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1 Abstract: Laser ablation of silicon under an external applied magnetic field with different orientations
> wasinvestigated in respect to the scanning direction and polarisation of the laser beam, by observation
s of the ablation patterns and debris deposition. Ultra-short ~ 230 fs laser pulses of 1030 nm
«  wavelengths were used in the single and multi-pulse irradiation modes. Ablation with an externally
s applied magnetic B-field B .yt ~ 0.1 T is shown to strongly affect debris formation. The mechanism
s  of surface plasmon polariton (SPP) wave can explain the ablated periodic patterns observed with
»  alignment along the magnetic field lines. Application potential of an external field controlled ablation
s is discussed.

o  Keywords: ablation; magnetic field; femtosecond laser fabrication

o 1. Introduction

-

1 Ultra-short laser pulses provide nanoscale resolution in 3D polymerisation, optical waveguide
1z inscription in glasses and crystals [1], non-erasable optical memory and photonic crystals [2—4],
1z nano-structuring of surfaces and in the bulk [5-8], creation of new materials and their high
1« pressure/temperature phases by 3D confined micro-explosions [9-11], thermal morphing of laser
1s fabricated 3D structures [12], and laser assisted etching [13-15]. Applications of coloidal nanoparticle
1s synthesis by ablation in liquids [16] and laser machining have become industrial applications with a
1z high throughput [17-20].

18 Here, we introduce a new control method over the ablation process using an externally applied
1o magnetic B-field. With a Si sample placed in a millimeter-scale gap between Nd-magnets of ~ 0.1 T, the
20 ablation plume, as well as the ablated surface of crystalline Si, on which a surface plasmon polariton
a1 (SPP) wave has been induced, were strongly affected. The orientation of magnetic B-field rather than
22 the polarisation of the laser light’s E-field strongly governs the formation of the imprinted patterns of
= aligned micro-ablation pits. The laser ablated patterns are determined by the instant electron densities
2« in the surface layer, their velocity and magnetic field strength.

2 2. Results

26 2.1. Peculiarities of ablation patterns in the external B-field

27 Figure 1 shows the observed morphology change of single-pulse ablation sites on Si in the presence
2e  of an externally applied magnetic field B,y = 0.1 T. Ablation was carried out at a high intensity, typical
20 for laser cutting applications, exceeding the ablation threshold more than ten times. The direction
5o of ablation plume and polarisation of light E-field were both perpendicular to the magnetic field to
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laser beam |

Nd,Fe,,B magnets(2 x 4) :

Figure 1. (a) 3D printed jig with a sample compartment gap of x = 2.5 mm surrounded by Nd-magnets
(four on each side). A (100) orientation Silicon wafer was diced along the (110) plane to the required
width; magnetic field was oriented along (110) direction (perpendicular to the wafer base cut (110)).
The inset shows Gaussian beam profile of femtosecond laser used. (b) Scanning electron microscopy
(SEM) images of single pulse ablated regions with and without magnetic fields present. Laser pulses
of A = 1030 nm wavelength and t,, = 230 fs pulse duration were focused with an objective lens of
numerical aperture NA = 0.7 to a focal spot of 2r = 1.22A/NA = 1.8 ym diameter; pulse energy
was E, = 1.13 pJ at the entrance of the objective lens (transmission of the lens was T = 0.22), fluence
F, = Ep/Ap, = 9.8 ]/cm?, irradiance I, = F,/t, = 42.7 TW/cm? with area A, = 7r?. For the
tilted-SEM view see Supplement Figure Al.

s maximise the Lorenz force F = gE + g[v X B] for charges g in the ablation plume. Patterns of periodic
2 small ablation pits were formed along the applied B-field (on Si (110)) extending well beyond the focal
;s spot diameter. Separation between the adjacent pits were close to the wavelength of laser pulse and
sa  the surface plasmon polariton (SPP) at the Si-air interface. Without a magnetic field present B = 0,
ss  a circularly symmetric ablation pit was formed characteristic of the measured Gaussian laser beam
s profile shown in Figure 1. Distinction between a single pulse ablation sites for the B =0and B # 0
sz cases are well expressed for every pulse irradiated between the magnets or even in a close proximity
s of magnets.

