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The structure of pure amorphous Si, prepared by ion implantation, has been investigated by
variable-energy positron annihilation spectroscopy (PAS) and lifetime measurements of
optically generated free carriers. In general, PAS measurements are thought to be sensitive to
vacancy-type defects while the carrier lifetime depends on the density of band-gap states (e.g.,
dangling bonds). The PAS measurements indicate that the density of positron-trapping defects
can be reduced by thermal annealing at 500 °C. Concurrent with the removal of structural
defects the density of band gap states is reduced as indicated by an increased photocarrier
lifetime by a factor of 10. Some material has been implanted with HY and annealed at a low
temperature (150 °C). The hydrogen is expected to passivate electrical defects associated with
strained and dangling bonds and indeed the photocarrier lifetime is increased in this material.
Moreover, the PAS measurements cannot distinguish this material from 500 °C annealed
amorphous Si, indicating that (some of) the electrical defects are associated with
positron-trapping, and therefore possibly vacancy-type, structural defects. Finally, both methods
have been used to detect small amounts of ion irradiation damage in annealed amorphous Si.

Structural and electrical defects in amorphous silicon probed by positrons
and electrons

1. INTRODUCTION

Both amorphous (a-) and crystalline (c-) Si may con-
tain structural defects. In c¢-Si, many defects have been
identified. Examples are the divacancy and the dislocation
loop, which have been identified by spectroscopic and im-
aging techniques such as electron paramagnetic resonance
(EPR) and transmission electron microscopy (TEM), re-
spectively. In a-Si, only one defect has been identified (by
EPR), namely the dangling bond. This identification, how-
ever, is limited in the sense that very little is known about
the atomic structure surrounding the dangling bond except
that it may vary from site to site (whence the wide range of
annealing temperaturesv).1 Moreover, because EPR has a
limited sensitivity (it can only probe a defect if it involves
an unpaired electron), it cannot be excluded that other
types of defects exist in a-Si.

It has been suggested that not only the electrical but
also the structural properties of ¢-Si are dominated by de-
fects.? In this view structural relaxation, which is also

known as short-range ordering, is thought to be mainly:

controlled by atomic motion similar to the atomic motion
responsible for damage repair in heavily defected c¢-Si. Ex-
perimental indications supporting this suggestion were pri-
marily based on calorimetry of radiation damage in a-Si; it
was found that the kinetics and the temperature depen-
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dence of annealing of ion irradiation damage in ¢-Si cannot
be distinguished from those of defect annealing in similarly
treated ¢-Si. It has been corroborated by Raman spectros-
copy of ion damage accumulation in relaxed a-Si.* More
recently, measurements of impurity diffusion and solubility
in a-Si showed complicated behavior that can be under-
stood very well within the framework of a defect mediated
structural relaxation in a-Si.>® It is noteworthy that the
above results, although based on entirely different experi-
mental techniques, are not only in qualitative, but also in
quantitative agreement.” In addition to these indirect
probes of defects in 2-Si, there has recently been reported
spectroscopic evidence for the vacancy-Sb complex to be
microscopically similar in ¢-Si and ¢-Si.

Positron annihilation spectroscopy (PAS) is a sensi-
tive probe of vacancies and vacancy-type defects in metals
and semiconductors.’ It has been used to study monova-
cancies'®!! and divacancies'*!® in ¢-Si but also to detect
vacancy-type defects in amorphous metals and voids in
both pure and hydrogenated amorphous Si.!*"!¢ It should
be added here that the behavior of positrons in solids is not
fully understood. Nonetheless, useful information can be
obtained, especially when PAS is combined with other
techniques.

For the work described in this article, PAS has been
used to study structural relaxation, radiation damage, and
defect passivation in ¢-Si; in addition, lifetime measure-
ments of photogenerated carriers have been performed.
The PAS results are consistent with the notion that a-Si
contains a large variety of vacancy-like defect structures,
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some of which disappear upon thermal annealing. Al-
though the quantitative analysis of the data is limited, the
results appear to be in quantitative agreement with the
calorimetry and impurity diffusion measurements. From
the hydrogen-induced detrapping of metal impurities in
a-Si, it has been shown that electrical defects in as-
implanted @-Si are associated with structural imperfec-
tions, possibly vacancy-type defects, controlling diffusion
of transition metals.!” Our present results also indicate that
such a correlation exists.

