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Metal cluster’s effect on the optical properties of cesium bromide thin films
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Cesium bromide (CsBr) films grown on glass substrates by thermal evaporation showed prominent
absorption peaks in the UV-visible region. Interestingly, these absorption spectra showed peaks
which red shifted over time in ambient exposure. Structural and morphological studies suggested
decrease in particle size overtime which was unusual. Electron micrographs show the formation of
“daughter” cesium nanorods from parent CsBr particles. Theoretical calculations show the optical
behavior observed to be due to localized surface plasmon resonance resulting from cesium
nanorods. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4729061]

Alkali halides (AH) have been extensively studied in
the 1960’s to understand the variation in energy band struc-
ture with changing lattice constant. Their simple crystal
structures, experimentally determinable phase transitions,
and reproducible variation in properties due to pressure
made them popular research candidates.” AH are considered
excellent photon-absorbing materials in the x-ray and ultra-
violet regions where usage results in formation of color-
centers.”® In addition, AH’s have gained popularity in
detector and optoelectronics applications due to their excel-
lent quantum efficiency.” However, practical application of
AH films suffered due to their high reactivity with atmos-
pheric water vapor® making them difficult to maintain. Ce-
sium bromide (CsBr), which exhibits a relatively higher
stability when exposed to air,” was therefore of interest. For
example, CsBr films deposited on thin metal layers have
been used as an electron source'® and as a protective layer
of a photocathode.'!

During our previous studies on CsI (Ref. 12) thin films,
we observed optical absorption peaks in the visible regime.
Similarly, we have noticed absorption peaks in CsBr (present
work) thin films. We believe that these absorption peaks
reflect plasmon resonances associated with Cs metal clusters
that have been formed from CsBr parent nanoparticles.
These observations are in inline with the idea put forward by
Emel’yanov ez al. and others.'*'* They claimed that the vari-
ous defect states (such as F-centers) present in AH, when
provided with the right conditions lead to the formation of
alkali metal clusters. In this report, we study optical absorp-
tion by CsBr thin films, the formation of cesium nanorods in
CsBr thin films due to aging effect and their effect on the op-
tical properties of CsBr thin films. The work not only dis-
cusses ageing in samples which is of importance to users of
AH devices but also shows formation of surface plasmon
resonances (SPRs) in AH films with potential use as sensors.

Cesium bromide thin films of various thickness were de-
posited by thermal evaporation on microscopy glass sub-
strates at room temperature and at a pressure of 1.4 x 107>
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Torr using 99.98% pure CsBr powder. Optical properties of
these thin films were first studied by measuring extinction
spectra. Spectra were taken at various time intervals for two
sets of samples: those that were placed in a desiccator and
others exposed to air. Optical absorption spectra for samples
of 840 nm thickness kept in air are shown in Figure 1(a). A
strong extinction peak at ~500nm was observed in spectra
obtained just after the deposition of thin films. Studies on
Csl thin films revealed similar peaks in their UV-visible
absorption spectra in our earlier studies.'”> However, the
peak position red-shifted with time and the extinction inten-
sity decreased with time. The shift in peak position showed a
linear trend with time and the rate of change was found to be
dependent on film thickness. Thicker film samples showed
more red shift than thin film samples (Figure 1(b)). However,
the optical spectra of samples preserved in desiccator
revealed significantly less red shift of peak position and peak
intensity with time indicating this effect to be a function of
ambient atmosphere. This led us to believe that the peak
position in extinction spectra could be due to the formation
of Cs nanoparticles in CsBr thin films and excitation of local-
ized surface plasmon resonances (LSPRs) in these nanopar-
ticles. Plasmon resonances are excited due to the interaction
of electromagnetic fields with free electrons in metal nano-
particles whose size is smaller or comparable to that of
wavelength of incident light."> Both the LSPR’s peak posi-
tion and its intensity are strongly dependent on the metal
cluster’s size, shape, and the refractive index of the sur-
rounding media. These results, hence, indicate some system-
atic and continuous structural and compositional changes in
the film over time.

