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Positron annihilation experiments reveal an open-volume defect in the deep state atomic configura-
tions of bistable donors In and Ga in GdFThe size of the open volume is at least half of a monova-
cancy. The results are similar to those obtained previously fotkiecenters in the covalent system
Al Ga_,As. ltis therefore likely that the bond-breaking mechanism (substitutional to interstitial atomic
motion) responsible for metastability of point defects in covalent semiconductors is more universal and
its validity extends to highly ionic compounds, similar to GdF[S0031-9007(99)08958-9]

PACS numbers: 61.72.Ji, 61.72.Bb, 71.55.Ht, 78.70.Bj

Bistable centers are some of the most fascinating poirtials doped with In [11]. Interestingly, most recent theoreti-
defects in solids. The charge carriers are captured atal computations of the defect structure of donors in these
these either on localized orbits or in effective mass boundrystals also suggest a possibility of negativg12] and
states. The two types of states are separated by a vibronimnsymmetric lattice relaxation with even a substitutional
barrier causing metastability of the shallower effectiveto interstitial dopant motion [13]. Such a relaxation would
mass state at low temperature. Such defects are foundvariably produce a cationic vacancy, which most easily
from highly covalent (e.g., Siin AlGa —As [1]) to highly  could be observed by positron annihilation spectroscopy.
ionic crystals (e.g., Ga and In in Cdif2]). In spite of Positron annihilation is a well-established method to
the very different nature of the bonds in these crystalsstudy vacancy-type defects in solids [14,15]. Positrons get
bistable defects exhibit largely similar properties. Thetrapped at negative and neutral vacancies due to the miss-
origin of the metastability is usually attributed to a largeing positive ion core. In a vacancy, the electron density is
lattice relaxation taking place in the transition between thdower than in the lattice which leads to an increase in the
states [3]. In covalent hosts, the bond-breaking mechanismositron lifetime and narrowing of the momentum distri-
in which atoms change lattice position (e.g., substitutionabution of the annihilating electron-positron pairs. Among
to interstitial) is responsible for the metastability [4]. the most exciting discoveries are the direct observations of
This mechanism, being a characteristic feature ofsthe  vacancy-type defects related to the EL2 in GaAs and the
bonded defects, was hard to believe as dominant in ioni®X center in ALGa —,As [16,17].
hosts such as doped CdFIt was therefore proposed [5]  In this Letter, we report the first direct experimental
that metastability in these crystals comes simply from avidence on an open-volume defect related to the deep
large inward relaxation of neighboring anions upon eithestate atomic configurations of In and Ga bistable donors
ionization or the electron phototransfer to the effectivein CdF,. The positron results on the bistable centers
mass delocalized hydrogenic bound states of the donoin CdF, are analogous to those on theX center in
This intuitive model got later support from theoretical Al,Ga —,As. Hence, they show unexpected universality
computations by Sonet al. [6]. of the bond-breaking mechanism of the bistability of

The revival of interest in bistable defects came recentlydefects in semiconductors.
after a series of papers showing that semiconductors dopedTwo standard positron annihilation techniques were
with such defects are very efficient media for the storage ofised in this work: conventional positron lifetime and
holograms [7]. Apparently CdFcrystals doped with Ga Doppler-broadening measurements [14,15]. Two iden-
[8] are the most promising hosts for this application as theical sample pieces were sandwiched arounéfacCl
metastability of Ga donors occurs already close to roonpositron source df0—50 wCi. The positron lifetime spec-
temperature (about 250 K). After this discovery, new ex-tra were measured with fast-fast spectrometers whose time
periments showed that bistable donors in €dFystals resolutions were 210-250 ps (FWHM). No significant
form a negativey system and thus the ground state ofpositronium formation was observed in the samples. The
these donors is in fact a two-electron state [9,10]. LatDoppler-broadening data were collected with a high-
tice relaxation involved in the formation of a two-electron purity Ge detector whose energy resolution was 1.3 keV
state and the metastability may thus be more complex thaat 511 keV. The annihilation line shape was characterized
just a symmetric collapse, as originally suggested. Suchwith the conventional low electron-momentum parameter
conclusion emerged also from a very recent observation & which mainly describes annihilations with valence
a macroscopic metastable lattice shrinkage of Cellys-  electrons [14]. It was calculated as the fraction of counts
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in the energy intervalE, 511 keV| < 0.7 keV. When to escape from the shallow state around the negative ions,
positrons annihilate at vacancie$, parameter increases which enhances trapping at vacancies, i.e., increases the
because the Doppler broadening of the annihilation lineaverage lifetime.