It should be pointed out here that this study concerns
pure and void-free a-Si rather than hydrogenated a-Si (a-
Si:H). By using Si™ ion implantation into high-purity c-Si
targets, a-Si can be prepared in a form free of macroscopic
voids or impurities which may occur in a-Si made by evap-
oration or sputter deposition.'®!® Voids especially can have
a large effect on the interaction between positrons and a-Si,
as has already been shown.'* !¢ For a comparative study on
positron annihilation in a@-Si prepared by ion implantation,
sputtering, or glow-discharge deposition, see Hakvoort
et ol The aim of the present study is to investigate
(changes in) the atomic structure of a-Si. Therefore, we
have used pure g-Si prepared by ion implantation. Our
results on H in a¢-Si are expected to relate to @-Si:H only
insofar as isolated Si—H bonds in a-Si:H are concerned
and not to clustered Si—H bonds associated with micro-
voids and internal surfaces.

Il. SAMPLE PREPARATION AND MEASUREMENTS
A. Sample preparation

Amorphous layers of =1 pum thickness were formed
on ¢-Si wafers by 28i* ion implantation (0.5 and 1 MeV,
5% 10 ¢cm~? each). The ion beam was defocused and
rastered electrostatically over the sample surface. During
the implantations, the temperature of the targets, which
were heat sunk to a liquid-nitrogen cooled piece of solid
copper, was ~ — 100 °C. The ion current was kept below
25 nA, which results in negligible sample heating during
the implantations. Several pieces of 15X 15 mm? were pre-
pared. One piece was set aside (as-implanted). Most pieces
were annealed in vacuum at 500 °C for 1 h (annealed),
some of which were subsequently reimplanted with 0.5

MeV 28it jons, but this time to much lower doses of

2.5% 101, 2.5% 10, or 2.5%108 cm™2? (damaged).
Pieces of ¢-Si were also subjected to these low-dose im-

* plants and the damage profiles (in ¢-Si) measured by ion
scattering and channeling of 2 MeV He™ ions. During the
low-dose implants, the samples were not cooled.

Some a-Si samples were implanted with H* ions and
annealed at 150 °C. One implant was performed using an
energy of 50 keV and a dose of 110! ions/cm?. This
implant resulted in a hydrogen implantation profile that
peaks at a depth of ~0.5 pym, where it reaches a local H
concentration of =7 at. %. In addition, a sample was im-
planted with 2, 4, and 15 keV Hj ions to a dose of 5 10'°
cm 2, resulting in a hydrogen profile that is distributed
over 0.15 pum in the near-surface region. For the low-
energy implant, the peak hydrogen concentration is about
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2.5 at. %. ‘The 50 keV hydrogen implanted sample was
used for PAS measurements; the depth of the hydrogen
profile was chosen to optimize the possible effect of defect
passivation by implanted H on the PAS measurements.
The low-energy implanted material was used for carrier
lifetime measurements; the range of the implanted hydro-
gen corresponds to the probe depth of the laser light.

The (ex situ) thermal anneals at 500°C were per-
formed in a quartz tube vacuum furnace at a pressure be-
low 10~ mbar; the (in situ) thermal anneals at 150 °C in
between PAS measurements were performed by heating a
filament in close proximity of the sample. The tempera-
tures are nominal values only.

B. Positron spectroscopy

All samples were irradiated (at room temperature)
with mono-energetic positrons and the Doppler shape pa-
rameter S was determined as a function of the positron
energy (E). This parameter is dependent on the width of
the gamma ray peak due to annihilation of positrons with
electrons. The positron energy ranged from 0.25 to 25 keV.
The figures show only the measurements up to E=15 keV;
higher energy positrons probe at a depth exceeding that
where the ion damage is located. The variable energy pos-
itron facility has been described elsewhere in detail *? -
The width of the gamma-ray annihilation spectrum de-
pends on Doppler broadening effects and reflects the mo-
mentum distribution of the electrons with which the posi-
trons annihilate; it is generally expressed as the S
(sharpness) parameter, where a large S corresponds to a
narrow energy distribution.” S has certain characteristic
values depending on where annjhilation takes place: At the
surface, in the perfect solid, or at a defect site in the solid.
Annihilation in different kinds of defect sites can also give
rise to different S values. The measured S parameter is a
weighted average of the different contributions. In order to
correct for possible drift (between different sets of mea-
surements) in the electronics used to measure the annihi-
lation spectrum, each set of measurements includes a mea-
surement on ¢-Si and the S parameters are normalized to
the S parameter of the bulk of ¢-Si. For a more detailed
account of position annihilation and’ S-parameters, see
Schultz and Lynn9 and yan Veen et al.®®

The measured S(E) curves can be described by theo-
retical fits to the positron diffusion-annihilation equation,
which allows the positron diffusion length to be ex-
tracted.”?*?* Such fits assume certain energy-dependent
positron implantation profiles. We have assumed a Ma-
khovian profile with parameters n=1.6 and m=2.0.° For
homogeneous materials (that is, without depth-dependent
defect profiles), the only free parameters in the fit are the
parameter at the surface and in the bulk and the positron
diffusion length L.

