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Positron lifetime spectroscopy applied to pure Tellurium
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Abstract: High-purity crystalline Tellurium has been investigated using positron lifetime spectroscopy technique in order

to determine basic information missing in the current experimental knowledge of the positron annihilation spectroscopy

field. Three different pairs of samples have been studied in the as-received state and, in order to eliminate the vacancy-type

defects, after consecutive isothermal treatments at 300 �C. Lifetime corresponding to the annihilation in the Tellurium bulk

has been determined as 282(1) ps. Previous theoretical calculations present in the bibliography that used different methods

and parameterization provided a wide range of values for the annihilation lifetime of the positron in the bulk of Tellurium.

The obtained result has been used to identify the most accurate results among them.
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1. Introduction

Tellurium (Te) is Group VI metalloid or semiconductor

with piezoelectric [1], piezo-resistance [2], and photocon-

ductivity [3] properties. This makes Te suitable for many

different uses in material sciences due to its unique prop-

erties. As a major element it can be used in the form of

Tellurites for laser generation [4] or in Tellurides for solar

cell applications [5, 6]. It is also used as a minor element

doping different semiconductors such as GaSb [7] or

InGaAs [8] in order to improve the photovoltaic properties.

Positron annihilation spectroscopy (PAS) is an advanced

characterization technique widely used in metals and

metallic alloys [9], semiconductors [10], polymers [11], or

dielectrics [12], and in many applications such as solar

cells [13], photonics [14], or electronic materials [15]

among others, PAS allows to obtain information about the

lattice defects (from single vacancies to vacancy clusters)

as they act as traps for thermalized positrons. Positron

lifetime spectroscopy (PLS) provides information about the

size and abundance of these types of defects providing

longer lifetime components as the size of the defect grows.

Nevertheless, positrons can also annihilate in the bulk of

the materials if the defects density is not high enough to

saturate the positron trapping, resulting in lifetime com-

ponents shorter than defects’ lifetimes.

PAS has been applied in many studies to complex

materials that included Te [16, 17], but even when PLS

theoretical calculations exist [18], some basic experimental

knowledge about pure Te studied by PAS, such as the

lifetime associated with the annihilation in the bulk of the

material, is still absent. The aim of this experimental work

is determining the lifetime associated with the annihilation

in the bulk of pure Te as a continuation of a previous work

where the coincidence Doppler broadening (CDB) signa-

ture curve was recently obtained [19].

2. Experimental details

A 0.5 MBq 22Na source sealed in kapton was placed

between couples of samples of 99.99% purity crystalline

Te. Three couples of Te samples were prepared (at least

10 mm 9 10 mm, 5 mm thick) and measured indepen-

dently to improve the reliability of the study. The samples-

source system was placed in the centre of a fast–fast

coincidence spectrometer used in previous studies [20, 21],

consisting of two plastic scintillators face-to-face. Fe ref-

erence samples (99.999% purity annealed during 3 h at 800

8C) were used to test the system before and after the Te

samples measurements, resulting in a lifetime value of

118(1) ps (slightly higher than the perfect Fe lattice life-

time around 110 ps [18, 22]). The Fe reference sample was

also used to determine the time resolution (240 ps). Mo

reference sample (99.999% purity annealed during 3 h at
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1400 �C, 119(1) ps lifetime against 120 ps reference value

[23]) was used to determine the source correction contri-

bution to the lifetime components, that is required to

analyse any PLS spectra, resulting on 382(1) ps with

intensity 17.9(1)%. Mo was used instead of Fe for a better

determination of the source correction as its atomic number

(Z = 42) is closer to Te atomic number (Z = 52) and it

influences the positron reflection in the surface of the

material [24, 25]. Additionally, low-intensity long-lifetime

component (around 2400 ps) associated with source seal-

ing material and surface effect was also determined as an

extra component associated with the source. Cumulative

spectra (without electronic drift during or between the

measurements) with above 1 9 106 counts were obtained

for each pair of samples. The resulting data were analysed

using PASFIT-88 [26] considering the possible existence

of several contributions to the spectrum and choosing the

best possible fit (Chi-square normalized to the number of

data and degrees of freedom better than 5 9 10–3). The

obtained data statistics allowed the identification of low-

intensity lifetime components down to 2% contribution.

