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Rutile TiO,:Fe Nanocrystalline Films Prepared by a Nonhydrolytic Sol—Gel Route
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Iron-doped titanium dioxide nanocrystalline (nc-TiO;:Fe) films with the a composition from 2 to 10% have
been deposited on Si(100) substrates by a facile nonhydrolytic sol—gel route. X-ray diffraction analysis shows
that the films are polycrystalline and exhibit the pure tetragonal rutile phase structure. The Fe dopant effects
on the surface morphology, microstructure, phonon modes, and dielectric functions of the nc-TiO,:Fe films
have been investigated by atomic force microscopy, ultraviolet Raman scattering, far-infrared reflectance,
and spectroscopic ellipsometry at room temperature. With increasing Fe composition, the first-order Raman-
active phonon modes E,, Aj,, and B,, are shifted toward a lower frequency side of 10, 6, and 7 cm™!,
respectively. The four additional vibrations, which are strongly related to the surface structure of the films,
can be observed due to the two-phonon scattering process. Moreover, the three infrared-active transverse-
optic (TO) phonon modes E, (TO) can be located at about 183, 382, and 500 cm™!, respectively. The dielectric
functions of the films have been uniquely extracted by fitting the measured ellipsometric spectra with a four-
phase layered model (air/surface rough layer/film/Si) in the photon energy range 0.73—4 eV (310—1700
nm). Adachi’s dielectric function model has been successfully applied and reasonably describes the optical
response behavior of the nc-TiO,:Fe films from the near-infrared to ultraviolet photon energy region. It is
found that the real part of dielectric functions in the transparent region slightly decreases with increasing Fe
composition. Furthermore, the optical band gap linearly decreases from 3.43 to 3.39 eV with increasing Fe
composition due to the energy level of Fe f,,, which is closer to the valence band. It is believed that the
decrease of the optical constants and optical band gap for the nc-TiO;:Fe films with the Fe composition is
mainly ascribed to the differences of the crystallinity and the electronic band structure, which can be perturbed

by the transition metal introduction.

I. Introduction

Titanium dioxide (TiO,) is a well-known material investigated
due to its exceptional physical and chemical properties such as
high dielectric constants, excellent optical transmittance in the
near-infrared and visible region, high refractive index, ferro-
magnetism, ferroelectricity, low toxicity, pretty high energy
density together with an excellent cycling life and photocatalysis
for water cleavage.!™¢ Thus, it has been used in some applica-
tions, i.e., nonlinear optics, optoelectronic devices, negative
electrodes, nanomedicine, chemical sensing, and catalysis.”® As
we know, TiO; is of three distinct polymorphs: rutile, anatase,
and brookite. Both rutile and anatase are tetragonal, whereas
brookite is orthorhombic. The Fermi level in the rutile phase is
lower than that in the anatase phase by about 0.1 eV. The
essential difference or advantage is that the rutile structure
appears to have a narrower optical-absorption gap and higher
thermodynamical stability than the others. There are many
reports about the crystalline structure and electronic properties
of TiO, bulk or film from both theoretical and experimental
aspects.”"? Recently, Raman scattering and transmittance spectra
have been used to investigate the first-order phonon modes and
the optical response behavior of rutile TiO,.'>'* It was reported
that the optical band gap (OBG) of rutile TiO, films on quartz
substrates is about 3.6 eV, which agrees well with the
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theoretical value of 3.6 £ 0.2 eV derived by the quasiparticle
self-consistent GW approximation (G is Green’s function, W
is the screened Coulomb interaction).”>'” Mo et al. reported
the calculated band gap of rutile TiO, is 1.78 eV using the self-
consistent orthogonalized linear combination of atomic orbitals
method in the local density approximation (LDA).'® It should
be emphasized that the band gap is usually underestimated by
the LDA method.!®!7 Therefore, more investigations are neces-
sary to clarify the origin of deviation between theoretical and
experimental results.

