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Abstract. Heavily Cu*-doped amorphous PbCl, has been obtained by quench deposition of
the mixture of PbCl, and CuCl. Upon crystallization, the large majority of Cu* ions
aggregate to form CuCl precipitates embedded in the crystailine PbCl, matrix. The preseni
experiment opens up the possibility of producing densely dispersed CuCl clusters in a

controlled manner in PbCl, films.

1. Introduction

One of the interests in producing film material rather than
growing single crystals is the possibility of introducing high
concentration impurities. For example, Cu*-doped KCl films
with the Cu* concentration ranging from 10% to 102! cm™3
have been attained (for the purpose of device application such
as ultraviolet (UV) optical filters) by resistive co-evaporation
of KCi-CuCl mixed powders with nominally 1-15 mol%
CuCli concentration {1]. Recently, we doped Cdi, films with
trivalent Bi** ions up to 10 mol% of cation concentration {2},
despite the different valencies between the host and guest
cations. The heavy doping was achieved in the amorphous
form of the films by quench deposition of the mixture of
Cdl, and Bils. Crystallization of the films resulted in well
defined two-molecule Bil; clusters densely monodispersed
in the Cdl; polycrystalline matrix. In the present work we
investigated PbCl, films heavily doped with Cu* ions, to
study the opposite case of non-stoichiometric impurity, i.e.
the impurity having smaller valency than the host cation.

Both PbCl; {3] and CuCl [4] can be rendered amorphous
by quench deposition. The two compounds have similar
vapour pressure; for instance the temperature at which the
vapour pressure becomes 1 Torr (130 Pa) is 547 °C for PbCl,
and 546 °C for CuCl. This may provide a good condition for
preparing an amorphous sclid solution by the ce-evaporation
of their mixture. Furthermore, the small ionic radius of
the Cu* ion (0.96 A [5]) compared to the Pb?* ion radius
(1.24-1.28 A [S]) makes it favourable for the Pb?* ions to be
substituted by the Cu* ions in the amorphous environment.
Aggregation of the substituted Cu* ions may be observed
by exciton spectroscopy, as indeed demonstrated for CuCl
nanocrystal growth in alkali halide single crystals [6]. These
considerations motivated the present work.

2. Experimential details

For the preparation of the heavily Cu*-doped PbCl, films,
mixed powders of PbCl, and CuCl were put into silica-tube
containers. The containers were evacuated to 5 x 107 Pa at
200 °C for 24 h and sealed to get vacuum-sealed ampoules
of the mixtures. The ampoules were heated to 555 °C, held
at that ternperature for 1 h, and then quenched in ice water to
achieve homogeneity in the concentration of the mixtures.

Amorphous films of the thus-prepared mixtures were
obtained by quench-deposition described in [7]. In brief,
the deposition was carried out on a fused-silica substrate
cooled to 77 K in a vacuum of about 9 x 1075 Pa using a
tungsten basket heating element placed 8 cm in front of the
substrate; the deposition rate was about 20 nm min~}. Such
a high deposition rate was considered to be favourable for
achieving the nominal composition ratio of PbCl, and CaCl
in the films, although the resulting composition ratio was not
analysed. The thicknesses of the films were determined by
an interference method [8].

The doped PbCl, films were investigated by an improved
UV absorption spectroscopy, described in [2].” The method
is based on simultaneous measurements of transmittance and
reflectance from which accurate optical densities of weakly-
absorbing films can be determined. The measurements were
made in situ on a film annealed at various temperatures.

3. Results

Figure 1 illustrates the effect of annealing on the absorption
spectra of a quench-deposited amorphous PbCly:CuCl
film. The nominal concentration of CuCl is 10 mol%.
The thickness of the film is about 850 nm. Spectral
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Figure 1. The effect of annealing on the absorption spectrum of a
quench-deposited amorphous PuCl,:CuCl film of nominal

10 mol% CuCl concentration. All the spectra are measured at

77 K for the increasing annealing temperatures indicated. The
scale on the ordinate is given only for the lowermost spectrum.
The film thickness is about 850 nm.

measurements were carried out at 77 K for increasing
annealing temperatures (7). Heating and cooling in each
annealing cycle were performed at rates of 1 and 10 K min™!,
respectively.

