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The peak frequency, width, and shape of the transverse-ogfi€aland longitudinal-optica{LO)

infrared absorption modes of silicon oxid€SiO,, SiQ,), silicon nitrides(SisN,, SiN,), silicon
oxynitrides (SiO;N,), and other silicon compounds have often been connected with stress,
stoichiometry, defects, structural order, and other properties of the layers. However, certain
geometrical effects strongly influence the spectral response of the material independent of its
physical or structural properties. The influence of layer thickness, multilayer configuration, substrate
effects, angles, and polarization on the behavior of TO and LO bands are presented and discussed.
Some corrections are suggested to reduce experimental error and for the reliable measurement of
stress, composition, disorder, and structure. 1897 American Institute of Physics.
[S0021-897€07)05104-9

I. INTRODUCTION the same oxides but with thicknesses around 4000—5000 A,
the values reported, always after annealing, are in the range
Infrared transmission spectroscopy is widely used to obpetween 1090 and 1095 ¢t Obviously, there exist differ-
tain information about the composition and structure of di-encies between samples originated exclusively from a differ-
electrics and semiconductors. In the study of the vibrationagnt structurdthe oxide close to the interface is denser due to
spectra, band parameters of transmission or reflection resghe presence of a Compressive Sﬂ'é%é, but one must be
nances such as peak frequency, width, shape, and intensile to separate them from thickness and interference effects.
are correlated with the physical and microstructural proper- Some pre\/ious studies have reported variations in the
ties of the materials. For instance, in thin 3@“3, intrinsic peak parameters of the spectra with the thickness of the |ay-
stresses are often measured from the peak frequency of thes mainly for SiQ.”?~?®In view of those particular modi-
transverse-optical (TO) and longitudinal-optical (LO) fications of the spectra, it is the purpose of this paper to
stretching modes of the Si—O boif@iO; and LO;, respec-  quantify their magnitude and influence and to propose cor-
tively) by using models applicable to the short-range order ofections to reduce their effects. The paper is organized as
the amorphous structufe? Moreover, the composition and follows: First, we present a study of the bands generated with
microstructure of nonstoichiometric silicon oxides, nitrides,a computer simulation program that is based on the matrix
oxynitrides, and other silicon compounds are frequentlyformalism for field propagation through a multilayer system.
measured from the peak frequency, shape, and other featurggcond, these results are compared with the experimental
of the infrared band$:!° Evaluation of the hydrogen content data obtained from the infrared ana|ysis of therma|23@-
(or other impuritiepin deposited or grown amorphous layers ers with different thicknesses grown onto silicon wafers.
are routinely determined from the intensity and position ofSome results concerning silicon nitrides are also considered.
their respective infrared resonancés?? Third, we propose an explanation of the origin of geometri-
Spectral variations are almost always assumed to be dug| effects and the corrections that should be taken into ac-
to variations in physical properties of the layers and lesgount. Finally, the equations for the reflection and transmis-
frequently in the thicknesses of the layers, angle, and polaision coefficients on multilayer structures are developed in
ization of incident light and multilayer arrangement. The re-Taylor series with thickness as an independent variable to

sults are usually coherent, especially when samples witBvaluate analytically the geometrical effects for thin layers.
similar thicknesses and in the same experimental conditions

are compared. However, comparisons between the results

obtained by different workers are always difficult becausd!- GEOMETRICAL EFFECTS IN LAYERED SYSTEMS:
experimental values of peak frequencies, widths, and inten?!MULATION ANALYSIS

sities of spectral bands are scattered over a wide range. A ., the optical study of multilayered materials we used
good illustration is provided by the study of stresses in thery,o approach of Harbeck&-3° This method allows calcula-
mal SiC, layers. The peak frequency given for the JT&b-  iqn of the complex—amplitude reflection and transmission
sorption of_ 40Q A thick layers after relaxation of the Strucwrecoefficients(r andt) for a pile of faced absorbent layers. The
by annealing is around 1075 C'_h However, for relaxed  main goal of the procedure is that it is able to eliminate the
oxides of 1000 A, in principle with the same structure, thejyterference fringes of thick layers from the concept of the
values reported are around 10831084 &nmoreover, for  coperent and incoherent multiple reflections within the lay-
ers. Thus, in the model calculations it was possible to avoid
dElectronic mail: blas@iris1.fae.ub.es the very narrow interferences of the thick silicon substrate.
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FIG. 1. Schematic representation of the model and coordinates used for the €(w)= €,,+ 2 >

multilayered system.

