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The optical constants of tantalum pentoxide (Ta,Os) are determined in a broad spectral region from
the visible to the far infrared. Ta,Os films of various thicknesses from approximately 170 to
1600 nm are deposited using reactive magnetron sputtering on Si substrates. X-ray diffraction
shows that the as-deposited films are amorphous, and annealing in air at 800 °C results in the
formation of nanocrystalline Ta,0Os. Ellipsometry is used to obtain the dispersion in the visible and
near-infrared. Two Fourier-transform infrared spectrometers are used to measure the transmittance
and reflectance at wavelengths from 1 to 1000 um. The surface topography and microstructure of
the samples are examined using atomic force microscopy, confocal microscopy, and scanning
electron microscopy. Classical Lorentz oscillators are employed to model the absorption bands due
to phonons and impurities. A simple model is introduced to account for light scattering in the
annealed films, which contain micro-cracks. For the unannealed samples, an effective-medium
approximation is used to take into account the adsorbed moisture in the film and a Drude free-
electron term is also added to model the broad background absorption. © 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4819325]

l. INTRODUCTION evaporation, have been determined and tabulated from 0.6 to
12 ym in Ref. 15. It was shown that Ta,O5 has a refractive
index around 2.0 with negligible absorption from 0.6 up to
10 um."> Chandrasekharan et al."® reported the mid-IR prop-
erties of Ta,Os films and studied the development of a SiO,
layer at the interface between the film and the Si substrate
due to heat treatment. Franke er al.'”'® investigated the opti-
cal properties of amorphous and crystalline Ta,Os films
from the deep-UV to far-IR using spectroscopic ellipsome-
try. The dielectric function was modeled based on the line-
shape analysis up to a wavelength of 40 um. However, strong
phonon modes exist in Ta,O5 at wavenumbers between 200
and 300cm ™! (or wavelengths from 50 to 33 ,um).lg In order
to fully describe the far-IR dielectric function of Ta,Os5 films,
it is imperative to consider these phonon modes in the dielec-
tric function model. The study of the far-IR properties of
materials may be useful in designing absorption-based filters
as well as in understanding the atomic bonding structures.'’
In this work, the dielectric functions of amorphous and
nanocrystalline Ta,Os films are determined, at wavenumbers
from 10 to 20 000 cm ', by analyzing ellipsometric measure-
ments in the visible and near-IR regions and by fitting the
transmittance and reflectance measured with Fourier-
transform IR (FTIR) spectrometers from the near- to far-IR
regions. Thin Ta,Os films are deposited on Si substrates
using reactive magnetron sputtering. The phase and structure
of the as-deposited and annealed samples are also character-
“Electronic mail: zhuomin.zhang@me.gatech.edu ized. The location and strength of individual phonon bands

Tantalum pentoxide (Ta,Os) is a high refractive index
dielectric with chemical stability at high temperatures and a
melting point of 1785°C, and is thus suitable for high-
temperature applications. Ta,Os films have been used or have
potential applications in thin-film capacitors,' microelec-
tronics,” anti-reflection coatings,® multilayer optical coat-
ings,*> corrosion resistant protective coatings,” and infrared
(IR) emissivity modulating devices.® Knowledge of the opti-
cal properties of Ta,Os5 is needed for the design of devices
that tailor radiative properties such as anti-reflection and mul-
tilayer coatings.

Ta,05 films can be deposited by various methods of
physical vapor deposition (PVD) or chemical vapor deposi-
tion (CVD).? Different deposition methods may result in
films that have an amorphous phase (a-Ta,Os) or two distinct
crystal phases depending on the annealing, that is, an ortho-
rhombic f-Ta,Os5 and a hexagonal 5-Ta,05.%” In addition,
there is also a high-temperature tetragonal «-Ta,Os phase
that forms at temperatures of approximately 1360 °C.* Phase
transformation at much lower temperatures can also occur in
nanostructured Ta,0s.” The majority of literature on the op-
tical constants has concentrated on the ultraviolet (UV), visi-
ble, and near-IR properties.*'*~'* The optical constants for a
variety of dielectric films, deposited using electron-beam
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are determined in the mid- and far-infrared regions. The effect
of cracking in the annealed films is considered using a
volume-scattering model. The effects of free carriers and
adsorbed water moisture in the amorphous films are also con-
sidered in the development of the dielectric function model.

