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Electrical activity of chalcogen-hydrogen defects in silicon
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The interaction of hydrogen with substitutional chalcogen impurities~S, Se, or Te! is investigated byab
initio modeling. In Se-Hn and Te-Hn complexes (n51,2), protons are located at sites antibonding to nearest-
neighbor silicon atoms. For sulfur, two competitive sites for S-H are found, resulting in two nearly degenerate
structures. All the singly hydrogenated complexes are predicted to be shallow donors with levels lying above
those of the substitutional S, Se, and Te double donors. In contrast, doubly hydrogenated chalcogen impurities
are predicted to be electrically inert. A comparison of our results with experimental data suggests that the NL60
and NL61 electron-paramagnetic-resonance centers can be identified with two Se-H defects, where H is
antibonded to a Si neighbor of Se.
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I. INTRODUCTION

The single and close-by pairs of chalcogen impurities
perhaps the best characterized double-donor defect
silicon.1 As single impurities, they are known to occupy aTd
symmetric site, whereas chalcogen pairs form aD3d struc-
ture. In both cases, they are generally considered to be
stitutional defects.2 All the centers, Ss, Ses, Tes, S2s, Se2s,
and Te2s, denoted byXs and X2s, possess deep (0/1) and
(1/11) donor states between;0.2 and;0.6 eV, respec-
tively, below the conduction-band bottom. They have be
investigated using electronic infrared~IR! absorption and
deep-level transient spectroscopy~DLTS!, as well as electron
paramagnetic resonance~EPR!.1,3–7 The calculation of elec-
trical levels of defects is now of major interest, and the ch
cogen double donors and their interaction with hydrog
provide a good test for theoretical techniques. The traditio
way in which they are found is to estimate the formati
energies of charged defects taking into account some co
tion for the compensating background, which must
present in periodic supercell calculations to ensure a fi
energy per cell.8,9 This method, however, has occasiona
given some disappointing results in the past, with th
(2/0) level of VO in Si found 0.4 eV aboveEv ,10 rather
than the measured 0.17 eV belowEc .11,12 We shall describe
here a method that appears to provide better results, an
which we compare the ionization energies of defects w
those of other defects13–15 or the bulk crystal.16 In this way,
systematic errors in the treatment of charged cells can
largely eliminated.

The interaction between hydrogen and dopant impuri
is a well-known phenomenon with important technologic
consequences.17 Hydrogen is also known to remove, crea
or displace defect-related levels, and a detailed characte
tion of this interaction is highly desirable. Here we deal w
0163-1829/2003/67~3!/035205~11!/$20.00 67 0352
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both partial and complete passivation of substitutional ch
cogen double donors.

Chalcogen-hydrogen complexes have been studied
several experimental techniques, including electron pa
magnetic resonance, electron-nuclear double resona
~ENDOR!,18,19 Fourier-transform infrared ~FTIR!
spectroscopy,20 DLTS,21,22 and time-dependent conversio
electron Mössbauer spectroscopy~CEMS!.23 The S-H de-
fects were prepared by diffusing sulfur and hydrogen in
n-Si at high temperatures followed by a rapid quench18

From EPR and ENDOR experiments, sulfur is known to tr
hydrogen and form two distinct trigonal S-H defects labe
as NL54 and NL55. Theirg values are very similar, and
clear resolution is only attained when the more sensitive E
DOR measurements were used. Isotopic enrichment stu
showed that each contained one S atom. Interactions wi
single H atom on each center were also observed in END
Analysis of the 33S and 1H hyperfine interactions showe
the spin densities on S and H to be 5.89% and 0.33%
NL54, and 5.54% and 0.39% in NL55, respectively. In sim
larly prepared samples, FTIR measurements revealed
effective-mass absorption series with binding energies ly
between 82.4 and 135.45 meV, possessing clear deute
isotopic shifts.18,20 These experiments strongly suggest th
both S-H defects are shallow effective-mass-like donors
are observed in their neutral charge states. DLTS meas
ments on hydrogenated chalcogen-doped Si crystals reve
a loss of the chalcogen-related levels, caused either by c
plete hydrogen passivation, or the introduction of levels
shallow to be detected by this technique.21

Early semiempirical calculations suggested that full p
sivation of Ss could occur with asingle hydrogen atom.24

However, later work found two almost degenerate S-H str
tures that could behave as single donors.25

Selenium is also known to complex with hydrogen. In t
©2003 The American Physical Society05-1
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EPR and ENDOR experiments, selenium and hydrogen w
introduced intop-Si by thermal diffusion around 1350 °C
and the samples rapidly quenched.19 Two trigonal EPR cen-
ters NL60 and NL61 were found. The first one contains
single Se and H atom, but NL61, with a very similarg tensor,
has been assigned to either (Se-H2)1/2 or to two distinct
Se-H complexes with nearly identicalg values.19 As far as
we know, no attempt to model these complexes has b
reported.

Tellurium-hydrogen complexes have been studied
CEMS, where the decay of119Te-H and119Te-H2 complexes
to the well studied119Sb-H and 119Sb-H2 defects provided
evidence that H occupies the same site in all defects,
antibonded to the Si atoms neighboring Te or Sb atom23

This structure was recently reproduced byab initio pseudo-
potential calculations, but its electrical activity has not be
investigated.26 Previous modeling also suggested that the
action of S-H with a second H atom is exothermic, end
with an electrically inert S-H2 complex.24

In this paper we study S-Hn , Se-Hn , and Te-Hn com-
plexes, with special attention to their electronic and vib
tional properties, and we compare these with O-Hn defects.
In Secs. II and III, we describe the method and discuss
convergence of the properties of the defects, especially
ionization energies, with basis sets, etc. Then, in Secs.
VI, we give our results onXns and X-Hn defects. Our con-
clusions are given in Sec. VII.

