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Abstract
We present a novel variation of the pulsed laser deposition (PLD) technique, aimed at reducing the number of particulates 
produced and consequently the linear propagation loss observed in the resulting crystal waveguides. The approach relies 
upon configuring the system to effectively provide bi-directional ablation, whereby the incidence angle of the fixed pulsed 
laser beam with respect to the target surface changes sign, depending upon the rotation angle and position of the target. 
Such an alternating ablation direction is intended to reduce the buildup of undesirable periodic surface structures, such as 
directional cones, believed to be a major source of particulates within the growing film while keeping the plume station-
ary with respect to the substrate. We show that targets ablated using this technique have fewer directional structures and a 
decreased surface roughness. Furthermore, using PLD-grown  Y3Ga5O12 as the exemplar crystal film, we compare growths 
with uni- and bi-directional ablation and demonstrate reduction from ~ 0.9 to ~ 0.23 dB/cm in the average waveguide propa-
gation losses via the latter.

1 Introduction

Pulsed laser deposition (PLD) is a quick, versatile method 
for depositing thin films comprising a wide selection of 
materials that include single elements, such as metals, or 
complex multi-component materials [1, 2]. In PLD, laser 
pulses, usually in the UV region, ablate the target material 
containing the atomic constituents to be deposited onto a 
heated substrate. The site of the laser incidence experiences 
rapid heating due to the absorption of the laser energy, and 
for pulse durations shorter than the time required for heat 
diffusion, the irradiated area undergoes an ablation process 
leading to material being ejected from the target as a plasma 
plume toward the substrate, which is placed in close proxim-
ity (usually some few cm distant).

PLD has been demonstrated as a viable technique for the 
growth of single-crystal planar waveguide devices fabri-
cated from a range of materials, including doped sapphire 
 (Al2O3) [3, 4], sesquioxides [5, 6] and in particular, garnets 
[7]. This can be a relatively fast deposition process, and to 
date, growth rates of 25-µm per hour have been achieved on 

1-cm2 samples [8]. PLD-grown Yb:YAG (yttrium aluminum 
garnet), as the gain medium in a laser, has recently deliv-
ered > 21 W output power with 70% slope efficiency [9], a 
new record for waveguide lasers fabricated by this approach. 
Furthermore, other active garnet films, including Yb:GGG 
(gadolinium gallium garnet) and Yb:YGG (yttrium gallium 
garnet) have also been used for efficient laser operation [10].

Although these results are promising, a key aspect for 
increasing the lasing efficiency is reducing the waveguide 
propagation loss in the deposited film. One potential contribu-
tion to this loss [11] is particulates that are routinely embedded 
into the film during the deposition process. Particulates are 
created, in part, by the degradation of the surface of the target 
material, which during ablation ejects a mixture of electrons, 
ions, neutrals, molecules, and clusters as well as undesirable 
particulates that are an inevitable consequence of the PLD pro-
cess. These particulates are incorporated into the growing film 
and contribute to scattering loss in optical waveguides. A range 
of techniques have been developed to reduce, or ideally prevent 
the production of these particulates, [11–18], but it is gener-
ally accepted within the PLD community that particulates are 
an inevitable by-product of the fundamental ablation process.

In this paper, we demonstrate a new ablation technique 
designed to reduce the surface degradation of the target, 
and consequently, the density of particulates in PLD-
grown films. We present a simulation of the ablation path 
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of consecutive pulses on the target for our configuration, 
showing that this leads to an effective bi-directional ablation 
protocol that covers most of the target surface area. To sup-
port this hypothesis, we present the characterization of the 
resulting surface topology of targets subjected to uni- or bi-
directional ablation, demonstrating a reduction in the ampli-
tude of directional structure for the latter, under equivalent 
ablation conditions. This regime also allows in excess of 
1000 laser pulses per unit area before critical target damage, 
which means thicker films with fewer scattering points can 
be grown, paving the way for an additive fabrication method 
for active thin-disks, which require film thicknesses of typi-
cally ~ 100 µm or more, for use in the well-established thin-
disk-laser architecture. Dark-field microscope images of the 
resulting PLD-grown crystal films have further proved that 
there is a major reduction in the density of scattering points 
in those films produced via bi-directional ablation.

We are confident that this new PLD approach represents 
a significant advance in the growth of high-quality crystal-
line layers as it leads to the inclusion of significantly fewer 
particulates within the film. In addition, we found that target 
life was prolonged before reconditioning of the surface was 
required. Both factors are very important if PLD is to be 
considered as a routine process for growth of high-quality 
low-loss crystalline films.