Il. SAMPLE FABRICATION AND CHARACTERIZATION

A magnetron sputtering system, described previously,*
was used to deposit thin Ta,Os films on Si substrates. The
films were reactively sputtered from a Ta target of 99.9% pu-
rity in an Ar/O, environment to facilitate the reactive forma-
tion of the oxide. During the deposition process, the power
was maintained at 30 W and the substrate temperature was
held at 100°C. The flow rates of Ar and O, gases with
99.999% purity were 22 sccm and 2.5 sccm, respectively.
The substrate thickness and properties are different for some
of the samples. Detailed parameters of the six samples used
for the present study are listed in Table I. Two of them were
left as-deposited and the rest were annealed in air at 800 °C
for 1 h. The deposition parameters such as gas flow rates and
substrate temperature were chosen according to the
literature*' 2 in order to obtain high-quality Ta,Os films.

X-ray diffraction (XRD) measurements of the annealed
and as-deposited samples were performed using a Rigaku
D-Max diffractometer in a Bragg-Brentano configuration. A
test film was annealed at various temperatures in air.
Annealing in air at 800 °C for 1 h yielded well-defined XRD
patterns; therefore, all the annealed samples were treated
under the same annealing condition. Figure 1 shows the
XRD profile for TaO-3a that matches well with the ortho-
rhombic f-phase (JCPDS: 25-0922), although some closely
spaced peaks appear to be merged due to broadening.”*"2®
The prominent peak in the (001) plane suggests an aniso-
tropic crystalline orientation due to the stress effect. Similar
results were obtained for other annealed samples, but are not
shown. It should be noted that there exists a hexagonal
o-phase of Ta,Os (JCPDS: 19-1299) that has a diffraction
pattern nearly overlapping that of the -phase Ta,0s.”® Both
of these crystal phases are reported to occur in the literature
at annealing temperatures close to that used in the present
study.>”#272% Hence, it is possible that both phases exist in

TABLE 1. Sample identification (ID) and parameters. In the sample ID, the
last letter “u” indicates that it was unannealed (or as-deposited) and “a” indi-
cates that it was annealed at 800 °C in air for 1 h. The unannealed Ta,05
samples TaO-1u and TaO-2u are amorphous. The annealed four samples are
nanocrystalline Ta,Os. The RMS roughness of the film is obtained from

AFM.

Substrate RMS Film thickness Film thickness

thickness roughness (Ellipsometry) (FTIR)
Sample ID (um) (nm) (nm) (nm)
TaO-lu 432 4.1 1588 1589
TaO-2u 432 2.6 492 506
TaO-3a 432 14.5 1017 1035
TaO-4a 432 20.4 462 478
TaO-5a 750 3.6 347 353
TaO-6a 750 33 174 179
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FIG. 1. X-ray diffraction profile of an annealed Ta,0s, sample TaO-3a, also
shown are the powder diffraction files for J-Ta,Os and f-Ta,Os. Other
annealed samples show nearly identical XRD profiles. Note that the as-
deposited samples do not show any peaks in their XRD profiles, which are
therefore not shown here.

the annealed films. The identification of the f-phase is con-
firmed by the broadness of the peaks and the existence of
several minor peaks in the XRD pattern. Therefore, it is pre-
sumed that the annealed samples are primarily orthorhombic
f-phase. The XRD peak associated with (001) plane in Fig. 1
is used to estimate the crystalline size, which is about 40 nm,
according to Scherrer’s formula.?* Hence the annealed films
are identified as containing nanocrystalline Ta,Os. Note that
the peaks at 20 =29° and 37° are broadened due to the merg-
ing of multiple diffraction orders. The unannealed or as-
deposited samples are amorphous as there are no distinct
peaks in the XRD profiles, which are not shown here. To ver-
ify the composition of the fabricated films, X-ray photoelec-
tron spectroscopy (XPS) was performed for an annealed and
an unannealed sample after all the spectroscopic measure-
ments. The samples were heated to 200 °C in ultrahigh vac-
uum to remove surface water. The analysis of the XPS data
for the Ta 4f peak position and the area ratio of Ta 4f and O
Is peaks reveals close to stoichiometric Ta,Os in both the
annealed and unannealed samples.

