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DX Centers in lonic SemiconductorCdF,:Ga
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Analysis of thermally and optically induced transformations of metastable Ga centers in the wide-gap,
predominantly ionic semiconductor Cdpoints to the existence of two metastable states of the center.
The configuration-coordinate model of the center is discussed and its energy parameters are determined.
It is concluded that this center is not judbX-like,” as was initially assumed, but is a trdgX center
with a shallow donor and two deep negatit/estates. [S0031-9007(98)05594-X]

PACS numbers: 78.40.Fy, 61.72.Ji

The metastabledX-like centers observed in covalent This paper shows thatwo types of DX centers
and ionic-covalent semiconductors also occur in the wideexist in semiconducting CdFEGa. Parameters of the
gap, predominantly ionic CdF crystals with fluorite configuration-coordinate model are determined from
structure doped with the trivalent impurities In or Gathe analysis of thermal and optical transformations of
and annealed (additively colored) in a hydrogen or metalthe centers. Together with previous studies [6-8], the
vapor atmosphere. The annealing procedure transfers tipeesent Letter reports similar properties of the metastable
crystals into a semiconducting state. centers in typical semiconductors and semiconducting

As is well known, the deep state of thieX centers CdF,. We conclude that CdFis the most highly ionic
in semiconductors is formed by the capture of a secondrystal among those in whichX centers are observed.
electron at a neutral donor [1]. On the other hand, it was CdF,:Ga crystals with the dopant concentration
initially assumed that the two states of the bistable centeNg, = [(1.5-7.0) = 0.3] X 107 cm™® were grown
in CdR, correspond to the donor electron localized either afrom the melt and annealed in metal vapor to convert
the intrinsic atomiclike orbital ¢/>* configuration,M =  impurities into the metastable state. The valueNgf,

In, Ga, “deep” center) or at the hydrogenic od¢’ +  was obtained by shallow-center absorption measurement
enydr, “shallow” donor center). Thus, transformation of (see below). After crystals are cooled in the dark to
the center was assumed to proceed without a change in it = 5 K, nearly one half of the Ga ions appear in the
charge [2—4]. Within this framework, In and Ga bistable“optically silent” G&* state. An equal quantity of ions
centers are treated as the examples of intrinsic self-trappirfgrm deep G&" centers which are responsible for a
after Toyozawa [5]. photoionization absorption band in the ultraviolet-visible

Our studies of optical and thermal transformations of(UV-VIS) region of the spectrum. This band composes
M centers in Cdf showed that, in fact, a change in the a photochromic portion of intensive UV-VIS absorption
center's state is accompanied by a change in its chargépical of additively colored CdEGa [Fig. 1(a)]. The
The bimolecular kinetics of thermal destruction of shallownautre of the nonphotochromic portion of this absorption
centers and the quantum yield= 2 of the photochemical will be considered elsewhere. Figure 1(a) also shows
reaction of the deep-shallow center transformation clearlyhe short-wavelength tail of a wide infrared (IR) band
indicate that two shallow centers participate in the forma{Anax = 7 um, Fig. 1, inset). The IR band corresponds to
tion of one deep center andce versa[6]. This means photoionization of the shallow centers (Ga+ enyar), @
that the ground state of the center corresponds to the small number of which exist in the rapidly cooled crystals.
localization of two electrons thus testifying to the formally In [9] a relation between the peak absorption of the IR
single-valent character of this state, i.e., its negafive- band a,x and the dopant concentration in GdF was
nature. reported. Since the IR band shape is almost independent

Direct evidence for the two-electron nature of the deemf the chemical nature of the trivalent impurity [10], we
center was found in measurements of the magnetic momeanse this relation to determimég, by a.x.

J of CdR:In crystals. In these experiments, no magnetic lllumination of the crystals in the UV-VIS band causes
moment was observed in the deep state of the In centeits partial bleaching and a simultaneous strong increase in
However, it appeared/(= 1/2) when the shallow state the IR band intensity [Fig. 1(a)]. This photochemical re-
was populated by photoexcitation of the deep state [7]. action corresponds to deep-to-shallow center conversion.

Metastability of the nontransition impurities in CdF The giant photochromic effect in CegfM was recently
was explained by the sequence of filling of the valentused for writing holographic gratings in these crystals
atomic shells for these dopants; on the other handl1-13].
transition-metal and rare-earth impurities produce only To study deep Ga centers and their energy parameters,
shallow-donor states in this crystal [8]. we analyzed the shallow-center thermally induced decay.
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- FIG. 2. Temperature evolution of the normalized IR absorp-
-1 i tion under the slow heating of Cdfca crystals withNg, =
7.0 X 107 cm™3 (A = 1.45 um, solid line) andNg, = 1.5 X
4 10" cm™3 (A = 1.8 um, dashed line) abovEé = 5 K. In the
2 inset, the Arrhenius plot for the optical density in the IR band
- L L (A = 1.45 um) of the former crystal under slow cooling below
5 4 3 2 1 T = 300 K is shown.
Energy (eV)

) the hydrogenic state and a deeper state into which the for-
7F.I(()3.><liO‘ﬁgfnqrgtlggolzzei(ﬁr?hemd ;rk(%grei SCQ/S(tSaé”S'ﬁ?ng) m(_arrh|s transformeq in the first temperature range. .
and bleached in the UV-VIS band at the same temperature € question arises as to whether the Ia’Fter state Is a two-
(dashed line) (a) and differential absorption spectra of crystaglectron state as well, i.eDX-type, or a single-electron
with DX (solid line) andDX' (dashed line) centersNGg, =  metastable state with its own smaller capture barrier. To
1.5 X 107 em >, 7 = 5 K) (b). In the inset, the IR absorption answer this question, we have analyzed the kinetics of the
baﬂd7;°}r<"?‘ b'heaChed crystal witNg, = 7.0 X 107" cm™ at  gha|low-center thermal decay for both temperature ranges
r= IS Shown. for a crystal withNg, = 1.5 X 107 cm™3 [14]. For this

crystal both of the stages of decay are well pronounced.

