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Radio-frequency response of semiconducting Cdfn crystals with Schottky barriers
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The dielectric response of semiconducting Cdffystals with bistable In centers in the range oft 10
—10° Hz reveals a quasi-Debye relaxation due to Schottky barriers at the Au/Ag contacts. These spectra can be
modeled with a two- or tri-layer capacitor, the characteristics of which are determined by the conductivity and
capacity of the crystal volume and the depletion layers at the conthetsMaxwell-Wagner capacitance
Analyses of the temperature dependence of these parameters show that the volume conductivity is due to
free-electron motion, whereas the depletion-layer conductivity probably is caused by electron jumps over the
deep In centers. lllumination of the crystals in the photoionization absorption band of the deep centers has the
same effect upon the dielectric response as an increase of the temperature since both factors increase the
free-electron concentration.
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I. INTRODUCTION Il. SAMPLES AND EXPERIMENTAL TECHNIQUE

CdF,:In crystals were grown from the melt with the

Semiconducting CdfGa and CdEkIn crystals have modified Stokbarger-Bridgmen technique. In dopant was in-
gained growing interest as holographic media providing aroduced in the raw material for the growth in form of nF
new mechanism for photosensitivity caused by a change i€ompensation of the surplus dopant charges) was real-
the bistable center state® These centers are identical to the ized by interstitial F ions. To convert the crystals into the
DX-centers in  conventional IlI-V and [I-VI semiconductor state, as-grown crystals were annealed in
semiconductor§1° They have two states: a shallow donor (Cd+K) vapors(an additive coloration of the crystalsAn-
state and a two-electron deep state. The latter is characterize@aling results in the flow of fluorine ions from the bulk of
by a large lattice relaxation, in other words, by a large shiftthe crystal to its surface, the charge compensation being pro-
in the configuration coordinate, due to which a barrier arisesided by electrons coming from the surface and supplied by
between this and the shallow donor state. This barrier detei reduction ageniCd). Unlike the alkali-earth fluorides with
mines the metastable nature of the shallow state. For In, thiuorite structure and doped with column-Ill elements, M, in
barrier is very low(<0.1 e\), whereas for Ga it is record CdF,:M the additional electrons, if they are not excited into
high for this class of crystal@round 1 eV.>*'°The micro-  the conduction band, are localized at the hydrogenic orbital,
scopic nature of the large lattice relaxation in GiFa and  forming a neutral donor center W+ €nya), rather than at
CdF,:In has been determined in Ref. 11. It consists predomiatomiclike orbitals of the impurity yielding a different va-
nantly in the displacement of the impurity ion along thelence state (M"—M?"). However, for bistable Ga and In
forth-order axis into the nearest interstice. Such structure ofiopants, in addition to the two possible states of the impu-
the deep center was supported by recent positron annihilatiarity, namely the optically and electrically “silent” ionized
studie$? showing an open-volume defect, i.e., essentially,state (M) and the shallow donor state, the two-electron
the presence of the cation vacancy in the structure of theeep state (M) is also possible.
center. The studies of the microwave and far-infrared absorption

The giant band gap of the highly ionic cadmium fluoride of semiconducting CdEM crystals testifies to the presence
crystal of ~7.8 eV, together with relatively large binding of the interstitial F ions, which cannot be fully removed
energies of both states of the bistable center, make, G#F  from the crystal during coloratiolf. Probably, this is due to
and Cdk:In an ideal model system for studying the DX the occurrence of impurity-fluorine clusters together with
centers and their interaction with electromagnetic radiationstatistically distributed M ions. Such clusters, perfectly em-
In the present paper we describe the dielectric response dedded within the crystal matrix, are typical for the alkali-
CdF,:In in the frequency range of 16 1(° Hz. It is shown halide fluorides with fluorite structure and doped with M
that this response can be described with simple model$mpurities®'® These clusters are responsible for the giant
which provide significant information on the DX centers in solubility of many M dopants in fluorite-type crystalfor

this material(see also Ref. 13 instance, lgF; solubility in CdF, reaches~15 mole %"
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4 ~1.7-10%cm™3, and 4.210°cm 3, respectively[there are
o parts of the crystals with smallélower par} and larger(up-
per pari concentration compared with the average concen-
tration]. For the former crystajsample 1 the use of above
technique gives* =(3.5+0.7)- 108 cm™2 (the sample was
cut out of the upper part of the crystal

