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Rutile and anatase thin films have been prepared by the sol-gel method using Ti(003H7i)4. Third-order
nonlinear optical properties of both TiO; thin films have been investigated by the third-harmonic generation
(THG) method and the effect of the polymorph of TiO2 on the third-order nonlinear optical susceptibility, x®,
has been examined. The measured x(® values of rutile and anatase thin films were 1.4x107'? and 9.7x107*®
esu, respectively. The x® values corrected for the porosity of the film were 4.0x10712 (rutile) and 2.4x107*2
esu (anatase), which are about 100 times as high as that of SiO2 glass used as standard sample (2.8x107**
esu). The measured and corrected x® values were discussed in comparision with those calculated on the basis

of several models.

As previously reported,” the third-order nonlinear
optical susceptibility, x(®), of the sol-gel derived a-
FeyO3 thin film was 5.8x107!! esu, which is about
2000 times as high as that of SiOy glass (2.8x10~14
esu). This was ascribed to the much higher refractive
index of a-FeyO3 than that of SiO; glass on the basis
of Miller’s rule>® which predicts that a material with
high refractive index shows a high x(%).

TiO; is also considered to be a promising nonlinear
optical material because of the high refractive index
more than 2.5% and high transparency in the visible
region. In fact, x(® values of 1.5x107*2 and 3.1x10~12
esu for a TiO; single crystal, which were measured by
nearly degenerate three-wave mixing (TWM)® and de-
generate four-wave mixing (DFWM)®" methods, re-
spectively, have been reported. There are, however, no
comparative studies on the third-order nonlinear opti-
cal properties of TiOy polymorphs except a theoretical
study by Lines® dealing with the contribution of empty
d orbital as well as sp orbitals to linear and nonlinear
optical properties.

In the present study, TiOs thin films of rutile and
anatase phases have been prepared on the SiOs glass
substrates by the sol-gel method. Third-order nonlinear
optical properties of both TiO, films have been investi-
gated by THG method and the effect of the polymorph
of TiO, on the third-order nonlinear optical suscepti-
bility has been examined.

Experimental

Preparation of TiO2 Thin Films. TiO2 thin films
were prepared by the sol-gel method. As starting solutions,
Ti(OC3sH7*)4—+-C3H;OH~H2O-HN(CH2CH2OH)2 and Ti-
(OC3H7")4—+C3H7OH-H20-HNOs3 solutions were selected
for rutile and anatase films, respectively. The chemical com-
positions of the solutions were 1:20:1:1and 1:20:1:0.1in
molar ratio, respectively. The difference between these two
solutions is whether the solution includes diethanolamine
(HN(CH2CH20H)2, DEA) or HNO3. In the former solu-
tion, titanium tetraisopropoxide (Ti(OCsH7')4, TTIP) was
first dissolved in a solution of DEA and half of a prescribed
amount of isopropyl alcohol (+-CsH7OH). Then, the solu-

tion was mixed with a solution of HoO and the remainder of
+-C3H;OH. For the latter solution, TTIP was first diluted
by half of a prescribed amount of ~CsH7OH. Then, the
solution was mixed with a solution of HNOsaq containing
a given amount of HoO and the remainder of -C3H;OH.
Both coating solutions were allowed to stand at 30 °C for 2
h prior to use.

Dip-coating was used for film formation. A SiO2 glass
substrate was immersed in a coating solution, and pulled up
at a rate of 3 cmmin~}. The film was heated at 400, 500,
650, or 800 °C for 10 min immediately after each coating
procedure. This cycle was repeated 10 times to attain the
desired film thickness of about 0.3 pm. To enhance the
laser-induced damage threshold (LIDT),” a SiO coating
was further applied onto the TiO2 film. Otherwise, a part
of TiO film peeled off upon laser irradiation. In the present
coating process, films are formed on both surfaces of the
SiO; glass substrate. The TiO2 and additional SiO2 films
on one surface were removed to minimize the interference
effect'® of THG light in the THG measurement.

Characterization of TiOz Thin Films.  The crys-
talline phases precipitated in the TiO2 thin films were iden-
tified by X-ray diffraction method using CuKa radiation.
The refractive indices of TiO2 films were determined by an
ellipsometer in the wavelength region from 500 to 1000 nm.
The ellipsometry measurement also gave the film thickness.
The absorption spectra of TiO2 films with and without addi-
tional SiO2 coating were measured in the wavelength region
from 200 to 2000 nm by a UV-visible spectrophotometer.

