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Influence of iodine impurity on photochemical and emission processes in CdBr,:Cu
crystals have been studied under N, laser and X-ray excitation. After the materials
irradiation by the integral emission of a deuterium lamp at 295 K, additional bands
peaked near 395 and 625 nm were revealed that are due to Cu?* and nCu® centers,
respectively. The photochemical transformations in those systems have been shown to be
related mainly to changes in the charge state of copper centers. UV irradiation of
CdBr,:Cu,l results in decreased X-ray luminescence intensity in the non-elementary 510 nm
band, weakened 620 nm band and increased intensity of the photoluminescence band
peaked at 490-500 nm at 85 K. After the colored samples were heated to about 300°C, no
features due to the photochemical transformations have been observed in the spectral
characteristics. The emission band peaked at 490 to 500 nm is related to the emissive
annihilation of excitons localized at |~ ions. The photoluminescence in the 620 nm band is
supposed to be due to complex centers containing anion vacancies and iodine ions.

WccnenoBaHno BIMAHNE MPUMeCH MoJa Ha (POTOXMMHUUECKUE U M3JIydyaTeJbHbIe IPOIECCHl B
kpucrannax CdBry:Cu nmpu BosOy:xzpenun N,-n1asepoM u peHTreHOBCKUM usiyueHueM. Ilocie
obnyueHusa matepuanoB npu 295 K mHTerpaJabHBIM CBETOM [AefTepHeBOil JlaMIbl B CIIEKTPax
TOTJIOI[eHUA BBIABJEHBLI JOMOJHUTEIbHBIE II0JOCHI ¢ MaKcUMyMaMu okoJyio 395 m 625 Hwm,
KoTopble ofycaoBiaers! Cu?® u nCul-menrpamu, coorBercrBenHo. ITokasaHo, 4TO (POTOXUMHU-
YyeCcKre mpeo0pasoBaHMs B 9TUX CHCTEMAaX, B OCHOBHOM, CBSI3aHBI C M3MEHEHUEM 3apsI0BOTO
COCTOSHMSA MeNHBIX HeHTPoB. le#icreue Y®-ceera ma CdBr,:Cu,l mpusoguT K ymeHBIIEHNIO
WHTEHCUBHOCTU PEHTTEeHOJIOMUHECIEHIIMN B HesjeMeHTapHO# moJsioce 510 HM, ocyabieHUIO
mosockl 620 HM U yBEIWUYEHUIO WHTEHCHUBHOCTU IIOJIOCHI C MakKcuMyMoMm B obiactu 490-—
500 um doromomunectennuu npu 85 K. ITocae mporpeBa oxpallleHHBIX 00pasIi[oB MO TeMIIe-
patypel ~300°C ocobeHHOCTU, BbI3BaHHBLIE (POTOXMMUUYECKUMU IIPEOOPa30BAHUAMMU, B CIEKT-
PaJbHBIX XapaKTepPUCTUKAX He MPOABIAOTCA. Ilosoca M3IyyeHUsA ¢ MAKCUMyMOM B 00JacTH
490-500 M cBs3aHa C U3JAyYaTeJbHON AHHUTHUJIAIMNEH SKCHUTOHOB, JIOKAJM3WUPOBAHHBIX Ha
voHax |~. @oromoMuHeCHeHIIUA B moJyioce 620 HM NPUIKMCBIBAETCA CJIOKHBIM IIEHTPaM, B
COCTAB KOTOPBIX BXOAAT AHMOHHBLIE BAKAHCHN W MOHBLI HOZA.

© 2004 — Institute for Single Crystals

The copper-activated cadmium bromide
crystals are efficient photochromic materi-
als [1-3]. The optical luminescent and pho-
toelectrical properties of CdBr,:CuCl and
CdBr,:CuBr were studied before in [1, 4, 5].
The photochemical transformations in those
systems have been shown to be related
mainly to changes in the charge state of
activator centers. In this work, the effect of
iodine impurity on photochemical and emis-
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sion processes in CdBr,:CuBr crystals has
been studied.

