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Positron lif etimes and Do ppler broadening of the annihi l atio n line mea -
surements were perf ormed to study the vacancy typ e defects in polycrys-
tallin e GeT e and (GeT e) ( 1 À x ) (A gBiT e2 ) x ( = 0 0 0 3 0 05 0 1 0 15 0 2,
and 1) solid solutio ns. The values of lif etimes obtained are explaine d as due
to positron and p ositronium saturated trapping at vacancies and vacancy
clusters. T he interdep endence betw een mean positron lif etime and hole con-
centration is discussed.

PACS numb ers: 78.70.Bj

1. I n t rod uct io n

Posi t ron anni hi lati on spectro scopy (PAS) has often been used to study the
defect structure of Ge, Si, I I I{ V, and I I{ VI com pound semiconducto rs [1À 5]. No
system ati c PA studi es have been perform ed for studyi ng the defects in IV{ VI
compounds. Onl y PbT e [6], PbSe, and Pb x Snx Te are studi ed by positro ns [7].

GeTe is a narro w band gap semiconducto r of p -typ e. Accordi ng to [8] the
accepto rs are doubl y ioni zed cati on vacancies. Theref ore, PAS can be used to study
the defect structure of GeTe.

In thi s paper we report the results of m easurements of positro n anni hi lati on
l i feti m es (PAL) and Doppl er broadening of anni hi lati on l ine (D BAL) in GeTe. T o
our kno wl edge thi s is the Ùrst appl icati on of PAS to study the defect structure
of thi s com pound semiconducto r. The (G eTe) x (Ag Bi T e ) x sol id soluti ons (SSs)
(x = 0 : 0 3 ; 0 : 0 5 ; 0 : 1 ; 0 : 1 5 ; 0 : 2 0 , and 1) have also been studi ed.

2. E x per i m en t a l

The detai ls of materi als synthesi s used are given elsewhere [9]. The sampl es
were cut from the respecti ve ingots and were 1.5{ 2 m m thi ck. The surfaces facing
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the positro n source were careful ly pro cessed in order to m inimi ze the thi ckness of
the dam aged surface layer.

The l i feti me spectrom eter was a standard fast- fast coinci dence apparatus
wi th ti me resoluti on of ¤ 2 6 0 ps FW H M. The exp erim enta l spectra were Ùtted
wi th the pro gram POSIT RONFIT- EXTEND ED [10].

The Doppl er broadening of the 511 keV anni hi lati on Û- l ine was measured
usi ng a high puri ty germani um detecto r of energy resoluti on 1.17 keV at 514 keV
Û -l ine of 8 5 Sr. The anni hi latio n Û -l ine was characteri zed wi th usual shape S and
W -param eters. Al l m easurements were m ade at room tem perature.

3. R esul t s an d d iscu ssio n

Positro n spectra were decom posed into two and three term s. The mean
positro n l i feti mes §m (§ m =

P
3

i = 1
I i §i ) coinci de in the error l imi ts (T able). They

increase wi th the increase in the Ag BiT e2 content denoted x . As the three- com po-
nent Ùt resul ted into â 2 values of the order of 1, or lesstha n 1, the interpreta ti on
of positro n states is based on thi s Ùt. The obta ined l i feti m es §i and thei r relati ve
intensi ti es I i are shown in Tabl e.

T ABLE

Lif etimes , their relative intensities , and mean lif etimes .

