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Hydrogen-terminated defects in ion-implanted silicon probed
by monoenergetic positron beams
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Hydrogen-terminated vacancies in Si1-implanted Si were studied by means of positron annihilation.
After the Si1-ion implantation, hydrogen atoms were introduced into the damaged region using a
hydrogen plasma@hydrogen-atom treatment~HAT!#. Monoenergetic positron beams were used to
measure Doppler broadening spectra of the annihilation radiation and the lifetime spectra of
positrons. It was found that the line shape parameter,S, corresponding to the annihilation of
positrons trapped by vacancy-type defects, decreased after HAT. This was attributed to the trapping
of positrons by H-decorated vacancy-type defects. Isochronal annealing experiments revealed a
strong correlation between positron annihilation parameters and Raman intensities of Si–H,
suggesting that hydrogen atoms are released from vacancy-type defects after annealing at 600 °C.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1542923#
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I. INTRODUCTION

It is important to study the behavior of hydrogen in
because it affects the electrical properties of Si devic1

During the processing steps of semiconductor devices
wafers interact with a large amount of hydrogen. For e
ample, bond-and-etch-back processes used in the fabric
of silicon-on-insulator wafers involve implantation of hig
doses of hydrogen or annealing in hydrogen atmospher2,3

Since silanes are the major source for epitaxial growth o
films, the surface of the film is covered by hydrogen.4 Raman
scattering and infrared absorption are known to be us
tools for probing hydrogen in Si; several scattering or a
sorption peaks were identified as H2 molecules trapped a
tetrahedral (Td) sites or trapped by platelets, voids, poi
defects, etc.1,5–9 Hydrogen terminates dangling bonds
vacancy-type defects,8,9 and also interacts with interstitials.10

Although intensive studies have been carried out, the in
action between hydrogen and process-induced defects is
unresolved because of the lack of techniques that are s
tive to the presence of point defects in the subsurface reg
Positron annihilation is one established technique for inv
tigating defects in semiconductors.11 A slow/monoenergetic
positron beam can be used to adjust the implantation pro
of positrons in the region of interest in a sample by acce
ating the positrons to a certain energy. In general, the i
dent energy of positrons varies from several electron volt
30–50 keV, and the regions that can be sampled by s
positrons can vary from the sample surface to depths of
order of microns. Defects introduced by hydrogen plasma
H1 implantation have been investigated by th
3220021-8979/2003/93(6)/3228/6/$20.00
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technique,12–17 which showed that positrons are a use
probe for studying hydrogen-related defects in Si. T
present study used a monoenergetic positron beam to in
tigate the H-terminated vacancies in Si1-implanted Si.

When a positron is implanted into condensed matter
annihilates with the electron and, emits two 511 keVg
rays.11 Those annihilationg rays are broadened by the mo
mentum component of the annihilating electron–positr
pair pL , which is parallel to the direction of theg rays. The
energy of theg rays is given by the relationEg5511
6DEg keV. The Doppler shift,DEg , is given by the relation
DEg5pLc/2, wherec is the speed of light. A freely diffusing
positron may be localized in a vacancy-type defect beca
of Coulomb repulsion from ion cores. Because the mom
tum distribution of electrons in such defects differs from th
in bulk materials, these defects can be detected by measu
Doppler broadening spectra of annihilation radiation. The
sultant change in the Doppler broadening spectra is cha
terized by theS parameter, which mainly reflects the chan
due to the annihilation of positron–electron pairs with a lo
momentum distribution. The lifetime of positrons trapped
vacancy-type defects increases because of the reduced
tron density in such defects. Information obtained by m
suring the lifetime spectra of positrons is also useful
identifying vacancy-type defects.11

II. EXPERIMENT

The samples used in the present experiments were
doped Si~100! wafers~resistivity: .50 Vcm! grown by the
floating-zone (FZ) method. Si1 ions were implanted at 200
8 © 2003 American Institute of Physics
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keV up to a dose of 231014cm22 at room temperature. Thi
dosage is lower than the critical dose sufficient for creat
of an amorphous region. The implanted samples were tre
with atomic hydrogen at 190 °C for 30 min in a downstrea
region of hydrogen plasma. During this treatment,
samples were placed 60 cm from the plasma so that the
tivated species in the plasma do not damage the sample
face. This hydrogen-atom treatment~HAT! was also per-
formed on the Si1-implanted sample after being annealed
435 °C. Raman scattering spectra of the samples were m
sured at room temperature. Details of the HAT and Ram
measurements are described elsewhere.7,8 After HAT, the
samples were isothermally annealed in a N2 atmosphere a
190–800 °C for 30 min.