THG measurements of TiO2 thin films were made by
means of a nonlinear optical measurement apparatus (Tokyo
Instruments, Inc., Tokyo, Japan). The Q-switched Nd: YAG
laser was operated at the fundamental wavelength of 1064
nm with a pump pulse duration of 10 ns and a peak power
density of 200 MW cm™2. The laser frequency at 1900 nm
was obtained directly by stimulated Raman scattering in
a high pressure hydrogen cell, which was excited by the
Nd:YAG line at 1064 nm. The THG light at 633 nm, which
was isolated by a monochromator, was detected by a pho-
tomultiplier connected to a box-car integrator. The sample
was mounted on a goniometer and rotated at 0.25° intervals
from —40 to +40° by a computer-controlled stepper motor
with respect to the axis perpendicular to the incident light.

In both absorption spectrum and THG measurements,
the samples were irradiated from the side without films.
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Fig. 1. X-Ray diffraction patterns of TiO2 thin films prepared from solutions containing (a) DEA and (b) HNOs.

Results

Crystallization Behavior. Figure 1 shows X-ray
diffraction patterns of TiO2 thin films prepared from
solutions containing (a) DEA and (b) HNOj3. The films
prepared from a solution containing DEA were amor-
phous below 500 °C, and consisted of a mixture of
anatase and rutile phases at 650 °C and a single phase of
rutile at 800 °C. On the other hand, the films prepared
from a solution containing HNO3 were crystallized into
a single phase of antase at 400 °C and no changes in the
crystalline phase and the X-ray diffraction peak inten-
sity were seen above 500 °C. The crystallite size in the
TiO, films prepared from the solutions containing DEA
and HNOj3 was 45—55 nm and 35—45 nm, respectively.

Rutile and anatase films which were prepared by
heating at 800 °C were selected for measurements of
various optical properties.

Refractive Index and Optical Transmittance.
The wavelength dependence of refractive index, n, for
TiOg thin films is shown in Fig. 2. It is seen that the
refractive indices of both TiO; films decrease with in-
creasing wavelength and the refractive index of rutile
film is higher than that of anatase film as well known.
Figure 3 presents linear plots of (n?—1)~! versus E? for
TiO3 thin films based on Wemple’s equation'?

1 _E FE

n2—1" Eq4 EoEy’
where E, Ey, and Ey are the photon energy, the average
oscillator energy and dispersion energy in eV unit, re-

(1)

spectively. Ep and Ey4 are important optical properties
of materials.!) The refractive indices were estimated as
N3, =2.40 at 633 nm and n,=2.27 at 1900 nm, and the
coherence length, l.=1.9/[6(n3, —n, )|, was 2.3 um for
the rutile film. In a similar manner, ns,, n,, and
for the anatase film were estimated as 2.29, 2.16, and
2.4 um, respectively. The thickness of the TiO, films
obtained by 10 dippings was typically 0.30—0.35 um.

From refractive indices, ns; and n,, of single
crystals®'? and porous thin films, the porosities, p, of
both TiO, films can be estimated as follows:!®

n2 -1
p= (1 - ng — 1) x 100(%), (2a)
and
ns = {/nine, (2b)

where ng corresponds to a radius of refractive index
sphere having the same volume as that of a refractive
index ellipsoid with the two n, radii and one n, radius
(o: ordinary ray, e: extraordinary ray) for uniaxial crys-
tals such as rutile and anatase. The porosities of rutile
and anatase films were estimated as 22.6 and 19.9 %,
respectively.

Figure 4 shows the absorption spectra of TiO2 thin
films with and without additional SiOy coating. All
spectra have a number of mountains and troughs aris-
ing from the interference of light. The larger ampli-
tude of interference spectra of rutile film compared with
anatase film results from the higher refractive index of
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Fig. 2. Wavelength dependence of refractive index, n,

for TiO2 thin films.

the former. It is seen that the additonal SiO. coating
reduces the optical loss due to reflection especially in
the wavelength region above about 400 nm. The opti-
cal band gaps, Eg, of rutile and anatase films were esti-
mated to be 3.0 and 3.2 eV, respectively, corresponding
to an energy between the conduction band, which pre-
dominantly has a Ti 3d character, and the O 2p valence
band.'¥) These values are in good accordance with those
reported previously.!®

Evaluation of x(® Values.  The THG intensi-
ties as a function of the rotation angle are given for
(a) rutile film, (b) anatase film and (c) SiO glass in
Fig. 5. The THG intensity patterns of both TiO, films
clearly shows the interference between the THG lights
from TiO; film and SiO. glass substrate as previously
reported.'® The THG intensity was obtained by the
least squares method as solid line in Fig. 5.

