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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 treatment at high temperatures in an atmosphere of water vapor.
Two spectra were observed, labeled Si-NL60 and Si-NL61 for further reference, both showing trigonal sym-
metry for the paramagnetic center. By using isotopically enriched selenium and heavy (deuterated) water, the
participation of selenium and hydrogen in the structure of the centers was conclusively established. By analysis
of the experimental data, microscopic models for the centers were developed. It is concluded that spectrum
Si-NL60 corresponds to a SeH pair in a neutral charge state. An unambiguous interpretation of the Si-NL61
spectrum cannot yet be presented. According to the spectroscopic information from the experiment, Si-NL61
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 paramagnetic resonance.

I. INTRODUCTION

In recent years the chalcogen elements—sulfur, selenium,
and tellurium—as 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 well 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.'? 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 S, and Se,, or of a heteronuclear structure as for
instance SSe.> Complex formation between chalcogen atoms
and other impurities, e.g., iron and copper, has been reported
as well.*"® In this perspective the interaction of chalcogen
atoms 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.®!® Also, neutral centers can bind hydrogen
and become electronically active centers. A most interesting
example in this category is the isoelectronic carbon
impurity.!! Double donors are another interesting category of
impurity, as, due to their electronic structure, the effect of
partial passivation is likely to occur, possibly correlated with
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the binding of one or more hydrogen atoms.

Passivation studies on all three chalcogen double donors,
using the experimental technique of deep-level transient
spectroscopy, were carried out by Pensl and co-workers.!%!3
They found that hydrogenation fully passivated the donors,
i.e., both band-gap levels were removed, no 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.!* Stimu-
lated by this apparent controversy the magnetic resonance
technique has been applied more recently on sulfur-doped
silicon. In these studies two spectra, known as Si-NL54 and
Si-NLSS, were identified as arising from two structurally dif-
ferent impurity pairs of substitutional sulfur and interstitial
hydrogen in the neutral charge state.!>!® Samples in which
the two magnetic resonance spectra were observed also
showed the presence of the three infrared-absorption
spectra,'” 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 therefore 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 isolated*'®2° or complexed
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forms,?!~% as well as for chalcogen-impurity complexes.*>®
The observation of two EPR centers, labeled Si-NL60 and
Si-NL61, corresponding to two different selenium-hydrogen
complexes, will be reported.

I1. SAMPLE PREPARATION
AND EXPERIMENTAL APPARATUS

The samples were prepared by thermal diffusion of natu-
ral selenium, having 7.6% of the magnetic isotope 7’Se, or of
selenium enriched to 99.1% in 7’Se into the starting material
which was p-type float-zoned silicon doped with boron to the
room temperature resistivity between 75 and 125 ) cm. The
samples, shaped as a rectangular bar with the typical dimen-
sions 2X2X 15 mm?, were enclosed in quartz ampoules to-
gether with 0.5-1 mg of selenium powder mixed with an
excess amount of silicon powder to create a SiSe atmo-
sphere. They were heated to 1350 °C for a period of 120-
360 h. After the diffusion the rough surface layers of the
samples were mechanically removed and the samples were
etched in CP6 solution (HNO;:HF:CH;COOH=2:1:1). Hy-
drogen or deuterium was introduced in a high-temperature
treatment, at 1250-1350 °C, 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 near 23 GHz. 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 Hz. 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,

II1. RESULTS
A. EPR spectrum

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 was 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 (Se,)* by their known g tensors and sele-
nium hyperfine splittings. They are clearly different from the
new spectra Si-NL60 and Si-NL61 to be reported.

