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We have used the technique of far-infrared reflection-absorption spectroscopy to study the lattice dy-
namics of thin (60- to 3270-A) films of rubidium iodide, potassium iodide, rubidium bromide, cesium
iodide, and cesium bromide. The spectra provide information on the LO-phonon spectra as well as in-

sight into the morphology of the thin-film samples.

I. INTRODUCTION

For many years far-infrared spectroscopy has been ap-
plied in the study of lattice dynamics of solids; however,
attempts to examine the far-infrared spectra of thin films
have been hampered by the lack of sensitivity of conven-
tional far-infrared spectroscopies to submicrometer-
thickness films. Recently, Da Costa has extended the
technique of reflection-absorption spectroscopy into the
far infrared.'”* As developed in our laboratory, far-
infrared reflection-absorption spectroscopy (FIRRAS)
has increased the sensitivity and dynamic range of far-
infrared spectroscopy of dielectric films deposited on
metal substrates. FIRRAS provides a direct measure of
the (q=0) LO phonon. Using this technique we have
studied the effects of sample thickness and morphology
on the lattice dynamics of the thin films of rubidium
iodide, potassium iodide, rubidium bromide, cesium
iodide, and cesium bromide.>®

Excitation of the longitudinal-optical phonon is not al-
lowed in the spectroscopy in bulk materials; however,
Berreman’ modeled the infrared (1000-2000 cm™')
transmission and reflection of thin films (2500-3500 A)
of LiF and found that surface modes with frequencies
characteristic of the longitudinal-mode frequency of LiF
can be excited by non-normally-incident radiation polar-
ized parallel to the plane of incidence (p-polarized radia-
tion). These modes, which are not directly observable in
a bulk crystal, are readily observed in a non-normal
transmission or reflection-absorption measurement if the
wavelength of the radiation is large compared to the
thickness of the film.

For dielectric films deposited on a metal substrate,
Berreman’ found that at non-normal incidence, not only
does one obtain an absorption at the LO-mode frequency,
but the TO-mode absorption is practically eliminated
from the spectrum when the film thickness is much less
the wavelength of the incident radiation. This effect was
later noted by Greenler® and is the basis for the surface
specificity of reflection-absorption spectroscopy. The
high conductivity of the metal substrate prohibits a
parallel component of the electric field from existing near
the surface, but enhances the component of the electric
field perpendicular to the surface, with the result that the
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incident radiation can couple to vibrational modes with
dipoles perpendicular, but not parallel, to the film sur-
face. This has become known as the surface-dipole selec-
tion rule.

In addition to observing the LO phonon, we found
spectral features that we attribute to the morphology of
the thin films. As prepared in our laboratory, the alkali-
halide films grow via a nucleative process, creating is-
lands that grow to form a thin film. This creates voids in
the film where the islands do not completely coalesce.
The frequency and size of these additional spectral
features depend on the volume fraction of the voids in the
film and the geometry of the voids. We model the FIR-
RAS spectra of the alkali-halide films by combining an
effective-medium approximation model with the classical
Lorentzian oscillator model and our model of the electro-
dynamics of the FIRRAS process. From this model we
are able to study both the effects of sample thickness and
sample morphology on the longitudinal-phonon spectra
of the films.

II. THE EFFECTIVE-MEDIUM APPROXIMATION

The optical properties due to the sample morphology
of thin films is generally modeled in one of two ways.
One can consider a rough film surface and modify the
Fresnel amplitude reflection coefficient to describe this
surface.” 1> Alternatively, the dielectric response func-
tion of the film can be modeled by the inclusion of
voids.!®”!° We have chosen the latter viewpoint, as our
characterization of the films shows a film surface too
smooth to cause the spectral features seen. We have
developed an effective-medium-approximation (EMA)
model to describe our films. The EMA is often used to
describe the optical and electrical transport properties of
heterogeneous media.?® 2

We consider the thin-film system to be a flat smooth
alkali-halide slab permeated by a distribution of aligned
ellipsoidal voids of different shapes, with the total distri-
buted volume of each shape taking up a small volume
fraction of the total film volume (Fig. 1). As the thick-
ness of the film is much less than a wavelength of the in-
cident radiation, the model is not sensitive to the position
of the voids in the film or to the size of individual voids.
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dielectric slab
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FIG. 1. Schematic representation of film samples with ellip-
soidal voids.

Using the usual three-parameter Lorentzian oscillator
model for the vibrational modes of the film, the dielectric
response of the film material is

S
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where €(w) is the complex dielectric function, €, is the
high-frequency dielectric constant, p is the number of vi-
brational modes, S; is the oscillator strength of the jth
mode, w,; is the TO-mode frequency of the jth mode, and
v j is the width of the jth mode.

