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Abstract, Larpe area excimer laser induced deposition of titamum on fused silica from Ty 15
studied with an emphasis on process modeling. We show that several TiCly monolayers can be
atlsorbed if the surface is adequately prepared and that the Ti thin film growth occurs through
the photodecomposition of this adsorbed TiCls layer. We propose two growth regimes, During
an initintion phase, up to 3nm in thickness, the adsorbed layer is photochemically decomposed
giving 4 growth rate of ~ 0.015nm/pulse. In a second phase, the deposition rate increases (o
between 2 and 7 nm/pulse dug 1o the laser heating of the preceding photochemically deposited
ttanium film, Between consecutive pulses, TiCly molecules primarily from the adsorbed luyer
diffuse to the reaction zome leading to a new adsorbed layer ready to be transformed to solid

P,

PACS: 68,.55.05, 82.50.-m, 82.65

We recently reporfed [1] the development of a laser direet
writing system for the production ot titanium lines from
titamiwm  tetrachlonde (TiCl). Instead of & frequency
doubled Ar~ laser used by of Tsao et al. |2], we use here
u KrF excimer laser with 2 = 248 nm, Both studies were
done on the deposition of Ti on lithium niebate (LiNBO;)
since there is a technological interest in the fabrication
of Ti lines on such substrates for the production of new
and more efficient Ti;LiNbO; optical waveguides. We
also recently reported a detailed study of the line profile
[3,4] as well as the fabrication and characterization of
Ti:LiNb()y optical waveguides made from laser deposits
[3.51

In this paper, we presenl a study of the large area
excimer [aser induced deposition of Ti on fused silica
from TiCly with an emphasis on process modeling. These
experiments and analysis were done in order to obtain a
better understanding of the growth mechanism. We in-
vestigated the TiCly adsorption phenomena and we show
that several TiCly; monolavers could be adsorbed on the
surface if the reaction chamber 15 prepared adegquately.
With an unfocused beam, we have induced Ti deposition
on the fused silica cell windows. From our analysis, we
show that the radicals produced in the gas phase are
not the primary source for the deposition and that the
growth occurs through the photodecomposition of the
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TiCl, adsorbed layers. Furthermore, from the transmis-
sions analysis, we suggest two growth regimes,

. TiCly Adsorption Phenomena

Titanium tetrachioride (TICL) is a higuid with a vapor
pressure of about 10 Torr at the operation temperature
of 20° C [6]. When the reaction cell is exposed to a certain
pressure of TiCly, adsorption takes place on all internal
walls including the windows. It is expected that the ad-
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Fig. 1. Pressure variation and mean number of adsorbed layers (f
s deduced from the quarctz crystal microbalance (CM) measure-
ments us a function of time after having isolated the cell
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sorbed layer thickness will be strongly affected by the
cell preparation such as the cell heating temperature and
lime. As will be seen later, the adsorbed laver thickness 1=
critical in this process because the growth occurs through
the photodecomposition of this adsorbed TiCls,

In order o evaluate the adsorption layer thickness,
we performed pressure (P and guarte crystal microbal-
ance [QUM) measurements, The chamber is prepared by
heating it to 80° C under Ar flow for 3045 min. Figure |
shows P measured by a capacitance pauge as a function
afl time following a rapid introduction of 1.65 1o of TiCls
and isolating the chamber from the pump. A (L65 torr de-
créase of the pressure is observed. It was verified that this
deerease is due 1o the TiCly adsorption on surfizces by the
following desorption test, Aler reaching equilibnium, the
system was pumped rapidly (few seconds) to evacuate all
the residunl pas molecules in the cell and the chamber
was then iselated from the pump. The observed pressure
increase corresponded to the previous pressure decrease

Figure 1 also shows the coverage 7 as deduced from
the QUM measurements, Nete that there 15 good corre-
spondence between bath the # and the QUM measure-
ments Assuming that the adsorption layer i in the liguid
phase, and using the TiCly liquid density of 1.727 g/em’
[6]. the caleulated surface site density for a monolayer is
3.0 % 10 sites fom”. For our cell, where the total internil
surface is 400cem? and the volume s 130em’, we esti-
maite that at 207 C, 4 pressure of D03 Torr corresponads
1o a [ull TiCly menolayer. Using this caleulation, it was
possible 1o calibrate the QUM signal and deduce 0

