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Posi tron anni hi lati on spectroscop y can b e used to deter mine the role

of vacancy defects in semicondu ctors , by identi Ùcati on and quantiÙcation of
the vacancies and their chemical surroundin gs. W e have studied 0.5À 0 :8 ñ m
thic k low temp erature M BE GaMn A s layers w ith Mn content 0. 5{5 % and dif -
ferent A s2 partial pressures at grow th. T he Doppler broadening results show

that the Ga vacancy concentration in the layers decreases w ith increasin g
Mn content and decreasing A s2 partial pressure.

PAC S numb ers: 61.72.J i, 75.50.Pp, 78.70.B j

1. I n t rod uct io n

The possibi l ity to incl ude magneti c impuri ties at rela ti vel y hi gh concentra -
ti ons in GaAs by means of low temperature molecular beam epi taxy (L T- MB E) has
opened new exci ti ng prospects of combini ng magneti c phenomena wi th high speed
electronics and opto electro nics [1, 2]. The num erous investigati ons of Ga Mn As
al loys tha t ha ve been carri ed out so far have revealed interesti ng materi al prop-
erti es, the most nota ble being carri er- induced ferrom agneti sm [3]. However, the
questi on of self -com pensati on of the holes induced by Mn rem ains open.

The point defects in Be- and Si-doped as well as undo ped LT GaAs have been
previ ously studi ed by positro n anni hi lati on spectroscopy [4{ 9]. Ga vacanci es have
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been found in both p - and n - typ e materi als, com plexed wi th either As anti sites or
Si im puri ties, respect ivel y [6]. As vacanci es have also been observed in highl y Si
doped LT GaAs [8]. It has been shown [9] tha t in Be-doped (i .e. p -typ e) LT GaAs,
the Ga vacancy concentra ti on is indep endent of the Be concentra ti on.

W e report on the incorporati on of nati ve point defects, speciÙcal ly vacanci es,
in LT- MBE Ga1 À x Mn x As lay ers wi th Mn content 0.5{ 5%. The vacancies were
inv estigated by positro n anni hi lati on spectroscopy using a variabl e energy slow
positro n beam. W e dem onstra te tha t Ga vacanci es are present in al l the layers
studi ed. Furtherm ore, the Ga vacancy concentra ti on decreases wi th increasing Mn
content, indi cati ng tha t the Mn im puri ti es have a signi Ùcant inÛuence on the
form ati on of nati ve point defects in LT- MBE GaAs.

2. E x per i m en t a l

Positro n anni hi lati on studi es were carri ed out using a vari able energy
(0{ 40 keV) positro n beam. Af ter im planta ti on and rapid therm al izati on in the
sam ple, the positro ns can get tra pped at neutra l and negati ve vacancy defects,
where the positi ve ion core is m issing. Due to the reduced electron density at va-
cancies, the l i feti m e of the tra pped positro n increasescompared to the l i feti me of
the positro n in the defect- free latti ce. Furtherm ore, the positro n{ electro n pai r m o-
m entum di stri buti on becom es narro wer, whi ch can be observed as a narro wi ng of
the Doppl er broadened 511 keV anni hi lati on l ine. Positro ns can get local ized also
at the hydro genic states of negati ve ion defects, even i f these do not conta in open
vo lume. Thi s tra ppi ng at shal low positro n states can be used to obta in inf orm ati on
on ioni zed acceptors such as negati ve anti sites and im puri ti es.

The electro n{ positro n pair mom entum di stri buti on is m easured by recordi ng
the D oppl er broadening of the 511 keV anni hi lati on l ine wi th a high-resoluti on Ge
detecto r. The shape of the m omentum di stri buti on is described in term s of the
low and hi gh electron m omentum param eters S and W , respecti vely [10]. The S

parameter represents the fracti on of positro ns anni hi lati ng mainl y wi th valence
electrons wi th a longitudi na l mom entum com ponent of j p L ,
where is the electro n m ass and the speed of l ight. The param eter is the
fracti on of anni hi lati ons wi th core electrons wi th a large m omentum com ponent
of . The narro wer m omentum distri buti on
caused by positro n tra ppi ng at vacancies is seen as an increase in the parameter
and as a decrease in the param eter.

The anni hi lati on param eters and are characteri sti c of each m ateri a l.
The values recorded at a parti cular positro n im planta ti on energy are l inear
superpositi ons of the param eter values characteri zing anni hi lati ons at di ˜erent
positro n states, weighted wi th the anni hi lati on fracti ons for the corresp ond-
ing states

(1)
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W ( E ) = ² su r fac e(E ) W surfa ce + ² la ye r ( ) + ( ) (2)

In Eqs. (1){ (2) ( ) ( ) and ( )
are the characteri stic param eter values for positro n anni hi la ti on at the sampl e
surf ace, insi de the LT- MBE GaAs layer, and in the substra te, respecti vely. The
surf ace parameter is very sensiti ve to structura l and chemical e˜ects, e.g. to the
conta m inati on of the sampl e surface. The fracti ons ( ) depend on the positro n
di ˜usi on length, im plantati on depth and on the defect concentra ti ons. W hen the
im plantatio n energy is high enough, no positro ns can di ˜use to the surf ace and

= 0.
W hen the layer under study conta ins defects tha t can tra p positro ns, the

layer-speciÙc and param eters can be wri tten as

= + (3)

= + (4)

where ( ) and ( ) characteri ze the anni hi lati ons in the
perfect latti ce, and in the defect , respecti vely. If only one typ e of defects tha t can
tra p positro ns is present in the layer, the measured and are l inear combina-
ti ons of the values ( ) and the values ( ) characteri z-
ing the anni hi lati ons of the positro ns tra pped at vacanci es. In the plane the
m easured ( ) points fal l on a stra ight l ine between the points ( )
and ( , ), and the exact positi on is determ ined by the f racti on of
tra pped positro ns. The slope of the l ine is a defect-speciÙc param eter and it can
be used as a Ùngerpri nt to di stinguish between di ˜erent vacanci es.

