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Abstract

Experimental transmission absorbance infrared spectra of y-Al,O3 showing evidence of the
angular dependence of the peaks of surface modes appearing next to the longitudinal optical
phonon frequency wy o (the Berreman effect) are collected from heat-treated thin oxide films
deposited with thickness uniformity on Si(100) using atomic layer deposition. The peak area of
the most intense surface longitudinal optical mode is plotted versus the infrared beam incidence
angle 6. The experimental points closely follow the sin*(6) function in a broad thickness
range. The best match occurs at a critical thickness, where a linear relationship exists between
the surface longitudinal optical mode intensity and film thickness. Simulations suggest that
below the critical thickness the sin*(6y) behavior can be explained by refraction phenomena at
the air/thin film and thin film/substrate interfaces. Above the critical thickness, the
experimentally obtained result is derived from field boundary conditions at the air/thin film
interface. The sin*(6,) functional trend breaks down far above the critical thickness. This
picture indicates that infrared radiation has a limited penetration depth into the oxide film,
similarly to electromagnetic waves in conductors. Consequently, surface longitudinal optical
modes are viewed as bulk phonons excited down to the penetration depth of the infrared beam.
Comparison with simulated data suggests that the infrared radiation absorptance of surface
longitudinal optical modes tends to approach the sin’(6) trend. Reflection phenomena are
considered to be the origin of the deviation from the sin*(6y) trend related to refraction.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The Berreman effect [1, 2] consists in the increase of
surface longitudinal optical (LO) mode [3-10] absorption
when infrared (IR) radiation illuminates an oxide film from
normal to grazing incidence angle (6y) relative to the film
surface normal in both transmission [1, 11] and reflection [1]
configurations.  This pronounced angular dependence of
absorption very uniquely characterizes surface LO modes.
Therefore, the Berreman effect is exploited as a method
to discern the frequencies of LO phonons, to evaluate
film dielectric constants [11, 12], to determine crystalline

I Author to whom any correspondence should be addressed. Present address:

Department of Physics and Astronomy, James Madison University, 901 Carrier
Drive, Harrisonburg, VA 22807, USA.

0953-8984/10/155401+09$30.00

structures [13-16], and thermal expansion [17]. The sensitivity
to system geometry characterizing the Berreman effect in
two- (2D) and three-dimensional (3D) structures [18], and the
absorption capability of surface LO modes [1, 2, 10], promise
possible applications of IR radiation in 3D topography imaging
and IR energy harvesting and sensing. For these applications
it is important to know the details of the surface LO mode
absorption angular behavior in the IR region.

Recently a sin*(8y) trend was predicted for surface LO
mode absorption in thin oxide films as follows [18]. At the
air/thin film interface, kinematic properties [19] of refraction
give rise to Snell’s law:

Nfilm

[sin0)] _ niim 0

[sin(Gsim)]  air
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where Oq1p, is the IR beam refraction angle inside the thin film,
and ngy and n,; are the refractive indexes of, respectively, the
thin film and air. The relationship between refraction angles at
the thin film/substrate interface can be determined in a similar

way. For each layer
n= e, @

where  is the IR frequency (in cm™'), and & is the
complex dielectric function [20]. It is important that at the
frequency of surface LO modes (w = wro), an electric
field E | 5 exists inside the ionic oxide thin film, normal to
the thin film surface, independent of its interaction with IR
radiation [10, 18]. Defining E . as the IR electric field E
component outside the thin film and normal to the air/thin film
interface, dynamic properties [19], related to the specific nature
of the fields involved, determine the boundary conditions of the
E components normal to the air/thin film interface at w = wro
as follows [18, 19]:

Efilm _ EJ_air

3

- 9
Eair E | fim

where eq1, and &, are the dielectric functions for, respectively,
thin film and air. Combining equation (3) with Snell’s law in
equation (1), gives

2
ELair

E | fim

sin(6p)

sin(Bfim)

. “)

A similar relationship holds at the thin film/substrate interface.
Thus, in general, the magnitude E; of the IR beam electric
vector E normal components at @ = wr o in each layer, labeled
I, of the system (including air) is modulated by refraction
phenomena through Snell’s law. Assuming that surface LO
modes absorb IR energy [1, 2, 10], as opposed to the transverse
optical (TO) phonons which reflect IR energy [21], at w = w0
it results [18, 22]:

A(w), < E%,, )

where A(w); denotes the absorption in layer /. Combining
equation (5) with (4) we obtain

A(w); o sin*(6)). (6)

The total absorption A(w) is the sum of A(w); over each
layer, so that at @ = wro, Awi(®) is modulated by refractive
phenomena in each layer of the sample, and Aq(wro) o
sin*(6p). Clarification is needed however on whether
the quantity Ay (wrp) corresponds to absorptance [23-25]
¢ = (1 — T — R) x 100, where T is transmittance
and R reflectance, or simply to transmission absorbance
—Log,,(T). Experimental absorptance in IR spectroscopy
requires separate measurement of reflection and transmission,
which is cumbersome and rarely adopted for analysis of
thin organic and inorganic layers [24-30]. Thus, usually, in
transmission IR spectroscopy, simply transmission absorbance
is considered.

This work provides an experimental examination of the
behavior of the surface LO4 mode transmission absorbance
in y-Al,O3 thin films with increasing IR beam incidence
angle 6y with respect to sample surface normal. Various

IR beam

Figure 1. Infrared beam cross section on the surface of
y-Al,03/Si1(100) after the IR beam passes through the beam stop,
and forms a 6, angle with the normal to the planar y-Al,03/Si(100).

simulation methods are used to calculate the angular-dependent
behavior of transmission absorbance and absorptance, and
simulation results are compared directly with experimental
findings. Previous investigations of the angular behavior
of surface LO mode transmission absorbance have been
undertaken through simulations for the surface LO3 mode of
Si0,/Si(100) [31], but models have not been confronted with
detailed experimental results. Since features in IR spectra
depend on film thickness ¢ [32, 33] and an upper limit exists
for the linear relationship between optical phonon absorption
and r [11, 34-36], i.e. the critical thickness . around 125 nm
for y-Al,03/Si(100) [36], this work also investigates the
sin*(8y) functional behavior versus film thickness. Finally, the
angular behavior of transmission absorbance —Log,,(7) and
absorptance @ = (1 — T — R) x 100 of surface LO modes are
compared through simulation. An angular dependence study
comparing absorbance and absorptance has been undertaken
so far only for IR linear dichroism [37].

2. Experimental details

For experimental analyses, Al,O3 films were fabricated by
atomic layer deposition (ALD) on Si(100) at 140 °C in a home-
made hot wall reactor using alternating pulses of Al(CHjs)s,
Ar, H,O, and Ar, with duration of 1, 30, 1, and 30 s,
respectively [18]. The Si(100) substrate was 1.5 x 4 cm? in
area, double-side-polished, n-type doped with 0-100 €2 cm
resistivity, showing uniform 60% IR transmittance over the
middle infrared (MIR) region (500-4000 cm™'), with the
exception of some slight absorption around 630 cm~!. This
absorption does not interfere with the surface LO mode of
interest for y-Al,O3. The sample holder for the IR experiments
was designed to permit the incident IR beam angle, 6, to be
readily adjusted, as illustrated in figure 1, to allow the angular
dependence of surface LO mode transmission absorbance to
be analyzed. The Al,O3 film thickness was measured using
ellipsometry (AutoEL, Rudolph Technologies Inc.). The as-
grown layers, deposited by applying 300 and 2400 ALD cycles,
were, respectively, 35.2 £+ 0.2 and 263.0 £ 0.3 nm thick
throughout the whole substrate area. Heat treatment in air
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Table 1. Assignment, frequencies (in cm™"), and damping factors of
y-Al,O3 [42] and SiO,-related peaks in IR spectra. These
parameters are used in IR spectra simulations performed in this work.
The value of e, is 2.91 [42].

Frequency Damping factor

Peak  Phonon (@) (cm™") (y) (em™)
TO2 TO-y-Al,05 536 101

TO3 TO-y-Al,0O5 744 56

TO4 TO-y-Al, 05 807 43

LO2 LO-y-Al,0; 669 68

LO4 LO-y-AlL 04 917 49

TO-S TO-SiO, 1072 —

for 1 h in a furnace at 850 °C promoted crystallization of the
amorphous Al,O3 layer into y-Al,O3 [18]. The thickness of
the heat-treated samples was measured by ellipsometry to be
respectively 34.1 & 0.2 and 247.4 = 0.2 nm.

