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ABSTRACT

We studied Ti in-diffusion as an effect of multiple laser irradiation, in either
visible of ultraviolet (u.v.) spectral ranges, of LiNbOa single-crystalline structures
with Ti coatings of two different thicknesses. It is shown that while u.v. (excimer,
A sa 308 nmj laser irradiation causes a complete expulsion of the Ti deposit, the
visible (ruby, A as 694.3 nm) laser irradiation at intermediate incident laser fluence
(up to « o.l J cm"2) promotes efficient Ti in-diffusion from the thin (400 A width)
Ti deposit down to a micrometre range implantation depth.

1. Introduction
LiNbOj exhibits a set particularly attractive qualitites: optical (low-loss guiding

of light), electro-optical (a strong electro-optical effect) and acoustical. It is therefore
considered as an excellent—and in many cases unique—-material for the develop-
ment and fabrication of hybrid integrated optical devices to be used in conjunction
with single-mode fibres [1].

Among the different technologies, the most firmly established one at present
involves the implantation of transition metal ions into LiNbOj substrates. This
fabrication technology leads to the achievement of a surface layer of enhanced
refractive index, which is particularly suitable for waveguiding.

Titanium shows a strong doping effect in LiNbOj [2] and is especially desirable if
a high dopant gradient for single-mode applications is required. To date, two basic
approaches have been applied with a view to promoting Ti implantation into
LiNhO3 substrates. These are:

(i) bombardment with high energy (several hundreds of keV)Ti* ions followed
by prolonged annealing [3]; and

(ii) furnace annealing of LiNbOj samples covered with thin Ti coatings [1.4].

Even though significantly improved of late, both methods still face difficulties
when referred to the standards of present integrated optics technology. These
difficulties are mainly related to (i) the profound and sometimes irreversible damage
caused to the single-crystalline structure of the LiNbOj samples by the ion
bombardment and (ii) the uncontrolled lateral spreading of Ti due to the high-
temperature, prolonged annealing.

Lasers can be used for promoting Ti in-diffusion from the Ti surface coatings
into the depths of the LiNbOj sample. The implantation can be obtained by either
fast scanning of continuous wave (c.w.) laser radiation or multipulse, high-intensity
lawrr irradiation. One should chen expect a fast initial ramp of temperature, with
beneficial effects in obtaining very low waveguide propagation tosses [5], up to
higher implantation temperatures, which affords the advantage of a dynamic,
simultaneous annealing [3] in conditions of a low thermal budget, reducing the risks
of Ti out-diffusion from the laser-treated zones. Also, the laser irradiation
parameters (the incident fluence/intensity, the number of subsequent laser pulses
applied to the same irradiation location, the assistance gas, etc.) can be dynamically
adjusted to control the evolution of the Ti implanutton process. The procedure is
•imple and can prove highly versatile when applied to fabrication.

Our previous studies [6], have produced evidence for a strong dependence of the
efficiency of the laser treatment for promoting Ti in-diffusion into LiNbOj
substrates on the wavelength of the incident laser radiation, with better results when
passing from infrared to shorter wavelengths. We have therefore extended our
investigations to visible and ultraviolet (u.v.) laser treatment and report herewith the
first obtained.



2. Experimental
We used single-crystalline YX-LiNbO3 samples dimensions of (24x9

x 2) mm3. They were one Face coated withTi deposits of either 400 A or 1100 A
thickness. The samples were prepared and preserved, during and after the
multipulse laser treatments, according to rigorous cleaning procedures.

The samples were submitted to laser irradiation at normal incidence in ambient
air. Series of one to ten subsequent laser pulses were directed to a given location on
the Ti-coated face of the sample. In the ruby laser experiments, the laser pulses
succeeded each other at 8-10 s intervals. The excimer laser pulses succeeded each
other with 1 Hz frequency.

The multipulse irradiation series was performed with the aid of two laser sources.