3. Results and discussion

3.1. As-received state samples

The pairs of samples, prepared and measured indepen-

dently to improve the consistency of the conclusions,

resulted in analogous results for all of them. These results

can be found in Table 1. As the results are homogeneous,

their average (also present in Table 1) was used as a unique

value in the discussion for simplicity. Statistical dispersion

between sample’s individual results was considered. Error

provided by the fit resulted in being equal or higher than

the statistical dispersion, so it has been considered as the

main error source for the measurements and used as the

error bar for the average values.

Best fit of the spectra (example of the fit can be seen in

Fig. 1(a)) resulted in two components (s1 and s2 from now)

after considering the two components associated with the

source. Considering one or more than two components

associated with the sample resulted in non-reliable fits.

Long-life component s2, with average value 590(90) ps, is

significantly higher than the reported lifetime for single

vacancy 339 ps [27, 28].

Due to its high value, this lifetime component should

also be associated with positronium. Positronium [29] is a

non-stable hydrogen-like bound state between a positron

and an electron. There are two possible spin states for

positronium, a singlet spin state, called para-positronium;

and a triplet spin state, called ortho-positronium. Positro-

nium is formed in regions with low electronic density, such

as pores or big vacancy clusters that can be typically found

in materials such as Te. Lifetime associated with para-

positronium in void (125 ns) is significantly lower than the

lifetime associated with ortho-positronium (142 ns). Nev-

ertheless, these lifetimes refer to positronium in void, and

they can be reduced by the presence of an atomic envi-

ronment by the pick-off annihilation that can reduce the

ortho-positronium lifetime to nearly 600 ps [30] in some

cases (any case above 500 ps). Second lifetime compo-

nents (580–610 ps) seem to correspond to ortho-positron-

ium. Shorter lifetime components associated with para-

positronium were not detected, probably because of its low

intensity.

The short-lifetime component s1, with value average

278(2) ps, is significantly lower than the already mentioned

single-vacancy lifetime (339 ps [27, 28]). Passivation of

single vacancies by the presence of hydrogen (H) filling

them reduces the observed lifetime in semiconductors and

other materials [31–33]. Even when this could explain this

short-lifetime component, molecular H doesn’t adsorb or

react with Te in the studied temperature range [34], so

some other possibility should be considered as no evidence

of the presence of H seems to be reasonable considering the

preparation and treatment of Te samples. An alternative

assignment to this short-lifetime component could be the

annihilation in the bulk as no other annihilation place

should have such a lower lifetime (as annihilation on dis-

locations has a lifetime similar to annihilation on single-

vacancy). Initial PAS work in semiconductors provided an

experimental value for Te positron lifetime of 358(10) ps

[35]. This was tentatively associated with annihilation in

bulk, but considering the later reported single-vacancy

value (339 ps [27, 28]), and the fact the analysed Te was

powder (instead of crystalline Te used in this work), it is

probably a mis-assignation as bulk lifetime cannot be

higher than single-vacancy lifetime.

Even when this component could be associated with the

annihilation in the Te bulk, in the possible presence of

defects (as indicated by the presence of the positronium

component) its value cannot be directly assigned to it

because of the influence of the positron trapping rate in the

exact type of defects present in the samples [36].

Table 1 Fitted lifetime parameters for the three pairs Te samples in

as-received state

Sample s1 (ps) I1 (%) s2 (ps) I2 (%)

Te (as-received) 278 (2) 81 (9) 580 (80) 19 (9)

281 (2) 81 (9) 590 (80) 19 (9)

276 (2) 82 (9) 590 (90) 18 (9)

Average 278 (2) 81 (10) 590 (90) 19 (10)
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3.2. Thermal treated samples

Based on the previous result, and in order to reduce the

possible defects contribution, the samples were measured

again after isothermal treatment (annealing) in vacuum

better than 1.5�10–5 mBar. As in the previous case, the

results (present in Table 2) were homogeneous in each

case, so their average will be used for the discussion.

Vaporization can be an issue that completely vaporizes the

samples at this pressure and temperature range [37], but

only a light superficial vaporization effect was observed in

the samples. Annealing for longer times or higher tem-

peratures resulted in the destruction of the test samples.