The transformation of fields across the interface between tw
layers and the propagation inside each layer are considergg
from the well-known matrix formalism developed by m

Abeles?”?8 |f the multilayer consists oL parallel layers
(Fig. 1), the final transformation of fields from right to left is
the result of the product of[2+1 matricesL +1 interfaces
for passing[M;], j=1,... L +1), andL matrices for in-layer
propagation([P;], j=1,....L). In the case of polarization
(transverse electric wayewe consider the propagation of
the electric fieldE=(0,E,0), which is parallel to the inter-
faces. Forp polarization (transverse magnetic wayewe
consider the fieldd=(0,H,0), now parallel to the interfaces.
Then, fors polarization, when an electromagnetic wduds
projected on the pile, the reflected waZgand the transmit-
ted waveE, are connected with
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whereN,, is the generalized refractive index of the back me-
dia (defined in the Appendixand« is the angle of incidence
(Fig. ).

The inputs to the simulation program were the complex
dielectric functionsej(w) (j=1,... L) of each layer. The op-
tical properties of the materials are embodied(n) and its
dependence on frequency. We assumed the materials to be
composed of a set of dumped harmonic oscillators, one for
each absorption mode. All the simulations were performed
by using the results of two models for the frequency depen-
dence of the dielectric functior(i) model 1 (three param-
eterg is based on oscillator terms of the following structure:

47TQE
e, ©®
k Wo— W — | Yk®

wherek runs across the relevant vibration mod€g,, wyy,
and v, are, respectively, the oscillator strength, frequency of
Pesonance, and dumping constant of the miodende,, rep-
sents the polarizability due to electronic resonan@eks.
odel 2(four parametepshas an additional parameter,,
which accounts for the dispersion in frequency of the oscil-
lator strength of each modghe Gaussian distribution for
symmetric peaks The oscillator terms have the following
expression:

e(w)=€,

=]

47Q% exd — (¥ — w4 oE]
V2—w’—iyw

dw.

)

Model 2 has been reported to reproduce the spectra of amor-
phous materials such as Si@nd SiN successfully®

The two main options of the simulation program &ine
determination of dielectric functions from reflectance or
transmittance measuremerflsy a fitting procedureand (ii)
simulation of reflection and transmission spectra for any
multilayered  system under various experimental

The modifications fop polarization and the detailed expres- conditions®>31 The results based on the model 1 and model 2
sions of the transformation matrices are given in the Appenfor thermally grown SiQ and deposited N, layers are
dix, and include the Fresnel's coefficients, which depend oshown in Table I. These results were the input data to all the

the complex dielectric functiong of the materials. Thus, the

simulations performed in the present work and agree with

complex—amplitude reflection and transmission coefficientsimilar calculations reported in the literatiffe.

of the whole pile are

E Ta

r=—=-2 2
E Ty @

LE_1 5
E Tu

Finally, the reflection R) and transmission T) of the
multilayer are given by

R=rr*, (4)
Re Np]
T=——=tt*, (5)
COoSsa
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We simulated the reflection, transmission, and absor-
bance spectra of SiCand SiN, layers grown or deposited
onto silicon wafers. The absorbance spectra of some SiO
layers are shown for illustration in Fig. 2. Briefly, the stretch-
ing band of SiQ is composed of two TO modes: the JO
mode is associated with the asymmetric stretching motion of
the oxygens atoms of two adjacent-5-Si units, and its
high-frequency shoulddgifO, mode, which has been attrib-
uted to the symmetric stretching motion af®—-Siadjacent
units. The TQ mode has been related to the disorder in the
amorphous structure of Si3 In thermal oxides, these
modes are centered, respectively, around 1070—1090 cm
and 1200 cm®. We have also studied their related longitu-
dinal modes LQ (~1256 cm!) and LQ, (~1160 cm}),
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TABLE |. Parameters of the dielectric function for thermally grown SiO ————————————r——