(i) An excimer laser that was operated with a XeCl* active mixture (A=» 308 nm)
and emitted pulses of TFWHM — 30 ns duration. The rectangular output beam
(which was highly uniform in a transverse cross-section) was focused on to
the surface of the samples with a view to obtaining incident laser fluences
of 0-15 to 0-6 J cm' 2 , and so the incident intensity was varied within the range
(5x10* to2x!0 7 )Wcm" 2 .

(ii) A p-switched ruby (A = 694-3 nm) laser that was able to deliver laser pulses of
*Fw«iM-20ns duration. The laser beam crossed a homogenizer and a 2 mm
diameter diaphragm before falling on the irradiation location. The value of
the incident laser fluence could be smoothly changed from 0*1 to 0-7 Jem"2 ,
to obtain incident laser intensities within the same range as in the case of the
multipulse excimer laser irradiation.

Before and after any multipulse laser treatment, the sample surface was examined
using an optical microscope. Optical microcsopy studies were conducted with a NU
2 Universal (Karl Zeiss Jena) microscope. For more detailed information, we
worked in phase contrast in reflection.

In some cases the surface profile was mapped with an -Alpha Step 200 (Tencor
Instruments) profilometer.

Energy dispersive spectrometry (EOS) studies were conducted with the aid of a
SEM 505 PHILIPS, EDS-EDAX 9900 apparatus equipped with an ECON IV
detector. X-ray diffraction investigations were performed with a Kristalloflex 810
installation.

XPS studies were performed with the aid of VG-ESCALAB MK2 installation.

3. Results
3.1. Microscopic investigations

There is a clear-cut difference in microscopic appearance between the zones
submitted to multipulse u.v. (excimer) laser irradiation and those submitted to
visible (ruby) laser irradiation.

Thus, on the one hand, the excimer laser irradiation causes the complete removal
o f the Ti deposit of either 400 A or 1100 A thickness. Indeed, as seen in figure 1 (a,b),
the laser irrad iation spots look clean of any metal coatings while d ropletes of removed
material—in fact, of white oxidized Ti—are abundant around the spot borders.

By contrast, the aspect of the irradiated zones after the multipulse action of the
ruby laser radiation is characterized by the omnipresence of spots of various forms
and dimensions (figure 2 (a, A)). Most often, these spots are distinct (separated)
islands of either circular or elliptical shapes and typical dimensions of 30 um
(figure 2 (a)). Sometimes, these islands get in contact with each other forming quite
extended and ramified filaments (figure 2(6)).

An important experimental evidence is the absence, within the zones submitted
to the multipulse ruby laser treatment, of noticeable damage such as cracking,
fracturing or pitting.



3.2. Energy dispersive spectrometry studies
Relevant results were obtained by the EDS investigation of the zones on the

surface of the samples which had been submitted to multipulse laser treatment.
First, a complete removal of the Ti layer was confirmed as a result of repeated
cxcimcr laser irradiation. The predominant Nb presence is evident in all energy
dispersive spectra recorded in this case (figure 3 (a, b)) while Ti could be identified
only as traces (very hard to distinguish from the noise level). Ti incorporation into
LiNbQ} is undoubtedly demonstrated by the EDS recordings obtained for LiNbOj
single-crystalline samples with 400 A coatings which were submitted to a multipulse
ruby laser treatment. Thus, we could estimate, by processing of EDS recordings (as
e.g. reproduced in figure 4 (a, A), that the ruby laser irradiation promoted a Ti
in-diffusion down to a depth in micrometre range. These data were inferred by a
Monte Carlo analysis of the energy dispersive spectra. From the same analysis, ratios
of the elemental weights of implanted Ti as against Nb inside the zones modified
after the multipulse ruby treatment, were obtained. Typical values of this ratio of
97-3 per cent Nb as against 2*7 per cent Ti (figure 4 (a)) to 97-6 per cent Nb as against
2-4 per cent Ti (figure 4 (4)) were found. It is to be emphasized that simple numerical
evaluations—based upon the physical parameters of the involved elements—give a
corresponding value of the Ti solubility into LiNbOj of the order of and even
slightly larger than the solubility limit of %3-3xlO>Tm~J recently reported by
Bremer et at. [3] for 200 keV Ti * ions implanted in LiNbO. samples at various
ambient temperatures followed by annealing treatments.