We have constructed an EMA model of our thin
dielectric films following the theory for the optical prop-
erties of small particles developed by Ruppin and Engl-
man.”’ Consider an ellipsoid of material with a dielectric
constant €, and a depolarization factor L, embedded in a
uniform isotropic medium with dielectric constant €,,
(we have dropped the explicit frequency dependence for
clarity). For a film made up of the medium and a volume
fraction f of aligned ellipsoids, the average dielectric
function € is?!3°
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Rearranging Eq. (2), we find
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This is the form cited by Landauer? and used by Cohen
et al.?® to describe a heterogeneous medium consisting of
a volume fraction f of aligned ellipsoids with dielectric
constant €, and depolarization factor L, embedded in a
host of dielectric constant €,,. We have labeled the L’s in
Eq. (3) to emphasize their origin. L, on the right-hand
side of Eq. (3) describes the shape of the particle or in-
clusion. L, on the left-hand side of Eq. (3) describes the
shape of the cavity used in the derivation of the
Maxwell-Garnett EMA. It is essentially the fictitious
Lorentz cavity used in the derivation of the local-field ap-
proximation. For the standard Maxwell-Garnett EMA,
the Lorentz cavity and the inclusion are both spherical so
that L.=L,=1. In a similar analysis, Galeener'®!’ de-
rived an EMA to describe the optical properties of crack-
like voids in amorphous germanium.

To provide for ellipsoidal inclusions of different shapes
in our thin-film geometry, we set L, =1, sum over the
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different shapes, and rewrite Eq. (3),
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where f; is the volume fraction of an ellipsoidal void with
depolarization factor L,. For one ellipsoid shape and

small 3, f;, Eq. (4) approximates Eq. (2), the basic form
of the EMA.

III. EXPERIMENTAL DETAILS

The FIRRAS spectrometer is a double-polarization
modulation  modification of a  Martin-Puplett
configuration interferometer. Details of the technique
and principles of FIRRAS are found elsewhere.!™%3!
Spectra were obtained with a resolution of 1.9 cm ™ L.

The FIRRAS sample chamber is evacuated to a base
pressure below 5X 107> Torr using a mechanical-pump-
backed diffusion pump. A liquid-nitrogen-cooled trap in
the sample chamber further reduces condensables. The
pressure of the sample box is monitored by both a ther-
mocouple and ionization tube. A single sample holder
was built to control the temperature of the sample from
85 to 300 K. The sample holder has been described else-
where.!?3

Five materials were studied: rubidium iodide, potassi-
um iodide, rubidium bromide, cesium iodide, and cesium
bromide. All materials were obtained from CERAC,
Inc., and were typically 99.9% pure. The substrates were
aluminum-coated glass microscope slides. The aluminum
was evaporatively deposited to thicknesses between 0.5
and 1.0 um. The alkali-halide thin films were produced
by thermal evaporation at pressures less than 10~° Torr.
The thickness was controlled by evaporating a measured
amount of material at a specific distance from the sub-
strate and assuming a spherical distribution of evaporant.
As these materials are hygroscopic, care was taken in
their handling and storage.

After spectroscopic measurements were made, the
films were characterized by four methods. The thickness
was measured with a Sloan DEKTAK 3030 profilometer.
The profilometer is accurate to within approximately 20
A. The crystalline orientation was established by x-ray
diffraction. Table I details the thickness, thickness stan-
dard deviation, and crystalline orientation of each sam-
ple. The Rbl, RbBr, and KI films which have the NaCl
structure, are oriented with the [100] direction perpendic-
ular to the substrate. The CsI and CsBr, which have the
CsCl structure, are oriented with the [110] direction per-
pendicular to the substrate. One film was studied using
scanning electron microscopy (SEM). A reproduction of
the SEM micrograph of the 1100-A RblI film is shown in
Fig. 2. The nucleative nature of film growth produces is-
lands that incompletely grow together to form the gaps
seen in Fig. 2.

The density was approximated from the film’s volume
and mass. Two measurements of a 1300-A-thick Rbl film
gave values between 31+6% and 6+10% less than the
density of bulk RbI. The large uncertainties of approxi-
mately 6-10 % arise from the small mass of the films.
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TABLE I. Alkali-halide thin films.

