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Abstract. Photonic jet (PJ) is a low diverging and highly concentrated beam in the shadow side of dielectric particle
(cylinder or sphere). The concentration can be more than 200 times higher than the incidence wave. It is a non-resonance
phenomenon in the near-field can propagate in a few wavelengths. Many potential applications have been proposed,
including PJ etching. Hence, a guided-beam is considered increasing the PJ mobility control. While the others used a
combination of classical optical fibers and spheres, we are concerned on a classical optical fiber with spherical tip to
generate the PJ. This PJ driven waveguide has been realized using Gaussian mode beam inside the core. It has different
variable parameters compared to classical PJ, which will be discussed in correlation with the etching demonstrations. The
parameters dependency between the tip and PJ properties are complex; and theoretical aspect of this interaction will be
exposed to justify the shape of our tip and optical fiber used in our demonstrations. Methods to achieve such a needed
optical fiber tip will also be described. Finally the ability to generate PJ out of the shaped optical fiber will be
experimentally demonstrated and the potential applications for material processing will be exposed.

INTRODUCTION: PHOTONIC JET ETCHING USING MICROSPHERES

Before it was coined as the photonic jet (PJ) in 2004, phenomenon in the near-field of spherical dielectric
particle has already observed and proposed for surface processing using microspheres [1-6] for laser direct-etching.
It has been demonstrated that microspheres on sample material can decrease the laser direct-etching, especially if the
ultrafast (pico- or femto-seconds) lasers or shorter wavelength (ultra-violet range) lasers [7-13]. This decreasing size
potency also has been demonstrated for nanosecond pulsed near-infrared lasers [14,15] that considered as more
economical option than ultrafast pulsed ultra-violet lasers — not to mention its availability in well-packaged source.
Using glass microspheres, this laser (28 ns of 1064 nm laser) which will not absorb much by a transparent glass is
capable to etch glass slide. And on silicon wafer, this laser can decrease the LDE etching about 40 times smaller
than LDE etching without glass microsphere; the smallest average diameter was around 1.3 pum using 4 pm glass
microspheres with the laser fluence of 0.75 J/cm? and the PJ fluence of 43 J/cm?.

The capability of PJ to obtain smaller LDE etching is understandable since PJ can focus (fc) the beams into a
very small beam size (I'rwnm) so it has folded intensities (/max) propagate at a certain length (lrwam). These
parameters are shown in Fig. 1.

Even though microspheres can be used for PJ etching, there are some drawbacks we must consider, e.g.
microspheres are disposable; they can be used only once. And, there is no space or distance between microsphere
and etched material, so material debris from the first ablation will contaminate the microsphere and avoids the
following laser pulses to etch the material sequentially. Our observations revealed that two pulses is the least
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number of pulse needed to etch silicon wafer. We assume that the first pulse heats the surface and decreases the
surface threshold fluence so the second pulse can etch the surface.

Incidence plane wave, A,=1 pum
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FIGURE 1. PJ is generated at the backside of glass microsphere with its parameters

But, the most important thing of using microsphere for PJ etching is: we cannot apply the highest PJ intensity
Inax directly on the surface of material. We must make a distance between the surfaces (of sphere and material)
around £ if we wish to put /max at the surface of material. In order to provide this space, a beam-trapping method has
been proposed to trap the sphere using additional laser like in [10], but for practical used this method is too
complicated. Therefore we propose an optical fiber with spherical-tip to be applied as the substitute of microspheres.
And so the main objective of this manuscript is to justify the shape of optical fiber-tip for PJ etching.

WAVEGUIDE DRIVEN PJ

The possibility of generating PJ using such waveguide has already studied by simulating PJ from a planar
waveguide for the case of radio-frequency wave [16]. For our case, we considered a planar optical fiber (neore =
1.457 and ngjaq = 1.44) and a Gaussian mode beam with the wavelength of 1 um as the propagating wave inside the
optical fiber. Also, the shape of optical fiber is considered to be circular, elliptical and pointed; with the core
diameter of 10, 50 and 200 um. The geometrical design of these optical fiber tips are depicted in Fig. 2.

____________ }: P2 P “_‘-__"__u}j P2 P1 ___h_x______:li P2
a a a
Do Po B
0 b X 0 b ;) X 0 b -
(a) Forb=a (b) Forb=2a (c) Forb>>a

FIGURE 2. The shape of optical fiber tip considered to be (a) circular with axis ratio b=a, (b) elliptical with axis ration b=2a and
(c) pointed with axis ratio b >>a

The mathematical function we used to define the shape is the rational quadratic Bézier curve function, with the
general form [17]:
(1 =1t)%py + 2(1 = )twp, + t?p, |
p(®) = 1-02+21-Otw+t2 @
where w is the Bézier’s weight curvature; p,, p; and p, are coordinates of three control points; and 7 is a parameter
between 0 and 1. According to Fig. 2: py= (b;0), p;= (b;a) and p,= (0;a). This function can create any curve depend
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to the Bézier’s weight w, e.g. w= 0.7 for circular curve; therefore w < 0.7 corresponds to sharper tips, whereas w =
1 to rectangular one.

Our study here is conducted using finite element method, the same method as our colleague applied in their
study [16], with respectively the tips are created with perfectly matched layer (PML) boundary condition around the
free space and scattering boundary in the cladding. Figure 3 presents the simulation results for the case of core
diameter 10 pm. Based on this figure and also other results for core diameter 50 and 200 pm, we drew some
significance summaries:

1. Larger core diameters,

a. Concentrate more electrical field; it is not only the fiber can collect more light, but also can
propagate more modes;

b. Concentrate the beam further from the tip surface;

c. Generate larger beam spot (FWHM).