The intermediate fluence£ntensity multipulse ruby laser irradiation of the
LiNbO] samples with thicker (1100 A width) Ti depositions, was inefficient in
promoting metal in-diffusion into the single-crystalline bulk. After the multipulse
laser treatment, the Ti deposit was still present on the surface exhibiting the evidence
of only localized (point-like) and minor melting.

3.3. X-ray diffraction
We stress the fact that a comprehensive X-ray study of the LiNbOj samples with

Ti deposits of various thicknesses, after the multipulse excimer or ruby laser
treatments, meets with large difficulties due to the intricate crystallographic
symmetry of the investigated matrices. A detailed analysis is under way, some
preliminary conclusions of which are reported here.

The presence of TiO2 in crystallites of up to 1 urn was always observed on the top
layers of all samples that underwent multipulse ruby laser treatment.

Next, we observed that only LiNbOj elemental components were identified in
the X-ray spectra corresponding to samples that had been submitted to multiphase
excimer laser irradiation.

In the case of LiNbOj samples covered with 400 A thickness of Ti coatings that
were subjected to a multipulse ruby laser treatment, the morphology of the
compounds formed under the oxide layer appears to be very complicated. Besides
LiNbOj, very complicated phases, such as Li^NbjTiOj and Li,j.7TiNb,4O62
(figure 5) among others, have been undoubtedly identified, whife the matrix seems to
have preserved a single-crystalline structure.

We remark that such similar complicated compounds were also observed in
(1,7], as obtained by furnace annealing of LiNbOj single-crystals with Ti coatings.

«
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Figure 1, Typical optical microscopy images of excimer ( i«308nm)
laser irradiation sites on the surface of MNbOj samples with Ti
deposits. Five subsequent laser pulses of =0:15 Jem" l/5
x 10*Went'1 were applied to every irradiation location. Initial
thicknesses of the Ti deposits were<a) s; 400 A and (6) 1100 A. (a)
photograph mainly within the laser irradiation spot, with exceptton
of the left upper corner. (6) photograph of the transition from the
laser muttipulse treated area right-side towards an unperturbed
zone.

Figure 2. Typical optical microscopy images of ruby (X as 694-3 nm) Iwer
irradiation sites on the surface of LiNbOj samples with Ti depotitt.
Five subsequent laser pulses of «0-1 Jcm~*p x 10*Wcm~ i were
applied to every irradiation location, (a) isolated (white) spots and (b)
extended (white) filament structures are visible.
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Figure 4. Energy dispersive spectra corresponding to LiNbOj samples
with Ti deposits submitted tp the action of five subsequent ruby
(694-3 nm) laser pulses of(o) 0-2 J cm" YlO7 Wcm"1 or (6)
0-1 Jcm'VSxK^Wcm"1 . The thickness of the Ti coating was
400 A.



3.4. XPS studies
To get a direct quantitative information about the penetration depth of titanium,

we have performed XPS analyses in conjunction with a chemical attack. The
determination of the depth of the etched substance was made w ith the aid of the
profilometer.

The surface was first cleaned with 10% HF and 20% HNO j solution. This way Ti
was removed from both outside and, eventually still remaining in traces, within the
laser irradiation spot. After this cleaning, XPS analyses performed within the area
submitted to multipulse laser treatment showed evidence of the presence of Ti
peaks, but shifted from their normal position—as corresponding to Ti atoms
bounded with Li, Nb and/or O.

Then, we performed a second etching strictly confined within the laser
irradiation spot. The surface was attacked with HjS0 4 98% at boiling temperature.
After 30min etching we measured using the prortlomctcr the depth of the hole
perforated inside the sample. A typical profile we recorded is given in the inset of
figure 6. From this recording we estimate the depth of the hole penetrated by etching
down to s*0-7um.