The surface topography of the samples was measured
using a Veeco Dimension 3100 Atomic Force Microscope
(AFM) in tapping mode over an area of either 4 x 4 um?* or
3 x 3 um® The AFM probe is an uncoated n-type Si probe
whose tip radius is 10 nm. The measured roughness for each
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sample is listed in Table I. The AFM topography of two sam-
ples is shown in Fig. 2. The unannealed sample TaO-2u,
shown in Fig. 2(a), does not contain any cracks. The presence
of cracks can clearly be seen in Fig. 2(b) for the annealed
sample TaO-3a. As can be seen from the AFM images and
Table I, the cracks have increased the root-mean-square
(RMS) roughness that significantly exceeds the actual local
surface roughness. Similar cracks in annealed Ta,Os films
have been reported by other researchers. The crack develop-
ment is mainly due to the considerable mismatch between the
thermal expansion coefficients of Ta,O5 (4.68 x 10°° K™
and the Si substrate (1.10 x 10® K™!). The mismatch was
reported in the literature as the main contributor to both stress
and refractive index variation for the Ta,Os films.** The com-
pressive stress develops as the sample is heated to the anneal-
ing temperature, while the tensile stress develops during the
sample cooling. For the two thinnest films, samples TaO-5a
and TaO-6a, the stress may not be significant enough and
hence the RMS roughness is on the same order as that of the
amorphous films.

In addition, images of the surfaces were taken with an
Olympus LEXT 3D Material Confocal Microscope over a
larger surface area of 43 x 43 um?. Two microscope images
are displayed in Fig. 3. Figure 3(a) shows the unannealed
sample, TaO-2u, which has a much smoother surface and no
cracking. Figure 3(b) shows the surface of an annealed sam-
ple TaO-3a. The scaly appearance is due to cracking that
occurs during annealing. Cross-sectional images of two films
were also taken using scanning electron microscopy (SEM)
at an inclined angle of approximately 45° to study their
microstructure, as shown in Fig. 4. The unannealed sample
TaO-1u, shown in Fig. 4(a), does not display significant
cracking or roughness. It can be seen in Fig. 4(b) that the
annealed sample TaO-4a contains cracks that penetrate
through the film. These cracks contribute to volumetric scat-
tering and optical losses in the sample and need to be
included in the modeling of the radiative properties that will
be discussed in Sec. III C.
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FIG. 2. AFM topographies of (a) sample TaO-2u and (b) sample TaO-3a.
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FIG. 3. Confocal microscope images of (a) sample TaO-2u and (b) sample
TaO-3a.

lll. SPECTROSCOPIC MEASUREMENTS
AND ANALYSIS

A. Instrumentation

A J.A. Woollam M-2000 ellipsometer was used to per-
form variable angle, room temperature ellipsometry meas-
urements of the Ta,O5 samples in the wavelength range from
500 to 1000 nm with a resolution of 1.6nm. Data for three
incidence angles (65°, 70°, and 75°) were collected and used
to extract the thickness and dispersion of each film in the
visible and near-IR regions. The built-in algorithm in the
CompleteEase software was used to optimize the regression
parameters as well as to estimate the standard error in the
ellipsometry parameters of the fitting.

An ABB Bomem FTLA-2000 FTIR was used to mea-
sure the normal transmittance of the Ta,O5 samples as well
as the near normal reflectance of the samples for incidence
on either the substrate or the film side at room temperature.
Measurements were taken in the wavenumber range from
approximately 500 to 10000cm ' at 4cm ™' resolution. The
spectrometer was purged with nitrogen gas to minimize CO,
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FIG. 4. SEM cross section images of (a) sample TaO-1u and (b) sample
TaO-4a.

and water vapor absorption in the ambient air. Reflectance
measurements rely on comparisons with that of an Au mirror
as the reference, whose reflectance was calculated based on
the optical constants of Au taken from Ref. 31 and used to
deduce the sample reflectance. Additional details about the
measurement procedure and uncertainties can be found from
the previous publications and will not be repeated here.?%-*

A Bruker 113v FTIR spectrometer was used to measure
the transmittance and film-side reflectance in the spectral
region from 10 to 600cm ™" at a resolution of 2cm™'. The
transmittance was measured relative to a Si wafer to reduce
the interference effect in the substrate. A correction procedure
as discussed later is used to obtain the transmittance of the
film-substrate composite. The reflectance was measured rela-
tive to an Al mirror, and the measurement results were cor-
rected to account for the reflectance of Al. The mirror was
frequently replaced with fresh-deposited Al film to avoid oxi-
dation that may change the surface reflectance.

The transmittance data agree well in the overlapping
region between the purged FTIR and the vacuum far-IR
spectrometer results. The reflectance measurement by the
far-IR spectrometer is more reliable and allows the identifi-
cation of some offset in the mid-IR measurements in some
samples. Most of the analysis discussed in Sec. III B is based
on the transmittance data, and the measured reflectance spec-
tra are used to check the reasonableness of the model predic-
tions. The thickness and high-frequency optical constants of

J. Appl. Phys. 114, 083515 (2013)

the film were fitted using the near- and mid-IR measurements
from the ellipsometer and FTIR, while the phonon modes
were fitted with the far-IR data from about 20 to 1000 cm "
using the classical Lorentz oscillator model discussed in
Sec. III B.

