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ABSTRACT A systematic investigation on the influence of the diffusion

parameters (time and temperature) and initial titanium film thickness on

the spectral characteristics of the LiNbO3 Raman modes is reported.

Raman spectra are measured in the range 50–1000 cm�1�2 mm below

the surface of the crystals. Broadening of the Raman lines and, therefore,

crystal lattice disorder induced by the titanium ions are found to depend

on the fabrication parameters. The disorder associated with the titanium

ions near the surface of LiNbO3 is encoded in the broadening of the

A1(TO1) Raman line. A linear relation between the A1(TO1) mode broad-

ening and the Ti concentration is presented. The diffusion theory is used

to explain the experimental data. Raman spectroscopy combined with dif-

fusion theory can be used to estimate the evolution of the titanium surface

concentration.

KEYWORDS lithium niobate, raman spectroscopy, Ti-diffused waveguides

INTRODUCTION

Lithium niobate (LiNbO3) is one of the most used dielectric materials for

integrated optics devices, due to its excellent electro-optic, acousto-optic,

and nonlinear properties.[1] A large variety of integrated devices have been

demonstrated in LiNbO3, such as phase and amplitude modulators, acoustic

filters, spectrum analyzers, and SHGs.[2] Integrated lasers and amplifiers

were made possible by doping with rare earths Nd, Yb, and Er or with

Cr.[3,4] Ti:LiNbO3 waveguides are fundamental components for production

of quasi-phase-matched nonlinear integrated optics devices, which have

high conversion efficiency.[5]

High-performance waveguides based on LiNbO3 are obtained by

proton-exchange or Ti diffusion.[1] Propagation losses of 0.1 dB cm�1 can

be attainable if special care is taken in the Ti film deposition process. The

commercially available congruent LiNbO3 wafers have high optical quality
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and uniformity. However, local heterogeneities in

undoped substrates can exist or can be originated

by the Ti diffusion process.

The lattice dynamics of pure LiNbO3 have been

extensively studied both experimentally and theore-

tically, and the mode assignment of the observed

Raman bands is well established.[6,7] It has been

shown that micro-Raman spectroscopy can be used

to monitor the quality of the LiNbO3 substrate,[8]

Ti-diffused waveguides,[9] Fe-diffused and LiNbO3,
[10]

and to study the effect of rare earth doping of

LiNbO3.
[11,12]

The diffusion of Ti on LiNbO3 has been exper-

imentally studied by several authors through differ-

ent techniques.[1] Very recently, secondary ion mass

spectrometry was used to study the diffusion proper-

ties of Ti4þ ions in an optical damage–resistant Ti:M-

g:LiNbO3 waveguide structure.[13] A quantitative

relation between the E(TO1) mode broadening and

the Ti concentration was presented in reference [14].

Despite the extensive research carried out, a sys-

tematic study of the effect of diffusion parameters

on the A1 vibration modes of Ti-diffused LiNbO3

substrates is still missing.

The aim of this work is to study the influence of

the diffusion parameters (time and temperature)

and initial Ti film thickness on the broadening of

the A1 Raman active bands induced by Ti. The dif-

fusion theory is used to explain the observed broad-

ening of the Raman lines and, therefore, the crystal

lattice disorder induced by the Ti ions. From the

experimental and published data, a linear relation

between the A1(TO1) mode broadening and the Ti

concentration was determined.

BRIEF SUMMARY OF DIFFUSION
THEORY

The Ti concentration profile due to thermal

diffusion from a thin film, before film depletion

(thick film regime), is given under conditions of

non–steady state by:[15]

Cðx; T ; tÞ ¼ CM erfc
x

2
ffiffiffiffiffiffi
Dt

p
� �

ð1Þ

where CM is the surface concentration of the sub-

strate, given by the solubility of the ions in the crystal;

t and T are the time and the temperature of diffusion,

respectively; and D is the diffusion coefficient, which

is an exponential function of temperature.[13] When

the diffusion time is longer than the film depletion

time (thin film regime), the concentration profile

can be approximated by a Gaussian function:[16]

Cðx; T ; tÞ ¼ Csurf exp � x2

d2

� �
ð2Þ

Csurf ¼
C0hffiffiffiffiffiffiffiffi
pDt

p ð3Þ

where C0h is the quantity of the material deposited

on the surface, h is the film thickness, d is the dif-

fusion depth, and Csurf is the surface concentration.