In the present study, x(®) values were determined by
the equation'®

(3) =g ) le,sioy [ Isw.film
Xfilm WXSlOg_l —ISw,Si02

3 3
N flmM3w,film L ,8i105 1 8w,8i0, (esu)
nd co.m 0. T3 T.

w,Si02 "*3w,Si02 ~ w,film* 3w,film

b

©)

where I denotes the THG peak intensity. The film thick-
ness is used for [, because the film thickness is less than
the coherence length. The values of Xi, =2.8x10~4
esu and & sio, =18.1 pm were used for SiO, glass as
both standard sample and substrate.'”
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Fig. 3. Linear plots of (n2—1)7! versus E? for TiO,

thin films.

The intensity of THG signal generated from TiO5 film
was determined by the equation!®

_ Imax + Imin

Tatm = Isubstrate — Imax + Inmin _ ISi02 , (4)

2 2 2 2
where I, and Iy, are the upper and lower envelopes
of the superimposed THG intensity pattern. The con-
tribution of THG light from the additional SiO, film on
the TiO, film was neglected, because the xgz)z is low
and the thickness of SiOs film (less than about 0.2 pm)
is much smaller than the coherence length. The x()
values of rutile and anatase films were determined to
be 1.4x10712 and 9.7x10~13 esu, respectively. Table 1
summarizes the optical properties of TiO2 thin films.

The accuracy of the present THG measurement for
thin film samples is estimated to be x(®) I~3x10~13
esu um from the weakest THG intensity that can be re-
solved into two components of film and substrate. This
value agrees with the value of 3x10712 esu pm reported
by Kubodera et al.!®

Discussion

Rutile® and anatase'® have values of about 0.3 and
—0.1, respectively, for the birefrigence, An=ne— ne.
This means that TiO; has a large optical anisotropy.
However, in the present sol-gel derived TiO thin films
crystallites are very small in size and randomly ori-
ented, as seen in Fig. 1, and so the film can be regarded
as almost optically isotropic material. Therefore, the
present analysis and interpretation concerning the re-
fractive index and x(3) are made based on the isotropic
values.
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Fig. 4. Absorption spectra of TiO2 thin films with and without additional SiO2 coating.
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Fig. 5. THG intensities as a function of rotation angle
for (a) rutile film, (b) anatase film, and (c) SiO2 glass.
Solid line is the best fitted curve for the plotted data.

Relationship between x(®) and Refractive In-

dex, n. It is possible to estimate x(® of a material
from refractive index, n, according to Miller’s rule®®
@ = [X<1>]4 x 1071 (esu), (5a)
and v
2 —
X =21 (5b)

47
The x©® values of 1.2x10712 and 7.3x10~!3 esu, which

1078 — 1 r 1 T T T 3
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PDAL] T
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Fig. 6. Relationship between x and refractive in-
dex, n,, at 1900 nm for TiO2 thin films and other
nonlinear optical materials.»'*6~2% Circle, triangle
and square denote inorganic crystal, inorganic amor-
phous material, and organic material, respectively.
Closed circles are the data measured by the present
authors. The letters of r, a, d, and p in parenthe-
ses denote rutile, anatase, dense, and porous, respec-
tively. PDA: polydiacetylene, MO-PPV: poly(2,5-
dimethoxy p-phenylene vinylene).

