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ABSTRACT

We report optical waveguiding in single-crystal, epitaxial (101) oriented rutile (TiO2) thin
films grown on (1120) sapphire (0t-A1203) substrates using the MOCVD technique. The
propagation constants for asymmetric planar waveguides composed of an anisotropic dielectric
media applicable to these films arederived. Modifications to the prism-film coupling theory for this
anisotropic case are also discussed. By applicationof thismodel to (101) oriented rutile thin films,
we directly obtain values of the ordinary and extraordinary refractive indexes, no and ne, of the
rutile thin films as well as film thicknesses. We obtain typical values of the refractive indexes
(no=2.5701:£-0.0005; ne=2.934:i-0.001) near to those for bulk rutile single crystals indicating the
exceptional qualityof these films.

INTRODUCTION

The tremendous benefits derived from optical communications and the great promise of
high-speed optical computers has stimulated interest in the guidance of light by dielectric
waveguides. Many aspects of light propagation in waveguides structures, such as optical fibers
and the thin-film guides of integrated optics, have been investigated in great detail. Moreover, the
fundamental propagation characteristics, such as the propagationconstants and field distributions of
guided modes, have been comprehensively reviewed in the literature [1].

Due to its high refractive index, rutile (TiO2) is an ideal material for passive optical
waveguides. The reduced defect size and enhanced dielectric properties of single-crystal, epitaxial
thin films should significantly reduce optical loss due to grain-boundary scattering in planar
waveguides as compared to structures produced from polycrystalline material. Recently, we have
studied in detail the crystal structure of rutile thin films on sapphire (1120) by high resolution
electron microscopy (HREM) and four-circle x-ray diffraction [2-3]. These studies have indicated
that epitaxial (101) oriented mille thin films grown on (1120) sapphire substrates by the MOCVD
process possess a highly anisotropie single-crystal nature. Consequ,'ntly, an understanding of the
optical waveguiding in these films must necessarily take into e.ecount the anisotropy of the rutile
dielectric tensor. For optical waveguide applications, the main parameters of interest which
characterize thin films arc the ordinary and extraordinary refractive indexes, no and he, and the film
thickness. One method that has been particularly well adapted to this problem in the case of
isotropic films, is the prism-coupling tcehniq,ae. This technique was Iu'stdescribed by Tien, Ulrich,
and Martin [4] and more recendy by others [5-6]. Waveguide propagation in arbitrarily oriented,
anisotropic, dielectric media has been treated to some degree of generality [7]. The electromagnetic
field distributions and propagation constants have been calculated in closed form only in specific
cases [9]. However, none of these treatments are directly applicable to (101) oriented rutile films.
In this paper, we reL_ortoptical waveguiding in single-crystal, cpitaxial (101) oriented rutile thin
films grown on (1120) sapphire substrates using the MOCVD technique. By application of these
results, we direcdy obtain values of the ordinary and extraordinary refractive indexes, no and ne, as
well as film thickness for (101) oriented rutile thin films.

THEORY

We calculate the electromagnetic field distributions and propagation constants for a
waveguide by solving Maxwelrs equations subject to the appropriate boundary conditions. We
endeavor to model a system which is simple enough so that the refractive indexes and film
thickness of an anisotropic, (101) oriented orthorhombic thin film can easily be obtained using
prism-fil_n waveguide coupling. Therefore, we consider asymmetric planar waveguides composed



of anisotropic dielectric media, e.g. absorpfionless, non-magnetic medium with a dielectric matrix
K [8]. For this medium, Maxwelrs curl equations are

_' x E = -tt01_l and V x H = e0KI_ (I), (2)

where !_ and 1_1are time derivatives of the fields. Combined, these equ_ons yield

V(V- E)-(V • V)E = -_0_0r, E and V x [K-IV ×HI = -tt0_0ti (3), (4)
where we use the symbols e0 and P.0 for the permittivity and the permeability of free space.
Solutions of Eq. (3) or (4) yield either the electric field, E, or the magnetic feld, H, respectively,
and then either Eq. (1) or (2) can be used to obtainthe other field.
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Fig. 1. (a) The coordinate system (u, y, v) in which the dielectric tensor of the rutile film is
diagonal, and the coordinate system (x, y, z), which is used to express the spatial dependence of
the fields, are shown. (b) The assumed dielectric constant dependence on the coordinate x is
shown for an asymmetric rutilethin fdm. (c) Schematic of a prism-film coupler.