EXPERIMENTAL DETAILS

In this work, LiNbO3 samples (15� 8mm2) were

cut from an X-cut 1mm thick wafer of a congruent

crystal. Ti films, with thicknesses of 50, 75, 100, and

200 nm, were deposited by thermal evaporation,

using an electron beam (Edwards Auto 306, Edwards,

London, UK), on the polished side of the samples.

The samples were placed in a tubular furnace and a

flux of 1.0 dm3=min of dry oxygen was set. Diffusion

was performed at temperatures from 1030�C to

1130�C, over periods of time from 2 to 48 hr.

The polarized Raman spectra have been recorded,

in the 50–1000 cm�1 spectral range, at room tempera-

ture. The 514.5 nm linear polarized line of an Arþ

laser was used. The incident laser power impinging

on the sample was kept below 100 mW to avoid local

heating on the sample. The samples were placed in a

confocal Olympus microscope (Olympus, New York,

NY, USA), equipped with a 100�objective (NA¼
0.95), which was used to focus the laser beam on

the sample and for collecting the Raman scattered

signal in the backscattering geometry. The orien-

tation of the linear polarization of the laser line can

be changed by using a half-wave plate for the

514.5 nm line, and the Raman scattered light was

filtered by using a polarized line.

The scattered light was analyzed using a T64000

Jobin-Yvon spectrometer (HORIBA, Longjumeau,

France), operating in triple subtractive mode, and

equipped with a liquid nitrogen–cooled charge-

coupled device. Using 1800 lines=mm holographic

gratings and taking into account the 3� 640mm

focal length, the spectrometer spectral resolution is

J. M. M. M. de Almeida & J. A. Moreira 454

D
ow

nl
oa

de
d 

by
 [

b-
on

: B
ib

lio
te

ca
 d

o 
co

nh
ec

im
en

to
 o

nl
in

e 
U

P]
 a

t 0
8:

16
 2

1 
Ja

nu
ar

y 
20

14
 



0.15 cm�1. Identical conditions were maintained for

all scattering measurements.

The laser spot size was estimated to be �1 mm in

diameter; taking into account the confocal

implementation of the microscope, we are probing

phonons near 2 mm below the surface of the sample.

Identical conditions were maintained for all scatter-

ing experiments. The spectral slit width was about

1.5 cm�1, which is the spectral resolution of the

measurement. The Raman spectra were collected in

the x(ZZ)x scattering geometry, which allows us to

access to the A1 phonon modes. The polarized

Raman scattered radiation was collected from the

surface of a set of Ti:LiNbO3 samples, fabricated at

different diffusion conditions.

To get information regarding the frequency and

the full-width half-maximum (FWHM) of the relevant

Raman bands, a sum of independent damped oscilla-

tors was fitted to the experimental spectra:[17]

Iðx;T Þ ¼ ½1þ nðx;T Þ�
XN

j¼1
Aoj

xX2
ojCoj

X2
oj �x2

� �2

þx2C2
oj

ð4Þ

Here, n(x, T) is the Bose-Einstein factor, and Aoj, Xoj,

and Coj are the oscillator strength, wavenumber, and

damping coefficient of the jth oscillator, respectively.

Equation (4) has been widely used by several

authors to perform the Raman spectra deconvolu-

tion. Although this procedure doesn’t take into

account mode coupling, it is suitable for determi-

nation of the relevant parameters describing each

band.[18] The error in the determination of the

full-width half-maximum is better than 5%.

RESULTS AND ANALYSIS

Lithium niobate crystal at room temperature

belongs to the R3c space group and contains two for-

mula units (10 atoms) giving 27 optical degrees of

freedom: 18 vibrational modes at the C-point are

decomposed into C¼ 4A1þ 5A2þ 9E.[6] The A2 pho-

nons are Raman inactive, while the A1 and E modes

are both Raman and infrared active. To probe the A1

modes the incident and the scattered light must be

polarized along the c-axis (optical axis).

Moreover, to get reliable data for discussion, we

have studied the Raman signal coming from the same

depth of the cross-section of the samples. This pro-

cedure allows us to only study the effect of diffusion

parameters on the Raman bands in the same

conditions in all samples. The study of the Raman

signal coming from different depths is running and

the analysis of the experimental data is more

complex, and it will give information regarding the

diffusion pattern and be published elsewhere.