30 A rhomboidal structure around the central elliptically elongated ablation pit has an approximate
« side orientation perpendicular to the Si directions (010) and (100). The Lorenz force acting on electrons
a1 is directed in (out) to the samples surface when the linearly polarised light field is along the y-axis
a2 (v, « E,) while the B-field is perpendicular along the x-axis (By; Figure 1). In this geometry, free and
s bound electrons follow an oscillation normal to the Si surface following F.. It was demonstrated that
as surface ablation in the direction of E-field polarisation when it is perpendicular to the surface is the
«s  most efficient in material removal [21]. Ablation pits extending beyond the focal spot of 2r = 1.8 ym
s can be explained by the SPP mechanism as discussed below (Sec. 3).

a7 Figure 2 presents a summary of the observed dependencies of the ablation pattern vs. the gap
s size x, light polarisation (E-field), magnetic B-field orientation and its strength (the gap size x). The
4 most pronounced orientation dependence is a linearly aligned pattern of ablated circular pits along
so the B-field orientation. The period of the pattern was changing almost linearly from A = 1.22 ym
s1 for the gap x = 5 mm to 2.3 ym for x = 2 mm (Figure 2). When the gap between magnets was
s2 larger than 5 mm, the pattern of linearly aligned micro-pits disappeared and became similar to pulses
ss  without applied magnetic fields (magnets removed from the holder). Figure 3 shows a detailed
s« morphology evolution of the ablated sites for different orientations of the linearly polarised fs-laser
ss pulses. The period A; of the linear pattern of micro-pits aligned to the magnetic B-field is not affected
ss by polarisation of E-field of laser pulse. The effects of a circularly polarised E-field were explored
sz to further detail the alignment of produced patterns, however, the period and alignment were not
ss changed (not shown here for brevity). Differences between the very central region of pulses are due to
so sensitive alignment between objective and sample surface.
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Figure 2. Summary of separate parameter studies: 1) when gap between magnets x > 5 mm ablation
pattern is barely observed similar to no magnetic field B = 0, 2) polarisation rotation changes pattern
only slightly (b vs c), 3) rotation of magnetic field has strong effect of orientation of SPP pits (c vs d), 4)
period As of SPP pattern depends on the gap x. Pulse energy and focusing conditions like that seen in

Figure 3. SEM images of the ablation sites under one pulse exposure on Si: the angular polarisation
(E-field) dependence (shown in insets). The gap between magnets x = 2.5 mm and magnetic field
B = 0.164 T. The period As of SPP pattern was constant. Pulse energy and focusing conditions like that
seen in Fig. 1. For the tilted-SEM view see Supplement Figure Al.

60 Narrow Si samples were tilted inside the magnet gap to check the effect of B—field orientation
&1 relative to change of the E-field orientation of incident light. The pattern of linearly aligned ablation
ez Ppits was always aligned along the B-field direction while the orientation of the E-field had no effect of
es the orientation of micro-pits and no coupling was observed.

64 Patterns of the aligned ablated micro-pits with periodic separation of 1 — 2 ym which depend on
es the spacing between magnets x, resembles a pattern of the SPP wave. SPP has wavelength close to
s the free space wavelength A°*P7 ~ A ~ 1 ym. The period of ablated pits observed depend on the gap
ez X, 1e., on the B-field strength. The linear pattern of ablation pits were also observed at lower pulse
s energies £, ~ 10 — 20 nJ (on the sample), however, the most distinct features were observed at the
oo highest pulse energy used and presented in Figures 1, 2, 3, Al. Figure 4(a) shows the scaling of the
70 single-pulse ablation site when pulse energy is changed by a factor of 102. There was an air breakdown
= above the Si surface at the utilised pulse energies which were very high and one could expect a
72 change of ablation pattern on the Si surface. However, SEM images in Figure 4(a) shows a continuous
73 change of diameter of the ablation site. The molecular number density of air is ~ 2.5 x 10* cm ™3
za  which causes intensity clamping during filamentation in air breakdown by ultra-short laser pulses,
7 however, even full ionisation does not reach the critical plasma density at 1030 nm wavelength which
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Figure 4. (a) Ablation of Si at different pulse energies where no magnetic field is applied, B = 0 (at
the entrance of the objective lens of numerical aperture NA = 0.7; transmission of the objective lens
was T = 0.22). For the tilted-SEM view see Supplement Figure A1 and Figure A2. (b) Optical image
showing the placement of Si in the central part of magnetic B-field. Finite difference time domain
(FDTD) simulation (Lumerical) of light intensity distribution at the plane of incidence at the conditions
of experiments. Modeling presents a linear light intensity distribution. The amplitude of the light
source E, = 1.

76 is 1.05 x 10*! cm~3. Intensity distribution at the employed NA = 0.7 focusing is shown in Figure 4(b)
7z for low intensity case.

