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Electron-paramagnetic-resonance identification of hydrogen-passivated sulfur centers
in silicon
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Two centers are detected in hydrogenated sulfur-doped silicon by means ofelectron paramagnetic
resoratrce. Both defects, labeled for further reference Si-NL54 and Si-NL55, are very similar and
have trigonal symmetry; to better resolve tbe spectra, the field-scauned electron uuclear double
reaonance (ENDOR) ;g6hnique has been used. The ratio of the intensities of both spectra remained
the same aÍter narious quenching procedures, suggesting their formation to be (almost) of the same
relative probability. Isotopically enriched sulfur was used and disclosed the involvement of one sulfur
atom in each center, In ENDOR hyperfine interactions with hydrogen, oue atom per center, have
been observed. Extra evidence of the involvement of hydrogen in these defects was found by doping
with deuterium. Based on the experimental evidence the defects are identified as two forms of a
(substitutional) sulfirr double donor in the neutral charge state, passivated with a siugle hydrogea
atom, i.e., (S-H)o pairs. Such an-identification is supported by infra,red absorption measutementg.

The role of hydrogen remairxr one of the most inter-
esting topics in the study of electrically active defects in
silicon. Hydrogen can easily be introduced into silicon by
a rrariety of methods and is also present a,s a common con-
taminant in commercially arailable silicon.l In the past
it has been found that hydrogen has a drastic effect on
the electronic properties of the material. Upon hydrogen
passi\ration of single donors and acceptors the electrical
activity of these defects is terminated,2 and their detec-
tion by spin-sensitive techniques is not possible. The
passiïration mechanism and the structure of thus created
hydrogen-dopant pairs have been extensively studied by
both experiment and theory. For double donors the situ-
ation is considerably less \pell known. One \ilould expect
that their electrical activity could be terminated by two
hydrogen atoms. However, formation of a double-donor-
single-hydrogen pair could convert a double donor into
a single donor and lead to its paramagnetism in a neu-
tral charge state. Indeed, such an effect has lately been
reported. In a recent study by electron pilamagnetic
resonance (EPR) and electron nuclear double resonance
(ENDOR) Martynov et al. concluded that hydrogen pas-
sivation of a thermal double donor leads to formation of
a shallower single donor center (Si-NL10 defe.t).3

Chalcogens present a cla.ssic example of double donors
in silicon; they were extensively studied and, as a re-
sult, their structure is well understood. In the past sub-
stitutional sulfirr as well as sulfirr-pair centers in silicon
have been identified by EPR/ENDOR.4-6 Upon interac-
tion with hydrogen, passirration of sulfirr-related centers
has been concluded; in deep level transient spectroscopy
(DLTS) hydrogen passivation of Sg and Sf in silicon has
been observed by Pensl et aI.T,E In infrared absorption
a series of single donors related to sulfirr-hydrogen com-
plexes was established by Peale et al.e In this communi-
cation we report on an EPR and a field-scanned ENDOR
(FSE) identification of the singly passivated sulfirr double
donor.

For the study a set of L.4 x L.4 x 10 mm3 n-
type phosphorus-doped float-zoned (FZ) samples, con-
taining 6x 101a cm-3 phosphorus and having a room-
temperature resistivity of 8.2 O cE, was used. These
were diffused with hydrogen and natural sulfur. Also
Czochralski (Cr) silicon, doped with 5.3 x 1013 cm-3
phosphorus and with a room-temperature resistivity of
100 O cm, nras diffused with hydrogen and natural sulfirr,
deuterium and natrrral sulfur, or hydrogen and isotopi-
cally enriched sulfur containing 25.54 at.Yo of the mag-
netic isotope 33S which has nuclear spin I : 312. For
the diffusion the samples were closed in quaxtz ampoules,
initially containing 0.5 mg of sulfur mixed n/ith excess

silicon powder to create a SiS atmosphere, and kept at
1370'C for a period of 48 h. Following the sulfirr dif-
fusion treatment hydrogen was introduced by annealing
in quartz ampoules with water at 1250'C for a period
of 0.5 h. Finally, the samples rrere quenched to room
temperature in 3 s. To check the kinetics of formation
different quenching times of 15 and 20 s were also used.

