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lonized donor pairs and microwave and far-infrared absorption in semiconducting Cdk
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The dielectric permittivitye=¢e,—ie, of semiconducting CdFIn, CdF,:Ga, and CdE:Y crystals was
studied over the frequency range from 34.0 to 37.5 GHz at temperatures from 1.8 to 100 K. The photoinduced
transition from a semi-insulating to a conducting state in photochromic Qaand Cdk: Ga crystals results
in a significant increase of both the dielectric constd@ytAe;=0.5 to 1.4 and the dielectric-loss factgby
about an order of magnitugeThe low-field dielectric-loss factor in these photodecolored crystals and in
CdFR,:Y (e,=0.1 to 0.3 may be decreased by approximately an order of magnitude with an increase in the
microwave-field power at 1.8 K. Howeves, ceases to depend on the fieldTat-4 K. These features are
explained by the theory of Tanalat al. for resonant-saturated absorption of ionized donor pairs. We have
modified this theory to cover the far-IR range of the absorption spectrum of semiconductors with various
degree of compensation. Results following from the modified theory were compared with those obtained by
three other groups, namely, Blinowski and Mycielski, Efros and Shklovskii, and Baranovskii and Uzakov. We
have shown that the ionized donor pairs are responsible for the far-IR absorption in semiconducting CdF
studied experimentally by Eisenberger, Pershan, and Bosomworth. The role of impurity clusters in storage of
an “excess” impurity and as a source of interstitial fons during thermochemical treatment of as-grown
crystals(which determines the ultimate semiconductive properties of,CidFalso discussed.
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[. INTRODUCTION dopants reveal free-electron resonances with factor of
about 2 at room temperature. At low temperatures, strongly
CdF, is the only fluorite-type crystal and the only highly broadened spectra of electrons at donor levels are detécted.
ionic crystal that can be converted into a semiconducting\either free nor donor electrons are observed in EPR of
state via doping with column-lll elements of the periodic CdF, crystals doped with paramagnetic rare-edRE) ions,
table and subsequent annealing in reducing atmosphere, fprobably due to their interactions withf Zelectrons of the
instance, in Cd vapdrDuring this additive coloration pro- dopants:® It was found that additive coloration of the crys-
cess interstitial fluorine ions™F which are charge compen- tals decreases the EPR signal of paramagnetic RF ions
sators of the excess+1” charge of the dopants, diffuse out in cubic sited* by 10—40 %. This means that only 10 to 40 %
of the volume of the crystal to the surface where they recomef these ions participate in the reduction process. It was
bine with the reducing ageriCd). The charge neutrality of also found that an increase of the dopant concentration from
the crystal is maintained by an opposite current of electron.01 to 0.3 mol %, i.e., by a factor of 30, results only in a
into the volume. These electrons are localized in the condudhreefold increase in concentration of electrons in the addi-
tion band or at hydrogenic donor orbitals,(y) centered on tively colored crystalS. That is, the concentration of elec-
the dopant, embracing at least 12 nearest cations, rather th&nons introduced into the crystal during its coloration can be
at the inner atomiclike orbitals of the dopants, as it occursioticeably smaller than that of the dopant. Similar saturation
during additive coloration of other fluorite-type crystals phenomena were also observed in the IR absorption of
(CaR,SrR,,BaR,) doped with these elemerftd/arious au- CdFR,:Y.? In this case, the intensity of the Zm photoion-
thors estimate the Bohr radius of this orbital as 4—1&&. ization absorption band tended to saturate as the activator
The donor state in CdFhas a binding energy 6f 100 meV.  concentration was increased abov8.01 mol %.
This is well above the corresponding energy in conventional By analogy with Ca, Sr, and Ba fluorid&!® one may
semiconductorgfor comparison, in most of the IllI-V crys- assume for Cdf that a limiting concentration of
tals, this energy is about several meV and in I1-VI crystals it~10?° cm™2 of RE and Y ions can be introduced into GdF
amounts to 10-30 meVThe donor state in CgHs respon- as statistically distributed substitutidicubic) centers. The
sible for the IR photoionization absorption band, f, “redundant” impurities, whose solubility in CdHs as high
~7 um), which extends to the visible range of the as 10 mol% or more, form impurity-fluorine clusters, which
spectrunf:5:° are readily observed in the optical spectra of RE ions at
The room-temperature electronic conductivity of addi-concentrations of~0.1 mol % or more in the fluorite-type
tively colored Cdp crystals can be as high as 10 crystals?® including Cdk.!" The high solubility of some
Ohm *cm 1. However, the maximum attainable concentra-other impurities in Cdf, such as I8 suggests that the clus-
tion of free electrons does not exceed 0'° cm~2.31%11At  ter formation is a general phenomenon typical for most of
low temperatures, this conductivity turns into hopping con-column-IIl impurities in this compound. Probably, that is
ductivity between the donor levet&? these clusters which impede the complete removal of inter-
Electron paramagnetic resonan&PR measurements of stitial F~ ions from doped Cdj-crystals during additive col-
semiconducting Cdf-crystals with diamagnetic Lu and Y oration. The inevitable presence of the interstitial iBns in
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semiconducting Cdfcrystals is the main result of this study. <40 K for In and afT <200 K for Ga?® With an increase in
Therefore, the coexistence of the impurity-fluorine clustersemperature, their thermal decay proceeds according to the
and isolated defects, involving their dynamic interaction dur-reaction

ing the coloration process, allows us to explain the restric-

tions imposed on the maximum attainable electron concen- 2(M3" +epyg) +kT—MT +M3*, 2
tration~10'° cm™3, which were reported in Refs. 3, 10, and _
11. According to the results of the EPR stddyis concen- In this work, we study the low-temperature complex per-

tration is likely to be about 10-40% of that of the cubic mittivity of semiconducting CdfGa, Cdk:In, and
impurity centers in any “normal” semiconducting CdF CdFR,:Y crystals in the microwave range nees8 mm and
crystal’® discuss an important role of the ionized donor pairs in for-
Among donor impurities in CdF;, Ga, and In play a spe- mation of the dielectric response of these crystals in the mi-
cial role, because these dopants form bistable centers in tfgowave and far-IR(FIR) spectral regions. The low-
reduced (semiconducting crystals. Along with the “shal- temperature (down to 1 K microwave absorption in
low” hydrogenic state, they also have a “deep” strongly lo- semiconducting CdfFin magnetic fields up to 100 kG was
calized state featuring a large lattice relaxation, i.e., a largtudied in Ref. 8. Dielectric properties of undoped fluorite-
shift in the corresponding configuration coordinfté??As  type crystals, including CgF were reported in Ref. 31 for a
is shown in Refs. 23-26, the deep state is a two-electrowide spectral range.
state. The relaxation overcompensates the Coulomb repul-