and deposited §\, layers. The values of model 2 for the oxide were ob-
tained after fitting the experimental reflection and transmission spectra. The 1110 L |
values of model 1 for the oxide and model 2 for the nitride were extracted
from literature(Refs. 4 and 3D Q, w,, andy are, respectively, the oscillator Reflection
strength, frequency of resonance, and dumping constant of the different< 1
modes. Model 2 has an additional parameterwhich accounts for the g
dispersion in frequency of the oscillator strength of each mode. The best ~ 1100 | .
damping parameter for all the modes in model 2 was 8%tm é‘
)
Model 1 02 (cm™? wo (cm™Y) y (cm™) % 1
Silicon oxide 59 818 1075 20 € ok J
5630 1190 70 = \
) ) ) &
Model 2 02 (cm™?) wo (cm™ Y o (cm™ o - Transmission
Silicon oxide 40 100 1067 30 . 1080 L |
3900 1092 11
3200 1164 30 . ' ' ' | |
2200 1218 35 0 1000 2000 3000 4000 5000 6000
Silicon nitride 4100 896 34 Thickness (A)
7500 962 36
12000 1026 34 FIG. 3. Peak frequencies of the T@and of SiQ on Si as a function of the
25200 1070 35 thickness of the layer, for simulated reflection and transmission spectra.
3700 1159 32
2300 1219 35

peak frequency as a function of the thickness of the layer for

both reflection and transmissigmodel 1. In transmission,

which are excited under oblique incidence by the componentOs peak frequency for 100 A thick samples is 1077¢m

of the electric field perpendicular to the sample surfgue but for 6000 A it is 1092 cm®. These variations are similar

polarization.>>2 to those mentioned in the introduction to the experimental
After baseline subtractidhwe determined the peak fre- measurements reported in the literature. In the same range of

quency, peak width, and intensity of the bands. We foundhicknesses, the width of the E@node ranges between 67

large variation of these features with the thickness of theind 82 cm™. The evolution of the infrared band of 8, is

layer and angle of incidence of the radiation, though we didsimilar, i.e., it shifts to higher frequencies as thickness in-

not vary the dielectric functions used as data for the simulacreases. These results are compared with the experimental

tion program. In Fig. 3 we show the variation of the JO work presented in the next section.
Important modifications of the shape of the bands are

also observed. For comparison, we have plotted the simu-
lated absorption spectra of a Si@yer of 100 A and another

of 6500 A in Fig. 4; for comparison, the scales of thaxis

for the two plots were normalized so that the height of both
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FIG. 2. Simulated absorbance at 45° of incidence of ,Jiers on Si Wavenumbers (cm')

substrate for different thicknessésodel 2. The intensity increases with

the thickness of the layéi00 A, 500 A, and from 1000 to 9000 A in steps FIG. 4. Comparison between simulated absorption spectra at normal inci-
of 1000 A). The peak frequencies of the transverse optical m¢@es and dence of SiQ on Si for different thicknesses: 100 A i), and 6500 A in

TO,) and the longitudinal optical modésO; and LQ,) are indicated. (b). Both spectra are normalized to the same height for comparison of shape.
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FIG. 6. TO peak frequency as a function of thickness for absorbance spectra
-0.09 L L at normal incidence, simulated from a dielectric function with a single mode
0 30 60 90 (model 3. The curves are parametrized for different oscillator strenghs
Anagle (°) of the mode. The other parameters given as data for the simulation, where
g 0,=1000 cm* and y=30.

FIG. 5. (@ Intensity of the LQ mode of SiQ in absorbance
(—log[transmittanch as a function of the angle of incidend®) The same  taken, the LQ peak frequency changed only slight(2—3

in reflection(—log[reflectancd. cm ) within the whole range of thicknesses studi@®0—
6000 A). Unfortunately, the L@ mode also shows little
variation with stress, composition, and microstructtifé®

peaks was the same. The frequency shift of the TOde is We also found similar spectral behavior for the simu-
evident, as is the greater high-frequency shoulder of thédted stretching bands of silicon nitride on silicon substrates.
thicker sample(TO, band. Such dependence on thickness Péak frequencies and widths increased with thickness as for
prevents us from indiscriminately analyzing the behavior ofSiOz, SO this behavior is expected to be quite general. Some
the TQ, band for quantifying disorder effects. The T@ode  €xperimental data on silicon nitrides are shown to correlate
is nearly absent of the spectra of the very thin Sigyers ~ With the simulation results, as will be shown later.

