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Abstract

Positron annihilation techniques, being non-destructive, allowing depth profiling down to a few micrometers and detecting open-volume
defects (vacancies, dislocations etc.) at single ppm concentrations constitute a valuable and complementary method, compared to oth
solid-state-physics studies. We give examples of investigation in the field of semiconductors with different techniques, both with and without
use of positron low-energy beams. The Doppler broadening of the 511 keV annihilation line method and the slow positron beam were used t
study helium-implanted silicon and the surface reduction processes in semiconducting glasses. The positron lifetime technique and coincident
spectra of the Doppler broadening were used for systematic studies of metals and semiconductors. Doppler-coincidence method was the
used to identify the kinetics of oxygen precipitates in Czochralski-grown silicon.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction pair creation from high-energy gamma-rays generated in
bremstrahlung of electrons with energy in MeV range.
Positron annihilation spectroscopies are non-destructive, In solid state, positrons emitted from (radioactive) sources
depth resolved, highly defect-sensitive methfids Advent slow down by inelastic collision to thermal energies in less
of new, high intensity, narrow-spot positron beglsopens than 10125, then diffuse and annihilate with electrons of the
new possibilities for solid state spectroscopy. Annihilation medium. The positron annihilation, due to the light mass of
techniques still maintain high complexity from the exper- e' andthe low & current is a non-destructive technique. Ad-
imental point of view, therefore positron set-ups are less ditionally, positrons are especially sensitive to vacancy-like
spread than for example the setup for optical spectroscopiesdefects in solids—the lack of positive charge (a removed
Positrons have been predicted theoretically by P.A.M. ion) in such defects forms a local, negative potential, attract-
Dirac in 1930 and then observed in cosmic radiation by ing positrons. The diffusing positron is therefore attracted
Anderson in 1932 who used a specially constructed bubble by open volume defects and annihilates preferentially there,
chamber in a strong magnetic field and repof8dpositive seeFig. 1 As the de Broglie’'s wavelength of positrons at
particles which could not have a mass greater as that of theroom temperatures is about 20 A, the thermalized positron
proton”. Free positron and electron can form positronium, “sees” contemporarily a big portion of the solid—its sensi-
i.e. hydrogen-like atom: if it is in a singlet (para-Ps) state, tivity to vacancy-like defects is of 1 ppm order.
then, due to spin-conservation it annihilates viaa@cay,
with 125 ps lifetime; in a triplet state positronium (ortho-Ps)
survives 142 ns and annihilates in ay3lecay. Nowadays, 2. Positron annihilation spectroscopies
positrons can be obtained from artificial radio-nuclides, like

22Na, 58Co etc. Another way of obtaining positrons is the y—annta originating from annihilation evgnts_ bring in-
formation on the total momentum of the pair—i.e. essen-

tially of the electron (positron energy is of 25 meV order).
* Corresponding author. Broadening of the 511 keV annihilation line was observed
E-mail addresskarwasz@science.unitn.it (G.P. Karwasz). already in early researghl]. DeBenedetti et a[5] were first
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Fig. 1. Drawing illustrating a high sensitivity of positrons to vacancy-like defects—a positron (she) searching for an atom (he) lacking fratioits pos
in a prefect crystal. The positron, walking inside the solid, constitutes a thermal-energy de Broglie wave (about 20 A wavelength) and is atiracted by

atomic vacancy (the lack of the positive charge of the ionic core is an attractive potential for positrons) and finally annihilates there. [Thésdrawing
courtesy of Dr. Tomasz Véblewski].

