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Hydrogen- and helium-implanted silicon: Low-temperature positron-lifetime studies
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High-purity single-crystal samples of Goat-zoned Si have been implanted with 6.95-MeV protons and
with 25-MeV He ions at 15 K, and the positron-lifetime technique has been used to identify the defects
created in the samples, and to study the e6'ects of H and He on the annealing of point defects in Si. The
results have been compared with those of proton-irradiated Si. A 100—300-K annealing stage was clear-
ly observed in hydrogen (H ) -implanted Si, and this stage was almost identical to that in the p-
irradiated Si. The final annealing state of the H -implanted Si started at about 400 K, and it is connect-
ed to annealing out of negatively charged divacancy-oxygen pairs. This stage was clearly longer than
that for the p-irradiated Si, probably due to the breakup of Si—H bonds at about 550 K. The 100-K an-
nealing stage was not seen with the He-implanted samples. This has been explained by assuming that al-
most all vacancies contained He after the irradiation with He. Helium is suggested to be released from
vacancies at about 600 K, and small He bubbles seem to have grown at temperatures above 800 K. The
specific positron-trapping rate for negatively charged monovacancy-type defects in H -implanted Si has
been found to have a T dependence, whereas for neutral divacancies and monovacancies in He-
implanted Si no dependence on temperature has been observed.

I. INTRQDUCTION

Both atomic hydrogen and helium in semiconductors
are of great technological and scientific interest. ' In
crystalline silicon, hydrogen is known to have a role of
saturating broken chemical bonds. For many years
this was believed to be the only (and quite harmless) efFect
that H has on the physical properties of Si. In recent
years, much interest has been taken in the role of H in Si
since the discovery of its ability to passivate shallow-level
and deep-level defects. ' ' In p-type Si, H is found to pas-
sivate shallow acceptor impurities causing a dramatic in-
crease in the resistivity of the samples. ' Also in n-type
Si, passivation of shallow donor impurities has been seen
in experiments. ' It has also been found that in addi-
tion to passivating the existing defects, H can induce mi-
crodefects and electronic deep levels in Si."

Noble-gas impurities in Si are of special interest be-
cause they are used for sputtering, ion etching, and
gettering. During these processes, a number of gas atoms
are retained in the crystal and may therefore affect the
annealing of point defects. Also, the effective use of the
thermal-helium-desorption spectroscopy (THDS)' ' re-
quires good knowledge about the effects of He on defects
in Si. The positron-lifetime technique' ' has proved to
be very suitable for studies of He in metals. ' Howev-
er, such studies on He-implanted Si have not yet been re-
ported.

In this paper, we present low-temperature positron-
lifetime measurements of hydrogen (H+) -implanted and
helium-implanted Si. In a previous work by Makinen,
Rajainmaki, and Linderoth ' we reported on positron-
lifetime studies of Si irradiated with protons at 15 K.

The samples used in these two studies were cut from the
same float-zoned (FZ) single-crystal rod, and the results
are therefore highly comparable. In the first paper
(henceforth referred to as paper I) we suggested that the
main positron traps in the proton-irradiated samples were
V and V20, and that the specific positron trapping
rate p+ to these defects varies as T . In the present
work, the same temperature dependence was found in the
H+-implanted samples after annealing at 310 K, but in
the He-implanted Si p+ was constant with temperature.
The main positron traps in the H+-implanted samples are
suggested to be V, V2, and V20 . Hydrogen has been
assumed to saturate dangling bonds in the monovacan-
cies, and the dissociation of the Si—H bonds is suggested
to happen at about 550 K. In the He-implanted Si, posi-
trons were mainly trapped by Vz and V .

II. EXPERIMENTAL

The single-crystal Si samples were cut from a Aoat-
zoned rod grown at Topsil Semiconductor Materials a/s,
Denmark. The impurity concentrations were very low:
5.8 X10 ppm P, 2.0 X10 ppm B, &0.2 ppm 0, and
&0.3 ppm C. The material was slightly n-type and its
resistivity was 2200 0 cm. The samples were mechani-
cally polished and etched, and samples with thicknesses
of 393+3 pro and 387+1 pm were prepared. The
sandwich geometry was used for the sample packages,
i.e., the Na positron source in a thin (1.7 mg/cm ) Ha-
var foil envelope was covered by two identical pieces of
Si. For more details of the experimental setup, see paper
I.