sion of the two electrons_ with oppqsite_ spins_ at the same Il. EXPERIMENTAL
orbital. Such a large lattice relaxation is typical for two- ) N
electron metastable centef®X center$ in conventional Crystals were grown from a melt using a modified

semiconductors with ionic-covalent bord<® In the pre-  Stokbarger-Bridgemen technique. In and Y were introduced
dominantly ionic Cdg, this relaxation essentially arises into the mixture as fluoride compounds. The distribution co-
from an increase in the covalence induced by the column Il1£fficients of these dopants in Cgrare sufficiently large
(B subcolumi dopants. On the contrary, the column I(tsc ~ (0.34 and 1.38, respectivelyThe concentrations of In and Y
subcolumi dopants increase the ionicity of the bofaee ions in the grown crystals;-2x10°° cm °, were deter-
Ref. 29 for details mined by mass-spectrometric analysis. Ga shows low solu-
The microscopic nature of tHaX centers in Cdf:Ga and  bility in this crystal(the distribution coefficient being 0.05
CdF,:In was recently identified through direct first-principle and its concentration was2x 10'° cm™ . The additive col-
calculations The formation of the deep state is accompa-oration was performed in a mixture of-KCd vapors in a
nied by a[100}-axis displacement of a donor from the nor- chamber which provided separate temperature control of the
mal cation positior(surrounded by a cube of eight Fons)  crystal sample and the metal evaporator. In our typical col-
into an adjacent empty cube of anions. This large lattice reoration procedure, a temperature-6500 °C was maintained
laxation is responsible for the appearance of the energy bafor 30—40 min at the sample. Then the sample was cooled
rier, which separates the deep state from the metastable su#Hring ~1 h in a He gas flow. When the coloration param-
stitutional (shallow donoy state. The barrier heightis1 eV~ €ters were varied in a wide rangiey increasing the sample
for Ga and is less than 0.1 eV for 1A. temperature, the Cd vapor pressure, and the coloration,time
When cooled in the dark, reduced GdBa and Cdg:In  No increase in the concentration of the reduced impurity by
crystals are semi-insulating ones because electrons intrédore than 50% was observed, but the optical quality of the
duced into the crystals during the coloration are predomicrystal deteriorated. The concentration of electrons injected
nantly localized at the deeld'* centers M =Ga,In). lllu-  into the crystals during coloratiofwhich is equal to the
mination of the crystals by the light matching the UV-VIS Mmaximum concentration of the neutral dond§, at low
photoionization absorption band of the deep centers result¢mperatureswas determined from the absorption in the
in releasing electrons into the conduction band and their sub-4m IR band to an accuracy of50%>° For CdR:Ga,
sequent trapping by ionizedempty” ) centers, which gives CdF;:In, and Cdk:Y crystals under study, the electron con-
rise to the formation of neutr&hallow) donors. In addition, centrations were N%~7x10Y, 3x10'® and 2
the ionized deep centers spontaneously transform into th& 10'® cm™3, respectively, being much lower than the total
shallow state. Thus, the photoionization of the deep centersontent of the corresponding impurities in the crystals.

proceeds as follows: The microwave reald;) and imaginary £,) parts of the
dielectric permittivity of Cdk:In, CdF,:Ga, and Cdk:Y
ME*+M3* +hy—2(M3F + epyq). (1)  crystals were measured in a frequency range from 34.0 to

37.5 GHz at temperatures from 1.8 to 100 K. The cylindrical

The quantum yield of this reaction, being equal to two, wascrystal samples, 2.0-2.5 mm in diameter, were placed in a
experimentally confirmed in Ref. 23. cylindrical reflex resonator operating in tieEy;; mode (b

As a result of reaction Eql), the UV-VIS band disap- ~6 mm andH~7 mm being, respectively, the radius and the
pears, and instead, theufn IR band arises in the absorption height of the microwave cavityThe empty cavity, its loaded
spectrum of Cdk:M crystals.(Below we refer to this reac- Q factor beingQ,o~5000, was coupled to a waveguide
tion as the “photodecoloration processDue to the above transmission line and utilized almost the whole input micro-
barrier, the photoinduced neutral donors are stablel at wave powen~98%) supplied from a Klystron. At the reso-
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nance frequency of the cavity, the input microwave power of 444 |
~10 mW corresponded to an average amplitude of the mi-
crowave electric fielde~100 V/cm in the empty cavity and &
could be decreased by 0—-30 dB with a calibrated attenuato”‘_é 800

The cavity perturbation technique used in these experi 4
ments is based on measuring both the loa@QefhctorQ, s &
and the frequency shift of the cavity, which occurs when ayr 600 |
CdF, sample is inserted into the resonator. Dielectric losse&
in the sample caused lowering of tRk g factor and decou- ©O
pling of the resonator with the waveguide transmission line.;; 400 |
This could increase the microwave power reflected from the<>(
resonator by up to 100%.

The measurements were madeTat 1.8 K both in the
dark and after illuminating the samples with UV-VIS light
until the deep-to-shallow conversion of the photochromic
centers in CdEk:In and Cdk:Ga crystals was completed. L . L s £ .

The most detailed measurements of the darland its shift 35150 35200 35250 35300
upon illumination of the crystale,; were carried out for FREQUENCY (MHz)

CdF,:Ga atT=1.8 K. A cylindrical rod of~2 mm diameter

and ~10 mm length was made from the crystal and fixed FIG. 1. Normalized frequency dependences of Klystron-
inside the resonator along its axis in piston holes. In thiggenerated microwave power reflected from the resonant cavity with
case, the problem of finding, from the frequency shift of CdF,:Ga crystal in the dark at different attenuations of the input
the cavity can be solved exactly. power (& 30, (b) 27, (c) 25, (d) 23, (e) 20, and(f) 17 dB. T

When measuringe, (and alsoe; for CdF,:In), the =1.8K.7=3.2.
samples were partly inserted into the cavity along its axis by
screwing them out of the hole in the upper piston of thehertz and a monotonic increase of the dielectric loséss
resonator by 1.5-2.5 mm. The valuesegfand » ( being  about an order of magnituglevere simultaneously observed.
the filling factor, which is equal to the ratio of the energy of These changes reached saturation after continuous illumina-
the electrical component of the microwave field in the wholetion. Thus, a substantial increase of both the real and imagi-
volume of the resonator to that in the sampleere deter- nary parts of the complex permittivity was detected during
mined from the frequency shift by the perturbation-theoryillumination of photochromic CH,:Ga and CdF:In crys-
calculations. Solutions of the equation for the radial compo+als. Cessation of the illumination at any time fixed the shift
nent of the electric field in th& Eyq, resonator with the cy- of the complex permittivity at the magnitude reached. The
lindrical sample were found as the series rate of change and, consequently, the time interval that was

Lo needed to achieve the maximum permittivity under illumina-
) . tion are governed by the light intensity, as expected for the
E(r,z)=21 .Zl Cijdu(Xir/b)sin(wzj/H), (3 photodecoloration process.