Infrared measurements were collected in transmission
configuration at incidence angles from 6y = 0° to 81° using
a Fourier transform IR spectrometer (Nicolet Magna 750).
Surface LO modes are excited by the IR radiation electric field
component perpendicular to the thin oxide film surface—called
the p-component [1, 2, 38—40]. Spectra were acquired with a
KBr beamsplitter and a deuterated tri-glycine sulfate (DTGS)
detector in the MIR. The typical features of y-Al,O3 are found
in the low frequency (w) range of the MIR. Spectra are plotted
in transmission absorbance as —Log,,(7"). The magnitude of
—Log,,(T) is indicated on each plot. In our experiment, total
transmission absorbance is the sum of the contributions of the
p- and s-components of IR radiation (the s-component includes
the IR radiation electric field component parallel to the thin
oxide film surface).

3. Simulation methods

Infrared spectra are simulated for y-Al,03/Si(100) using a
dielectric function €(w)m in the zero-and-pole (or factorized)
form [41]:

N

2 : 2
O o — 10YLOm — ©
LO.
£(0)film = €0 | | 5 o 5 @)
m=1 wTOm — lwytom — @

In equation (7) the term i is the imaginary unit and N is the total
number of oscillators. The values for surface LO mode and TO
phonon frequencies in cm™! (respectively wp o, and wtop ), the
damping factors (yLom and yron ), and the high frequency value
for € (¢) of y-Al,O3 are as reported by Chu et al [42], and are
summarized in table 1. Since there are four LO-TO pairs in y -
Al,O3, N = 4 in our simulations [42]. The dielectric functions
for air (e4;) and Si(100) (es;) are, respectively, &,; = 1 and
gsi = 4 4 120 [19]. The constant value chosen for &g; is
explained by the uniform 60% IR transmittance found for
the used Si(100) substrate in the MIR. The total transmission
absorbance is the sum of the contributions to —Log,,(7") of
the p- and s-components of IR radiation, as also assumed in
the experimental spectra. Absorptance « in % is calculated as
(1 =T —R) x 100.

Simulation of the angular behavior of surface LO mode
peaks in transmission absorbance and absorptance is pursued
by exploiting three different methods to generate IR spectra
from the basic parameters (e.g. thickness and dielectric
function). The methods used here are referred to as the
Hansen [43], the Fuchs, Kliewer and Pardee (or FKP) [44],
and the Moreno [31] methods. In each case, the integrated
area of a surface LO mode peak is used to evaluate the surface
LO mode angular behavior. The simulation methods stem
from Maxwell’s equations and consider explicitly the finite
size of the ionic oxide layer through its thickness f. In
addition, thickness ¢ is t < A, the IR wavelength, so that
the interaction between the IR beam and optical phonons takes
place within the quasi-static regime. Here, the macroscopic
electric field is constant across the oxide film, the solutions of
Maxwell’s equations coincide with the optical phonons, and
polaritons play no significant role [10]. A three-layer system is
always considered: the first layer is a transparent medium (air),
while the second and third layers (oxide film and Si(100)) can
have in general any suitable value of optical constants.

The Hansen method [43] incorporates both kinematic
and dynamic properties [19] of reflection and refraction at
the air/thin film and thin film/substrate interfaces through
Fresnel’s formulae applied without approximations to a three-
layer system. This approach has been well established to
calculate the reflection [38, 45, 46] and transmission [11, 18]
of thin multi-layered films exposed to electromagnetic waves.
The transmission coefficients 7, and Ry, affected by phonons
excited with the p-component of IR radiation, which contribute
to the Berreman effect and in which the dielectric functions are
explicit variables [34], are calculated as follows:

&si
_ Re(3)
b=
c0s(6o) / i
| 2¢fiim Eair |2| 2¢si&fiim |2 1_[ e 2Q@rwi&)
> Etitm&Eair +Eair&im | | €si&im+EimEsi ! (8a)
[1 + Efilm Sair —Eair&film | | £si&film —Efiim Esi | 1_[ e2i(2nwt$,)]2
film&air+Eair&aim | | €si&fim+EfimEsi !
and
(Eﬁlméairéairfmm &sifiim —Efim&si eZi(erwt&,))z
Rp — Eilm&air +EairEfilm &si&fiim+Emési (8b)

[1 | Etilm Eair —Eairfilm

film&air +€air&film

&si&film —EfimEsi | 1_[[ e2i(2nwt$;)]2 ’

esi&fiim+EimEsi

Here, 0y is the incident IR beam angle relative to the oxide
surface normal, as illustrated in figure 1, and & = n; cos(6)),
where 6; corresponds to IR beam angle in air, thin film, and
substrate (Si(100) in this experiment), as illustrated in the
coordinate system reported in [43]. Film thickness ¢ appears
explicitly as a parameter in the exponential functions. Defining
Bair = 0o, the refraction angles 6; are obtained through Snell’s
law as follows:

air in(6
Ofim = a1rcsin|:7’1 sin( O)j| (9a)
Nfilm
m i 9 m
b5 — mm[w} )
nsi

The FKP method [44] was originally developed to study
optical properties of ionic crystal slabs, which are either
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free-standing or assumed on a conductive substrate, and has
been extensively used to simulate optical properties, especially
reflection, in the IR region [9, 35, 47-49]. The FKP method,
in addition to standard field boundary conditions derived from
dynamic properties of reflection and refraction [19], includes
the effects of retardation of Coulomb forces taking place
during coupling between phonons and photons. In the FKP
formalism, transmission and reflection coefficients 7, and R,
are calculated as

L (';;:l’ﬁ) tan(rwpt) 1 — (‘;}Z:‘I’ﬁ) cot(rwpt) :
P4 - (ﬁ)’;;‘:ﬂ)tan(nwﬁt) 1+ (ﬁ)’;‘:ﬂ)cot(na)ﬂa)o
and o
o 111+ (i;;:ff)tan(nwﬁt) 1— (ﬁ;“i‘l’f)cot(nwﬁt) g
P (D) an(rwp) 1+ (Z2) cot(nwpr)

(10b)
Here the terms B and y, are defined, respectively, as f =
V&im — sin?(0) and Yo = 2w w cos(0). The coordinate system
in the FKP method is reported in [50], where 0 is the IR beam
angle relative to the oxide slab normal. Here we will examine
the FKP method for the case 6 = 6y, where 6 is the IR beam
incidence angle with respect to the sample surface normal, as
depicted in figure 1 [9, 35, 47-49], and for 6 = Oy, Where
Ohim 1s as given by Snell’s law in equation (9a). In the latter
case we label the simulation method as modified FKP. This
modification of the FKP formalism is not considered in [44].
Finally, we also consider the method developed by
Moreno et al [31], based on Fresnel’s formulae for
multi-layered systems with analytical approximations for
transmittance and reflectance of very thin films. In the Moreno
method, 7, and R, are calculated as

4ns; cos(6p)
(cos(6o) + nsi/esi)?
5 {1 ~ 2[Im(—1/g5m) sin* (6o) + Im(eqim) (n5i/85i) cos(6o)]
cos(tp) + nsi/esi

T, =

X ant} (11a)
and
_ ((cos(B0) —nsifesi\* [,
b <COS(90) - VlSi/8Si) {1 eos(®)

o Im(=1/8m) sin®(6o) + (nsi/esi)* Im(&gim) cos?(0o) ]
cos?(6y) — (nsi/&si)?ns;/€s;

X 2na)t} (11b)

where 0 is defined as the IR beam angle relative to the oxide
film normal, as shown in figure 1.

