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METHODOLOGICAL APPROACH AND TREATMENT ALGORITHMS
FOR PAL DATA OF NANOMATERIALS USING COMPUTER-BASED SYSTEMS

The new modified specialized computer-based systems for experimental study of defect-related and adsorption-
desorption processes in nanostructured ceramics and glasses with using of positron annihilation lifetime spec-
troscopy was developed. The mathematical approach to the treatment of positron annihilation lifetime data in
humidity-sensitive ceramics as well as algorithm of the positron annihilation lifetime data processing in semi-
conducting glasses was proposed. It is shown that water-sorption processes in ceramics leads to increase in
positron trapping rates of extended defects located near grain boundaries. The fixation of direct positron life-
time components allows refining the most significant changes in positron trapping rate of defects.
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Introduction

Positron annihilation lifetime (PAL) spectroscopy
provides a high potential for characterization of local
free volumes in the material on a subnanometer
scale [1,2]. It is frequently used for studying of spatial
heterogeneities in crystals, liquids and polymers, but
less commonly for ceramics and semiconducting glassy
alloy [3]. Recently, it was shown that the amount of
adsorbed water in such perspective materials for humid-
ity sensors as nanostructured spinel MgAl,O,4 ceramics
with uniform porous structure affects not only their
electrical conductivity, but also positron trapping modes
of extended defects tested with PAL spectroscopy [4-6].
In the case of semiconducting glasses, correct algorithm
of PAL data should be developed with include an error
analysis associated with geometry of PAL measure-
ments, appropriate statistics of the events and proper
background removal.

In this paper, new modified specialized computer
systems for experimental study of defect-related and
adsorption-desorption processes in nanostructured ce-
ramics and glasses with using of PAL spectroscopy
should be developed. In addition, to refine the most sig-
nificant changes in positron trapping in MgAl,O, ce-
ramics caused by water sorption.

1. Technical aspects of the PAL systems

Traditional, the PAL measurements were per-
formed with an ORTEC spectrometer [1] with *Na
source placed between two ceramic samples (Fig. 1).

The PAL spectra were recorded with fast coinci-

dence system of 230 ps resolution at the temperature
T =22 °C and relative humidity RH = 35 %, provided
by special climatic installation. Two identical aged or
rejuvenated samples were used to build a sandwich
structure needed for PAL measurements. The obtained
results agreed well with each other within an experi-
mental error-bar. Each spectrum was measured with a
channel width of 6.15 ps and contained ~10° coinci-
dences in total, which can be considered as normal
measurement statistics.

For study of nanostructured humidity-sensitive
materials at different relative humidity RH (for exam-
ple, in cycles 25-60-98-60-25 %) the chamber (Fig. 2)
with specialized humidity control PID+ was design
(Fig. 3).
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Fig. 1. Experimental setup for measurement of PAL
spectra with ORTEC spectrometer [1]
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Fig. 2. Measuring humidity chamber. Thermal stability
parameters for studied samples during long-term
measurements provided by the system controllers
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Fig. 3. Schematic of humidity control instrument PID+

In Fig. 3: Ug — turn-on voltage; U, — output voltage
of humidity sensor; &(t) — difference between the set and
necessary values: € ~ Ug — U,; p(t) — regulator voltage;
R — difference input in amplification regulation: k;
(RK1), k, (RK2); I—integration input in the general
time regulation T; (R6, C1), D —difference input in de-
tection loss regulation T4 (RS, C2), £ —adder input from
input voltage controlling by voltage amplifier:

T.
k 1 de(t)
u(t) =k; || e(t)=p(t)=2 |[+— | e(t)dt+T , (1
(t) 1[() p()kJ Ti£ (Odi+Tyg— =1, (1)
where k;=RKI1/RA1, k,=RK2/R3, T=C1-R6 and

T=C2-R8. These values for measuring chamber were
experimental selected based on previous calculations in
accordance with Zieglera-Nicholsa criteria.