T At T=1.8 K, the saturation of the dielectric losses with
wherer and z are the cylindrical coordinates of the cavity the microwave power increase was observed both for non-
(0<r=<b and Osz<H), andX; is theith root of the first- photochromic CdEk:Y and at any stage of the photodecol-
order Bessel functiod of the first kind. The number of the oration process in photochromic Cdiga and CdE:In crys-
variable coefficient€;; to be determined.L=50x50, was tals. In the range of the microwave frequencies studied, the
restricted by the computer capacity. measured value of, could be decreased by about an order

It was assumed that, in the dark; =8 (see Ref. 31  of magnitude with an increase in the input microwave power
when its value was not determined experimentally. The valfrom the minimum level of 30-dB attenuatiofsee Figs.

200

MICROW

ues ofe, were determined from the ratio 1-3). These saturation effects disappeared when the tem-
perature was increased te4 K.
g,/e;=tané= n(QL‘;—Q[é). (4) The temperature dependence of the dielectric loss factor

£,(T) at various attenuations of the input microwave power

At T=1.8-4.2 K, as-grown(uncolored CdF, crystals was studied both in the dark and under illumination of semi-
appeared to have no noticeable dielectric losses and did nebnducting CdE. In the most interesting temperature range
react to the illumination in any way. However, even in the1.8—4.2 K, the dielectric losses were measured in one fixed
dark all the reduced samples showed substantial dielectrigosition of the sample in the resonant cavity. This ensured
losses. The microwave dielectric properties of semiconductthe maximum reliability of the results. As the temperature
ing CdFR,:Y crystal are independent of illumination. In con- increased, a growing value @f, called for readjustment of
trast, upon illumination of photochromic CgfGa and the sample in the cavity. The experimental dependences
CdFR;:In samplegcooled to a low temperature in the damk ~ ¢,(T) for CdF;:Ga at various microwave power levels are
the microwave resonant cavity, both a monotonic decrease shown in Figs. 4 and 5.
the resonator frequendylown to a few hundreds of mega-  The dielectric permittivities of the samples studied at low
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FIG. 4. £,(T) dependence for CgFGa crystal in the dark, mea-
sured with 36 GHz microwaves. Attenuation of the input micro-

generated microwave power reflected from the resonant cavity witivave power:(a) 0 dB and(b) 30 dB.

CdFR,:Y crystal at different attenuations of the input poway 30,
(b) 20, (c) 15, (d) 10, (e) 5, and(f) 0 dB. T=1.8 K. ~39.

microwave fields and the maximum changes in their values

observed after illumination at=1.8 K are given in Table I.
Within experimental error, all the above results were inde

pendent of microwave frequency throughout the frequenc?tant

range studied.
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FIG. 3. Values ofs, for CdF,:Y vs microwave poweP stored
in the resonant cavity with the samplén units of the
Pmacmicrowave power stored in the empty cavity at the 0-dB at-
tenuation. Solid line is the least-square fit with the function
e5(P)=g,4+¢e5r(P) to the experimental data depicted by dots.
The field-independent part,, and the field-dependent part
eor(P)=g.r/(1+PIP)Y? of the dielectric loss factor are due to

Ill. DISCUSSION OF RESULTS

We have to explain two phenomena obserti¢dhe satu-
ration of dielectric losses with an increase in the microwave

power in semiconducting CdFat T<4 K and (ii) the sub-

ial change of the dielectric permittivity of photochromic
CdF,:Ga and CdFk:In after illumination(see Table)l It is
shown below that both effects are due to resonant absorption
of ionized donor paird?33

All the permittivity changes observed after illumination of
photochromic Cdk, which are listed in Table I, are appar-
ently due to the deep-to-shallow conversion of the impurity
centers in accordance with E@L). The cessation of illumi-
nation atT<<40 K for In and atT<200 K for Ga “freezes”
these changes, because the reverse redat@enEq(2)] pro-
ceeds only at higher temperatures. Semiconducting, CtF
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the hopping conductivity and to the resonant absorption, respec-

tively. Dashed lines show the levels ofy and (e,4+¢,5). The
measurements were made with 36 GHz microwave$-atl.8 K
and 7~ 39.

FIG. 5. £,5(T) dependence for CgFGa crystal after illumina-
tion, measured with 36 GHz microwaves. Attenuation of the input
microwave powera) 0 dB, (b) 7 dB, (c) 15 dB, and(d) 25 dB.
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TABLE |. Experimental parameters of semiconducting ¢deérystals. Permittivity was measured with 8-mm microwaves
atT=1.8K .
b,c
Total c2
content of g, in the Ag, after in the dark after

Sample impurity Ngh (cm™3) dark illumination illumination
CdF,:Ga (2+1)x10'° (7£3)x 10" 7.6+0.12 0.5+0.1% 0.01+0.005 0.10.05
CdRy:In (2+1)x10%° (3+1)x 101 1.4+0.8° 0.02+0.01 0.1-0.05
CdR:Y (2+1)x10%° (2+1)x10% 0.3+0.1

A cylindrical rod-shaped sample of2 mm diameter was fixed inside the cavity along its axis in the piston holes of the resonator.

PA cylindrical sample was partly inserted into the cavity along its axis by screwing it out of the hole in the upper piston of the resonator by
1.5-2.5 mm.