4. Experimental and simulated angular behavior

Experimental IR transmission absorbance —Log;,(7") spectra
of a 34.1 nm thick y-Al,03/Si(100), obtained with the IR
beam incident at 6y = 0°, 30°, 60°, and 75° from the sample

(a) yAIOIS|(10{J
34.1 nm

0.1

-Log,(T)

To2 TO3 102

: : . 0
400 600 800 1000 1200
Frequency [cm]
1.01(b) LO4
GBy sind(Ba}
06}
0.4l T-ALO, o
247.4nm
0.2} 2
* %
0.0

0 20 40 60 80
Incidence angle 0, [degrees]

Figure 2. (a) Experimental IR —Log,,(T") spectra (transmission
absorbance) at various IR beam incidence angles 6, of a 34.1 nm
thick y-Al,03/Si(100). The TO2, TO3, and TO4 peaks are TO
phonons. The LO4 peak is a surface LO mode. The TO-S peak is the
TO phonon for the SiO; layer located between Si(100) and y-Al,O3.
(b) Normalized and corrected LO4 mode experimental integrated
peak area (filled circles) from —Log,,(7T") spectra versus IR beam
incidence angle 6, for 34.1 (filled circles) and 247.1 nm (filled stars)
thick y-A1,05/Si(100) compared to the sin*(6,) function (continuous
line).

normal, are depicted in figure 2(a). These spectra are similar
to those reported in [18] with a multiplication factor. The
surface LO mode and TO phonons observed in the sample are
labeled, and peak assignments are given in table 1. The surface
LO4 mode peak area clearly shows a strong dependence on
incidence angle, whereas the area of TO phonons generally
shows no angle dependence. The transmission absorbance of
the surface LO4 mode peak normalized to the value at 6, = 81°
in34.1£0.2 and 247.4£0.2 nm thick Al,03/Si(100), collected
at various IR beam incident angles, is plotted against angle 6,
in figure 2(b). The functional form of sin*(6y) versus 6y, which
follows the general shape of the experimental results, is also
included in the figure. It is noticeable that the experimental
points corresponding to the 34.1 nm thick sample concentrate
mostly below sin*(6y), while those of the 247.4 nm thick Y-
Al,03/Si(100) sample concentrate predominantly above the
function.

Infrared transmission absorbance —Log,,(T") spectra
simulated using various methods at various IR beam incidence
angles 6y with respect to the sample surface normal of a
34.1 nm thick y-Al,O3 film on Si(100) are plotted in figure 3.
All spectra exhibit the relevant surface LO modes and TO
phonons of y-Al,O3 (table 1). The surface LO2 mode is
clearly visible in spectra generated through the Hansen [43]
and the Moreno [31] methods in figures 3(a) and (d). The
spectra generated with all methods exhibit an increase in
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Figure 3. Simulated IR —Log,,(T') spectra (transmission absorbance) at various IR beam incidence angles 6, with respect to the sample
normal of a 34.1 nm thick y-Al,05/Si(100). The TO2, TO3, and TO4 peaks are TO phonons. The LO2 in panels (a) and (d), and LO4 peaks
are surface LO modes. The panels depict spectra simulated using, respectively, (a) Hansen [43], (b) FKP [44], (c) modified FKP, and

(d) Moreno [31] methods.

the surface LO4 mode peak intensity with increasing IR
beam incidence angle 6, (Berreman effect) [1, 2], and the
height of the surface LO4 mode peak at 6, = 75° is about
0.1, in good agreement with the experimental spectrum in
figure 2(a). Moreover, at near grazing incidence angle (75°),
the Hansen and the Moreno methods generate spectra that
show a surface LO4 mode intensity larger than that of the TO
phonon peaks, also consistent with the experimental result in
figure 2(a). However, in contrast with the experimental results,
the FKP [44] and the modified FKP methods, where & = 6, and
0 = Ouim respectively, produce spectra (figures 3(b) and (c))
with a surface LO4 mode peak intensity smaller than the TO
phonon peak intensities at all angles modeled.

Figure 4(a) shows the surface LO4 mode peak area
in transmission absorbance spectra obtained from the four
simulation methods plotted against incidence angle for a
34.1 nm thick y-Al,03/Si(100). Figure 4(b) displays the
same results with the peak intensity normalized to the value
at 69 = 86°. For the 34.1 nm thick y-Al,03/Si(100), the
Hansen [43] and the Moreno [31] methods slightly reproduce
the saturation of surface LO4 mode absorbance with increasing
angle 6y. On the other hand, the FKP method [44] generates a
surface LO4 mode intensity behavior versus incidence angle
6 that increases monotonously. For the modified FKP method
the surface LO4 mode intensity versus 6 clearly saturates for
grazing incidence 6, angles, but deviates from the sin*(6p)
functional trend.