II. METHOD

We employ a spin-polarized, local-density-functional s
percell code AIMPRO,27,28 together with a Perdew-Wan
exchange-correlation energy parametrization.29 Bachelet-
Hamann-Schlu¨ter pseudopotentials are used and elimin
the need to include core electrons.30 The Xs, X2s, X-H, and
X-H2 complexes are introduced in otherwise perfect 64~cu-
bic!, 96 ~orthorhombic!, and 216~cubic! Si-atom cells. The
energies of these cells were found and the structures rel
at fixed volume. All these calculations used eight speciak
points generated by a Monkhorst-Pack scheme (MP-23).31

Calculations of the Mulliken populations describing the
calization of the spin density were carried out in 216-Si-at
supercells, containing structures found from the 64-Si-at
cell, and again the MP-23 specialk points were used.

The wave functions are expanded inN real spaces,p
Cartesian-Gaussian orbitals centered on each atom, andM at
the center of bonds. For S, Se, Te, we used (N,M )5(5,1).
For O, H, and Si, (N,M )5(6,1), (2,1), and (4,1)
respectively.28 The bond-center orbitals are important in o
der to reproduce high angular momentum hybridizatio
The energy cutoffEcut for the Fourier expansion of th
charge density was 50 Ry, except when O was present w
Ecut5150 Ry. Higher cutoffs led to energy changes of le
than ;1 meV. Further details about the method can
found elsewhere.28

Of special interest to this study are the ground-state st
ture, local vibrational mode~LVM ! frequencies, and the elec
trical levels. LVM frequencies were obtained from the se
ond derivatives of the total energy with respect to t
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positions of the defective atoms and their Si neighbors. T
contributions to the dynamical matrix from other Si atoms
the supercell were found from a Musgrave-Pople interato
potential given earlier.27,32

There is no accepted procedure for calculating the ene
levels of defects. One way is to evaluate their formati
energies in different charge states. We refer to this as
formation energy method~FEM!, and is discussed in Ref. 33
Here, the formation energyEf of a charged defect with an
excess of positive chargeq is given by

Ef~q!5Ed~q!2(
i

nim i1q~Ev1me!1aM

q2

Le
, ~1!

whereEd(q) is the energy of the defective supercell, ma
up of ni atom species with chemical potentialm i , andme is
the Fermi energy of the electrons relative to the valence-b
top Ev . The valence-band top in the defective cell is shift
from its value in the bulk by a potential term. This, togeth
with the other terms, is evaluated by following the procedu
given in the Appendix. The last term in Eq.~1! is the usual
monopole correction, that subtracts the energy of an arra
chargesq embedded in a compensating uniform char
density.34 Here aM is the Madelung constant,L is a lattice
parameter, ande the permittivity of the material.

The formation energy controls the equilibrium concent
tion of defects in the material. The chemical potentials
related to the energy per atom on itsstandardphase. Their
values for Si and H species are found from their energie
the crystalline and molecular forms, respectively. For
chalcogen species, we also used their standard phases
the spin-1 O2 molecule, solid monoclinica-S anda-Se, and
trigonal Te, respectively.

Another method that has been used to estimate en
levels compares the ionization energies of defects, or m
strictly Ed(q11)2Ed(q), with standard defects whose ele
trical levels are known.13–15 This method works best whe
the defect under consideration and the marker have clos
levels. For a particular defect markerD, we will denote the
method by MM(D). We notice that terms like the Madelun
correction shift both the marker and the defect by the sa
amount, and hence systematic errors are largely elimina
Alternatively, it has been suggested that these ionization
ergies can be compared with the same expression evalu
for bulk material in a similarly sized cell.16 In this case, the
energies of bulk supercells when a hole is added to the to
the valence band, or an electron to the bottom of the cond
tion band, are required. This method is denoted by MM~Si!.
The donor level is referred to the conduction band by add
the experimental band-gap energy~1.17 eV!. Some care
needs to be taken in calculating the energies of charged
and defective cells as the occupied bands can have w
dispersion. Accordingly, states in the valence and conduc
bands are occupied as for a metal. Nevertheless, we find
this method seriously underestimates the correlation ene
and the best method is when the ionization energies are c
pared with other defects as in the MM(D) technique.

Hyperfine and super-hyperfine interactions measured
EPR/ENDOR are often analyzed by expressing the spin d
5-2
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TABLE I. Convergence tests for total energies of neutral and positive charge states, ionization energyI, and donor level@Ec2E(0/
1)# for the H2S molecule and substitutional sulfur in silicon (Si:Ss), respectively. Chemical potentials of S~in a-sulfur! and Si~in bulk Si!,
as well as the formation energyEf of Si:Ss, are also included. All values are in eV.Standardcalculations are carried out with one set
bond-center functions, MP-23 for Brillouin-Zone BZ sampling, 50-Ry plane-wave cut-off, and a 64-Si-atom supercell. Test calcula
consist in using two sets of bond-center functions~2BC! with Ecut575 and 100 Ry. The energyEmol for H2S1 includes a Madelung
correction of 1.2867 eV.

H2S Si:Ss

Test Emol(0) Emol(1) I E(0) E(1) Ec2E(0/1) mS mSi Ef

Standard 2309.0786 2298.5663 10.5123 27072.1716 27079.1723 0.4333 2278.3088 2107.8552 1.0148
2BC 2309.4475 2298.9401 10.5074 27075.6112 27082.5433 0.4375 2278.4489 2107.9073 0.9976
Ecut575 2309.0790 2298.5666 10.5124 27072.1717 27079.1946 0.4110 2278.3088 2107.8552 1.0147
Ecut5100 2309.0788 2298.5664 10.5124 27072.1717 27079.1946 0.4110 2278.3088 2107.8552 1.0147
Observed 10.453a 0.29b

aReference 35.
bReference 36.
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sity in terms of an orbital written as a linear combination
s and p atomic orbitals~LCAO!.12 Thus the defect state i
characterized in terms of the percentage ofs- or p-orbital
character. Here we relate these quantities to the Mulli
bond population of the highest occupied spin level. Th
populations are found in 216-atom cells, by averaging o
the Brillouin zone of the highest occupied band.14

III. CONVERGENCE TESTS

A number of convergence issues are involved in our c
culations, e.g., the sizes of the real basis set used to ex
the wave functions, and the reciprocal-space basis used
the charge density. In addition, the supercell size and num
of specialk points are important quantities that can affect t
results.