C. Carrier lifetimes

In addition to PAS measurements, some of the samples
were characterized by lifetime measurements of optically
generated free carriers. Electron-hole plasmas in a-Si were
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FIG. 1. S parameter (normalized to bulk ¢-Si) as a function of positron
implantation energy for ¢-Si (squares), and for as-implanted (solid cir-
cles) and 500 °C annealed (open circles) pure a-Si. The depth scale (top)
corresponds to the mean positron range. Solid lines indicate fits to the
data. Dashed line indicates S}, value of 150 °C annealed a-Si. The inset
shows the same data over the whole positron energy range.

generated and probed using pulses from a colliding pulse
mode-locked laser (CPM).?* The 100 fs duration pulses of
0.1 nJ each have an average wavelength of 620 nm and are
produced at a repetition rate of 110 MHz. The output of
the CPM was split into two beams, the first (pump) was
chopped at 50 kHz and focused to a 25 um spot, yielding
an energy density of ~4 uJ/cm® The second (probe) was
sent through a mechanical delay line and focused to a 15
pm spot. The energy density in the probe spot was about
one tenth of that in the pump. The probe and a sample of
the pump were detected by photodiodes. Using a lock-in
technique, the observable relative reflectivity change is
~2X 10~°. The experimental setup has been described in

more detail elsewhere.?>2°

It RESULTS

A. lon implantation amorphized a-Si and thermal
annealing

In Fig. 1, the positron annihilation radiation Doppler
broadening parameter S is shown as a function of the pos-
itron implantation energy E [i.e., S(E)] for c¢-Si, as-

implanted a-Si, and annealed a-Si. The top axis shows the
mean depth z of the positrons, with z proportional to £
(see Schultz and Lynn9). S(E) for ¢-Si is similar to earlier
measurements on the same system and can be interpreted
as follows. For very low positron energies, a large fraction
of the annihilation events takes place at the surface (i.e., on
or in the native oxide) and this is accompanied by a low
surface S (S,) value of 0.92. For high positron energies
(> 15 keV, shown in inset), all annihilation takes place in
the undamaged crystal and this gives the S value of defect-
free ¢-Si S.g=1.0000. For intermediate energies, some
positrons annihilate at the surface and some in the bulk,
therefore S is a weighted average of S, and S, . The slope
of S(E) is related to the diffusion length L of the positrons
in ¢-Si, which turns out to be 245 nm in this sample, in
good agreement with literature.?”?® This value is the result
of fitting the data to the positron diffusion/annihilation
equation.?® All resulting parameters L and S, are listed in
Table I (the values in the table are averaged over several
samples and may differ slightly from those shown in the
figures). ‘ :
The S(E) measurements for the a-Si samples differ in
two ways from that for ¢-Si: (1) The bulk value S, is
considerably higher, and (2): the slope with which this
value is approached is much steeper in ¢-Si than in c¢-Si.
Both effects are in accordance with the results of Hauto-
jirvi et al? and Nielsen.*® The values of L and S, for a-Si
in the as-implanted state are 9 nm and 1.0379, respectively.
It is now observed that annealing at 500 °C results in a
slight decrease of S}, (to 1.0257) and a substantial increase
in L (to 14 nm). It should be noted that such a tempera-
ture is far below that necessary for noticeable crystal nu-
cleation®! while solid phase-epitaxial crystallization at the
¢-Si/a-Si interface is limited to a few angstroms.*? Anneal-
ing of as-implanted a-Si at a still lower temperature of
150 °C led to small but noticeable changes in the S(E)
curve. These data are not shown here except for the dashed

" line indicating the level of S, but the results of curve fitting

are reported in Table I.

It is believed that a-Si contains a wide variety of struc-
tural imperfections, including vacancy-type defects.>®
These defects are expected to act as traps for positrons,
thus reducing the diffusion length and increasing S. A de-
tailed discussion and analysis of these data in terms of
positron trapping at defects can be found in Sec. IV.

TABLE 1. Results of positron diffusion and annihilation fitting (S;,L) and carrier lifetime measurements (7).