On the other hand, the discovery of ferromagnetism (FM)
with Curie temperature above room temperature (RT) has been
provided in Co-doped anatase TiO,.'” Many theoretical and
experimental studies of 3d transition metal (V, Cr, Mn, Fe, Co,
Ni, and Cu)-doped TiO, have been performed to testify the FM
properties at RT.2° Moreover, the antiferromagnetic coupling
in the transition-metal-doped TiO, nanoparticle or nanocrystals
has been recently reported. This can be explained by the fact
that the 3d shells of them are half full or more.*"”> Among all
the dopants, the Fe element is frequently employed owing to
its unique half filled electronic structure.”* As we know, the
introduction of transition metal can result in the variation of
the electronic band structure for TiO, due to the sub-band
formations in the forbidden gap. Therefore, studying the
electronic transitions can provide valuable evidence for the FM
and antiferromagnetic phenomena, which are strongly related
to the transition metal doping. In addition, there are many
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fabrication techniques adopted to prepare TiO,-based films such
as the sol—gel method, ion implantation, pulsed laser deposition,
molecular beam epitaxy, chemical vapor deposition, and so on.
Among them, the sol—gel technique is a well accepted method
due to some superiorities: a fast fabrication process, large-area
deposition, composition control, and low cost.2* However, it is
difficult to obtain nanostructured TiO, films with a uniformly
dispersed Fe replacement due to the fast rate of hydrolysis via
the traditional sol—gel method.”>?® In the present work, a
modified sol—gel technique was used to fabricate the homoge-
neous Fe-doped TiO, nanocrystalline (nc-TiO,:Fe) films with
the composition from 2 to 10%. This makes it possible to
completely investigate the Fe-doping effects on the optical and
electronic properties, which can provide insight on the energy
levels from the Fe introduction.

There are many spectral techniques to determine the optical
constants of film materials such as reflectance, transmittance,
and spectroscopic ellipsometry (SE). Among them, SE based
on the reflectance configuration is easily acceptable for the
determination of optical constants.>*?’ It is a nondestructive and
powerful technique that allows us to obtain the thickness and
optical constants of a multilayer system without the Kramer—
Kroning transformation (KKT) due to determining two inde-
pendent angles simultaneously.”® Note that SE can directly
provide dielectric constants, optical band gap, optical conductiv-
ity, etc. Thus, this makes it possible to study the optical
properties of TiO,:Fe films in a wider photon energy range. In
order to elucidate the distinguishing physical phenomena and
further exploit the Fe-doped TiO, material as a viable candidate
for fabricating optoelectronic and spinelectronic devices, the Fe-
related optical properties should be thoroughly clarified and
provide a critical reference to the device designs and perfor-
mance optimizations.

In this paper, the surface morphology, microstructure, lattice
vibrations, and optical properties of rutile TiO,:Fe films
deposited on Si(100) substrates with different Fe compositions
have been investigated. The dielectric functions from the near-
infrared to ultraviolet (NIR-UV) photon energy region have been
studied by the SE technique. A theoretical model is presented
to reproduce the experimental ellipsometric spectra. Effects of
the Fe composition on the optical properties of nc-TiO,:Fe films
have been discussed in detail.

II. Experimental Details

Fabrication of nc-TiO,:Fe Films. The nc-TiO,:Fe films were
deposited on Si(100) substrates by a facile nonhydrolytic
sol—gel route employing a spin-coating process. In order to
obtain the effects of Fe composition on the optical properties,
the films were fabricated in the Fe composition range 2—10
mol % with the interval 2 mol %; i.e., the mole compositions
of Fe atoms were 2, 4, 6, 8, and 10%, respectively. Analytically
pure ferric nitrate ninehydrate (Fe(NO;);+9H,0) and titanium
butoxide (Ti[O(CH,);CHjs],) were used as the starting materials.
Titanium butoxide and an equimolar amount of acetylacetone
were dissolved in ethanol. The Fe doping was achieved by
dissolving ferric nitrate ninehydrate in the solution with a
required volume ratio of CH;CH,OH:CH;COOH. Then, the two
solutions were mixed together at a certain temperature and
allowed to stir for 2 h at 50 °C to increase the homogeneity.
The amount of Fe doping was denoted as the fraction (%)
number of Fe atoms to the sum of those of Ti and Fe atoms in
the precursor solution. Finally, the 0.3 M precursor solution was
transparent without precipitate phenomenon after several months.
Note that the distilled water, which quickly reacts with titanium

Zhang et al.

butoxide, is not used in the present method, as compared to the
traditional hydrolysis technique.? The Si(100) substrates were
cleaned in pure ethanol with an ultrasonic bath to remove
physisorbed organic molecules from the surfaces. Then, the
substrates were rinsed several times with deionized water.
Finally, the wafers were dried in a pure nitrogen stream before
the deposition of the films. The TiO,:Fe films were deposited
by spin coating of the 0.3 M solution onto the substrates at a
speed of 4000 rpm for 30 s. Each layer of the films was dried
at 200 °C for 3 min, then pyrolyzed at 400 °C for 4 min to
remove residual organic compounds, and then annealed at 850
°C for 4 min in ambient air by a rapid thermal annealing
procedure. The deposition and annealing-treatment procedures
were repeated five times to obtain the desired thickness.