The effect of a different basis on the energies of a H2S
molecule and the substitutional sulfur defect in a 64-at
cell of Si are shown in Table I. The total energyEmol of a
single charged molecule in a periodic calculation, taking i
account the Madelung term, is

Emol~q!5E~q!1aM

q2

L
, ~2!

whereE(q) is the energy per cell with a charged molecu
The ionization energy of the molecule is given byI
5Emol(q11)2Emol(q). The length of the cell was in
creased up toL540 Å until the energy change became ne
ligible (,5 meV, see Fig. 1!. The dependence of the energ
on L comes from the interaction of molecular dipoles in d
ferent cells although there is a counterdipole introduced b
jellium in each cell. Nevertheless, there is a dependence
the energy coming from the stacking of the molecular
poles, which can be estimated by placing a pair of inver
molecules within each cell. If the cell energies areEH2S and

E2H2S, respectively, then Fig. 1 shows the variation
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DEdpol5E2H2S/22EH2S with L and demonstrates that the di
ferent stackings of dipoles only changes the energy per m
ecule by about 5 meV.

For this molecular problem, differentk-point sampling
meshes, e.g.,G, MP-23, and MP-43 gave identical energies
demonstrating the lack of dispersion in the band struct
~i.e., the electronic interaction between the molecules in
ferent cells!. Table I gives the energies of H2S and of substi-
tutional sulfur defect in silicon found for different basis se
and cutoffs. It is clear that total energies are converged w
Ecut.50 Ry is used. The effect, however, of augmenting
standardbasis with an additional set ofs- andp-orbital sites
at each bond center is large for the total energy but has l
effect, less than 0.1 eV, on the ionization energy of H2S and
the formation energy of sulfur in Si evaluated in a 64-ato
cell. We note that there the calculated ionization energy
H2S is improved by;1.3 eV through the inclusion of the
Madelung energy correction. It is also clear here that, des

FIG. 1. Relative energy of a H2S molecule (DEH2S) in several
sized supercells~filled circles!, and electric dipole correction energ
(DEdpol) in opened circles. The dipole term was obtained by co
paring energies of a supercell containing one H2S molecule with
that of a cell, twice the size along the dipole direction, and conta
ing a second inverted molecule.
5-3
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TABLE II. Calculated donor levels@(0/1) and (1/11)] for Ss in Si. Marker and formation energy
methods were used with 64- and 216-Si-atom supercells. All values are given in eV. The influence of
and asymptotic potential corrections are also considered. First and second ionization energies ar

compared with measurements ofEc20.29 andEc20.59 eV respectively~Ref. 1!. Asymptotic potentialsV̄
and Coulomb correction~see text! are also included.

64 Si 216 Si

Ec2(0/1) Ec2(1/11) Ec2(0/1) Ec2(1/11)

MM ~Si! 0.4333 0.4677 0.6127 0.6169
FEM 0.7774 1.2538 0.6798 1.1185
FEM a 0.6195 0.7800 0.5745 0.8026
FEM b 0.7062 1.0718 0.6473 0.9998

q 0 1 11 0 1 11

Ed 27072.171627079.1723 27086.1233 223466.3523223473.3594223480.2246
Ebulk 26902.729926908.9939 26915.2426 223296.9848223303.4346223309.7467
ebulk

0 6.3790 6.3791

V̄bulk
9.7847 9.7870

V̄d
9.8559 9.9113 9.8195 9.8626

aM(2q11)/Le 0.1579 0.4738 0.1053 0.3159

aWithout Madelung correction.
bWithout potential correction.
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the variation in the absolute energy with basis, converge
has been obtained for all other parameters. The calcul
ionization energies for H2S were compared with the exper
mental values of 10.453 eV.35

We now turn to the sulfur defect in Si. The convergen
of the total energiesE(0) and E(1) is shown in Table I.
Although these energies, along with the chemical poten
vary appreciably with basis, the formation energyEf , being
about 1 eV, does not. We now consider the calculation
electrical levels. The formation energy method as descri
in the Appendix leads to the (0/1) level of S betweenEc
20.57 eV andEc20.77 eV depending on the inclusion o
Madelung and potential corrections. The (1/11) levels lie
betweenEc20.78 eV andEc21.2 eV ~Table II!. These val-
ues are relatively insensitive tok-point sampling and to the
size of the unit cell. The (0/1) and especially the (1/1
1) levels are far too deep when compared with experime
values ofEc20.29 andEc20.59 eV.36

The MM~Si! method, described in more detail in the A
pendix, leads to (0/1) and (1/11) levels around 0.4 and
0.5 eV in the 64-atom cell, and about 0.2 eV deeper in
216-atom cell, respectively~Table II!. These shift 0.5 and 0.4
eV for MP-63 sampling in the 64-atom cell~Table III!. Thus
the latter predicts a negative-U ordering of the levels in con
flict with experiment. Clearly, the correlation energy is not
all treated accurately. Despite this disappointing result for
levels, we shall show below that much better results aris
we compare the calculated levels of a defect with those
sulfur. In this way systematic errors appear to be elimina

Table IV shows how structural parameters, vibration
frequencies, and ionization energies of the well known H2O,
H2S, H2Se, and H2Te molecules compare with experimen
We find excellent agreement, to within;2% for structures,
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;8% for LVM’s, and about 0.2 eV for energetics~enthalpy
of formation and ionization energies!.