After the first annealing (3008C for 1 h), the intensity of

the long-life component s2 associated with positronium

decreased from the initial 19(10)–9(6)% keeping the same

lifetime value within the error bar. This decrease in the

component seemed to indicate the density of defects was

reduced by the thermal treatment, implying that successive

annealing could completely anneal out the defects. Further

annealing at the same temperature for 1 extra hour (2 h

total) decreased the intensity of s2 to 3(2)% keeping again

the lifetime value of the component. This long-lifetime

component disappeared after 2 extra hours (4 total hours)

annealing. As the long-life component associated with

positronium progressively annealed out as the cumulative

time of the annealing process increased, the association of

Fig. 1 PLS data and fitted curve for selected samples: (a) as-received state, (b) after 1-h annealing, (c) after 2-h annealing and (d) after 4-h

annealing (evidencing the decrease of the lifetime by the absence of the s2 component)

Table 2 Fitted lifetime parameters for the three pairs Te samples

annealed at 300 �C for 1 h, 2 h, and 4 h

Sample s1 (ps) I1 (%) s2 (ps) I2 (%)

Te (300 �C; 1 h) 275 (2) 92 (6) 600 (100) 8 (6)

275 (2) 90 (5) 590 (80) 10 (5)

277 (2) 92 (5) 590 (80) 8 (5)

Average 276 (2) 91 (6) 600 (100) 9 (6)

Te (300 �C; 2 h) 276 (2) 97 (2) 610 (80) 3 (2)

277 (1) 97 (2) 600 (80) 3 (2)

277 (2) 97 (2) 610 (90) 3 (2)

Average 277 (2) 97 (2) 610 (80) 3 (2)

Te (300 �C; 4 h) 282 (1) 100 (–) – –

282 (1) 100 (–) – –

281 (1) 100 (–) – –

Average 282 (1) 100 (–) – –
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this component to open-volume defects seemed to be

confirmed. Examples of the data and fitted curves can be

seen in Fig. 1(b), (c), and (d).

During the annealing process, short-lifetime component

s1, remained in the same lifetime values within the error

bar until the last annealing where the lifetime increased

slightly. If this component was associated with H-deco-

rated single vacancies, it should have been strongly

affected by the thermal treatments, as it is unlikely that

open-volume defects are completely annealed out and

single-vacancies are unaltered (and therefore the lifetime

associated with them). This seems to support the assign-

ment of the short-lifetime component to the annihilation in

the bulk of the samples. As previously commented, capture

rate in defects affects shorter lifetime components; there-

fore, as defects seem to have been annealed out after the

last thermal treatment, the short-lifetime component is

slightly affected. This component, with value 282(1) ps, is

significantly lower than the single-vacancy lifetime

(339 ps), any other structures such as dislocations should

have annealed out before the vacancy clusters, so it might

be safe assigning this value of the short lifetime s1, as
unique lifetime component, to the annihilation in the bulk

in the absence of defects that could influence the lifetime

by their capture rate.

3.3. Comparison with theoretical calculation

The obtained result for the positron annihilation in the Te

bulk can be compared to theoretical calculations present in

the bibliography. In initial PLS calculations works [38–42],

Tellurium was not included, but later works based on them

[18] include it among many other elements. Table 3 con-

tains the calculated values for Te bulk and single-vacancy

lifetimes for the different models and parameterizations

used in [18]. Different methods and parameterizations

provided values in a wide range for the bulk lifetime,

between 250 and 345 ps.

Atomic superposition approximation (AT-SUP) and

linear muffin-tin orbital method within the atomic-spheres

approximation (LMTO-ASA) methods [38] with the Bor-

oński and Nieminen correlation energy the interpolation

formula (BN) [39] are the best match with the obtained

experimental results, 289 ps and 286 ps, respectively.

Detailed explanations about calculation can be found in

[18] and its base in [38–42]. This value is slightly higher

than the value obtained in this work (282(1) ps), but sig-

nificantly close considering the amplitude range of the

variation of the values between methods and parameteri-

zations (95 ps). It should be noted that the mono-vacancy

lifetime provided by these models with the BN approxi-

mation (329 ps and 350 ps) is also a good approximation to

the reported experimental value (339 ps [27, 28]).

4. Conclusions

High-purity crystalline Te has been investigated by PLS

spectroscopy and the annihilation lifetime in the bulk has

been determined as 282(1) ps after eliminating defects

contribution by successive annealing of the samples. The

obtained value, 282(1) ps, has been compared with previ-

ous theoretical calculation present in bibliography [6]

matching the AT-SUP and LMTO-ASA methods [18, 38]

with BN parameterization [39] that already provided a

result for the Te single-vacancy lifetime similar to the

experimental value. This new obtained value provides

information that can be used as reference in further studies

involving Te-based materials.
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