XRD, AFM, UV Raman, FIR Reflectance, and SE Mea-
surements. The crystalline structure of the TiO,:Fe films was
investigated by X-ray diffraction (XRD) using a Ni filtered Cu
Ko radiation source (D/MAX- 2550 V, Rigaku Co.). In the XRD
measurement, a vertical goniometer (model RINT2000) was
used and the continuous scanning mode (6 — 26) was selected
with a scanning rate of 10°/min and an interval of 0.02°.2* The
surface morphology was investigated by atomic force micros-
copy (AFM) with the contacting mode in areas of 5 x 5 um?
(Digital Instruments Dimension 3100, Veeco). Ultraviolet (UV)
Raman scattering experiments were carried out by a micro-
Raman spectrometer with a spectral resolution of 1.5 cm™
(Jobin-Yvon LabRAM HR 800 UV). The 325 nm (3.82 eV)
line of a He—Cd laser was applied as an excited source with
an output of 30 mW.?’ Far-infrared (FIR) reflectance spectra of
the films were collected using a Bruker Vertex 80 V Fourier
transform infrared (FTIR) spectrometer over the wavenumber
range 100—700 cm™'. A TGS/POLY detector and 6-um-thick
mylar beamsplitter were employed for the spectral measurement.
Near-normal incident reflectance (about 10°) was recorded with
a spectral resolution of 2 cm™!. An aluminum mirror, whose
absolute reflectance was measured, was taken as the reference
for the reflectance spectra in the FIR region.*® The illuminated
area on the film surface was estimated to be about 4 mm in
diameter. The ellipsometric measurements were recorded by a
NIR-UV SE in the wavelength range 310—1700 nm (0.73—4.0
eV) with a spectral resolution of 2 nm (SC630UVN by Shanghai
Sanco Instrument, Co., Ltd.).3! The incident angle was selected
to 70° for the nc-TiO,:Fe films corresponding to the experi-
mental optimization near the Brewster angle of the Si substrate.
Note that the films were at RT for all measurements and no
mathematical smoothing has been performed for the experi-
mental data.

III. Results and Discussion

Structural and Morphology Characterizations. The XRD
patterns of the TiO,:Fe films with different Fe compositions
deposited on Si(100) are shown in Figure 1. It can be seen that
all the films are polycrystalline with a stronger (110) diffraction
peak, whose position is shifted from 27.5 to 27.7° with the Fe
composition. The phenomena can be explained by the fact that
the radius of Fe atom is larger than that of Ti atom. Besides the
strong feature, there are several other weaker diffraction peaks,
(111), (211), and (220), and no impurity phase is observed,
which confirms that the films are of the pure rutile structure. It
suggests that the polycrystalline grains with different orientations
are formed in the rutile films and the Fe atoms have been
successfully incorporated into the TiO, matrix. On the basis of
the (110) diffraction peak, the lattice constant a of the Fe-doped
films is estimated and varied between 4.553 and 4.590 A. The
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Figure 1. The XRD patterns of the TiO,:Fe films grown on Si(100)
substrates with the Fe compositions of 2, 4, 6, 8, and 10%, respectively.

TABLE 1: The Peak Position and Full Width at
Half-Maximum (FWHM) of the (110) Diffraction Peak of
nc-TiO,:Fe Films with the Fe Compositions (Cg.) Determined
from the XRD Patterns in Figure 1

lattice grain
peak position, fwhm, constant, size,
samples  Cge (%) 20 (deg) P (deg) a (A) r (nm)
A 2 27.5 0.28 4.590 29
B 4 27.6 0.32 4.565 26
C 6 27.6 0.48 4.573 17
D 8 27.6 0.34 4.574 24
E 10 27.7 0.35 4.553 24

differences of the lattice constant suggest that there are different
lattice distortions in the rutile films with increasing Fe composi-
tion. Furthermore, the average crystalline size r can be calculated
from the (110) peak according to the well-known Scherrer
equation: r = (KA)/(f3 cos 0). Here, K ~ 1 is the shape factor,
A = 1.540 A the X-ray wavelength of Cu Ko radiation, f3 the
line broadening at full width at half-maximum (fwhm) in
degrees, and 0 the Bragg diffraction angle.’>?* From Table 1,
the grain size (about 17 nm) of nc-TiO,:Fe film with the
composition of 6% is the smallest due to a much larger value
of 3. On the other hand, the film doped with the composition
of 2% has the largest root-mean-square roughness, which can
be estimated to about 5 nm and the others are of about 3 nm
from Figure 2. Moreover, from the section of the three-
dimension AFM pictures, the grain size of the films can be
qualitatively defined,**** which confirms that the grain size of
the film doped with the composition of 2% is the largest among
the films, which agrees with that of the XRD patterns. As can
been seen in Figure 2, the surface morphology presents a
different pattern with the Fe doping. The film surface becomes
more dense with increasing Fe composition, which indicates
that few voids appear on the surface. The large variation can
obviously affect the lattice vibrations and optical properties of
the films, such as second-order Raman-active frequencies, high
frequency dielectric constants, and optical band gap discussed
in the following.