‘Measured at attenuation of the input microwave power of 30 dB.

crystal is not photochromic, and its illumination does notdistance between them lying in the ranger (-dr) and with

produce any changes in its dielectric response. the energy difference lying in the rang& (Q +dQ). (The
Upon completing the photodecoloration process at a lowdefinition of the energy) is given below.
temperature, photochromic Cgfsa and CdE:In crystals The theory of Tanakat al® also applies to the low-

have no deep centers, and, in terms of their electrical propcompensation case. However, unlike the theory of Blinowski
erties, they are the same objects as any other semiconductiggd Mycielski, it involves the simplifying assumption that all
CdF,, including nonphotochromic CgEY. All these crys-  the pairs with()<#w equally contribute to the absorption at
tals may be treated as compensatetype semiconductors the frequencyw.
vv_|th donors having an e_Iectron bou_nd to a hydrogenic or- Fqr the intermediate-compensation case<Ki0.9 no
bital. Below we assume its Bohr radias-7 A (see Ref. B analytical solution is available. Nevertheless, rigorous theo-
The donors are partly compensated by interstitialiBns.  retical estimates of the spectral dependence of the absorption
We further assume that clusters, though they do exist, do n@pefficient for low and high frequencies relative to the peak
manifest themselves in electron process¢€he role of clus-  ,  are possible. These estimates were discussed in detail in
ters will be discussed below. _ Efros and Shklovskii's revie® and are used in our study. In
Thus, the model of semiconducting Gderystal at low  Ref. 39, theF(Q,r) function was calculated numerically by
temperatures, which is discussed below, involves the neUtr%’imulating the impurity band with the Monte Carlo technique
and ionized(positively chargefidonor centers with concen- for discrete values oK=0.1 to 0.9. The absorption coeffi-
trationsNg, andNgj,, respectively. Interstitial F ions with  cient was then found for discrete frequencibe/2Ep
concentratioNg =N, act as ionized acceptors. It is obvious =0.025 to 0.175, wherEp=e?/g,rp is the energy width of
that N2, is also the concentration of electrons injected intothe impurity band andp = N51’3 is the average distance be-
the crystal in the process of its conversion into the semicontween the donor centers.
ducting state. By introducing the degree of compensation of Below, basing on the theory of Tanakaal.,*® we pro-
the semiconductoK and the total concentration of donor pose simple analytical expressions for the microwave and
centersNp=NZ,+NZ,, N2, andN; can be represented as FIR absorption coefficient for the intermediate-compensation
follows: Nghz Np(1—K), NJ,=NpK. case over the frequency range in which the donor-pair theory
The dielectric response of a semiconductor is strongly inis applicable.(Gaussian cgs units are usedhe results are
fluenced by the nearest pairs of neutral and ionized donorsompared with Efros and Shklovskii's estimafesor fre-
which are referred to as the “ionized donor pairs.” The reso-quencies both larger and smaller than,,,. The spectral
nant absorption of the microwave field by the ionized donordependences calculated according to our modification of the
pairs was discovered by Tanaka and Fan if“®i.theory of  theory of Tanakat al3® are compared with numerical values
this phenomenon was developed by Tanekal,*® and by calculated using tables of Ref. 39 and also with the experi-
Blinowski and Mycielski* who also found that the resonant mental data of Eisenberger, Pershan, and BosomWorth
absorption shows a maximum at the energy of a quantum dhe FIR absorption in semiconducting GdFExperimental
electromagnetic fieldh w4 in the FIR region(lying within ~ values ofe, at Aw=1.2 cm !, which corresponds to the
10 to 200 cm?').3* These FIR bands were experimentally microwave quantum energy in the frequency range under
revealed by Milward and Neuring&rand studied in detail in  study, are compared with those calculated according to our
weakly doped Si and Géor example, see Ref. 36 modification of the theory of Tanakat al, within the
The theory of Blinowski and Mycielsk is valid only in ~ Colomb-gap theor}? and the linear conductance the8?y.
the low-compensation cas& €0.2). Its version proposed Provided the nearest-neighbor donors are identical, the
by Baranovskii and Uzakd¥ is based on the calculation of single electron of the ionized donor pair has an equal prob-
the distribution function of the ionized donor paf¢(,r),  ability to be found at each of these donor centers. The situ-
so that 4rr?F(Q,r)drdQ gives the probability to find in the ation is similar to that for the molecular;Hon. The doubly
unit volume the pair of ionized and neutral donors with thedegenerate ground state of such a system splits into a lower
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bonding and excited antibonding states separated by an en-
ergy intervalW. These two states are described by the sym-
metric  (142)[WA(r)+W¥g(r)] and the antisymmetric
(ANV2)[ W A(r)—W¥(r)] wave functions, respectively. Here,
WA(r) andWg(r) are the hydrogenic wave functions of the 9 <. |Rs
electron at the isolated donor centér&nd B that compose

Ok

the pair. Depending on the distancgbetween the donors in
the pair, the “quantum repulsion’{splitting) energy W,
which is resonant to the frequenayof the electromagnetic A O
field, for r ,>a can be fairly accurately representedas

ro/?2 Yol 2
rw
ho=W(r,)~(4€*3¢e,a) - exH—r,/a). (5)
2
. o " p

The matrix element of the electric-dipole transition reads RAz _ ( ® j LR & r,-R-Sin9

P.=er,/2, (6)
wheree is the electron charge. ) r, : 5 )
For the following consideration, it is necessary to define Ry = B3 +R"—r,-R-Sind

the majority and minority donor concentrations of the two
; P 0 N+
types of donor centers in questioNys=max(Ns,Ngy) and FIG. 6. Schematic diagram of the ionized donor p&iB per-
Nmin=min(N%,NZ).4! In the statistical distribution of the do- - -
min sh!Ns turbed by an interstitial F ion.
nors, the probability of any minority donor to find the nearest
majority donor within the spherical layer of radiusand  |f O>W, the matrix element of the electric-dipole transition

thicknessdr is as follows: P, decreases with increasirfg as
Let us restrict our discussion to an ionized donor pair and

it
df(r)y=—expg —| =
R® R
o the nearest interstitial Fion (or any other charge cenjer
where R=(‘3—‘7erai)‘1’3 is the average separation betweenWe assume that they may be considered separately from the
the majority donors. The density of states for the ionizedremaining ensemble of the impurities. This means the fulfill-

P.=(W/Q)er,/2. (11
dr, (7)

donor pairs is then ment of the inequality ,<R,, whereR, is the average dis-
tance between the pair and the nearest perturbing impurity
df(r) dr df(r) [ dW -1 whose total concentrations ,=N¢ . It is very likely that
N(@)=Npir—— do = Nmin? dr in “ordinary” semiconductorR, =R (see below. By analogy
with Tanakaet al,>® we assume that all the pairs with
32 r \3a <W=%w contribute equallf? to the resonant absorption of
ENminTwex;{ - ( :‘") —. (8)  the donor pairs at frequenay, and their resonant length,
R3 R/ |® andP, values are defined by Eg&) and(6). For any given