The main information came out when recording the XPS spectrum correspond-
ing to the bottom of this hole. This spectrum is reproduced in figure 6, from where
we observe, besides the expected peaks of Nb and O, the characteristic 2p peak of Ti.
We also note that from the shift of this peak as against the normal position one infers
that titanium is bounded in»a_molecule with Li and/or Nb. We thus have a direct
evidence of Ti in-diffusion to I depth close to a micrometer range, and possible even
deeper.

4. Discussion
One important remark in connection with the experimental results reported in

this paper concerns the lack of any positive confirmation of significant Ti
in-diffusion into LiNbOj, as a result of multipulse u.v. (excimer) laser irradiation.
The repeated laser irradiation in this case causes only the complete expulsion of the
Ti deposits of either 400 A or 1100 A thickness. This effect seems to be a combined
consequence of.

(i) The large absorptivity of the Ti film (close to a unity value) characterizing
the energy coupling of this u.v. laser radiation (A as 308 nm).

(ii) The very tlvn ikln depth of this radiation inside the metal deposition. As a
result, the metal is intensively overheated, and so, quite instantaneously
ablated. This is also correct for metal oxide—either originally present or
forming during irradiation—due to its more intense absorption of laser
radiation. The metal layer deposit is very rapidly expelled, before the
minimum time has elapsed that is required for promoting the in-diffusion of
a detectable amount of Ti into the LiNbOj bulk.

On the other hand, the application of a multipulse ruby laser treatment proved
once again efficient [6} for promoting successful Ti in-diffusion, even if applied at
quite low levels of the incident laser fluence/in tensity (up to 0-7 Jcm~zjl3-5
x 107 W cm "2) . A deep implantation was noticed for a multipulse laser irradiation of
LiNbOj samples with 400 A thickness Ti coatings, while the average Ti implant
concentration obtained was close to the Ti solubility limit into LiNbOj substrate
previously reported in literature [4]. The multipulse ruby laser irradiation of
LiNbOj support* with thicker Ti deposits (1100 A width) by this incident fluen-
ce/intensity caused both an extended surface oxidation and a limited melting of the
metal deposition.



I

i
VI

c '

£*'
2.

rb
i

i
I
sS
i

jt
i

j{

JLUdJX 1Win*

M
Ii
it
tj
if

LiNbO3

Li4Nb2Tt09

5.000 31.Q0018.000
— X-ray 2(T

Figure 5. Significant portion of the X-ray spectrum recorded in a case of an irradiation area
•ubmitted to the action of a tingle laser pulse (£,=0-7 J cm"2).

45

4.0

o3.5
K

•o 3.0
g

g.2.0

: 1.S

I
1.0

0.5

0.0

a,
1.0

us

ao i

\

V2 3

Nb ;

561600 501.600 421.600 3M.60O
Binding energy (eVJ —>

Figure 6. Surface_Brariie after prolonged chemical etching of a sample irradiated with
07 J cm~fc(one pulse inset).The XPS spectrum is given corresponding to the bottom
of the hole penetrated into the sample by chemical etching.



These elements corroborate the conclusion that the promotion of Ti in-diffusion
is only possible provided two mandatory prerequisites are met, i.e. (i) surface
oxidation, followed by (ii) surface melting. Also, the experiments appear to confirm
that mixed compounds are formed as an intermediary stage, while the whole process
seems to end with the formation of (-af mixed Nb and Ti oxide(*j.

We note that the kinetics of the process are in good accord with those described in
a series of papers by De Sario el al. [1] reporting the phases observed during the
furnace annealing, for several h at controlled temperatures up to 1000*C, of LiNbOj
single-crystalline samples with Ti deposits in various ambient conditions. There arc.
however, in our opinion, two main differences to be emphasized between the
experimental evidence revealed by our studies and that reported in [6]. They arc as
follows.

(i) As expected, due to the fast transient evolutions caused by the short-pulsed
laser irradiation in the case of a muictpulse laser treatment, we were unable to
follow the gradual sequence of the afore mentioned subsequent phenomena
as described in [1] along with the specification of the temperature regime. It
should be underlined, though, that we have identified definite elements
indicating that all phases cited in the above-mentioned references had been
covered, starting with Ti oxidation and ending with the formation of a mixed
Ti,Nb|_» oxide.