2  Surface degradation in PLD targets

Shown in Fig. 1 is a typical PLD set-up, which illustrates 
some of the basic components required. Typically, tar-
gets are fabricated from powders that are compressed and 

sintered, leading to ceramic discs that are robust enough to 
be used for long periods of ablation. In general, the diam-
eters of these discs can vary from around 25 mm diameter 
to greater than 200 mm. They are routinely moved or rotated 
during exposure to the incident laser radiation to avoid over-
exposure to multiple pulses, which leads to severe surface 
degradation and the build-up of surface structures that can 
lead to decreasing ablation efficiency. Another major con-
sequence of laser-induced surface structure in PLD, such 
as cone formation, is the production of particulates due to 
exfoliation from their tips. The greater the accumulated local 
exposure of a particular area, the more evident is the pres-
ence of these cones, which appear to lead to the transfer of 
~ 0.1 µm to several-µm-scale particulates from the target to 
the growing film. A typical example of a target surface that 
has been exposed to approximately 6000 pulses/cm2 from 
single-direction ablation is shown in Fig. 2. This ceramic 
target, comprising  Y2O3 and  Ga2O3 powders (to be referred 
to as a YG target in the following), had been compressed 
and sintered to reach a final effective density of > 85%. The 
rotating/translating target (as detailed in the next section) 
was subjected to ablation by a KrF excimer laser beam in a 
background  O2 pressure of 0.02 mbar, for a period of 30 min 
at a laser repetition rate of 100 Hz.

In Fig. 2 it is apparent that cone structures point in a 
preferred direction, which is toward the incident laser beam, 
at a 45° angle of incidence with respect to the surface nor-
mal. To prevent the build-up of these undesirable structures, 
we have, therefore, developed and implemented an abla-
tion configuration where the angle of incidence is periodi-
cally varied with respect to the target normal, so that every 
region is exposed to pulses that are incident from angles of 
equal and opposite sign (+ 45° and − 45° for example). Our 
aim here was to demonstrate that if there is no preferential 
unique angle of incidence of the laser pulse with respect to 

Fig. 1  Schematic of a typical single beam/single target PLD set-up

Fig. 2  SEM image of the surface of a YG ceramic target that has been 
exposed to approximately 6000 ablation pulses/cm2

, at a 45° angle of 
incidence via uni-directional ablation
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the target normal, there can be no subsequent preferential 
build-up of cone structures pointing back to the direction of 
the laser pulse, as observed in Fig. 2, and hence our adoption 
of this novel bi-directional ablation protocol.

3  Existing methods to reduce target surface 
degradation

Figure 3 shows a simple ablation scenario where a target 
is rotated in front of the incident laser beam, resulting in a 
narrow ablation track, and hence inefficient use of the target 
surface. While the radial position of the incident laser pulse 
can routinely be adjusted during growth, and a new ablation 
ring exposed, this also has the consequence of spatially shift-
ing the plume with respect to the static substrate. For many 
cases, this is undesirable as it can lead to varying stoichio-
metric transfer and reduced deposition rates.

To compensate for these problems, we have routinely 
implemented a technique referred to as epitrochoidal 
motion, whereby the target is rotated via an offset cam, and 

hence the area used for ablation is significantly increased 
beyond that for the simple geometry shown in Fig. 3. The 
point of incidence of the laser can be equated to a rotating 
spiral, as illustrated in the simulation displayed in Fig. 4, 
where the modelled cam and target had radii of 15 mm and 
25 mm, respectively, with an axial offset for the cam equal 
to 12.5 mm. A photograph of the ablated target using this 
cam arrangement is also shown in Fig. 4.

While beneficial for making good usage of the target sur-
face, there was no attempt here to reduce the basic problem 
of surface structure formation. This has been addressed by 
others, however, particularly in the context of large area 
commercial scale-up of PLD [1, 19].

To reduce the directionality of these cones requires sym-
metry-breaking, deviating away from a purely rotational 
motion for the target, and this can be accomplished by rotat-
ing the target periodically after raster-scanning of the laser 
beam across the target. Figure 5 is a schematic of the tech-
nique adopted in [19], and Fig. 5d shows a target that has 
been exposed to this raster scan method.

4  Bi‑directional ablation technique

We now detail our novel technique that aims to significantly 
reduce or ideally remove the problem of surface feature 
build-up on the target, through the adoption of an alternating 
irradiation geometry. Our bi-directional ablation protocol is 
simply illustrated in Fig. 6.

For a single beam and uni-directional irradiation, cone-
like structures are formed as shown in Fig. 6a, as evidenced 
in the SEM image in Fig. 2. The mirror image would be 
true for an incidence angle from the opposite direction 
as in Fig. 6b. If irradiation is performed from both direc-
tions, either simultaneously or sequentially, as in our work 
reported here, shown in Fig. 6c there is no unique direction 
of incidence and, theoretically, there should be no possibility 
of direction-dependent cone formation.