(less than 50 A Lang&? did not find experimentally this With the aim of studying these geometrical effects on

shoulder for very thin samples, and other authors speculatdfffared bands in a more general way, several single bands
about this fact22534n the experimental spectra of very thin (model D for different oscillator strengths were given as in-

layers, superimposed to these effects there are obvious modiut data in to the simulation program. Then, the reflectance
fications of the structure, as the interface of Si@ith the ~ @nd transmittance spectra generated were analyzed as a func-

silicon substrate is far from being abrupt. tion of the thickness of the layers. The most striking finding

We found that the frequency and width dependence ofVas remarkable differences in behavior depeno!ing on the
the peaks on the angle of the incident radiation is not signifioScillator strength. For strong bands, the behavior of peak
cant. In contrast, the intensities of both TO and LO peaks arf€quency and width was similar to that reported above for
strongly dependent on the angle of incidence in the followingSiC2, but for weak bands, for example, impurity bands such
way. For S|Q absorbance spectra, we found that the inten_as the Si—H or N—H absorptlons, the Varlat.lon. Wlth thickness
sity of LO modes increased monotonically with the angle ofWas less pronounced, and the asymptotic limit was much
incidence[Fig. 5(a)]. However, the behavior observed for lower (Figs. 6 and . . .
reflection was unexpected: the LO intensity first increased, Interference fringes for thick layers tend to distort spec-
reached a maximum at approximately 45°, then decreasd#g! features, so a bgsellne spec.tral'subtractlon should be per-
and changed in sigfnegative peaksbetween 60° and 65° formed by reproducing t_he os_C|IIat|ng backgrou_}ﬁc_it can
[Fig. 5b)]. This inversion in the sign of the LO mode was then be shown that the intensity of TO bands is linear with
found around the Brewster angle for silicé2°); at this thickness in a wide range of thickness variation. In contrast,
value, the reflection coefficient of the wave at the silicon the intensity of the LO modes is linear for small thicknesses,

interface(which excites the LO modevanishes. Thus, large DUt the slope of the curve changésg. 8). Therefore, only
incident angles aid detection of LO bangsit far from the the TO modgs of the infrared spectra are suitable for thick-
inversion point, see Fig.)5However, the intensity of TO Ness evaluation.
bands always decreased with the angle of incidence.

The dependence of the T@eak frequency on thickness
for oblique incidence was similar to that for normal inci- For the experiments, the samples used were 8000 and
dence. In contrast, irrespective of the angle of incidence500 A thick silicon oxide layers on silicorr100> wafers

IIl. EXPERIMENTAL PROCEDURE
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FIG. 7. TO peak width as a function of thickness for absorbance spectra at
normal incidence, simulated from a dielectric function with a single mode
(model 1. The curves are parametrized for different oscillator stren@®s  tained in a Iow-pressure chemical vapor deposition system

of the mode;l'rhe other parameters given as data for the simulation wherﬁ,Om SiH4 and NH% as precursor gases. The deposition time

wy=1000 cm * and y=30. . . . . .
was adjusted to obtain a suitable range of thicknesses, which
were subsequently measured by ellipsometry.

with resistivity between 3 and %)cm. The layers were The infrared measurements were performed with a
grown by wet oxidation at 950 °C and annealed at 1100 °o(BOMEM DA3 series F.ouner transform mfrayed spectropho-
in a rapid thermal annealing system for 10 s. The other thicklometer with accessories to work in transmission and reflec-
nesses were obtained after etching those layers in a bufferdi@n at normal incidence or at incident angles between 20°
HF solution and measuring the remaining film thickness withand 80°. The resolution limit was 1 cthand at least 400
optical interferometry by using a Nanospec AFT 200 of Na-Scans were averaged for each measurement. The infrared
nometrics. For each etch step we averaged at least four thicRoUrce was a globar, the beamsplitter of KBr and the detector
ness measurements taken at different points on the wafef@s @ high-sensitivity ~mercurium—cadmium-—telluride
Before the infrared experiments, the oxide on the back of théMCT) cooled by liquid nitrogen. From the single beam in-

wafers was etched off. The silicon nitride layers were ob-Tared spectra of the samples, we subtracted the spectra of
the bare silicon references to eliminate silicon absorption

components. Depending on layer thickness, an oscillating
. . . . . background was superimposed to the spe@ayer interfer-

14 | _ ence$, then a procedure to subtract this background was
| followed 23 As a result, flat base lines were accomplished for
- all the samples, irrespective of their thickness.