5. Thickness dependence of the sin*(6p) trend

Figure 5 illustrates the simulated and normalized surface
LO4 mode peak area plotted against incidence angle 6, for
various values of film thickness from 34 to 248 nm obtained
from —Log,,(T") spectra (transmission absorbance) using the
Hansen [43] and FKP [44] methods. The y-Al,0O3 film
thickness range explored in the simulations spans the critical
thickness 7. of 125 nm [36]. Data for the modified FKP
and the Moreno methods are not shown and are not further
considered: the modified FKP method does not produce
spectra exhibiting thickness-dependent variations, whereas
the Moreno method produces significant deformations in the
spectra, not experimentally observed with increasing oxide
film thickness. This behavior is consistent with the thin
film approximation incorporated in the Moreno method [31].
According to the Hansen method, the LO4 peak area versus 6
follows closely the sin*(8y) shape as film thickness approaches
t. (125 nm). Beyond 7., the simulated points concentrate above
the sin*(fy) function, in agreement with the experimental
results in figure 2(b). Results from the FKP method indicate
that, differently from in the case of the 34.1 nm thick film, as
film thickness rises toward 7. and beyond, the LO4 peak area
approaches the sin*(6) trend except at very grazing angles
By > 80°), where reflection features dominate [32]. This
behavior is consistent with experimental observations for the
247.4 nm thick sample in figure 2(b). Deviations from the
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Figure 4. (a) Simulated surface LO4 mode peak area (empty
symbols) versus IR beam incidence angle 6, for a 34.1 nm thick
y-Al05/Si(100) from —Log,,(T) spectra (transmission
absorbance). (b) Simulated and normalized surface LO4 mode peak
area (empty symbols) from —Log,,(T") spectra versus IR beam
incidence angle 6 for a 34.1 nm y-Al,O3/Si(100) compared to the
sin*(6y) function (continuous line). The simulated data are extracted
from spectra generated using Hansen [43], FKP [44], modified FKP,
and Moreno [31] methods.

sin*(6y) trend emerge for films with thickness well above
248 nm. These findings agree with the ability of the FKP
method to describe oxide film optical properties in the IR
region above ¢, [36].

6. Simulated L.O4 absorptance versus 6y and oxide
film thickness

Figure 6 illustrates the simulated LO4 peak intensity in
absorptance [23-25] « = (1 — T — R) x 100 spectra versus
angle 6, obtained for y-Al,03/Si(100) in a thickness range
from 34 to 248 nm from the Hansen [43] and FKP [44]
methods. The corresponding simulated spectra for selected
angles are depicted in the insets and are obtained for 125 nm
thick y-Al,03/Si(100). The modified FKP and the Moreno
methods are not considered for the same reasons discussed
in section 5. Data obtained from the Hansen method
clearly suggest that in absorptance spectra the LO4 peak area
versus incidence angle 6, generally follows the sin®(6y) trend,
especially around a critical thickness 7., close to 68 nm. This
critical thickness does not correspond to the one defined in the

1.2

"Hansen, y-Al,0,/Si(100)

0 20 40 60 80
Incidence angle @, [degrees]

125 : : .
FKP, 1-Al,0,/Si(100)

Incidence angle 0, [degrees]

Figure 5. Simulated and normalized surface LO4 mode peak
transmission absorbance area (empty symbols) versus IR beam
incidence angle 6, for y-Al,05/Si(100) of variable thickness from 34
to 248 nm. The simulated data are compared to the sin *(6,) function
(continuous line) and are extracted from —Log,,(7") spectra
generated using the (a) Hansen [43], and (b) FKP [44] methods.

analysis of transmission absorbance. The sin®(6y) absorptance
trend breaks down toward grazing incidence as oxide thickness
increases beyond ~f, (68 nm). The very large absorptance
of surface LO modes at and below 7, is promising for IR
energy harvesting applications. Data for the angular behavior
of LO4 from the FKP method also approach the sin’(6p)
trend in the neighborhood of f.,, especially toward grazing
incidence. The trend persists apparently in a broad thickness
range above #.,, where the sin® (6p) function breaks down at
very grazing incidence because reflection phenomena heavily
affect the spectra [32]. The decrease in surface LO mode
absorptance above f; is significant, and the absolute value
smaller than that of the TO phonons.