. o . w and R, we can find the limiting angled;,, (0<6,
The donor pairs located within the resonant separatign < 7/2) for which Q=W, as well as tghe Iir?ﬁtirl;g d(istangrg

<R can be considered as isolated ones. However, we sup-

pose that a significant concentration of the interstifial e’r,, \1?
ions and, possibly, of other charged centers causes detuning Rimax @)= ehw| (12)
of the resonance between the energy levels of the pairs bty ] o
the amourft or which 6= 7/2. The perturbing influence of the charge
impurity can evidently be neglected B&R, ;.. Let us de-
. 2 e? e? fine the function ®(w,r)=sin(¢,) at R<R,, and
Q=Q(r,,R,sin9)= o1Rs o1Rs oRC (Ra—Ra). ®(w,r)=1 atR=R,,. The relative number of all the donor

(9) pairs Sp(w) =<1, with the separation,,, which contribute to
the resonant absorption at the frequeicis then
HereR,, Rg, andR are the distances from the ™ ion to the
A and B donors and to their center of gravity, respectively,
and@is the angle oR with the perpendicular to th&-B axis

» 3x?

sp(w)=f Eg—exr[—(x/Rpﬁ]qn(w,x)dx. (13
0

(see Fig. 6. Then, the energy separation between the two i

lowest levels of the pair S Finally, the frequency dependence of the imaginary part
of permittivity e,(w) related to the resonant absorption of
(= (W?+Q?)Y2 (10)  ionized donor pairs can be written*as
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42 , the TLS. Its width is proportional te- E~P*? (whereP is
82(0)= ——NpinN(@) Sy(@) Pe(w) the microwave power stored in the resonant cavithe mi-
37 )
crowave power absorbed by the TLS increases by the same
ho square root law. However, the ratio of absorbed to input mi-
X (1+E%/E2) Y4an e crowave powerP;, accordingly decreases asE 1~P~ %2
~P, Y2, This explains the saturation of the dielectric loss
4 [{ ( r )3] factor with increased microwave power observed at tempera-
exg —| =

2
rs _
= — NpminSpy(w)e’Ra
hw

le X
— tures from 1.8 to 4 Ksee Figs. 4 and)5The same processes
are responsible for the “improvement” of the resonator curve

) with an increase in the input microwave powsee Figs. 1

(14) and 2. In this case, th&), 5 factor of the cavity with the
sample increases, the resonator coupling with the waveguide
transmission line is partly restored, and the microwave

Here,k is the Boltzmann constark is the amplitude of the  yower reflected from the resonator decreases.

ac electric field, anét, is its critical value. Using the relation The saturation of dielectric losses with increasing input

microwave power is evidence of the mainly resonant absorp-

h
X (1+E?/E2) Y2tan e
2kT

A9 o o @ E2(@) tion of the ionized donor pairs at 1.8 K. Figure 3 shows that
a(w)=vV2o[(e1+ex) el = > 19 the decrease in the field-dependent part of the dielectric loss

factor with an increase of the microwave power agrees well
one can also derive the frequency dependence of the opticalith the theoretical dependengEq. (14)] for the resonant
absorption coefficient(w). absorption in a wide range &f values> It should be noted

It should be noted that E@14) is valid in a wide range of that the saturation phenomenon discards the supposition of
frequencies, in contrast to the basic formula for the ac conRef. 9 about the quasi-free motion of electrons in some re-
ductivity o(w) = we,(w)/4r, derived in the work of Tanaka  stricted areas in semiconducting Gd#t low temperature¥
et al* in the low-frequency approximatiéh(see below In all the crystals studied, the saturation of the dielectric

Thus, the ionized donor pairs feature a continuous angbsses disappears at>4 K (see Figs. 4 and)5 Here, the
fairly broad energy spectrum. Since the energy splittings beresonant absorptiofwhich must fall with increasingr as
tween their bonding and antibonding states are much smallet 7 ,,/kT) is evidently replaced by the relaxation absorption.
than the donor ionization energy, at low temperatures thesghe |atter is due to phonon-assisted hopping of electrons
pairs can be considered as “electron” two-level systemsyetween energy levels of the polar pairs with lengtand
(TLS’s) with the effective spinS=3, which are formally energy gap.~kT modulated byA~2e(r-E) in the ac
simila*® to the well-known “ion” TLS's observed in glectric fieldi23344
glasse¥’ and crystals>**This similarity allows us to derive |t js interesting to compare the resonant absorption of do-
Eqg. (14) for the dielectric loss factor on the basis of the TLS nor pairs in Cdk and in a conventional semiconductor, e.g.,
theory™*° However, we use the(), Sy(@), andPe(®)  in the ntype Si(see Refs. 32—34The small compensation
dependences ari; parameter that are specific for the ion- of sych a semiconductd¢< 0.1 is obtained via introduction
ized donor pairs. of small amount of acceptoms, (No<NZ). At low tem-

The conventional *ion” TLS’s are produced by atoms or peratyres, all the acceptors are charged by trapping electrons
groups of atoms tunneling in amorphous dielectrics or ifrom the donors, and a hopping conductivity of the same
glass-like features of the crystals with extended “porous”amqaynt of the electron vacancid, over donor levels can
defects. In particular noteworthy are the studies of the ior, ;oo (N3 =N,). After trapping an electron, each of the,

TtLSSt ég‘o_SS.'e'eﬁF”ﬁ grystgtl)s dW'th thet f_Iuonte-type dacceptor acquires an effective charge I,” which attracts
Structur€, = =-in which a broadband resonant miCrowave andy, gjactron vacandya hole to the nearest donor, rendering it