to notice that two 511 keVf-rays originating from positro- W are close to 100 ps, so fast photomultipliers are used. A
nium annihilation with electrons in solid state do not form scheme of positron lifetime experiment is givenfig. 2.
exactly 180—as the momentum of thermal positrons is al- As a start signal the prompt from radioactive decay is
most zero compared to momentum of 511 keV photons, this used (for example, the 1275 keV one for féla source),
shift is to be attributed to momentum of the electron with as a stop one—the 511 key. Practically, due to possible
whom the positron annihilates. This observation initiated Compton scattering of-quanta before reaching scintilla-
studies of electron momenta by angular correlation of an- tors, somewhat wider (towards lower energies) windows are
nihilation radiation (ACAR) method. The utility of ACAR  used for both start and stop signals.
method is mainly used to the determination of Fermi sur- In presence of vacancy-like defects, the lifetime of
faces in single-crystal metals and alloys, see for exaffple  positrons rises because the electronic density in the region
In order to obtain a high angular resolution long distances of vacancies is lower than in the bulk. Positrons trapped in
between detectors are needed and therefore the coincidencdifferent types of defects have different lifetimes.
signal from the twoy-rays originating from the annihilation The third type positron-annihilation spectroscopy is the
event is low. Doppler-broadening technique, sdégég. 3. It measures
The second method used is the positron lifetime tech- the projectionp. of electron momentum on the direction
nigue. In defect-free solids, the lifetime of positrons depends of observation, this quantity is related to the observed
on the kind of chemical element, as shown for selected ex- broadeningAE of the 511 keV line through the relation
amples inTable 1 These lifetimes, for elements like V, Ni, p_./mgc = 2AE/E. By measuring the Doppler-broadening
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Table 1
Measured lifetimes for some elements, relevant to semiconductor tech- \
nologies
Z Element Texp Tth [9] Tth [20] et Sample
5 Be 209 -
13 Al 160 166 163.3 Detector
14 Si 220 221 217.0 e Ge
22 Ti 145 146 Ve © s V[ E
23 \Y 123 116 129.8 MCA
i 511keV 511keV
28 Ni 105 96 112.1
29 Cu 115 106 122.8
32 Ge 227 228
40 7r 159 159 Fig. 3. Scheme of Doppler-broadening measurements. Only one of the
74 W 115 100 annihilation quanta is detected and analyzed in energy. High purity Ge
79 Au 206 187 120.3 detector and special spectra stabilization procedures are used.

Given: the atomic number Z, experimen{al, 8] and theoretica[9,20]

(BN-WDA model) approximation lifetimes (in ps). Experimental lifetimes To study positron annihilation with valence electrons. the
in some cases, like Cu and Au are average lifetimes over two components. !

In presence of vacancy-like defects, the lifetime rises—the electron density SO'Fa”ed shape pgrameté&" is used. TheSparameter _IS

in vacancies is lower than in the bulk and therefore the annihilation defined as the ratio between the number of counts in the

probability is also lower. For example, in W, difficult to anneal, we have central part of theeg = 511 keV broadened line to the to-

measured two lifetime-components, 103 ps in a perfect agreements withtag| counts in the spectrum, i.e. 8= [number of counts in

the theoretical v_alu_e, and 244 ps (v_vith 9% intensity). Positron trapped in (EO 4 0.85 keV)]/[number of counts irEb +4.25 keV)] in

a defect has a lifetime characteristic of that type of defect. For example,

the lifetime in single vacancies in Si is 250 ps and in bi-vacancies 270 ps our measurements. The central part of the spectrl_Jm corre-

[10]. sponds to low-energy, i.e. valence electrons. The rise of the
S-parameter corresponds to an increasing number or/and in-

creasing size of vacancy-like defects in the sokdy( 4).

The weak point ofSparameter measurements is that it
does not allow to determine the chemical surroundings of the
annihilation site. The coincidence techniglég( 5 allows
to lower the background and to measure the high momentum
part of the spectrumHg. 6).

For example, in Trento measurements two detectors in
a collinear geometry are useHig. 4 The main detector

one gets a one dimensional distribution of momentum of
the positron-electron annihilating pairs. More precisely,

two parts in the Doppler-broadening spectrum can be dis-
tinguished: a low momentum distribution part (valence and
conductivity electrons) and high momentum part (“core”

electrons, tail of the spectrum), sgid].