78 Figure 5 shows dependence of pulse energy on the linear pattern period As. Even at low pulse
7 energy (in the tens-of-nJ), the linear pattern aligned to the B-field begins to manifest physically after
s ablation and as seen in SEM images and evolves into ablation micro-pits at higher energies. The A
s was almost independent of pulse energy E, but follows a close-to-linear dependence on the B-field
ez strength (x gap width) as shown in Figure 5(b). This is further illustrated by 3-dimensional images in
es the Appendix. Extrapolation of this dependence shows that the threshold field to observe the linear
ss pattern forming after ablation was B ~ 0.11 T.

ss  2.2. Debris dispersion

a6 When Si samples were placed on a magnetic disk or washer (magnet with a center hole) for
ez ablation, extensive debris formation was observed (Figure 6). When the velocity of the ablation plume
ss U is parallel to the magnetic field B, there is no charge separation since the Lorentz force [v x B] = 0.
s However, whenever charges start to move at an angle to the magnetic field lines, separation of electrons
oo and ions existing in the laser ablated plume occurs. The charges +|q| experience a cyclotron spinning
o1 around the B-field lines with a frequency defined by their mass w. = gB/m. The radius of spinning
o= trajectory isr, = mv/(qB). Apparently, such charge separation in plasma and acquisition of an angular
»s  momentum favors longer debris travel times and distances. This favors a longer oxidation time
o« and SiO; formation which comprises some of the debris on the surface of Si sample in SEM images
os (Figure 6).
96 The near edge X-ray absorption fine structure (NEXAFS) technique was used to identify chemical
oz modification of laser ablated regions. NEXAFS is a useful technique, e.g., to detect phase modifications
s of olivine [22] at laser irradiation conditions similar to that used in this study. NEXAFS has confirmed
s an oxide on the surface of laser ablated patterns. Measurements were carried out at the Ols electron
10 binding energy in SiO, window around 532.9 eV (Soft X-ray beamline of the Australian synchrotron).
11 Si was ablated with sample placed on the surface of a Nd-magnet the same way as in the experiment
102 on debris generation (Figure 6).
103 The origin of the newly observed periodic SPP-like pattern of ablated micro-pits aligned to B-field
10a lines is discussed next.
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E, = 100 nJ

Figure 5. (a) SEM images of single pulse ablation sites at different pulse energies E,, (at the entrance of
the objective lens of numerical aperture NA = 0.7; transmission of the objective lens was T = 0.22).
The gap x = 2.5 mm, B = 0.164 T. The arrow markers are the same length of 1.74 ym for a better
comparison. (b) Period of periodic pattern A; vs. magnetic field strength (or the gap width x) at high
pulse energy E, = 1.13 yJ. Line is an eye-guide; error bars are 10%.

A =1030 nm
e
IN NA=0.14

Focal spot 9 um

Figure 6. Debris formation for ablation of Si sample with a B = 0.02 T magnet placed on it. Laser was
scanned along the internal rim of the magnet at constant distance. For the B = 0 case, the same size and
shape non-magnetic material was used. Conditions: scan speed vs = 100 ym/s, constant density mode
with 250 pulses/pm, pulse energy E, = 25 n] (T = 0.82 transmission of the objective lens; NA = 0.14),
laser repetition rate f = 200 kHz. Experimental geometry and charge separation due to Lorentz force
are schematically shown.

10s 3. Discussion

ws  3.1. Surface plasmon polariton

The surface plasmon polariton (SPP) wave at the Si-air interface can be launched when the energy
and momentum conservation laws are satisfied. The phase matching condition for the SPP wavevector
kv = kPP + k3PP is given by:

Si pair
£7°€
Spp _ 14
kl k eSi + gfir (1)
spp er'el” ’ &'
KPP = ko 19 ), 2 2)
2 8?1 _|_€1ilt' 2(8?1)2

17 where ¢5 = 3! +ie5! = 12.709 +i1.7146 x 103 is the permittivity of Siat A = 1030 nm wavelength [23],
ws ko = 271/ A is the wavevector in free space, ¢"'" = " = 1 is the permittivity of air. The SPP wavelength
wo  271/k}P" = 1.07 ym (Eqn. 1) and propagation length is 1/(2k;’") = 17.3 mm (Eqn. 2).