Thickness
standard
Thickness deviqation Crystalline
Material (A) (A) orientation
Rbl 60 20 [100]
120 20
220 40
350 30
1100 40
3500 60
KI 700 25 [100]
RbBr 570 30 [100]
Csl 700 25 [110]
CsBr 670 20 [110]
3270 40

While not precise, these measurements establish a range
for the void volume parameters used to fit the spectro-
scopic data. The SEM micrographs give only the lateral
dimensions of the film’s islands and the profilometer does
not have sufficient lateral resolution to determine the
depth profile of the film surface. Samples that were
characterized by atomic-force microscopy showed that
the film surface is relatively flat over large areas com-
pared to the size of the gaps between the crystallites.

IV. SPECTRAL ANALYSIS

To interpret the FIRRAS spectra we have modified the
analysis software developed by Da Costa and Coleman*
to include the EMA model with up to five different void
shapes and volume fractions in addition to the classical
Lorentzian mode parameters of frequency, strength, and
width for each mode in the bulk material. Modeling the

FIG. 2. film.

Scanning electron micrograph of Rbl
Magnification is times 11 380. Bar represents 8790 A.
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electrodynamics of FIRRAS using a three-layer system
(air-film-metal substrate), the spectra will depend on the
incident angle, the film thickness, the complex index of
the substrate, and the complex index of the film. The
frequency-dependent dielectric function of the thin film is
derived by adjusting the parameters of the Lorentzian os-
cillator, Eq. (1), and the EMA model, Eq. (4). The result-
ing dielectric-function model is then used to determine
the FIRRAS absorbance. We use a unitless FIRRAS ab-
sorption function similar to the one defined by
Greenler:*?

RO(p,s) —R (ps) __ R(p,s)

A(a))(p,s‘):]'_

, (5)
RO(p,s)

where R, ) are the measured reflectivities of the bare
and film covered metal substrate, respectively, and p (s)
refers to light polarized perpendicular (parallel) to the
substrate. The reflectivities are obtained from the Fresnel
coefficients of the air-film and film-substrate interfaces,
which in turn depend on film thickness, angle of in-
cidence, and the complex dielectric functions of the film
and substrate. Details are given elsewhere.*

For our analysis, the substrate index was taken to be
equal to the refractive index of bulk aluminum at 400
cm~!'. The index of aluminum does have a slight fre-
quency dependence over the spectral range of the FIR-
RAS experiment; however, the spectra are independent of
the substrate index as long as the dielectric constant of
the metal substrate is much greater than that of the de-
posited dielectric film, and the film thickness is much
smaller than the wavelength of the incident light. To ap-
ply our EMA model to the thin-film system, we set ¢,
equal to the bulk dielectric function of the alkali halide
and €, =1 for a void.

As noted by Berreman’ and others, the spectra
obtained by oblique angle reflectance from thin absorbing
films on metal substrates is approximately proportional
to —wIm[1/e(w)], where €(w) is the dielectric function
of the absorbing film. Maxima in the spectra appear at
the minima of €(w). These will occur in our EMA € at
the zeros of €,,(w) (i.e., at ®=w; ) and when the term in
the denominator of the summed term in Eq. (4) is a
minimum. This last condition yields

4,33,34

0y €m, €,(0)—1(1—1/L,;)

0o €m0 €, —1/0—1/L)

(6)

This equation predicts that each void shape will give rise
to an absorption peak with a frequency wj; such that
w1 <wy; <wyg, Where wy,; depends on the shape of the
void. We refer to these spectral features as void reso-
nances after Galeener.'® "

One interesting characteristic of FIRRAS has been
pointed out by Da Costa and Coleman.* For a dielectric
function containing two neighboring modes, the modes
will “repel” each other with the lower (higher) frequency
mode shifting to lower (higher) frequency. In addition
the peak height of the lower (higher) frequency mode will
be reduced (increased) by a factor proportional to the os-
cillator strength of other mode. The net effect is that the
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effective oscillator strength from the lower-frequency
mode shifts into the effective oscillator strength of the
higher-frequency mode. For the alkali halides studied
here, this phenomenon is seen as an increase in the oscil-
lator strength of phonon sum modes at the expense of the
LO-phonon mode. Without this effect, the phonon sum
modes would not be observable.

V. RESULTS AND DISCUSSION

Common features are seen in all of the alkali-halide
films studied. We will discuss the rubidium-iodide results
in detail and conclude with a summary of the results of
the other materials. The FIRRAS spectra of an 1100-A
thick film of Rbl are displayed in Fig. 3. As described
above, maxima in the FIRRAS signal appear at zeros of
the dielectric function, leading to FIRRAS maxima at
the LO-phonon frequency. In Fig. 3, the major feature at
99 cm ™ * (all observed frequencies are reported to within
1 cm™') is the LO-phonon absorption. The higher-
frequency feature (111.5 cm™! arises from a two-phonon
summation mode. As the temperature is lowered, the
LO-mode frequency increases and the mode width de-
creases. The summation mode becomes less evident, and
below 200 K new features appear below the LO-mode fre-
quency. We ascribe these features to sample morpholo-
gy. ‘These spectra are typical of all the films studied, with
the number of high-frequency summation bands and
low-frequency sample morphology features varying with
the material studied.