The magnetic resonance experiments were carried out
in an EPR/ENDOR superheterodyne spectrometer oper-
ating at 23 GHz (Ií band) and tuned to dispersion. The
magnetic field was modulated at L75 Hz and the radio-
frequency for ENDOR measurements was on-off mod.u-
lated at a rate of 3.3 Hz. The measurements nrere per-
formed at 9 K.

Similar results have been found for Cz and FZ ma-
terial. In the samples diffused with natural sulfu and
hydrogen two EPR spectra were observed,. The spec-
tra, labeled for further reference Si-NL54 and Si-NL55,
qrere not well resolved but they showed clear g-tensor
anisotropy. The observed pattern showed splitting in two
components which could indicate the hyperfine interac-
tion with hydrogen which has nuclear spin f - L/2 and
a 100% natural abundance. This preliminary conclusion
wÍur fully confirmed in ENDOR measurements which re-
vealed hyperfine interactions with hydrogen nuclei. By
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FIG. 1. The EPR and FSE spectra of Si-NLíA and Si-NL55

for magnetic field É tt (100), recorded at a temperature of 9 K.
(a) Spectra of the sample diffused with hydrogen and natural
sulfur, recorded at a micro$fave frequency of 22.8809 GHz and
(b) spectra of the sample diffused with deuterium and natural
sulfirr, recorded at a micro\ilave frequency of 22.8851 GHz.

recording ENDOR spectra below and above the Zeeman
frequency of a free proton the presence of hydrogen in
the studied defect has been unambiguously established.
Analysis of the ENDOR spectra revealed the presence
of two centers, characterized by a somewhat different hy-
perfine interaction with hydrogen; both of the same (111)
axial symmetry but differing by the degree of anisotropy.
Details of the hydrogen ENDOR analysis will be pub-
lished in a separate paper.lo Different ENDOR spectra
of both defects were subsequently used in a FSE exper-
iment to separate their overlapping EPR signals. In the
FSE experiment the radio-frequency is locked to a NMR
line while the magnetic field is scanned. In this case

the observed spectrum resembles ordinary EPR, while
only transitions connected to the levels involved in the
selected NMR transition are being detected. The com-
parison of EPR and FSE spectra of the S1-NL54 and Si-

NL55 defects for the magnetic field Ë ll [100] is presented
in Fig. 1(.). Corsequently, using the FSE technique, the
full angular dependence for both newly reported centers
could be measured; the result is shown in FiS. 2. Both
defects have trigonal symmetry and their g values are
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FIG. 2. Augular dependence of the FSE spectra of Si-NLí 
and Si-NL55 observed in the sample diffused with hydrogen

and natural sulfur. Average experimental data are used. to-
gether with a simulation with the spin-Hamiltonian parame-

ters as given in Table I. The measurements urere done at a

microwave frequency of 22.8809 GHz.

summarized in Table I.
Hydrogen participation in the structure of the cen-

ters rtras firrther investigated by doping the silicon sam-
ples with sulfur and deuterium. In this case the deu-

terium nucleus witl experience a quadrupole interaction
with the gradient of the local electrostatic field, which
can be determined in deuterium BNDOR. In Fig. 1(b)

TABLE I. Spin-Hamiltonian parameters for Si-NL54 and
Si-NL55, as obtained from computer fits of the FSE angular
dependencies. Electron spin S : Llz Áf , Ái and Qf,, ai
are hyperfine and quadrupole tensor principal values, respec-
tively, for the tts nu.leus.