For the second crystal, using two different coloration re-
gimes results in samples with* =(2.0+0.4)- 10"%cm ™3
. (“soft” regime, sample 2& and n* =(5.0+1.0)-10"¥cm ™3
o . (“hard” regime, sample 2h Further increase of coloration
time, Cd pressure, or temperature did not give a noticeable
increase oh* as compared to sample 2b. Consequently, the
Wavelength (nm) majority of In ions in this crystal are bound in clusters and
only a small fraction is statistically distributed over the bulk
of the crystal and only these ions can be reduced.

A total concentration of statistically distributed ions,
=n*+ N in the samples cannot be evaluated since the latter

. - . : : guantity,Ng, is unknown.
Starting from a finite concentration of the M impurity of i
~0.1 mole %, the further increase of M dopants predomi- It was found that as-grown Clfin crystals are weakly

nantly results in the formation of clusters. Decay and forma—erUCGd already during the growth procesm, the dielectric
1antly . . ' Y . response of the as-grown crystal 2 was also stu@Bachple
tion of the clusters during annealing of the crystal at its con-, . thi * I th d S ith
comitant coloration is a source of Hons, which provides ¢ int IS casen” was so sma that a etermmanon wit

. . ! the technique mentioned above was not possitdepure
their presence in the colored crysials well as the corre-

. . ) : : CdFR, sample was also studied as a reference system.
2Eg\r/1vd$gt un ?g::;yir?fth’zﬁi(;?\?cgéemii Oa:]t:j%\gocr:ogggjgr?glgns To study the radio-frequency_response of the crystals, the
similar way as acceptors in conventional semiconductorsS?aTepslevathVrz ag‘iegomﬁ%)a;_ii It?" ;Eﬁeg()sr?f gf epl?aﬂg-sp\?vglel
they partly compensate the donor impurities. The total cong:0 47 mm for s;imple 1’ and 1.3-1.5 mm forpsamples >
centration of statistically distributed donor impuritids,, , : . : i e
is larger than the conce)r/nration of the electrong introdlﬂced irThe samples have been po_Ils_hed and treated after polishing
the crystal during the coloration procedur, by the con- Wlth. concentrated HCI to ellm!nate the surface layers. Gold
centration of F ions. N. ” or silver c.onta'cts of 5—-1@m thickness have been deposited

TR on opposite sides of the plates by plasma sputtéfing.
1) Along with the deposition of Au/Ag contacts directly on

the crystal surface, mica linings with a thickness of 10—

To estimaten*, the colored crystals were cooled to liquid 3°#M were introduced between contacts and crystal. Teflon
helium temperature, at which all electrons introducgd  nings with a thickness of 5am were also used; in this case,
coloration are bound at the deep centers, and illuminateRolished brass electrodes were used. Wires were glued to the
with a ultraviolet-visible(UV-VIS) light, that corresponds to AWAg or brass electrodes with conducting glue.
the photoionization absorption band of these cer(féig 1). The samples were mounted on the cold finger of a He-

This procedure converts the deep In centers into shallow ddloW cryostat with windows enabling their illumination.
nor (hydrogeni¢ centers according to the reaction shown in Wires from the samples were soldered to transition terminals
Eq. 2, which proceeds with a quantum yield of 2: of the cryostat. To measure the impedaicef the sample,

’ these terminals were included in one of the shoulders of a

IN**+1n3" + hy—2(In3* + epyq). (2)  bridge scheme of the analyzer, with which an equivalent ca-

_ _ pacity C, of the sample and equivalent conductivity
Upon this procedure, the UV-VIS band disappears and aGp(Z‘1=Gp+ipr) were measured in the temperature
infrared(IR) band, which corresponds to the photoionizationrange of 77-315 K. The alternating voltage at the contacts
of the shallow centers, aris€sig. 1). The counting of num-  was sufficiently small to neglect its influence on the balance
ber of quanta necessary for the total deep-to-shallow centefonditions. The resulting data are presentecCgsand loss
conversion allows to find the total number of deep centers inangent, tg=G,/(w-C,). In addition, the response of crys-
the sample and their concentratidty , which is equal un-  tals illuminated either with a mercury high-pressure lamp
der these conditions to (1/2) (here and below, the upper through a combination of filters picking up the UV-VIS
index in the In center concentration shows the center chargeinge or with an argon lasek €488 nm) was studied.
with respect to cation