To understand the effect of exposure time on the absorp-
tion spectra of CsBr films, we performed structural and com-
positional studies. Structural information was obtained by
field-emission scanning electron microscopy (FESEM) and
transmission electron microscopy (TEM). Composition stud-
ies were obtained by energy dispersive x-ray spectroscopy
(EDX), selected area electron diffraction (SAED), and x-ray
diffraction. Figure 2(a) shows a representative FESEM
image of a CsBr thin film. It can be seen that these films con-
sist of random and uniformly spaced nanoparticles with an

© 2012 American Institute of Physics
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FIG. 1. (a) Absorbance spectra of CsBr thin film taken at different time intervals and (b) peak absorption wavelength of different CsBr films thickness as a

function of time.

average particle size of ~1 um. A close-up (outlined circles
in Figure 2(a)) shows interconnected bridges at their edges.
These structures increase in length as the particles move
apart. As the nanoparticles moves apart, the cylindrical
shaped bridge is retained by one of the particles. Some of
these bridges finally break off as “child” nanorods and fall
into the background leaving behind a smooth spherical nano-
particle. Size statistics done on the freshly deposited thin
film samples kept in dessicator and those exposed in air for
1100h revealed a difference in average particle size (from
1 um to 0.95 um). The particle density of samples kept in air
(0.91 um—?2) was found to be nearly twice that of the counter-
part kept in the desiccator (0.52 um~?). The full width at half
maxima (FWHM) of the Gaussian fit to the histograms also
reflect a narrower distribution for the samples maintained in
the desiccator. These results suggest nanoparticles of the
film split giving rise to smaller nanoparticles. Also, this pro-
cess of nanoparticle breaking is encouraged in samples kept
in air. EDX of “child” nanorods and parent nanoparticles
show that they are primarily made up of cesium. These
results indicate displacement of Cs metal from CsBr nano-
particle to the surface of parent nanoparticle and formation
of Cs child nanorods. This would mean that CsBr parent
nanoparticles should have a displaced Cs layer on the surface

to form an “insulator-metal” or a “core-shell” structure. This
was also confirmed by TEM micro-graphs, which clearly
showed distinct regions of core and shell (Figure 2(b)). In
addition, SAED taken on one of the core of the parent nano-
particle reveal characteristic spots indicating the crystalline
nature of the “core” (see Figure 3). The major spots of the
SAED are arranged on two distinct rings corresponding to
the (110) and (211) peaks of CsBr as indexed in ASTM Card
No. 73-0391. Similar analysis of the child nanorod shows
their crystallinity with three distinct ring corresponding to
the (200), (331), and (220) planes of cesium as given in the
ASTM Card No 18-0325.

To understand the breaking of child nanorods from par-
ent nanoparticles, x-ray diffraction was performed to esti-
mate stresses in the nanoparticles and estimate mass
variation with time. X-ray diffraction of the samples soon af-
ter deposition reveal two major peaks at 20~29.3° and
~52°. Both CsBr and Cs have peaks in and around these
position as given in ASTM Card (Ref. 16) Nos. 73-0391 and
18-0325, respectively. Peaks of CsBr and Cs are just resolv-
able and Lorentzian peaks can be inserted at peak positions
given by the ASTM cards. Figure 3 compares x-ray diffrac-
tion spectra of freshly prepared CsBr and samples after
794h. The relative increase in the Cs peak intensity at

(b)

FIG. 2. (a) SEM image of CsBr thin films, green circles show the presence of bridges that fall of to form daughter cesium nanorods and (b) a TEM image

showing a close-up view of bridges.
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FIG. 3. SAED of (a) core and (b) shell/nanorod confirm the formation of CsBr core along with Cs shell and nanorods. Formation of core-shell with nanorods
structures is also confirmed by the deconvolutable XRD peaks. Two prominent XRD peaks at (a) ~29° and (b) ~52° are shown.

