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Abstract

We have successfully grown a range of waveguiding layers of Nd:Gd3Ga5O12 (Nd:GGG) on Y3Al5O12 by pulsed

laser deposition for purposes of studying the e�ects of particulates on waveguiding and lasing performance. We have

found that particulates have a detrimental e�ect on lasing threshold for the range of particulate densities studied, and

can increase lasing thresholds from as low as 2.5 up to 167 mW. We have also shown that the detrimental e�ect of

particulates in waveguides becomes less signi®cant with increasing waveguide thickness. Ó 2000 Elsevier Science B.V.

All rights reserved.
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1. Introduction

Pulsed laser deposition (PLD) has always been
an attractive method of fabricating waveguides.
The ability to quickly and easily grow stoichio-
metric, epitaxial ®lms of a large variety of laser
media makes it an almost ideal fabrication process
[1]. PLD has been avoided as a preferred method,
however, due to the large number of particulates
that can occur on the waveguide surface during
growth. These particulates, which originate from
the target, are believed to occur, in the growth

of dielectric ®lms, through two main processes
[1].

The ®rst is due to incomplete vaporisation of
the target area by the ablation process itself. The
area directly surrounding the vaporised material
melts and is subsequently expelled due to the recoil
pressure of the plasma plume shock wave. Liquid
droplets of target material consequently form
particulates on the growing ®lm. Increasing the
density of the target material can minimise this
process of particulate production. Single crystal
targets therefore are the optimum material for
good ®lm fabrication compared to alternatives
such as compressed ceramic targets [2]. Alterna-
tively, use of a femtosecond ablation source has
also been considered as a potential way of avoid-
ing particulates by this route [3]. The ablation
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process in femtosecond lasers is a non-thermal
process, and therefore problems associated with
melt expulsion do not occur. To date no multi-
component materials (beyond simple oxides and
nitrides [4]) have been deposited using femtosec-
ond PLD and it is uncertain whether the stoichi-
ometry of a complex target material can be
reproduced in the ®lm. Additionally, deposition
rates appear to be very low, so growth of ®lms of
typical waveguide dimensions (few lm) within an
acceptable time scale may be di�cult.

The second process, termed exfoliation is due to
poor surface quality of the target. As the ablation
laser pulse continually hits the target area, thin
structures of lm dimensions can develop on the
target, pointing towards the direction of the laser
radiation, due to a shadowing e�ect [5]. These can
eventually break o� and form particulates on the
®lm surface. Rotating the target and constantly
changing the direction of rotation or re-polishing
of the target after use can reduce, but not elimi-
nate, this e�ect. There have also been many other
inventive attempts to remove particulates from the
plasma plume [6±10] however these have often
involved complicated set-ups or sensitive trigger-
ing equipment and may be considered to be gen-
erally impractical.

There has been no direct correlation however,
between the number of particulates seen on the
®lms and the losses generated when used as a
waveguide. In this paper we report on the sys-
tematic comparison between lasing threshold ob-
served in waveguides of di�ering thickness and
varying particulate density.

2. Waveguide fabrication

Using conditions similar to those reported ear-
lier [2], we have grown pulsed laser deposited ®lms
from a 1 at.% Nd doped GGG target on a (1 0 0)
YAG substrate. The XRD data shown in Fig. 1
con®rms the crystallinity of the ®lms and shows
growth in the (4 0 0) Nd:GGG direction parallel to
the (4 0 0) YAG peak.

Films have been grown at thicknesses of order
2, 4 and 8 lm. A piezoelectric gas valve was used
to modify the particulate density in the ®lm during

growth [9,10] as shown in Fig. 2. Opening of the
gas valve (backed with O2) ejects a beam of mo-
lecular oxygen in a direction perpendicular to the
expanding plasma plume. The particulates con-
tained within the plasma plume have a signi®-
cantly lower velocity than the fast neutral and
ionic species assumed to contribute to good stoi-
chiometric ®lm growth [9]. The ®ring of the abla-
tion laser is triggered from the valve such that the
beam of molecular oxygen is coincident with the
particulates in the ablation plume. The particulates
are de¯ected, by collision with the oxygen, away
from the substrate.