IV. EXPERIMENTAL RESULTS

7 The experimental values of the peak frequencies of the
TO; silicon oxide absorption mode versus thickness are plot-
N ted in Fig. 9, together with the results of the simulation
1 analysis. The full curve accounts for the results predicted
. from simulation by using model 1. The dashed curve repre-
1 sents the results obtained from model 2. Model 2 closely
= reproduces the experimental results for the whole range of
thicknesses, except for the two thicker samp¢800 and
8000 A), where some differences occur. The origin of these
differences will be discussed later. The results of the band-
Thickness (A) width for the TQ, mode are plotted in Fig. 10. Model 2 also
reproduces the experimental results more closely, suggesting
lated absorbance spectra at 45° of incidence of, &igers on Si. It is clear t_hat it is more suitable for the a.naIySIS of amorpho_us mate-
that only TO modes are linear through the whole range of thicknesses swdials. Furthermore, the shape of infrared bands obtained from
ied. model 2 better reproduced the experimental ones. The ex-

Intensity (a.u.)

"o 2000 4000 6000 8000 10000

FIG. 8. Intensity of TO and LO modes as a function of thickness for simu-
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FIG. 12. Experimental reflection spectra of Si@yers obtained at different
FIG. 10. Experimental TQpeak width for absorbance at normal incidence angles of incidencega) 30°, (b) 40°, (c) 50°, and(d) 60°. The inversion of
as a function of the thickness of the Silayer (triangleg. Simulated behav-  the LO; mode is clearly observed.
ior taking model 1(full line) and the model Zbroken ling for the dielectric
function. Experimental data are very close to the predictions of model 2.

over, we showed that simulation and experiment correlate
nWeII in a wide range of thicknesses, in different materials,
and for both reflection and transmission spectra. However,

The reflection spectra of SiOmeasured with different we have not discussed the origin_ of _these effects, nor yet
angles of incidence are plotted in Fig. 12. The most imporJ1VeN any procedure to sort out this dilemma. These effects
tant effect is the band distortion and inversion of the LO2'® Pecause the absorption spectrum is not an intrinsic prop-

peak at around 60°, which was predicted above. The experﬁrty of the material, as is the dielectric function. However,

mental inversion of the LO peak in Sj@t increasing angles ;Ehe ‘?a'C‘,J'actj'%F‘ Olf fr.ek?uency ﬁ.ep'endednceﬁof the d(ljelectrlc
of incidence was reported previously by other auttors. unction is difficult without sophisticated soitware and some

previous knowledge of the optical constants.
The origin of these effects in layered systems is due to
V. DISCUSSION two main factors. First, we have to distinguish the problem
In the previous sections we demonstrated, by both simuof the boundaries and the interference effects of the partial

lation and experiment, geometrica] or optica| effects in thebeam intensities. The transformation of fields across the in-

study of the infrared spectra of multilayered systems. Morelerface between two layers is given by the Fresnel coeffi-
cients, which depend on refractive indexes, extinction coef-

ficients, and the angle of incidence. They give the fraction of
the light that is transmitted or reflected across the boundary,
and from their dependence they will mainly be influenced by
the polarization and the angle of incidence of the incoming
840 |- . wave. Thus, polarization and angle effects on the spectra
have their origins in the boundary conditions for the field
across an interface. Then, the intensity of signal obtained
from the TO and LO modes strongly depends on angles and
polarization as we have reported above, predicting the dis-
830 - i tortion and inversion of the LO mode in reflection.
Alternatively, interference within the layers gives a sinu-
soidal base line dependen@eabry—Perot resonange®©b-
825 - T viously, for multilayered systems, the equations governing
the interferences are more complicated. The frequency of
these background interferences is strongly dependent on the
thickness of the layefquicker interferences for thicker lay-
er9, which has a complicated effect on the peak frequency,
815 . 1 . L ‘ L : ' width, and shape of the absorption bands. Nevertheless, it
0 1000 2000 3000 4000 . . . . .
: can be argued that if this sinusoidal base line could be repro-
Thickness (A) duced exactly(for example, by means of a simulation pro-

FIG. 11. Experimental silicon nitride peak frequency for absorbance at norgram’ then we would be able to subtract it from the experi-

mal incidence as a function of the thickness of the lageuares The ful ~ mental _spectrum_ _ an_d so obtain the spectra without
line corresponds to the simulated results. geometrical modifications. In fact, Mal®y proposed a

perimental peak frequencies for silicon nitride were also i
agreement with the results of the simulatiqfgg. 11).