We consider crystalline thin f'dmsof at least orthorhonlbic symmetry with a (101) growth
plane. As shown in Fig. la, the 8 crystallographic axis of the film is rotated by an angle Oabout
the b-axis with respect to the vector _ormal to the film surface which we define as the _-axis.
This angle is determined by O=tan-'(a/¢), where a and c are the unit cell parameters of the
material which we will consider to be orthorhombic. This anisotropic medium has a dielectric
matrix K, thickness 2w, and is located between two semi-infinite isou'opic media (i, e. air and a
substrate). The _" coordinate system (u, y, v), in which the dielectric tensor of the rutile f'dmis
diagonal, is rotated by an angle 0 with respect to the _ coordinate system (x, y, z), which is
aligned with respect to the dielectric boundaries, lt is advantageous to resolve the gradientoperator
and field vectors along the principal (u, y, v) axes while expressing the spatial dependence of the
fields in terms of (x, y, z) coordinates. We will denote components of the diagonal dielectric tensor
K_ in the (u, y, v) coordinate system as Ku=n2, K =n 2, Kv-n z, and assume that the substrate. . u y y v
indexesK0 andKI arexsotroptc.

We searchfora solutionof Eq. 3 or 4 of theforms E=_(x)exp(i(a_t-fiz))and
I_I=l'_(x)exp(i(mt-13z))correspondingtowavestravelinginthe+z direction.Hcrccoisthe
angularfrequencyofthelightandtisthetime.As showninFig.Ib,thedielectrictensorsdepend
onlyuponthevariablex;therefore,_ andh needonlybefunctionsofx.Thelackofydependence
andthediagonalnatureofthedielectrictensorsinthe(u,y,v)coordinatesystemleadstothe
decouplingofey(x)fromtheeu(X)andev(x)componentsofEq.(3).A similardecouplingoccurs
forthehy(x)componentofEq.(4).Therefore,transverseelectric(TE)andtransversemagnetic
(TM)modesexistinthiscase.Theexplicitformsfortheresultingplanewavedifferentialequations
fortheTE and TM casesaregiveninRef.[10].Thesedifferentialequationshaveconstant
coefficientsinthedifferentregionsofthewaveguidcasshowninFig.laandcanbereadilysolved.
Forthefollowinganalysis,itisconvcnicnttodefinethefollowing

Kx = KuKv/Kx, (10)



Kx = {Kv sinZ e + Ku cos2 O}; Kz = {Ku sin2 0 + Kv cos2 O} , (11); (12)
and

K= = {Kv- K.}sinOcose, (13)
where _o2=F..ol.toCt,"2. By application of the usual continuity condition on the electric and magnetic
fields at the boundaries, the spatial dependence of the fields can be obtained and are shown in Ref.
[10]. For TE modes, the fields depend on the real parameters,8, %IB,and b, which are determined
by the following foureigenvalue equations

132= tC2Ko+82; p2 = tCoZKl+¥2; [_2= K2Ky_b 2 (14);(15);(16)

tan(2bw)= (y/b)+(8/b) (17)
l_(,_Ib2) "

Explicitformsfore(x)andh(x)fortheTE modesaregiveninRef.[10].Thisresultsfrom
thealigamentofthetransverseE fieldwiththeprincipalaxisofthedielectrictensorandfromthe
non-magneticnatureofthemedia.FortheTM modes,thefieldsdependontherealparameters,8,
3',[3,btand172,whicharedeterminedbyEqs.(14)and(15),andthefollowing

bI = _Kxz/K x;b2 = _:elKx-[32{Kx/Kx} (18); (19)
and

tan(2b2w ) ,- (K_'Y/Klbz)+(KxS/K0b2) (20)
1 -(K x ¥/Klb2)(Kx 8/K0b2)"

Explicit forms for e(x) and h(x) for the TM modes aregiven in Ref. [10]. From these results, if we
assume a (101) oriented tetragonal film with properties corresponding to bulk nJttile on (1120)

sapphire substrate (2w--0.5332 I.tm,nl--1.0003, nl=1.766, n_tm=2.5839, n_ln_=2.8659 [11]and a laser wavelength of 0.6328 ttm), we find that |hx(x)/hz(x)[<0.01 for the TE modes; while
lex(x)/ez(x)[<0.01for the TM modes. Therefore, the waveguide modes in these films are
essentially TEM (transverse electromagnetic) in character. In addition, For the TE0 and TMo
modes, we find that the peak intensities inside the film differ by only ~11%; while the field intensity
at the film-substrate boundary is reduced from the peak intensity by >3.7x10_ and >4.5xI0 _ for the
zeroth orderTE and "FMmodes, respectively.
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Fig.2.The fiLmthickness2w vs.13/W.oforthefirsttwelvemodes(themodeordersareindicatedby
number)usingni=I.000,n0=1.758,n_dm=2.5839,n_Im=2.8659,0=57.215° and a laser
wavelengthof0.6328pm; (a)correspondstoTE modesand(b)correspondstoTM modes.