Sample 2nd Anneal S L(nm) T(ps)
description implant temp. (°C) - (£3x107%) (=*0.5) (£10%)
o8 1.0000 245+5 ..
As-implanted - 1.0379 8.6 1
Low T annealed 150 1.0336 v 1.6
High 7 annealed cee 500 1.0257 15.5 11
Deep hydrogen 50 keV H* 150 1.0249
Shallow hydrogen 2,4,15 keV Hi 150 cen 1.6&13
Damaged (0.5 MeV Si+) 2.5x10" cm—? (500) 1.0308 16.3
Damaged (0.5 MeV Si+) . 2.5% 10" cm™? (500) 1.0317 15.0

Damaged (0.5 MeV Si*) 2.5% 10" cm ™2 (500) 1.0369 13.7
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FIG. 2. S parameter (normalized to bulk ¢-Si) as a function of positron
implantation energy for @-Si co-implanted with hydrogen (open circles),
and after prolonged annealing at 150 °C (solid circles). The values for S,
of pure a-5i (as-implanted and after 150 or 500 °C anneals) shown in Fig.
1 are indicated. The depth scale (top) corresponds to the mean positron
range. In addition, the overlap of the positron implantation profile with
the estimated hydrogen implantation depth profile is shown (bottom
curve). .

B. Hydrogen implantation and annealing

In this section we describe the measurements on a-Si
that was co-implanted with H" ions. It should be noted
that this material is not grown like conventional hydroge-
nated a-8i (a-Si:H) and therefore may have different prop-
erties. The absence of macroscopic voids in ion-implanted
a-8i, for example, may preclude the presence of clustered
H that is normally found in 4-Si:H. Figure 2 shows the
S(E) curves taken on a-Si that had been co-implanted with
50keV, 5x 10 cm~2H™. The points for material that has
not been annealed are shown as open circles; solid circles
represent material that had been annealed in situ at
~150°C for 25 h. The lines indicate the values of S, for
as-implanted, 150 °C annealed, and 500 °C annealed a-Si
(without hydrogen) taken from Fig. 1. In addition, the
depth profile of the implanted hydrogen, according to cal-
culation and convoluted with the positron implantation
profile, is shown as a solid line in the bottom of the figure.

It can be seen in Fig. 2 that merely implanting hydro-
gen does not change the interaction of positrons with the
a-Si to a measurable extent, except perhaps a small in-
crease in .S;. However, the anneal behavior of this material
differs from that of pure g-Si. This is evident from the
change in S}, which reaches a value equal to that in 500 °C
annealed pure @-Si after prolonged .(25 h) annealing at
150 °C. Unfortunately, it is not possible to extract useful
values for S, and L from the data shown in Fig. 2. The
diffusion length is determined from the S(E) behavior
close to the surface; comparison with the convoluted hy-
drogen implantation profile (bottom curve) shows that no
hydrogen is expected in that region. Nonetheless, it ap-
pears that the effect of high-temperature annealing of pure
a-Si on the PAS measurements (decreasing S,) can be
mimicked by hydrogen implantation and low-temperature
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FIG. 3. § parameter (normalized to bulk ¢-Si) as a function of positron
implantation energy for a-Si annealed at 500 °C and then implanted with
500 keV Si* ions to a dose of 2.5 10! cm~2 (open circles) and 2.5
% 10" em™? (solid circles). The fits to the data for as-implanted and
500 °C annealed ¢-Si shown in Fig. 1 are reproduced. The depth scale
(top) corresponds to the mean positron range. The overlap of the posi-
tron implantation profile with the estimated ion damage depth profile is
also shown (bottom curve).

annealing. It is well known that hydrogen passivates elec-
trical defects in a-Si; the present result therefore suggests a
connection between the passivation of dangling and
strained bonds by H and the high temperature anneal be-
havior of pure a-Si, a connection that will be discussed in
more detail in Sec. IV.

C. Radiation damage in annealed a-Si

In the previous two sections, the effect of thermal an-
nealing on the interaction between positrons and a-Si has
been investigated. This section deals with data on the in-
verse effect: Positrons have been used to detect the damage
generated in annealed a-Si by ion bombardment. Three
samples of a-Si were prepared by ion implantation as de-
scribed in Sec. II and annealed in vacuum at 500 °C. Fol-
lowing the anneal treatment, the specimens were bom-
barded with 500 keV Sit ions to a dose of 2.5X 10“, 2.5
x 102, and 2.5 10"* cm ™2, respectively. The depth profile
of displaced target atoms due to violent nuclear collisions
(in displacements per atom, DPA) was estimated using
Monte Carlo simulation.*® The amount of ion damage in
the a-Si samples has also been  estimated by channeling
measurements of 2 MeV He™ ions backscattered from
identically bombarded ¢-Si samples. A piece of ¢-Si bom-
barded with 2.5 10! Si* jons/cm? could not be distin-
guished from unimplanted ¢-Si, indicating that the density
of displaced atoms is well below an at. %. The other sam-
ples did show a measurable increase in the dechanneling.
The dechanneled yield in the sample bombarded with 2.5
% 10" Si*/cm? was consistent with 0.013 DPA and the
yield in the 2.5% 10" Sit/cm? sample was indicative of
> 0.10 DPA. The S(E) curves for two of the ion damaged