— was a high purity germanium detector (HPGe) with 16%
ple
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Fig. 2. Scheme of positron annihilation lifetime apparatus. The studied 520 525
material is put into a sandwich formed by the source (é4NaCl salt) Energy (keV)
and two identical samples. Thesignals (the start one from radioactive

decay and the stop one of the 511keV annihilation line) are detected Fig. 4. The scheme of Doppler broadening measurements in coincidence.
by scintillators coupled to fast photomultipliers. The electronic circuitry Two detectors at 180angles are used, at least one of which (high purity
measures the number of events vs. the delay time between the start andyermanium) measures the energy spectrum of annihilagigoanta. In

stop signals. present measurements the second detector was a sodium iodide scintillator.
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Fig. 5. Shape of the typical annihilation line. Note lowering of the

background level with the use of the coincidence technique. evidence slight differences in the 511 keV annihilation lines

for different elements, usually ratio curves are used, in refer-
efficiency and energy resolution 1.3keV (at the 511keV an- ence to some light element, like f9] or Si[10], seeFig. 7.
nihilation line). The second detector was a (Nal)Tl scin-  Fast positrons emitted from radioactive sources penetrate
tillator. The use of coincidence technique allows to study into solid with a depth profile extending down to several
chemical surrounding of defects because every element hasenth of millimeter (for example 99% of them is stopped in
a specific “fingerprint” in annihilation spectrum. In order to 1 mm layer in case of Si). In order to obtain depth-resolved
parameters of annihilation, positrons have to be slowed down
first and then implanted into the sample with controlled en-
ergy. Beams of controlled energy are rather simple to con-
struct if Doppler-broadening is studigd2] but become
more complex if lifetime depth profiles are need&d].

The Trento low-energy positron beam for Doppler-
broadening studies is shown Fig. 8 Positrons emitted
from the 22Na source are implanted into a thin (i)

W monocrystal, they slow down inside W and then are
re-emitted with about 2eV kinetic energy from the other
side of the monocrystal. Slow positrons are then guided by
electrostatic optics and implanted into the sample with the
energy adjustable between 50eV and 25keV with a beam
spot from 4 to 1 mm diameter. A high-purity Germanium
detector is positioned below the sample, outside the vacuum
system. Details of the set-up have been given elsewhere
[12].

Counts

0 10 20 30 40 50
-3
pL (10 moc) . . . .
3. Applications to semiconductor studies

Fig. 6. Examples of 511 keV annihilation line shapes obtained with the
comc@ence techplqug: .note the low nqlse (essgntlglly due Fo spure cosr_mc The first case study for semiconductors is an example
radiation and radioactivity of construction material) in the high energy tail fD ler b deni ts in He-i lanted sili
of the spectrum. Note also that relative differences between the spectra forO1 DOPPIEr broadening measuremen S In Re-implanted sl !'
different elements are small and therefore some normalization techniquesCON [14]. The technological need for such measurements is

(for example by referring to loviz- material, like Si or Al) are needed. that nano-cavities formed after thermal treating of implanted
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Fig. 8. The scheme of Trento slow-positron beam apparatus. Fast positrons . A L B L
from the radioactive source are slowed down in the moderator, the 12 1 2 ]
re-emitted beam is accelerated by the first part of optics, than bent®by 90 7 |2x10" Hecm ]
(in order to eliminate residual fast positrons), accelerated to the desired 114 i
implantation energy and injected into the sample. The lower part of the o = 700°C - |
apparatus contain a manipulator and a cryostat for the sample. 1.0 4 o 750°C ]
~ ]| v sooC |
0.9 o 850°C i
samples serve as gathering volumes for numerous impuri- _ x 900°C

ties in silicon or for smart-cut technologies. A specific goal 0.8
of present measurements was to identify why the low im-
plantation doses (0.5 106 cm~2) do not lead to formation
of any cavities and higher doses (2010cm=2) leadto 4 (6
formation of pretty big cavities (of 10-50 nm diameters). 1
In Fig. 9 we show theS-parameter measurements for 0.5
three samples: in the reference sample (defect free Si) the
Sparameter, normalized to buBlvalue, rises smoothly from _
a value typical for the surface to the value of 1.0 in bulk. In 0.3
He-implanted sample its rise above 1.0 indicating the pres- 1

ence of vacancy-like defects for a given depth. We have 029

shown[14] that during the thermal treatment below 4%0) 0.1 ]

the Ssignal rises with rising the temperature of annealing ]

for both implantation doses. Then, above 480 for high 0.0

doses (2x 10 cm=2) the “S” signal continue to grow up 0.1 1 10 100 1000
showing the formation of nanovoids around 200 nm depth, (b) mean positron implantation depth [nm]

seeFig. 9 On the con_trary, Vacfandes_”ke defsects_gisap- Fig. 9. S-parameter in He-implanted silicon. (a) Experimental curves

pear above 450C in low |mplantat|on dose (5( 10*cm ) normalized to bulk silicon. (b) Relative curves: difference with the curve

samples. of the reference silicon, after annealing at different temperatures, from
A second example of positron-annihilation applications [12]. The curves of (b) indicates the variation in the size of the active

is the tracing of open volume defects associates to oxygenpositron traps and their localization.