The bulk of the experiments has been performed using |Il. EXPERIMENTAL RESULTS AND DISCUSSION

two crystals with Inkg concentrations in the raw material of
0.02 and 0.5 mole %. Taking into account the distribution
coefficient of In in CdF is equal to 0.31(Ref. 18 one can The frequency dependence Gf, and tgs for samples 1
estimate the average In concentration in these crystals amd 2, utilizing gold electrodes, is presented in Figs. 2-5 for

Absorption (arb. units)

0 14 ;‘f"i'a i ..“.
400 600 800 1000 1200

FIG. 1. Absorption spectra of CdHRn cooled in the darksolid
line) and illuminated in the UV-visible bang@lotted ling. Only the
short-wavelength tail of the IR band with,,,,=7 um is shown.

NM:n*+NF.

A. Dielectric response of the crystals
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FIG. 2. Capacitanceupper framg and loss tangentlower FIG. 4. Dielectric response of Cgffn (sample 2b with Au con-

— 8 —3
frame of CdF,:In (sample 1 with Au contactsp* =3.5x 10'8 tacts,n* =5.0< 10 cm?).

m .
cm ) vs frequency for different temperatures. linings show one plateau i€, (the absolute value of which

. ., is smaller by two orders of magnitudand one maximum in
a series of temperatures. Sample 1 reveals an almost |de®I - ;

Debye-type of relaxation except for a slight increase of the5
dielectric constant towards low temperatuf@sg. 2). The
low-temperature responsé& £ 200 K) of samples 2a and 2b

ame sample without linings. This frequency shift reaches
two orders of magnitudgiii) The dielectric response of the

S o undoped sample reveals a weak spectral dependence only.
reveals a very similar characteristic. The loss angle of samplﬁv) The illumination of samples 1 and 2 at low temperatures

2b strongly increases towards low frequencies. For tempergeg s in spectra similar to those observed at elevated tem-
tures T>200K, indications of a second Debye relaxation ho a1 res: illumination has the same effect as thermal heat-

show up in the spectra: a second low-frequency plateau andigy The effect of illumination vanishes at elevated tempera-
second maximum in tg. For sample 2b, the second maxi- rag

mum in the loss angle is masked by the aforementioned '
strong increase in tg towards low frequencies. Figure 6
shows the effect of illumination as observed in sample 2b at
90 K. Here the dielectric response as observed in the dark is The semiconducting sample with insulating linings may
compared to that as observed under UV-VIS illumination. Atbe considered as a two-layer Maxwell-Wagner capacitor,
this point we can give a preliminary summary of the results:Fig. 7(a). Its response to an ac electric field is determined by
(i) With increasingn* the primary Debye relaxations are an impedance
shifted to higher frequencies, yielding a shift of the loss

B. Equivalent circuit analysis of the experimental results
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FIG. 3. Dielectric response of C¢gffn (sample 2a with Au con- FIG. 5. Dielectric response of Cdffn (sample 2c with Au
tacts,n* =2.0x 10 cm™9). contacts.
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Z(w)=Z1(w)+Zy(w), (3
where
o1 iec
Z, R YTV
~ L iwc 4
Z R lwCy. (4)

Index “1” refers to the crystal and index “2” refers to the
linings (C, equals 1/2 of the capacity of each linjndt is

PHYSICAL REVIEW B 63 205207

a R, R,
T L
C, C,
b
R, R, R,
ﬁl] 11—t l—F
C, C, C,

FIG. 7. Equivalent circuits of the two-lay€a) and the trilayer
(b) dielectric cells, which model the dielectric response of £t
crystals.

T17T2

l R1T1+ R2T2 1
C_0 Ri7,+Ry7y’

TG, (Ri+Ry? ANde-=

Es

with C, the geometrical capacitance of the sample. It is seen
from Eqgs.(5) and(6) that the relaxation spectrum of a two-
layer capacitor coincides with the spectrum of a Debye re-
laxator including an additional term due to the ohmic con-
ductivity [the first term in Eqn(6)].2* This similarity should

be, however, considered as a formal one since the Maxwell-
Wagner spectra describe the purely macroscopic effect of
interlayer polarization, whereas the Debye spectra result
from relaxations of microscopic dipoles.