As the investigation objects, the
CdBr,:CuBr (0.5 % by mass) and CdBr,:CuBr
(0.5 % by mass), Cdl, (0.15 % by mass)
crystals were used grown by the Stock-
barger-Bridgeman technique in sealed
quartz ampoules [6]. The examination pro-
cedures of the crystal luminescent charac-
teristics have been described in [5, 7]. The
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Fig. 1. (a) Absorption spectra of CdBr,:Cu
crystal at 295 K prior to (1) and after (2)
coloration; (b) those of CdBr,:Cu,l crystal at
295 K prior to (1) and after (2) coloration.

optical absorption spectra were recorded
using a SPECORD M40 spectrophotometer.
The samples were colored at room tempera -
ture by integral emission of a deuterium
lamp for 5 min.

The absorption spectrum of CdBr, acti-
vated with CuBr admixture only taken at
295 K is characterized by the long-wave-
length absorption edge at 270-280 nm and
an intensive activator band peaked near
305 nm (Fig. la, curve 1). The crystal irra-
diation by a deuterium lamp results in a
weakened 305 nm band and appearance of
photo-induced bands at 395 and 625 nm
(Fig. 1a, curve 2).

At room temperature, the CdBr,:Cu,l is
characterized by an additional intensive ab-
sorption in the near-edge region (270-
290 nm). As a result, the band related to
the copper admixture does not appear selec-
tively against the absorption background
due to centers assosiated with |~ ions [6],
so only the long-wavelength tail of the acti-
vator absorption is recorded in the spec-
trum (cf. curves 1 in Figs. 1a and 1b). In
the colored polyactivated crystal, a reduced
activator absorption in the short-wave-
length region and appearance of similar
photo-induced absorption bands of lower in-
tensity in the long-wavelength region is ob-
served, too (Fig. 1b, curve 2).

The X-ray luminescence (XRL) spectra of
uncolored CdBr,:Cu are similar to those of
CdBr, [8] and CdBr,:Ag [9, 10]. At 85 K,
those contain a broad intensive non-elemen -
tary band peaked near 560 nm and a weak
band in the 350-400 nm region (Fig. 2a,
curve 1). In colored CdBr,:Cu, the lumines-
cence intensity decreases and the spectral
maximum shifts towards shorter wave-
lengths (Fig. 2a, curve 2). It follows from
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Fig. 2. (a) X-ray luminescence spectra of
CdBr,:Cu crystal at 85 K prior to (I) and
after (2) coloration; (b) those of CdBr,:Cu,l
crystal at 85 K prior to (1) and after (2)
coloration.

comparison of curves 1 and 2 in Fig. 2b
that the coloration of CdBr,:Cu,l crystal re-
sults also in a decreased intensity of the
low-temperature luminescence and shift of
its maximum from 510 to 500 nm.

The optical irradiation influences signifi-
cantly the low-temperature (T = 85 K) pho-
toluminescence (PL) of CdBr,:Cu,l under N,
laser (LGI-21, A = 337.1 nm) excitation in
the long-wavelength tail region of the acti-
vator absorption prior to coloration and in
the absorption region of the photolysis
products after the coloration. While in the
first case, a band peaked near 620 nm and
a shoulder in the 440 to 540 range are ob-
served in the PL spectrum (Fig. 3, curve 1),
it is just the emission peaked near 500 nm
that predominates in the second case (Fig.
3, curve 2). The 620 nm emission is found
to be more intense in CdBr,:l and CdBr,:Cu,l
than in CdBr, and CdBr,:Cu [4, 8]. The
CdBr,:Cu crystal coloration by UV irradia-
tion results also in the intensity redistribu -
tion in the PL spectrum at 85 K in favor of
the short-wavelength emission. Similar
bands have been found in emission spectra
of photochromic materials CdBry:Ag and
CdBr,:Ag,l under nitrogen laser excitation
and after the coloration.