_ a-Si samples (2.5X 10" and 2.5% 10" cm~?) are shown in

Fig. 3 as open circles and solid circles. The data for the
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2.5)(1012 cm 2 sample is not shown but

as 2% i3

between the other two datasets. The fits to t he data for
as-implanted and 500 °C annealed ¢-Si are reproduced
from Fig. 1 for comparison (lines). In addition, the solid
curve in the bottom of the figure shows the convolution of
the positron implantation profile with the calculated ion
damage profile; it shows that the effect of ion damage on
the S(E) curves will be most pronounced for positron en-
ergies between 4 and 10 keV.

The S(E) curve for a-Si bombarded with the lowest
ion dose already differs from that of annealed a-Si. For
annealed a-Si, bombarded with 500 keV Si* ions to a dose
of 2.5% 10" cm™?, the density of displaced Si atoms (ac-
cording to Monte Carlo simulation) is at most 2X 1074,
Moreover, the ion channeling measurements on the c¢-Si
samples suggest that the density of displaced target atoms
is as Iow as 0.001 DPA. Yet the PAS measurements clearly
distinguish between this slightly damaged annealed a-Si,
and annealed a-Si that had not been reimplanted. It shows
that PAS is a sensitive technique for detection of displace-
ment damage in a¢-Si.

The S(E) curve for annealed g-Si, bombarded with
2.5% 10" Sit ions/cm? already closely resembles the curve
for ¢-Si in the as-implanted state. Apparently the damage
generated by ion bombardment begins to saturate when the
density of displaced target atoms is several at. 9. Another
possible explanation could be that the saturation occurs
not in the defect concentration itself but in the trapping of
positrons. A saturation has also been observed by Raman
spectroscopy measurements® and calorimetry® of ion dam-
age in a-Si. It suggests that the defect density in ¢-Si cannot
exceed a few at. %.

The visual inspection of Fig. 3 can be aided by using
the same fitting procedure as has been used in Fig. 1. The
first 7 keV of the positron energy range of all three S(E)
curves shown in Fig. 3 have been fitted and the results are
displayed in Table I. (These fits assume a homogeneous
damage profile and serve as estimates of average values for
S, and L; extraction of damage profiles has not been at-
tempted.) The same differences discussed above can be
seen in the table. First, there is already a marked difference
between S}, of 500 °C annealed a-Si (1.0257) and that of
the least damaged sample (1.0308). Second, the value for
S}, in the most highly damaged a-Si (1.0396) is close to
that of as-implanted 2-Si (1.0379), indicating saturation.
In addition, the effective diffusion length is seen to decrease
with increasing damage dose.

D. Carrier lifetime measurements

The damage annealing, passivation, and generation in
a-Si having been characterized by positrons, we turn to
characterization with electrons. Free carriers (electrons
and holes) have been generated and detected optically in
samples similar to those previously investigated with pos-
itrons. Measurements of the reflectivity as a function of
time, following generation of a plasma of free carriers by a
100 fs light pulse, are shown in Fig. 4. Four measurements
are shown; (a) as-implanted a-Si, (b) a-Si annealed in
vacuum at 500 °C, (c) a-Si co-implanted with low-energy
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FIG. 4. Normalized reflectivity changes (points) as a function of time
difference between pump and probe for (a) as-implanted a-Si, (b) a-Si
annealed in vacuum at 500 °C, (c) a-Si co-implanted with low-energy H
and annealed at 150 °C, and (d) «-Si annealed at 500 °C and reimplanted
with 1 MeV Si* ions to a dose of 3 10~% DPA. Time 0 corresponds to
overlap of pump and probe. Solid lines are exponential decay curves
convoluted with the experimental resolution.

H* and annealed at 150°C, and (d) a-Si annealed at
500 °C and then bombarded with 1 MeV Si* ions to a dose
of 2% 10" ¢cm~2. The data are shown as points while the
lines represent fits assuming a single exponential decay of
the photogenerated plasma and a time resolution of 0.2 ps.
One exception is the line shown in Fig. 4(c), which will be
discussed below.