Raman and Far-Infrared Spectra. Generally, rutile TiO,
belongs to the tetragonal structure (space group Dif, or P4,/
mnm) with two units and shows four first-order Raman-active
modes (B, + E, + Ay, + By,), four fundamental infrared-active
modes (A, + 3E,), and three main silent modes (2B, + A,,)
at the T point of the Brillouin zone (BZ).** The B, mode
located at 113 cm™' and other optical inactive modes usually
occurring at lower frequencies cannot be observed due to the
experimental limitation in the present work. The Raman-active
and infrared-active phonon modes of rutile TiO,:Fe films with
different Fe compositions are shown in Figure 3a and b,
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Figure 2. AFM two-dimensional images of the TiO,:Fe films with
the Fe compositions of (a) 2, (b) 4, (c) 6, (d) 8, and (e) 10%,
respectively. Note that the scale height is 40 nm and the measured
area is 5 x 5 um?>.

1 Ll T
@
§ E i )
g2 | 2% a8 ; B,
E 5 [%% ' i
g 2 [6%. ) !
g E s : ! i
5 W
] L L
400 600 800
E(TO) ()

i E(TO) E(TO)
i | ' 2%

; ! L 6%

' — 8%
L L 10%

i(100

Reflectance
(arb.unit)

200 400 600
Wavenumbers (cm’)

Figure 3. (a) Raman spectra of the TiO,:Fe films under the excitation
line of 325 nm. (b) The FIR reflectance spectra of the TiO,:Fe films
with different Fe compositions. The infrared reflectance of the Si(100)
substrate is shown as a reference. The dashed lines show the positions
of Raman-active and infrared-active phonon modes.

respectively. The fundamental Raman modes E,, A;,, and B,
and main infrared modes 3E, can be readily recognized. In
addition, there are some second-order Raman scattering features
in Figure 3a and the most prominent one is located at about
680 cm™!, which appears with a shoulder structure. From the
Raman and FIR reflectance spectra, it further confirms that the
TiO,:Fe films are of the pure rutile phase and no anatase or
brookite impurities are detected. The three Raman modes for
rutile TiO, are found at about 447, 612, and 827 cm™!, which
can be uniquely corresponding to E,, Aj,, and B,,, respectively.
The intensity and peak positions of the above Raman-active
phonon modes are in good agreement with the experimental
data reported for the pure rutile compound.'** It can be seen
that the peak positions of Raman modes from the Fe-doped TiO,
films are shifted toward a lower frequency side as compared to
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the pure TiO, reported. The intensity of the A, band is stronger
than those of the E, and B,, bands because the A;, phonon mode
is easily resonance enhanced when the laser line of 325 nm is
selected owing to the UV resonance Raman effect.’® Moreover,
the A;, phonon mode arising from oxygen vibrations has a
negatively sloping branch along (110) and a flat branch along
the (100) direction, both lying in the plane of Ti—O stretch.'?
Therefore, the A,, vibration band can provide an obvious effect
due to the crystalline orientation of nc-TiO,:Fe films because
the (110) diffraction peak is the strongest from the XRD patterns.