After bleaching in the UV-VIS band & = 5 K, crys-  The crystal was cooled tB of the first or the second range
tals were slowly heated at a constant rate 0.05ded@he  and bleached in the UV-VIS band after which the decrease
change of the IR band intensity with temperature repreef absorption in the IR band with time (due to decay of the
sents the temperature dependence of the shallow-centehnallow centers) was measured. Excluding a short time
concentrationVyyg, Neglecting a slight modification of the interval in which the fast decay occurs, it was found that,
band shape witl" [9]. Shallow centers are stable below as for the second range, the decay curve for the first range
20 K. Above this temperature an electron from such ds well described by a hyperboliclike dependence typical
center is thermally excited into the conduction band andf a bimolecular reaction (Fig. 3) [15]. This characteristic
can be captured by another shallow center. Such camf the shallow-center decay clearly indicates that, in any
ture is also thermally activated because it proceeds onlgase, two one-electronic shallow centers are involved in the
with the overcoming of the potential barrier. The decayelementary act of their thermal destruction. The centers
of shallow Ga centers predominates over their formation invhich are being formed when the shallow centers are
two ranges of the temperature decrease of the IR absorgestroyed are thus shown to be two-electron states. Below,
tion: 20 < T < 90-110 K (“first range”) and190-220 <  we denote the centers formed in the first rang®s to
T < 260-280 K (“second range,” Fig. 2; the interval lim- distinguish them from the ground-stdbX centers formed
its weakly depend oVg,). These results testify to the ex- in the second range.
istence of three states of the Ga center:etype ground The faster decay in the initial stages is explained by
state which is formed in the second range of the shallowthe relatively high mobility of photoexcited electrons due
center decay [6] and two metastable states. The latter ate the small quantity of G4 ions which trap electrons;
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FIG. 4. Generalized configuration-coordinate model of Ga
FIG. 3. Decay of IR (shallow center) absorption in GdFa  centers in CdEGa.
(Nga = 1.5 X 10'7 cm™, A = 1.8 um) after switching off the
bleaching UV-VIS light a7’ = 82 K (a) andT = 254 K (b).  andE,,, = 1.12 eV for the second range. A comparison
Black circles are experimental points, solid lines show theyt ihase values shows the significantly larger lattice distor-
tion of the DX center as compared with theX’ center.
Probably, the large lattice relaxation required for Ihg-
an increase of these ions during the decay decreases tbenter formation explains “freezing” of the small (honequi-
electron mobility and results in the hyperbolic-type dependibrium) concentration of shallow centers during the rela-
dence when the mobility approaches its equilibrium valudively fast cooling of crystals in the dark [Fig. 1(a)].
(for the temperature of experiment). The “nonhyperbolic” The ranges of the temperature increase of the IR
fragment of the decay is less pronounced in the secondbsorption correspond to equilibrium between shallow and
range as compared with the first range since the differencBX’ centerg90-110 < T < 190-210 K) and among all
between the initial concentratidv,q, (0), from which de-  three centers involvedZ'(> 260-280 K). The binding
cay begins after switching off the bleaching light, and equi-energies of the deep centdts and E; were determined
librium concentrationVyyg, () is lower for this range. from the dependence of the IR absorption IofT" under
One can note that the formation @X’ centers in slow (0.05 degs) crystal cooling from room temperature
samples with relatively high dopant concentration is(Fig. 2, inset). To obtain these energieB,,; must
strongly suppressed (Fig. 2, see below). be added to the values found from this dependence.
To describe the temperature dependence of the shallovia the crystal withNg, = 7.0 X 10'7 cm™3 the binding
center thermal decay we employed a model similar teenergies areE; = 0.39 eV, E; = 0.14 eV. Thus, the
that which Thioet al.[16] used for analysis of deep binding energy ofDX’ centers is only slightly larger than
donors in Cd-,Zn, Te:Cl (Fig. 4). This model includes that of the shallow-donor centers.
two DX-type states, namely, the shallowérX’) and the One can speculate that the suppression of the first stage
deeper DX) states, the hydrogenic statéf), and the of the shallow-center thermal decay in high-concentration
conduction band(@B). At T < 20 K, thermal excitation samples is due to the autoionization/®X’ centers in the
of electrons from the shallow-donor centers is practicallrandom electric field induced by charged'Gand Ga*
impossible. At higher temperatures, this process occurspns. This process, being opposite to the shallow-center
accompanied by)X’- or DX-center formation. Accord- decay, increases the concentration of the shallow centers.
ing to the process described above of deep center foifhe higher isNg,, the more pronounced is this effect.
mation, the kinetics of the shallow-center thermal decayProbably, the relatively low binding energy B’ centers
corresponds to the bimolecular mechanism with activapromotes their autoionization which does not occuidar
tion energyE,. = Enyar + Ecap/(Ecap) fOr the first (sec-  centers even at the highest doping levels studied.
ond) range of the decay. From an analysis of the kinetics Evidently, DX and DX’ centers should have signifi-
we determineE,. (details of this procedure are given cantly different photoionization absorption spectra. To
in [6]). Then, using the known value of the shallow- confirm this, the spectrum of a CgBa crystal with
center binding energgs,a: = 0.116 eV [10], we calcu- Ng, = 1.5 X 10" cm® was measured after (i) crystal
late the barrier heighE.,,r < 0.1 eV for the first range cooling to 7 = 5 K in the dark; (ii) crystal bleaching

hyperbolic-cotangent dependence fitted to experimental data.
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