The vacancy- typ e defects in Ga Mn As were studi ed in 0.5 0 8 m thi ck
layers grown on semi-insul ati ng (SI) GaAs substra tes by LT- MBE wi th Mn content
0.5{ 5% (equi valent to 1 1 0 1 1 0 cm ). An undo ped LT- MBE GaAs and a
- typ e GaAs sampl e ( [Zn] = 10 cm , known to be free of vacancy- typ e defects)

were m easured f or reference. W e studi ed the e˜ect of increasing Mn content on
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the vacancy concentra ti on in LT- MBE GaMnAs as well as the e˜ect of increasing
the As2 parti al pressure duri ng growth wi th constant Mn content. Al so the e˜ect
of post-growth anneal ing was studi ed. The deta i ls of the LT- MBE sampl es are
col lected in T able.

3. R esul t s

The S and W param eters in al l GaAs layers were measured at 300 K as
a functi on of the positro n beam energy E (typi cal S vs. E pl ots are presented
in Fi g. 1). The resul ts are presented relati ve to the S and W param eters of the
defect- free p - typ e GaAs ref erence, for whi ch the param eters are thus deÙned as
(W bul k ; S bulk 1, 1). Thi s enabl es the compari son of results obta ined wi th
di ˜erent measurement system s, since the relati ve and param eters are rather
independent of the energy wi ndows and of the small vari ati ons in the energy resolu-
ti ons of di ˜erent Ge detecto rs. The impla nta ti on proÙle (a deri vati veof a Gaussian)
of the m onoenergeti c positro ns into GaAs is such tha t even tho ugh the positro ns
penetra te to a m ean depth of m at 10 keV beam energy, a signiÙcant frac-
ti on stops deeper tha n m . Thus, in Fi g. 1, only the data below 15 keV is
shown, and depending on thi ckness of the layer, the data from 6{ 10 keV upwa rds
is a˜ected by the data com ing from the substra te SI GaAs, whi ch appears to be
defect- free.

The e˜ect of the positro ns di ˜usi ng to the surface of the sam ple is clearl y seen
in Fi g. 1. It also shows tha t the di ˜usi on length of the positro ns in the GaMnAs
layers is so short tha t positro ns impl anted wi th an energy of 3 keV no longer di ˜use
to the surf ace. Thus the data between 4{ 6 keV can be ta ken as com ing purel y f rom



Observat ion of Vacanci es in Ga 1 À x Mn x As . . . 605

the layer under study . The S parameter of the GaMnAs layer is cl earl y a functi on
of the Mn content in the layer, and decreaseswi th increasing concentra ti on of Mn.

A better understa ndi ng of the situa ti on can be obta ined by looki ng at Fi g. 2,
where the S and W param eters m easured from al l the LT- MBE GaMnAs layers
and the reference sam ple are presented in the (W; S ) plane. The m easured points
fal l on a stra ight l ine, indi cati ng tha t onl y one typ e of defect is detected. The
l ine goes thro ugh the ref erence point, i .e. the bul k values of S and W . Since
the slope of the l ine is characteri sti c of the defect, i t also goes thro ugh the S

and W param eters speciÙc to the defect in question. Previ ous studi es on GaAs
[4, 7] give for the speciÙc (W , ) parameters of the Ga m onovacancy
(0.73(1), 1.021(3)). Thi s value Ùts very nicely on the extensi on of the l ine in Fi g.
2, and it can thus be concl uded tha t the defect present in the GaMnAs layers is
the Ga monovacancy .

The identi Ùcati on of the observed defect as a Ga vacancy is supported by the
fact tha t the am ount of vacanci es decreases wi th increasing Mn content. Thi s is
exp ected for a cati on vacancy, since i ts f orm ati on energy increases as the materi al
becomes more and m ore - typ e. The increase in the As parti al pressure duri ng
growth increases the am ount of defects in the layers, whi ch also supp orts the
identi Ùcati on. The ri cher the As condi ti ons, the more Ga vacanci esare form ed. The
therm al anneal ing at 2 7 0 C also seems to increase the Ga vacancy concentra ti on.

The Ga vacancy concentra ti ons in the GaMnAs layers can be calcul ated
from the positi ons of the ( ) points on the l ine between the bul k and Ga
vacancy param eter values [10]. The concentra ti ons vary from 1 0 cm in the
LT- MBE GaAs layer and 1 0 cm in the low Mn content (0 .5%) layers to

1 0 cm in the high Mn content (1 .5% and up) layers. The negati ve Mn ions
can act as shal low tra ps for positro ns also at room tem perature, whi ch resul ts in
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less anni hi latio ns in the vacanci es. Thus, wi th the present m easurement data , the
concentra ti ons stated above should be vi ewed as lower l imi ts.

4 . Co n cl usion s

W e perform ed positro n anni hi lati on experim ents to study nati ve defects in
LT- MBE GaAs and Ga1 À x Mn x As where the Mn content and the sto ichiom etry
were varied duri ng growth. Ga vacanci es were identi Ùed in al l sam ples. The con-
centra ti on of Ga vacanci es wa s shown to decrease wi th increasing Mn content.
Thi s behavi or is di ˜erent from Be-doped LT- MBE GaAs, where the Ga v acancy
concentra ti on wa s observed to be independent of the Be concentra ti on [9], tho ugh
smal ler tha n in undoped LT- MBE GaAs. Thus i t can be concl uded tha t Mn has a
signiÙcant inÛuence on the incorporati on of point defects in LT- MBE GaAs layers.
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