FIR absorption was also found. All the experimental faCtSiot:ized. Since the same charge perturbs the ionized donor

discussed here are clear evidence of the electronic nature g ). 4 by this ionized donor and the next-nearest neu-
the observed TLS. Among these facts are the existence of U‘F?al donor, the donor pairs in thetype Si are “tied” to the

resonant absorption only in reduced samples and its signifi-

cant increase after illumination of photochromic Gdifys- perturbing |mg_urt|tles. Cbortusequemly, m_thls Z&tqﬁh R, le., ¢
tals (due to an increase in concentration of electrons at théhe average distance between the pair and the nearest per-
shallow donor levels turbing impurity (acceptoy is equal to that between the neu-
The experimental dependences of the microwave absorgf@ (majority) donors Nmy=Ngp). The same appears to
tion on temperature and microwave power can be epraineHOld+ for gionor pairs in semiconducting Cdfat N, =N
using Eq.(14) in terms of TLS theory*“°In the absence of =Nsh<Nsh, where interstitial F ions act as ionized accep-
the electromagnetic field, the thermal equilibrium leads tdfors. However, the concentration of the perturbing impurity
the Boltzmann population of the TLS. High-power fidkd N semiconducting Cdfusually exceeds that of the neutral
>E,. can be eliminate the differences in population of thedonors, i.e.,N,=Ng=Ng> NS, In this case,R,=R as
levels whose splittings are resonant with the field. As a rewell, because the average distance between the pair and the
sult, a “hole” appears in the broad absorption spectrum ofnearest perturbing impurity is determined by the concentra-
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tion of the ionizedmajority) donors (Np,= Ngp). Thus, the
equalityR,=R appears to be true at any degree of compen-

PHYSICAL REVIEW B 65 165214

wheref(K) is a function of the compensatidh.
High-freqLEncy rangef w=>Epr,/rp. This condition is

sation, andS,(w) is independent of concentration of the mi- €quivalent toR>Rya{w). In this case, the main contribution

nority donorsN,,,. Hence, it follows from Eqgs(14) and

(15) that, for a given value ol ,,,;, the spectra ,(®)/Npmin,
and a(w)/N,, are independent d¥l i, -

to the integral for the functioS;(w) in Eq.(13) comes from
X~R,=R>Ry,. Here, ®(w,x)~1 and, consequently,
Sy(w)~1. Finally, we have

The donor-pair approach is known to be applicable under

the following conditions®

r,<fp, hw<Ep, and to<e?/er,. (16)

These conditions are evidently equivalent to the inequality

W(rD)<h(1)<ED. (17)

Let us compare spectral dependences of FIR absorpti
given by EQgs.(14) and (15 at variousK with Efros and
Sklowskii's estimate® obtained in the low- and high-

frequency approximations.
Low-frequency range Aw<<Epr,/rp. The

etal® One can easily see that, fronR?<R2,
=, lesfio, it follows that Aw<e?r,/e,RP~Epr,/p.
The main contribution to the integral for the functi®p(w)
in Eq. (13) comes from the area~ Rp=§< Rmax- Finally,
we have

2 2

e er, .
Q= F(RA_RB)E mgn(f)"m):ﬁw,

Dlo.R ehw R2_ R?

(o, )~Trw—§2r;(.
eho Rf, 5\ eiho ﬁz_ R? 18
Sp(w)N e2 C § e2 C_Rﬁqax(w)'( )

It follows from Egs.(12), (14), (15), and (18) that atZw
>KkT andE<E,:

2
T a
a(w)=—1 81:(‘)"3)Nmin
C R

4 |12
3 1/3
:<§7T) ? \/slawrwNminNmaj

4 |32
=(§'n') = Ve awr NG (1K)
Cc

478
~6—\/s_1awrf)Ng/3K(l—K). (19)
C

Here, K" =min(K,1—K) and the latter approximate equality

is fairly accurate in the whole rangestK < 1. Equation(19)
is similar to Efros and Shklovskii’'s estimate

4773
a(w)= 5= VeiaorSNFHKF(K), (20)

low-

frequency range condition is equivalent to the inequity
<Raw). (It is this condition which was used by Tanaka

%€’ a , 473 €2 y
a(w)= — I Npin=—— ar’NyinNmai
( ) ﬁc\/s—l R3 w' 'min 3 ﬁc\/g—l ' Ymint YmaJ
473 &2
= arfN3K(1—-K), (21

3 hicye,

Which is again similar to Efros and Shklovskii's estimate

472 €2
3 hcye,

Thus, the spectral dependences of FIR absorption in both
the low-frequency and high-frequency approximations ob-
tained according to our modification of the theory of Tanaka
et al. are very close to Efros and Shklovskii's estimates at
any value ofK. However, Eqs(14) and(15) describe optical
absorption in the whole spectral range determined by Egs.
(16) and(17), and we will use them further.

Very-low frequency rangeThis is the range in which the
donor-pair approach is inapplicable. It was shown in Ref. 38
that, due to the long-range electrostatic interaction between
impurity centers in weakly doped semiconductors, the den-
sity of electron states decreases in the vicinity of the Fermi
level, and the Coulomb gap arises. For the intermediate-
compensation case, the width of the gapis of the same
order of magnitude as the width of the impurity barkhj.

For very low frequencies, whehw<e?/g,r ,<A., which
is equivalent to the condition,>r, the frequency depen-
dence of the absorption coefficient is giverrby

ar? N3Kf(K). (22)

a(w)=

a(w)~olr,. (23

This relationship corresponds to the super-linear frequency
dependence of the absorption coefficient. This dependence is
~rff, times steeper than that predicted by the donor-pair
theory for the low-frequency randsee Eqs(19) and (20)].
However, experimental data are availabiiat show lin-
ear dependence of(w) on the frequency in semiconductors
with really statistical and homogeneous distribution of the
dopant, as in th@-type Ge prepared with the neutron trans-
mutation doping technique:

a(w)~ . (24)

Phillips*® has proposed a linear conductance theory which
employs an electron compartmentalization model and ex-
plains this dependence at frequencies dowmte 0.

Note the presence of the exponential term
exd —(r,,/R)?, in Eq. (14), which provides an abrupt de-
crease of the absorption at the boundary of applicability of
the donor-pair theory at,>R~r due to the allowance for
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TABLE Il. Some numerical parameters for semiconducting Ldifth ionized donor pairsg=7 A).