The similarity of the relaxation spectra of samples with
and without linings indicates the existence of depletion lay-
ers near the Au/Ag electrodes. They arise from the difference
of the Fermi levels in the crystal and in the metal leading to
the formation of Schottky barriers. The depletion layers are
responsible for the relatively large low-frequency capaci-

shown in Ref. 21 that such a two-layer capacitor can bgance of the object under investigation—the sample plus two
considered as a homogeneous sample with an effective dijectrodes. Hence, one may use the equivalent circuit shown

electric permittivitye=¢' +ig”, where

;L X
&' =8x| 1+ 1+w272)' ©
"y T )(w’T
& T8 WTITy 1+w27'2)' ©)
Here,
€5 &
X= c v 11=RCy, m=RLCy,
and
R1T2+R27'1
 Ri+R,

Indexes ‘S’ and “ «” refer to zero and infinitely high fre-

in Fig. 7(a) as a model system to describe crystals with
depletion layers.

Using G;=1/R; andC; (i=1, 2 refer to the sample and to
the depletion layer, respectivelgs fit parameters, Eq€5)
and (6) allow to calculate the frequency dependence of
the complex capacitance of the cell and to compare it to
the experimentally observedC,(w) and Gp(w)/w
=tg - Cp(w). Figure 8 demonstrates the good quality of
such a fit for sample 2a except for the small increase towards
low frequencies ofC,(w) and the too shallow increase of
Gp(w)/w at low frequencies, which both cannot be de-
scribed by the fit.C, was found to be approximately two
orders of magnitude higher as comparedQp; their ratio
characterizes a relative thickness of the depletion layer that
occurs to be less than 1.0% of the crystal thickness and is
essentially thinner than the linings used. B@&h and C,
weakly depend off, unlike R; andR,, R, exceedingR; by
several orders of magnitude.

guencies, respectively, i.e., to the static and the optical per- Figure 9 shows an Arrhenius plot f@,(T) of sample 1,
mittivity. Those are connected to the parameters of the twodeduced from the fits witlR,=. The plot IgG; vs 1T

layer capacitor by

shows a significant linear dependence for temperatures
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with a two-layer modeldotted ling. . . . .
Y ( o and 2b show in this range a linear dependence with equal

activation energy of (0.240.01) eV. The resistancB; is

130K=T=230K, with an activation energ,; of (0.197  very high and no clear information on its temperature depen-
+0.008) eV. It should be stressed ti@&f has the same val- dence could be obtaing@ds well as forR, in the two-layer
ues for this sample with and without linings, which provesmode). The capacitances, andC; occur to be of the same
the high reliability of the model used. order of magnitude.

Samples 2a and 2b can be described by a two-layer model The strong increase in @w) with a decrease ob for
for low temperatures only. At highef, an additional low-  sample 2b aT > 150K (Fig. 4) is due to the first term in Eq.
frequency step inCy(w) and an additional low-frequency g (the ohmic conductivity This term is equal te» *R; * for
maximum in tgi(w) appear. One may suppose to describer_s.R, , and therefore, Fig. 4 directly reveals a higher con-
these additional featuresa an additional “even more de- qyctance of the depletion layer in sample 2b compared to
pleted” layer (Fig. 7b,Rs>R,>R,). Thus, two new fit pa-  sample 2a. The spectra of the noncolored sample 2¢ can be
rameters,R; and C; should be introduced. The trilayer gescribed with a two-layer model with relatively high-
model describes all the spectral features of the samples 2ativation energy foG,(T) of (0.42+0.01) eV.
and 2b though some quantitative discrepancies rertfagm Activation energies for all samples under investigation are
10). Arrhenius plots 0fG4(T) for these samples show a lin- g,mmarized in Table 1.
ear dependence in the same temperature range as for sample
1. The activation energy is (0.200.01) eV for sample 2a
and (0.19£0.01) eV for sample 2b. In the temperature range
T>200K, where the second step @},(w) and the second
maximum in tgd(w) arise, reliable values of the parameter To confirm the proposal on the electronic nature of the
R, can be found. Arrhenius plots @,(T) for samples 2a response in Cdfln, we compare the temperature depen-
dence of the conductivityG,(T), to the calculated free-
electron concentratiom(T). In the following,n(T) will be
calculated in the framework of statistical considerations of
the distribution ofn* electrons, introduced in the crystal
during coloration, between two levels of the bistable centers