After the hydrogen introduction treatment the selenium
spectra are replaced by new resonances. A typical result re-
corded at the temperature 7= 1.5 K with the magnetic field B
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FIG. 1. EPR over the full field range of the Si-NL60 and Si-
NL61 centers for the magnetic-field Bll{100) crystallographic direc-
tion, temperature T=15K, 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 related. In
that view the strong central line corresponds to centers with
the selenium isotopes with a zero nuclear spin /, whereas the
two outermost pairs of lower-intensity satellites are from
centers with the 7’Se isotope, having /=1%. The relative in-
tensity of the side lines to the central line is consistent with
the 7.6% natural abundance of this isotope. The pair of very
weak resonances indicated by arrows 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 hydrogenated and deuterated samples are dif-
ferent. This hints at a hydrogen involvement. In agreement
with such an interpretation the linewidth in the deuterium
spectrum is smaller. The insets of Fig. 1 show the structure
of the high-field satellite lines in greater detail. Lines are
labeled Si-NL60 and Si-NL61, 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 corresponds to a
hydrogen hyperfine interaction which is just resolvable. For
the deuterated sample (lower inset) the hyperfine splitting,
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FIG. 2. Central part of the EPR spectrum (thick curves) for
Bli(011) on an expanded field scale. Components as resolved by
FSE (thinner curves) indicate a center symmetry lower than cubic.
Labels A7, etc., specify the hydrogen ENDOR transitions 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-NL61 spectrum any hydrogen hyperfine 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 A 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
senses.
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FIG. 3. Angular dependence of the Si-NL60 and Si-NL61 spec-
tra of the 7’Se hyperfine lines, temperature 7=1.5 K, microwave
frequency f=22.8252 GHz. Experimental data: l, @. 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 further study of the spectra, the ENDOR technique
was applied. 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 B~820mT, the ENDOR transitions are ex-
pected to be near the hydrogen nuclear Zeeman frequency
(vz)u=(g,)umnB/h~35 MHz. For the proton the nuclear g
value (g,)y=>5.58556.2 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 EPR, and therefore also slightly
different frequencies for the ENDOR transitions. From the
variation of the ENDOR frequencies with magnetic field,
measured as ~42 MHz/T and given by dv/dB=g,un/h, all
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 BII[ 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 proton Zeeman frequency (v;)y and (b)
more distant from (v;)y. The ENDOR transitions of different pat-
terns for three hydrogen atoms are labeled A and B for the Si-NL61
center and C for Si-NL60. ENDOR frequencies are symmetrically
displaced with respect to the hydrogen nuclear frequency. Magnetic
field BII(011).

in a one-to-one manner with the four EPR orientations of the
(111)-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 mT, which is as observed for the
spectrum labeled Si-NL60 in Figs. 1 and 3. It links the hy-
drogen and selenium hyperfine interactions to the same cen-
ter. Also, for the deuterated samples the ENDOR spectra
have been taken. Following from (g,)p=0.857 42 (Ref. 25)
for the deuteron the spectra are found near (vz)p
=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 symmetry of the defect structure. Again, the mirror
symmetry of the spectrum with respect to the Zeeman fre-
quency of deuterium proves that the deuteron is the origin of
the interaction. Due to the nuclear spin /p= 1, the number of
transitions has doubled. The transitions m;=—1 to m;=0
and m;=0 to m;=+1 are split by the quadrupole effect,
which is effective for this center of the axial symmetry. The
frequencies for hydrogen and deuterium scale properly ac-
cording to the ratio of their nuclear g values (g,)y/(8.)p
=6.5144. Deuterium ENDOR corresponding to the lower of
the hydrogen frequencies was not observed, as it is too close
to the Zeeman frequency.

Having collected the ENDOR data all on the central line
in the EPR spectrum with its unresolved structure, it remains
to establish in more detail with which EPR transitions they
are associated. For this goal the procedure of field-scanned

HYDROGEN PASSIVATION OF THE SELENIUM DOUBLE. ..

7451

[100] 1] [011]
35‘55 L] T T L L L) E L] Ll T T-
Si-NL61 ; @]
as.40 | ﬁ.u
? “!l
§ 35.25 | : ﬁ.\:g "
H 4
< ‘
> 35.10 | : -
e :
® 3495} H 4
3 1
4 !
® 34.80 | ' J
w !
u 1]
34.65} : 4.
© ! LA,
34.50 | {®,
[ .-
34.35 | A s
1 B 8
34.20 ' 'l A A 1 'l : 1 1 1 'l

0 10 20 30 40 50 60 70 80 90

Angle (degree)
[100] [111) [o11)
31.‘4 L | | v v T L) LI LJ ) T -
SI-NL60 (b)
3140} 4

»
-t
w
o
L]

RF Frequency (MHz)
2 8 9 =
B B B B

31.16 |-

3112

L A (] A I A A Il ' '}

0 10 20 30 40 50 60 70 80 90

Angle (degrees)