In summary, we have checked the sensitivity of the to
energies and structures with basis, energy cutoff,k-point
sampling, and unit-cell size. Only structures and differen
in energy are converged, but electrical levels~as calculated
by the formation or ionization energy methods!, are too deep.

IV. SUBSTITUTIONAL CHALCOGEN DEFECTS

Previous theoretical modeling found, in agreement w
experiment, that S, Se, and Te favor substitutional sites
Si.2 Our calculations support this as the formation energ
of neutral S, Se, and Te at interstitialT sites are 3.0, 3.8, and
5.5 eV, respectively, less favorable than the substitutio
impurities. In contrast with substitutional oxygen,28 the
single-chalcogen defects show no tendency to move off t
lattice site. The formation energy of a substitutional sul
impurity controls its solubility. Sulfur doping is commonl
attained by in diffusion into Si at;1200 °C in a mixed
atmosphere of sulfur and He.20,22,38 Using this procedure,
concentrations of Ss and S2s are normally of the order of
1015–1016 cm23, suggesting a formation energy of aroun
1.7 eV, considerably greater than 1 eV found here fors.
The discrepancy with experiment with regard to the solub
ity of sulfur might be related to the difficulty of estimating it
chemical potential, or that there is a substantial energy
rier at the surface preventing its incorporation.

Pairing ofX impurities is highly favorable for S and Se
showing binding energies above 1 eV. Table V gives
formation energies perX atom for the chalcogen pairs. Bind
5-4
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TABLE III. Quantities used to evaluate energy levels of Ss using several specialk-point sets. These
include total energies of bulk and defective cell (Ebulk andEd), highest occupied state in bulk (ebulk

0 ), and

asymptotic potentialsV̄. All calculations use 64-Si-atom supercell, 50 Ry energy cutoff, and~4,1! and~5,1!
basis sets for Si and S species, respectively. Madelung correction is made withaM51.4186,L520.370 a.u.,
and e512. All energies are given in eV. First and second ionization energies are to be compare
measurements ofEc20.29 andEc20.59 eV, respectively~Ref. 1!.

Sampling MP-23 MP-43 MP-63

Ebulk(0) 26902.7299 26902.8125 26902.8126
Ebulk(1) 26908.9939 26909.2136 26909.2008
Ebulk(11) 26915.2426 26915.3999 26915.4012
ebulk

0 6.3790 6.3781 6.3781

V̄bulk
9.7847 9.7870 9.7870

Ebulk(0)2Ebulk(1) 6.2640 6.4011 6.3882
Ebulk(1)2Ebulk(11) 6.2487 6.1863 6.2004

Ed(0) 27072.1716 27072.1701 27072.1658
Ed(1) 27079.1723 27079.2353 27079.2179
Ed(11) 27086.1233 27086.2101 27086.2105

V̄d(1) 9.8559 9.8593 9.8594

V̄d(11) 9.9113 9.9139 9.9132

Ed(0)2Ed(1) 7.0007 7.0652 7.0521
Ed(1)2Ed(11) 6.9510 6.9748 6.9926
Ev(0/1) 6.6081 6.6083 6.6084
Ev(1/11) 7.0348 7.0334 7.0319

Ec2(0/1) MM ~Si! 0.4333 0.5059 0.5061
Ec2(1/11) MM ~Si! 0.4677 0.3815 0.3778
Ec2(0/1) FEM 0.7774 0.7131 0.7263
Ec2(1/11) FEM 1.2538 1.2285 1.2093
ai

in

ly
o

pos-
and

dis-

h

ing energies above 1 eV are also predicted for mixed p
~S-Se, S-Te, and Se-Te!. The Te2s complex is less likely to
form, perhaps explaining the poorer knowledge regard
this complex.

Structural details ofXs and X2s defects from Table V
show thatX-Si andX-X bond lengths increase monotonical
with the impurity size. The one-electron band structures
03520
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all the substitutional chalcogen defects and related pairs
sess a fully occupied singlet state at the middle of the b
gap. This is shown in Fig. 2 for the case of Ss and S2s de-
fects. The donor levels of these defects were found as
cussed above and are given in Table V.

Using the MM~Si! method, the first donor level of eac
defect issystematicallytoo deep by;0.1 eV while the sec-
TABLE IV. Comparison between calculated and measured properties of H2X molecules. Experimental data~Ref. 37! include enthalpy of
formation of the gas phase,D fH

0(g) @at 0 °C and 1 bar, from standard phases of H and O~molecular!, and S, Se, and Te~solid!#, X-H bond
length, H-X-H angle, ionization energyI, electron affinityA, asymmetric and symmetric stretch mode frequenciesnB1

s andnA1
s , and bend

modenA1
b . Bond lengths, angles, energies, and frequencies are given in angstrom, degrees, eV, and cm21 respectively.

H2O H2S H2Se H2Te
Observable Calc. Expt. Calc. Expt. Calc. Expt. Calc. Expt.

D fH
0(g) 22.77 22.51 20.42 20.21 0.36 0.31 0.82 1.03

X-H 0.981 0.957 1.371 1.335 1.478 1.461 1.664 1.691
Angle 105.8 104.5 91.5 92.1 90.2 90.2 89.7 89.5
I 12.76 12.65 10.51 10.45 9.87 9.89 9.09 9.14
A 3.58 3.61
nB1

s 3757 3756 2634 2626 2402 2358 2134 NA
nA1

s 3651 3657 2618 2615 2380 2345 2130 NA
nA1

b 1480 1595 1088 1183 983 1034 834 NA
5-5
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TABLE V. Calculated~Calc.! formation energiesEf , binding energiesEb , bond lengths, electrical levels, experimental levels~Expt.! in
eV ~Ref. 1!, and spin localization for substitutional chalcogen impurities in silicon. Levels calculated using the marker@MM ~Si! and MM~S!#
and formation energy methods~with Madelung and potential corrections! are given. Spin localization on theX atom (hX

2) and on its four Si
nearest neighbors (hnn

2 ) obtained from the Mulliken bond populations are given in percent. Thep character (bnn
2 ) of the donor wave function

on these Si ligands~%! is also shown and compared with the LCAO analysis from respective EPR signals~Refs. 5,38–40!. NA stands for
not available.