C. Distribution of electrons between In centers
and conduction band

T(K)
300 200 100

| L B T T T

4 Sample 1 (or equivalently between two states, shallow and despul
L E,.= (0.1970.008) eV
5 8 TABLE I.
o 5
- 3 Rog, InF3z in raw Depletion
12 r OOOOO material, n*, Volume layer
T °‘I° Sample  mole % 10%cm™3 Eacr (V)  Ege, (8V)
4 6 8 10 12 14 1 0.02 3.5-0.7 0.197:0.008
1000/T (K'1) 2a 0.5 2.6604 0.20:0.01 0.24-0.01
2b 0.5 5.1.0 0.19:0.01 0.24£0.01
FIG. 9. Arrhenius plot of the volume conductivitg, of the 2c 0.5 ~0.01l orless 0.420.01

sample 1 composed from many fits by the two-layer model.
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the conduction band. Similar considerations were made in Ng:Nghfd/Z(]_—fd); 17
Refs. 22, 23. However, there the incorrect assumption was
made that, unlike DX centers in conventional semiconduc- NZ = Ngh(]__fsh)/Zfsh_ (19

tors, the deep state of In is a single-electron state, i.e., an . ] ]
In2* state?® The problem can be solved in a manner similarHere. fi(i=shd) are the Fermi functions:
to that for a double-charged dornSrbut with an essential _ 1
difference: whereas at 0 K each double-donor ion has two fen=l(aP)+1]"7, (19)
electrons, for the case in consideration onfy/2 In centers £ =18/ -1

T = X)+1]" . 20
per cnt contain two electrons andn*/2)+ Ng] centers are a=L(A+1] 20
empty, i.e., they are ionized. The concentrations of the stafhe knowledge oNg,, Ny, andNg allows to findn from
tistically distributed impurities and of the electrons, intro- Eq. (9).
duced into the crystal at its coloration, may be expressed via Important parameters, which determine predominantly the
the concentration of the shallow donomdY), the ionized character of the temperature dependence of the electron con-
(N;h), and the deepN,) centers and free-electron concen- centrations, are the binding energies of the shallow and the

tration (n) with Egs. 7 and 8, respectively: deep centers. The technique for findigg, via comparison
of the experimental shape of the IR band to one calculated
Nin=NJ+Ng + Ngh (7) using a hydrogenic model of the shallow center, gives values
of Eg, for various column-IIl dopants of 0.10-0.12 é(/We
n* =2Ng4 + N2h+ n. (8) usedEg, equal to 0.10 eV found for CgHn by the thermo-
_ o electric effects spectroscogfES) technique’® For the en-
The balance equation for free electrons is given by: ergy E4 we took a value of 0.25 eV, which was found in a
b first-principles study of the bistable Ga and In centers in
N=Ngi=Ng —Ne. ©) CdF, ;! the same value was found by the TES techniddes.

A +
The analysis of the statistics of the electron distribution The calculated temperature de_pendenuesl\légl);, NE%’
over shallow and deep centers and the conduction band lea@sh @ndn for the CdkIn crystal withN;,=2x10"cm,

to the following equation: Ng=0 are shown in Fig. 11. In the temperature range 40 K
<T<140K almost all electrons are localized at the deep
x3+x2(2B8+ y+ 1)+ x(aB+2yB)+aB(y—1)=0. centers andNg ~n*/2. Above T~140K the deep centers

(10 vanishvia thermal activation, accompanied by the formation
of shallow centers and free electrons. Arrhenius plots$y
andn revealE,.=0.074 eV for the former quantity and two

x=n/N;,;=(n/Np) exf — (Eo— Eg)/KT], (11)  Vvery similar activation energies for the latter quantity: 0.185
eV for the 40—200 K range and 0.204 eV for the 200—500 K

Here,

y=Ng/N,,. (120  range. In Fig. 1dd) an “averaged” valueE,. of 0.195 eV is
indicated. Interestingly, the above activation energies have
a=(No/Ny,) exf] (E4—Eq)/KT], (13)  hothing to do with any binding energy of the In center,
° which is typical for a center having several staiesels. A
B=(No/Nyy) exd (Ej— Eg)/KT]. (149 changeimN;,, Ne has a weak influence dB,{Ng),Eadn).