T T T T
RbI 1100A
300 K
223 K
=]
.S
§' 183 K
2
<«
& 144 K
87 K
1 1 1 1 1
60 80 100 120 140

Frequency (cm™?)

qu. 3. Temperature dependence of FIRRAS spectra of
1100-A RbI film. Spectra are displaced for clarity.
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To obtain the frequency-dependent optical constants of
the films, we fit the FIRRAS spectra using the three-
parameter Lorentzian oscillator-EMA model described in
Secs. IT and IV. The spectral fits are produced by first as-
signing values for the TO frequency and oscillator
strength of each vibrational feature (i.e., the TO mode
and the sum modes). The phonon (TO) frequency and
high-frequency dielectric constant are taken from the
work of Lowndes and Martin®® and Lowndes.>® The ini-
tial values of the TO-mode frequencies at lower tempera-
tures were obtained from interpolation between the
room-temperature value and the experimental value at 80
K, with the final TO frequency values coming from the
fitting procedure. The TO frequencies of the sum modes

0.3
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FIG. 4. FIRRAS spectra and model analysis of 1100-A film
of RbI at (a) 300 and (b) 90 K. Measured spectra, dots; model
analysis, solid line.
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are visually estimated. The shape of each LO mode was
modeled by adjusting the damping parameter. The
sample-morphology features were modeled by adjusting
the void parameters in the EMA. The void resonance
frequency is determined primarily by the void shape,
while the relative height of the feature is determined by
the volume fraction of the void. The absolute FIRRAS
absorption was matched by slight adjustments of the an-
gle of incidence. The fitting procedure is iterative, with
visual comparison of the data and the calculated spec-
trum and modification of the parameters until a satisfac-
tory fit is achieved. The LO-phonon frequencies are ob-
tained from the peaks of the Im(1/¢€) curve and are accu-
rate to within 1 cm™!. The peak positions of the FIR-
RAS spectra and the Im(1/€) curve coincide to within 1
cm !, and in most cases there is no difference. Typical
results of the fitting procedure are shown in Figs. 4(a)
and 4 (b). Further details of the fitting procedure have
been presented elsewhere.*’

A. Rubidium iodide

The FIRRAS spectra of the 1100-A RbI sample was
modeled by three independent oscillators and a uniform
distribution of voids with two different shapes. Table II
compares the current measurement of the LO frequency
with similar previous measurements. The FIRRAS-
derived LO-mode frequency of 99 cm ! at room temper-
ature is compared to 97.5 cm ™! reported by Lowndes.*®
Our temperature-dependent LO frequencies are generally
1.0-1.5 cm ! higher than those reported by Lowndes.
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Comparisons with other measurements are also shown in
Table II.

Our results can also be examined by comparison with
FIRRAS spectra calculated from optical constants de-
rived from bulk samples. FIRRAS spectra can be simu-
lated via Eq. (5) using the bulk Rbl optical constants of
Pai et al.,’” the measured film thickness and the ap-
propriate angle of incidence. The measured FIRRAS
spectra are broader and have slightly lower intensities
than the simulated FIRRAS spectra at room tempera-
ture. The LO-mode frequencies from the simulated
(99+1 cm™!) and measured (99 cm ~!) FIRRAS spectra
agree. Phonon summation modes are observed in the
simulated FIRRAS spectra. In addition to the phonon
sum mode at 111.5 cm ™!, a sideband shoulder is seen at
122 cm ! in the simulated FIRRAS spectra. While this
additional summation band is not observed in the 1100-A
film, it is seen in thicker (2500-A) films. At 100 K the
sample-morphology features are clearly resolved from the
LO mode in the measured FIRRAS spectra, and the
shape of the reststrahlen mode agrees well with that of
the simulated FIRRAS spectra at 100 K. This suggests
that the increased linewidth (decreased lifetime) of the
thin-film spectra most likely follows from the sample
morphology and higher concentrations of defects and
grain boundaries in the film as compared to the bulk ma-
terial. Similar results are seen in the comparisons be-
tween simulated and measured spectra for other
thicknesses of Rbl films and for KI and RbBr films.

The TO- and LO-mode frequencies, linewidths, and os-
cillator strengths as a function of temperature are given

1

TABLE II. Measured and calculated LO-phonon frequencies (in cm™'). The uncertainty in all frequency values is =1 cm ™' ex-

cept as noted.