B. Dielectric function model

The optical constants of the Ta,Os5 films are determined
by the line-shape analysis using the description of the dielec-
tric function given as>

e(w)=¢ +ie =ep —

Usually, the first term on the right hand side of Eq. (1) is
taken as a constant to reflect high-frequency contributions.
In the present study, ¢, is calculated from the refractive
index following the Cauchy dispersion

() = Vi = A+, @)

where /4 is the wavelength in vacuum and constants A and B
can be obtained from ellipsometry data.?’ Note that band gap
absorption is not considered since the band gap of Ta,Os is
greater than 4 eV.'"'® This treatment allows Eq. (1) to repre-
sent the dielectric function from A=500nm all the way to
the far-IR. The second term is a Drude free-electron term,
which is included only for the unannealed samples due to the
residual broadband absorption. The Drude term contains two
adjustable parameters, namely, the plasma frequency w,o
and scattering rate 9. The third term in Eq. (1) is the sum of
N Lorentz oscillators, which correspond to the phonon
absorption bands in the far-IR region. Each individual oscil-
lator j has a center frequency w;, a plasma frequency w,
and a damping coefficient ;. Due to the practical limitations
caused by the uncertainty in the data, the oscillators in the
model may not correspond to all of the infrared-active pho-
non modes present in the material, especially if modes are
very close in frequency or very weak. Stronger and broader
phonon bands may mask some weaker phonon modes. The
phonon modes can be predicted by ab initio simulation
according to the crystalline structure for similar materials;>*
however, not all of the modes may manifest in experimental
measurements.'® In addition, defect modes may arise from
impurities present in the films.'”'® Note that impurity modes
are not distinguished from the actual phonon modes of
Ta,05 in the experimentally determined dielectric function.
Thus, the oscillators obtained by fitting the IR spectra should
be considered as effective phonon modes and represent the
overall lattice vibration contributions. The dielectric function
model does however provide an accurate description of the
optical properties of the material in a broad spectral region
and captures the behavior of major phonon resonances well.
The unannealed samples also have an absorption band
around the wavenumber of 3400 cmfl, which is characteris-
tic of moisture absorption.'” In order to account for the
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existence of moisture in the unannealed samples, the
Bruggeman effective medium approximation (EMA) is used
to determine the effective dielectric function of the film, &,
assuming that a small amount of water is randomly dispersed
in the Ta,Os film'’">

& — Eeff Ew — Eeff

- n —0, 3
( f)8+28eff fSw + 2éesr ©)

where fis the volume fraction of water, ¢ is calculated from
Eq. (1), and ¢y, is the dielectric function of water taken from
Downing and Williams.*® Note that the EMA prediction of
&efr 18 taken as the dielectric function of the moist Ta,Os5 film
and is used to calculate the radiative properties of the film-
substrate composite. The additional parameter fis only sensi-
tive in the water absorption region and can be determined by
fitting the transmittance in the near- to mid-IR region.

C. Fitting procedure

In the region for ellipsometry measurements, the Si sub-
strate is opaque and thin-film optics can be used to fit the
ellipsometry parameters ¥ and A according to the ratio of
the Fresnel reflection coefficients for p-polarized (r;,) and s-
polarized () waves as follows: 7%

R="2_ tan(\W)exp(iA). 4)

I's

Note that the quantity ¥ is related to the relative intensity of
the reflected lights of the two polarizations and A is the rela-
tive difference of their phases. Both quantities can be calcu-
lated with thin-film optics by assuming a homogeneous thin
film with smooth parallel interfaces on an opaque substrate.
Multiple incidence angles are used to ensure a reliable deter-
mination of parameters A and B in Eq. (2) and the film
thickness.

The transmittance and reflectance spectra obtained by
the FTIR spectrometers were fit using the optical model for a
coherent film on a thick incoherent substrate.*>*” This is a
reasonable assumption considering the relatively low spec-
tral resolution of 4cm ™" in the near-and mid-IR region. The
transmittance and reflectance for a thin film on a thick sub-
strate can be expressed as follows:>®

TaTsTi
=2
1 = pspyT
2.2
PsTa T
+ ﬁ7
— PsPoTi

®)

Rf = Pa (6)

2.2
PpTs T

Ro=py+ D050
’ l_pspri2

)

where the subscript f or s in the reflectance R signifies the
film-side or substrate-side incidence. In Egs. (5)—(7), 7, is
the internal transmissivity of the substrate, 7, and p, are
the transmittance and reflectance at the air-film interface
when the substrate is semi-infinite, p,, is the reflectance for
incidence from the substrate at the interface between the
substrate-air, assuming that the substrate is nonabsorbing

J. Appl. Phys. 114, 083515 (2013)

and semi-infinite, and 75 and p are the transmittance and re-
flectance at the air-substrate interface when both media are
semi-infinite.>*~"*® Most of the fitting is based on the trans-
mittance only and compared with the reflectance data to con-
firm the fitting results. The reason for using transmittance
only is because the reflectance measurements are subject to a
larger relative uncertainty of around 5%.