Fig. 3  Ablation track in a target under simple circular rotation geom-
etry with the formation of cones directed radially outwards (shown in 
the inset)

Fig. 4  Sequential progression of the ablation spot position on a 25-mm radius target undergoing epitrochoidal motion, with a cam radius and 
offset of 15 mm and 12.5 mm, respectively. A photograph (far right) shows an ablated YG target after 36,000 shots for the same configuration
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Figure 7 shows the movement of the target with the bi-
directional ablation setup; note that the target’s displace-
ment path moves the irradiated spot through the center of the 
target, which is key for the bi-directional ablation protocol, 
while ensuring the plume is stationary relative to the sub-
strate. As mentioned previously, this is of significance for 
the case where high growth rates, and hence thick films, are 
required on relatively small substrates (in our case 1 cm2), as 
moving the plume relative to the substrate can significantly 
reduce the resultant film thickness, as well as introducing 
stoichiometric variation across the film.

A model of the ablation path on the target for the bi-
directional design is presented in Fig. 8, illustrating the 
opposing angles of incidence on the target by the two dif-
ferently colored (red and purple) squares. Ideally, there 
would be an equal number of shots at each point on the 
target from either incidence direction, (+ 45° and − 45°), 
and this can be seen with the red squares eventually over-
lapping the purple ones, for the 1000 pulse case, resulting 
in an averaging of the ablation angle and thus reducing the 
build-up of directional surface stuctures.

Fig. 5  Schematic showing target surface patterning for a single ras-
ter scan (a), the subsequent pattern produced after target rotation by 
26.5° (b) and after 5 such x–y–� raster and rotation sequences c after 

[1]. A photograph d of a 6-inch diameter YCBO target that has been 
subjected to this procedure [1] (used with permission)

Fig. 6  a Cone production from pulses incident at one unique angle, b from the equal and opposite angle, and c the resulting ideal situation cor-
responding to the combination of a and b either simultaneously, or sequentially as in the case discussed in this work

Fig. 7  Images of PLD showing the target movement using a bi-directional ablation setup. The rotating target is simultaneously translated, by 
almost its full diameter, from one side (a), through the centre (b) to the other side (c), while the plume remains stationary relative to the substrate
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5  Results

Figure 9 shows SEM images of an ablated YG target after 
~ 36,000 pulses/cm2 using the uni-directional setup on one 
face of the target, and the bi-directional setup on the other. 
With the uni-directional setup (Fig. 9a), there is a clear 
directionality to the surface structure and evidence of small 
surface particles shown in the inset, whereas bi-directional 
ablation (9b) while still producing some target structur-
ing, has no obvious directionality nor evidence of surface 
particles.

Measurement of the target surface roughness is given in 
Fig. 10, which enabled comparison of the as-made unused 
target with regions exposed to uni- or bi-directional ablation. 
The peak-to-valley range shows a ~ 50% reduction in surface 
roughness for bi- as compared to uni-directional ablation. 
Moreover, it is only a factor of 2 larger than the surface 
roughness present on a new and unused target. Both the 
reduction in directionality and scale of the surface structures 
is a significant improvement compared with uni-directional 
ablation.

Further evidence of the benefits of this new approach can 
be observed in dark field microscopy images, as shown in 
Fig. 11. These images, of two different films grown from an 
erbium-doped YG target, using an ablation fluence of 1.3 J/
cm2 and a ~ 700 °C substrate temperature, in a partial  O2 
atmosphere at 0.02 mbar, were taken with a 100× objective. 
Figure 11a represents a film grown with the uni-directional 
ablation technique, while Fig. 11b is with the new bi-direc-
tional ablation protocol.

A script was written using Python (v3.5), to deter-
mine the percentage of pixels in the dark field images that 
were above a defined threshold intensity (i.e. 10% of the 
maximum pixel intensity in the image), to determine the 
percentage coverage of defects in each dark field image. 
For the images in Fig. 11, values of 3.25% and 0.27% 
were determined for the uni-directional and bi-directional 

setups, respectively. Note, this measurement takes into 
account the quantity and size of particulates observed in 
a range of deposited films, for dark field images recorded 
at 100× magnification, as shown in a histogram for uni- 
(Fig. 12a) and bi-directional ablation (Fig. 12b). For films 
grown via uni-directional ablation, the average coverage 

Fig. 8  Model of ablation pattern with the bi-directional ablation 
arrangement after 50, 100, 300 and 1000 pulses. Red and purple 
squares indicate opposing angles of incidence for the laser. The green 

circle indicates the perimeter of the target. A photograph (far right) of 
a target that has undergone this procedure is also shown