Ec2E(1/0) Ec2E(11/1)
Ef Eb X-Si X-X MM ~Si! MM ~S! FEM MM~Si! MM ~S! FEM hX

2 hnn
2 bnn

2

Ss Calc. 1.01 2.444 0.43 0.29 0.78 0.48 0.59 1.25 6.6 48 97
Expt. 0.29 0.59 9 52 ;91

S2s Calc. 0.34 1.68 2.295 3.088 0.25 0.13 0.59 0.25 0.35 1.04 2.8 5 9
Expt. 0.19 0.39 4.1 NA NA

Ses Calc. 1.48 2.520 0.40 0.28 0.79 0.45 0.55 1.32 6.6 43 98
Expt. 0.29 0.54 10 NA NA

Se2s Calc. 1.80 1.16 2.390 3.090 0.27 0.15 0.69 0.26 0.36 1.13 2.7 4 9
Expt. 0.21 0.39 4.2 NA NA

Tes Calc. 1.97 2.635 0.27 0.15 0.75 0.28 0.38 1.22 6.4 38 10
Expt. 0.20 0.36 11 40 96

Te2s Calc. 3.42 0.52 2.531 3.213 0.20 0.08 0.80 0.20 0.30 1.25 3.3 4 9
Expt. 0.16 NA NA NA NA

Ss-Ses Calc. 1.04 1.45 2.292;2.392 3.063 0.23 0.11 0.61 0.26 0.36 1.10 2.1;3.6 6;5 9
Expt. NA NA NA NA NA

Ss-Tes Calc. 1.64 1.34 2.307;2.547 3.128 0.17 0.05 0.61 0.21 0.31 1.10 1.2;5.5 7;2 9
Expt. NA NA NA NA NA

Ses-Tes Calc. 2.42 1.03 2.419;2.546 3.169 0.16 0.04 0.65 0.19 0.29 1.13 1.9;5.3 8;1 10
Expt. NA NA NA NA NA
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ond donor level is too shallow by about 0.1 eV. This demo
strates that much better prediction of the levels of say Se
Te can be achieved by comparing their ionization energ
with those of sulfur@MM ~S! method#. This places the Se
levels at the same position as S, and the Te (0/1) and (1/
11) levels 0.15 eV and 0.1 eV, respectively, above those
S, in very good agreement with experiment. The same is
for defect pairs. The calculated levels are;0.05 eV different
from those observed. The effect of a wide dispersion in
defect-related bands appear to cancel in the MM~S! method

FIG. 2. One-electron band structure for bulk Si, substitutio
sulfur (Si:Ss), and substitutional sulfur pair defects (Si:S2s). These
are evaluated in a 64-Si-atom supercell. HereX5p(100)/2a0,
wherea055.390 Å is the calculated bulk lattice parameter. So
and dotted lines represent occupied and empty levels, respect
Levels from defective cells were aligned with help of the avera
potential shift discussed in the Appendix.
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probably because the defects have the same symmetry
the wave functions are of the same extent. Levels found fr
the formation energy method are too deep. In fact,Xs defects
are predicted to be single donors. Despite this, the res
provide a reference for comparison with levels fromX-H
defects. It is also noteworthy that the relative level positio
of the three chalcogen impurities are well reproduced, w
the S and Se levels lying close together, well below those
tellurium.

Analysis of the Mulliken bond populations for Ss in a
64-Si-atom cell gave a localization ofhS

257.0% on the sul-
fur atom, and 45% on the first neighboring ligands. These
to be compared with the volumes of 9% and 52% from E
DOR experiments.3 The populations were found in large
216-Si-atom supercells and given in Table V. About;6% of
the spin density is found on the chalcogen impurity, in a fu
symmetrics orbital, and about 38–48 % onp orbitals cen-
tered at their Si nearest neighbors. These are in good ag
ment with the;10% and 52–38 % derived from the analys
of the hyperfine interactions.5,39Also in good agreement with
the observations are the Mulliken populations for chalcog
pairs. Here we predict the localization on eachX atom to be
about half of that inXs impurities. We are unaware of an
reports on29Si hyperfine spectra for the chalcogen pairs.

V. INTERACTION WITH ONE HYDROGEN ATOM

There are a number of possible locations for H near
chalcogen impurity, which were investigated. In each ca

l

ly.
e
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ELECTRICAL ACTIVITY OF CHALCOGEN-HYDROGEN . . . PHYSICAL REVIEW B67, 035205 ~2003!
the relaxation of the defects was carried out both with a
without a symmetry constraint. Some of the possible sites
shown in Fig. 3 and labeled according to the usual notat
Two tetrahedral (TX and TSi), two antibonding (ABX and
AB!, one bond-centered~BC!, and orthorhombic~C! sites
were considered.