845 . Y . T . T . T

835 |-

Peak frequency (cm ")

820 -
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red bands for silicon oxide or silicon nitride, which are very
strong, result in greater shifts and deformations than less
intense bands such as impurity ban@&-H, N-H, etc.
Figures 6 and 7 show that the slope of the curves for low
oscillator strengths is lower than that for intense bands,
clearly indicating smaller shifts and deformations of the in-
frared spectra. The explanation of this behavior is also con-
nected with the variation af over the absorbing band and,

3.43 T T T

0.99 thus, with the modification of the base line. In fact, stronger
bands have higher variations af in the absorbing region
0.17 \ L ' [Eq. (8)], and so, good base lines are more difficult to repro-
b duce with only one constant value of
It is important to remark that we took into account co-
1.98 1 ] herent multiple reflections in the film and incoherent mul-
tiple reflections in the substrate. This is important since in-
X 1.24 F 4 coherence rules out the interference fringes. Therefore, as

experiment and simulation gave very close results, this is a
good choice for layers with thicknesses in the lidiA\.

0.50F i However, for thicker layergof the order ofum) the thick-
ness begins to be comparable to the wavelefmilinfrared
0.25 ! L L range is 400—-4000 cnt or 25—2.5um) and the behavior is
2000 1600 1200 800 400 neither coherent or incoherent. This is probably the reason

Wavenumber {cm-1) why the experimental points of the two thicker layers of Fig.
9 do not reproduce the simulation behavior and deviate
FIG. 13. () Real (n) and (b) imaginary () parts of the refractive index of  glightly from the simulated curve, which applies only at the
silicon oxide from the parameters of Tablénhodel 3. coherent limit.
From the results presented above it is clear that some
corrections must be taken into account for comparing the
method to reproduce closely the sinusoidal interferences byibrational properties of samples with different thicknesses
setting the extinction coefficienk) equal to zero and opti- and/or different experimental setup. It is difficult to give only
mizing the refractive indexr() and the thicknessd) of the ~ one expression for correcting these effects because the be-
layer in the exact equations of the multilayered-systemhavior depends on the oscillator strength of the absorption
However, this is only approximate because the refractive inbeing studied and, thus, on the sample itself. As discussed
dex varies largely in the range of passing through absorbingbove, the best procedure would be to obtain the dielectric
bands, and then any constant parameter for fitting, even oljunction after fitting the experimental spectra. If this is not
timized, cannot reproduce the shape of the base line. Othepossible, the best choice is to extrapolate peak frequencies
wise, to determine the variation ofover the absorbing band and widths of the infrared bands to the limit of zero thick-
requires the knowledge of the frequency dependence of theess. The absorbance position when thickness tends to zero
dielectric function, which is rather difficult, as we mentioned coincides with the maximum of the dielectric function. This
above. The total variation of the real part of the dielectricis in accordance with the fact that for very thin layers, ab-
function through an absorbing band is connected with theiforption spectra resembles the imaginary part of the dielec-
respective oscillator strength valués,, and is given by the tric function®® Nevertheless, such extrapolation requires

sum rule knowledge of the dependences on thickness, so simulation
studies should be performed at least once to obtain the de-

QJZZE ve{(v)dv. (8) sireq dependence for a given material. If simulation is_ not
T J bandj available, the general dependences versus thickness given in

Fig. 6 can be used, provided the oscillator strength of the
absorption is known.

We have fitted the peak frequency of Si@nd SiN,
layers with quadratic polynomials it (error less than 3%
Jhe corrections to zero thickness can be performed by sub-

acting from the experimental values the calculated values
of the terms in Eq(9) or Eq.(10) that depend ol (i.e., the
sum of the linear and quadratic tepm%he following equa-
tions are valid for transmission at normal incidence in a wide
fange of thicknesse@ in um and valid up to lum):