Lowndes?
Thickness Grazing angle Bulk Simulated Neutron
Material (A) FIRRAS measurement measurement FIRRAS LST® scattering
RbI 2500 99 97.5+0.5 95+0.5 98 100 100+2°¢
1100 99 99
350 98 101
210 98 96
120 95.5 98
60 90.5 100
KI 700 131 127+0.5 129+0.5 131 40 142434
RbBr 570 122 128+0.5 119 123 129+3¢
Csl 700 90 90.5+0.5 90.5+0.5 92 87"
CsBr 3270 116.5 113+0.5 112 1118
670 115 113

2Reference 36.

®Generalized Lyddane-Sachs-Teller (LST) relation.
‘Reference 43; at 300 K.

dReference 48; at 95 K.

*Reference 49; at 80 K.

fReference 50; 300 K (estimated).

eReference 51; at 80 K (estimated).
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in Table III. The shift of the LO-mode frequencies that
we observe with temperature follows from lattice thermal
expansion and cubic and quartic anharmonic interac-
tions.>® These contributions to the frequency shift raise
the mode frequencies linearly with decreasing tempera-
ture between 100 and 300 K. The LO-mode linewidth
differs from the TO-mode linewidth because of the fre-
quency dependence of the mode width. The peak height
of the LO mode increases slightly with decreasing tem-
perature, while the peak height of the high-frequency
sidebands decreases slightly. This is reflected in the rela-
tive change in oscillator strength between the modes
(Table III). The total oscillator strength is conserved.
All of these effects are as expected from the usual under-
standing of the lattice dynamics of these ionic materials.
The high-frequency sidebands arise from anharmonic
interactions between phonons. The anharmonic features
of the absorption spectra of crystals are often modeled by
using a frequency-dependent mode width calculated from
a specific anharmonic model of the lattice potential.
Such calculations have been carried out for the alkali
halides by Hardy and Eldridge and their co-workers.* %!
The resulting frequency-dependent mode width varies
strongly with frequency. Below wrq, the damping is due
to two-phonon difference processes, with summation pro-
cesses dominating above wpo. This strong variation of
the mode width with frequency contributes to the ob-
served sideband structure of the optical absorption in
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these materials.3®* We model these phonon combination

processes by adding independent classical oscillators with
frequency-independent mode widths to the dielectric
function used to calculate the FIRRAS spectra. This
yields good fits to the data; however, one must not attach
too much quantitative significance to the resulting mode
parameters; there is only one fundamental lattice vibra-
tional mode in these materials—the additional high-
frequency features arise from anharmonic effects.

The summation modes seen above the LO mode are
due to combinations of two phonons such that the total
wave vector of the combination is zero or equal to a re-
ciprocal lattice vector. The observable combinations are
also restricted by group-theoretical considerations*? and
the form of the third-order potential term that couples
the LO mode to any other two phonons.** We make ten-
tative assignments of the sidebands using published in-
elastic neutron-scattering data.> The larger sideband
near 111 cm™! is assigned to the combinations at the
L[1,1,1] symmetry point between the TO and TA pho-
nons (64.7+52.5~117cm™"') and the 2[1,1,0] point be-
tween the LO and T,A phonons (80+34~114 cm™')
where we use the notation of Ref. 43 to designate the
phonons. This band appears in the frequency region
where the anharmonic effects are dominated by summa-
tion processes. This leads to our assignment of this band
as a summation mode. The smaller sideband near 105

cm~ ! may be assigned to the combinations at the

TABLE III. Lorentzian and void mode fit parameters used in the EMA dielectric function for the 1100-A RbI film. Other param-
eters used in the model analysis include: €,=2.58, thickness =1082 A, and angle of incidence = 85.8°-86.5°. wo values are deter-
mined from the peak positions of the Im(1/€) curves. o, values are determined from the FIRRAS spectra peak positions.