FIG. 5. Angular dependence of the hydrogen ENDOR spectra as
observed for rotation of the magnetic field in the (01T) 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, microwave frequency f=22.909 GHz, and mag-
netic field B=814.812 mT (a), and T=8.2 K, f=22.7067 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 to [100], [111], and [011]. The selected ENDOR



7452 HUY, AMMERLAAN, GREGORKIEWICZ, AND DON

Si:Se,D

ENDOR Signal (linear scale)

(Ve

i 1 1 1 1

475 5.00 5.25 550 5.75 6.00
RF Frequency (MHz)

FIG. 6. Deuterium ENDOR observed on the central line of spec-
trum NL60 for B=816.193 mT in a direction about 20° away from
[100] in the (01T) plane. The nuclear Zeeman frequency of deute-
rium is (vz)p=15.334 MHz.

transitions with BI||[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 between frequen-
cies above and below the hydrogen Larmor frequency. The
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FIG. 7. Angular dependence of the deuterium ENDOR of spec-
trum Si-NL60 for rotation of the magnetic field in the (011) plane
from [100] to [011]. Experimental data (®) are presented together
with computer fitting (solid lines). Temperature 7=5.2 K, micro-
wave frequency f=22.7994GHz, and magnetic field B
=816.193 mT.
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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 A and B; FSE Si-
NL60 is related to the C hydrogen ENDOR. Magnetic field
BI(100).

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 A 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 A and B
hydrogen atoms a hyperfine interaction constant of around
0.8 MHz leads to an EPR splitting of 0.03 mT, which is too
small compared 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 were also made over a wider range of magnetic
fields covering the regions of selenium hyperfine split lines
as presented in Fig. 1 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 A 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 A
and B as its components. In a short summary, this latter
conclusion is based on the equal g tensor of A and B hydro-
gen centers as revealed by FSE, the equal selenium hyperfine
interaction as also indicated in FSE, and, moreover, the equal
intensity ratio between A and B ENDOR lines in many
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FIG. 9. EPR spectrum of deuterated sample doped with natural
selenium, containing 7.6% 'Se; only spectrum Si-NL60 is ob-
served. The intensity ratio between the central line and two hyper-
fine lines is about 12:1. Temperature T=4.2 K, microwave fre-
quency f=22.7940 GHz, and magnetic field BIl{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. Selenium identification

No ENDOR experiments were performed on the selenium
nucleus. Conclusions about its presence are entirely based on
the correlation between the resonance intensities and the
abundance and nuclear spin of the 7’Se isotope. As 7’Se has
a nuclear spin /=%, a twofold splitting is characteristic and
required for its hyperfine structure. Figure 9 shows the EPR
spectrum of a deuterated sample doped with natural sele-
nium, containing 7.6% of "’Se, and quenched very rapidly.
Only the Si-NL60 spectrum 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 spectrum
and deuterium, rather than hydrogen, the central line became
narrow and without structure. Also the twofold splitting of
the selenium hyperfine lines as characteristic for hydrogen,
and apparent in Fig. 1, is absent. The proper intensity ratio
stays to be observed for all samples with a mixed presence of
the Si-NL60 and Si-NL61 spectra. Therefore, for Si-NL61 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 99.1% in 7'Se.
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 m;= +} and —3. If two equiva-
lent or inequivalent selenium atoms were present in the Si-
NL60 or Si-NL61 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-NL61 observed in a hy-
drogenated sample doped with selenium enriched to 99.1% in 'Se.
The central component corresponding to m;=0 is almost absent; all
intensity is in the hyperfine lines with m,= — % and m;= + $. The
spectrum was measured at T=4.2K, f=22.8777GHz, and
BII(100).

triple-line structure with an intensity ratio 1:2:1. As this is
not observed the spectra do not correspond to a hydrogenated
selenium pair, even though such pairs were present before
hydrogen introduction.