N2,=7x 10" cm3 N2,=2x10"% cm3

K=0.1 K=0.3 K=0.5 K=0.7 K=0.9 K=0.1 K=0.3 K=0.5 K=0.7 K=0.9

Np (10¥8cm™%)  0.78 1.0 1.4 2.3 7.0 2.2 2.9 4.0 6.7 20

Ng (10¥cecm %)  0.08 0.3 0.7 1.6 6.3 0.2 0.9 2.0 4.7 18
R(A) 70 70 70 53 34 49 49 49 37 24

ro (A) 109 100 89 75 52 77 71 63 53 37
W(rp) (cm™Y 0.008 0.025 0.10 0.62 11.7 0.53 1.2 3.1 10.5 75

Ep (cm™ Y 132 144 161 191 276 188 204 229 271 391

Pl max (A) 37 37 37 34 28 33 33 33 29 22
hola (cm™ 71 71 71 106 210 117 117 117 180 368
hwBl (cm™ 73 118

r,/rpd 0.65 0.70 0.79 0.93 1.3 0.92 1.0 1.1 1.3 1.9

S,2 0.0077  0.0077  0.0077  0.0056  0.0043 0.0053  0.0053  0.0053  0.0045  0.0044
g2 0.044 0.171 0.400 0.175 104 0.038 0.145 0.339 0.014 10710
gMa 0.050 0.181

s5% 0.019 0.053 0.065 0.052 0.010 0.046 0.098 0.102 0.094 0.051
gha 0.024 0.066 0.083 0.068 0.014 0.060 0.130 0.138 0.131 0.093

%Parameters are given for the microwave electromagnetic fieldfvith 1.2 cm L.

only “isolated” donor pairs. This is the fundamental differ- Experimental result¢see Table )l reveal no correlation be-
ence between the theory of Tanakaal >3 and the theory of tweenNgh ande, in the crystals under study. Apparently, this
Blinowski and Mycielski?*®" The latter allows also for is due to variation in their compensations. For photodecol-
“nonisolated” pairs, and the exponential factor does not apored Cdk:Ga and Cdk:In crystals, and for CdEY, the
pear there. experimental values of, in low microwave fields at 1.8 K
Table Il shows the parameters of the theory and the resultggree within an order of magnituffewith this quantity cal-
of calculations for semiconducting Cglferystals with two  culated in any approacfsee Table Il in the range of com-
different electron concentration$2,~7x10" cm > and 2  pensation degree from G<IK<0.9.
x 10" cm™3, and the degrees of compensation ranging from In Ref. 8, in which the microwave absorption of donor
0.1=K=0.9. These parameters are the following: the totalpairs in semiconducting CdFRvas discussed, the effect of
donor concentratioNy , the concentration of the interstitial perturbing impurity was ignored. The magnitude of the pa-
F~ ions Ng, the average distance between dongys the  rameterS; given in Table Il shows, however, that its influ-
average distance between majority donBrsthe energy of ~ence is essential. It lowers the microwave dielectric losses in
the resonant splittingV(r ) of the donor pair with the sepa- Semiconducting Cdfby more than two orders of magnitude.
rationr , the width of the impurity ban&p , the position of So far we have considered photochromic ¢df and
the maximum of the FIR absorption calculated from Egs.CdR,:Ga crystals after completion of the photodecoloration
(14) and(15) (Ao}, and according to Blinowski and My- Process when the stationary concentratibids and N, are
cielski's theory**” (Aw2V), and the separation’ . at established. Now, we will briefly discuss the photodecolora-
which the equalityﬁw;aXZW(rI) ) holds. tion stage afr= 1._8 K. In a partly decolored crystal, ie,ina
For the microwave electromagnetic field witha crystal with partial deep-to-shallow cen~ter conversion, the
—1.2 cmi L, the following quantities are also given: the ratio heutral- and ionized-center concentratidw§, and N, are
r,/rp, the fractionS,=S,(w) of all the donor pairs with variable quanti_ties. Their values depend on the degree of
the resonant separatiar, for which the inequalit)<#w  Photodecoloration of the deep centerswhere Os y<1:
is satisfied, the dielectric loss factor calculated from @4) ~
(e5) and according to Blinowski and Mycielski's thedfy’’ Now= YN,
(¢5M), Efros and Shklowski's theory of Coulomb g&p
(59, and Phillips’ theory of linear conductarfégs5). In
the latter two cases, the extrapolation of “exact” values
found using Baranowski and Uzakow’s tabfefor the mini-
mum frequency ofi w/2E=0.025 to those for a microwave Here, the parameted, is, as before, the maximum attain-
field with 2w = 1.2 cm ! was made using Eq&23) and(24). able concentration of the neutral donors in the crystal. In the
One can see from Table Il that, for a fixed concentrationdark, y~0, Ngh~o, the degree of compensatiliris close to
of electrons at the donor leveld),, the dielectric loss factor unity, and the ionized donor pairs af@mosi absent. After
g, has a maximum at the compensati&r=0.5 and de- switching the UV-VIS illumination on,y changes continu-
creases noticeably for both larger and smaller valueK.of ously from O to 1. Photodestruction of the deep centers

1-vy

[\ (25)
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FIG. 7. FIR absorption spectra of CgdFwith N2,=7 FIG. 8. FIR absorption spectra of CgFwith N3,=7

X 10 cm™3 andK=0.1 as calculated according ta) Blinowski- X 10" cm™® as calculated by Eqg14) and (15) (solid lines and

Mycielski’s theory (Refs. 34,37, (b) Egs. (14) and (15), and (c) according to Baranovskii-Uzakov's modéRef. 39 (dotg for a

Baranovskii-Uzakov's mod& for a=7 A. =7 A at various compensation® K=0.1, (b) K=0.3, (c) K
=0.5,(d) K=0.7, and(e) K=0.9.

causoes an increase in the neutral .donor concentrai.ﬁ?]n. for four discrete frequencies withik w/2E;=0.025 to
—Ngp and a decrease in concentration of the perturbing imp 175 which are listed in Ref. 39. The available tabulated
puritiesN,=Ng;,—Ng. The degree of compensatithfalls  data forr,/rp=0.1 to 1.1 were extrapolated to the actual
as the ratid?];'h/(Ngh—ﬁ— N;’h) It can be easily seen that, in the value of this ratio for each of these frequencies. NSI;,
process of photodecoloration, the total concentration of the=2x 10" cm™® and K=0.9, the absorption coefficients
ionized donor pairs and corresponding changes in dielectrizere calculated only for three frequenciese Fig. 9, as far
response would reach their maximum upon attainkg as the ratia ,/rp exceeds 1.1 fof w/2E,=0.025. Unfortu-
=0.5, and then would go down with concentration of thenately, Baranowskii and Uzakov made the calculations
minority donors(in the case oNz<N2,). However, the ex-
perimentally found monotonic increase of both the dielectric
loss factor and the dielectric constant under illumination of
photochromic Cdf:Ga and CdFk:In crystals testify clearly

to the fact that value oK =0.5 is not passed over. Thus, we
find thatNg= Ngh andK=0.5 in photodecolorated CdFGa
and Cdk:In crystals.