Lorentzian modes

Void modes

W1 o (04 V6 Y S @, Vol.
(cm™!) (cm™!) (cm™1) (cm™2) (cm™1) L f (%) c/a
87 K
105.5 80.2 5.5 12 300 96.5 0.65 0.5 7.0 0.32
106.0 5.5 10 83.5 0.95 0.5 0.07
110.0 6.0 75
144 K
103.5 79.0 7.0 11675 93.5 0.65 0.5 6.5 0.32
104.0 5.5 50 81 0.95 0.5 0.07
109.0 7.0 65
183 K
101 78.0 9.0 11250 93 0.55 0.4 5.0 0.46
105 104.0 6.0 60 79 0.95 0.6 0.07
112 112.0 7.5 75
223 K
100.5 77.0 10.5 11200 0.55 0.5 5.0 0.46
104 105.0 6.5 50 79.5 0.95 0.5 0.07
111.5 112.0 7.0 100
300 K
99 75.5 13.3 11400 0.55 0.5 5.0 0.46
104.5 104.0 8.0 75 0.95 0.5 0.07
111.5 111.0 8.5 250
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2[+,4,0] point between the LA and T;A phonons
(62+34~96 cm™') and the T;A and T,0 phonons
(34+62~96 cm~!). The assignment for the smaller
mode is less certain due to its small oscillator strength
and proximity to the LO mode. These assignments are
summarized for all samples in Table IV.

The motivation for considering sample morphology
effects arises from the spectral features observed between
w1o and o) g and the voids seen in the films in the SEM
micrograph (Fig. 2). As discussed in Sec. II, the mor-
phology of our samples is approximated by a solid film
containing a small volume fraction of voids. The optical
properties are modeled by constructing an effective
dielectric function for the solid-void system. To make
this model tractable, we make some assumptions about
the shape, orientation, and distribution of the voids:

(1) The voids have an ellipsoidal shape, specifically,
that of an ellipsoid of revolution; (2) the axes of revolu-
tion of the ellipsoids are parallel to one another and to
the incident E field; and (3) the total proportion of void

volume is small ( <10% in most cases) compared to the
total volume of the film.

The shape of the ellipsoid determines the value of the
depolarization factor L.* The volume fractions fi» and
depolarization factors L; for each void shape, along with
the bulk dielectric function, fully determine the effective
dielectric function given by Eq. (4).

We found in Eq. (6) that each different void shape will
give rise to an absorption peak at a frequency wy;, where
w10 <@yp; <wpo. These void resonances are clearly visi-
ble in our spectra at lower temperatures (see Fig. 3). The
widths of these void resonances follow the width of the
lattice LO mode. As the temperature increases, the
widths of the void resonances increase along with the
width of the LO mode. At room temperature, they are
only discernable as an asymmetry on the low-frequency
side of the LO mode.

The parameters for each void resonance are obtained
from the lowest-temperature spectra, since this is where
they are most distinct. The calculated peak position is

TABLE IV. Summation-band assignments.

RbI
Observed (0 0=99 cm™ 1)
summation Assignments
bands Symmetry Combinations
(cm™!) point (cm™")
104.5 2[1,4,0] LA+T,A (62+34=96)
T,A+T,0(34+62=96)
1115 L(1.4.5] TO+TA (64.7+52.5=117)
2[4, 4,0] LO+T,A (80+34=114)
122 L(].+.1] TO+LA (64.7+64.7=129.5)
2[4,4,0] LA+T,0 (62+62=124)
RbBr
(0 0=122 cm™})
134.5 L($,4,1] TA+TO (69+69=~138)
(w0=131 cm™!)
148.5 L($,4,5] TO+TA (98+55=153)
156.5 L($,4,4] TO+LA (98+69=167)
(0 o=90 cm™!)
828 =[1,4,0] Combinations of 2,2,
94.5 at 44.5 cm™', and =5 at
98.5 43 cm™!
CsBr
(0 o=116.5 cm™')
104° 2[4,1,0] T,A+LA (53.6+53.6=~107)
122 L[L, 1,1 TA+LA (62+62~124)
140 L[5 53] (TA,TO)+(LA,LO)
(62+81=~141)

*This band is due in part to a void resonance.
°This band is due in part to a void resonance.
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sensitive to the choice of the depolarization factor L;, as
expected from Eq. (6). The peak position is much less
sensitive to the choice of volume fraction for the void.
The peak height of the void resonance is fit by adjusting
fi. Table III summarizes the parameters obtained for the
void resonances for the 1100-A Rbl sample. In Table III,
¢ /a are the axial ratios of the voids corresponding to the
appropriate depolarization factor L, taken from Os-
born.** The ¢ axes of the ellipsoids are perpendicular to

the film surface. The total volume of the voids in the
thicker films (see Table V) is less than 7%. This is in
reasonable agreement with the density measurements per-
formed on RbI films. As the temperature is increased,
the sample morphology had a less noticeable effect on the
spectra. The void parameters do not change significantly
from their low-temperature values, with the exception of
the total volume fraction, which decreased as the temper-
ature increased. This follows from considering the

TABLE V. Void mode fit parameters used in the EMA dielectric function at 85 K for all the films
studied. wpo values are determined from the peak positions of the Im(1/¢€) curves. o, values are deter-

mined from the FIRRAS spectra peak positions.