The interference effect in the Si substrate is inevitable in
the measured far-IR spectrum. To reduce the interference
effect, the transmittance of the sample was measured relative
to a bare Si substrate. The optical constants of Si were taken
from Ref. 31 and were modified to account for the additional
absorption around 900 cm ™' caused by an O-H band as dis-
cussed previously. Four of the samples were deposited on
432 = 5 um thick Si substrates with a resistivity of 20 Q cm,
and the remaining two were deposited on 750 = 25 um thick
Si substrates (see Table I) with a resistivity between 10 and
100 Q cm as specified by the manufacturer. The resistance of
the thinner Si substrate was determined by fitting the well-
known Drude model for boron-doped Si to the transmittance
of the Si in the far-IR spectrum according to Fu and Zhang®’
and references therein. The doping level was thus estimated
to be 6.67 x 10" cm . The transmittance spectrum of Si
calculated from the incoherent formula based on the Drude
model was used to deduce the transmittance data of the sam-
ples in the far-IR region from the relative measurements.
The Drude model is also used to calculate the radiative prop-
erties of the film-substrate composite in the far-IR region
(4A>20um) in the line-shape analysis. The effect of the
Drude term is negligible at wavelengths shorter than 20 pum.
It should be noted that the far-IR measurements were not
performed for the last two samples listed in Table I with the
thicker Si substrates. It is shown by comparison with the
transmittance of a bare Si substrate that the optical constants
from Refs. 20 and 31 are suitable for modeling the near- and
mid-IR radiative properties with the thicker substrate, whose
resistivity does not need to be precisely determined.

For the annealed samples with cracks, the transmittance
and the film-side reflectance of the FTIR data exhibit some
attenuation towards the near-IR end of the spectra. Attempts
were initially made to include a surface roughness term
according to the scalar scattering theory.>***° The predicted
results also showed an attenuation in the substrate-side re-
flectance that contradicts with the experimental observation.
In addition, when the ellipsometry data were analyzed,
accounting for roughness did not improve the fitting.
Therefore, the cracking effect cannot be well described by
surface scattering. A careful examination of Egs. (5)-(7)
reveals that 7, is the only term that appears in T and R; but
not R;. A volumetric scattering model is considered in the
final analysis to better model the observed trends due to
cracking of the thick annealed samples, i.e., TaO-3a and
TaO-4a. It is assumed that scattering results in a reduction
only in the transmission through the film, and the attenuation
is wavelength dependent according to

S4
r;:ra< _/I_g)' (8)
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Here, S; is a fitting parameter that is related to the scattering
cross-sectional area and the defect density, assuming inde-
pendent scattering by small particles that follow Rayleigh
sc21t'[e1ring.40’4l When 1, in Egs. (5) and (6) are substituted by
7', from Eq. (8), both the transmittance and reflectance of the
film side of the sample are reduced, while the substrate-side
reflectance given in Eq. (7) is unaffected. This gives a rea-
sonable interpretation of the experimental results to be dis-
cussed in Sec. IVB. It should be noted that volume
scattering may also arise due to relatively large grains in the
film. Hence, Sy may be considered as an effective lumped
sum of the volume scattering contribution.

The predicted radiative properties are fitted to the meas-
ured FTIR transmittance spectra using a simplex optimiza-
tion algorithm that minimizes the standard error of estimate
(SEE).42’43 It is assumed that ¢, is the same as the average
value obtained for either the unannealed or annealed samples
from the ellipsometry data according to Eq. (2). The film
thickness is related to the interference fringes and deter-
mined by fitting the FTIR data in the near- to mid-IR region.
The obtained thickness is then used to fit the parameters in
Egs. (1) and (3) using far-IR transmittance.