Parameter NL54 NL55 unit
1.99886 * 4x1,0-5 1.99823 * 4x10-5
2.00L26 + 4x10-5 1.99974 t 4x10-5

143.1 *. 2.7 L24.0 t 2.6 MHz
137.7 *. 2.7 rL7.9 r 2.6 MHz
6.6 * 2.7 5.0 X. 2.6 MHz
-3.3 *. 2.7 -2.5 * 2.6 MHz
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EPR and FSE spectra of the Si-NL54 and Si-NL55 de-
fects with deuterium are shown. The results clearly con-
firm involvement of hydrogen in the structure of the rele-
vant centers: in the deuterated samples the EPR spectra
should split into three components due to the hyperfine
interactionwithanucleushavinganuclearspinI
and a L00% abundarrce. The spacing between the lines
should be smaller, po l2pn È L5%, i.e., about 6.5 times
less than for hydrogen, and consequently the structure
is not resolved. The full analyses of the deuterium EIY-
DOR measurements which reveal the d.euterium-related
hyperfine and quadrupole interactions will be published
separately.lo

While the involvement of hydrogen in both centers
has been clearly established the participation of sulfur,
whose natural composition has practically no magnetic
isotopes, could only be postulated based on production
conditions. In order to establish the role of sulfirr in the
defects, samples diffused with hydrogen and isotopically
enriched sulfur rfrrere prepared. In these samples the same
two ne\ry spectra urere found; they displayed a clearly re-
solved hyperfine interaction with the 33S nucleus (nuclear
spin I - 3 l2). The identity of the centers vras further
confirmed by FSE measurements on hydrogen EI{DOR
which showed that the sulfur hyperfine interaction also

had trigonal symmetry for both defects. The EPR and
FSE spectra are presented in Fig. 3; a fourfold spec-
trum (I : 312) belongs to each central line (I - 0).
Relative intensities of the components in each spectrum
demonstrate the involvement of one sulfur nucleus. Since
the quadrupole interaction with this nucleus constitutes
only a second-order effect for the EPR spectrum it could
barely be observed in the EPR/FSE experiments. For
its more accurate determination sulfur ENDOR measure-
ments are required. These are currently in progress. The
observed FSE spectra could be fitted with the following
spin Hamiltonian:

^í. as . is + is . es . ís, (1)
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FIG. 3. The EPR and FSE spectra of Si-NLíA and Si-NL55
for É ll (100) in the sample diffused with hydrogen and iso-

topically enriched sulfur. To each central line (I :0) belongs

a fourfold spectrum (I : 312) showing the involvement of
one 33S nucleus (the lines indicated with tr' belong to a dif-
ferent spectrum). The spectra lvere recorded at a micro\ffave
frequency of 22.8637 GHz and at a temperature of 9 K.
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where as and qs represent the hyperfine and the
quadrupole interactions with the 33S nucleus, respec-

tively, and the electron spin is ^9- Il2. The S: Llz
value is consistent with the arrailable BNDOR data. The
results of the computer fit are summarized in Table I.

While futl analysis of the experimental data is required
before dttailed microscopic models of the Si-NL54 and
Si-NL55 centers can be proposed some conclusions can
already be drawn at this stage of the study. The avail-
able data certainly allow one to identify both centers as

sulfi:r-hydrogen pairs with (111) axial symmetry. Since
the intensity of the spectra is the same in the fl,oat-zoned

1[orJ
ples 1[Or] = 1018 cm-3) $re conclude that oxygen is not
involved in the formation of the Si-NL54 and Si-NL55
centers. Since the isolated sulfur is known to occupy a

substitutional position in silicon, w€ assume that it is

also substitutional in the Si-NL54 and Si-NL55 centers.
Fbom the trigonal symmetry of hydrogen EI{DOR it can
be concluded that in both defects the hydrogen nucleus is

situated along a (111) oir of the crystal with respect to
sulfur. Three possible positions for the hydrogen nucleus
would then be the bond centered, antibonded on a sulfur
nucleus, or antibonded on a silicon nuclens. In view of
the ,.9 - I 12 value of both centers n/e identify them as

sulfur-hydrogen pairs in the neutral charge state. Such an
identification of the Si-NL54 and the Si-NL55 centers as