(ii) The major difference is related to the fact that, while for furnace annealing
and other previous treatments aimed at promoting Ti in-diffusion, a general
tendency to Li or/and LiOj out-diffusion had been observed, our results
indicate the formation, under the top surface layer, of both compounds with
a reduced Li content (e.g. Li,s.7TiNbi4O62), in comparison with the initial
LiNbC>3 composition and of compounds characterized by an enriched Li
content (e.g. U 4 Nb 2 Ti0j) . This observation corroborates well with SIMS
spectra of these samples which look similar to those we have given in [6] (for
which reason they were not again reproduced with this paper) and from
where Li minimum out-diffuston is evident. This behaviour is most
probably a consequence of the fact that the laser-enhanced in-diffusion
process lasts for much less time (tens of nanoseconds) than furnace annealing
and the net loss of Li depends on the evaporation flux. This could constitute
an advantage of this laser technique over other previously reported methods
applied for Ti implantation into LiNbO3. Indeed, as already mentioned by
other authors (e.g. [1]), Li or/and LiOj strong out-diffusion from the treated
zones is, in fact, an undesired effect since it produces an uncontrolled
increase in the extraordinary refractive index value resulting in the formation
of a sort of planar waveguide with very negative effects on the polarized light
confinement.

5. Conclusions
We have shown that the multipulse excimer (Aa;308nm) laser irradiation of

LiNbO3 single-crystalline samples with Ti deposits, causes only the expulsion of the
Ti coating despite its thickness, of either 400 A or 1100 A. This is mainly the effect of
the excellent energy coupling of this u.v. radiation with the metal deposit.

On the other hand, the multipulse ruby laser irradiation at an intermediate
incident laser fluence/ intensity level of ss 0- 5 J cm ~ 2 $• 5 x 10 7 W cm ~ * p romotes the
efficient in-diffusion of a 400 A thickness Ti coating down to a depth of several
thousand into the LiNbO3 bulk. The level of Ti implant concentration inside the
laser treated zone approaches the solubility limit of Ti into LiNbOj. Preliminary
data indicate the absence of significant out-diffusion of Li or/and LiO^ from the
implantation region. This is a particularly positive result, especially when referred to
the performances of other implantation techniques applied to the same aim as well as
to our previous results obtained by multipulse ruby laser irradiations at higher



incident laser fluenccs of 0'4 to 0-7 J cm"2. More studies are under way to establish
the most appropriate laser irradiation regime necessary to obtain implanted zones
exhibiting proper performance for efficient light guiding-

References
[I ] DE SARIO, M., ARMENISE, M. N., CANAM, C, CARNERA, A., MAZZOLDI, P., and CELOTTI,

C . 1985, J. appt. Phyt., 57, 1482.
[2] I'OUCHRT, S-. LARDAN, I". R., HUCT. !•"., CAHENCO, A., CAURR, VI., and GAHO, Y., 1991,

Appt. Phys. Lett.. 58, 1518.
[3] BREMUR. T., HEILAND, W., BUCHAL, Ch., IRMSCMGR, R.and STRITZKER, B., 1990, J. appt.

Phyt.. 67, 1183.
[4] SCHMIDT, R. V., and KAMINOV, I. P., 1974, Appl. Phys. Lttt., 25, 4S8.
[5] CRONER, D. C , DE BRAJIANDER, C. W., BOVD, J. T., JACKSON, H. E., and SURAM, S., Appl.

Optics. 28, 33.
[6] BERTOLOTTI, M., ROSSI, M., FERRARI, A., CRACIUN, V., MIHAILESCU, I. N., URSU, I.,

MIHAILOVA, G. N., ANVRADHA, D., and RAMESH, C , 1992, J. appl. Physics, 71, S888.
[7] ARMENISB, M. N., CANALI, C , DE SARIO, M., FRANZOSI, P., SINGH, J., HUTCHINS, R. H.,

and DE LA RUE, R. M., 1984,1.E.E. Proceedings. 131, 295.

10