As an illustration representing the variation of and k
through an absorbing band, we have plotted the nepbfd
imaginary K) parts of the complex refractive index of SiO
in the frequency range of intereSEO;—TO, mode in Fig.
13. The calculations were performed by using the dielectri
function generated from the parameters shown in Table | an
taking into account thatn(+ik)?=e. Thus, any constant
value forn taken over this region can only give approximate
results for reducing the degree of band deformations.
Nevertheless, shifts and distortions of the spectra als
depend on the intensity of the absorption band. Strongly ab- PN _ —342
sorbing bandsi.e., high oscillator strengtif)) lead to higher @mad SI0;) =1070.98+65.04-5.36< 10 "d
deformations when the thickness increases. Thus, main infra- (cm™ by, (9
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@mad SisN,) = 830.60+ 11.41d + 4.16x 10 3d2 the system, respectively, take the following foffn:
(cm™1). (10)

2 cosa
These corrections were successfully applied by us to evaluate t= (cosa+ n,)cosNS—i(n+ 5, cosal n)sin NS’
the infrared data in analyzing thin silicon oxidesn the (11
study of implanted oxide$?® and in the analysis of buried
oxides, where we found pronounced effects depending on the (cosa— 5,)cosNS+i(p— 7, cosal7)sin NS

depth of the buried layer and the size in genétaf. "= Cosat 7,)coSNS—1(7+ 75 Cosal 7)SN NG’

12
VI. ANALYTICAL APPROXIMATIONS FOR THE 12

REFLECTANCE AND TRANSMITTANCE OF VERY

THIN EILMS where the subscrigh stands for the substraté=2=d/\ is

the optical path inside the laye¥, is the generalized refrac-
Some of the previous results can be clearly understood ifive index of the layerg is the angle of incidence, ang=N
analytical approximations for the multilayer optics are devel-for s polarization orp=N/e for p polarization. The reflection
oped. The formulae for the transmission and reflection aréR) and transmissionT) of the system are calculated from
complex even for a system composed of a thin layer and ¢he coefficients in Eq9.11) and (12) by using Egs(4) and
substrate. Many authors proposed analytically exact or apb), and result in complicated expressions dependent on
proximate formulae for a single layer on a substrate undethicknesses, refractive indexes, angle, and dielectric func-
normal or oblique incidenc&:®’ Developing approximate tions of the layer and the substrate.
expressions giving the explicit dependence of transmission We discuss the expressions for first and second order in
and reflection on the thickness of the layer is useful for ours, which are obtained after developing the equationt ahd
purposes. R in Taylor series. The result of these approximations for
After developing Eqgs. 1-3 for only one layer on a sub-first order(very thin layers compared with wavelengtire
strate, the transmissior)(and reflection () coefficients of given by the following equations:

e ANy cosa 21m(e) 13
Pols™ (cosa+N,)? cosa+N, |’ (13
4N, cosa 2[Im(—1/e)sir? a+Im(€e)(N,/e,)cos a]
Toolp= 11— s, (14)
(cosa+Ny/ep) cosa+Ny/e
_[cosa—N\? 4 cosa Im(e€) 5 15
Pols™| cosa+ N, ep—1 ’ (19
cosa—Np/e,)? —Im(—1/e)sir® a+(Ny/e,)? Im(€e)co
. a—Np/ep l—4COSa[ ( )sin® a+(Np b)2 (€) a] sl 16
PolP | cosa+ Ny /e, cos a—(Ny/ep)

The transmission and reflection of the layer $opolar-  the LO modes igcosa—N/¢€,), which changes sign at the
ization (T,o s and Ryg ) take, respectively, their minimum Brewster angle of the substrate; so, the inversion of the LO
and maximum valuegabsorption peaksat a maximum modes and the angular dependence of TO and LO modes
value of the imaginary part of the dielectric function,(kd  arise as a consequence of the substrate refractive index and
i.e., at the poles of the dielectric function that are related t0;re jndependent of the thickness and refractive index of the
the TO modes. However, fqu polarization there are addi- |ayer for very thin layers. This is in agreement with the re-

t|o_n_al terms d_ependent on {ml/e) so, other maxima of g ts of the simulation and the experimental results reported
minima occur inT,o , and Ryo, when Im(—1/e) is in its above

maximum, i.e., at the zeros of the complex dielectric func- The transmittance fos polarization[Eq. (13)] depend
tion that are related to the LO mode$.*’Both LO and TO ' pofarizationl=q. pena
linearly on Im(e) and then the transmission spectra of thin

modes are affected by angular factors. If, for simplicity, we N i )
take the substrate as the vacuum, the angular dependence/@€rs are similar to the frequency dependence of the imagi-