For as-implanted «-Si [Fig. 1(a)], the reflectivity re-
turns to its original level within several picoseconds. The
reflectivity for 500 °C annealed a-Si recovers significantly
slower, and only after 60 ps the initial reflectivity is
reached (not shown). A significant positive change in re-
flectivity, which would be indicative of sample heating,>*%’
has not been observed at the low laser intensities employed
for these measurements. Higher irradiation conditions
would also lead to a situation where Auger recombination
processes become important.>**® The decay time 7, de-
duced from the single exponential decay curves shown as
lines, is 1 ps in as-implanted a-8i, and 11 ps in &-Si, which
had been annealed at 500 °C.

The sample that had been co-implanted with low-
energy H™ and annealed at 150 °C shows a reflectivity re-
covery, shown in Fig. 4(c), intermediate between those of
the previous two samples. The reflectivity initially decays
at the same rate as that measured for pure a-Si, annealed at
150 °C (7=1.6 ps), but is followed by a significantly slower
process (7=13 ps). In our opinion, this is caused by the
light probing two distinct regions. Around the hydrogen
peak in the profile at ~0.1 um, electrical defects have been
passivated but deeper (and shallower) layers that are also
probed have not changed at all, except for a small thermal
effect resulting from the 150 °C anneal (7=1.6 ps). The
line through the datapoints represents the sum of two sin-
gle exponential decay curves with 7=1.6 and 13 ps and
relative intensities 70% and 30%, respectively.

An a-Si sample that had been annealed at 500 °C and
subsequently reimplanted with 1 MeV Si™ ions to a dose of
2% 10" cm™? has also been measured and the results are
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shown in Fig. 4(d). The density of displaced target atoms
in the near-surface layer of this sample has been esti-
mated>® to amount to 0.3 at. %. The reflectivity is observed

to return quickly to its original value. Similar to the reflec-
tivity decay curves of as-implanted and 500 °C annealed

vivaisy O3 VL Qomiliipadiiite cal Qiilalaalie

a-Si, it can be characterized by a single exponential decay
time but with a value of 7=2 ps. It appears that photocar-
rier lifetime measurements, like PAS, can be used as a
sensitive probe of collisional damage in annealed @-Si. A
full report of lifetime measurements in @-Si and ¢-Si, in-
cluding ion dose a171d projectile mass dependence will be

glVCIl CleWIlCIC

. DISCUSSION

1. Networks and defects

The most obvious explanation of the present PAS data
is in terms of structural defects acting as traps for the
positrons. Starting from a (hypothetical) defect-free con-
tinuous random network (CRN), real a-Si can be repre-
sented as a CRN with defects. These defects can be unique
to the network (e.g., single dangling or floating bonds) or
may be similar to point defects and small point defect clus-
ters in ¢-Si (e.g., divacancies). In principle, both vacancy
and interstitial-type defects may exist in a-Si, but positron
trapping is most likely to occur only at vacancy-type de-
fects.

Structural defects in a-Si are expected to be accompa-
nied by a strain field, similar to that surrounding point
defects in ¢-Si. Differences in the defect population in the
a-Si network are then thought to give rise to the variable
short-range-order or structural relaxation phenomena. In
addition, it is reasonable to expect that structural defects
have dangling or highly strained bonds (or both) associ-
ated with them. These would give rise to band-gap states
that are not necessarily unique for the CRN but similar to
defect states in c¢-Si.

Structural defects can be removed by thermal anneal-
ing, they can be generated by ion irradiation, and the elec-
trical activity can be passivated by hydrogen. Such treat-
ments are expected to modify the interaction of positrons
with ¢-Si because vacancy-type defects are known to act as
traps for positrons. A high concentration of defects there-
fore reduces the positron diffusion length. Annealing or
passivation is expected to lead to larger, and ion irradiation
to smaller diffusion lengths. This is exactly what is ob-
served in the Figs. 1 and 3. In addition to changes in the
positron diffusion length, changes in the bulk S parameter
are observed.

The S parameter reflects the momentum distribution
of the electrons with which the positrons annihilate. When
a distribution of defects is present, the observed S param-
eter is the weighted average of the S parameter in the bulk
and that characteristic of each of the defects

n n
S=(fb5b+ Z()fi&')/ (fb+ 20 fi), N
I= =
5150 J. Appl. Phys., Vol. 72, No. 11, 1 December 1992

where f; is the fraction of positrons annihilating in a
defect-free region yielding S, as S parameter, f, is the

. fraction of positrons annihilating from a surface or para-

positronium state, yielding S, as effective .S parameter,
while f; (i=1,...,n) represents the fraction of positrons
anmhllatmg in the ith type of defect, each with its charac-
teristic S parameter S; (note: f,+27 , f;=1). From the
values of L (see Table I) and based on the assumption that
the positron diffusivity in a-Si equals that in ¢-Si, it appears
that the vast majority of the positrons are trapped. The fact
that S changes upon annealing would indicate that the

umuwuuuu U.l ucu:ub Ludugcs, SOILIC UCICLL prble auucal
out but others remain.