7. Role of Snell’s law and Fresnel’s equation in
determining the angular behavior of the Berreman
effect

Surface LO modes appear next to wpo at oblique angles
because of the presence of a perpendicular component of the
electric field at the thin oxide film surface and in the thin oxide
layer [10]. In the Hansen formalism [43], the angular behavior
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Figure 6. Simulated and normalized surface LO4 mode absorptance
area (empty symbols) versus IR beam incidence angle 6, for
y-Al,03/Si(100) of variable thickness from 34 to 248 nm. The
simulated absorptance data are compared to the sin®(6,) function
(continuous line) and are extracted from (1 — 7 — R) x 100 spectra
generated using (a) Hansen [43], and (b) FKP [44] methods.
Simulated absorptance spectra at various IR beam incidence angles
6y with respect to the sample normal obtained using the Hansen (a)
and the FKP (b) methods are shown in the insets for a 125 nm thick
y-Al,05/Si(100).

of transmission absorbance —Log,,(7T) at wio is related to
the IR beam incidence angle 6, and the refractive angles
determined through Snell’s law (equations (9a) and (90)). In
addition, in the Fresnel’s formulae, included in equations (8a)
and (8b), reflection and transmission are accounted for in
each layer involved in the system. These attributes allow the
Hansen method to satisfactorily reproduce the experimental
IR spectra in figure 2(a), and the trends of surface LO mode
transmission absorbance with incidence angle in figure 2(b) for
thin oxide films. On the other hand, in the FKP method [44],
the angular behavior of transmission absorbance —Log,,(7")
at Lo is determined at the air/slab interface by 6 and by the
boundary conditions of the fields involved in the interaction of
the IR beam with the examined system [44, 50]. However,
these boundary conditions appear not to be sufficient to
reproduce the experimental results in figures 2(a) and (b)

for thin oxide films. The presence of the sample substrate
is not an issue because the angular trend of surface LO
mode transmission absorbance does not depend upon substrate
nature [18]. By including Snell’s law in the FKP formalism,
results in figure 4 show saturation of the surface LO4 mode
transmission absorbance versus 6y, but the trend deviates
substantially from the sin*(8,) functional behavior. Finally,
the Moreno method [31], which also includes approximated
Fresnel’s formulae, generates spectra in figure 3(d) with good
agreement to the experimental spectra in figure 2(a), but not
to the sin*(0p) trend. This method in addition is limited
to film thickness below #.. The saturation of surface LO
mode transmission absorbance with increasing 6 is reasonable
because a thin film cannot absorb an infinite amount of IR
energy as 0y — 90°. These results for oxide films with
thickness t < 7. and t < AR, indicate that understanding
the angular dependence of surface LO mode transmission
absorbance must include refraction phenomena through Snell’s
law and the presence of interfaces through Fresnel’s formulae.
This understanding will extend to all ionic thin film material
systems or thin film multi-layers that exhibit the Berreman
effect.

8. Limited penetration depth of IR radiation in oxide
layers

Observation of figures 5 and 6, focusing on the simulated
results from the FKP method, suggests that the sole boundary
condition at the air/thin film interface is able to account
for the sin*(6y) and the sinz(Go) trends of surface LO
mode transmission absorbance and absorptance versus 6
at and above the corresponding critical thicknesses #. and
t.o, respectively, for y-Al,O03/Si(100). The same figures
also suggest that a break-down of the sin*(6y) and sin’(6y)
functional trends takes place far above the critical thicknesses.
These observations correlate with the fact that IR radiation
penetrates only down to a limited distance from the film
surface [36], and indicate that the penetration depth differs
depending upon inclusion or non-inclusion of reflection
phenomena. The sin* (6y) behavior at 7, works for transmission
absorbance, in which only refraction is involved, whereas
the sin?(6y) behavior at 7. works in IR absorption in thin
oxide layers where the reflection contribution is included. The
critical thicknesses act as a ‘skin depth’ for IR radiation in
insulating oxides, similarly to the skin depth for visible light
in metals and conducting oxides [S51]. In all these cases,
electromagnetic wave transmission decays exponentially as
e~ with increasing film thickness, where 8 is the skin depth
for conductors and penetration depth for insulators. Limited
penetration depth and exponential attenuation has also been
found in the numerical analysis of electromagnetic fields in
stratified media [52]. This finding questions the ‘surface’
nature of surface LO modes [3—10]. These modes appear at the
frequencies of LO phonons, which are known for not coupling
with photons in bulk crystals [2, 9, 10]. Our results picture
surface LO modes as LO phonons coupled to IR photons down
to the critical thickness 7. or 7. This view parallels findings