Interstitial hydrogen in Si is an amphoteric impurity wi
a negative-U ordering of the (2/0) and (0/1) levels. H2 is
expected to be located at a tetrahedral interstitialT site,
whereas H1 is located at a BC site.41 This suggests that H
located at aT or AB site could compensate a nearb
chalcogen.17

Among all the chalcogen-hydrogen complexes, only t

FIG. 3. Some high-symmetry interstitial sites~small black
circles! near to a substitutional chalcogen atom~large black circle!.
Si atoms are white.T, BC, and AB stand for tetrahedral, bond
center, and anti-bonded sites, and theC site lies between secon
nearest-neighboring Si atoms.
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competitive energetic structures were found, namely,
generally stableX-HAB and a metastableX-HBC form ~see
Fig. 4!. As shown in Table VI, their relative energies diffe
by 0.1, 0.3, and 0.8 eV for S, Se, and Te, respectively. B
these structures possess trigonal symmetry. If the H anX
atoms were perturbed, and this symmetry was lost; then
relaxation, both atoms returned to reform the trigonal defe
The energies of metastable centers where H is antibonde
the chalcogen atom (ABX) are about 1.0 eV higher than th
ground state, and therefore unlikely to occur.

The binding energyEb of H with the chalcogenXs was
also found and is given in Table VI. These were obtained
evaluating the energies of neutral bond-centered H and

FIG. 4. Low-energy structures forX-H complexes in silicon.
These are antibonding to a Si neighbor of X, and are bond cent
(X-HAB andX-HBC , respectively!. Si, X, and H atoms are shown a
open, large-closed, and small-closed circles, respectively. B
lengths and distances~labeled bya, . . . ,d anda8, . . . ,d8) are re-
ported in Table VI.
TABLE VI. Calculated energies relative to the most stable configuration,Erel ~eV!, X-H binding energiesEb ~eV!, donor levelE(0/
1) ~eV!, structural parameters~in angstrom, see also Fig. 4!, localizationh2 of the donor state onX and H atoms~%!, and respectives and
p charactersa2 andb2 ~%!. Local vibrational mode frequenciesn (cm21) are labeled according to its representation within theC3v point
group and mode type (s for a Si-H stretch mode, andb for a Si-H bend mode!.

X S Se Te
Complex AB BC AB BC AB BC

Erel 0.00 0.13 0.00 0.34 0.00 0.77
Eb 1.66 1.53 1.60 1.25 1.71 0.94
Ec2E(1/0) MM~Si! 0.13 0.26 0.10 0.26 0.00 0.20
Ec2E(1/0) MM~S! 0.01 0.14 20.02 0.14 20.12 0.08
Ec2E(1/0) FEM 0.41 0.53 0.37 0.53 0.27 0.47
Ec2E(11/1) MM ~Si! 1.18 1.18 1.18 1.19 1.18 1.16
Ec2E(11/1) MM ~S! 1.28 1.28 1.28 1.29 1.28 1.26
Ec2E(11/1) FEM 1.78 1.78 1.77 1.78 1.77 1.76
a, a8 2.337 2.315 2.437 2.412 2.578 2.553
b, b8 3.106 3.498 3.025 3.562 2.992 3.625
c, c8 1.551 1.496 1.554 1.499 1.549 1.502
d, d8 2.305 2.301 2.305 2.301 2.304 2.297
hX

2 5.2 5.0 5.8 5.3 4.5 5.4
aX

2 55 83 43 75 33 61
bX

2 45 17 57 25 67 39
hH

2 0.5 0.3 0.7 0.6 0.3 0.0
aH

2 82 18 79 13 88 0
bH

2 18 82 21 87 12 100
nA1

s 1857 2141 1842 2127 1842 2110
nE

b 772 582 772 567 775 557
5-7
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FIG. 5. One-electron band
structure for bulk Si,X-H, and
X-H2 defects evaluated in a
64-Si-atom supercell. HereX
5p(100)/2a0 and Z
5p(001)/2a0, where a055.390
is the calculated bulk lattice pa
rameter. Solid, dashed, and dotte
lines represent occupied, semio
cupied, and empty levels, respe
tively. Levels from defective cells
were aligned with the help of the
average potential shift discusse
in the Appendix.
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stitutional chalcogen atoms in different cells. The differen
in energy,;0.2 eV, of the donor and acceptor levels of t
chalcogen and hydrogen should be added to this if the c
stituents are charged. The barrier to the dissociation sh
be supplemented by the migration energy of H, which pr
ably adds another 0.2 eV. Thus we anticipate a dissocia
barrier of around 1.8–2 eV, and is somewhat larger than
observed dissociation barrier lying between 1.39 and 1
eV.22 From the energetics, and in agreement with the tim
dependent Mo¨ssbauer measurements, we can rule out
Te-HBC structure. For S, the BC and AB structures are
generate to within the error of the calculations.

Structural details ofX-H complexes are shown in Tabl
VI and Fig. 4. For AB defects, thesmaller the chalcogen
atom, the larger its displacement along the trigonal axis. T
contrasts with the BC structures where the presence
strong Si-H bond results in a large distortionb8, and there-
fore higher energies.

The electrical activity ofX-H complexes can be apprec
ated by inspection of the one-electron band structure. Th
are shown on the top half of Fig. 5, where they are compa
with the band structure from a bulk supercell. The half-fill
band~dashed line! at the top half of the gap strongly sugges
donor activity. The calculated donor levels ofX-H defects
are given in Table VI.

All the X-H complexes possess donor levels high in
band gap and above the donor levels of the isolated cha
gen. This trend is produced by the marker and format
energy methods. They are also shallower for the AB confi
ration. The shallow position of the levels might explain w
they were undetected in DLTS studies,21,22 though they are
consistent with the IR-absorption experiments.20

We have also looked for a stable, doubly positive cha
state forX-H complexes. However, as reported in Table V
their second ionization energies are larger than the band
and therefore these defects are single donors only.

A Mulliken bond population analysis~Table VI! revealed
the character of the donor state. The localization ands, p
components of the wave function (h2, a2, andb2, respec-
tively! at the H andX atoms can be compared with ENDO
measurements by Zevenbergenet al.18 and Huyet al.19 Both
NL54 and NL55 possess spin densities of;6% and;0.3%
03520
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on sulfur and H atom, respectively. These are in good ag
ment with our calculations for both configurations. Howev
the largers-orbital component of the wave function on th
sulfur atom in NL54 suggests an assignment to S-HBC ,
while NL55 could be assigned to S-HAB .