The selection of corresponding values for measur-
ing chamber permit to investigation of samples at con-
stant values of RH in the range of 25-60 % with an ac-
curacy of + 0.5 % and 60-98 % 3 with an accuracy of +
1 %. The obtained data were mathematically treated
with LT 9.0 computer program of J. Kansy [5] at three-
component fitting procedure with the fixed positron
lifetimes t; and 1,. The proposed algorithm of treatment

of PALS data for humidity-sensitive nanomaterials was
shown in Fig. 4. Using formalism for two-state positron
trapping model [1], the following parameters can be
calculated [3, 5]:

d:I_Z L_L T,= Il+12 < :T111+T212
I L, L % L+,

L )
where K is positron trapping rate in defect, t, — positron
lifetime in defect-free bulk and t,, — average positron
lifetime. The difference (1, -7,) can be accepted as a size

measure of extended defects, as well as the 1,/1;, ratio
represents the nature of these defects [3].
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Fig. 4. Algorithm of treatment of PAL data [7]

2. Modified digital PAL spectrometer

To accelerate the process of measuring of PAL
spectra, the modification of spectrometer can be used
(Fig. 5). Such modification allows measurements for 4
s, while at using of traditional spectrometer ORTEC this
value is 3 hours. Scintillation pulse is stored in memory
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as a sequence of 10-bit numbers. Use trigger will get
time registration near 4 + 20 s. Select the memory area,
which depends on the participation of long-term
component in the spectrum, does not affect the
resolution of the process.

Technical solutions proposed method synchro-
nization and startup can be arbitrary, depending on the
parameters used card processing and archiving of A\D.
Advantages over the traditional and modified
spectrometer was shown in Table 1.
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Fig. 5 Modified digital PAL spectrometer

Table 1.
Parameters of traditional and modified spectrometer
Parameters ORTEC Modified
Treatment rate, ¢! ~100 ~250
Base time, ¢ 200 250
Duration of treatment ~3h ~4s

3. Experimental results for
nanostructured ceramics

The studied MgAl,O4 ceramics were sintered from
fine-dispersive Al,0; and MgO powders using a special
regime with maximal temperatures of 1200 and 1300
°C, the total duration being 2 h [8].

The previous PAL measurements in the studied ce-
ramics sintered at 1200 °C was performed at 20 °C and
35 % relative humidity without special testing proce-
dure without standard thermally-treated non-defected Ni
and Al probes. The best results were obtained at three-
component fitting procedure with corresponding posi-
tron lifetimes and intensities (t; = 0.18 ns, I; = 74 %; 1,
=0.38 ns, [, =25 % and 13 = 1.88 ns, I3 = 2 %). Since
the water sorption reveals catalytic effect on positron
trapping modes in MgAl,O, ceramics, in our investiga-
tions, we decided to fix all water-dependent positron
trapping inputs in MgAl,O4 ceramics with the different
contest of adsorbed water.

This approach can be well realized by fixing short
positron lifetime t;, which reflects microstructure speci-
ficity of spinel ceramics, as well as middle defect-
related positron lifetime t,, which corresponds to ex-
tended defects located near intergranual boundaries,
where the studied ceramics are more defective. It was

shown in [8], the positrons are trapped in the same ex-
tended defects located near intergranual boundaries both
in as-prepared and water-moistened ceramic samples. In
accordance with these data, the lifetime 1, can be also
fixed. At such methodological approach, changes in the
fitting parameters of the first and second lifetime com-
ponents of PAL spectra connecting with the different
amount of adsorbed water in ceramics will be reflected
in intensities I; and [,. Within this approach and taking
into account the previous data obtained for MgAl,O4
ceramics sintered at 1200 and 1300 °C, the lifetimes T,
and T, were fixed at the levels of 0.18 and 0.38 ns, re-
spectively for ceramics sintered at 1200 °C and fixed at
the levels of 0.17 and 0.36 ns, respectively for ceramics
sintered at 1300 °C. In addition, with the aim of obtain-
ing of minimal FIT, the lifetimes of these two compo-
nents were also fixed on a typical for MgAl,O,4 ceramics
values, such as 0.17-0.19 ns (for 1, lifetime) and 0.30-
0.33-0.36-0.38 ns (for t, lifetime). Nevertheless, the
best FIT was obtained at fixed lifetimes t; = 0.17-0.18
ns and 1, = 0.36-0.38 ns.