Depending on the initial pressure, pressure vanations
AR range [rom (L5 to L5 Torr leading to a TiCl; ad-
sorhed layer average thickness of # ~ 16-50 layers, This
is a large number of adsorbed layers which cannot be
explained by the BET model which predicls a coverage
of approximately one monolayer at 10% of the vapor
pressure, It is also larger than the monoluyer measured
by Tsao et al. [2]. However, when the cell 15 heated at
1507 € for 12 h, before doing the adsorption experiment,
the adsorbed layer goes down to ~ | monolayer when
the exposure pressure i5 0.3 Torr. This strongly suggests
that the adsorption is activated by the presence of Hi()
om the surfaces, It is therefore suspeeted that some TiCls
reacts with the very few: H:0 molecules present on the
surface and forms nucleation centers which give rise to
a more pronounced adsorption process. Due to the low
initial H-0) eoncentration in the adsorbed laver, the -
tanium oxide concentration should be relatively low. As
will be seen later. this phenomenon gives higher deposi-
tion rates, which is important from a technological point
of view, Note that when Ti is deposited on LiNbO: for
optical waveguide fabnication. the presence of oxvgen m
the films is nagt important because the Ti will diffuss into
the LiNb(G; in an oxidizing atmosphere.,

2. Photodecompaosition of the Adsorbed TiCly
by an Unfocused Beam

Large arca Ti deposition was performed using an un-
focused KrF excimer laser, £ = 248nm. In these ex-
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peniments, the laser beam passes through a cell, with
front and rear fused silica windows, on which the depo-
sition takes place. After purging the chamber with Ar
for 30min, TiCl, is introduced in the cell up o a deter-
mined pressure P After 10 min, the cell is pumped down
to below 0,02 + 001 torr essentially leaving un adsorbed
laver on all internal surfaces including the two windows.
While pumping on the eell, the windows were exposed (o
the unfocused beam having an energy of 15-200md/ pulse
over a | em” area and ata pulse frequency of 2 Hz, Dur-
ing a typical expeniment, 1000-2000 pulses are delivered
into the cell.

Since the adsorbed laver 15 expected to be o few lens
of nanometers thick before pumping, it is expected that i
deposit with a thickness on the same order of magnitude
will be produced. Surprisingly, the Ti thin films produced
on both windows have considerably higher thicknesses,
reaching # few micrometers in most experiments. Since
the deposit dimension follows the laser beam shape and
since almost no powder s Tound surrounding the deposit,
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Fig. 2 Transmission as 4 fueetion of the necomuloted meident
cnergy for various TiCly exposare pressures over Hemin, [n all gases,
pressures were below 0.02 = 001 Torr during the laser ircadintion.
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Fig. 3. Seanning electron micrograph of a Ti thin film produced
by an unfocused KrF excimer laser beam on the front fused silica
window. The cell was exposed o L5 torr of TiCll Tor [0 min During
thie process, the pressure remained less than 02 4+ 001 tore
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1.2 c . : : ration flow rates. [t is very surprising to sge a SLrOng
it '.Se?"‘? s L dependence of the Ti thin film growth rate on the flow
& i ’@"”" fﬁ@*w"%ﬁw rate. Indeed, a comparison of Figs. 2 and 4, show that
- ' H 1 flow rate of 4 seem at 0.5 Torr leads to an even higher
E growth rate than 4 Torr and Oscem. These results suggest
5 08 that the Aow affects the TiCly adsorbed layer thickness:
o
= a4
P 3, Discussion
o T 1 In Fig.2, a drastic difference is observed between the
o g 4 8 B 1o curves for P, < 1.0torr and the curves for Py > L3torr,

Total Incident energy (Joules)

Fig. 4. Trinsmission as o Junetion ol the accumuloed incadent
energy Tor varous TiCl flow rates during prepamlion. In all cises,
(e prossure wins 0.5 tarr during prepatation and wis kept below
CL02 - (00 tore during 1he expenimenis

it is coneluded that reactions oecur primarily on the win-
dow surfaces and not in the gas phase whose pressure is
kept below 0.021orr. Indeed, at this pressure the number
of gas molecules in the laser beam path is not sufficient
to produce such an important deposit. To abtain such
thick films from a thin adsorbed layer, freshly adsorbed
TiC')y coming from the surrounding region should diffuse
1o the growth region between cach pulse. This will be
discussed later.