W10 @y VOI
(cm™!) (em™!) L f (%) c/a
2500 A RbI
106.5 95.1 0.75 1.0 0.7 0.20
1100 A RbI
105.5 96.5 0.65 0.5 7.0 0.32
83.5 0.95 0.5 0.07
350 A Rbl
104 95 0.60 1.0 6.0 0.38
210 A RbI
105.5 95.5 0.60 1.0 7.0 0.38
83
120 A RbI
101.5 93 0.45 0.5 11.0 0.66
84.5 0.64 0.5 0.33
60 A RbI*
98 93.5 0.48 1.0 20.0 0.58
84
60 A RbI’
96.5 91.5 0.34 1.0 40.0 0.96
79.5
700 A KI
140.5 129 0.65 1.0 2.0 0.32
570 A RbBr
128.5 118.5 0.55 0.8 6.0 0.46
107 0.85 0.2 0.11
700 A Csl
92.5 82.5 0.63 0.7 8.0 0.33
72 0.90 0.3 0.07
670 A CsBr
116.5 107.5 0.50 0.9 9.0 0.55
96.5 0.78 0.1 0.17
3270 A CsBr
118 107 0.55 1.0 2.3 0.46

“Before 12 h exposure to atmosphere.
After 12 h exposure to atmosphere.
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volume expansion of the film—as the film is heated, the
islands that make up the film expand, reducing the
volume of the voids. The linear expansion coefficients of
RbL® aluminum, and glass*® are approximately
35.2X1070 K7, 23X107 S K™}, and 9X107° K™}, re-
spectively, in the temperature range of interest. Taking
the expansion of the aluminized glass substrate into ac-
count, the volume of the Rbl film increases by approxi-
mately 1% between 85 and 300 K. This compares
reasonably well with the reduction in void volume of 2%
in the 1100-A Rbl film for this temperature change (see
Table IIT). The spectral fitting was relatively insensitive
to small changes in void volume at higher temperatures
(>200 K), where the void volume and shape parameters
were used to fit the asymmetry of the low-frequency side
of the LO mode. Because of this insensitivity to the void
volume parameter at higher temperatures, the relative
agreement in the magnitude of the change of the volume
parameter may not be that significant. Indeed, different
thicknesses of Rbl and films of other materials show no
apparent change in the volume parameter with tempera-
ture; or, in the case of the cesium halides, show an in-
crease in void parameter with temperature. This is indi-
cative of the difficulty of quantitatively comparing the
void parameters with the actual film morphology, as dis-
cussed below. In the case of the cesium halides, the low-
frequency feature seen at all temperatures may be due to
a combination of a void resonance and a two-phonon ab-
sorption.

A detailed interpretation of the values in Table III is
difficult without an independent quantitative characteri-
zation of the film’s sample morphology. The analysis of
the FIRRAS spectra gives the depolarization factors and
axial ratios for the two shapes of voids that would give
void resonances at the frequencies shown. One is an al-
most round spheroid (wy,;=96.5 cm™', L,=0.65,
c/a,=0.32) and the other is a rather flat oblate
spheroid (w;,=83.5 cm™~ !, L,=~0.95, c/a;,~0.07).
From the nucleative nature of the growth of these films,
the first shape would be a reasonable one to expect to be
in the bulk of the film and contribute to the FIRRAS
spectra. The relatively smooth film surfaces, shown by
the scanning-electron-microscopy and atomic-force-
microscopy analyses, may give rise to the feature attri-
buted to the flat oblate spheroidal shapes. It is difficult to
fit the lowest-frequency features (i.e., ®;,=83.5 cm™ ')
with the void parameters, since the calculated FIRRAS
spectra was relatively insensitive to changes in the depo-
larization factor L, close to 1.

The effects of changing morphology were seen in a 60-
A-thick RblI film inadvertently exposed to the (damp) at-
mosphere. In Fig. 5 we show 84-K FIRRAS spectra be-
fore and after the film had been exposed to atmosphere
for 12 h. Since the film is hygroscopic, we expect pro-
longed exposure to the atmosphere to produce both a
larger number of voids and/or an increase in the volume
of the existing voids. The spectra obtained before expo-
sure are modeled with an EMA dielectric function with a
volume fraction of 10% and 20% voids at 300 and 82 K,
respectively. The spectra obtained after exposure were
modeled with a volume fraction of 20% and 40% voids
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FIG. 5. 84-K FIRRAS spectra of 60-A film before (dotted
line) and after (solid line) 12 h exposure to laboratory air.

at 300 and 84 K, respectively. As the fraction of voids in-
creases, the void resonances become more dominant, as
seen in Fig. 5. It is this increase in the void resonance
and the attendant decrease in the LO resonance that ap-
pears to shift the LO mode to lower frequencies in the ex-
posed 60-A film.

