of these deep double donors.2e Results
are illustrated in Fig. 12. Also included in this figure are data
for the single substitutional donors P, As, and Sb,30 and for
some species of the thermal double donor TDD+.31 In un-
derstanding the substantial differences in the empirical rela-
tions, one must appreciate basic differences in the centers:
deep and shallow electronic states; neutral single and ionized
double donors; and cubic, trigonal and orthorhombic symme-
tries resulting in different sunn of matrix elements of the
orbital momentum operator. g Values of the sulfur- and
selenium-hydrogen centers are indicated in Fig. 12 as well. It
does not appear to be possible to estimate their ionization
energies this way.

For shallow donors with a ground-state level close to the
conduction band, one may expect the conduction band states
to have a larger effect than the energetically more remote
valence bands. With \ s 20 meV, an average E n- Eo

^, 1.5 eV (Ref. 29) and 0<(0lf,l nlfulf,l0)< l, r small
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FIG. 12. Zeeman splitting factors g for the chalcogen double
donors S+, Se+, and Te+ in silicon vs the ionization energy (Ref.
2g).Data for the single substitutional donors P, As, and Sb (Ref,

30), for some species of the thermal double donor TDD+ (Si-NLB)
(Ref. 3l), for the sulfur-hydrogen centers Si-NL54 and Si-NL55
(Ref. l5), and for the selenium-hydrogen centers (present work) are

included as well.

negative g shift follows from Eq. (2). An empirical classifi-
cation of defects after their g values, initiated by Lee and
Corbett32 and later discussed by Sieverts in more detail,33
confirms the validity of the prediction. Paramagnetic centers
known as effective mass donors all have their g values
slightly below g, . lï may therefore be concluded that the SH
centen Si-NIJ4 and Si-NIJS and the SeH centers Si-NLóO
and Si-NL6l are also in this category of donors with not too
deep ionization energies. Again, no estimate can be made of
the ionization energies.

One more aspect of the g tensors of Si-NL60 and Si-NL6l
must be discussed. Center Si-NL6l was identified as a

selenium-two-hydrogen complex. The threefold independent
evidence for the model is the equal 77Se hyperfine interaction
linked to the two hydrcgen atoms revealed in FSE, the equal
g tensor of the center related to the two hydrogen atoms also
determined by FSE measurements, and the invariable ratio of
the two hydrogen ENDOR intensities over several samples.
Having two hydrogen atoms the magnetic resonance of the
Si-NL6l center is observed in an ionized state. Conhary to
this situation, the magnetic Í€sonance of Si-NL60 will be
observed in its neutral state. In view of the presented classi-
fication of centers, one would expect a clear difference in
their g tensors. However, the g tensors of the two centers are
remarkably close. In view of this fact the interpretation of the
Si-NL6l spectnrm as arising from two different one-
hydrogen centers cannot be ruled out. It might be the case

that two very similar SeH pairs, indistinguishable by their
EPR spectnrm, exist. In this rcspect the observation in opti-
cal absorption of two SH pairs with very close ionization
energies of 135.07 and 135.45 meV might be relevant
information.l4 Two different EPR spectra related to these
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models for center Si-NIóI. All models have the point-group sym-
metry 3m(C3).
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TABLE II. Parameters related to the analysis of hyperfine interactions of the Si:Se,H specra Si-NLó0 and Si-NLóI, and of the Si:S,H
spectra SiNL54 and Si-NL55. The localization on the impurities is given by r72 , urd the fraction of s- and p-type wave functions by a2 and

B2, respectively. Nuclear g values from Ref. 25, arc go:1.0682 for 77Se, go:9.4299 for 33S, 
8, = 5'58556 for lH, and go = 0.85742f311 2D.

Parameter Si-NL6O Si.NL6I Si-NL54 Si-NL55 Unit

Nucleus

a

b

rf
a2

92
Nucleus

a

b

q2

Nucleus

77se

508.7

13.4

5.67

52

48
lH

6.663

0.060

0.4'7
2p

o.999

0.009

0.46

77se

305.0

8.2

3.43

51

49
lH

0.897

0.081

0.063

lH

0.930

0.095

0.058

33s

139.5

1.8

5.89

70

30
rH

4.7 t8
o.782
0.33
2D

0.714
0.123

0.33

33s

I19.9
2.0

5.54
g
36
lH

5.600

0.100

0.39
2D

0.838

0.015

0.38

MHz
MHz
%

%

%

MHz
MHz
%

MHz
MHz
%

a

b

rf

infrared centers were not reported in previous studies of the
sulfur hydrogenation.ls There could exist a parallel with the
oxygen-related thermal donor centers, where species can be
identified in infrared absorption but aÍe not sepaÍable in mag-
netic resonance at the usual frequencies.