When the CdBry:Cu,l crystal is heated
from 85 up to 295 K, the 620 nm PL inten-
sity decreases significantly and it is not ob-
served essentially at temperatures above
250 K. The crystal emission peaked at 490
to 500 nm also is characterized by a strong
temperature quenching. The temperature
dependence of PL for CdBr,:Cu,l in that
band is similar to that of CdBr, and
CdBr,:Cd peaked at 490 nm caused by the
incontrolled iodine impurity [8, 11].
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Fig. 3. Photoluminescence spectra of
CdBr,:Cu,l crystal at 85 K prior to (1) and
after (2) coloration.

The additional activation by Cdl, does
not influence essentially the thermo-
stimulated luminescence (TSL) of photo-
chromic CdBr,:Cu. Under X-ray excitation
at 85 K, CdBr,:Cu,| stores a relatively small
light sum. At the TSL curve, thermal peaks
are observed at 112, 152, and 168 K as well
as a shoulder in the 130 to 135 K range
(Fig. 4, curve 1). The crystal coloration re-
sults in a considerably weakened TSL, no
new peaks being observed in the TSL curve
(Fig. 4, curve 2). Using the Urbach method,
the depths of capture levels responsible for
the TSL of CdBr,:Cu,l have been estimated.
For the 112, 152, and 168 K peaks, the
thermal activation energy values E; = 0.20;
0.29, and 0.33 eV, respectively, have been
obtained.

The initial spectral characteristics of
photochromic crystals on the basis of cad-
mium bromide are restored after the sample
decoloration attained by heating in a sealed
quartz ampoule in air up to about 300°C.
No optical decoloration was observed for
those samples.

Thus, the CdBr,:Cu,l crystals are also
photochromic ones. The photochemical
transformations in this material run some-
what less intensively than in CdBr,:Cu. The
studied results of the UV irradiation effect
on the absorption spectra show, that the
photochemical transformations in the cop-
per-activated cadmium bromide crystals are
similar to those in CdBry:Ag [12] and
CdBr,:Cu [13, 14]. In the optical absorption
spectrum of CdCl, crystals activated by
small amount of AgCIl, the activator band
has been revealed at 227 nm, the intensity
increases in parallel with the impurity con-
centration [12]. The CdCl,:Ag irradiation by
y rays or neutrons results in weakening of
the 227 nm band near the absorption edge
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Fig. 4. Thermostimulated luminescence

curves of CdBr,:Cu,l crystal X-ray excited at
85 K prior to (1) and after (2) coloration.

and appearing bands near 397 nm and
515 nm. Those bands become weakened
under optical decoloration (350 nm) while
the 227 nm one is intensified. By EPR, a
paramagnetic center has been found in the
irradiated CdCl,:Ag, that is ascribed to the
substituting Ag<* ion. Studying the isother-
mal tail of the EPR signal and of the opti-
cal absorption bands, it has been established
that the absorption at 397 nm correspond to
that paramagnetic center. Consideration of
the EPR signal shows that the wave func-
tion of non-coupled holes extends not only
on the central Ag2* ion but also on the CI-
ligand ions. Such a formation is considered
to be a cluster consisting of one Ag2?* ion
and six CI~ ones.

Basing on the obtained results, authors
[12] have concluded that the 227 nm ab-
sorption band may be due to intracenter
transitions in Ag' ions. The band peaked
near 515 nm has been observed before [10]
in the absorption spectra of colored photo-
chromic CdBr,:Ag. The nature of this band
is associated with the colloidal silver cen-
ters. Similar features are observed in the
absorption spectra of CdCl, crystals acti-
vated with CuCl and CuCl, [1, 2]. Prior to
UV irradiation, these materials show a band
peaked at 280 nm that is ascribed to Cu*.
After the irradiation, this band intensity
decreases and two new bands at 390 and
590 nm appear. The nature of the 390 nm
band is associated with Cu2* while that of
the 590 nm one, with CuO colloids. Spectral
characteristics of thin film CdCl,:CuCl pho-
tochromic materials are interpreted in a
similar fashion [13-15].