The positron-lifetime spectra contained about 1.1 mil-
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lion events, and the data were analyzed by using the For-
tran programs Resolution and Positronfit. In the anal-
yses of the positron-lifetime spectra, a long-lifetime com-
ponent of about 1.5 ns with an intensity of about 0.1%
was detected. We therefore fixed ~3 to 1.5 ns and I3 to
0.1% in the analyses. The variances of the fits were
about 1.0—1.2. The time-resolution function was a one
component Gaussian function with a full width at half
maximum of 217 ps. The total intensity of the source
components was found to be 16% with lifetimes of 170 ps
(13.5%) and 450 ps (2.5%). The positron-lifetime spectra
were measured at about 15 K. The stepwise annealings
were made with an annealing rate of 25 K/h.

The H+ implantations were performed with 6.95-MeV
protons from the backsides of the 387-IMm Si samples in
the sandwich geometry. The sample thickness was
sufficient to stop more than 98% of the positrons within
the samples. The mean penetration depth and the lon-
gitudinal straggling of the 6.95-MeV protons are 370 and
6 pm, respectively. The proton energy was chosen so
that the particles could penetrate to a very close distance
from the positron source in order to maximize the over-
lap of the positrons and the electrons in the implanted re-
gion. On the other hand, the proton energy was so low
that they could not reach the positron source. The pro-
ton beam current was about 100 nA/cm . Even though
this is much more than the current used in the p-
irradiations ' (12 nA/cm ) it still corresponds to the max-
imum heating power of only 0.2 W. This is not enough
to heat the samples significantly when the sample pack-
age is connected to the cryocooler with indium.

The width of the implanted region was widened by us-
ing 10-pm Al foils as degraders between the MC-20 cy-
clotron and the sample package. The longitudinal strag-
gling of the 6.95-MeV protons (6 pm) suffices to give a
quite homogeneous H profile to the implanted region.
We used 0—5 foils, and the final width of the H+-
implanted region was, hence, about 65 pm. The samples
were irradiated to a H concentration of about 28 ppm.

Two 396-pm Si samples were He implanted with 25-
MeV He + ions to a He concentration of about 55 ppm
by using the similar irradiation procedure as in the form-
er case. In this case the width of the implanted region
was extended to about 70 pm (by using more Al foils),
and the beam current was about 200 nA/cm .

III. RESULTS

A. Hydrogen-implanted Si

After the H+ implantation at 15 K, two positron-
lifetime components were detected in the samples (Si-H),
in addition to the fixed long lifetime r3 (Fig. 1). The
longer component ~2 was 290+5 ps. This is clearly
longer than that in the heavily p-irradiated Si-II in paper
I, where the value of r2 (275+5 ps) was connected to posi-
trons that annihilated in monovacancies. The experimen-
tally suggested monovacancy lifetime in Si is 270—275
ps, and values of about 320 ps are reported for di-
vancancies in Si. Schaefer et al. have suggested
that the 320-ps lifetime is not due to divacancies only, but
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FIG. 1. The positron-lifetime components for the H+-

implanted Si (Si:H) as a function of annealing temperature. The
concentration of hydrogen in the 65-pm-wide implanted region
was about 28 ppm after the implantation. The irradiations were
carried out at 15 K, and the positron-lifetime spectra were mea-
sured at 15 K. See Eq. (4) for the determination of ~& .

also the contribution of larger vacancy agglomerates is
important. According to them the positron lifetime in V2

might thus be slightly shorter than 320 ps. However, this
lifetime is theoretically reproduced by including a reason-
able lattice relaxation of 2.8%%uo outwards around the V2. '

Our conclusion is that the implantation produced not
only monovacancies in the samples but also a large num-
ber of divacancies because ~2 was clearly longer than the
monovacancy lifetime of 270—275 ps.

When termalized near a vacancy, protons are suggest-
ed to be situated in the high electron density region
around the vacancy, not in the center of the vacan-
cy. ' ' We therefore assume that the implanted pro-
tons do not, significantly, acct the electronic structure
and the positron lifetime in a vacancy. However, protons
may have strong e6'ects on the mobility and annealing of
vacancies or vacancy-impurity pairs when associated
with these defects.