Figure 1 shows the x(ZZ)x Raman spectra (A1(TO)

modes) of the undoped congruent LiNbO3 and of

Ti-diffused LiNbO3 samples, coated with 100 nm Ti

thin film and diffused at 1080�C for 2, 28, and

40 hr, respectively. The Raman spectrum of pure

LiNbO3 agrees with the results presented in current

literature.[5] No new Raman bands could be detected

on the Ti-diffused samples.

The frequency of the Raman bands remains unaf-

fected within the experimental error, in accordance

with previous results.[9,19] This result can be under-

stood taking into account the specific vibrational

modes observed in the 100–900 cm�1 spectral range.

The A1(TO4) mode is assigned to the in-phase

stretching Nb-O modes, involving movement of the

oxygen atoms of the NbO6 octahedra, while the

B-site atom remains stationary. The remaining

A1(TO) modes involve the out-of-phase vibration of

the oxygen plan against the Nb ions, while the A-site

FIGURE 1 Raman spectra (A1(TO) modes) of undoped congru-

ent LiNbO3 and Ti-diffused LiNbO3 at 1080�C for 2, 28, and 40hr.

The initial Ti film thickness was 100nm.
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ions remain stationary. These modes involve the

changes on the Nb-O bond lengths and their

frequency is known to be strongly dependent on

the covalent bond Nb-O strength and, thus, little

affected by the substitution of the Li ions by Ti ones.

The absence of frequency shifts in this kind of mode

was already reported in Y- or Lu-doped EuMnO3.
[18]

This issue evidences that diffused Ti atoms do not

alter the crystal structure of the LiNbO3 matrix. So,

the effect of the introduction of Ti in the system is

to enhance disorder, which can be studied through

the dependence of the FWHM of the Raman bands

on the diffusion parameters. For this purpose, Eq.

(1) was fitted to the experimental spectra presented

in Fig. 1. We have chosen to study the FWHM of

two particular modes: the A1(TO1) lattice mode and

the internal A1(TO4) mode. Both modes are found

to be sensitive to the crystal disorder. The FWHM

of the corresponding bands reflects the disorder in

the Nb sublattice induced by the Ti diffusion process.

Figure 2 depicts the FWHM of the A1(TO1) band as

a function of t�1=2, after diffusion of a 100 nm thick Ti

film at 1030�C, 1080�C, and 1130�C. For a constant

diffusion temperature, the FWHM decreases with

increasing diffusion time, and for constant diffusion

time, a higher temperature leads to a lower FWHM.

The solid lines in Fig. 2 were calculated from the best

fit of the linear function on t�1=2 to the FWHM data.

The horizontal dashed line represents the FWHM of

the A1(TO1) band for virgin LiNbO3 crystal. The

extrapolation of the linear relations (dashed lines

on the left side of Fig. 2) converges as the diffusion

time increases. In the limit t!1, the FWHM values

tend to the undoped LiNbO3 value. This result clearly

shows that for very large values of the diffusion time

the FWHM of undoped crystals should be attained.

The aforementioned t�1=2 dependence of the TO1

FWHM mode can be understood in the following

way. According to diffusion theory,[13] the Ti surface

concentration decreases as the diffusion time

increases, the rate of decrease being larger for higher

temperatures.

A high value of the FWHM, compared with the cor-

responding value of the virgin LiNbO3, indicates that

initially a high lattice disorder exists, which agrees

with the fact that surface concentration is larger when

the diffusion process starts. As time increases, the Ti

ions diffuse deeper in the crystal, and the surface con-

centration must decrease. For higher diffusion times,

lower value of the FWHMpoints to a partially restored

crystalline order on the surface of the samples.

Figure 3 depicts the FWHM of the A1(TO1) band as

a function of the Ti surface concentration after

FIGURE 2 FWHM of the A1(TO1) mode for samples diffused at

1030�C, 1080�C, and 1130�C, as a function of time. The horizontal

dashed lines represent the FWHM of the A1(TO1) band for virgin

LiNbO3 crystal.

FIGURE 3 FWHM of the A1(TO1) mode as a function of the Ti

surface concentration after diffusion of a 100nm thick Ti film at

1080�C.
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diffusion of a 100 nm thick Ti film at 1080�C. The

values of the Ti surface concentration were

calculated from the diffusion theory (Eq. 3) using

the diffusion constant and activation energy values

determined from SIMS measurements.[17]

One can see that the Ti-induced broadening of the

A1(TO1) mode displays an almost linear relationship

to the Ti concentration. The fitted linear relation is

given by:

C ¼ 30:2þ 2:37CTi ð5Þ

The diffusion time dependence of the FWHM of the

A1(TO4) mode was studied. As time increases, the

FWHM decreases, but not in the expected t�1=2

dependence, as observed for the A1(TO1) band. It is

worth stressing that the A1(TO4) mode is an internal

mode, while the A1(TO1) is a lattice one. So, the effect

of the disorder, arising from the random distribution

of Ti on the FWHM, is expected to follow the dif-

fusion Eq. (1) for the lattice mode, but not necessarily

for the internal mode, which should be more sensi-

tive to the Nb-O covalent bond than to lattice defects.