The lattice of CdBr,:Cu photochromic
material contains also two positions of cop-
per impurity ions [1, 2, 5]. The single-
charged copper ions are situated in regular
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sites in the Cd2* position form acceptor cen-
ters (Cu*cy)~ while those in the interstitial
octahedral voids, the donor centers Cu*;
These centers form light-sensitive neutral
complexes (associated donor-acceptor pairs)
{(Cu*cy) —Cu*j}. Such formations are dipole
centers and the 280 K peak in the thermo-
stimulated depolarization of the electret
state in non-colored CdBr,:Cu* samples are
ascribed thereto [5].

The activator band at 302-305 nm ob-
served in the absorption spectra of non-col-
ored cadmium bromide crystal with copper
impurity can be ascribed to the parity-for-
bidden intraionic 3d10 - 3d%s transition,
the exclusion being raised in part due to
Cu* ion displacement with respect to the
center of the ligand consisting of Br—, I~
ions [15]. Or, as in the CdCl,:Ag system
[12], this band is related to the permitted
3d10 _, 3d%p transitions in the activator
centers. The considerable intensity increase
of that band as the impurity concentration
in the photochromic material increases and
its insignificant decrease in the absorption
spectrum of CdBr,:CuBr (0.05 % mol.) as
the temperature is elevated from 77 to
280 K [2] testifies in favor of the second
hypothesis.

The material coloration under illumina-
tion is associated as a rule with photoioni-
zation of intrinsic or extrinsic centers. Dur-
ing the photochemical reactions running
under irradiation of CdBr,:Cu with light ab-
sorbable efficiently in the near-edge region
by Cu* centers, the photoinduced decompo-
sition of the light-sensitive copper com-
plexes is observed [1, 2, 5]. In this case, the
concentration of the centers associated with
single-charged copper ions decreases due to
photothermal ionization of Cu*cy and elec-
tron delocalization from these centers to
Cu*. Cluster centers (Cu?*y )%~ where X
are halide ions appear as well as nCu® type
colloids that are responsible for the pho-
toinduced absorption bands peaked near 395
and 625 nm, respectively. The coloration
(darkening) of cadmium bromide photo-
chromic materials with a high concentration
of copper impurity occurs in thin subsur-
face layers as a result of strong absorption
of the photoactive radiation. The obtained
data point to the colloidal coloration mecha -
nism. The reverse decoloration process runs
through oxidation of Cu® centers by Cu2*
ions [14]. Since the same photoinduced
changes are observed in the absorption spec -
tra of the studied single- and polyactivated
photochromic cadmium bromide crystals,
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the photostimulated changes of the spectral
characteristics are due mainly to the copper
center recharging [5] and, to a lesser ex-
tent, to photolysis of the crystal matrix [8].

It has been shown [16] that the copper
impurity in KCI*KIl:Cu forms complex cen-
ters of (Cu*l") type with iodine ions. The
association of impurity ions at the isovalent
substitution may be due to their ability to
form a more strong chemical binding with
one another than with halide ions of the
crystal luminophor matrix. That is why in
alkali chlorides with bromide and iodide im -
purities, ions of activators such as TI*, Ag*
and Cu* try to allocation for Br~ and |~ ions
that exhibit a stronger polarizability than
ClI- [17, 18]. Such an interaction of Sn2*
and |~ activator centers was revealed before
[19] by TSL method in cadmium bromide
crystals with tin and iodine impurities. Tak -
ing into account those results, the clarifica-
tion in the short-wavelength (region where
the impurities absorb) at the CdBr,:Cu,l col-
oration can be supposed to be caused by
lowering concentration of Cu* centers asso-
ciated with |~ ions.

The decreased sensitivity of CdBr,:Cu to
UV radiation when being activated with io-
dine impurity can be explained by that the
I~ ions in CdBr, are the hole trapping cen-
ters, since those are characterized by a
lower electronegativity as compared to Br—
ones [17, 20]. As a result, the hole trapping
probability of the (Cu*cy)™ is decreased and
the light-sensitive complex {(Cu*cy)™—Cu;*}
centers in CdBr,:Cu,l are somewhat more re-
sistant against UV than in CdBr,:Cu. When
CdBry:Cu is doped with chlorine impurity
having a higher electronegativity than Br~
ions, the hole trapping probability of the
(Cu*cq)™ is increased. That is why the pho-
tostimulated decomposition processes of
light-sensitive copper complexes, the forma-
tion of Cu2*y substitution centers and as-
sociations of copper atoms in that material
are relatively higher efficient [4].