IV. RESULTS AND DISCUSSION
A. Ellipsometric results

The optical constants at wavelengths from 500 to
1000nm are determined from the ellipsometry data. Each
sample was fit individually to obtain the parameters A and B
in the Cauchy dispersion, Eq. (2), and the film thickness. The
absorption is neglected because the interband transitions occur
at photon energies greater than 4eV. 101718 The resulting A
and B values change little from sample to sample; therefore,
only the averages of all A and B values for the two unannealed
samples and those for the annealed samples are reported here.
For the unannealed samples, the average A and B are 2.06 and
0.025 um?, respectively. For the annealed samples the average
values of A and B are 2.10 and 0.024 um?, respectively. All of
the uncertainties in A and B are less than 0.02 and 0.001 ,umz,
respectively. Table I shows the thickness obtained from fitting
the ellipsometry data with the Cauchy model. The agreement
between the ellipsometry data and the model is very good for
the unannealed samples as well as for the thinnest annealed
samples. The average mean squared error (MSE) for the two
annealed samples TaO-3a and TaO-4a with cracks is about
five times larger than the rest. However, the coefficients A and
B are all very close. The resulting refractive indices of
n=2.16 and 2.20 for unannealed and annealed Ta,O5 films,
respectively, agree with the typical values reported in the liter-
ature at 4 =500 nm. !> "1

B. Comparison of the measured and calculated
radiative properties

While ¢, in Eq. (1) can be fit using the FTIR data, for
consistency, it is taken instead from the Cauchy dispersion
from Eq. (2) based on ellipsometry measurements. The film
thickness is also fit using near- and mid-IR transmittances,
which are sensitive to the film thickness due to the interference
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effect. Despite the existence of cracking, the film thicknesses
obtained from the ellipsometer are quite consistent with those
from the FTIR measurements as shown in Table I. The far-IR
transmittance is used to fit the phonon oscillator parameters
and the results are listed in Table II. For the unannealed sam-
ples, the transmittance measured by FTIR is compared to the
best fit curves as shown in Fig. 5. The agreement is generally
satisfactory throughout the concerned spectral region. The
dips in the far-IR transmission shown in Fig. 5(a) are due to
interaction of light with phonon vibration modes in Ta,0Os.
Each of these dips is represented by an oscillator in the dielec-
tric model. Some of the dips may also be caused by the Si sub-
strate especially around 610 cm ™', where there is a dip due to
Si absorption. Due to the uncertainty of the data, very weak
phonon features are difficult to resolve.

The Drude term results in broad absorption and the
plasma frequency and scattering rate are found to be
@p0=6490cm ™" and 7, =6.5x 10°cm ™" from the fitting.
This extreme broadness can be attributed to the fact that the
samples are amorphous and thus have a very large electron
scattering rate. Based on the Drude parameters, the resistiv-
ity of the sample can be estimated to be 0.9 Qcm, which
would be typical of a lightly doped material. The existence
of free electrons in the unannealed samples is presumably
due to a slight oxygen deficiency or sub-stoichiometry dur-
ing the growth process, although other possibilities also
exist, 210 According to Kulisch et al.,44 suboxides of Ta can
contribute to a broadband absorption around 900cm ™',
which is evident from Fig. 4(a). However, the XPS analysis
does not show any apparent suboxides of Ta in both the
annealed and unannealed samples, suggesting that the oxy-
gen deficiency is insignificant.

The presence of moisture in the film is apparent from
the dip in the transmittance around 3400cm ™' It is found
using the EMA analysis from Eq. (3) that a volume fraction
of water of 5% works best to model the moisture contribu-
tion to the dielectric function. The addition of water matches
the dip well at 3400 cm_l, but is not broad enough to match
the valley in transmittance. Therefore, another weak oscilla-
tor is added around 3000cm ™' to the dielectric function
model (j=6 in Table II). This results in satisfactory agree-
ment between the model prediction and the transmittance in
the mid-IR region as shown in Fig. 5(b).

TABLE II. Parameters for the Lorentz oscillators. Note that the parameters
that determine &, from the ellipsometric measurements are (A =2.06,
B=0.025 ,um2 for amorphous Ta,05; A =2.10, B=0.024 umz for nanocrys-
talline Ta,0s).

Amorphous Nanocrystalline

J o (cmfl) Wpj (Cmfl) Vi (cmfl) wj(cmfl) Wp.j (cmfl) yj(cmfl)

1 266 1040 188 91 260 74
2 500 573 112 214 844 61
3 609 634 88 324 391 73
4 672 408 43 530 1019 142
5 868 277 113 842 372 114
6 3020 373 652
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FIG. 5. Transmittance of samples TaO-1u and TaO-2u: (a) far-IR region
from 10 to 1000 cm™'; (b) mid-IR region from 1000 to 10000cm ™.