110 When the electron density in Si increases during laser pulse irradiation, the real part of permittivity
a1 €55 (x marks photo-excited state) decreases and imaginary part €;° increases due to free carrier

12 absorption. The dielectric breakdown is defined by £; = 0. A laser-induced air breakdown occurs at
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1s  electrical field Eg = 3 x 10° V/m, and at the utilised irradiation conditions, it is reached at a point
us above the sample surface. This influences the amount and the area of the light energy deposition on
us the surface of Si. Only at lower pulse energies did the laser ablation pits have diameters similar to
us that of the focal spot 1.8 ym (Figure 4(a)). Numerical modeling of linear intensity with geometrical
uz locations of the focus on the Si surface (Figure 4(b)) shows a higher intensity of light field E? above the
us samples surface due to interference with the back-reflected light. There an initiation of air breakdown
e as expected.

120 An increase of the period between the ablated pits for smaller gap x (a stronger B-field) can
121 be explained by ionisation of air or/and Si. Indeed, when &% = 0.75 in Eqn. 1, the period A; =
122 271/ kip P = 1.22 um as observed for the larger gaps between magnets x = 4 - 5 mm (Figure 2(a)).

123 The line of ablation pits formed by the SPP had a period dependent on the B-field strength (x
12« gap) and its orientation always followed the magnetic field lines N — S. Reduction of the &% of
125 photo-excited Si [24] can explain the increase of A; due to air breakdown which directly follows
1z from Eqn. 1. Variation of &} with B should be caused by the different electron density N, which
12z are proportional to the absorbed energy defined by the absorbance A = 1 — R; R is the reflectivity
126 coefficient. The absorbed energy density [J/ cm?] at the end of the laser pulse W, = 2AF, /1y, [25],

120 where the fluence F, = fot ? I,(t)dt, the absorption depth for the E-field is l,s = ¢/ (wk) = 27r/x and is
130 dependent on the refractive index /e = n + ik and A = 4n/[(n + 1)2 + «2]; the depth of absorption is
1 Iy /2 since I o< E? [26].

132 The electron density N, at the end of the pulse is defined by fot” I,(t)dt as described above.
s The average intensity of the laser pulse is I, = cegE}/2 = ¢B}/(2up) = EoBo/(2uo) where Ej is
13s the amplitude of the electrical field strength [V/m], By = Ep/c is the maximum magnetic field
15 strength [T], e, o are the permittivity and permeability of the free space, respectively. Generation
16 Of electrons by laser pulse follows in time the instantaneous intensity I « EB, where the light’s field
17 Bp, ~ 60T (Ep = 1.13 pJ; Fig. 1) while Nd;Fe14B magnets added a Byt = 0.1 T, which was a negligible
13s  contribution; here hv marker is for the light field. The dependence of As period with B-field strength
130 as well as the alignment N — S of the pattern should be linked to the plasma density at the end of the
10 pulse (defining ;') and ensuing plasma dynamics in the external B-field (after the light pulse). Due to
11 the vectorial nature of Lorentz force, electrons are coiled around the magnetic field lines with different
12 cyclotron frequency and rotation radius.

143 Polarisation of laser pulses can define the orientation of oscillation in electrons - the velocity
s vector v, - in the applied light field v, ||E was not an important factor for formation of SPP-like pattern.
145 The phase mismatch of the SPP wavevector kslp P = 5.87 x 10 m~! with that of the laser light

us ko = 6.1 x 10° m~! is accommodated by scattering and redirection from strongly localised scattering
1z point, the d = 1.8 ym diameter focal spot, from which light is scattered into wide range of angles
s 0s. The condition kslp P = ko & cos 6 x (271/d) would launch SPP on the surface of photo-excited Si
140 with the period defined by its permittivity and direction governed along the direction of the external
150 B-field; here 27t/d = 3.5 x 10 m~!. The external field was contributing to the absorbed light energy
11 in a pre-surface skin layer of Si of 1/1,,; depth as discussed above.

w2 3.2. B-field generation

153 At high laser intensity, energy deposition into the skin (absorption) depth becomes
15 sub-wavelength. This favors formation of strong electron concentration and temperature gradients
15 and can lead to spontaneous generation of magnetic field [27]. When the electron temperature gradient
1ss VT, and the concentration gradient VN, are not parallel, 0B/dt = [VT, x VN,]/(eN,) [27]. Plasma
15z dynamics immediately after the laser pulse is influenced by the externally applied B-field as discussed
1ss  for the debris formation, however, in Si it caused SPP-like aligned ablation micro-pits. The stronger
10 B-field caused a larger period A; for the same laser pulse energy (Figure 5). We used low-conductivity
10 Si and the photo-generated carrier dynamics starts from the optically excited volume with a lateral
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161 Cross section ~ 2 ym and few micrometers deep. Further studies are planned for determination of the
162 mechanism of SPP-like ablation patterns.