For four main infrared-active phonon modes, the experimental
positions of transverse-optical (TO) and longitudinal-optical
(LO) phonon frequencies from single crystal TiO, are located
at 183 cm™! (TO), 373 ecm™! (LO), 388 cm™! (TO), 458 cm™!
(LO), 500 cm™! (TO), and 807 cm™' (LO) for 3E, (I'?) and at
167 cm™! (TO) and 812 cm™! (LO) for A,, (I'7), respectively.
The oscillator strength vectors for the 3£, modes belong to the
x—y plane, i.e., § = (¢ ¢y, 0). However, the phonon wave vector
q for the A,, mode is along the z or ¢ axis ([001] direction).
The intensity and peak positions of the infrared-active phonon
modes 3E, (TO) are shown in Figure 3b. The phonon frequen-
cies can be located at about 183, 382, and 500 cm ™!, which are
close to those found in single crystal TiO,. It should be
emphasized that the band at 382 cm™! is softened by 6 cm™!
and the broadening of the mode 183 cm™" is the largest among
the 3E, (TO) phonon modes. It can be ascribed to the lattice
mismatch between film and substrate and lattice defects in the
TiO,:Fe films. The infrared spectral lineshapes corresponding
to different Fe compositions are similar due to the low-
composition doping, which cannot strikingly contribute to the
phonon characteristics. Note that only the E, (TO) phonon
modes can be observed in the present experimental configura-
tion, where the LO and A,, vibrations are not responsive to the
unpolarized light incidence. The phenomena can be explained
as follows: (i) the E, (TO) phonon modes are active for light
polarized perpendicular to the ¢ crystallographic axis, and (ii)
the films show the single rutile phase and the normal line on
the sample surface is parallel or subparallel to the ¢ axis.”’ In
addition, the A, phonon frequency can be decreased to zero
by applying a uniaxial expansive strain due to the Fe doping in
the (001) direction.! Moreover, the LO—TO splitting, which is
due to the coupling between infrared-active modes and mac-
roscopic electric fields, can result in a high frequency of the
corresponding LO phonon mode and the broadening LO
phonon—plasmon (LPP) coupled modes.**” Generally, the E,
(LO) phonon modes can appear when the polarized light parallel
to the incident plane and/or the larger incident angle are applied.
Nevertheless, the optical anisotropic effect will become weaker
owing to the polycrystalline structure of nc-TiO,:Fe films. It
can be concluded that the frequency shifts of the Raman modes
are sensitive to the Fe doping and the broadening of the infrared-
active modes is sensitive to the lattice mismatch and intracrys-
talline defects.

Lattice Vibrations. In order to further study the lattice
vibrations and microstructure, Figure 4 presents a seven-peak
fit of the Raman spectra recorded in the range 300—900 cm™!
for nc-TiO,:Fe films with different Fe compositions. The
Lorentzian multipeak fitting including three first-order Raman-
active phonon modes (E,, Aj,, and B,,), the combination mode
at about 680 cm ™!, and three additional modes at about 320,
390 or 360, and 510 cm™! is required to describe the profile
satisfactorily. The four additional features are from the two-
phonon scattering process, which can be seen in the o,
polarizability component for bulk rutile.'? It is noted that o is
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Figure 4. A seven-peak fit of the Raman spectra for the TiO,:Fe films
with the compositions of (a) 2, (b) 4, (c) 6, (d) 8, and (e) 10%,
respectively. The three first-order and four second-order Raman phonon
modes are indicated. (f) An additional vibration at about 350—390 cm ™!

is varied as the Fe composition.

a scattering tensor and o, is a nonzero tensor element. The
stress-induced effects from the lattice mismatch with the Si
substrates and phonon dispersion relation may be responsible
for the observed second-order Raman-active phonon modes.'>%
Moreover, when a rutile structure is truncated with a plane
perpendicular to the (110) direction, the 4-fold axis is lost to
yield C,, symmetry. Nomoto et al. assigned the band at about
510 cm™! to one degenerated E, (TO) phonon mode with B,
symmetry on the surface and the band at around 360 cm™! to
the A, derived from the E, (LO) phonon mode. The fact that
the displacements of O atoms are in the opposite direction
to the displacements of the Ti atoms can induce the additional
vibration mode at about 360 cm™!, which can be the polar mode
toward the surface normal.® As shown in Figure 3f, the
additional vibration mode located at about 350—390 cm™! is
softened with increasing Fe composition. It means that the
surface structure of the films is perturbed by the Fe introduction.
In addition, the phenomena could be affected by the different
grain size and surface morphology according to the XRD
patterns and AFM images. Therefore, the appearing of the
additional vibration modes could be attributed to the Fe
composition, grain size, and surface morphology.

As seen in Figure 5, the composition dependence of Raman-
active modes E,, Ay, and B,, can be well expressed by
(450—177x), (610—102x), and (824—87x) cm™!, respectively.
It suggests that the Raman phonon frequencies are shifted toward
a lower frequency side of about 10, 6, and 7 cm ™', respectively.
There are some factors, such as the phonon confinement model
(PCM), internal stress/surface tension effects, and oxygen
vacancies, that can result in the Raman spectral modifications
observed in the TiO,:Fe films. Parker et al. reported that the
redshift of the £, phonon mode was due to the nonstoichiometric
effects.?® In the present case, the thermal treatment was carried
out at 850° in ambient air and the oxygen vacancies can be
negligible. Thus, we can conclude that the observed shifts in
the phonon frequencies are not affected by the nonstoichiometric
effects, i.e., oxygen vacancies. As we know, the translational
invariance is markedly broken when the crystal extension is in
the dimension range 1—100 nm. In this case, a description of
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Figure 5. Fe composition dependence of the (a) E,, (b) Aj,, and (c)
B,, phonon modes for the TiO,:Fe films. Note that the solid lines are
the linear fitting results to guide the eyes.