The thicker film sample, TaO-1u, exhibits more interfer-
ence fringes than the thinner film sample, TaO-2u. The free
spectral range or wavenumber interval between the interfer-
ence maxima can be approximated by 1/(2nd), where d is the
film thickness. Due to absorption around 3000cm ™', the
transmission of the thicker sample drops quite a bit in this
region. It should be noted that the minimum transmittance
can be estimated from the refractive indices of the film and
substrate if absorption is negligible. The introduction of the
Drude term is necessary to predict the broadband absorption,
allowing the prediction to match the data at the transmittance
minima at 4700, 6250, and 7800 cm ', Note that the drop in
transmittance close to 10000cm ™" is caused by the absorp-
tion of the substrate associated with the indirect band gap of
Sinear 1.1eV.

The transmittance for two of the annealed samples is
shown in Fig. 6. There is no need to include the Drude term
in the dielectric function model, since the samples were
annealed in air: the reaction with oxygen during the anneal-
ing process apparently has improved the stoichiometry. The
annealing has removed the absorbed moisture as well. After
annealing, the low frequency phonon mode at 266 cm™'
shifts to the lower frequencies at 214 cm ™' and becomes nar-
row due to a reduction in the damping coefficient as shown
in Table II. This absorption band becomes much narrower

J. Appl. Phys. 114, 083515 (2013)
0.7 T T T T
s | Solid: Calculated ]
L Dotted: Measured J
0.5 - g
3] -
§ 04 _‘ T'c.10-4a
g e’
2 03L
o L
|_
0.2 |
04 [ / TaO-3a
T (a) ]
0 L 1 L Il 1 L L 1
0 200 400 600 800 1000
Wavenumber (cm'1)
0.7
0.6 .
05§ ]
m i
e
S 04 .
c 03 _ |
© | Solid: Calculated \
— |
02 Dotted: Measured \
0 L L L L L L L L L L L L L L
1000 3000 5000 7000 9000

Wavenumber (cm’1)

FIG. 6. Transmittance of samples TaO-3a and TaO-4a: (a) far-IR region
from 10 to 1000 cmfl; (b) mid-IR region from 1000 to 10 000 cm™ L

and deeper as shown in Fig. 6(a). Another phonon mode is
needed to model the small dip around 90cm™"'. From Fig.
6(b), it is evident that there exists a gradual reduction in the
transmittance from 3000 to 10000 cm ' and this reduction is
attributed to light scattering due to cracks or grain bounda-
ries inside of the films. The scattering factor Sy for samples
TaO-3a and TaO-4a is determined to be 5.3 and 5.1 nm,
respectively.

Only the two thicker samples require the addition of vol-
ume scattering into the modeling, since cracking was not as
significant in the two thinner samples. As shown in Fig. 7,
the transmittance calculated for TaO-5a and TaO-6a using
the dielectric function model determined for the two thicker
annealed samples agrees well with the measured spectra
without introducing any volume scattering. The far-IR meas-
urements were not performed on samples TaO-5a and TaO-
6a. Strong absorption in the Si substrate near 1100cm ™' can
be clearly seen in Fig. 7.

Figure 8 compares the measured and calculated reflec-
tance for TaO-3a for both film-side incidence and substrate-
side incidence. There is a gradual attenuation in R; as shown
in Fig. 8(a), but not in R, as shown in Fig. 8(b). The substrate-
side reflectance does not show any decrease toward short
wavelengths and this is not typical with surface roughness or

Downloaded 28 Aug 2013 to 128.227.240.170. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions



083515-8

Bright et al.

J. Appl. Phys. 114, 083515 (2013)

0.7
0.6
0.5
0.4

0.3 WA

Transmittance

02 Solid: Calculated

Dotted: Measured
0.1+ -+

FIG. 7. Transmittance of samples TaO-
Sa and TaO-6a. Note that the scale is
7 zoomed from 500 to 1500cm ' to
show features in the far-IR region more

B clearly.

0 L Il L 1 L | L Il L IR NN (N SR N |

500 700 900 1100 1300 2000 4000

Wavenumber (cm’1)

absorption. The volumetric scattering model captures the phe-
nomenon reasonably well, especially considering the simplic-
ity in the model and its assumption of a spherical geometry
and Rayleigh-type independent scattering. The model may

0'6"I"‘I"'I"'I'I
0.5

®

o

&

5 04

=

2 03

()

i=l

2 02f .

g —Calculated

= L ]
o1L |- Measured _
0 PR T ST R SR S S T SO SRS R S

2000 4000 6000 8000
Wavenumber (cm’1)

06 T T T T T T T T T T T T T T T T T

Substrate-side reflectance

0.2 — Calculated B
e Measured 1
0.1} _
0 PRI IS S T S S S TSR !
2000 4000 6000 8000

Wavenumber (cm’1)

FIG. 8. Reflectance of sample TaO-3a: (a) film-side; (b) substrate-side. Note
that the film-side reflectance decreases toward shorter wavelengths due to
scattering, while the substrate-side reflectance is unaffected.