decreases due to lower electron momenta at vacancies. Toln a recent theoretical work, Mattilet al. performed

be able to vary the state of the bistable defects, the sampled initio calculations on the formation energies of point
were mounted into an optical cryostat & 8-350 K).  defects in CdE[12]. They suggest that in-type material

The sample illumination was performed with monochro-the Cd vacancy is the most abundant vacancy defect. As
matic light (z» = 1-4 eV, photon flux>10'> cm™2s!).  shown, we observe native vacancies in Y, Ga, and In doped
(For technical details, see Ref. [18].) material and it is thus natural to attribute them Vg,.

The bulk CdFk crystals were grown by the modified In addition, the calculations [12] confirm the traditional
Bridgman method. Two of the samples (#1 and #2) wer@assumption that F interstitials are abundantly formed as
doped with Ga, one (#3) with In, and one (#4) with Y negatively charged compensating defecta-type CdF.
(concentrations were in the rang@'®-10'° cm™3). Al The positron data indicates the presence of negative ions
of the samples were annealed in reducing Cd atmospheie Y, Ga, and In doped crystals. These defects are most
to remove compensating F interstitials. Sample #2 wagrobably the F interstitials.
annealed more thoroughly than sample #1 to vary the con- The key experiment concerning defect bistability is to
centration of bistable defects in the samples. The Y dopesdtudy whether illumination has an influence upon positron
sample was suitable as a reference since Y is a simplkeapping. Illumination is known to induce deep-shallow
effective mass shallow donor in CgErystals [2]. transition of the bistable centers [2]. A most pronounced

The average positron lifetime results, measured in darkeffect is observed in both In and Ga doped crystals at 15 K:
ness from 10 to 300 K, are shown in Fig. 1. WhenThe mean positron lifetime decreases with increasing pho-
positrons are trapped at open volume defects, the averagen fluence and saturates to a value of 1—-4 ps lower than
lifetime 7,, increases compared with the valygx inthe  obtained before illumination. The changes are persistent at
lattice. In all of our samples, the lowest average lifetimesl5 K: After an illumination the average lifetime remains
were measured at temperatures below 50 K. Raising theonstant for days. In contrast to these effects, the illumi-
sample temperature towards room temperature leads to aation has no influence on the positron lifetime in the Y
increase of 5—15 ps in the lifetime values depending on thdoped sample.
sample. The most natural explanation for this temperature To study the thermal stability of the observed persistent
dependence is positron trapping at two different types othange in the average lifetime, we performed an isochronal
point defects: some open-volume defects and some negannealing experiment (Fig. 2). The samples were first il-
tive centers without any open volume [14]. At low tem- luminated with 1.95 eV (In doped) or 3.0 eV (Ga doped)
peratures, a considerable fraction of positrons gets trappgthotons whereafter the measurements and the heat treat-
at negative ion-type defects, which prevents them from getments were performed in the dark. In In doped gdin-
ting trapped at vacancies. Above 60 K, positrons are ablaealing in the range from 60 to 75 K restores the lifetime at
the initial level before illumination. In the case of the Ga
doped CdE, the recovery occurs between 200 and 250 K.

W1 T 1 These temperatures are the same at which the bistable cen-
i CdF2 . ters make the transition from the shallow state to the deep
200 |- B state [2].