On the contrary, these activation energies are very sensitive
In Egs.(11), (13), and(14), the quantitieE€,, EZ,, E;, and  to the values of the binding energy of both centers, as well as
Er denote the energies of the lower edge of the conductiotto the density of states in the conduction band.
band, the shallow level, the deep level, and the Fermi level,
respectively. All those values are measured from an arbitrary D. Discussion of experimental results
zero level.Ng is a density of states in the conduction band,

given by: A reasonable coincidence of the experimental and calcu-

lated frequency dependence 10f(w) andG,(w)/w (Figs.
No=2(27m*KT/h?)32, (15 8, 10 shows that the simple equivalent circuits presented

in Fig. 7 describe sufficiently well the “Cdfn
The effective massn* of electrons in CdFis 0.45 of the  crystal-Au/Ag contacts” samples. At the moment, we can-
free-electron mag& and the binding energies of the centersnot propose a physical model for the element 3 in Fig);7
are:Eqy=Eq— Eg,, Eq=Eo— E4. We note that the equations its occurrence testifies to a more complex nature of the po-
for x, @, and B [Egs.(11), (13), (14)] differ by a factor of 2  tential relief at the contact. It is not excluded that this layer is
from those given in Ref. 25. due to a deep surface state.

The solution of Eq(10) has been executed numerically,  The similar values of the activation energies in the tem-

the rootx, satisfying the condition € x,<<1. After solving  perature range 130 «T<230K of 0.19-0.20 eV found
Eq. (10), the concentration of the shallow, deep, and ionizedrom the Arrhenius plots foG,(T) (samples 1, 2a, and 2b

centers can be determined from the following ratios: and for the calculateai(T), confirm the proposed mecha-
0 nism of formation of the dielectric response due to the deple-
Ngn=2Nnfsi(1— o)/ (1+fgh—Tq); (16)  tion layers®® This proposal is also supported by the very
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fields. Therefore, its presence cannot essentially disturb the
binding energy of the deep center. Thus, an activation energy
of 0.24 eV gives a reliable value of the binding energy of the

1o 7 1 T
e i deep center.
8 i a As mentioned above, for sample Gy(T) is too small to
= | be detectable and reasonable fits of the frequency-dependent
s 9L response can be obtained assumiig=0. Obviously, the
< i conductivity of the depletion layer is much smaller in this
con b b b sample than in samples 2a and 2b. One may suppose that this
5100 1= finding is predominantly due to the smaller jump mobility of
§ L b electrons in the depletion layer, which decrea&gsin this
5 06 sample below the limit of detection. This mobility is deter-
A mined by the concentratiadN,,, which should be essentially
+Z‘v:) - smaller in sample 1 as compared to sample 2. In addition, it
o b bl was noted above th&, in sample 2b is considerably higher
16 |- than in sample 2a. This may be attributed to the higher elec-
- R tron concentratiom* introduced during coloration in sample
% 14 | 2b.
2 - The similarity of the effect of illumination in the UV-VIS
12 - band and the temperature increase on the dielectric response
ST N P T confirms its electronic nature: both factors increase the con-
15 [ d centration of free electrons, which leads to an increase of the
i volume conductanc&;. For the reasonable case R§»R;
c 10 | Eac= 0.195 8V and C,»C,, the characteristic frequenay=1/7 of the re-
i) - laxation features, observed @,(T) and tg dw) [see Eq.
S (6)], can be approximated by #G,/C,. Therefore, both
0 i DN an increase of temperature and an illumination of the sample
0 5 10 15 20 will lead to a shift of the relaxation features to higher fre-
1000/T (K™ quencies, in good agreement with the experimental observa-
tions.