D. Spin-Hamiltonian analysis

Following the qualitative description of the spectra, the
quantitative spectroscopic analysis is based on the energy
levels of the spin system. For both centers the electronic spin
is S=3 due to a single unpaired electron spin, and the
nuclear spin is /=% for hydrogen, /=1 for deuterium, /
=1 for isotope mass 77 of selenium, and /=0 for other
selenium isotopes. The suitable form of the spin Hamil-

tonian,
H= +[.LBB' g' S+ S' Ase' Ise+ ES' AH/D' lH/D

—3(gn)upunB-Iyp+2Ip- Qp-Ip, 0]

has as a leading term the Zeeman energy of the electron,
followed by the hyperfine interaction of the electron with
selenium and one or two hydrogen/deuterium nuclei. The last
two, purely nuclear, terms, the Zeeman energy and quadru-
pole energy, are required only for the ENDOR spectroscopy.
The coupling tensors g, As., Ayp, and 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-NLSS are given as well.

IV. DISCUSSION
A. Defect geometry

From experiments the trigonal symmetry of the Si-NL60
and Si-NL61 centers seems to be unambiguously established.
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TABLE 1. Spin-Hamiltonian parameters of Eq. (1) for the trigonal Si-NL60 and Si-NL61 centers obtained
by computer fitting to experimental angular dependence data. g Tensor principal values are based on FSE
measurements, selenium hyperfine interaction on EPR, and hydrogen/deuterium hyperfine and quadrupole
interactions on ENDOR. Corresponding values for the sulfur-hydrogen spectra Si-NL54 and Si-NLS5S5 are

included for comparison (Refs. 15 and 16)

Parameter Si-NL60 Si-NL61 Si-NL54 Si-NLS55 Unit
Symmetry trigonal trigonal trigonal trigonal

s 3 3 3 3

g1 1.966 35+ 0.000 05 1.996 27+ 0.000 05 1.998 86 1.998 23

' 1.994 59+ 0.000 05 1.995 12+0.000 05 2.001 26 1.999 74

(A sess 535.6*2.5 321.5*25 143.1 124 MHz
(A)ses 495.3*+2.5 296.8*2.5 137.7 117.9 MHz
(ADn, 6.782+0.01 1.060+0.01 6.281 5.801 MHz
(A 6.603+0.01 0.816+0.01 3.936 5.500 MHz
(Apn2 1.020%0.01 MHz
(AH2 0.735+0.01 MHz
(A)p 1.017+0.005 0.959 0.867 MHz
(A)p 0.990+0.01 0.591 0.823 MHz
(@b —0.032+0.005 —0.048 -0.038 MH:z
(Q.)p +0.016+0.005 +0.024 +0.019 MHz

As the centers contain one selenium this atom must be situ-
ated on the (111) axis. The observed (111)-axial symmetry
of the hyperfine interaction with 7’Se confirms this state-
ment. Selenium atoms occupy a substitutional site in silicon,
either in their single isolated form or in a Se, 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 (111)-axial
symmetry of their hyperfine interaction is measured. This
implies that these atoms must find their position on a (111)
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 A, 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 (111) defect axis. Figure 11 illustrates some
possibilities, all with the point-group symmetry 3m(C;,).
The main question to be answered about atomic structure is
on the position of the hydrogen atom(s) along the (111} 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 g,=2.0023. 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; of the g
tensor as

8i=ge“2)\2n¢0(0|Li|")("|Li|0>/(En'“Eo), )]