C. Hyperfne interaction tensor

From the observed hyperfine interaction constants, the
wave function at the sites of the magnetic nuclei can be
calculated. If a full set of hyperfine interaction data is avail-
able, a detailed map of the wave function of the defect elec-
tron can be constructed. For the present case of hydrogenated
selenium centers the unpaired defect electron experiences
hyperfine interactions with the magnetic nuclei ttSr, rWZD,

and t'Si; these will be discussed successively.
On the site of a selenium atom the wave function of the

defect electron can be written ÍN a linear-combination-of-
atomic-orbitals (LCAO) expression

0: rilasqs(i) + 9q+(i)1, (3)

where e*(D and gq(il represent the atomic 4s and 4p
wave functions of selenium, respectively. The localization of
the defect electron at the selenium site is given by T2, and
the s and p characters of the wave function are measured by
pffÍrmeters a and B. A normalization condition a2 + F2: I
is imposed. The spherically symmetric 4s function leads to
an isotropic hyperfine interaction, known as the Fermi con-
tact interaction. The hyperfine interaction constant a is re-
lated to the wave function by

a= (U3) po1 trs(gn)s"rr Nrf o2lg1.,(0)12. (4)

From the 4p orbital on the selenium site, an axially symmet-
ric hyperfine interaction will result with a strength b related
to the wave function by

b: (215')QAd pog trs(s )sepr.I ,f Bz(r-3ltp. (5)

On the principal directions of the trigonal center the hyper-
fine interaction tensor will be specified by its parallel princi-

pal value Án and perpendicular value Ay. These follow from
the components in the (100) Cartesian coordinate system by

and

The measured hyperfine interaction data for the 77Se isotope
(see Table I) were analyzed following this schedule. In these
calculations the atomic wave function quantities were taken
as ^l^eo,{p)lt: 137.73x 1030 m-3 and (r-'lnu:81.32
x 1030m-3.34 Atomic wave function coefficients q,-a, and B
are given in Table II. The localization on the selenium atorns
is found to be q2*57o for the center Si-NL60 and q2
*3Vo for Si-NL6l. Such a result is intermediate between the
localzations q2*lc/o for the shallow substitutional single
donors P, As, and Sb in silicon and q2*97o for the double
donors S+, Se+, aod Te+. The wave function has a substan-
tial s-type character which is invariant under all operations of
the 3m symmetry group of the center. This indicates the Á 1

symmetry type for the ground state.
Following the same procedure the isotropic paÍt of the

hyperfine interaction with the hydrogen isotopes lH with /
:, and 2D with I:1, can be analyzed. Using lp,r(O)l':/.15x 1d0--3, localizations qz trJlow 0.5%, Íls given in
Table II, are obtained. Interactions as observed for the proton
and the deuteron always scale properly according to the
nuclear g values, i.e., no indications of a hyperfine anomaly
are present. Analysis of the anisotropic part requires a differ-
ent approach. An LCAO description using the lowest-lying p
orbital of hydrogen is inappropriate as the energy of this
state is too high to be occupied. Contrary to the previous
cases, the hyperfine interaction does not arise from orbitals
centered on the site itself, but on spin density on neighboring
sites. By an equation similar to Eq. (5), one calculates that
for a nearest-neighbor distance in the silicon crystal, r
:0.235iltn, and for a fully occupied orbital the anisotropic
interaction on the lH nucleus is 6.10 MHz. Taking the model

Ail: a*2b

A:-:a-b'

(6)

(7)
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field on the site of the nucleus. It only occurs for nuclei with
spin I> I and, therpforc, in the present study, only the deu-
teron is available as suitable nucleus for monitoring electric-
field and coÍïesponding charge distributions in the defect en-
vironment. Electric charges in a complex center are usually
divided into charge on the site of the nucleus itself and those
on neighboring sites. In the former category are core elec-
trons in inner full electron shells, electrons in valence states,
and unpaired defect electrons. Due to their proximity to the
nucleus, these interactions usually dominate over those from
morc distant charge unbalance. The prcsent case of the deu-
teron in the SeH center, however, is exceptional as none of
these electrons exist in the ioniznd D*, a unique featurc of
the element hydrogen. The only charge prcsent on the deu-
tenrn is in a symmetric I s orbital, and does not create any
electric-field gradient. The quadrupole effect is therefore
made by distant charges and will be small. In previous stud-
ies of the sulfur-hydrogen centers Si-NL54 and Si-NIJS this
was confirmed as indeed the quadrupole interactions with
deuteriurl, of order 20 kHz, were small comparcd to those of
sulfur, as measured on isotope 33S with t = * and a quadru-
pole energy near 3 MHz. Taking into account that the quad-
rupole rnoment for 33s,qs: -55x l0-s-',25 is larger than
that of the deuteron, eD=2.86X 10-30Ír|,zs one still con-
cludes that the electric-field gradients on the hydrogen site
are smaller by an order of magnitude. A unit charge e at a
distance r from the nucleus creates a radial electric-field gra-
dient of

dzvtdrz:2el4rrysr3, (8)

and an off-diagonal quadnrpole parameter

q:(ll4nes)lr2qJ2l(21- l)l(l/r3). (9)

For a full electron charge at the nearest-neighbor distance r
=0.235 nm pilameter q will be 3.83 kHz. As this is some
factor 4 smaller than the observed 16 ktlz for Si-NL60, there
must be considerable charge redistribution in the core of the
center. An obvious possibility is the movement of the two
electrons in the neutral sulfur double donor toward the posi-
tive hydrogen position. A shift of two electrons by 0.07 nm
would be required to account for the quadrupole effect as

obset.ed.