As it is shown on Fig. 6, the intensities of the sec-
ond component I, increase at water adsorption from 25
to 98 % and decrease from 98 to 25 %.
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Fig. 6. Dependence of intensity I, from relative humid-
ity RH for ceramics sintered at 1200 and 1300 °C

Thus, the positron trapping in water-filled defects
occurs more intensive. The intensity I; of the first com-
ponent decrease at water adsorption by ceramic
nanopores with relative humidity and increase at water
desorption with RH = 98-25 %. The lifetime t; decrease
from 2.37 to 2.27 ns with decrease of RH from 98 to 25
% but I; intensity leaves at the same level 1 %. Thus,
this channel is non-significant during process of water
sorption. Only at the so-called “forced” filling of all
volume of nanopores, this channel feels physically wa-
ter-sorption that shows up in the increase of I;.

The positron trapping rate in defect 4. consider-
able increases from 0.59 ns™ at 98 % RH to 0.67 ns™' at
25 % RH and decrease from 0.67 ns” at 25 % RH to
0.61 ns™ at 98 % RH (Fig. 7) and increase from 0.45 ns”
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'at 98 % RH to 0.57 ns™ at 25 % RH and decrease from
0.57ns™ at 25 % RH to 0.50 ns™ at 98 %.
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Fig. 7. Dependence of positron trapping rate in defect x4
from RH for ceramics sintered at 1200 and 1300 °C

3. Algorithm of PAL data in glass

Usually, to provide nondestructive conditions of
PAL measurements, the positron source wrapped with
Kapton® is sandwiched between the two identical ChG
samples as it is shown in Fig. 8.

If high-power positron sources are used (to provide
high statistics of measurements), the amount of radioac-
tive salt which should be wrapped with Kapton® is sig-
nificant, that leads to non-flat surfaces of positron
source placed between the samples. As a result, some
positrons annihilate not in the samples bulk, but in the
area between the samples in the sandwich structure. The
long-lived component appears in the PAL spectrum of
ChG in comparison to the measurements performed in
perfectly aligned sandwich structure (Fig. 8). Then, if
such distorted spectrum is analyzed, the obtained pa-
rameters of positron annihilation do not reflect only the
open-volume defects in ChG, but also the effects inside
sandwich structure. Therefore, a lot of attention should
be paid on the preparation procedure of sandwich setup.
In particular, there should be no space between the sam-
ples and positron source. Another source of inaccuracies
can be introduced by incorrect accounting of source
contribution into PAL spectrum, because Kapton®,
which wrap the positron source, has average lifetime
(~372 ps) comparable with second lifetime component
of positrons in ChG.

Next step is the analysis of PAL spectra itself.
Typical spectrum obtained by PAL technique usually
includes the noisy decaying part towards larger positron
lifetimes. We have performed the analysis of PAL spec-
trum by LT 9.0 software including different number of
channels starting from the whole spectrum (2200 chan-
nels) and restricting it gradually to the less noisy data
(down to 1500 channels).
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Fig. 8. Sample’s setup for PAL measurements [9]

It can be easily seen, that background significantly
influences the PAL parameters as obtained with LT
program. Including more background noisy data into the
analysis (more channels are analyzed) significantly in-
creases average positron lifetime values and T, as ob-
tained from the analysis [9,10]. This can explain dis-
crepancy of PAL parameters obtained by different au-
thors for same glasses. Indeed, if obtained PAL spectra
are decomposed into two components, the parameters of
fitting components change drastically. At the same time,
the quality of fitting exhibits a minimum for a number
of included channels between 1550 and 1750. This
minimum corresponds to the most reliable data analysis
of the raw PAL spectra.