are predicted by Miller’s rule for rutile and anatase
thin films, respectively, as in the third row of Table 2,
are in good accordance with the measured x(® values,
1.4x10712 and 9.7x10713 esu, as in the first row.
Since the present sol-gel derived TiOg thin films are
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Table 1. Optical Properties of TiO2 Thin Films
3w no T To EBo  Ba By p DBesm L ! x®
% % eV eV eV % I3ysio, Hm  pm esu
Rutile 2.40 227 865 810 5.1 20.7 3.0 226 0.22 23 035 1.4x107'2
(2.68) (2.53) (5.2) (27.6)
Anatase  2.29 2.16 91.3 826 5.0 18.1 32 199 0.10 24 030 9.7x10718
(2.561)  (2.40) (5.7)  (26.6)
The data in parentheses are the values of single crystals®1?) calculated by Wemple’s equation!l) under the isotropic
assumption. Transmittance is the value of TiO2 thin films with additional SiO2 coating.
Table 2. Comparison of x‘® Values of TiO2 Thin
Films Measured and Calculated by Several Em-
pirical Equations
@ TiH
x® Jesu
Rutile  Anatase O o%
Measured values (porous) 1.4x10712 9.7x107 13
Corrected values (dense) 4.0x1071% 2.4x10712
Miller’s rule (porous)®3 1.2x107'2 7.3x10718
Miller’s rule (dense) 3.4x10712 2.1x107 2 .
Calculated values by Eq. 8 (dense) 3.4x107!? 2.3x107!? (a) rutile
Lines’ model (porous)® 2.3x10712 1.7x107'2
Lines’ model (dense) 4.7x1071% 2.7x107*2
10-8 Ef | DL L L A O T -g
[ ———  A[(E,-1.96)(Eg-1.31)(E;~0.65)] " .
L PDA 4
10° | 3
10—10
§ (b) anatase
=10 " Fig. 8. Structures of (a) rutile and (b) anatase.
® (r.d) 5 as follows:
2 (a,d)
- 100 \*
10 12 Xg?nse = Xl(DL’:))rous (W_p) (esu)' (6)
The x((ii)nse values of 4.0x107!2 and 2.4x107'2 esu
10-13 for rutile and anatase dense films, respectively, as
in the second row of Table 2 are about 100 times
A E,=1.96 oV as high as x(® of SiO, glass as standard sample,
SIo, : —14 (323 o e -
1e e 2.8x107** esu. The x4, Vvalue of rutile is in rea
10 9 8 7 6 5 4 3 2 1 sonable accordance with x&’)(—w;w,w,—w) of 1.5x10712
Optical band gap, E. / &V esu (TWM)® and 3.1x1072 esu (DFWM)®? reported
gap, Eg previously if one assumes that the x®)(—w;w,w,—w)
Fig. 7. Relationship between x® and optical band corresponds to X(S)(—3w;w,w,w) obtained by the THG

gap, Eg, for TiO2 thin films and other nonlinear opti-
cal materials. References and notations are the same
as in Fig. 6.

. g e . 3
porous in nature, it is of essence to estimate the x((ie)nse

values of hypothetical dense films corrected for porosity,
p. This can be accomplished by combining Egs. 2 and

method.

Figure 6 shows a relationship between x(®) and re-
fractive index, n,,, at 1900 nm for TiO, thin films and
other nonlinear optical materials reported so far.!16—23
It is seen that inorganic materials with high refractive
index inherently exhibit high optical nonlinearlity.

The x(®) values of organic polymers such as polydi-
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Fig. 9. Density of states (DOS) for (a) rutile and (b) anatase after Ref. 26.

acetylene (PDA)?Y) and poly(2,5-dimethoxy p-phenyl-
ene vinylene) (MO-PPV)?? deviate from the relation
to a considerable extent, due to the enhancement by
the so-called three-photon resonance or near three-pho-
ton resonance.2® Since the measured x(® includes the
significant contribution of the imaginary part, there are
no simple relations between x(®) and refractive index
for these organic materials, that is, Miller’s rule does
not hold.

Relationship between x(®) and Optical Band
Gap, E,. One can expect that an enhancement in
x®) (=3w;w,w,w) occurs when in a material a frequency
of interacting light approaches either one of one-, two-
or three-photon resonance frequencies according to the
relation®?

X(S) (_3“); w,w, w)
N
« 3 Z p(9)F(w) 2gn nm Qi Qg (esu1),  (7a)
gnmn/’
and
Fw) = L
(Eng — 3w) (Emg - 2‘4)) (En’g - "‘")
1
+
(Eng + UJ) (Emg - 20)) (En'g - LU)
1
B @) (Bong + 20) (B — )
+ . (7h)

(Eng + w) (Bmg + 2w) (Enrg + 3w)’

where p(g), E; and f2; are the density matrix ele-
ment of fundamental state, the energy difference be-
tween states 4 and jin i (=h/2m, h: Planck’s constant)

unit and the transition matrix elements between states
1 and 7, respectively. For materials having optical band
gap, E,, higher than three-photon energy, 3w, the three-
photon resonance makes the greatest contribution to the
enhancement of x(®. Then, to a good approximation,
the most significant term due to the three-photon reso-
nance in Eq. 7 may be expressed as follows:

@) _ A

X = 15, ~1.96) (B, - 131) (B, —o65) =) ©®

where A is the phenomenological constant.