According to Fig. 2, where the mean positron lifetime
7 is shown as a function of annealing temperature, the
samples annealed strongly at temperatures between 100
and 300 K. The total irradiation dose used in the H+ im-
plantation was about 70 times larger than in the Si-II ex-
periment in paper I. Therefore, the intensity of the
defect-related lifetime component, I2, after the implanta-
tion was about 10% higher than in the former case (see
Fig. 3). This intensity is almost constant at the annealing
temperatures below 400 K, which could indicate that
positron trapping was saturated, at 15 K, through the an-
nealing temperature range of 15—400 K.
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FIG. 2. The mean positron lifetime 7 (solid circles) and the
bulk lifetime calculated by the one-trap model ~b (open circles)
as a function of annealing temperature for the H+-implanted Si.
The dotted line is the average lifetime vs annealing temperature
for the p-irradiated Si-II samples (paper I).

In Fig. 2, two clear annealing stages are seen in the
mean lifetime: the first at 100 to 300 K and the other be-
ginning at about 400 K and lasting up to 850 K. When
compared to the proton-irradiated Si (Si-II in paper I) the
100—300-K annealing stage seems to be much weaker in
the Si-H samples than in the Si-II samples (Fig. 2). How-
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FIG. 3. The intensity of the long-lifetime component ~2 vs

annealing temperature for the H+-implanted Si samples.

ever, due to the much larger vacancy concentration in the
Si-H samples and due to the sigmoidal dependence of ~
on the vacancy concentration, the weaker decrease in z
does not necessarily mean that the change in the vacancy
concentration was any smaller. In paper I, we suggested
that the annealing stage at 100—300 K is due to migra-
tion of free, singly negatively charged monovacancies.
We adopt this suggestion and propose that this first an-
nealing stage was due to the migration of V

In the Si-H samples the first annealing stage continues
up to 850 K, about 250 K higher than in the Si-II sam-
ples. The reason for the delayed annealing is presumably
the dissociation of Si—H bonds at hydrogen-containing
monovacancies. Protons would thus stabilize free mono-
vacancies and hinder them from annealing out at temper-
atures between 100 and 300 K. ' In deuterium-
implanted Si, the annealing out of deuterium-containing
monovacancies has been suggested to take place at about
500 K. In amorphous Si, the Si—H bonds have been
suggested to break up at about 600 K, and this process is
seen to continue up to about 800 K. The strong anneal-
ing at 550—700 K, seen in Fig. 2, could thus be due to
dissociation of Si—H bonds in the hydrogen-
monovacancy complexes. The possibility of the anneal-
ing out of divacancy-hydrogen complexes cannot be ex-
cluded.

Another possibility for the long 400-K annealing stage
could be the annealing out of singly negatively charged
divacancies which is reported to take place at about 550
K. ' However, it is hard to believe that the annealing
of divacancies. could last from 550 to 850 K. The length
of this stage could also result from the presence of dislo-
cation lines or loops in the samples. The possibility of
creating dislocations is now greater than in the case of
the proton irradiations because protons are known to
produce large cascades of atomic displacements near the
region where they stop in a crystal. The slow annealing
at 700—850 K (Fig. 2) is most probably due to annealing
out of vacancies trapped at dislocation lines or loops.

The temperature dependence of the positron-trapping
rate ~ was studied after annealing the H+-implanted Si
samples at 310 K. The behavior was qualitatively the
same as for the p-irradiated Si samples, ' i.e., ~ was pro-
portional to T . This behavior is expected for nega-
tively charged defects ' and, thus, indicates that in this
case the main positron traps were negatively charged
even after annealing at 310 K. This supports the negative
charge state of the divacancies, which presumably started
to anneal out above 550 K. After the annealings above
310 K, the value of ~z was significantly lower than the
suggested positron lifetime in V2 (320 ps). Therefore,
also monovacancy-type defects should have been present
in addition to the divacancies. Our conclusion is that, as
in the case of the p-irradiated Si, ' these traps were nega-
tively charged divacancy-oxygen pairs, VzO . In paper I
the annealing out of these pairs was suggested to start at
about 400 K, which is consistent with our present results
(Fig. 2).

One cannot be sure about the presence of the VzO de-
fects in the samples, and one should actually bear in mind
the possibility of vacancy-carbon complexes also. How-
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ever, the role of carbon on the defect recovery is not
known. The V-P pairs are excluded because the concen-
tration of P is only 5.8 X 10 pprn.