Conclusions

The new modified specialized computer systems
for experimental study of defect-related and adsorption-
desorption processes in nanostructured ceramics and
glasses with using of PAL spectroscopy was developed.
The mathematical treatment of PAL data allows to re-
fine the most significant changes caused by absorbed
water in the spinel ceramics. Correct algorithm of PAL
data analysis for glasses should include an error analysis
associated with geometry of PAL measurements, appro-
priate statistics of the annihilation events and proper
background removal.

References

1. Shpotyuk, O. Free volume in vitreous chalco-
genide semiconductors: possibilities of positron annihi-
lation lifetime study [Text] / O. Shpotyuk, J. Filipecki.
— Czestochowa, 2003. — P. 152-200.

2. Krause-Rehberg, R. Positron annihilation in
semiconductors. Defect Studies [Text] / R. Krause-
Rehberg, H. S. Leipner. — Berlin-Heidelberg - New
York, 1999. — P. 95-110.

3. Nambissan, P. M. G. Positron lifetime spectro-
scopic studied of nanocrystalline ZnFe,O, [Text] /
P. M. G. Nambissan, C. Upadhyay, H. C. Verma //
J. Appl. Phys. — 2003. — Vol. 93. — P. 6320-6326.



Hiacnocmysanns ma HaodiiiHiCMb KOMHI IOMEPHUX cCUCHEM

129

4. PALS as characterization tool in application to
humidity-sensitive electroceramics [Text] / H. Klym,
A. Ingram, O. Shpotyuk, J. Filipecki // Proc. 27th Inter-
national Conference on Microelectronics, MIEL 2010,
Nis, Serbia. — 2010. — P. 239-242.

5. Klym, H. Unified model of multichannel posi-
tron annihilation in nanoporous magnesium aluminate
ceramics [Text] / H. Klym, A. Ingram // Journal of
Physics: Conf. Ser. —2007. — Vol. 79. — P. 012014-1-6.

6. Water-sensitive positron-trapping modes in
nanoporous magnesium aluminate ceramics [Text] /
J. Filipecki, A. Ingram, H. Klym, O. Shpotyuk, M. Vakiv
// Journal of Physics: Conf. Ser. — 2007. — Vol. 79.
—P. 1-6.

7. Klym, H. Algorithm and methodological ap-
proach in treatment of PALS data for humidity-sensitive
nanomaterials [Text] / H. Klym, Yu. Kostiv, I. Yurchak.
// Proc. XI-th International Conference MEMSTECH

(MEMSTECH2013), 16-20 April 2013. — Polyana-
Svalyava (Zakarpattya), Ukraine. — P. 56-58.

8. Evolution of porous structure and free-volume
entities in magnesium aluminate spinel ceramics [Text] /
H. Klym, A. Ingram, 1. Hadzaman, O. Shpotyuk // Ce-
ramics  International. —  2014. — Vol 40.
—P. 8561-8567.

9. Algorithm of the positron annihilation lifetime
data processing in semiconducting glasses [Text]/
A. Ingram, M. Kostrzewa, S. Wacke, A. Kozdras,
R. Golovchak, O. Shpotyuk. — Abstr. ELIT-2011, Chy-
nadievo, Ukraine. —2011. — P. 122-123.

10. Thermally-induced crystallization behaviour of
80GeSe,—20Ga,Se; glass as probed by combined X-ray
diffraction and PAL spectroscopy [Text] / O. Shpotyuk,
L. Calvez, E. Petracovschi, H. Klym, A. Ingram,
P. Demchenko // J. Alloys and Compounds. — 2014.
—Vol. 582. —P. 323-327.

Tocmynuna 6 pedaxyuio 17.02.2014, paccmompena na peokonneuu 25.03.2014

PenenzenT: 1-p TexH. Hayk, nmpod. A. A. CepkoB, HanmonanbHsiii Texanueckuii ynuBepeuter «XI1M», Xapbkos,
VYkpauna.