A fast rise time of the oxygen pulse and, con-
sequently, the gas valve opening time are critical
for the molecular beam to interact with only the
slower, detrimental, particulates and not interfere
with the faster neutral and ionic species. Gas pulse
rise times on the order of�200 ls are required, and
for this reason we chose a piezoelectric gas valve
(highly modi®ed Maxtek MV-112). Solenoid gas
valves can achieve equally fast rise times, but at far
greater expense. Furthermore, driving circuits for
piezoelectric gas valves are trivial to build com-
pared to those required for solenoid devices.

The gas valve nozzle was placed 2 mm below the
ablation area. The close proximity of the nozzle
and the ablation area is to maximise the probability
of collision as the density of both the oxygen pulse
and the plasma plume are at a maximum. Typical
delays between gas valve and laser pulse triggering
were around 1 ms. The backing pressure of oxygen

Fig. 1. X-ray di�raction data for the Nd:GGG ®lms. The YAG

(4 0 0) line is weak due to the thickness of the sample. No other

peaks are observed.
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on the valve was 2 atm. The piezoelectric valve was
also used as the oxygen source for reactive PLD,
therefore the valve was kept open for 3 ms to
achieve an oxygen pressure in the chamber of �5
Pa during ablation.

Fig. 3 shows the surface of two ®lms grown with
and without the gas-jet interaction with the plasma
plume. Fig. 3a shows high particulate density
when the ®lm is grown with no gas-jet interaction
with the plume, while Fig. 3b shows appreciably
lower particulate density when the gas jet is di-
rected into the plume.

We have grown ®lms with particulate densities
that vary between 104 and 107 particulates cmÿ2.
This large di�erence in particulate densities may
not be entirely due to the gas jet and can be at-
tributed in part to the increased degradation of the
target and increased exfoliation. XRD spectra,
shows a slight broadening of the (4 0 0) GGG
peak with increased particulate density, implying a

slight degradation in crystallinity. Fig. 4 shows the
increase in the FWHM of the (4 0 0) GGG peak in
4 lm thick waveguides with increased particulate
density. Fig. 5 shows typical particle size distri-
butions for ®lms containing the high and low
particulate densities. All ®lms show an approxi-
mately normal distribution of particle sizes.

The ®lms were cut back to 2 mm in length,
corresponding approximately to a 1=e absorption
length for the pumping wavelength of 808 nm, and
polished to optical ¯atness on both ends. Hori-
zontal and vertical parallelism was maintained
between the end faces by a laser collimator.

3. Threshold results for waveguide lasing

To con®rm spectroscopic properties, the wave-
guides were pumped using an Ar� pumped
Ti:sapphire laser capable of delivering 600 mW at

Fig. 2. Experimental set-up showing piezoelectric gas valve mounted in chamber.
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808 nm, matching the strongest absorption band
of Nd:GGG [11]. Light was coupled into the active
layer using 25� objectives for the 2 and 4 lm
guides and 16� for the 8 lm guide. Fig. 6 shows
the ¯uorescence spectra of the Nd doped wave-
guides. This agrees with previous results [2],
showing peak ¯uorescence around 1060 nm. Flu-
orescence lifetime was also measured to be 260 ls,
in close agreement with previous results and the
bulk crystal value.

Two plane dielectric mirrors were carefully at-
tached to the end faces using Fluorinert FC-70
¯uorinated liquid. Both mirrors were high re¯ec-
tivity (>99.5%) mirrors at the signal wavelength.

The typical lasing spectra of waveguides examined
are shown in Fig. 7, and consists of a broad
emission over �3 nm. Multiple peaks (splitting)
can be seen due to etalon e�ects within the di-
electric mirrors. The output pro®le at the lasing
wavelength was single mode for all waveguides,
regardless of how many spatial modes could be
supported within the waveguide.

The lasing threshold was measured for ®lms of
varying thickness and particulate density. Fig. 8
shows the threshold recorded for the three di�er-
ent thickness ®lms. It can be seen that the high
particulate density has a detrimental e�ect on the
lasing threshold of the ®lm. This is largely due to

Fig. 3. Optical microscopy image of ®lm surface (a) under normal growth conditions, (b) with gas-jet directed into plume during

growth.
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Fig. 6. Typical ¯uorescence spectrum of a waveguide.