A monoenergetic positron beam was used to measure
Doppler broadening spectra of annihilation radiation a
function of incident positron energyE. For each value ofE,
a spectrum with approximately 13106 total counts was mea
sured and characterized by theSparameter; the center regio
of the spectra was defined as 51160.75 keV. The relation-
ship betweenS and E was analyzed byVEPFIT, a computer
program developed by van Veenet al. 18 Details of the ap-
plication of VEPFIT for ion-implanted Si are describe
elsewhere.19 In the fitting procedure, the region sampled
positrons was divided into several blocks.VEPFIT was used to
determine the fraction of positrons annihilated in each blo
and the correspondingS parameter. TheS2E curve was fit
into the following equation:

S~E!5SsFs~E!1(
i 51

n

SiFi~E!, ~1!

whereFs(E) is the fraction of positrons annihilated at th
surface andFi(E) is that in theith block @Fs(E)1(Fi(E)
51#. Ss and Si are theS parameters corresponding to, r
spectively, annihilation of positrons on the surface and tha
the ith block. To determine the annihilation characteristic
positrons trapped by H-terminated vacancies, we use
coincidence-detection system11 to obtain Doppler broadening
spectra. The spectra were measured by a two-dimensi
multichannel analyzer, and the diagonal cross section of
spectra was obtained with an energy width of 1.3 keV.

A pulsed monoenergetic positron beam was used to
tain the lifetime spectra of positrons.20 Approximately 1
3106 counts were accumulated for each lifetime spectru
The lifetime spectrum of positrons,SLT(t), is given by

SLT~ t !5( l i I i exp~2l i t !, ~2!

where l i and I i are, respectively, the annihilation rate
positrons of theith component and their intensity. The life
time of positrons,t i , is given by 1/l i . The lifetime spectra
were analyzed with a time resolution~full width at half
maximum! of approximately 250 ps by a computer progra
calledRESOLUTION.21
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III. RESULTS AND DISCUSSION

A. Annihilation characteristic of positrons trapped by
hydrogen-terminated vacancies

The S parameters of Si1-implanted Si before and afte
HAT are shown in Fig. 1 as a function ofE. The value ofS
was normalized to that for bulk Si. The corresponding me
implantation depth of positrons is shown on the upper ho
zontal axis. Figure 1 shows thatS approaches a constan
value at highE(.25 keV). This indicates that, in this energ
range, almost all positrons annihilate in the substrate with
diffusing back to the subsurface region. The observed
crease inSat E>4 keV is due to the trapping of positrons b
vacancy-type defects introduced by Si1 implantation.19 For
the as-implanted sample, the lifetime spectrum of positr
was measured atE52 keV, at which almost all positrons
annihilate from the trapped state by defects. The spect
was analyzed under the assumption of one annihila
mode, and the lifetime of positrons was obtained as 3
63 ps. Since this lifetime is close to the calculated lifetim
of positrons trapped by divacancies,22,23 the mean size of the
open volume of vacancy-type defects is close to that of
vacancies. In the case of the sample that underwent H
~hereafter referred to as the HAT sample!, the value ofS at
E>2 keV was found to be smaller than that of the a
implanted sample. The observed decrease inS, therefore, can
be attributed to the interaction between vacancy-type def
and hydrogen. The decrease inS due to HAT was also ob-
served in the case of the sample annealed at 435 °C, whi
higher than the annealing temperature of divacancies in
~200–250 °C!.24 Since ion implantation introduces a varie
of defects, no large change in the value ofS before or after
annealing out the divacancies was observed.19,25