No. x § [ps] § [ps] § [ps] § [ps] § [ps]

I [%] I [%] I [%] 3 § -Ùt 2 § -Ùt

1 0 244.8(4) 446(4) 2180(3) 376.6(5) 375.2(2)

77.8(3) 17.2(3) 5.01(6)

2 0.03 261(3) 431(16) 2152(14) 382(12) 383(1)

79(2) 15(2) 5.03(5)

3 0.05 266(1) 547(23) 2227(24) 420(4) 418(1)

84.6(8) 8.9(7) 6.6(1)

4 0.10 264(2) 484(23) 2177(12) 427(9) 427(1)

81(2) 11(1) 7.22(8)

5 0.15 261(1) 500(16) 2181(16) 432(7) 431(1)

81(1) 12(1) 7.5(1)

6 0.20 263(1) 535(12) 2219(16) 451(4) 447(1)

80.3(5) 11.7(5) 7.95(4)

7 1.00 214(1) 497(5) 2216(13) 390(2) 385(1)

81.4(3) 11.4(3) 7.16(2)

As can be seen, the l i feti mes cannot be considered as weighted- mean values,
obta ined from pure GeTe and Ag BiT e . Thi s is not unexp ected as the studi ed
m ateri als are sol id soluti ons of thei r consti tuents.
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The bul k positro n l i feti m es § B in GeTe or GeTe-SSs have never been mea-
sured or theo reti cal ly estimated. The onl y theo reti cal estim ati on, to our kno wl -
edge, of the bul k l i feti mes in IV{ VI com pounds semiconducto rs is given in [7]
for PbS, PbSe, and PbT e. If a linear dependence between the bul k l if eti mes and
the volum e per ato m, ¨ , is considered in the latti ce [4, 11], the estim ated value
of §B for GeTe is ¤ 1 9 0 ps. The values of ¨ were calcul ated from the data in
R ef. [8]. The estim ated l i feti mes of positro ns, tra pp ed at cati on and anion vacan-
ci es, are ¤ 2 9 0 ps and ¤ 2 3 0 ps, respectivel y. The values of §1 (G eTe) = 244.8 ps
and §1 (SSs) ¤ 261{ 266 ps are much higher tha n 190 ps. They coul d be connected
wi th negati vely charged monovacancies in the Ge subl atti ce. The second l i feti m e
§ 2 ¤ 4 5 0 { 550 ps, m ost pro babl y, is due to anni hi lati on of positro ns, tra pp ed at
large vacancy cl usters or at surfaces of interna l voids (see below).

One of the interesti ng resul ts from the present measurements is the existence
of a long-l ived com ponent of the order of ¤ 2 : 2 ns wi th an intensi ty in the range
5{ 8%. Thi s im pl ies tha t Ps ato m s are form ed in the studi ed sam ples. Accordi ng
to [12], positro ni um form atio n is impossible in the bul k of semiconducto rs, but i t
m ay occur on the surfaces, incl udi ng interna l ones. Theref ore, one coul d supp ose
tha t the studi ed sam pl esconta in f ree-vo lume holes (p ores). Because of the compar-
ati vel y high values of mean energy of positro ns, emi tted from 2 2Na ( ¤ 0 : 2 MeV),
and of the intensi ty I 3 ; § i s unl ikel y to be connected wi th the externa l surf ace of
the chemical ly etched sam ples. The intensi ty of the o -Ps component increasesver-
sus the increase in AgBi T e content, showi ng tha t pores are parti al ly connected
wi th the al loying of GeTe. The vari atio ns of the two longer l i feti mes § and §

wi th x are very sim i lar (T able). Thi s coul d m ean tha t positro ns tra pp ed at the
surf aces of the pores can annihi late as tra pped parti cles or can form positro nium .
Theref ore, both § and § reÛect the size of the same pores.

The real com positi on of GeTe and (GeTe) x (Ag Bi Te ) x sol id soluti ons
(G eTe-SSs) can be wri tten as