In order to explain the annealing behaviour, it is
convenient to briefly describe the transient spectra during
crystallization of undoped amorphous PbCl, films. The
absorption spectrum of undoped amorphous PbCl, films
is characterized by a non-excitonic, prominent first band
peaking at 4.418 eV (absorption edge, about 4.0eV) [9}. On
slow heating (1 K min™"), they show sharp crystallization
in a narrow temperature range of 1.5 K near 282 K [3],
with the first band transformed to a sharp excitonic peak
located at 4.66 eV (absorption edge, about 4.4 eV). A
detailed measurement {10] achieved at a very slow heating
rate of 0.05 K min~! in the range 281.5-283 K revealed
that three competing spectral structures showed up during
crystallization. Of the three, the lowest-energy structure
(about4.2eV), A, which was associated with nucleation in the
films, was observed at the initial stage of crystallization. With
the progress of crystallization, structure A became weaker
and finally disappeared, leaving behind the excitonic peak.

As seen from figure | the absorption edge of the present
film changes from about 4.0 eV for T, = 77 K (as-
deposited film) to about 4.4 eV for T, > 280 K, reflecting
crystallization of the film. The structure appearing around
4.2 eV for 260 K < 7, < 270 K corresponds to structure A
of the undoped PbCl, film (note that the optical density at the
peak (4.418 eV) of the first band for T, = 77 K amounts to 22
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Figure 2. Details of the effect of annealing (7, > 265 K) on the
absorption spectra at 77 K in the region of CuCl exciton
absorption, measured for the same film as that for the spectra in
figure 1.

when calculated for an undoped film of 850 nm thickness).
Therefore, we can conclude that the crystallization of the
preseni film starts to occur at about 260 K and is completed
at about 280G K. The Cu™* jons in the film have the effect
of lowering the crystallization temperature and widen the
temperature range where the crystailization proceeds.

After compledon of crystailization there arise new
structures at energtes in the range 3.2-3.3 eV due to exciton
absorption of crystalline CuCl. This indicates that the Cu*
ions aggregate to form CuCl clusters during the final state
of crystallization of the host. It is interesting to note that
the temperature at which crystalline CuCl is precipitated in
the PbCl, matrix is much (by about 100 K) higher than the
crystallization temperature (177 K [4]) of amorphons CuCL

Figure 2 presents magnified spectra of the same film in
the region of CuCl] exciton absorption to show the growth
process of crystalline CuCl. Although there is no trace
of exciton absorption for 7, = 265 K, weak structures
reminiscent of Z3 and Z, » excitons are observed for 7,.=
270 K and they grow to clear peaks at 7, = 280 K. Upon
further annealing, they sharpen in shape and become strong in
intensity (by about 20%), accompanying a small red shift of
the peak energies (by a few milli-electron volts) (as evaluated
by a lineshape analysis [11]). The integrated exciton-
absorption intensity for 7, = 400 K corresponds to a 13 nm
thickness of a CuCl! film. From this, the CuCl concentration
with which the CuCl precipitates are embedded in the PbCly
polycrystalline matrix is calculated to be 3.1 mol%.

Further annealing at temperatures above 400 K gave
rise {0 an abrupt reduction in the absorption intensity of the
excitons. In fact, the exciton absorption decreased 10 times



for T, = 440 K and completely disappeared for T, = 500 K;
instead, new weak structures appeared around 3.95 and
4.15 eV, as seen from the lowermost curve in figure 1. The
precipitated CuCl is considered to be dissociated, yiclding
new absorption centres responsible for the structures.

4. Discussion

In situ absorption spectroscopy has been shown to provide
a powerful means of studying the growth of copper halide
panocrystals in alkali halides [6]. Exciton lines are used
as a signature of crystallinity and a broad absorption peak
measures the number of Cu® ions. The present study
demonstrates that a similar method is also useful to trace
CuClin PbCl,.

Previously we reported [4] that exciton absorption in
CuCl was observed cven in the amorphous state because
of the very small radius of the exciton (the Bohr radius
is 6.8 A for the Z3 exciton [12]), which is so small that
the exciton was able (o exist within the shori-range order.
In the amorphous PbCly:CuCl film, however, no trace of
CuCl exciton transitions is discernible, as shown in section
3. Presumably, Cu* ions are dispersed as dimers in the
amorphous environment; the dimerization is due to the
necessity of electrical neutrality, i.e. Pb* ion can only be
replaced by two Cu™ jons.