FIG. 1. S parameter as a function of incident positron energyE for
Si12 implanted Si before and after hydrogen atom treatment. Results fo
samples annealed at 435 °C before HAT are also shown. For the sam
after HAT, the valley observed in theS2E curve (E>2 keV) is associated
with the annihilation of positrons trapped by H-terminated vacancies.
solid curves are fits of Eq.~1! to the experimental data.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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The S2E curves shown in Fig. 1 were fit usingVEPFIT.
In the fitting procedure, the region sampled by the positr
was divided into two, three, or four blocks. The diffusio
length of positrons,Ld , in the block located in the deepe
region was fixed toLd for defect-free Si~200 nm!.19,26 This
means that the trapping of positrons by defects in this bl
is negligible. The solid curves shown in Fig. 1 are the res
of fit. The value ofLd in the first block,Ld1 , was derived as
about 5 nm. This short diffusion length of positrons sugge
that almost all positrons implanted into the first block an
hilate from the trapped state.19 Thus,S1 is considered to be
the characteristic value ofS for the annihilation of positrons
trapped by defects in the first block. In the fitting procedu
it was assumed thatLd in the blocks below the first one
~except the deepest block! is the same asLd1 . Since theS
2E curves are represented well by this model, the deri
value ofSi is likely to be related to the annihilation of pos
itrons trapped by defects in theith block.

The depth distributions ofS obtained are shown in Fig
2. Using secondary ion mass spectroscopy~SIMS!, we mea-
sured the depth distribution of hydrogen in the as-implan
HAT sample, and the result is also shown in Fig. 2. After 1
°C annealing, the damaged region shifts toward the surf
butS1 does not significantly change. The value ofS increases
after annealing at 435 °C, suggesting clustering of vacan
type defects. For the as-implanted sample after HAT, the
gion with a small value ofS ~10–100 nm! matches the depth
distribution of hydrogen. This suggests that HAT decrea
the characteristic value ofS in the damaged region. The sam
is true for the sample annealed at 435 °C.

To interpret the change in Doppler broadening spectra
HAT, the ratio of the coincidence spectra was calculat
Figure 3 plots the Doppler broadening spectrum that co
sponds to positron annihilation from the free state on
left-hand axis; the horizontal axis showspL (m0 is the rest of
the mass of an electron!. It can be seen that the spectru
mainly consists of a narrow and a broad component. T

FIG. 2. Depth profiles ofS for Si1-implanted Si before and after HAT
obtained from analysis of theS2E curves in Fig. 1. A depth profile of
hydrogen measured by SIMS is also shown.
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broad component observed atpL.1031023 m0c corre-
sponds to the annihilation of positrons with core electro
This spectrum can be used as a reference. The ratio of
Doppler broadening spectrum measured atE52 keV for the
sample before and after annealing at 435 °C and the sam
after HAT to the reference spectrum is plotted on the rig
hand axis in Fig. 3. The overall behavior of the ratio curv
for the sample before annealing is similar to that reported
Tang and co-workers.27,28 According to Tang and
co-workers,27,28 the origin of the pronounced peak aroun
931023 m0c is slowly varying momentum density o
dangling-bond electrons over rapidly decreasing momen
density around the Jones zone boundary of Si.

In Fig. 3, the intensity of the peak around
31023 m0c increased after HAT. Using a full-potential an
all-electron first-principles method, Tanget al. 27 calculated
Doppler broadening profiles for Si containing oxyge
vacancy complexes. They found that the intensity of the p
around 931023 m0c becomes significant with an increase
the number of oxygen atoms coupled with divacancies. T
was attributed to the fact that the dangling-bond wave fu
tions dominated by oxygen atoms are more localized t
those dominated by Si atoms.27,28 In the present experiment
therefore, the observed increase in peak intensity can als
attributed to the annihilation of positrons with electrons
calized in vacancy-type defects, and such electrons are in
duced by coupling of the defects and hydrogen atoms. T
causes a decrease in the annihilation probability of positro
electron pairs with a low-momentum distribution (pL50),
and results in a decrease in theS value. Raman studies hav
revealed that HAT produces several Raman lines aro
2000 cm21, which were identified as H-terminated ope
volumes.1,8,9Those results also support the above discuss