2. Other interpretations

Other interpretations of the PAS data are possibie,
some of which cannot be completely excluded. The slope in
S(E) may not be due solely to positron diffusion but to
positron drift in an electric field (band bending) that might
be present near the surface. Although in a-Si such a field is
not expected to penetrate far into the material (because of
the high density of states in the gap), it may play a role in
the case of ¢-Si. This would make it hard to quantify the
present results (see next section) but the qualitative con-
clusion that the trapping rate in a-Si reduces upon anneal-
ing would still be valid. Changes in S could also be due to
a change in density, especially in a covalently bonded ma-
terial. However, it has been shown that although the den-
sity of @-Si prepared by ion implantation is 1.7% less than
that of ¢-8i, it does not change more than 0.19 by thermal
annealing up to temperatures of 580 °C.%%° Such a density
change is far too small to cause the changes observed in S.
Moreover, upon annealing a-Si expands rather than com-
pacts,”® which would give rise to an increase in § rather
than a decrease.

An alternative scenario to explain both the change in S
and in L induced by thermal annealing of a-Si could be
that the same number of defects are present, but that the
character of (some of) the defects changes. If, for example,
some of the defects assume a positive charge state, posi-
trons will be repelled and the trapping rate for that partic-
ular defect strongly reduced. In this context, it should be
remarked that free-carrier capture is to some extent anal-
ogous to the capture of positrons at defect centers.’* A
reduction in the density of trapping (or recombination)
centers has been observed by carrier lifetime measurements
(see Fig. 4), where the negatively charged electron is
thought to be the main probe (the hole mobility is much
smaller than that of the electron). When both negatively
and positively charged probes experience a reduced decay
rate, the most likely explanation is an actual reduction in
the number of trapping sites.

B. Positron trapping at defects, quantitative

In this section, we will try to obtain a quantitative
estimate of the defect concentrations in the samples stud-
ied. Such an estimate requires knowledge of both the dif-
fusivity of positrons in defect-free a-Si and the cross section
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for positron trapping at each of the possible defects (in
every possible charge state). Neither is known and there-
fore we have to make some assumptions about these quan-
tities, namely that they are equal (or at least similar) to the
rnrreenrmdmg nrnnm'heq in ¢-Si, It is nmnferl out that the

mechanlsms by whlch positrons dlffuse and are trapped in
¢-Si are not at present fully understood. Therefore, the
assumptions have to be taken with some reserve.

The positron diffusivity in ¢-Si has been measured by
Nielsen ef al?’ and by Schultz et al?® The diffusivity at
room temperature is about 2.7 cm?/s. Positron trapping
rates at defects are largely unknown, but some values have
been reported for the neutral divacancy in ¢-Si. Calcula-
tions of trapping rates at single vacancies or multivacancy
complexes have shown that the trapping rate does not de-
pend very strongly on the size of the defect. 4041 Therefore,
we will use the divacancy trapping rate as a typical posi-
tron trapping rate v in damaged Si. Experimental values
for the specific trapping rate at the divacancy are on the
order of v=3x 10" s~ 4-4

The concentration C of positron traps can be estimated
from a comparison of the positron diffusion lengths L in
¢-Si and in ¢-Si using two simple relations between L, D, v,
and C. The diffusion length L is related to the diffusivity D
and the effective positron trapping rate A4 (the inverse of
the time before trapping or annihilation) as

D/A g (2)

The effective positron trapping rate A is related to v and
C according to

/'{'eﬂ'=/‘{'b+vcy (3)

where A, is the annihilation rate (inverse positron lifetime)
in trap-free a-Si (assumed to be equal to that in c¢-Si).
Under these relations and assumptions, and using the
above values for positron diffusivity and trapping, the trap
density in as-implanted @-Si would correspond to 1.2
at. %. The defect density in 500 °C annealed a-Si is then
found to be 0.4 at. %. These numbers give us some faith in
the validity of the assumptions because they are in good
agreement with estimates based on entirely different meth-
ods, namely calorimetry, Raman spectroscopy combined
with Monte Carlo damage calculations,” and impurity dif-
fusion measurements.®

The estimated defect densities in as-implanted and
500 °C annealed a-Si are consistent with the PAS measure-
ments on annealed and reimplanted ¢-Si. The minimum
amount of ion damage that could be distinguished was on
the order of 10~ DPA while the damage had saturated at
DPA values of several at. %