These assignments are supported by inspection of the
densities on the proton. For the S-HBC defect, thep character
of the wave function is much larger than thes character in
line with observations on NL54.19 Hence, the calculations
support an assignment of NL54 and NL55 to two nea
degenerate S-H complexes, with BC and AB structures,
spectively.

Now we turn to Se-H defects. Two Se-H related EP
signals are also known, and labeled NL60 and NL61. Both
these have properties in common with Se-HAB . The spin
densities on77Se are about 6% and 3%, with nearly equas
and p characters while the anisotropic components of
1H-related hyperfine tensors are similar to each other. NL
can be distinguished form NL61 by the larger spin localiz
tion on the proton on the former (;0.5%), when compared
with the latter defects~about 0.06% for each H atom!. These
properties are consistent with an assignment of both NL
and NL61 to S-HAB and suggest that one of the defects m
be perturbed by a remote impurity.

We have also calculated the local vibrational mode f
quencies for all stable complexes. These are shown at
bottom of Table VI. Clearly, we can distinguish the AB stru
tures, which produce singlet-stretch and doublet-bend mo
at around 1800 and 800 cm21, respectively, from the BC
structures with modes at around 2100 and 600 cm21. Note
that their spectral location is close to that of known antibon
ing Si-H and bonding Si-H oscillators.42,43 Calculations by
Liang et al.26 have predicted a value of 1545 cm21 for the
Si-H stretching frequency in Te-HAB . However, for Sb-H
defects in a 32-Si-atom supercell, they reported frequen
more than 150 cm21 below observations. Similar condition
led also to an underestimate in the frequency for the P
defect, but the error turned to be considerably sma
(20 cm21) when using 64-atom cells.44 No vibrational mode
frequencies of S-H and Se-H complexes have, to our kno
edge, been reported so far.
5-8
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VI. INTERACTION WITH TWO HYDROGEN ATOMS

There are many possible places for attachment of a
ond H atom. We considered all combinations of antibond
~to Si andX atoms! and bond-centered H atoms, as well
H2* -like structures. The later defects have trigonal symme
where aX-Si unit is transformed intoX-H•••Si-H, H-X••
•H-Si, and H-X•••Si-H structures. Among all defects, on
those shown in Fig. 6 have a particular low formation ener
All other structures are at least 1 eV less stable, and in s
cases theX-H1H→X-H2 reaction is endothermic. This in
cludes the case where both H atoms are bond cente
which is the analog of the ground state of aVOH2 complex,
where V denotes a vacancy.45 StructuresXHABHAB and
XHBCHAB have C2v and C1h symmetry, respectively, an
therefore the calculations do not support the assignmen
NL61 to a Se-H2 defect.

Substitutional chalcogen impurities with a nearby H2 mol-

FIG. 6. Low-energy structures forX-H2 complexes in silicon. H
atoms are referred as bond centered and antibonding with respe
its nearest Si atom~leading to structuresX-HABHAB and
X-HBCHAB). Si, X, and H atoms are shown as open, large-clos
and small-closed circles, respectively. Bond lengths and dista
~labeled bya, b, c, a8, bi8 , andci8) are reported in Table VII.
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ecule were also investigated. The center of mass of the m
ecule was placed atTSi and TX sites ~see Fig. 3!. After re-
laxation the molecule was aligned along the@111# direction,
but the resulting structures are metastable by more that 1
In fact, the binding energy of H2 to Xs was found to be
negligible.

Structural details ofXHABHAB andXHBCHAB are reported
in Table VII ~see also Fig. 6!. In both defects, two Si-X
bonds are broken~dashed lines!, and two Si-H bonds are
created. This leads to two structures where all Si andX atoms
are fourfold and two fold coordinated.

An important question here concerns the electrical ac
ity of these defects. Figure 5~lower insets! shows the one-
electron band structures for the most stableX-H2 complexes.
Unlike X-H, they suggest thatX-H2 are all electrically inert.
The calculated donor and acceptor levels all lie below a
above the valence and conduction bands, respectively~Table
VII !. These results are also in line with the disappearanc
all Xs-related DLTS levels in hydrogenated samples.21

Also in Table VII, we report on the binding energy of
neutral H atom toX-H. ComparingEb from Tables VI and
VII, we realize that a second proton is bound with a simi
energy to the first. That means that the thermal stability
X-H2 andX-H defects should be similar.

Table VII gives the calculated LVM’s for theX-H2 de-
fects. Again, Si-HBC and Si-HAB stretch modes fall in the
2100 and 1800 cm21 regions, respectively. These can b
compared with the HAB-related stretch mode frequencies
P-H, As-H, and Sb-H complexes, which lie at 1555, 156
and 1562 cm21.46 On the other hand, the Si-HAB unit on the
H2* defect is responsible for an absorption band
1838 cm21.42 Two additional pairs of Si-H bend modes a

t to

,
es
-

TABLE VII. Calculated relative energiesErel ~eV!, XH-H binding energiesEb ~eV!, donor and acceptor levelsE(0/1) andE(2/0) ~eV!,

and structural parameters~in angstrom, see also Fig. 6!. Local vibrational mode frequenciesn (cm21) are labeled according to its repre
sentation within the respective point group and mode type (s for a Si-H stretch mode, andb for a Si-H bend mode!.