Eisenberger, Pershan, and Bosomwbdbserved the FIR
absorption band from-10 to ~150 cm! in a number of
semiconducting Cdf-crystals and found an approximately
linear dependence of its intensity on the electron concentra- 3
tion. The FIR absorption was initially ascribed to the polaron =z 60
effect’ and, later on, to the resonant absorption of the ionized =
donor pairé Our calculations support the latter suggestion. &

Figure 7 shows spectral dependences of the FIR absorp-8

[sa]
<

- N
N H (@2}
(=] o o

-
o
o

80

OEFFICIENT (cm™)

40
tion calculated from Eqs(14) and (15), according to Bli- 20
novski and Mycielski’'s theor#*” and to Baranowskii and , . , , , ,
Uzakov’s model’ for a crystal withN2,=7x 10" cm™2 and 0 20 40 60 80 100 120 140
K=0.1. One can see a similarity of all these curves.

In Figs. 8 and 9, the solid lines show spectral dependences
of the FIR absorption calculated from Eq44) and (15) for FIG. 9. FIR absorption spectra of CdFwith N%=2

two CdR crystals with Ng,=7x10" cm 3 and 2_ x 108 cm™2 as calculated by Eq$14) and (15) (solid lines and
X 10" cm™3, andk=0.1, 0.3, 0.5, 0.7, and 0.9. Dots depict according to Baranovskii-Uzakov’'s modéRef. 39 (dot9 for a
the absorption coefficients for the same paramd\l%;sand =7 A at various compensation® K=0.1, (b) K=0.3, (c) K
K calculated according to Baranovskii and Uzakov’s model=0.5, (d) K=0.7, and(e) K=0.9.

ENERGY (cm™)
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only for frequencies below the maximum of the FIR absorp-Ag,(w—0)~2 (for N2, ~10® cm™3 and K=0.5), which
tion. Nevertheless, from Figs. 7-9, one can see a fair agregyyrees with the experimental data.
ment between spectral dependences of the FIR absorption a(tJ
K=0.1 obtained from Eqgs(14) and (15 and those calcu-
lated according to Baranowskii and Uzakov’s model. For
largerk =0.3 to 0.9, only qualitative agreement is achieved. The occurence of microwave and FIR broadband absorp-
Both approaches give similar displacements of the FIR speaion, as well as the saturation of the microwave absorption in
tra to higher frequencies with an increasekofrom 0.1 to  high electromagnetic fields observed in semiconducting
0.9 and reveal crossing of the spectral curves for varus CdF, crystals are due to the coexistence of the neutral and
values in the low-frequency range. charged donors, which form ionized donor pairs. The change
The spectral dependences of the FIR absorption calclf dielectric response upon illumination of photochromic
lated by Eqgs(14) and (15) for the degree of compensation CdF,:Ga and Cdk:In crystals at low temperatures is caused
from 0.5<K<0.9 [see Figs. &)-7(e) and §c)-8(e)] well  py the photoinduced increase in concentration of donor elec-
agree, both in the band shape and in the absorption coeffirons, and, consequently, by the increase in concentration of
cient values, with the experimental spectege Ref. Y of  donor pairs.
semiconducting Cdfcrystals with concentration of the neu- It is possible to estimate the degree of compensafiaf
tral donors of~10" cm™2. Thus, our calculations of the semiconducting CdFfrom the dielectric-loss factor and the
FIR absorption may be considered as direct evidence for the|R absorption spectrum. The value of the dielectric-loss
moderate compensation degree<9K6<0.9 of the trivalent  factor at low temperatur&= 1.8 K, the monotonic character
impurity in additively colored Cdf-crystals. of variation of the complex permittivity throughout photode-
From analysis of the microwave and FIR absorption, wecoloration of photochromic crystals, and the spectral depen-
have obtained restrictions on the degree of compensatiogience and value of the FIR absorption coefficient are evi-
that is, 0.5<K=<0.9 in semiconducting CdFcrystals. Now, dence that the degree of compensation is restricted by the
we can estimate the concentration of interstitialibns and  inequality 0.5K<0.9 for typical semiconducting CdF
the total concentration of donors in the crystals studied. Thehese restrictions on th€ value are in good agreement with
concentration of the interstitial F ions, Ne=NJ,K/(1  the results of the EPR study of Eisenberger and Pefgsar
—K), in the crystals under study does not excee@  the Introduction. Hence, in semiconducting CglFthe con-
X 10'° cm™3. The total concentration of donors in CAK centration of the ionized donokgqual to the concentration
crystal studied, which is equal to the concentration of “iso-of the interstitial F ions) exceeds that of the neutral donors.
lated” Y3* ions in Cdpk lattice, ND=N2h/(1—K)<3 Thus, this study demonstrates that during additive colora-
X 10'° cm™ 2, appears to be at least by a factor of 5 smallertion of CdF, doped with column-IIl elements, total chemical
than the total content of this impurity in the crystat2  reduction of the impurity and, consequently, total removal of
X 107° cm™3). This means that more than 80 % ofYions  the interstitial F ions from the crystal lattice, is unachiev-
are bound to clusters. Similar reasoning shows that no morable. This inferencéwhich is confirmed by the experimental
than 30% of In ions form the simple cubic centers that makedata of Refs. 3, 9, and 1Gmplies the presence of some
up the donor levels and participate in electron processes igources in doped CdRhat supply the crystals with Fions
CdF,:In crystals under study. The remaining more than 70%uring chemical reduction of the impurity. Evidently, these
of In ions are bound to clusters and do not act as donors. Thgources are the impurity-fluorine clusters, which are sup-
clusters seem to clear the crystal lattice of the “redundant’posed to scavenge interstitial Fonsl’ The clusters already
impurity. exist in the crystal lattice of as-grown Cgwhen the latter is
It is necessary to determine a source of the appreciable the semi-insulating state and, possibly, undergo some re-
increase of the real part of permittivitye, after illumina-  structuring during the thermochemical process of
tion of photochromic CdfGa and Cdk:In crystals(see  conversion.’
Table ). Using the Kramers-Kronig relations, it is possible to ~ The cluster§whose structure may be different for various
estimate the expected value dfs;(w) associated with a dopant$ appear to be responsible for the high solubility of
substantial photoinduced growth of the number of electrongnany column-lll elements in CgF A substantial part of the
on the donor levels donor impurity is certainly collected into clusters. Hence, it
is impossible to obtain a semiconducting Gdffystal with
the compensation degree of less than 0.5 and with concen-

tration of free or weakly bound electrons exceeding
~10" cm 3.

IV. CONCLUSIONS

A 2 JWX82(X) e 2 Jw ve1(X)a(x) q

a@) =T | —a2 P, ez 9
(26)
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