6000
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break down in the short wavelength end of the spectrum,
resulting in large disagreement in 7 and Ry as shown in Figs.
6(b) and 8.

It is worth noting that additional reflectance data was
also collected but not used in the fitting. Since the reflectance
data in the mid-IR region is less reliable than the transmit-
tance data, including them in the fitting would increase the
uncertainty. The largest SEE between the model and the ex-
perimental data for the transmittance of all the samples was
0.023 and the average was 0.014. The agreement between
the reflectance data and the model prediction is good with an
average SEE of 0.024.

C. The dielectric functions

The dielectric function obtained for the amorphous
Ta,O5 films is plotted in Fig. 9 in comparison with that
obtained from Franke e al.'” The results are shown from 10
to 1500 cm ' since there is little variation beyond 1500 cm ™",
although there are some features due to moisture and the oscil-
lator near 3000 cm ™ '. Note that the resulting dielectric func-
tion is the effective dielectric function expressed in Eq. (3).
However, in the spectral region shown in the plots, the effect
of 5% water content is negligible, i.e., & ~ ¢. Toward large
wavenumbers, the real part approaches A% and the imaginary
part becomes very small. The residual ¢’ is largely due to the
free-electron contribution. The phonon features can be clearly
seen from the peaks in the imaginary part.>**° The Drude
term also increases the imaginary part of the dielectric func-
tion toward the smaller wavenumbers. The agreement in the
dielectric function obtained from this work and from Ref. 17
is reasonable at wavenumbers exceeding 600 cm™'. However,
the phonon modes below 500 cm ™' were not resolved in Ref.
17, resulting in a large deviation at smaller wavenumbers.

Figure 10 shows the real and imaginary part of the
dielectric function for the annealed samples, compared with
those from Ref. 18. A distinction from the amorphous Ta,Os5
is the sharp peak at the phonon resonance of 214cm™' in
the imaginary part. While the oscillator strength defined as
Sj = 7 ;/w? is similar to the mode in the amorphous film at
266cm ', the reduction in the damping coefficient 7; gives
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FIG. 9. Fitted dielectric function of the amorphous Ta,0Os, in comparison
with the values from Ref. 17: (a) Real part; (b) Imaginary part.

rise to a narrow band in ¢”.*> This results in the stronger
absorption observed in the transmittance spectrum shown in
Fig. 6(a). Without the Drude term, the imaginary part is neg-
ligible at wavenumbers exceeding 1000cm™'. Hence, the
nanocrystalline Ta,Os has negligible absorption in the visi-
ble to about 10 um wavelengths. Towards small wavenum-
bers, the imaginary part of the dielectric function drops
quickly without free-electron absorption, as shown in
Fig. 10(b). The real part approaches a dielectric constant of
33 for the annealed films and 23 for the amorphous films.
These values are within the range reported for the low-
frequency (1 MHz) dielectric constants.>?’

V. CONCLUSIONS

The dielectric functions are obtained for amorphous and
nanocrystalline thin film samples of Ta,Os deposited by
magnetron sputtering. These sputtered films are smooth and
of good structural quality and uniform thickness. Samples
are amorphous as deposited at the substrate temperature used

J. Appl. Phys. 114, 083515 (2013)
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FIG. 10. Fitted dielectric function of the annealed Ta,Os, in comparison
with the values from Ref. 18: (a) Real part; (b) Imaginary part.

during deposition. Upon annealing at 800°C, the samples
become nanocrystalline with an orthorhombic phase being
dominant. This induces a drastic change in the far-IR optical
properties of the film. The low-frequency phonon modes
become much sharper in the nanocrystalline samples. The
frequencies of the effective phonon modes are determined by
a line-shape analysis to quantitatively show the optical pho-
nons in sputtered Ta,Os5 films. Thermal stresses in the thicker
samples after annealing were significant enough to cause
cracking and the effect contributes to volume scattering in
the sample thus affecting the near-IR transmittance. A sim-
ple model is introduced to account for the volumetric scatter-
ing in the thin film samples.
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