the intensity of the LO and TO modes Ty , is TOxcose ~ Nary pa.rt of the die!ectric funption. So, we can use these
and LOx(sin a)?/cosa. Therefore, for normal incidence the €xpressions to obtain approximate values ofdmat the
intensity of LO modes is zero. Furthermore, by analyzing thdimit of very thin layers. If we refer to the quotient between
angular dependence of the LO modesRig, , [Eq. (16)], it Tpols @and the common factor in Eq413) (transmittance of

is easy to find that the term responsible for the inversion othe substrajeas Tgs, then
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(1-Trg)(cosa+Nyp) thicknesses up to 500 A. With the aim of evaluating second-
€'=Im(e)= 55 : (17 order effects, we also developed the formulae fordheerm.

The dielectric function in the infrared range can be ob-The results obtained for transmission und@ndp polariza-
tained by this method within an error of 10% in a range oftion are

_ 4cosaN, 2 Im(e) 3[Im(e)]*~[Re(€)]*~ (1+ep)Re(e) T e, ,
Tp0|s_(COSa+Nb)2 ~ cosa+N, (cosa+Np)? s (18
_ 4cosaN, 2[Im(—1/e)sir? a+Im(e)(Ny/€,)cos o]
Tpolp‘( Nb 2 1= COSa-l—Nb/eb g
cosa+ —
€p
{3[Im(e)1>—Re(€)} —[(Ny/ep)cos a+sir? al|e|?]+Re(€)(cog a+ N2/ ez+2 sir? al|e|?) 2]
4 > 5. (19
(cosa+Ny/e,)

Finally, in order to verify the validity of the approxima- perimentally. Simulated and experimental results of position
tions, we applied the above equations to the simulated trangnd width of TO bands versus thickness of the layer were
mission and reflection spectra of a Si@yer of 500 A. The obtained for silicon oxide and silicon nitride. Also, the re-
equations under the second-order approximation depend @ults of model calculations for individual peaks with differ-
both Ré¢e] and Inje] and, thus, we need to know bothand  ent oscillator strength values are shown. Peak frequency and
R. Then, two different types of dielectric function obtained width always increase with thickness, and the rate of change
from the first order(only for transmittanceand from the also increases with the magnitude of the oscillator strength.
second ordeffor both transmittance and reflectan@qua-  For thicknesses neardm, these frequency and width values
tions were compared with the dielectric function used as datsaturated. In contrast, LO bands are not modified in the
for the simulation. The results are plotted in Fig. 14. Thewhole range of thicknesses. Moreover, the angle dependence
second-order approximations can give dielectric function®f the intensity and position of LO and TO modes were
for a 500 A layer with a relative error of less than 5%. studied experimentally and by simulation. The theoretically
predicted inversion of the LO mode of silicon oxide in re-
flection at approximately 60° of incidence was also experi-
mentally verified.

The geometrical or optical modifications of infrared  The origin of these effects is discussed, separating the
multilayer spectra with dimensions, arrangements, angle, an@fluence of the boundaries and the interference effects of the
polarization have been studied both by simulation and expartial beam intensities. The dependence on the oscillator

strength is explained in terms of a large variation of the
refractive index when the frequency passes through a

VII. SUMMARY AND CONCLUSIONS

371 T T T strongly absorbing band. Possible ways of applying correc-
——— order 2 5 tions to the experimental spectra and some examples are also
—— epsilon shown and discussed. Finally, analytical approximations for

the reflectance and transmittance of thin layers are developed
as a function of the thickness of the layer. The main results
of the evolution of TO and LO modes are deduced from
these approximations. First- and second-order approxima-
tions allowed us to obtain the imaginary part of the dielectric
function from only transmittance and from both transmit-
tance and reflectance, respectively, measurements for thin
layers.

APPENDIX

We consider here the coordinates and angles defined for

-3.4 1 1 ! . . . .
1216.0 ML25 1069.0 9955 9220 the multilayer plotted in Fig. 1. The matrix for the transfor-
) mation of fields across the interfaggbetween two layerg
Wavenumbers (cm™') andj—1, takes the form

FIG. 14. Imaginary part of the dielectric function of a single peak and the Til_l pi .717-._.1_1

results obtained from the first- and second-order approximation of the trans- [Mj] = b7 W20 , (A1)

mittance and reflectance of a thin layer of 500 A thick. Pjj-1Tjj-1 Tiji—1
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