Measuring the incident and transmitted energy, it was
possible to monitor the transmission as & function of
tme. However, even though the time should affect the
adsorption layer, we have opted to plot the trinsmission
as a1 function of accumulated encrgy, since the deposi-
tion process should depend more strongly on the number
af photons, Figure 2 shows these variations for vanous
initinl TiCly pressures Py ranging from 0.5 torr 1o vapor
pressurc. For Py < 1torr. almost no transmission varn-
ations occur and the deposit is less than 10nm thick.
When the initial pressure is between | and 4torr, few
micrometer deposits are observed and the transmission
decreases rapidly due to the growing of @ metallic Ti film
on the windows. However, as the transmission drops, less
energy reaches the rear window and the Ti film final
thickness at this window is lower, usually by a factor
of 2. Figure 3 shows a scanning clectron micrograph of
a typical film made in these conditions. Grains ranging
from 200 to 500nm in dimension, probably related to
a non-uniform growth are observed. When P, is vapor
pressure, the deposit is highly non-uniform showing vol-
canic and column-like protrusions extending from the
film. Furthermore, these films peeled off from the win-
dows when exposed to air, which indicates that some
unreacted TiCly and subproducts are still in the film and
react with O and H-©O) when exposed to air.

Tt was also noticed that the TiCls flow during the ad-
sorbed layer formation influences all the experiments. To
clarify this, testing was donec by maintaining the initial
pressure at (.5 Torr but by using different flows during
the 10 min exposure. The cell is then pumped down below
0,02 Torr. Figure 4 shows the transmission as a function
of the accumulated incident energy for various prepa-

while there is almost no change between different curves
for 1.5 = P, < 4torr. A possible explanation involves
the TiCly adsorption and desorption processes on the
nucleation center discussed previously. As indicated in
Fig. |, the adsorption varies rapidly during the lirst min-
utes hefore slowing down. The adsorption is fast when
TiCls drops are formed on @ nucleation center because
the adsorption surface is large. At a high enough pres-
sure, these drops become so large that they join together
to form a uniform film. This behavior seems ta explain
the situation below 10torr where we propose thut the
pressure is not high enough to allow the formation ol a
uniform film. With continued pumping, drops that were
formed rapidly will desorb rapidly, giving a thin adsorbed
laver and a slow growth rate as indicated in the curves
for P, < 1.0torr. However, if ) = 1.5torr, drops join
together to form a uniform film which is more resistiant
to pumping due to the surface energy minimization. The
presence of a significant adsorbed luyer will give rise 1 i
thin film growth and a large transmission variation, 1F P
is greater than 1.5 torr, additional adsorbed layers on the
uniform film are not as strongly bonded and may desorb
easily, explaining the similar curves for 1.5 < M= 4o
When the vapor pressure is reached, a large adsorbed
layer is formed giving rise o a thick lilm which proba-
bly still contains TiCls which can react with H»0O when
exposed 1o air.

Figure 4 suggests that increasing the flow rate will lead
10 a thicker TiCly adsorbed layer. The TiCly molecular
thermal veloeity is about 200 m/s and the average il
ular velocity due to the flow rate is 0.1-6m /5. Thus, the
flow rate component does not seem to be significant when
compared to the thermal velocity, except that it slightly
increases the number of contacts on the substrate. How-
ever, its effect on the adsorbed layer is important It
15 presently unclear how the preparation flow rate can
influcnce the adsorbed layers.