As shown in the description of the prism-film coupler by Tien and Ulrich [5], efficient
waveguide coupling occurs when the component parallel to the film surface of the wave vector of
the evanescent fields in the air gap (associated with the light which is totally reflected from the
prism base) matches that of one of the characteristicwaveguide modes in the film. This component
is _=Z:onpSin03, where np is the refractive indexof the prismand 03 is the angle with respect to
the normal of the light incident upon the prism base (see Fig. lc). As shown in Ref. [5],
propagationwill only occur if the total phaseshift of ali waves whichare multiplyreflected between
thef'dm-substra_ and film-airsurfaces is equal to a multipleof 2x. This leads to the expression for
the waveguide modes in the very weakcoupling limit [5],

2bw-2_01-2_1_ =2mx (21)
where b is the propagationconstant, m is the mode order, and #0! and _12 arc the half-angle
reflection phase shifts at the film-substrateand film-air interfaces,respectively. We can generalize
Eq.(21) for the ease for (101)-oriented crystalline thin films. The expressions for b in this case are
given by Eq. (16) for TE modes and Eq. (19) for TM modes. Furthermore, for both TE and TM
modes, a single equation for the thickness, w, can be obtained by eliminating 8, y, and _ between
the appropriate four eigcnvalue equations. From the resulting expressions, the appropriatehalf-

' angle phase shifts forTE modes can be extracted [10]. Explicit forms for _01 and _12 for both "lE
and TM modes are given in Ref. [10]. For TE and TM modes, combining Eq. (21) with the
appropriateexpressions for #01 and _12 yield single equations for the film thickness as a function
of the propagation constant [$.In Fig. 2, we plot for orders, m = 0 to 12, the thickness of the film
required for a TE mode (a) or a TM mode (b) to propagatewith a propagationconstant [31r,o for a
tetragonal film with optical properties corresponding to bulk rutile on (11_0) sapphire substrate
(parametersgiven above).

RESULTS AND DISCUSSION

Details of the x-ray, Four-circle x-ray, and prism-film wave guide coupler have been
reported previously [10]. To determine the orientation and the degree of crystaUinity of the films
quantitatively, we performed x-ray scattering measurements, these data are presented else where
[3]. The specular and off-specular x-ray diffraction spectrum indicated that the film consisted of a
single growth plane corresponding closely to the (101) plane of rutile single crystals [3]
(20=36.12°). The rocking curve for the growth plane (0-scan) indicated an intensity full width at
half maximum (FWHM) of 0.30°. The azimuthal_.-scan data detected no in-plane misorientationof
the film with respect to the substrate,and showed a FWHM of 0.83° indicating the very high degree
of in-plane epitaxy for this film. A least squaresrefinement of the 4-circle x-ray diffraction results
for 13 off-specular reflections was used to determined the lattice parameters for the film of
a=4.59A, b--4.54A, and c= 2.96A, with 0_=89.8°, I]=88.9 °, and 1'=89.9° as compared to bulk
tetragonal TiO2 with a=b--4.5937A, c=2.9587A, and oc=[_--y=90.0°. Thus, according to the x-ray
measurements, the film hasa highly-crystalline, distorted rutile structure,particularly with respect
to the b-axis.

As discussed in Ref. [3], the film-substrate interface along TiO2 [101] direction is sharp at
the atomic level and structurally coherent, due to the small lattice mismatch (-4).5%) along this
direction; whereas, the film-substrate interface along the TiO2 [010] direction is also atomically
sharp,but is structurally semi-coherent, with a _riodic arrayof misfit dislocations at the interface.
These misfit dislocations are attributedto the compressive strainresulting from the -5.9% lattice
mismatch along the TiO2 [010] direction. It is reasonable to associate the distorted b-axis lattice
constant of the film observed by x-ray with the semi-coherent natureof the interface along this
direction observed by HREM. However, to the resolution level of the HREM studies (.-.0.2A),the
majority of the strain associated with the dislocations was localized to within only a few lattice
constants from the interface, in contrast to the bulk distortionobserved by x-ray. For the purpose
of the waveguide analysis, necessaryrotation angle for the dielectric tensor determined from the a
and c lattice parameters yields a value of 0=57.16 °, which compares with 0=57.215 ° for single
crystal rutile. ,,

In order to characterize the waveguide properties of our epitaxial (101) oriented rutile thin
films grown on sapphire (11_20),we performed prism-film coupling experiments. In Fig. 3, we
show the reflected intensity of 0.6328 l.tm HeNe laser light from the base of 45° and 60° rutile



prisms as a function of effective propagation cor.stant, 13=tConpsinO3 (the data from the two
different prisms was combined). Three TE and one TM modes ake clearly observed. In addition,
two features with distorted line shapes were observed very near the substrate cutoff which seem to
correspond to a possible fourth "lE and second TM mode. The observed 13/t% values for these
features are given in Table I.