METOJOJOTTYHUM MIIXIJ TA AJITOPUTMHU ONPAIIIOBAHHSI ITAC TAHUX
HAHOMATEPIAJIIB 3 BAKOPUCTAHHSIM KOMIT'FOTEPHOI CUCTEMM

I. Knum, A. Inzpam, P. Kouan

B pobori 3anpornoHoBano Moan(iKoBaHY KOMIT FOTEPU30BaHy CUCTEMY JUISl EKCIIEPUMEHTAILHOTO JTOCIKEH-
Hs aJIcopOLiHHO-ecopOLiHHNX Ta Ae(eKTHUX MPOLECIB B HAHOCTPYKTYPOBaHIH KepaMilli Ta CKJIi 3 BAKOPUCTAHHSIM
MO3UTPOHHOI aHirumsniiHoi cnekrpockomnii (ITAC). 3anponoHoBaHO MaTeMaTHYHHUH MTIAXIA IO ONMPAIIOBAHHS JaHUX
IMAC nuist BOJIOro-4yTiMBOI HAHOKEPAMIKH, a TAKOXK alrOPUTM OOpPOOKH JaHWX JUIsl HAaMiBIIPOBIIHMKOBHX CTEKJIaX.
[Toka3zaHo, 10 BOJOTrO-COPOIIiiHI MPOIECH B KepaMilli MPU3BOIATH 0 301TBIICHHS MBUAKOCTI 3aXOIUICHHS ITO3UT-
poHiB nedekramu, sIKi 30cepepKeHi Ha rpaHuIpix 3epeH. dDikcarlist 4aciB ®KUTTS Je(eKTHOI KOMIIOHEHTH JTO03BOJISIE
BiJJ0Opa3UTH 3MiHH Y HIBUAKOCTI 3aXOIICHHS TO3UTPOHIB JIe()EKTaMH.

KarwudoBi cioBa: cucrema aHITULINIHHUX BHUMIpIOBaHb, MO3UTPOHHA AHITUIALIS, CHEKTPOCKOIMIS, BOJOrO-
COpOLIiiiHI IPOIIECH, CTPYKTYPHHUI aHaIi3.

METOJOJOTMYECKHUM MMOAXO0/I U AJITOPUTMbI OBPABOTKH ITAC JIAHHBIX
HAHOMATEPHAJIOB C UCITIOJIb30BAHUEM KOMITBIOTEPHOM CUCTEMBI

I. Knoim, A. Huepam, P. Kouan

B pabore npeminoxeHo MOAUGHUINPOBAHHYIO KOMIBIOTEPU3UPOBAHHYIO CHCTEMY JUISl SKCIEPHUMEHTaIbHOTO
HCCIIEI0BAaHUS a/ICOPOLIMOHHO-ECOPOIIMOHHBIX U Ie(PEKTHBIX MPOLIECCOB B KEPAMUKE U CTEKIIE ¢ UCIIONb30BaHUEM
MO3UTPOHHOM aHHUTHIIMOHHBIN criekTpockoru (ITAC). [peanoxeHo MaTemaTH4ecKuil Mmoiaxon K oOpadoTke
nanHbIX [TAC ams BIarouyBCTBUTENBHON HAHOKEPAMHKH, a TAK)KE aJlTOPUTM 00paOOTKHU JaHHBIX JIJIsI TOTYIPOBO/-
HHUKOBBIX CTeKoJ. [loka3aHo, 4TO BIarocOpOIMOHHBIE MPOIECCH B KEPAMUKE IPHUBOMASAT K YBEIMUCHUIO CKOPOCTH
3axBara MO3UTPOHOB Je(EKTaMH, KOTOPbIE COCPENOTOUSHBI Ha rpaHuIax 3epeH. Dukcanus BpeMeH Xu3HH JedeKT-
HOUM KOMITOHEHTBHI [T03BOJISIET OTPA3UTh U3MEHEHHSI B CKOPOCTH 3aXBaTa MO3UTPOHOB Je(EeKTaMu.

KirodeBblie ciaoBa: cucreMa aHHUTHIIALMOHHBIX H3MEpPEHHH, MMO3UTPOHHAS aHHUTWIAIMA, CHEKTPOCKOIUS,
BJIarocOPOLIMOHHBIE IPOLECCH, CTPYKTYPHBIN aHAIIH3.
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