After HAT, the ratio in the high momentum regio
(.15m0c) is smaller than that before HAT. The effect o

FIG. 3. Doppler broadening spectrum of positrons annihilated from the
state in Si~used as a reference!. Ratio curves of Doppler broadening spect
for the samples before and after annealing at 435 °C and the HAT sampl
also shown; each curve corresponds to the annihilation of positrons tra
by vacancy-type defects or H-terminated defects.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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HAT on the ratio curves of the as-implanted sample with
pre-annealing was identical to that on the pre-annea
sample. According to the calculation,27 major electrons anni-
hilate with positrons in this region are 2p and 2s core elec-
trons of Si. In H-decorated vacancies, a positron is likely
be localized at the center of the open volume because o
repulsion between a positron and hydrogen atoms, and
could be the origin of the observed decrease in the annih
tion probability of positrons with core electrons of Si atom
For the sample annealed at 435 °C, after HAT, the lifetime
positrons atE52 keV was 32461 ps. Because the lifetime
of positrons trapped by defects is longer than that for di
cancies, the electron density in the defects is lower than
in divacancies. The decrease inS due to HAT, therefore,
cannot be attributed to the decrease in the open volum
the defects due to H decoration. To more fully understand
annihilation characteristic of positrons trapped
H-terminated defects, it is necessary to perform further
periments and theoretical calculations on the momentum
tribution of electrons in such defects.

Asoka-Kumaret al. 14 and Schutet al. 17 reported that
effect of HAT on theSvalue for Si without ion implantation
and they found an increase in the value ofSnear the surface
This was attributed to the trapping of positrons by voids
nanocavities introduced by HAT. In the present experime
since hydrogen atoms were introduced into t
Si1-implanted sample, the interaction between hydrogen
pre-existing multivacancies suppresses the formation
voids or nanocavities.29 Platelets~or amorphous phase! are
likely to be introduced into the region containing a very hi
concentration of hydrogen. As shown in Fig. 2, however,
second block~depth: 10–100 nm! is deeper than the depth a
which the hydrogen concentration peaks appear. In
present experiments, the effect of the trapping of positr
by platelets on theS value cannot be completely neglecte
but major defects produce a smallSvalue~second block! are
considered to be H-terminated vacancies.

B. Annealing behavior of hydrogen-terminated
vacancies

The as-implanted and HAT samples were isochrona
annealed in the temperature range between 190 and 800
Figure 4 shows theS2E curves for the samples annealed
385–700 °C. For the sample without HAT, after annealing
385 °C, theS2E curve observed is similar to that for th
as-implanted sample~Fig. 1!. In the case of annealing at 49
°C, the value ofS at E>2 keV decreased, suggesting a d
crease in the concentration or the size of the open volum
vacancy-type defects in the subsurface region. The dama
region shifts towards the surface after annealing at 600
and because of the clustering of defects, the value ofS in the
subsurface region increased. After annealing at 700 °C
decrease in theS value atE5223 keV was observed, sug
gesting that almost all defects introduced by implantat
were annealed out. With regard to the HAT sample, a
annealing at 385 °C, the influence of the H termination
vacancies onS is clearly seen. After being annealed at 4
°C, the defects located in the deeper region~defects without
H termination! were annealed out. In the case of annealing
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600 and 700 °C, theS2E curves for the HAT sample are
almost identical to those for the non-HAT sample. Figure
summarizes the annealing behavior of theS value at E
52 keV for the samples before and after HAT.

Figure 6 shows Raman spectra for the HAT sample a
annealing at various temperatures. The vibrational line
3820 cm21, which is attributed to H2 molecules trapped by
H-terminated vacancies or those adjacent to such defe8

disappeared after annealing at 280 °C. The positron ann
lation parameters, however, did not significantly change a
annealing at this temperature. Thus, positrons are unlikel
be trapped by defects containing H2 molecules. After anneal-
ing above 600 °C, all the Raman peaks arising from H2 and

FIG. 4. S2E curves for Si1-implanted Si annealed at 385–700 °C. For t
HAT sample, the difference in the values ofS observed after annealing a
490 and 600 °C was attributed to the release of hydrogen from vacancy-
defects at 600 °C annealing. The solid curves are fits of Eq.~1! to the
experimental data.