Most curves in Fig. 2.4 display a break, somewhat re-
sembling a knee. at 60% of transmission. Below 60%
transmission. the varation is low but then increases.
By measuring the laser beam lransmission through an
electron-beam evaporated Ti thin film, the Ti film ab-
sorptivity was estimated to be 5.4 x 107em™', in agree-
ment with reported values [7]. Reflection cocllicients are
estimated to be = 0,17 for pure Ti and approaching 0.05
if there were only liquid TiCly. Therefore, at 60% trans-
mission, the average Ti thickness per window should be
approximately 3nm. In general, 200 pulses are needed
to deposit this 3nm, giving an average growth rale of
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~ 0015 nm/pulse. We associate this regime to an miti-
ation phase where the UV laser beam induces a photo-
chemical decomposition of the adsorbed TiCly laver to
form a solid Ti film. This small growth rate phase can
also be associated with an imtiation phase where the
critical density of radicals and species needed for the Ti
deposition are formed. After the knee-like break, taking
the average Ti thickness of the front window divided by
the number of incident pulses, average growth rates are
in the range 2-7nm/pulse. depending on experimental
conditions. We propose that, during that regime, photon
absorplion in the Ti deposited layer gives a lempera-
ture rise [8, 9] which could exceed the 6007 C necessary
to thermally decompose the TiCly [10]. This could con-
siderably speed up the TiCly decomposition into solid
titunium, Therefore we propose two growth regimes: (1)
an initiation phase durng which photolysis of the ad-
sarbed TiCly produces enough ridicals 1o form a 3nm
thick Ti film; and (11} & growth phase during which laser
heating of the Ti film speeds up the chemistry therefore
leading o a much higher growth rate

Figures 2 and 4, show that the transmission does
not have o sharp decrease according to a high average
growth rate of 2-Tnm/pulse and that it does not go
down 1o zero even after & long period (10000 pulses).
Both phenomenn are probably due to the effect of the
initintion phase on the sides of the deposit. Indeed, on the
border of the deposit, the accumulated energy is probably
nont high enough to inthate the growth phase and produce
a thin film with significant thickness, Therefore, some
light passes through the side of the deposit explaining
the higher observed transmission values,

Lsing the average growth rate of 2-7nm/pulse and
the Ti density of 4.5g/cm’, we estimate that the average
deposit of Ti vanies from 7 to 27 monolayers per pulse.
To deposit this number of monolayers per pulse requires
a constant renewal of the adsorbed laver belween consec-
utive pulses. Since the pulse lasts only 10ns, the renewal
of the adsarbed laver is not achieved during this time but
between pulses which are spaced 0.5s in this experiment.
Fresh TiCly possibly comes from the gas phase or from

Transmission
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Fig. 5 Transmission as 4 function of the accumulated incident
encrgy Tor (i1 B = 003 worr and {ii) P, = 1510 For fila small gas
fiow is present. The pressure was ~ 003 torr during the expenment
in Both cases
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the diffusion of the adsorbed laver to the raction zone.
To clarify the possible involvement of the residual TiCls
gas, the experiment of Fig. | was repeated using an initial
pressure of 003 torr and a very low flow rale in order
1o maintain this pressure. This simulates the conditions
in which the experiment of Fig. | was performed except
that a much thinner adsorbed laver is now expected due
to the low pressure during the preparation step. Figure
S presents the results of this experiment as well as a
typical result of Fig. 1. Since the growth occurs much
faster when the adsorbed layer 15 thicker, we conelude
that the gas phase is not the primary source ol renewal
of adsorbed TiCls. Instead, between consecutive pulses,
adsorbed TiCly diffuses to the reaction zong to renew the
exposed layer to the beam,

4. Coneclusion

Excimer laser induced deposition of Ti from TiCly occurs
through the photodecomposition of an adsorbed TiCly
layer. In this process, the gas-phase chemistry iy not
involved in the deposition. After an initiation phase where
the deposition takes place through the photochemical
decomposition of the adsorbed layer with a slow growth
rate of ~ 0.015am/pulse (up to ¢ = 3 nm), the deposition
process speeds up due to laser heating with a growth rate
of 2-7am/pulse. Between consecutive pulses, adsorbed
TiCly molecules dilfuse to the reaction zone leading o a
new adsorbed layer ready to be transformed into solid
titanium.
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