precipitates in Czochralski-grown silicdi5]. Oxygen is
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Fig. 10. Doppler-broadening annihilation spectra obtained by the coin- PL( 10 moc)
cidence technique-ratios to Si spectra. Peaks originating from oxygen,

boron and aluminum can be identified. Fig. 11. Doppler coincidence investigations of Czochralski-grown silicon

with high oxygen-contents. Lowering of the coincidence parameter in

samples annealed at 450 indicates migration of oxygen atoms from

defect sites to interstitial positions. This type of annealing is a standard
unavoidable impurity in Si, added just in the final process, recipe of semiconductor industries, used for “as-grown” samples, in order

i.e. monocrystal are grown in quartz crucibles. The contents to remove the electrical activity of oxygen atoms. That recipe was purely
of O-atoms exceed by one to two orders of magnitude the phenomenological and positron annihilation studiEs] allow to explain
contents of dopants, therefore oxygen could prevail in deter- it

mining semiconductor properties of silicon. It is well-known

from the beginning of silicon era, that prolonged thermal  Another technological problem deal with our positron an-
treating at about 450C removes the electrical activity of  nihilation studies was to determine an optimal thermal treat-
O-atoms[16]. However, the exact dynamics of O-atoms ment in semiconducting glasses used as image amplifiers
during such thermal treating was not known. It was also [17,18] These materials are usually silica glasses doped
(phenomenologically) known that additional heating at with lead oxides. The reduction treatment ip &mosphere
650" re-introduces donor activity but the reasons were not reduces the lead oxides on the surface to a metallic phase,
clear. Finally, treatments at 800—90D after preliminary

heating at 450 and 65C lead to formation of oxygen _ . ‘
precipitates. o Mean1 positron u;rz)plantatlor:(%epth (nrr11())o0

In Fig. 10 we present Doppler-broadening coincidence .
curves obtained as ratio of 511keV annihilation profiles 0.53
for the given element to the shape of annihilation line in a .
high-purity, defect free, low-oxygen contents silicon. From 0.52-
this Figure one can deduce that a peak at about 1%.85 1
103 moc? in our spectra is a fingerprint for oxygen presence.

In Fig. 11 we present Doppler-broadening coincidence
ratio curves for sample of Czochralski-grown silicon with
a high (11 x 10 cm=3) oxygen contents, annealed at
different temperatures. As seenhig. 11, in as-grown sil-
icon some traces of oxygen in defects are visible, majority
of it remaining in interstitial position, i.e. being partially
“invisible” for positrons. From the positron-annihilation
signal in Fig. 11 one can deduce that heating at 480
removes all oxygen to interstitial positions, making it also Y
inactive electrically. A two-step heating, at 450 and 660 Energy (keV)
makes the oxygen well visible to positrons, creating prob-
ably small nucleation centers (a few oxygen atoms around F'9: 12. Reduction processes in bismuth-germanate glasses heated at

. . 340°C for a variable time, from 45min (G1) to 7h (G3). “G0” is
a de,fe.Ct) for further oxygen prempﬂatE]sﬁ].. As ShO\_Nr.] |n. as-obtained glass. Tracing the “valence” annihilation S-parameter allows
detail in[15], the Doppler-broadening positron-annihilation o determine optimum thermal treatments for the desired reduced depth.
coincidence curves allow to follow also those steps. Glasses are used for electron-multipliers and image-intensifiers.