1es 4. Materials and Methods

164 Direct laser writing was carried out with laser fabrication integrated system (Altechna, Ltd.)
1s comprised of t, = 230 fs pulse duration and A = 1030 nm wavelength pulsed laser (Pharos, Light
1es Conversion, Ltd.) and high precision mechanical stages (Aerotech, GmbH). All laser fabrication was
167 carried out in air (Cleanroom, Class 1000). The laser beam profile was measured utilising a Ophir
16 Spiricon SP928 Beam profiling camera.

169 The magnet and sample holding jigs with variable magnet spacing were 3D printed (Stratasys
170 Objet260) in FullCure 720 using the PolyJet process in high resolution mode (16 ym layer height). The
11 depth of the sample area was designed to ensure the silicon surface remained at the same height as the
w2 circular magnet’s central axis.

173 The standard phosphorus-doped (n-type) c-Si (100) was utilised for ablation with an external
1za magnetic B field usually applied using a 3D printed plastic jig (housing 5-mm-diameter Nd,Fe 4B
175 magnets, up to four each side) with B-field applied parallel to Si-sample’s surface. Also, different
176 diameter and thickness neodymium magnets were used for application of B-field perpendicular to
177 Si-sample’s surface. The B-field strength was directly measured and was ranging from B,y = 0.03 to
ws 0.16 Tesla. The conductivity of n-Si was measured by the van der Pauw method with Ecopia HMS-3000.
e It confirmed the n-type conductivity of o = 3.76 x 107*Q~!/cm (resistivity of p = 1/0 = 2.658 x
10 103 Qcm), bulk concentration of carriers 1, = 2.546 x 1013 em~3, mobility of y, = 92.25 cm?/V.s and
11 sheet resistance of 5.31 x 10* /0. There was no difference observed for the tested low conductivity
12 intrinsic and n-/p-type Si in terms of formation of the ablation pattern.

183 All samples were cleaned in acetone/IPA prior to use to minimise surface contamination, prior to
1sa fabrication by direct laser writing. Ablation conditions varied from single pulses to heavly overlapping
s pulses, of low and high energy (1-1000 n] pulses), with objective lenses of numerical aperture NA =
s 0.14 and 0.7 (Mitutoyo). Pulse energy was measured at the entrance of an objective lens together with
17 measured transmission coefficient T. Laser ablation was carried out at irradiance well exceeding the
1ss ablation threshold [28].

189 Strength of magnetic field was measured with a Gauss probe (Xplorer GLX PS-2002 with 2 axis
100 Magnetic Field sensor, Pasco) with several aligned magnets like that seen in the utilised sample holders.
11 A scanning electron microscopy (SEM) was used to characterise surfaces of laser ablated regions (Raith
12 EBL 150T™WO, Raith).

103 5. Conclusions and outlook

194 It is shown that by applying magnetic B-field of B ~ 0.1 T across a 5-to-2 mm gap with a Si
105 sample in it, the field of ablation debris as well as surface morphology of the ablation pit are strongly
10s affected. The smaller the gap (stronger B-field), the larger the period between the micro-ablation pits
1z were observed along the N — S direction of the externally applied magnetic fields. The period of this
108 linear pattern was not dependent on the polarisation of the incident light but was guided by B-field
109 Orientation.

200 Future studies will be focused on determination of the exact mechanism of periodic pattern
21 formation. Externally applied electric and magnetic fields can provide vectorial control of light
202 Mmatter interaction via the Lorentz force of photo-excited/generated carriers (electrons, holes, ions)
203 and enrich the available control toolbox of light-matter interactions. Engineering of permittivity via
20 optically induced/controlled dielectric-to-metal (Die-Met) [29] transition with ultra-short laser pulses
20 is becoming new method to structure materials.
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10 um

Figure Al. 45° Slanted-view SEM images of the ablation sites made by E, = 200 nJ energy single
pulse (objective lens NA = 0.7, T = 0.22) with magnetic field and without. The linear pattern of
micro-ablation pits is aligned with the B-field direction.

2um ‘ 10 um

Figure A2. 45° Slanted-view SEM images of the ablation sites made by E, = 10 nJ energy single
pulse (objective lens NA = 0.7, T = 0.22) with magnetic field and without. The linear pattern of
micro-ablation pits is aligned in the B-field direction.

2ss  Appendix A Supplement

287 Tilted view SEM images of the typical ablated single-pulse ablated pulses are shown in Figure A1.
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