In addition to the effects of sample morphology, we
have studied the effects of sample thickness on the lattice
dynamics. The room-temperature LO-mode frequencies
for the different RbI film thicknesses are shown in Tables
IT and VI. The LO-mode frequency remains constant at
99 cm ™! for films thicker than 350 A, decreasing rapidly
below 350 A to 90.5 cm™! at 60 A. A reduction of the
mode strength with film thickness is also seen and is a re-
sult of the smaller atomic force constants at the surface
of the film. Da Costa and Coleman* have shown that the
frequency of the peak in the FIRRAS spectra depends on
the oscillator strength of the mode. Therefore, as the os-
cillator strength decreases with thickness, the LO-mode

TABLE VI. LO-phonon frequency and mode strength as a
function of thickness for Rbl.

Thic!(ness Wro Mode strength

(A) (cm™1) «cm™?)
2500 99 12000
1100 99 11400
350 98 10 500
210 98 10900
120 95.5 9700

60 90.5 7500
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frequency decreases as well (see Table VI). Bruesch
et al.*’ have shown that the LO-mode frequency in thin
sputtered films of Al,0; depends on the thickness of the
film. Bruesch et al. argue that the restoring forces acting
on the atoms at the surface are smaller than those acting
on the atoms in the bulk. We see a similar effect in Rbl
at much larger film thickness than in Al,05, which is due
to the long-range Coulomb forces in the more ionic RbI.

For thick films (2500 A), the measured LO-mode fre-
quency at 300 K is 99 cm ™! (see Table II). There is an
additional feature at 122 cm™! that is not observed in
thinner films. We assign this mode to a combination of
two-phonon summation processes between the TO and
LA phonons at the L[],],5] symmetry point
(64.7+64.7~129.5 cm™ ') and the LA and T,O phonons
at the 2[1,1,0] symmetry point (62+62~124 cm™!).¥
A greater number of high-frequency summation bands
are observed in the thicker films. This is especially no-
ticeable in the 2500-A Rbl film (Fig. 6). This is an exam-
ple of the increased enhancement of the high-frequency
sidebands due to the increase in oscillator strength with
thickness.

A summary of our analyses of a range of Rbl films is
presented in Tables II, V, and VI. A more-detailed dis-
cussion of these results appears elsewhere.’

B. Other Materials

We have examined thin films of four other alkali
halides: Potassium iodide (0700 A), rubidium bromide
(570 A), cesium iodide (700 A), and cesium bromide (670
and ~3270 A). A summary of our results appears in
Tables II, IV, and V.

There is some ambiguity in the assignments of the sa-
tellite bands in the cesium halides. The low-frequency sa-
tellite bands due to sample morphology are observed at
low temperature, but one of the bands (82 cm ™! in CsI
and 104 cm ™! in CsBr) can also be assigned to summa-
tion processes (see Table IV). Lowndes reports a similar-
ly shaped Im(1/€)/w curve for his bulk reflectance mea-
surement of CsI (Ref. 36) at room temperature. This
would suggest the assignment of the low-frequency
features to two-phonon summation bands rather than
thin-film sample morphology. The presence of these par-
ticular bands at low temperature, where the other sum-
mation bands have disappeared, however, makes this as-
signment somewhat unclear.

The frequency shift with temperature of the LO mode
is markedly different between the rubidium halides (~6
cm™!) and potassium iodide (~10 cm™!) compared to
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FIG. 6. Film-thickness dependence of room-temperature
FIRRAS spectra of Rbl. Spectra are displayed for clarity.

that in the cesium halides (~2 cm™!) (see Tables IT and
V). The shift of the TO- and LO-mode frequencies with
temperature is due to lattice thermal expansion and
anharmonic interactions. The portion of the frequency
shift due to the anharmonic interactions is negative in the
rubidium halides and potassium iodide and positive in the
cesium halides studied here. This accounts for the
difference in the observed frequency shifts.*3>2

We have demonstrated that FIRRAS shows promise as
a nondestructive thin-film characterization technique as
well as a probe of lattice dynamics in thin films. Since
the data presented in this paper were gathered, we have
extended the range of the FIRRAS spectrometer to 340
cm~! and the accessible temperature range to 15 K.
These modifications will enable us to study a wider
variety of materials.
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FIG. 1. Schematic representation of film samples with ellip-
soidal voids.



FIG. 2. Scanning electron micrograph of'v RbI film.
Magnification is times 11 380. Bar represents 8790 A.