lattice vibrations in such a domain in terms of phonons with a
well-defined wave vector is no longer valid.*® Hence, the
confinement of phonons by finite-sized rutile crystallites has
been posited as the most convincing proposal.> According to
the PCM principle, a negative phonon dispersion away from
the BZ center may result in asymmetric low-frequency broaden-
ing and redshift.'>!3 Compared with the grain sizes extracted
from the XRD patterns (Table 1), however, the PCM theory is
not adequate enough to explain the features of the lattice
vibrations due to the various grain sizes of nc-TiO,:Fe films.
The present results suggest that the redshifts of the first-order
Raman-active phonon frequencies in the TiO,:Fe films are
modified by the Fe-doping perturbation. To fully explain the
redshifts of the E,, A,,, and B,, phonon modes, it must be taken
into account that the ionic radius of the Fe** ion (0.645 A) is
significantly larger than that of the Ti** one (0.605 A).*! Hence,
the microstructure of nc-TiO,:Fe films is slightly changed by
the substitutions of Fe ions, which induces the redshifts of three
Raman-active phonon modes. In addition, it indicates that the
Ti lattice position is partly occupied by the Fe dopant and the
replacement is indeed realized in the TiO, matrix.

SE Theoretical Consideration. SE, based on the reflectance
configuration, provides an effective tool to extract simulta-
neously thickness and optical constants of a multilayer system.?*+?
It is a sensitive and nondestructive optical method that measures
the relative changes in the amplitude and the phase of particular
directions of polarized light upon oblique reflection from the
sample surface. The experimental quantities measured by
ellipsometry are the complex ratio p(E) in terms of the angles
W(E) and A(E), which are related to the structure and optical
characterization of materials and defined as p(E) = 7, (E)/F(E)
= tan W(E)e™®); here, 7,(E) and 7(E) are the complex reflection
coefficients of the light polarized parallel and perpendicular to
the incident plane, respectively.” It should be noted that p(E)
is the function of the incident angle, the photon energy E, film
thickness and optical constants 7i(E), i.e., the refractive index n
and extinction coefficient k from the system studied. Although
P(E) and 7i(E) may be transformed, there are no corresponding
expressions for 7i(E), which is distinct for different materials.**
Therefore, the spectral dependencies of W(E) and A(E) have to
be analyzed using an appropriate fitting model. The film
thickness d;, optical constants, and other basic physical param-
eters, such as OBG Eopg, the high frequency dielectric constant
£., etc., can be extracted from the best fit between the
experimental and fitted spectra.

In order to extract the dielectric functions and other physical
parameters of the rutile TiO,:Fe films on the Si substrates, the
SE spectra were analyzed by a multilayer model with the four-
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Figure 6. NIR-UV experimental (dotted lines) and best-fitted ellip-
sometric (solid lines) spectra of the TiO,:Fe films with the Fe
compositions of 2, 4, 6, 8, and 10%, respectively. For clarity, each
spectrum of W and A is shifted by 15 and 200°, respectively.

phase layered structure (air/surface rough layer (SRL)/film/
substrate). It should be noted that the reliability of the fitting
method mainly depends on the selection of the dielectric function
model. For direct wide band gap semiconductor materials, the
dielectric functions &(E) = &(E) + iey(E) at energies below
and above the fundamental band gap can be calculated by
Adachi’s model, which is based on the KKT and strongly
connected with the electronic band structure of materials. The
method reveals the distinct structures at the energy of the three-
dimensional M,-type critical point Eogg, Which is written as

Agl2 =1 + yo(E) = 1 — y(B)]

VEOBG3X0(E)2

EE) = ¢ +
(D

where yo = (E + il')/Eopg and Ay and I' are the strength and
broadening values of the Egpg transition, respectively.** The
above Adachi model is successfully employed in many semi-
conductor and dielectric materials.'*?**° Correspondingly, the
optical constants 7A(E) = n(E) + ik(E) can be calculated from
the well-known relationship 7(E) = [£(E)]"?. The Briiggeman
effective medium approximation was employed to calculate the
effective dielectric functions of SRL.*4 In the present case,
the SRL is described by the assumption 50% void component
and 50% TiO,:Fe component. It should be emphasized that the
fixed mixture ratio 50%—50% is reasonable because the
deviation from the value of 0.5 is small and can be negligible.
The dielectric functions of the void component are taken to be
unity. The optical constants of the Si substrate in the fitting
process can be directly taken from ref 47. The best-fit parameter
values in eq 1 can be obtained by the Levenberg—Marquardt
algorithm in the linear least-squares curve fitting.*® The root-
mean-square fractional error function has been used to judge
the fitting quality between the experimental and modeled data.