The positron lifetime can be directly correlated with the

=
- o . optical absorption of the bistable defects by performing
E 195 |- ] the experiment as a function of the photon energy. The
E absorption related to the deep states of Ga and In begins
; - . to increase at 2.5 and 1.5 eV, respectively (Fig. 3). In
S 190k _ the positron experiment the samples were illuminated at
é ® #1Gadoped 15 K to a constant photon fluence. The positron lifetime
8 O #2Gadoped ]| spectra were measured in the dark at 15 K after each
185 © #3Indoped — illumination (Fig. 3). Inthe Ga and In doped samptes
& #4Y doped starts to decrease at about 2.7 and 1.5 eV, respectively.
o oy | The_: average lifetime decre_ases with increasing at_)sor_ption
100 200 300 until the level corresponding to prolonged illumination
(fully depleted deep state) is reached. The photon energy
TEMPERATURE (K) ranges at which,, decreases and the absorption increases

FIG. 1. The average positron lifetime in darkness as amatch very yvell_ [19]. .
function of the measurement temperature. The solid lines are The data in Figs. 2 and 3 show that the average positron

guides to the eye. lifetime is sensitive to the state of the bistable centers.
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FIG. 3. The absorption spectra and the average positron
lifetime vs the photon energy. The absorption data show a

FIG. 2. The average positron lifetime measured at 15 K intypical result for In and Ga in the deep state. The positron
darkness as a function of the annealing temperature. Befor@easurements were performed in darkness at 15K after
each 10-min annealing the samples were illuminated at 15 Klluminating the sample to a constant fluendes(x 10" cm™2

with 1.95 eV (In doped) or 3.0 eV (Ga doped) light. The il- for sample #2 an@.0 X 10' cm™ for sample #3). After each
lumination was long enough to saturate the change in théneasurement the samples were annealed at 300 K. The solid

average positron lifetime (photon fluenzex 10'7 cm=2). The
open symbols and the dashed lines represent the lifetime levels
before illumination. The solid lines are guides to the eye.

lines are guides to the eye.

defect is a constituent of the deep state atomic structure of

the bistable centers in CdF A likely configuration is a
air of V¢4 and Ga or In interstitial in its close vicinity.

. . uch defect complex has an overall negative charge as In
i.e., more vacancies are detected, when the deep state JS4 Ga bistable donors form a negativesystem [9,10].

Positron trapping at open-volume defects is enhance

occupied. However, Cd vacancies are observed in the In

and Ga doped samples also when the bistable centers are

in the shallow state. This is evident since the average
lifetime after illumination (Fig. 2) is higher than the lowest
value 183 ps measured in the Y doped specimen (Fig. 1).
In order to differentiate between various open-volume
defects seen by positrons [14], we plot the low electron-
momentum parametet vs the average lifetime measured
in sample #2 at different temperatures (15-180 K) in
the dark before and after illumination (Fig. 4). The data
measured after illumination form a straight line which
can be explained with positrons annihilating at only two
states: as localized in a Cd vacancy and delocalized in
the lattice. Before illumination, the data do not fall on
the same line which indicates that positrons annihilate also
in a vacancy defect whose characteristiparameter and
positron lifetime are not the same as thosé/gf.

S PARAMETER

When the deep state of In and Ga is occupied, positrons

are thus trapped at vacancy defects which are differe
from Vcq (Fig. 4). The vacancy ceases trapping positrons,
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teristic positron lifetime in the deep state related vacancy
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the theoretical difference betweep,x andry,, is about _ State Commun23, 583 (1977); J. E. Dmochowski, J. M.
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The concentrations of the different defeds can be  [3] J.M. Langer, inReviews of Solid State Scien¢&orld
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and Ty, = 215 ps from theory [20]). Assuming that Radiat. Eff.72, 55 (1983); Inst. Phys. Conf. Sex35 197

. . » (1994).
all Ga and In dopant atoms are either singly positive as[6] Y. Cai and K.S. Song, J. Phys. Condens. Malte275
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In summary, we have studied-type CdF crystals (1994).
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