FIG. 11. Calculated concentrations of the déa) ionized (b), The failure to observe the thermally stimulated depolar-
and shallow donor centets) and of the free-electron concentration ization phenomenon in the €d,M,F, . , solid solution tes-
(d) for the CdR:In crystal withN;,=n*=2-10%cm 2, tifies clearly to a nonlocal mechanism of charge compensa-

tion in CdR.*° Thus, the signal, induced in the as-grown

weak dependence d&,. on n*, which is found in both the CdF:In crystal (sample 2t also is electronic, rather than
experimental studies and the statistical considerafivh ionic in nature. It is incomprehensible that the activation en-
varies in our samples in the range of (2.0-510)cm3].  ergy of theG; parameter in this sample is well above any

It becomes clear from the above considerations that theharacteristic energy of In centers in GdH 0 explain this
quantity G,(T) reflects the free-electron conductivity of value, we suppose a small contamination of (& same
CdFR:In. The question arises on the nature@®j and G, setup was used for a long time for growth of G@R: crys-
which are tied to the depletion layefsamples 2a and 2b tal9). To support this proposal, statistical considerations simi-
Attention should be paid to the closeness of the activatiorar to those described above were made for this crystal with
energy forG, found with the trilayer mode{0.24 e\ and the following parameters: N;,=1x10cm™3 = Ng,
the binding energy of the deep In centéd25 eV).*1?60ne  =1x10%cm 3 n* =1x10%cm ™3, E, for Ga being 0.7 eV
may suppose that the charge transport in the depletion layefRef. 11) (see also Ref.)5 This calculation gives an almost
is due to jump conductivity over the deep centers. In fact, atinear dependence of lgvs 1/T, with an activation energy
higher temperatures and for a sufficiently large difference if ~0.4 eV. Thus, if the concentration of electrons intro-
Fermi levels of the crystal and the contact, not only the conduced in the CdfIn crystals is comparable to the Ga trace
duction band will be depleted with the carriers, but also theconcentration, the Ga deep centers with large binding energy
shallow donor levels. In this case, only thermally inducedcan essentially lead to an increase of the effective activation
jumps of electrons over deep centers in the depletion layeenergy of free electrons in this crystal. With the increase of
can contribute to the dielectric response of the crystal. Linn* all deep Ga levels are filled with electrons and cease to
earity of the Arrhenius plot foiG,(T) at temperatures, at influence the statistics of the electron distribution.
which deviations from linearity are clearly observed for
G4(T), demonstrates that these jumps do not involve ex-
tended movement of the carriers; once escaped, electrons are
captured immediately by one of the nearest ionized centers The dielectric response of the ionic semiconductor £dF
under the formation of a deep center. The electric field in thewvith bistable In centers has been investigated in the fre-
depletion layer is much smaller as compared to intra-atomiguency range 16-10° Hz at temperatures 20—315 K. Silver

IV. CONCLUSION
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or gold electrodes form depletion layers near the surfaces dfand influences the dielectric response in the same manner as
the samplegSchottky barriers which leads to a Debye-like a temperature increase. The dynamic nature of the photoin-
relaxation behavior. An analysis of this response can be peduced metastable state in GdR at T>>40 K does not allow,
formed in the framework of very simple models using however, for a detailed investigation of the temperature de-
equivalent circuits. This analysis allows us to determine thggendence of the photoinduced response, since it is impos-
temperature dependence of the conductivity due to free casible to separate the temperature and the illumination effects.
riers in the conduction ban@olume conductivityand of the  Such a study can be performed for Ga impurities due to a
jump conductivity over the deep In centdonductivity in ~ much higher barrier separating the metastable and the ground
the depletion layejs The binding energy of the deep In cen- state (~1 eV) and the essentially higher temperature, at
ters derived fromT dependence of the depletion layer con-which the photoinduced shallow state is stapi200 K).
ductivity is close to this energy found in the first-principal  This study shows that dielectric spectroscopy in the
calculatiot! and also in TES experimer®.This energy audio- and radio-frequency range is an effective tool for
used as a parameter in statistical consideration of the distrstudies of deep centers in semiconductors.
bution of electrons between the center levels and the conduc-
tion band gives a tru& dependence of the volume conduc-
tivity. Thus, the equivalent circuit analysis of the dielectric
response of Cdfn gives self-consistent results. This analy- We are indebted to I. I. Buchinskaya, P. P. Fedorov, and
sis clearly indicates the presence of traces of Ga contamind. P. Sobolev for the crystal growth. The research was partly
tion in the investigated Cgkn crystals. supported by the CRDF under the Grant No RP1-2096 and
lllumination of the crystals in the UV-VIS absorption by the German BMBF under the Grant No. EKM 13N6917.
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