Fig. 4. Increase of FWHM of the (4 0 0) GGG peak with particulate density.

Fig. 5. Typical particle size distributions for ®lms with high and low particulate distributions.
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the particulates acting as scattering sites for light
within the guide, which consequently increases the
loss in a waveguide. As can be seen from the
equation [12].

Pth � phmp

2regpsfl

 ! �������������������������
W 2

lx � W 2
px

� �r �������������������������
W 2

ly � W 2
py

� �r
L

h is Planck's constant, mp is the pump laser fre-
quency, re is the stimulated emission cross-section,
gp is the pump quantum e�ciency (assumed as 1),

sfl is the ¯uorescence lifetime, Wl and Wp are the
average spot sizes for the laser and pump beam
respectively in the guided (x) and unguided (y)
direction, and L is the single pass exponential loss
in the guide.

From the equation above it can seen that lasing
threshold is expected to increase linearly with loss.
Using measured spot sizes and threshold values we
have estimated the loss in each guide. This is
plotted against particulate density in Fig. 9. It can
also be seen that the e�ect of the particulates has a

Fig. 8. Lasing threshold versus particulate density for ®lms of di�erent thickness.

Fig. 7. Typical lasing spectrum of a waveguide.
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far more dramatic e�ect on those guides with in-
creased con®nement. An increase in particulate
density from 3:5� 104 to 9:7� 105 particu-
lates cmÿ2 led to an increase in absorbed power
threshold from 2.5 to 167 mW. A 4 lm thick guide
with a particulate density of 3:2� 106 particu-
lates cmÿ2, however, lased easily at 19 mW where a
2 lm thick waveguide would be unable to lase.
Even an increase up to 1� 107 particulates cmÿ2 (a
very poor quality ®lm) would still lase still at
around 60 mW. The 8 lm thick waveguide showed
good waveguide performance regardless of par-
ticulate density, lasing at 2.2 and 12.2 mW with
particulate densities of 5:5� 104 and 6:6� 106

cmÿ2 respectively, a change in particulate density
of over two orders of magnitude.

The loss mechanism due to scattering in wave-
guides from particulates is believed to be largely
due to surface scattering, as opposed to scattering
from within the guide, and the increased e�ect of
particulates on the more con®ned waveguides (2
lm thick) is possibly an example of this e�ect. As
the particulates in these guides are of order of the
same size as the guide itself then there is a higher
probability of surface scattering, as most particu-
lates will protrude from the waveguide surface. In
the larger guides, however there is more chance
that the particulates will be enclosed within the

guide and therefore, not contribute as signi®cantly
to losses.

The slight decrease in crystal degradation with
increasing particulate density will also contribute
to the increase in threshold. This may account for
the observed non-linear increase of threshold
power with particulate density.

It must be noted that the particulate density
counts given in this paper are taken from an op-
tical microscope using particulate analysis soft-
ware and so represent the particulate count
throughout the entire guide per cm2. Many reports
take particulate counts from SEM data, which can
only yield particulate counts for particulates that
extend beyond the surface.

4. Discussion

These results suggest that were particulates to
remain an intrinsic problem in PLD fabrication of
waveguide devices, then the solution is to move to
thicker waveguides where the particulate density is
not such a critical factor in the performance of the
resultant laser. Although this seems a relatively
intuitive deduction it is in contrast to the accepted
notion that lower thresholds can be attained with
more con®ned waveguides structures.

Fig. 9. Estimated loss versus particulate density for ®lms of di�erent thickness.
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The fabrication of thicker waveguides, however,
is easily compatible with PLD as deposition rates
are achievable of up to 1 lm minÿ1, and there need
be no signi®cant increase in fabrication times.
High numerical aperture waveguides are also
readily achievable with PLD. Coupling this with
larger thickness waveguides make PLD fabricated
waveguides an attractive prospect for coupling
with high power, high divergence sources. Finally
it should be noted that proximity coupling is also
readily achievable with these devices [13].

5. Summary

We have shown that the presence of particulates
in PLD waveguides increases the losses and lasing
thresholds and have analysed this quantitatively.
We have also shown that this e�ect is less pro-
nounced in thicker waveguides. This is believed to
be due to surface scattering of light from the
particulates being the dominant cause of loss
within the guide.
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