Polarization m 131_O '

Observed _ Diff.
0 2.5206 2.5207 -0.0001

TE 1 2.3682 2.3682 +0.0000
2 2.1011 2.1009 +0.0002
3 <1.75 .......
0 * 2.6362 ....

"lM 1 * 2.4635 ---
2 2.1787 2.1605 -0.0131
3 <1.7771 1.7815 >0.0044

i iiiiiii i

Table 1. Waveguide Results
•These modes were predicted to be outside the available 13/r_orange of either a 45° or 60° rutile
prism and were not observed.
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Fig.3.Resultsofprismcouplingexperimentsonepitaxialrutile(101)filmson sapphire(I120).
ThreeTE modesareshownin(a)andoneTM mode isshownin(13).'IlaemodesdesignatedTE3
andTM3 areveryclosetothesubstratecut-offandwerenotusedinsubsequentanalysis.

As showninRef.[I0],asingleequationcanbeobtained(foreitherTE orTM modes)for
thefilmthicknessasafunctionofthepropagationconstant13,withtherefractiveindexesofthe
substrate,n0,theairgap,nI,andthedielectricpropertiesofthefilm,Ku,Ky andKv,thefilm
thickness2w, and therotationangle0 as parameters.The equationfor-theTE modes is
independentof Ku, Kv and8; therefore,thevaluesof Ky and 2w may be determined
independently.Sincenoneofthefilmsmeasuredwereofsuchathicknesstoallowmorethanone
TM modetobeclearlyobserved,Ku andKv couldnotbedetermineseparately.Due toadistorted
lineshape,theTM3 mode observedinFig.3b was notconsideredintheanalysiswhereKu=Ky
wasassumed.By fittingthe13/Ico valuesobservedinFig.3,thebestassignmentofmode orders
were obtainedalongwiththe followingpropertiesfor the film:n_im=2.5701:k0.0005;
n_Im=2.934:L-'0.0015at_.--0.6328l.tmanda filmthicknessof2w=0.5332:1:0.0015l.tm.These
valuesofthefdm refractiveindexesaretypicalofallfilmsmeasured.



The measured refractive indexes of the films are near to the properties of bulk TiO2 single
crystals, indicating the high quality of these films. However, two structure features of the films
should result in deviations of the dielectric properties of the f'dms relative to bulk. First, from the x-
ray data, the films have a slightly mosaic structure both parallel and perpendicular to the growth
plane (-0.3 ° and ..-0.8°, respectively) which should result in an small averaging of the anisotropic
dielectric properties of the films. Secondly, the x-ray ref'mement indicated a substantial contraction
of the film b -axis lattice constant and a small extension of the film e-axis lattice constant relative to
that of bulk rutile. Such a distorted crystal structure should be optically biaxial. To investigate this,
the measured film parameters were used to determine theoretical values for II/tco (assuming
Ku=Ky ) for the "lE and TM modes following the analysis given above [10]. For the TE modes,
the predicted 13/1¢o values for the assigned mode orders compared well with the measured results.
For the TM modes, the predicted 13/1¢o values for the TMo and TMI modes were outside of the
measurable range for our rutile prisms. An accurate measurement of the deviation of the TM3 mode
I_/1¢ovalue from theory could not be obtained due to a distorted line shape. The theoretical TM2
mode I_/1¢o value, showed a larger deviation from experimental results than was observed for any
of the TE modes, lt is reasonable to conclude that the deviation of the TM2 mode angle could be
attributed to strain induced biaxial characteristics associated with the observed structural distortion
along the f'dm b-axis. This is currently being investigated.

In conclusion, we retort optical waveguiding experiments using a prism-film coupler on
TiO2 (rutile) thin films deposited using the MOCVD technique. The propagation constants for
asymmetric planar waveguides composed of an anisotropic dielectric medium applicable to (101)
oriented rutile thin films grown on (11_0) sapphire substrates are derived. By application of this
model to (101) oriented rutile thin films, we directly obtain values of the ordinary and extraordinary
refractive indexes, no and ne, as well as film thickness. We obtain values of the refractive indexes
(no=2.5701i'0.0015; ne=2.934i'0.001) near to that for bulk TiO2 single crystals indicating the
exceptional quality of these films. The authors would like to thank Anthony Marturano for his
assistance in the calculation. This work has been supported by the U.S. Department of Energy,
Basic Energy Sciences-Materials Sciences under Contract #W-31-109-ENG-38.
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