singly passivated substitutional sulfur donors is firrther
supported by infrared absorption mea^surements.ll The
infrared absorption spectra of the same samples which
are studied here by magnetic resonance techniques reveal
the preseace of the bands assigned earlier to the transi-
tion between the ls and 2p effective mass theory (EMT)
states of the S-H pairs.e The intensities of both spectra
have a similar behavior with temperature, &s given in
FiS. 4, which indicates that the two EPR centers a.re dif-
ferent and not due to the ground state and a thermalized
excited state of the same defect. For two Cz samples
quenched to room temperature in respectively 15 and

2A s, the two EPR spectra appear in the same intensity
ratio of Si-NL54:Si-NL55 x 3:2 as in the fast-quenched
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FIG. 4. Temperature dependencies of Si-NLí4 and Si-NL55

for B ll (100). The intensities of both spectra decrease if
the temperature is lowered to 4.2 K, and grou/ again if the

temperature is decreased further to L-7 K-
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samples, suggesting that the relative probability of their
formation is (almost) the srne. However, the intensities
of these spectra were lowered so much (four times after
15 s and five times after 20 s) that we can expect that the
spectra would disappear completely if the samples were
cooled slowly. fhis is in agreement with \ran Oosten and
Amtt'erlaan who concluded that rapid quenching in water
w:rs necessary to form isolated sulfurl slower quenching
would promote the formation of sulfur-sulfur pairs rather
than the isolated sulfur defect.s The detailed models and

t6 749

the identification of the origin of the apparent distinc-
tion between the two centers can only be proposed upon
full analysis of the ENDOR datalo and the simultaneous
development of theoretical calculations.

Summarizing, w€ have established that hydrogen pas-
siration of the isolated sulfur double donor in silicon leads
to the formation of two defects, Si-NL54 and Si-NL55, de-
tected in EPR. Each defect has trigonal symmetry and
consists of one sulfirr nucleus aud one hydrogen nucleus
situated along the (111) axis of the crystal.

ELECTRON.PARAI\{AGNETIC-RESONANCE IDENTIFICATION . . .

1 S. J. Pearton, J. Corbett, and M. Stavola,, Hydwgen
in Crystalline Semiconductors (Springer-Verlag, Berlin,
1gg2).

2 J. f. Pankove, D. E. Carlson, J. E. Berkeyheiser, and R. O.
\ilance, Phys. Rev. Lett. íLr 2224 (1983).

3 Yu. V. Martynov, T. Gregorkiewicz, and C. A. J. Ammer-
laan, Phys. Rev. Lett. 74,2030 (1995).

{ G. W. Ludwig, Phys. Rev. 137, A1520 (1965).
5 A. B. nan Oosten and C. A. J. Ammerlaan, Phys. Rev. B
8r, 13 2e1 (1e8E).

6 S. Greulich-tffeber, J. R. Niklas, and J.-M. Spaeth, J. Phys.
Condens. Matter 1, 35 (1989).

7 G. Pensl, G. Roos, C. Holn, E. Sirtl, and N. M. Johnson,

Appl. Phys. Lett. 51., 451 (1987).
t G. Pensl, G. Roos, P. Stolz, N. M. Johnson, and C. Hol-,
in Defects in Electronic Materials, edited by M. Stavola,
S. J. Pearton, and G. Davies, MRS Symposia Proceedings
No. 104 (Materials Research Society, Pittsburgh, 1988), p.
24t.

n R. E. Peale, K. Muro, and A. J. Sievers, in Fourth Inter-
nationol Conference on Shallow Impurities in Serniconduc-
tors, Vols. 65-66 of Materials Science Forum, edited by G.
Davies (Tbans Tech, Aedermannsdorf, 1990), p. L5L.

to I. S. Zevenbergen, T. Gregorkiewicz, and C. A. J. Ammer-
laan (unpublished).

tl P. Kaczor and M. Godlewski (private communication).