( Ge £ V £ ) Te and f [Ge x = x Ag x = x Bi x = x ] £ V c
£ g T e;

where £ i s the num ber of cati on vacanci esV . The latter ones are the most pro babl y
doubl y ioni zed [8], i .e. they are negati vely charged. The respect ive acceptor levels
are located in the valence band. The mechanism of \ self-al loying " is the reason
for the p -typ e conducti vi ty of the GeTe and the corresp ondi ng Ge-ri ch SSs. The
£ -v alues were estim ated by com parison of the densiti es calculated on the basis of
X- ray di ˜ra cti on resul ts and m easured pycno metri c ones [13]. For GeTe £ = 0 : 0 2 9 .
At concentra ti ons of AgBi T e below tha t of vacancy concentra ti on in GeTe, the
im puri ty ato m s Ùll the vacancies and the latti ce perf ection is impro ved. At higher
Ag Bi Te concentra ti on, the num ber of the vacancies in GeTe-SSsincreases wi th x

from 0.033 to 0.042. D ue to thi s very hi gh concentra ti on of vacanci es in the studi ed
m ateri als, one m ay consi der tha t the tra ppi ng of positro ns and positro ni um is
satura ted, i .e. al l of them are tra pped before anni hi lati on. Thi s made im possibl e
the use of the tra ppi ng m odel to calcul ate the rate of the positro n tra ppi ng at
defects.

The hole concentra ti on, p , was measured by the Hal l -e˜ect experim ents at
room tem perature before positro n anni hi lati on m easurements. In Fi g. 1, the mean
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Fig. 1. Variation of mean positron lif etime §m w ith hole concentration p.

Fig. 2. Mean positron lif etime as a function of relative positroniu m intensity I 3 .

positro n l i feti m e, §m , is presented as a functi on of p . It decreaseswhen p increases.
Thi s is in a seeming contra dicti on wi th the other observati ons [2, 7]. The measured
num ber of carri ers is a sum e˜ect of all electri cal ly acti ve centers, present in a
sam ple. In the ci ted papers, the correspondi ng carri er concentra ti ons are equal ,
or di rectl y proporti onal , to the numb er of negati vely charged vacancies to whi ch
positro ns are onl y sensiti ve. In the present case, the hole concentra ti on decreases
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when the numb er of the cati on vacanci es, £, increases wi th x . In our opinion
thi s is due to creati on of donor- typ e levels, fol lowing AgBi T e2 addi ti on. Thi s is
consistent wi th the exp erimenta l ly observed change of the conducti vi ty from p -
to n -typ e at x > 0 : 4 [14]. Perha ps, the unusua l §m À p dependence is parti al ly
expl ained by decreasing screening length of the VG e charge due to extrem ely high
carri er concentra ti on (energy band gap of GeTe E g = 0:1 eV).

Mo reover, because of the pores presented in the studi ed sam ples, the values
of §m stro ngly depend on the concentra ti on of the pores, as can be seen in Fi g. 2,
where the interdep endence between § m and I 3 i s presented.

The ranges of vari ati on of S and W -parameters are relati vely smaller tha n
tha t observed for other semiconducto r com pounds. Perhaps, thi s is due to the f act
tha t the addi ti on of Ag Bi Te does not change the anion subl atti ce of the GeTe-SSs.
Theref ore, the nearest surro undi ng of a cati on vacancy V does not change.

The core W -parameter as a functi on of Ag Bi Te am ount, x , is presented
in Fi g. 3. The experim ental points, except pure GeTe and x = 0 : 2 , l ie on the
sam e stra ight l ine. In our opini on, thi s is due to the repl acing of Ge ions in the
cati on subl atti ce wi th Ag and Bi . In the latter case one can expect m ore positro n
anni hi lati ons wi th core electrons.

Positro n l i feti mes and DBAL in smal l band gap semiconducto r GeTe and
(G eTe) x (Ag Bi T e ) x sol id soluti ons were measured for the Ùrst ti m e. It was
establ ished tha t positro nium form ati on occurs in polycrysta l l ine m ateri als studi ed,
and i ts yi eld is small ( ¤ 5 À 8%) but essential . The shortest l i feti me is interpreted
as due to positro n tra ppi ng in negati vel y charged monovacancies in Ge subl atti ce.
The m ean positro n l i feti m e decreaseswhen the hole concentra ti on increases.
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