Ellipsometric Spectra. The experimental W(E) and A(E)
spectra recorded at an incident angle of 70° for the TiO,:Fe
films on Si(100) substrates are shown by the dotted lines in
Figure 6. The interference patterns due to the finite thickness
of films are observed below the photon energy of about 3.2
eV, indicating that the films are transparent in the photon energy
region. The dielectric functions of the films can be determined
by fitting Adachi’s dielectric function model to the measured
data. The fitted parameter values in eq 1 and thicknesses of
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TABLE 2: The Parameter Values of Adachi’s Dielectric
Function Model for nc-TiO,:Fe Films with the Fe
Compositions (Cr.) Determined from the Simulation of
Ellipsometric Spectra in Figure 6

A() E()BG r ds df

samples Cg (%) &. (V¥ (V) (eV) (nm) (nm)
A 2 0.07 151 343  0.09 2 181
B 4 0.37 141 3.42  0.08 1 198
C 6 0.46 130 3.40 0.09 1 198
D 8 0.42 137 3.42  0.08 1 197
E 10 0.63 130 3.39  0.07 2 202

both SRL d, and films d; are summarized in Table 2, and the
simulated ellipsometric spectra for nc-TiO,:Fe films are shown
by the solid lines in Figure 6. As can be seen, a good agreement
is obtained between the experimental and calculated spectra in
the entirely measured photon energy range. However, some
deviations at higher photon energy in the curve fit from the
experimental W(E) data are observed because it is a strong
absorption region, which is beyond the lowest direct gap Eogg.
The grain boundaries and surface morphologies of the poly-
crystalline films would affect the detected polarized light.
Nevertheless, the factors such as the polycrystalline, anisotropy,
and boundaries are not considered in the fit program owing to
the intrinsic complexity. This can affect the measured ellipso-
metric parameter values and deteriorate the fit. It should be noted
that a small band near 1100 nm (1.13 eV) is removed from the
measured data due to an absorption band of the optical fiber.
From Table 2, the thickness of the TiO,:Fe films including the
SRL and film layer is estimated to be 183, 199, 199, 198, and
204 nm with increasing Fe composition, respectively. Note that
the results agree well with the nominal growth value of about
200 nm. Therefore, it is verified that the fitting model used is
adequate to describe the dispersion relation of the NIR-UV
optical properties of the nc-TiO,:Fe films. On the other hand, it
also indicates that the effects of different thicknesses on the
optical properties of the films can be neglected.

NIR-UV Dielectric Functions and Optical Band Gap. The
evaluated real and imaginary parts of dielectric functions &(E)
of the TiO,:Fe films are shown in Figure 7a and b, respectively.
&1(E) and &,(E) with the photon energy are the typical optical
response behaviors of semiconductor and/or dielectric mate-
rials.!%2847 Generally, with increasing photon energy, &,(E)
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Figure 7. Evolution of the real part ¢, (a) and imaginary part &, (b) of
dielectric functions for the TiO,:Fe film with the Fe composition of
10% in the photon energy range from 0.73 to 4 eV. Note that the insets
show the dielectric functions of the TiO,:Fe films in an enlarged photon
energy region of 3—4 eV. The arrows indicate the absorption edge
shift.
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Figure 8. Composition dependence of (a) the refractive index n at
three photon energies of 1, 2, and 3 eV and (b) the optical band gap
Eopg for the nc-TiO,:Fe films, respectively. The solid lines represent
the linear fitting results.

increases and approaches the maximum of 11 at about 3.5 eV
and then decreases due to the well-known Van Hove singulari-
ties. It was reported that a higher &(E) is shown to be a
consequence of a low-frequency, “soft” phonon mode and large
Born effective charges, as confirmed by Raman and FIR
reflectance spectra.' In the transparent region (E < Egpg), &2(E)
is close to zero and remarkably increases as the photon energy
further increases beyond Eogg. It indicates that a strong optical
absorption appears, showing the interband electronic transition
from the valence band (VB) to the lowest conductive band (CB).
Moreover, all the absorption edges from &,(E) are not much
sharper because there are the Urbach tail states.'* The Urbach
tail feature can be expressed by the following rule as o =
o exp(E/E,); here, o is the absorption coefficient, a, is a
constant, and E, is the Urbach energy.*’ The parameter E, can
be strongly related to the width of the tails of localized states
in the band gap. The absorption in the region is mainly due to
transitions between extended states in one band and localized
states in the exponential tail of the other band.>® Therefore, the
explanation for the appearance of the Urbach tail is the
ionization of excitons by internal electric microfields, which is
produced by the crystalline defects, charged impurities, grain
boundaries, and lattice disorder in the TiO,:Fe films.