20~ 52° with time indicates the formation of Cs in CsBr
films with time. The sizes (Table I) of CsBr core in parent
nanoparticles and Cs child nanorods were calculated from
the x-ray diffraction peak’s FWHM using Scherrer formula
(see Figure 3)."” Size of parent CsBr nanoparticle and child
Cs nanorod were found to decrease with increasing time.
The size of CsBr parent nanoparticles according to x-ray dif-
fraction is smaller than the sizes observed in TEM. This indi-
cates that the boundaries of the core, as viewed in the TEM
micrographs, enclose crystalline region along with amor-
phous CsBr. More importantly, the CsBr peaks were found
to have shifted to the right as compared to the peak positions
given in the ASTM Card. This would indicate that the CsBr
lattice is in a state of stress with compressive forces acting
on it. The stress in the film was calculated after evaluating

Ad _ dobs — dastu

the strain using the relation <5 , where dgp,

obs

is the experimentally observed d-spacing and dasty iS the
corresponding peak’s d-spacing as reported in the ASTM
card.'® The stress is then determined by multiplying the
strain by the elastic constant of the material. The calculated
strain on the (110) plane of CsBr changed from —0.0023 to
—0.0028 with an elapse of 900 h. We believe it is this stress
that contributes to the required energy for bromide’s
disassociation.

As revealed in the SEM and TEM images, CsBr thin
films consist of pure CsBr nanoparticles, CsBr shell particles
(CsBr core and Cs shell) and Cs nanorods. To understand the
experimentally observed optical properties of CsBr thin films
and the effect of time on the absorption peak position, we
calculated the extinction spectra of these structures using

TABLE I. Particle size of CsBr and Cs as calculated from the x-ray diffrac-
tion pattern.

Time (h) CsBr size (nm) Cs size (nm)
22 65*6 88 £8
112 55+4 76 =8
794 58+6 55+6
1034 34+3

theoretical methods. Extinction of the former two particle
types were solved by Mie scattering formulation, but these
particle types did not show absorption/extinctions peaks in
the visible regime. Approximating Cs nanorods as prolate
spheroids, extinction spectra were calculated using Gans
theory.'” The dielectric function of Cs metal was obtained
from Smith et al.***' The Cs nanorods were assumed to be
surrounded by vacuum. Different geometries of prolate sphe-
roids were considered and extinction spectra were calculated
using Gans theory. Figure 4 shows the extinction spectra of
particles with the minor radius of the prolate spheroid fixed
at 100 nm and the major radius varied from 1000 to 200 nm
(aspect ratio varied from 10 to 2 and effective particles size
varied from 215 to 125nm). One can observe that all the
shapes and sizes of spheroids exhibit extinction peaks in the
visible regime and near infrared. The peaks in the visible re-
gime represent the transverse modes and the peaks in the
near infrared represent the longitudinal modes. The trans-
verse peak positions red-shifted with decrease in aspect ratio
and the intensity of the extinction spectra decreased with
reduced particle size. These results can be qualitatively
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FIG. 4. Absorption spectra of Cs nano-rods calculated using Gans model.
Family of curves show a redshift with average grain size and decreasing
aspect ratio.
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compared with experimental results (Figure 1) and indicate
that the optical absorption peaks seen in experiments can be
correlated to the transverse plasmon modes excited in Cs
nanorods. In addition, the trend of red shift of absorption
peaks and decrease in the absorption peak intensity observed
in calculations matches qualitatively with the trend observed
in experiments. These results support the hypothesis that
with time, the Cs nanorods decrease in aspect ratio and size,
resulting in redshifting of absorption peaks and decreased
peak intensities.

Experimental data suggests that the stress in the as-
grown films lead to the formation of defects caused by the
bromide atom’s displacement. These defects start collecting
together to form clusters. With the curvature of the particle’s
surfaces contributing the maximum stress, the formation of
cesium at the particle surfaces can be understood. This sur-
face cesium around cesium bromide not only contributes to
the core-shell structures present in the film but are also a site
for formation of cesium nanorods. With time, the shell-core
particle size decreases along with decrease in the average
particle size of the cylindrical rods. Comparing the results
with theoretical simulations suggest cylindrical particles
contribute to SPR peaks in the visible wavelengths with
decreasing particle size accompanied with increasing aspect
ratio (ratio of diameter to length) leading to a red-shift in the
peak position. These observations are of interest and may be
exploited for applications in sensors or detectors. The fact
that the rate at which the SPR peak moves to higher wave-
lengths depends on nature of ambient atmosphere suggests
these can be used to measure humidity.
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