with i=1, 2, and 3.2 Application of the formula in a prac-
tical case is a formidable task as interactions between ground
state |0) and several excited states |n) 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.?’ Avoiding the de-
tailed calculation of matrix elements and energies E,, ex-
pression (2) can be the starting point for a semitheoretical
treatment of the g tensor problem for certain series of defects
with similar structures. If the defect wave function is of an
extended character, the spin-orbit coupling constant A\
~20meV for silicon 3p orbitals?® 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 E,y. Using this approach the g
values for chalcogen donor impurities were related to the
ionization energies of these deep double donors.? Results
are illustrated in Fig. 12. Also included in this figure are data
for the single substitutional donors P, As, and Sb,? and for
some species of the thermal double donor TDD*.?! 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 sums 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 A=~20meV, an average E,—E,
~1.5eV (Ref. 29) and 0<(O|L;|n)(n|L;|0)<1, a small
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FIG. 11. Atomic structure models illustrating possible sites for
hydrogen in the selenium-hydrogen complexes; the bond-centered
site is not considered. Silicon O, selenium @, and hydrogen ©. (a)
Model for the Si-NL60 center, (b) and [(c) and (d)] alternative
models for center Si-NL61. All models have the point-group sym-
metry 3m(C,,).
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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.
29). Data for the single substitutional donors P, As, and Sb (Ref.
30), for some species of the thermal double donor TDD™ (Si-NL8) .
(Ref. 31), for the sulfur-hydrogen centers Si-NL54 and Si-NLS5
(Ref. 15), 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
Corbett®? and later discussed by Sieverts in more detail,*
confirms the validity of the prediction. Paramagnetic centers
known as effective mass donors all have their g values
slightly below g, . It may therefore be concluded that the SH
centers Si-NL54 and Si-NL55 and the SeH centers Si-NL60
and Si-NL61 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-NL61
must be discussed. Center Si-NL61 was identified as a
selenium—two-hydrogen complex. The threefold independent
evidence for the model is the equal "’Se hyperfine interaction
linked to the two hydrogen 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-NL61 center is observed in an ionized state. Contrary to
this situation, the magnetic resonance 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-NL61 spectrum 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 spectrum, exist. In this respect the observation in opti-
cal absorption of two SH pairs with very close ionization
energies of 135.07 and 13545 meV might be relevant
information.!* Two different EPR spectra related to these



7456

HUY, AMMERLAAN, GREGORKIEWICZ, AND DON

PRB 61

TABLE II. Parameters related to the analysis of hyperfine interactions of the Si:Se,H spectra Si-NL60 and Si-NL61, and of the Si:S,H
spectra Si-NL54 and Si-NL55. The localization on the impurities is given by 5%, and the fraction of s- and p-type wave functions by a? and
B2, respectively. Nuclear g values from Ref. 25, are g, = 1.0682 for "’Se, g, =0.4289 for S, g,=5.58556 for 'H, and g,=0.85742 for ’D.

Parameter Si-NL60 Si-NL61 Si-NL54 Si-NL55 Unit
Nucleus 71Se 71Se g 3g
a 508.7 305.0 139.5 119.9 MH:z
b 13.4 8.2 1.8 2.0 MHz
7 5.67 343 5.89 5.54 %
a? 52 51 70 64 %
p? 48 49 30 36 %
Nucleus 'H 'H 'H 'H 'H
a 6.663 0.897 0.830 4.718 5.600 MHz
b 0.060 0.081 0.095 0.782 0.100 MHz
7 0.47 0.063 0.058 0.33 0.39 %
Nucleus p p p
a 0.999 0.714 0.838 MHz
b 0.009 0.123 0.015 MHz
7 0.46 0.33 0.38 %

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

C. Hyperfine 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 "’Se, 'H/?D,
and ¥Si; these will be discussed successively.

On the site of a selenium atom the wave function of the
defect electron can be written as a linear-combination-of-
atomic-orbitals (LCAO) expression

'//= ”[a¢4s(;)+p¢4p(F)]v (3)

where ¢4,(7) and ¢,,(¥) represent the atomic 4s and 4p
wave functions of selenium, respectively. The localization of
the defect electron at the selenium site is given by %2, and
the s and p characters of the wave function are measured by
parameters « and 8. A normalization condition a?+ 82=1
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=(2/3) pog 1p(8n)seinn’ a?| ©45(0)|2. @)

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=(2/5)(1/47) pog kp(8n)selN BN *)ap. (5

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

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

A|,=a+2b (6)
and
A, =a—b. Y

The measured hyperfine interaction data for the 7’Se isotope
(see Table I) were analyzed following this schedule. In these
calculations the atomic wave function quantities were taken
as |¢p4s(0)12= 137.73x10°m™  and (r 3%),,=81.32
X 10*m™3,* Atomic wave function coefficients 7, a, and 8
are given in Table II. The localization on the selenium atoms
is found to be 7?~5% for the center Si-NL60 and #?
~3% for Si-NL61. Such a result is intermediate between the
localizations 7*~1% for the shallow substitutional single
donors P, As, and Sb in silicon and 7?~9% for the double
donors S*, Se*, and 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 A,
symmetry type for the ground state.