Fig. 9  SEM images of surface of an ablated YG target after irradia-
tion with ~ 36,000 pulses/cm2 using the a uni-, b bi-directional abla-
tion protocols. The insets highlight small particles in a, which could 
be dislodged and deposited onto the growing film and were only 
observed for uni-directional ablation runs, i.e. no small particles can 
be found in b 
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is (1.0 ± 0.22)% based on 28 samples, whereas with bi-
directional ablation the average coverage is (0.17 ± 0.03)% 
based on 19 samples. The uncertainties in these values 

were calculated using the standard error. This shows an 
improvement by a factor of ~ 5 in film quality obtained 
utilizing this new approach. It should be noted that all 
growths were performed on as—manufactured or recondi-
tioned targets that had no significant surface damage. Prior 
to a growth run on a new target, a pre-ablation routine 
is undertaken, consisting of 36,000 pulses to ensure all 
growths are performed with a similar target surface and 
any surface impurities are removed.

Furthermore, using a white light interferometer 
(Zescope) at 50× magnification, the surface roughness (Sa) 
and surface particulate density were measured. In addi-
tion, the size of the surface particulates could be quanti-
fied as shown in Fig. 13, by histograms for the number of 
particulates per  mm2 that are higher than 10 nm, 20 nm, 
and 100 nm, respectively. Collectively, these plots demon-
strate a significant reduction in surface particulates, for all 
sizes investigated, with the new bi-directional approach. 
The average as-grown film Sa values for uni- and bi-direc-
tional ablation were (2.14 ± 0.14) nm and (1.13 ± 0.04) nm 
respectively, using the standard error, showing a 50% 
decrease in surface roughness. These results again demon-
strate the dramatic improvement in the film-surface quality 
obtained with the bi-directional ablation protocol.

Fig. 10  Stylus profiler measurements of uni-directional ablated 
(blue), bi-directional ablated (orange) and non-ablated (yellow) YG 
targets

Fig. 11  Dark field microscopy 
images, at ×100 magnification, 
of films grown under the same 
growth conditions, via uni- (a) 
and bi-directional (b) ablation

Fig. 12  Histogram of the 
percentage of area covered by 
scattering points in dark field 
images, at ×100 magnification, 
when grown via uni- (a) and 
bi-directional ablation (b)
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6  Loss measurements

A higher density of particulates embedded into planar wave-
guides has been shown to increase the lasing threshold [11], 
attributed to an increase in linear propagation loss caused by 
scattering. To measure the effect of bi-directional ablation 
on the losses of the resultant films, three Er-doped YGG 
films were grown to thicknesses of 22, 18 and 13 µm, at an 
optimized temperature of ~ 800 °C and an optimized ablation 
fluence of 1.6 J/cm2, from targets with Er-doping concen-
trations of 4, 4 and 2 at.%, respectively. The samples were 
facet-polished and the losses measured via end-coupling 
of a wavelength-tunable laser, through determination of its 
spectrally dependent transmission. The internal propagation 
losses for the three films were then estimated as being 0.17, 
0.36 and 0.17 dB/cm for the 22, 18 and 13 µm thick films 
respectively. Table 1 shows the range in propagation loss 
for these 3 films grown with bi-directional ablation, com-
pared to all our previously measured samples grown with 
the uni-directional approach. The results demonstrate a clear 
connection between reduced number density of surface par-
ticulates and lower propagation loss, which is approaching 
loss-values achieved via other fabrication methods and is 
a major improvement with respect to previous PLD-grown 
waveguides [5, 6]. This shows great promise for high-effi-
ciency, PLD-grown amplifier devices, suited to high-peak-
power and ultra-short laser pulses.

7  Conclusion

We have developed a PLD system in which a target is ablated 
at equal and opposite angles of incidence to the target nor-
mal, to reduce the formation of directional surface structure. 
Using this system of bi-directional ablation, we have shown 
a ~ 50% decrease in surface roughness of the post-ablated 
target material, in addition to a ~ 50% decrease in surface 
roughness for the corresponding films grown, when com-
pared to uni-directional ablation. Furthermore, the result-
ant films have ~ 60% fewer scattering points embedded into 
the film, and waveguide propagation losses of < 0.2 dB/
cm have been realized. The decreased propagation losses 
of these waveguides grown via our bi-directional ablation 
protocol will improve the performance of active waveguide 
devices and lead to the further advancement of novel optical 
amplifiers.

Fig. 13  Histograms of the 
surface particulate density 
(particles/mm2), when counting 
particles with heights greater 
than: 10 nm (red diagonals), 
20 nm (green diagonals), and 
100 nm (purple crosses); on 
films grown via uni- (a) or bi-
directional ablation (b)

Table 1  Range of loss values and total particulate density (calculated 
from dark field images) for a range of growths with uni-directional 
ablation and bi-directional ablation

Ablation technique Loss (dB/cm) Total 
particulates 
(/100 µm2)

Uni-directional 0.8–7.0 243–1232
Bi-directional 0.17–0.36 22–97
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