X S Se Te
Complex AB,AB BC,AB AB,AB BC,AB AB,AB

Erel 0.00 0.00 0.00 0.16 0.00
Eb 1.86 1.86 1.79 1.63 1.75
E(0/1)2Ev MM ~Si! 20.05 20.02 20.01 20.01 20.02
Ec2E(0/2) MM ~Si! 20.02 20.06 20.05 20.08 20.10
E(0/1)2Ev FEM 20.42 20.38 20.37 20.36 20.27
Ec2E(0/2) FEM 20.01 20.05 20.01 20.04 20.04
a, a8 2.232 2.225 2.354 2.332 2.533
b, b18 3.041 2.882 3.002 2.835 2.987
b28 3.560 3.608
c, c18 1.554 1.565 1.559 1.546 1.561
c28 1.497 1.502
ns 1837(A1) 2160(A8) 1809(A1) 2138(A8) 1796(A1)
ns 1830(B1) 1778(A8) 1802(B1) 1768(A8) 1785(B1)
nb 813(A1) 769(A8) 820(A1) 765(A8) 822(A1)
nb 808(B1) 750(A8) 816(B1) 747(A8) 818(B1)
nb 799(A2) 580(A9) 809(A2) 578(A9) 808(A2)
nb 798(B2) 562(A9) 808(B2) 560(A9) 807(B2)
5-9
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COUTINHO, TORRES, JONES, AND BRIDDON PHYSICAL REVIEW B67, 035205 ~2003!
pear above the Raman frequency. These are about 800
570 cm21 when the complex possesses Si-HBC and Si-HAB
units, respectively.

VII. CONCLUSIONS

We have investigated the structure and energetics of c
cogen and chalcogen-hydrogen complexes in Si using aab
initio method. The substitutional defects are favored o
interstitial impurities by more than 3 eV. This contras
strongly with oxygen. Pairing of chalcogen atoms~including
mixed pairs! is favored by more than 1 eV, except for Te2s
that shows a 0.5 eV binding energy. The calculated equ
rium concentration of substitutional sulfur exceeds valu
found experimentally, This discrepancy might be related
the difficulty of estimating the chemical potential, or th
there is a substantial energy barrier at the surface preven
the incorporation of the impurity. It has to be noted th
previous attempts to estimate impurity solubilities ha
been successful in the case of oxygen in Si,28 but not for
Sn in Si.47

The defects are double donors again in contrast with s
stitutional oxygen.28 The electrical levels are investigated b
two methods. We find that the formation energy meth
yields values far too deep while a method based on the
culation of ionization energies and electron affinities yie
better results. The single- and double-donor levels of Se,
and chalcogen pairs are found to be within 0.08 eV of th
observed values when comparison is made to the result
S. The spin density on the chalcogen and their pairs is
found to be in good agreement with EPR data.

The impurities strongly bind to one and two hydrog
atoms. For singly hydrogenated impurities, only theX-HBC
andX-HAB structures have binding energies compatible w
the thermal stability of the chalcogen-hydrogen defec
These binding energies increase with the size of the cha
gen impurity. From an analysis of the energetics and M
liken bond populations, we assign NL54 and NL55 to S-HBC
and S-HAB , respectively, whereas NL60 and NL61 are a
signed to Se-HAB complexes, one of which is perturbed by
remote atom. This is supported by results onX-H2, where all
stable complexes are electrically inert, diamagnetic,
without the observed trigonal symmetry. In theX-H2 defects,
both protons lie at antibonding sites with a nearest Si at
except for an energetically competitive S-HBCHAB structure.
We understand this on the grounds of an impurity size eff
by noting that for oxygen, a O-HBCHBC structure was previ-
ously found.45

All the X-H complexes are predicted to be shallow sing
donors with levels above those of the isolated substitutio
chalcogen impurities. These results are consistent with ob
vations of an effective-mass series of IR-absorption lines
to two S-H complexes with ionization energies observed
135.07 and 135.45 meV. On the other hand,X-H2 centers are
all electrically inert. LVM frequencies are reported for a
complexes, but we are not aware of any experimental da
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APPENDIX

As discussed in Sec. II, the valence-band top (Ev) from
Eq. ~1! may be shifted from the bulk valueebulk

0 when a
charged defect is introduced. This shift originates from
use of periodic boundary conditions where there is no re
ence for the average potential. We take the shift in the
lence band to be given by the difference in potential~Hartree
and local pseudopotential! between the defect and bulk a
great distances from the defect.9,48,49This potential is, how-
ever, not easily evaluated. Here we estimate this shiftV̄bulk

2V̄d , by first calculating the difference in the potential,
all interstitialT-sites, in the bulk and defective cells. Then
average was taken over sites lying more than 5 Å away fr
sulfur ~see Fig. 7!. This average possesses a mean-squ
deviation of less than 0.03 eV.

In the FEM, the location of the (q/q11) energy level
relative to the top of the valence band is given by the che
cal potentialme whenEf(q)5Ef(q11). Hence from Eq.~1!,

E~q/q11!2Ev5Ed~q/q11!2Ev~q/q11!, ~A1!

with Ed(q/q11)5Ed(q)2Ed(q11), andEv is the crystal
valence band top shifted by potential and monopole corr
tions; i.e.,

Ev~q/q11!5ebulk
0 2V̄bulk1~q11!V̄d~q11!2qV̄d~q!

1
aM

Le
~2q11!. ~A2!

Values of these quantities are given in Tables III and II. It
noted that both the Madelung correction and potential c
rections push the donor levels downwards.

FIG. 7. Plot of the potential onTd sites~eV! as a function of the
distance (Å) from a substitutional sulfur impurity in the positiv
Vd(1), and double positive,Vd(11), charge states. The potentia
in a bulk supercell (Vbulk) is also shown as a horizontal line. Dista
points are labeled according to the number of equivalent sites.
calculations used 64-Si-atom cells and the MP-23 scheme for
k-point sampling. Curves are shown for guidance purposes on
5-10
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In the MM~Si! method,16 Ev(q/q11)5Ebulk(q)
2Ebulk(q11). In this method, the monopole correction ca
cels, but the dispersion of either bulk- or defect-related ba
can compromise the final result. This spurious effect is
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