However, the observed decrease of the A1(TO4) band

FWHM with diffusion time gives further evidence for

the decrease of disorder on the lattice as diffusion

time increases. The observed steady decrease

corroborates the conclusions drawn above.

Figure 4 shows the FWHM of both the A1(TO1)

and A1(TO4) bands as a function of the initial Ti film

thickness, for samples with initial 50, 75, 100, and

200 nm Ti film thickness, diffused at 1080�C for

20 hr. The solid lines in Fig. 4 were calculated from

the best fit of the linear relation on initial Ti film

thickness to the FWHM data. The Ti diffusion process

for this parameter occurs in the finite source

regime.[14] A linear increase of Csurf with the Ti thick-

ness is expected. For constant diffusion time and

temperature, theory predicts an increase of the Ti

surface concentration as the Ti film thickness

increases, which is in good agreement with the

increase of the FWHM of both studied modes.

A set of samples diffused for 2 hr was also con-

sidered, and it was shown that the FWHM does not

display the same linear variation. For this value of

the diffusion time the process occurs in the infinite

source regime, the surface concentration being

clamped to the maximum value given by the

solubility of the Ti ions in LiNbO3. Therefore, Eq. 3

cannot be applied.

Integrated optical devices demandmonomode oper-

ation. The usual parameters to process such waveguide

at �1mm are 95nm Ti film, followed by annealing at

1005�C for 9hr.[20] Taking into account the results

presented here, the crystalline region surrounding the

Ti waveguides would retain high disorder.

The absence of new Raman bands on Ti-doped

LiNbO3 and significant shifts of the Raman bands

give strong evidence that the Ti does not substitute

Nb ions. The disorder due to the Ti diffusion process

should be associated with either the diffusion of the

Ti ions or the Li out-diffusion from the surface of the

sample during the annealing process. The studied

samples do not reveal any planar optical waveguide

in substrates without Ti that stayed in the furnace

over long periods of time. To verify if the thermal

annealing induces lattice disorder related to Li

out-diffusion, a set of samples was annealed at

1130�C for 24, 48, and 72 hr. The obtained value

for the FWHM of the A1(TO1), A1(TO4), E(TO1),

E(TO6), and E(TO8) modes was similar, within the

experimental error, to the corresponding value for

an unannealed sample. It can be concluded that lat-

tice disorder on the surface of the samples cannot be

related to Li out-diffusion. Therefore, the general

broadening observed in the Raman modes must be

due to Ti random distribution in the LiNbO3 lattice.

It is worth stressing that the effect of Ti diffusion is

not detected on the frequency of the A1 and E Raman
FIGURE 4 FWHMof the A1(TO1) and A1(TO4) for samples with 50,

75, 100, and 200nm thick Ti film, diffused at 1080�C during 20hr.
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active modes. In Raman scattering, the physical

property to be probed is the lattice polarizability;

so, we can conclude that the lattice polarizability

associated with these modes does not change with

Ti diffusion. The eletro-optic coefficients are sensi-

tive to the Ti diffusion, but these coefficients are

dependent on the electronic polarizability, which is

not probed by Raman spectroscopy.

CONCLUSIONS

In summary, we have presented a detailed study

of the Raman spectra of Ti-doped LiNbO3 substrates,

as a function of diffusion time, temperature, and the

initial Ti film thickness. The results obtained give evi-

dence for a random distribution of Ti in the LiNbO3

lattice. Broadening of the Raman lines and, therefore,

an increase of the crystal lattice disorder induced by

Ti ions were observed. For samples fabricated in the

finite source regime, the diffusion theory allowed us

to enlighten the experimental results. Complete res-

toration of the lattice structure in the waveguide

region would be attained for high diffusion times,

unsuitable for the formation of optical waveguides,

which requires high surface concentration of Ti.

From the experimental results a quantitative

relation was extracted that allows the use of the

FWHM of the A1(TO1) Raman mode to calculate

the Ti surface concentration on LiNbO3.
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