Figure 8a shows the variations of the refractive index n(x) as
a function of the Fe composition at photon energies of 1, 2,
and 3 eV, respectively. The change trend can be well expressed
by the linear relationship (2.48—0.49x), (2.61—0.59x), and
(2.94—0.77x), respectively. It suggests that the refractive index
linearly decreases with the Fe composition in the visible region.
It should be emphasized that the deviation of the TiO,:Fe film
with the composition of 6% may be due to the smallest grain
size. The discrepancy of the grain size could result in the film
density variations, which induces a lower refractive index.!* The
model parameters and fitted values for the Eqpg are shown in
Figure 8b by the dotted and solid lines, respectively. It indicates
that Eopg decreases with the Fe composition from 2 to 10%. In
pure rutile films, the electronic band structure is due to the
electrostatic and crystal-field interaction between O,, ionic
orbitals.'* In particular, there is a substantial degree of hybrid-
ization between O,, and Tis, orbitals in both the CB and VB
regions, indicating the excitation across the band gap involves
both O,, and Tis, states. It should be noted that the lowest CB
consists of two sets of Tiz; bands, which have their atomic origin
from the hybridized states of #,, and e,. Eggg of rutile TiO, is
assigned to the interband transition from the highest VB to the
lowest CB.'° In rutile Fe-doped TiO,, Fe dopant can affect the
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Eopg of nc-TiO, films by acting as hole (or electron) traps and
by altering the A*/e™ pair recombination through the following
process:>!

hv + Fe* + hf,B — Fe'* hole trap (2a)

Ti*" + eqy — Ti'" + ho electron trap  (2b)

where the energy level for Fe t,, is close to the VB edge and
the energy level for Ti** is located in the CB. Introduction of
such an energy level (Fe t,,) in the band gap induces the redshift
of Eopg through a charge transfer between a dopant and the
CB or a d—d transition in the crystal field. According to the
energy level discussed previously, about 40 meV shift of
the Eopg in the Fe-doped TiO, films can be attributed to the
charge-transfer transition from the d orbital of the Fe ion to the
CB. The hole-compensated Fe** is presumed to act as a hole
trap and the charge-compensated Ti**, as an electron trap.’>??
Finally, Figure 8b shows the composition dependence of Eopg,
which may be expressed in the form (3.434—0.404x) eV. It
indicates that Eopg slightly decreases with increasing Fe
composition. It can be suggested that the Eopg value of pure
rutile TiO, films is about 3.434 eV from the linear fitting, which
is slightly smaller than the reported value of 3.6 eV.'* It should
be noted that the values are less than that derived by the
theoretical calculation.'®!” The difference of Eqgg could be due
to the dopant composition, the d electronic configuration, and
the electron donor composition of the nc-TiO,:Fe films.

IV. Conclusion

To summarize, the nc-TiO,:Fe films have been deposited on
Si(100) substrates by a facile nonhydrolytic sol—gel route. All
of the films are polycrystalline with a stronger (110) diffraction
peak, and the film surface becomes more dense with increasing
Fe composition. The Fe composition dependence of the lattice
vibrations in nc-rutile TiO,:Fe films has been studied. The three
first-order Raman-active and three infrared-active phonon modes
can be observed from the present experimental configuration.
It is found that the frequency shifts of the Raman modes are
sensitive to the Fe-doping levels and the peak broadening of
the infrared-active modes is sensitive to the lattice mismatch
and intracrystalline defects, respectively. Moreover, the dielectric
functions in the NIR-UV photon energy region have been
uniquely extracted by fitting the measured ellipsometric data
with a four-phase layered model. The real part of the dielectric
functions linearly decreases with increasing Fe composition due
to the crystalline structure, the grain size, and the Fe dopants.
In the nc-TiO,:Fe films, the Fe introduction is considered to be
one of the most important factors to affect the lattice vibration
and optical properties such as Raman phonon modes, optical
constants, and optical band gap, which linearly decreases from
3.43 to 3.39 eV with the Fe composition. The present results
could be crucial for future applications of TiO,-based optoelec-
tronic and diluted magnetic semiconductor devices.
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