The assumption may be accessible based on an ion-giass
model [9] of amorphous lead halides. The model proposed
that each Pb** ion in amorphous PbX, (X = Br, CL, F)
was surrounded by nine neighbouring X ions without any
well defined site symmetry around it. By using an effective
Py?*-Xdistance d for the superionic assembly [PbXg]™,
the logarithmic fluctuation Ad/d was shown to have a
Gaussian distribution with the full-width at half-maximum of
about 0.05. Thercfore, there may be a possibility of having
a large enough d for the superionic assembly [PbXoe]™™ to
be replaced by a quasicomplex of [CurXol™™. The small
ionic radius of the Cu* ion compared to the Pb®" jon radius
is considered to be favourable for heavily doping amorphous
PbCl, with Cu* ions in such a manner.

Since crystallization of the film requires Ad/d —
0, it is expected that the large majority of the densely
dispersed Cu* dimers aggregate to form CuCl clusters during
crystallization, yielding CuCl crystallites. This is evidenced
by the appearance of exciton absorption for 7, = 280 K
(figure 2). Other Cu* dimers which siill occupy Pb* ion
sites may contribute to the growth of the crystallites at higher
annealing terperatures (280 X < 7, < 400 X). The growth
of the crystallites leads to the small increase of the exciton
absorption intensity (by about 20%) and the small red shift
of the exciton peak (by a few milli-electron volts). The red
shift is attributable to relaxation of the quantum size effect
on the exciton due to the growth of the crystallites.

It is instructive to compare the present result with
previous work on heavily Bi**-doped Cdl, films [2]. The
heavy doping was achieved by quench-deposition, yielding
amorphous films with three Cd?* ions replaced by two
Bi** ions up to 10 mol% of Bil; concentration. After
crystallization of the films, stable Bi** dimers existed without
forming higher-order clusters. In the case of the present

result for PbCly:CuCl, however, larger clusters were already
observed for the film just after crystallization. The difference
in the clustering behaviour between the two systems may
be explained in terms of dimensionality. In the Cdl:Bils
system, where both Cdl, and Bily are layer compounds,
clustering of Bi** ions is considered to occur in iwo
dimensions, i.e. within single cation layers. Therefore, it
is difficuit to yield larger clusters, unlike in the case of
the PbCly:CuCl system where a three-dimensional process
proceeds.

In [6], the growth of CuCl nanocrystals was studied by
UV spectroscopy for a Cu*-doped single crystal of NaCl with
the nominal 0.2 mol% fraction of CaCl. Although the CuCl
concentration is very small, aggregation and dissociation of
CuCl are similar in behaviour to the present PbCly:CuCl
case. The growth of CuCl nanocrystals in the NaCl crystal
occurred for annealing temperatures 7, above 275 K, with
the Z3 and Z; , exciton absorption enhanced and with their
peak positions redshifted with increasing 7, up to 450 K.
For 7, > 430 K the exciton absorption decreased, and at
T, = 600 K all clusters were destroyed, exhibiting a broad
absorption band at 4.86 ¢V due to single Cu* jons. In
the present PbCly:CuCl system the grown CuCl crystallites
started to decrease at nearly the same 7, (above 400 K),
despite the much higher CoCl concentration. The weak
structures observed at 3.95 and 4.15 eV for the lowest curve
in figure 1 are attributed to absorption due to destroyed CuCl
crystallites, i.e. Cu’ dimers. (Cu* dimers in the amorphous
PbCly:CuCl film may also absorb light of similar photon
energies; however, such absorption, being considered to be
hidden by the strong absorption for the host PbCly, is not
observed in figure 1.)

5. Conclusion

Heavily Cu'-doped amorphous PbCl, was obtained by
quench deposition of the mixture of PbCl, and CuCl,
despite the different valencies between the cations of the
two compounds. The Pb?* ion in the superionic assembly
[PbCly|"~ with a large Pb>*—Cl~ distance in the amorphous
environment bas a possibility of being replaced by two
Cu* ions, forming a quasicomplex [CuCls]’”. Upon
crystallization of the host environment, the large majority
of Cu' ions aggregate to form CuCl precipitates embedded
in the crystalline PbCl, matrix. The present experiment
opens up the possibility of producing densely dispersed CuCl
clusters in a controlled manner in PbCl, films. For example,
the size of the clusters is expected to be controliable by
developing annealing performance as well as by varying the
CuCl mole fraction. Studies on achieving densely dispersed
small clusters (nanocrystals) with a specified size distribution
are in progress and the results will be reported later.
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