GO X X ’
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o
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making the glass conducting on the surface. However, it is substrate treated in N(400°C, 30 min) and then treated
also required to maintain a high resistivity in the bulk, there- in N2 plasma (450-900C for 30 min in vacuum) in or-
fore controlling of the reduction depth is crucial in the whole der to produce a capping layer at the surface. The di-
process. electric constants of the dielectric layer és=2.9. The

In a series of works we used slow positron beam for stud- presence of nanopores was traced by Besitron annihi-
ies of different types of glasses, based on silicon or germa-lation measurements, monitoring so-called PV (“valley”)
nium oxides and doped with lead or bismuth oxides. In all parameter—a relative number af quanta in the range
non reduced glasses the Doppler broadedmpgrameter is 100keV < E, < 450keV compared to the total number
low, like at the surface (i.e. oxidized) state of silicon, com- of vy in the annihilation peak 511 4.25keV. Curves in
pareFig. 9. The reduction in hydrogen atmosphere rises the Fig. 13 indicate clearly presence of large open-volume
Sparameter. Our measurements, like those showminl 2 space at the depths of about 100 nm. During ageing the
allow to trace the depth of the reduced layer, showing how material in air, these pores become invisible for positrons,
it moves inside material with prolonged treatments and to probably gas-filled. A prolonged (48 h) heating in high vac-
choose the optimal treatment. uum makes these cavities turn to the original (as seen by

Finally, in Fig. 13 we present studies of low-thin positrons) state. Further work on this subject is in progress
fims of SICOH layer (3400A) deposited on silicon [19].

)
1 4 21—y

110]© (22/3/02) #1 (as grown) ] 4. Conlusions
0 (10/5/02) #2 (as grown) E
1084 (13/5/02) #1 (as grown) % ] , ) . o
8 1064 ® (27/5002) #1 (annealed at 400°C) ®r 1 We_have illustrated, how combined posnron-anmhllat_lon
N 1v (28/5/02) #2 (annealed at 400°C)o 43 . techniques can be applied to several problems of semicon-
g 1041 o i ductors technologies. In the case of He-implanted silicon, the
§ 1021 gA ] use of the positron beam with the adjustable energy (from
= 1004 " 1 100 eV to 25 keV) allowed to follow the dynamics of defects
5 0981 ] leading to formation of nano-cavities. For the high dose of
S ] # 06 o2 . ; ;
S 96 He (2 x 10-°cm™<), vacancy-type defects enlarge with ther
g 7] !g ] mal treatments, passing from bi-vacancies to multi-vacancies
0 0% o 8 " ] and eventually to nano-void&4]. To get these conclusions,
092 18 83 Béﬁgﬁgg o . the use of the “simple” Doppler-broadening technique was
090- ——rry — — . ] sufficient.
0.1 1 10 In the case of oxygen precipitates in Czochralski-grown
(@) Energy (keV) silicon, the use of the simple Doppler technique and the
positron lifetime technique was not sufficient. Only the ap-
T AR T ' plication of the coincidence measurements to Doppler broad-
0'28'_ * 0 (22/3/02)#1 (asgrown) | ening allowed to follow the dynamics of the oxygen-related
0264 - o (10/5/02)#2 (asgrown) 1 defects. At 450C oxygen atoms move to interstitial sites
' 8« + (19/5/02)#1 (asgrown) and are not more visible for positron; after 4%D plus
1. X (27/5/02) #2 (annealed at 400°C) | ) _ p ; plus
0.24+ A % (28/5/02) #2 (annealed at 400°C) | 650°C combined treatment, the oxygep—related, defect-like
= 1 1 centers appear, becoming next nucleation centers for oxygen
2 0.22- o
o =] precipitates.
S (.20 In the case of semiconducting glasses, the positron beam
8 ] allows to follow dynamics of the surface reduction pro-
> 018+ cesses, but the lack of the coincidence technique with a con-
1 trolled positron implantation depth does not allow to identify
04 6'_ | precipitation sites for metal nano-grains. Once more, sim-
0144 | ilarly to He-implanted silicon, the Doppler no-coincidence
' : - : method is sufficient to trace gas filling in losvmaterials.
0.1 1 10
(b) Energy (keV)

Fig. 13. Aging of high-porosity, low; materials, due to filling of pores
by atmospheric gases. The lowering of positrony*3annihilation events
indicated reductions of free-volumes inside the material. The positron L . .
spectroscopy reveals that this processes is fully reversible, if an adequate VW€ thank Provincia Autonoma di Trento for partial sup-

annealing is applied. port under the PPD-Carbon project.
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