J. Phys.: Condens. Matter 22 (2010) 155401

G Scarel et al

in other studies that found surface quasi-particles and quasi-
particle-related effects to be confined to the first layer from the
surface [53]. The context of work by Grechnev et al [53] is
different compared to ours but it is interesting to notice that,
according to these authors, the ‘surface’ for quasi-particles is
truly limited to a very small distance (one atomic layer) from
the surface.

9. Possible origin of the split in sin*(0y) and sin?(6y)
trends

Observations of figure 6 suggest that simulated absorptance
o = (1 —T/Ty — R/Ry) x 100 data for the LO4 intensity
follow the sin’(fy) function in the neighborhood of 7., (on
average around 70-75 nm for y-Al,03/Si(100)), especially
when the simulations are performed with the FKP method.
The leading role of reflection phenomena weakens refraction,
and determines an absorption expression A(w) o E? as
in equation (5) but without a link to Snell’s law. Thus,
we obtain A(w) Ei o« sin?(fy). Furthermore, our
observations point out that oxide film thickness profoundly
modulates the absorption response. The ideal sin*(6y) and
sin®(Ay) behaviors hold only at a specific critical distance from
the sample surface. The hypothesis is under investigation that
this finding correlates with the onset of non-linear behavior in
absorptance versus film thickness at a lower thickness than in
transmission absorbance. Finally, we observe that reflection
phenomena, causing a shift of the LO4 peak, heavily prevail at
grazing incidence, where the sin*(6p) and sin?(6) trends break
down [32]. This result emerges clearly from simulated spectra,
but needs more experimental support.

10. Conclusions

We show that the experimentally determined angular behavior
of transmission absorbance —Log,,(T)) of surface modes
located at frequencies next to those of longitudinal optical
phonons in a thin oxide film in the infrared region follows
the sin*(6y) function, where 6 is the incidence angle of the
infrared beam with respect to the sample normal. The sin*(6p)
behavior predicted in our estimations is verified experimentally
in —Log;,(T) spectra (transmission absorbance) in a thickness
range below and in the neighborhood of the critical thickness of
125 nm for y-Al,03/Si(100), i.e. the upper thickness limit for
a linear relationship between oxide film thickness and phonon
transmission absorbance. The sin*(6y) trend breaks down
far above the critical thickness, and is accurately simulated
through Fresnel’s equations and Snell’s law below the critical
thickness, where refraction phenomena dominate. Above
the critical thickness, appropriate boundary conditions at the
air/thin film interface suffice to account for the experimental
results. This finding supports that kinematic and dynamic
laws of reflection and refraction are effective in thin films only
within a limited distance, equal to the critical thickness, from
the air/thin film interface. In this picture, surface longitudinal
optical modes act as bulk longitudinal optical phonons excited
down to the penetration depth of the infrared beam in thin
oxide layers. Simulated data also indicate that, because of the

contribution from reflection, absorptance « = (1 — T — R) X
100 data versus incidence angle for surface longitudinal optical
modes satisfy the sin®(6,) trend around a critical thickness and
slightly beyond. This critical thickness is around 70-75 nm
for y-Al,03/Si(100). The analysis points out that oxide film
thickness profoundly modulates the angular dependence of
the absorption response of surface longitudinal optical modes,
and that the ideal sin*(6p) and sin’ (6p) behaviors hold only at
specific critical distances from the sample surface.
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