C. Structural and electrical defects

Positrons are known to probe vacancy-like defects in
both crystalline and amorphous metals and in crystalline
semiconductors. It is not unreasonable, therefore, to expect
that positrons probe vacancy-type defects in amorphous Si.
In the previous paragraphs it has been argued that the
results shown in Fig. 1 are indicative of a thermally in-
duced removal of vacancy-type defects in @-Si. The photo-

5151 J. Appl. Phys., Vol. 72, No. 11, 1 December 1992

carrier lifetime measurements [Figs. 4(a) and 4(b)] show
that concurrent with the removal of vacancy-type defects,
the number of band-gap states (e.g., dangling bonds) is

sharply reduced. This already suggests that a correlation
exists between structural and electrical defects in 2-Si.

CAZSLS ULLWOUIL Sl RCLRAIAL 21 LILLRILAl VCILLWs L1 &

The existence of such a relation is corroborated by the
results on hydrogen-implanted @-Si. Implantation of hy-
drogen and thermal annealing at 150 °C leads to a reduced
number of band-gap states as evidenced by the relatively
long photocarrier lifetime in that material [see Fig. 4(c)].
That result was not unexpected because it has long been
known that hydrogen passivates dangling bonds, thereby
reducing the number of band-gap states. The PAS mea-
surements on hydrogen implanted and 150 °C annealed a-
Si indicate that the trapping of positrons is also affected. In
that case, the anneal temperature is too low for any signif-
icant structural changes to occur. It appears, therefore,
that some of the vacancy-type defects that were able to trap
positrons no longer serve as such traps after the dangling
bonds have been passivated with hydrogen. This suggests
that (some of) the hydrogen atoms are now occupying the
vacancies, which in turn means that (at least some of) the
original dangling bonds were located at vacancy-type de-
fects.

Although it is fully expected that the formation and
removal of vacancy-type defects leads to the appearance
and disappearance of dangling bonds, it is not easily shown
experimentally. A spatial relation between defective bonds
and radiation damage sites in ion-bombarded a-Si has pre-
viously been suggested to exist by Heidemann ez al,* who
used ellipsometry of bevelled a-Si samples. Moreover,
Coffa et al.'? observed that hydrogen implanted in a-Si
leads to detrapping of metal impurities that had previously
been gettered in a defected a-Si layer. This strongly sug-
gests that the electrical defects are located at the same site
as the structural defects that can trap metal atoms. It is
concluded that the present data and the explanation pre-
sented in this article are consistent with these results, and
can therefore be taken as additional evidence for the spatial
correlation between structural and electrical defects in @-Si:
It appears that dangling bonds are associated with
vacancy-type defects.

V. CONCLUSIONS

In summary, we have studied structural and electrical
defects in amorphous Si by positron annihilation spectros-
copy employing slow, variable energy positrons, and by
lifetime measurements of optically generated free carriers.
By making some bold assumptions on the behavior of pos-
itrons in @-Si (namely that the positron diffusivity and the
trapping rate of vacancy-type defects in @-Si are equal to
those in ¢-Si), an estimate for the density of vacancy-type
defects in a-Si, prepared by ion implantation can be ob-
tained. This density would be about 1.2 at. %, and it re-
duces to 0.4 at. % upon annealing at 500 °C. These values
are in good agreement with several recent results based on
entirely different observations, and may therefore serve as a
justification for the assumptions mentioned above.
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Concurrent with the apparent removal of vacancy-type
defects from ¢-Si by the annealing, a tenfold increase in the
lifetime of an optically generated free-carrier plasma is ob-
served, suggesting a significant reduction in the number of
band-gap states (e.g., dangling bonds). A large increase in
the free-carrier lifetime has also been obtained by a low-
temperature (150°C) anneal, but with hydrogen co-
implanted in the a-Si. Such a low temperature anneal (with
co-implanted hydrogen) also leads to a reduction of the §
parameter for positron annihilation similar to that ob-
tained by a high-temperature anneal without hydrogen.

This suggests that the band-gap states acting as trapping

and recombination centers for free carriers are associated
with the vacancy-type defects.

Finally, it has been found that both positron spectros-
copy and carrier lifetime measurements can be a sensitive
probe of ion radiation damage in 500 °C annealed a-Si.
When the estimated density of displaced atoms due to nu-
clear collisions approaches 103, both methods clearly de-
tect a change. This suggests that the defect density in a-Si
annealed at 500°C is not much higher than 0.1 at. %.
Moreover, at an ion damage level of several at. %, the
damage saturates according to PAS, yielding independent
confirmation of the estimated defect density in as-
implanted a-Si.
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