Our studies about the temperature dependence of the
positron-trapping rate clearly indicate negatively charged
defects, but Lee and Corbett have only found neutral
V2O defects in Si with their EPR studies. Additionally,
they only found VzO defects in Czhoralski-grown (CZ)
Si, not in FZ material. This was probably due to the
larger concentration of oxygen in the CZ grown Si than
in the FZ material.

The bulk lifetime calculated by the one-trap model ',
~b, is also shown in Fig. 2. The model fails drastically in
reproducing the experimental bulk lifetime of 217 ps, and
we can conclude that the Si-H samples consisted of at
least two kinds of positron traps, almost until the end of
the annealing process. This supports the existence of
dislocations, because they usually anneal out at higher
temperatures.

The behavior of the lifetime components as a function
of annealing temperature (Fig. 1) is unusual and needs
some discussion. Three different kinds of regions can be
distinguished. The first starting from 15 K and lasting up
to 100 K is quite stable (see also Figs. 2 and 3), informing
that no annealing takes place in the samples. From 100
to about 400 K both lifetimes decrease; especially ~& that
decreases by about 45 ps. ii should increase towards the
bulk lifetime as the samples anneal, if the simple one-trap
model ' holds. An explanation for the observed behavior
can be conducted from the fact that after the implanta-
tion the samples consisted of two different kinds of re-
gions from the positron point of view. The first, about a
10-pm-wide region consisted of perfect Si crystal where
positrons could only annihilate from the delocalized bulk
state, resulting in the positron lifetime of 217 ps. Outside
this region positrons were able either to annihilate in the
bulk or to get trapped by point defects. This gives rise to
the modified bulk lifetime ~, and to the long defect-
related lifetime ~2. The number of positrons at time t can
thus be written as

L+=
1/2

+
A, b +K

(2)

where D+ is the diffusion constant, A, b is the bulk annihi-
lation rate, and ~ is the trapping rate of positrons. If we
use the one-trap model ' to roughly estimate the value of
K~

T Tb

72
(3)

N+(t)=Ioe ' +I,e ' +I2e

where Ip, I„and I2 are the intensities of the bulk lifetime
(rb= 1/A&), the modified bulk lifetime (r, = 1/1, , ), and
the defect-related lifetime (hz= 1/A, z), respectively.

To find out if these two regions can be thought to be
separated from the positron point of view, one must think
of the diffusion length of positrons at these temperatures.
The diffusion length L+ can be written as

IP7 b +I'M&(

Ip+I) (4)

where ~b is the bulk lifetime, ~, is the modified bulk life-
time, and Ip and I& are the corresponding intensities, re-
spectively. The value of the modified bulk lifetime at 15
K can roughly be estimated by using the one-trap model

+1 +b I1 +b +2

which gives that ~& =50 ps. If this value is used for ~& in
Eq. (4), and if Io and I, are assumed to be 0.10 and 0.06,
respectively, one gets that ~', is about 155 ps. As can be
seen in Fig. 1, this is close to the value of the short life-
time component seen in our measurements.

As the annealing temperature exceeds 100 K the free,
singly negatively charged monovacancies become mobile
and some of them begin to penetrate through the region
of the perfect crystal, in order to get to the surface of the
sample. The migrating mono vacancies can then be
trapped by some impurity atoms, forming vacancy-
impurity pairs; also in the jj0-pm-wide region of perfect
Si. In this region, the density of positrons is very high
due to the exponential absorption. The relative number
of positrons that annihilate at the bulk state thus de-
creases strongly, giving rise to the decrease of the short-
lifetime component ~& seen in Fig. 1. As in the Si-II ex-
perirnent in paper I, these vacancy-impurity complexes
are suggested to be singly negatively charged divacancy-
oxygen pairs, V20, because the final annealing step
started at the same temperature of 400 K in these two ex-
perirnents. We conclude that the decrease seen in the
short-lifetime component at temperatures between 100
and 400 K is due to the decrease in the number of posi-
trons that annihilate in the perfect crystal closest to the
positron source.