Following the same procedure the isotropic part of the
hyperfine interaction with the hydrogen isotopes 'H with /
=1 and D with I=1, can be analyzed. Using |¢,(0)|?
=2.15%10*m™3, localizations 7? below 0.5%, as 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
=0.235nm, and for a fully occupied orbital the anisotropic
interaction on the 'H nucleus is 6.10 MHz. Taking the model
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of hydrogen located on an interstitial T site at nearest dis-
tance to the selenium atom, as for Si-NL60 in Fig. 11(a), the
5% spin density on selenium will have an interaction
strength of b=300kHz with hydrogen. This is more than
observed for the SeH centers and sulfur center Si-NLS55. Hy-
drogen on the interstitial T 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
neighbors will make contributions to the hydrogen hyperfine
pointing in the opposite (111) direction. Also on a more gen-
eral site along the (111) axis, 7 site 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-NL54, which has a much larger anisotropic hyper-
fine interaction, the factor 8 difference from Si-NLS5 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. This is the preferred model for the Si-NL54 center. The
absence of the strong anisotropic interaction for Si-NL60 and
Si-NL61 is an indication that the BC site is not available as
a hydrogen position in the SeH pairs. The spin density is
nearly zero 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 2°Si were observed. These
must be present as the natural silicon crystals contain 4.7%
of this magnetic isotope with /=#}. Their absence is not due
to their small intensity, which in the minimum case of a shell
with one silicon atom is ~2.5% of the corresponding /=0
resonance. The signal-to-noise ratio of recording the spectra
was sufficiently high to observe also the small hyperfine sat-
ellites; see, e.g., Figs. 8—10. Most probably all #’Si 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 0.33% 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 1 nm is
required to contain this number of atoms. The absence of
resolved ?°Si hyperfine structure 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 (Se;)°(H,;)* impurity
pair, giving the center a trigonal core structure. The posi-
tively charged core is surrounded by an electron with a typi-
cal effective-mass wave function radius around 1 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 correction.

D. Quadrupole interaction tensor

The quadrupole term represents the energy of the nuclear
electric quadrupole moment in an inhomogeneous electric
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field on the site of the nucleus. It only occurs for nuclei with
spin /=1 and, therefore, in the present study, only the deu-
teron is available as suitable nucleus for monitoring electric-
field and corresponding 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
more distant charge unbalance. The present case of the deu-
teron in the SeH center, however, is exceptional as none of
these electrons exist in the ionized D*, a unique feature of
the element hydrogen. The only charge present on the deu-
teron is in a symmetric 1s 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-NLSS this
was confirmed as indeed the quadrupole interactions with
deuterium, of order 20 kHz, were small compared to those of
sulfur, as measured on isotope 33S with /=3% and a quadru-
pole energy near 3 MHz. Taking into account that the quad-
rupole moment for 33S,g5=—55% 10”3 m? % is larger than
that of the deuteron, gp=2.86X 107*m?,? one still con-
cludes that the electric-field gradients on the hydrogen site
are smaller by an order of magnitude. A unit charge ¢ at a
distance r from the nucleus creates a radial electric-field gra-
dient of

d®Vidri=2eldmeyr?, 8)
and an off-diagonal quadrupole parameter
q=(1/4meg)[e2qp/21(21-1)](1/r). )

For a full electron charge at the nearest-neighbor distance r
=0.235 nm parameter g will be 3.83 kHz. As this is some
factor 4 smaller than the observed 16 kHz 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
observed.

V. CONCLUSION

By magnetic resonance (EPR, ENDOR, and FSE), two
spectra, labeled Si-NL60 and Si-NL61, related to SeH com-
plexes in silicon were detected. Their atomic and electronic
structures 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 (111) 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-NL61 center can
correspond to two very similar one-Se—one-H centers or to
one SeH,Hg center with two slightly inequivalent hydrogen
sites. The ambiguity is not finally resolved. To first approxi-



7458 HUY, AMMERLAAN, GREGORKIEWICZ, AND DON

mation the core of the center consists of a neutral selenium
atom and a positive hydrogen. Some transfer of charge is
likely to occur resulting in a Se*®H*!~? charged pair. An
electron is electrostatically bound to this core in an extended
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orbit. The center resembles in its properties the shallow
single or double donors which are well described by the
effective-mass theory, with an additional central cell poten-
tial accounting for the ground-state properties.
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