V. CONCLUSION

By magnetic Í€sonance (EPR, ENDOR, ord FSE), two
spectra, labeled Si-NL60 and Si-NL61, related to SeH com-
plexes in silicon were detected. Their atomic and electronic
stnrctures were characterized by their g tensors, hyperfine
interactions, and nuclear quadrupole effect. The selenium-
hydrogen complexes have the trigonal symmetry, with all
impurities on a (1ll) crystal axis, selenium on a substitu-
tional site, hydrogen atoms on interstitial sites. For the Si-
NL60 center a single hydrogen position on the Se or Si an-

tibonding sites is preferred. The Si-NL6l center can

corespond to two very similar one-Se-one-H centers or to
one SeHoHp center with two slightly inequivalent hydrogen
sites. The ambiguity is not finally resolved. To first approxi-

of hydrogen located on an interstitial I site at nearest dis-
tance to the selenium atom, as for Si-NL60 in Fig. ll(a), the
5% spin density on selenium will have an interaction
strength of b= 300 kHz with hydrogen. This is Ínore than
observed for the SeH centers and sulfir center Si-NI.SS. Hy-
drogen on the interstitial I site will also be surrounded by
three equivalent silicon neighbors at tetraeder corners, all at a
distance of 0.235 nm. The spin density on these silicon
neighbon will make contributions to the hydrogen hyperfine
pointing in the opposite (ll l) dircction. Also on a more gen-
eral site along the (lll) axis, Isite or not, near to selenium
or not, the hydrogen atom will be surrounded on all sides by
silicon neighbors carrying spin densities of similar magni-
tude. Altogether, the anisotropic part of the hyperfine inter-
action on the hydrogen may well be accounted for by spin
density on neighbor sites. The situation is different for sulfur
center Si-NIJ4, which has a much larger anisotropic hyper-
fine interaction, the factor 8 difference from Si-NL55 sug-
gesting a twice-smaller distance of the remote spin density.
This is provided in an obvious manner if the hydrogen occu-
pies the bond-centered (BC) interstitial site between S and
Si. '[his is the preferred model for the Si-NL54 center. The
absence of the strong anisotropic interaction for Si-NL60 and
Si-NL6l is an indication that the BC site is not available as

a hydrogen position in the SeH pairs. The spin density is
nearly zeÍo in the hydrogen atomic cell. Apparently the spin
and charge of the electron introduced by the neutral hydro-
gen atom disappeared from the cell when the complex with
the selenium was formed. The atomic cell around hydrogen
carries one unit of positive charge.

No hyperfine interactions with 2esi were observed. These
must be present as the natural silicon crystals contain 4.7Eo

of this magnetic isotope with t: *. Their absence is not due
to their small intensity, which in the minimum case of a shell
with one silicon atom is n2.5vo of the corresponding /:0
resonance. The signal-to-noise ratio of recording the spectra
wÍls sufficiently high to observe also the small hperfine sat-

ellites; see, e.g., Figs. 8- 10. Most probably all 2esi hyperfine
interactions are so weak that the doublet splittings occur
within the line width of one composite line. A typical line-
width (full width at half maximum) in the EPR of 0.5 mT
corresponds to a hyperfine constant a: 15 MHz and a local-
ization of 0.33Vo of a silicon 3s orbital. In order to account
for the whole wave function it must be spread over at least

300 atom sites. A spherical volume with a radius of I nm is
required to contain this number of atoms. The absence of
resolved 2esi hyperfine stnrcture thus indicates an extended
wave function, typical for an electron bound in a long-range
Coulomb potential.

The model emerging from the wave-function mapping by
hyperfine measurements is that of a (Ser)o(Hr)* impurity
pair, giving the center a trigonal core structure. The posi-
tively charged core is surrounded by an electron with a tlpi-
cal effective-mass wave function radius around I nm. The
probability of the defect electron is distributed over hundreds
of sites, with that on the selenium atom somewhat enhanced
by a central cell corrcction.

D. Quadnrpole lnteracdon tensor

The quadrupole term represents the energy of the nuclear
electric quadnrpole moment in an inhomogeneous electric
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mation the core of the center consists of a neutral selenium orbit. The center resembles in its properties the shallow
atom and a positive hydrogen. Some transfer of charge is single or double donors which ale well described by the
likely to occur resulting in a Se+tl+l-á charged pair.An effective-mass theory, with an additional cenftal cell poten-
elecfton is electrostatically bound to this core in an extended tial accounting for the ground-state properties.
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