Another explanation for the unusual behavior of ~&

would be the trapping of positrons by, e.g. , interstitial
clusters. One can assume that at these defects the posi-
tron lifetime is close to the bulk lifetime, and that the

and a value of 3.0 cm /s for D+ at 300 K," we get that
I.+ -0.1 pm. If we further take into account that
D+ ~ T (Ref. 42), we find that I.+ -0.3 pm at 15 K.
This value is small when compared to the width of the
perfect crystal region, and we can conclude that a
significant number of positrons only experience perfect
crystal before the annihilation.

The intensities of the modified bulk lifetime ~& and of
the defect-related lifetime ~2 can be estimated by calculat-
ing the fraction of positrons that were stopped in the 10-
pm-wide region of the perfect Si crystal. This can be
done by using the exponential law for the absorption and
by using the formula of Linderoth et a/. for the mass
absorption coefficient. This gives that after the implanta-
tion 10% of the positrons emitted by the Na source
stopped in the defect-free region, i.e., Io is 0.10 in Eq. (1).
Thus, I, is 6%%uo, because the value of I2 was about 84%%uo at
15 K (Fig. 3).

The effective bulk lifetime seen in the measurements ~;
can be determined as
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modified bulk lifetime would then easily be mixed to this
lifetime component in the analysis, resulting in the w&

component of Fig. 1. If the number of these defects de-
creased as the annealing temperatures increased from 15
to 400 K, the values of ~& would behave as seen in our
analysis (Fig. 1). This explanation assumes that the inter-
stitial clusters trap positrons at the measuring tempera-
ture of 15 K. The existence of two different kinds of
traps would also lead to the observed low values of Iz in
the saturated state.

Also the long-lifetime component ~2 decreased as the
annealing temperature went from 100 to 400 K (Fig. 1).
This might be due to a different kind of atomic relaxation
around a pure monovacancy and around a V20 pair. If
the positron lifetime at a pure monovacancy was a few pi-
coseconds longer than at a V20 pair, the decrease in w2

would just be a consequence of the decrease in the rela-
tive number of positrons annihilating at pure monovacan-
cies as the free monovacancies migrate and trap at
monovacancy-oxygen pairs, V(0).

At 400 K, the migration of monovacancies is finished
and r, begins to grow (Fig. 1). Also r2 rises by about 10
ps as the annealing temperature goes from 400 to 600 K.
This could indicate that divacancies were formed when
the V&0 pairs broke up. Above 600 K ~2 starts to de-
crease, while the increase in ~& proceeds, which indicates
that i~ and ~z were connected to each other in the
analysis of the positron-lifetime spectra, as also follows
from the trapping model. '

B. He-implanted Si

Two identical 396-pm-thick Si samples were implanted
by 25-MeV He + ions at 15 K to a He concentration of

about 55 ppm. The reason for using He instead of He
was a solely technical one; the maximum kinetic energy
that can be achieved for He by the MC-20 cyclotron is
20 Me V which was insufFicient for our experiment.
Furthermore, He ions are more penetrating than He
ions.

In Fig. 4, the mean positron lifetime is plotted against
annealing temperature. After the 320-K annealing the
samples were accidentally annealed at 320 'C (593 K),
which is seen in the figure as a lack of data point between
320 and 593 K. Fortunately, no drastic changes in the
positron-lifetime parameters seem to have happened in
this temperature range —although the 400-K annealing
step, seen in the Si-II and Si-H experiments, could there-
by not be studied in this case.

No annealing can be distinguished at temperatures be-
tween 100 and 300 K, in contrast to the p-irradiated and
H+-implanted Si. Another interesting phenomenon is
that ~& was very high after the implantation, about 220 ps
(Fig. 5). This is close to the positron lifetime in the per-
fect lattice (217 ps), although defect trapping should lead
to a ~& considerably lower than the bulk lifetime. An ex-
planation for this could be the existence of irradiation-
induced monovacancy-He complexes, giving rise to a pos™
itron lifetime close to the bulk lifetime. If this lifetime
was mixed to the modified bulk lifetime in the analysis of
the positron-lifetime spectra, and if the number of these
complexes was high enough, the experimentally seen
short-lifetime component could be close to the perfect
lattice lifetime. Also the relatively low I2 values (Fig. 6)
after the irradiation suggest this assumption.