FIG. 5. Annealing behavior of the value ofS at E52 keV for
Si12 implanted Si with and without HAT.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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Si–H bonds disappeared. Thus, the increase in the valueS
after annealing at 600 °C can be attributed to the releas
hydrogen from vacancy-type defects.

For the S2E curves obtained, analysis similar to th
described in Sec. III A was performed. For the sample bef
HAT, the location between the damaged region and
defect-free region,D1/2, was 360 nm, and it starts to shi
towards the surface with annealing at 490 °C~the value of
D1/2 for the sample annealed at 600 °C was 150 nm!. For the
HAT sample, after being annealed at 490 °C, the region
‘‘pure’’ vacancies disappeared, and the region
H-terminated defects was 0–160 nm. In the case of ann
ing at 600 °C, the position of the interface between the da
aged and defect-free regions agrees with that in the non-H
sample.

Using similar samples used in the present experime
the annealing behavior of Raman spectra for S1-
implanted Si after HAT was reported by Moriet al. 29 In
their experiments, after annealing at 610 °C~for 30 min!, the
sample was hydrogenated again. After this rehydrogen
tion, a vibrational line was observed at around 3820 cm21.
The present experiments suggest that, after the releas
hydrogen, vacancy-type defects still exist even after 600
annealing. Thus, the line at 3820 cm21 can be attributed to
H2 trapped by residual defects. In Fig. 6, the lines obser
at 1960 and 2185 cm21 disappeared after annealing
490 °C. At this annealing temperature, the pure vacan
located below the region of H-terminated vacancies were
nealed out. The migration of Si atoms caused by the ann
ing out of such defects could change the configuration
atoms near Si–H bonds corresponding to 1960
2185 cm21.

IV. SUMMARY

Hydrogen-terminated vacancies in Si1-implanted FZ Si
were investigated. After ion implantation into Si sample
hydrogen atoms were introduced as neutral atoms by HAT

FIG. 6. Raman spectra for Si1-implanted Si with HAT. The vibrational line
at 3820 cm21 is due to H2 molecules trapped by H-terminated vacancies
those adjacent to such defects~see Ref. 8!. Several Raman lines observed
185022250 cm21 are associated with Si–H bonds.
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monoenergetic positron beam was used to obtain Dop
broadening spectra of the annihilation radiation as a func
of the incident positron energy. A pulsed monoenergetic p
itron beam was used to obtain the lifetime spectra of po
trons. The value of the line shape parameter,S, was increased
by ion implantation, suggesting the annihilation of positro
trapped by vacancy-type defects; the mean size of the o
volume of such defects was close to that of divacancies
was found that HAT decreases the value ofS corresponding
to the annihilation of positrons in the subsurface reg
~depth: 10–100 nm!. The depth profile of hydrogen atom
measured by SIMS agrees well with the region in which
value of S is small. Measurements of the Raman spec
show several vibrational lines that correspond to Si
bonds. Thus, the decrease inS is attributed to the annihilation
of positrons trapped by H-terminated vacancies. The ori
of the decrease inS is the increase in the annihilation prob
ability of positrons with localized electrons in H-decorat
multivacancies.

Isochronal annealing experiments were performed in
temperature range of 205–800 °C. It was found thatS did
not significantly change after annealing below 385 °C, b
after annealing at 490 °C, almost all vacancy-type defe
located below the H-rich region were annealed out. Anne
ing at 600 °C results in similarS2E curves for both the
samples with and without HAT. These results were in go
agreement with the thermal behavior of the Raman spect
which suggests the release of hydrogen from vacancy-t
defects at 600 °C. The present results show that a mon
ergetic positron beam can be used to study the behavio
hydrogen in Si. The potential of positron annihilation f
detecting H-terminated vacancies located in the subsur
region and that of Raman spectroscopy for identifying va
ous Si–H stretching modes makes these techniques a po
ful tool for studying the correlation between hydrogen a
process-induced defects.
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