In XRL and PL spectra of CdBr,:Cu and
CdBr,:Cu,l crystals low-doped with copper,
no bands associated with Cu* and CuZ?* cen-
ters have been observed. It has been con-
firmed [8, 11, 18] that the broad 560 nm
XRL band of unactivated CdBr, at 85 K
consists of elementary bands peaked near
490, 545, and 645 nm. The emission at
545 nm excited intensively by X quanta at
low temperatures in unactivated [8] as well
as in some activated [9, 11, 18] cadmium
bromide crystals is interpreted as the in-
trinsic emission, being due to emissive re-
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combination of triplet exciton states of (V
+ e7) type [8].

It has been noticed above that the emis-
sion of CdBr, and CdBr,:Cd crystals peaked
near 490 to 500 nm is associated with the
uncontrolled iodine impurity. It follows also
from the obtained results that the XRL
maximum shift from 560 to 490-500 nm at
the additional doping of CdBr,:Cu with Cdl,
is due to the emission intensity redistribu-
tion in favor of centers associated with |~
ions. The luminescence peaked near 490 nm
observed in intentionally undoped and io-
dine-doped cadmium bromide crystals is as-
sociated with triplet excitons localized at I~
[9, 18].

In [21-23], it has been shown that the
emission of alkali halide crystals (AHC) in
the a band is due to tunneling transitions
in the F...Vi(BrlI7) and F...V,(I,7) pairs. The
radiation-induced silver atoms Ag® formed
in AHC interact efficiently with anion va-
cancies V,* [24]. It has been reported [25]
that the CuOV_,* type centers are formed
photothermally in KCIl:CuCl crystal due to
migration of a V,* vacancy associated with
a CuY atom (but not a free vacancy) towards
that atom. Taking into account the results
of those studies as well as those of [8, 9,
11], the PL of CdBr, based crystals peaked
near 620 nm can be supposed to be due to
complex centers (associates) containing an-
ionic vacancies and iodine impurity. This
conclusion is testified by the fact that the
620 nm band emission is intensive in
CdBr,:l and CdBry:Cu,l crystals. The lumi-
nescence in this region may be related to
emissive transitions in anion excitons local -
ized near anion vacancies (0 luminescence)
[8, 21-23].

It follows from consideration of the ob-
tained obtained and literature data that the
increasing of intensity of the 490 nm lumi-
nescence and the decreased one in longer-
wavelength bands at 85 K after UV irradia-
tion at 295 K of CdBr,:Cu,l samples, that
were heat-treated previously, are caused by
a change of the copper impurity change
charge state [5] as well as by the crystal
matrix photolysis [8]. The weakening of the
620 nm luminescence band after coloration
of CdBr,:Cu based photochromic materials
can be explained by formation of Cd,-0 and
CuOV,* centers. The emission peaked at
490 nm in colored cadmium bromide crys-
tals with copper impurity must be due to
excitation of heteronuclear excitons (Brl)
both under light absorption by I~ ions and
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under recombination of charge carriers (de-
localized from photothermally formed Cd,~0
centers) on iodine ions [8,11]. A heat treat-
ment of the irradiated crystals results in
annealing of the photolysis products. In this
case, the concentration of a centers (respon-
sible for the long-wavelength emission) in-
creases.