We estimated the positron lifetime at a monovacancy-
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He pair by calculating the positron-annihilation charac-
teristics at a Si monovacancy containing a He-atom in the
middle of the vacancy. The calculations were performed
by using the model of Puska and Nieminen with no
atomic relaxation around the vacancy. According to
these calculations, the positron is trapped at this defect
with a binding energy of about 0.14 eV, and it results in a
positron lifetime of about 227 ps. This explains the long
~, values seen in the Si-He samples (Fig. 5), which in all
probability are mixtures of the rnodified bulk lifetime,
due to positrons that were trapped at monovacancies in
the He-free region, and of the lifetime of positrons an-
nihilating in He-containing monovacancies. The contour
plots of the positron wave function localized at a mono-
vacancy, a divacancy, and a rnonovacancy containing a
He-atom are shown in Fig. 7.

After the He-implantation, the value of the defect-
related lifetime component ~2 was about 300 ps,
significantly longer than in the proton-irradiated and
H+-implanted samples. This lifetime is suggested to be
due to positrons trapped at divacancies. The experimen-
tally suggested divacancy lifetime in Si is about 320

s 27 —29

The temperature dependence of the positron-trapping
rate was studied after annealing the Si-He samples at 80
and at 300 K. No changes were observed in ~ as a func-
tion of the measuring temperature. This indicates that in
this case the charge state of the main positron traps was
neutral, in contrast to the p-irradiated and H+-implanted
samples, where the T dependence of ~ suggests for
negatively charged defects.

At temperatures between 600 and 700 K, ~ increases by
about 7 ps (Fig. 4). We suggest that helium-
monovacancy pairs were dissociated at these tempera-

FIG. 7. Contour plots of the positron wave function local-
ized at (a) a Si monovacancy including a He atom, (b) at a
monovacancy, and (c) at a divacancy. Atomic relaxation
around the vacancy was not included in the calculations, and
the vacancy charge state was neutral.

tures, leaving the vacancies free to migrate, to be lost at
sinks or to agglomerate. At 700 K, ~ and I2 start to de-
crease strongly as the final annealing begins. At the same
time as Iz goes down, ~z starts to increase, reaching a
value of about 480 ps at 850 K. This could mean that He
bubbles were created in the samples. However, the value
of I2 is only about 2% for the 480-ps lifetime. The value
of ~2 is already high at 800 K, about 335 ps, with a re-
markable intensity of 19+6 %. We thus assume that cav-
ities, probably small He bubbles, were grown in the sam-
ples at temperatures above 800 K.

Gorelkinskii, Nevinny, and Ajazbaev have studied
He-implanted Si by using the EPR technique, and found

two EPR active centers that anneal out at about 450 K.
They tentatively suggested that these centers are due to
neutral vacancy-He complexes. Unfortunately, we can-
not draw any clear conclusions about this temperature re-
gion because of the accidental annealing at 593 K after
320 K. Also THDS and transmission electron micros-
copy have been used to study He-implanted Si. How-
ever, these studies have dealt with large cavities and blis-
tering efFects, and the annealing out of monovacancies or
divacancies have not been studied.

IV. CONCLUSIONS

Single-crystal Si samples were implanted with 6.95-
MeV protons and with 25-MeV He + ions, and the in-
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teractions of H and He with the irradiation-induced de-
fects were studied by using the positron-lifetime tech-
nique. Nothing was found to happen at temperatures be-
tween 15 and 100 K. In the H+-implanted samples a
strong annealing step was seen at 100 to 300 K. This
stage is connected to the annealing out of free, singly neg-
atively charged monovacancies. At 300—400 K the va-
cancy concentrations were more or less unchanged, and
the Anal annealing step started at about 400 K. At tem-
peratures above 400 K, divacancy-oxygen pairs are sug-
gested to anneal out. The Si—H bonds in hydrogen-
containing monovacancies are suggested to break up
above 550 K. Also singly negatively charged divacancies
are believed to anneal out above 550 K. The last anneal-
ing at 700—850 K is most probably due to the escape of
vacancies from dislocation lines or loops created in the
samples during the implantation.

In the He-implanted Si no annealing was seen at tern-
peratures between 100 and 300 K, indicating that nearly
all monovacancies contained He and that the concentra-
tion of free monovacancies was therefore very small.
Helium is suggested to be released from vacancies at
about 600 K. Small He bubbles may have grown at tem-
peratures above 800 K.
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