Figure 7 gives a relationship between x(®) and optical
band gap, Ey, for TiOy thin films and other nonlinear
optical materials shown in Fig. 6. In Fig. 7, for organic
materials the absorption edge of exciton absorption is
used instead of E,. Taking into account that E, should
not depend on the porosity, the corrected x(®) values
for TiO, thin films are plotted as a function of E;. In
this figure, the x(®) values of these materials show a
clear tendency to increase asymptotically as the E, ap-
proaches 1.96 eV corresponding to the photon energy of
THG signal. This change obeys Eq. 8 when the param-
eter, A, takes a value of 1.4x107!1. From this equa-
tion, x(® values were estimated to be 3.4x107!2 and
2.3%x10712 esu for rutile and anatase, respectively, as
in the fifth row of Table 2, which are also in good ac-
cordance with the corrected x(3) values, 4.0x10712 and
2.4x10712 esu, as in the second row.

Calculation of x(® Based on Lines’s Model.
Lines introduced a bond-orbital theory dealing with the
contribution of empty d orbital in addition to sp orbitals
to linear and nonlinear optical properties, giving the
following equation to estimate y(3):32%
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25 x 107%d? (n2 — 1) f7ES

@ _
3n [EZ — E?]*

X (esu), (9)

where d denotes the bond length between cation and
anion, fi,=(n2+2)/3 the Lorentz local-field correction
factor, Fs the Sellmeier gap which is in practice equal
to the average oscillator energy, Ey, in Eq. 1. From
Eq. 9, one can obtain x(® values of 4.7x107'2 and
2.7%10712 esu for rutile and anatase dense films, re-
spectively, as in the seventh row of Table 2, which are in
good accordance with the corrected values, 4.0x 10712
and 2.4x1071? esu, as in the second row.

Therefore, the much higher x(® values of both TiO5
polymorphs compared with SiO. glass can be ascribed
to the higher refractive index and the narrower optical
band gap or Sellmeier gap of the former, which all result
from the significant contribution of Ti 3d orbital due to
the large p—d overlapping in the short Ti—O bond length
of 1.95—1.96 A.2

Comparison of x() between Rutile and
Anatase. The difference in crystal structure between
both TiO; polymorphs is that the two edges shared
TiOg octahedra form straight chains in rutile, as dis-
tinct from the zigzag chains consisting of four edges
shared TiOg octahedra in anatase as seen from Fig. 8.
A band structure calculation reveals that the straight
chains of TiOg octahedra in rutile give rise to two im-
portant results of the broader ty, part of Ti 3d con-
duction band which lies around —9.5 eV of the den-
sity of states (DOS), and the higher DOS around the
bottom of the conduction band compared with anatase
(Fig. 9).*® On the other hand, the noticeable differ-
ence in O 2p valence band around —15.5 eV between

both TiOy polymorphs is not seen. The broader con- -

duction and explains the narrower optical band gap,
and the higher refractive index due to the higher opti-
cal transition probability of rutile than that of anatase.
The higher DOS around the bottom of conduction band
also gives rise to the higher optical transition proba-
bility of rutile compared with anatase. In fact, it has
been reported that the optical transition between O 2p
valence band and Ti 3d conduction band is direct for
rutile, whereas it is indirect for anatase.?” Since the
THG process requires the same parity as linear optical
transition, the higher F(w) and §2; in Eq. 7 resulting
from the characteristic DOS of rutile is considered to
be responsible for the slightly higher x(3) value of rutile
compared with anatase.

Summary

The third-order nonlinear optical properties of the
sol-gel derived TiO, thin films of rutile and anatase
phases have been investigated by the THG method, and
the effect of the polymorph of TiO3 on the third-order
nonlinear optical susceptibility has been examined. The
following results were obtained.
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(1) The measured x(®) values of rutile and anatase
thin films were 1.4x107!? and 9.7x1071% esu, respec-
tively. The x(®) values corrected for porosity were
4.0x10712 (rutile) and 2.4x107!2 esu (anatase), which
are about 100 times as high as that of SiO, glass.

(2) The much higher x(®) values of both TiOy poly-
morphs compared with SiO; glass were ascribed to the
higher refractive index and the narrower optical band
gap of the former due to the significant contribution of
Ti 3d orbital as a result of the large p—d overlapping in
the short Ti-O bond length of 1.95—1.96 A.

(3) The slightly higher x(3) value of rutile compared
with anatase was also attributed to the higher refractive
index and the narrower optical band gap of the former,
which both possibly arise from the broader Ti 3d con-
duction band as a result of the formation of the straight
chains of TiOg octahedra in rutile, as distinct from the
zigzag chains of TiOg octahedra in anatase.
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