The additional activation of CdBr,:Cu
with iodine impurity does not result in new
peaks at the TSL curve. The 108-112 and
170 K peaks are revealed also in TSL curves
of CdBr,:Cdl,. The TSL curves of cadmium
bromide with Ag+ impurity contain peaks
at 112, 132, 150, and 170 K [10]. After
X-ray excitation, the TSL curve of unacti-
vated crystal is represented by the main
non-elementary peak at 173 K and weak
ones at 108-112 and 132 K. The nature of
TSL peaks was discussed in [8, 11]. It fol-
lows from the results of the photochromic
materials results TSL that the copper impu-
rity does not form activator centers in
CdBr, but influences mainly the relative
charge carrier population in levels of differ-
ent depths typical of the crystal matrix.
The relative weak TSL peak at 169-173 K
due to delocalization of heteronuclear Vj
centers (Brl7) [8] testifies in favor of the
hypothesis at the interaction of cation and
anion centers in CdBr,:Cu,l.

The considerable quenching of the recom -
bination luminescence under X-ray excita-
tion in subsurface layers of optically col-
ored copper-doped cadmium bromide is
caused by non-radiative recombination of
excitation-generated charge carriers on the
photochemical reaction products [4, 5, 26]
as well as by the light scattering on atomic
copper cogulators (nCu®) localized at linear
defects of the crystal structure [5]. The
yield and spectral composition of PL, XRL,
and TSL in colored CdBr,:Cu and CdBr,:Cu,l
are influenced partly by reabsorption due to
the additional absorption of the photolysis
products in the spectral region where the
emission bands are observed of centers typi-
cal for the material matrix as well as of
those associated with the anion impurity.
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Bnaus pmomimku ioxy Ha ¢oroximiuni Ta
BUIIPOMiHIOBaJbHI nponecu B Kpucraiax CdBr,:Cu

C.C.Hoséocaod, 1.C.Hosocad

BuBueno BmiuB gomimkwu foxy Ha ¢oroximiuni Ta BUIpOMiHIOBANBHI Ipollecw B KpuCTAa-
nax CdBry:Cu mpu 36ymsxenHi N,-masepoM Ta peHTreHiBCRKEM BUIpOMiHIOBaHHAM. Ilicia
omnmpominenusa marepiauaiB nmpu 295 K iHTerpaJbHUM CBiTJIOM [geiiTepieBoi JlaMIM y CIEKTpax
MOTJIMHAHHSA BUSABJIEHO JOJATKOBiI cMyru 3 MakcumyMmaMu 0Jau3bkKo 395 i 625 um, AKi 3ymMoB-
nmeni Cu?t i nCuO-ueHTpaMH, Bimmosimmo. Ilokasamo, mo (oTOXiMiuHi IMEepeTBOPEHHS Yy IIUX
cucTeMax, B OCHOBHOMY, ITOB’A3aHi 31 3MiHOIO 3apsmoBOoTO cTaHy MigHUX I1eHTpiB. Hig YP-
ceirma ma CdBr,:Cu,l mpuBoanTh [0 3MEHIIEHHS iHTEHCHBHOCTI DeHTTeHONIOMiHeCHeHHii y
HeeJeMeHTapHi cmysi 510 HM, mociaabiaenHsa cmyru QoTosioMiHecreHii 620 uM Ta migcu-
JIeHHS iHTeHCUBHOCTI cMyru (oTosoMiHecieHIil 3 MakcumMymoM B obsacti 490—500 M mpu
85 K. Ilicis mporpiBy sabapsieHux 3paskiB mo temmeparypu ~300°C 0co0JauBOCTI, BUKJIM-
KaHi GoTOXiMiYHMMHU TEPETBOPEHHAMHU, B CHEKTPAJBLHUX XapPaKTEPUCTUKAX He MPOSBIAOTH-
ca. CMyra BUOpPOMiHIOBaHHA 3 MakcuMyMoM B o0aacti 490—500 HM moB’A3yeThCA 3 BUIPOMI-
HIOBAJBHOIO AHITJIAII€I0 €KCHUTOHIB, JOKajizoBaHmx Ha ioHax |~. ®oronmromMiHecleHIis B
cmy3i 620 HM TPUNIHUCYETHCS CKJIAMHUM I[€HTPaM, B CKJAA AKWX BXONATh aHiOHHI Bakamcii
Ta ioHuU Homy.
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