2. FElongated shape tip, e.g. elliptical, yields PJs closer to the tip with higher concentration than circular; when
the axis ratio is getting larger, the beams will be concentrated inside the tip (Fig. 3.c) which can break the tip
just like they broke BaTiOs-spheres [14]. It makes the pointed shape is out of the option for practical use;
the tip will be broken. Table 1 presents the PJs parameters generate by each waveguide size for circular and
elliptical shape.

3. The elliptical shape generates PJ closer to the tip than circular one, so if this PJ is applied on the material
some material debris can still pollute the tip; therefore for our study we consider only the circular shape.

Y (m)

<(c) For,b >>a

(a) Forb=a (b) Forb=2a

FIGURE 3. PJs generated by 10 um plane waveguide for the case of tip shape to be (a) circular with axis ratio b=a , (b) elliptical
with axis ration b=2a and (c) pointed with axis ratio b >>a

TABLE 1. PJs parameters for each waveguide size and tip shape
Diameter of Electrical field Focal point from the

waveguide Shape of the tip enhancement tip (um) FWHM (pm)
10 um Circu.lar 4.4 5.9 0.625
Elliptical 6.5 2.3 0.625
50 um Cir.cu.lar 6.2 42.5 1.25
Elliptical 8.1 20.5 1.25
200 um Cir.cu.lar 11.2 194 2.4
Elliptical 22.5 94 1.2

FIRST PJ ETCHING USING OPTICAL FIBER

In practical use we must also consider the optical fiber for high power laser. We found that the smallest core of
commercial optical fiber which can stand to high power laser has a diameter of 200 um. This optical fiber is
TEQS™ coated multimode fiber (Thorlabs®) with step refractive indexes (Fig. 4.a) and a numerical aperture of
0.22. The silica cladding is made from low-index fluorine-doped silica which provides superior near-infrared
transmission. Whereas the TEQS™ secondary cladding provides a dual-waveguide designing, resulting in improved
bend performance also allowing high-power handling capability. It can stand up to 0.2 kW for a continuous wave or
1.0 MW for a 10 ns Nd:YAG laser with a wavelength of 1064 nm and spot size of 80% of the core diameter. The tip
of this TEQS™ coated multimode fiber then customized so it has as spheroid tip (Fig. 4.b).
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FIGURE 4. (a) Step refractive indexes of a TEQS™ coated multimode fiber. (b) Spheroid tip of 200 pm TEQS™ coated
multimode fiber
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This optical fiber is assembled in the experiment scheme (Fig. 5.a) with silicon wafer as the main sample
material. A power meter was also added to measure the power of laser beam injected into the optical fiber at (a) and
the power of PJ generated by the spheroid tip of optical fiber at (b). And, to provide a space between the optical
fiber tip and sample material, we attached the optical fiber to a three-axis micro stage (Fig. 5.b). Next, (a) we move
the tip directly on the sample surface; the indicate scale on the stage is considered as null space, then (b) we move
the tip outward from the sample surface to any distance; the scale position is referred to the first scale and
considered as the distance of material to the tip.

Optical fiber

Objective lens

YLIA:
I < - ) Optical
160ns, fiber
Sample
* Silicon wafer

ISensor * Glass plate

|
Power e Spheroid tip of
meter an optical fiber
Multl mode fiber,
=200 pm

1 mJ/pulse

(@) S

FIGURE 5. (a) Experiment scheme for PJ etching using spheroid tip fiber optics; the sensor at position (a) and (b) is for the laser
beam and PJ measurement, respectively. (b) A three-axis micro stage is used to give a space between

In our study to demonstrate the PJ etching using optical fiber, we considered the laser system to be 160 ns of
YLIA laser with the wavelength A = 1060 nm, frequency rate /= 20 kHz and the maximum of average fluence
Fraxav = 1 ml/pulse. We also considered the distance between the tip and the sample at = 75 pm. In addition to our
main objective, i.e. first demonstration of PJ etching using optical fiber, we also collected the least number of pulses
needed to achieve an etching mark on silicon wafer. These studies yielded the average sizes of PJ etching marks on
silicon wafer as the function of the power of measured PJ and number of pulse (Table 2). We can see in the table
that to achieve a PJ etching mark on silicon we need at least 4 pulses with the power of PJ 7.2 watts, which is
generated by 19 watts of laser system (the maximum power of the YLIA laser). This etching mark has an average
diameter of 17.5 pum can be seen in Fig. 6. This demonstration is sufficiently enough to provide the evidence of the
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potential application of PJ etching using optical fiber and justifying that the spheroid tip shape is working for the
purpose.

TABLE 2. The average diameter of PJ etching marks on silicon wafer as a function of PJ power and number of pulse; created in
the distance between the tip and silicon of 75 um.

Injected power laser Measured PJ PJ mark diameter (um)
(watt) power (watt) 20 pulses 10 pulses 8 pulses 6 pulses 4 pulses 2 pulses
19 7.2 27.4 27.7 27.8 27.4 17.5 -
18.6 7.1 26.4 25.5 26.8 22.8 - -
17.9 6.9 28.1 - - - - -
17.2 6.7 259 - - - - -
16.4 6.4 20.2 - - - - -

FIGURE 6. A PJ etching mark on silicon wafer captured by a profile-meter; created by 4 pulses of 7.2 watt PJ power at a
distance of 75 pm

CONCLUSION

In this manuscript we report that the shape of optical fiber tip that for PJ etching should be spheroid. This shape
has been justified using the simulation as well as experimental demonstrations, so the optical fiber can be used
repeatedly. This spheroid shape keeps PJ’s highest intensity outside the tip at a distance where the tip is safe from
material debris in etching process. Even though, to obtain a good PJ etching using optical fiber, some parameters
and variables must be optimized one to each other, e.g.: the parameters of the laser source, optical fiber and the
curvature shape of the tip.
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