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Abstract:11

A single ultrafast laser pulse, shaped as a radially polarized first-order Bessel beam, induces12

the formation of high aspect ratio nano-pillars emerging from the bulk of sapphire in a laser-13

induced extrusion process. Three distinct regimes could be observed depending on laser fluence,14

ranging from straight nano-pillars to nano-structures shaped by capillary instability. Here, we15

report Transmission Electron Microscopy (TEM) and Transmission Kikuchi Diffraction (TKD)16

structural analysis to reveal the underlying formation mechanisms of the nano-structures for all17

the three regimes. We demonstrate, using crystalline orientation analysis, that they range from18

the translation of a crystalline rod to the resolidification of a hydrodynamic jet of molten sapphire.19

Remarkably, all nano-pillars are monocrystalline sapphire. The TEM structural analysis of the20

materials below the surface also provides new insights into the complex phenomena following21

the laser-matter interaction and the processes underlying the formation of these structures.22

1. Introduction23

Ultrafast laser pulses can induce phase changes in various materials, including semiconductors24

[1–3], dielectrics [4, 5], and metals [6, 7]. In dielectrics, the nonlinear ionization process allows25

for material modifications within the volume without affecting the surfaces [8, 9]. This is not26

only ideal for three-dimensional structuring [10] but also generates extreme thermodynamic27

conditions relevant to the interior of stellar objects such as planetary interiors or brown dwarfs,28

which is Warm Dense Matter [11]. When ultrafast laser pulses are tightly focused inside materials29

like glass or sapphire, they cause optical breakdown and subsequent micro-explosions within30

the bulk material [12–16]. In sapphire, a single laser pulse causes the formation of a dense31

amorphous phase in which nano-crystallites of dense bcc-Al were for the first time found [17].32

Bessel beams are a promising route to extend the process to much larger volumes in dielectrics.33

A zeroth-Bessel beam forms an elongated focus, i.e., a line-focus, formed by the interference of34

an infinite set of plane waves directed with the same angle 𝜃 toward the optical axis in cylindrical35

symmetry [18]. Single shot ultrafast laser pulses shaped as zeroth-order Bessel beams can36

generate extremely high aspect ratio nano-voids, with a length that can largely exceed several tens37

of micrometers and extend up to centimeter-scale [19–21]. The dynamics of these voids have38

been characterized at nanosecond timescales in quartz using optical methods [22]. A zeroth-order39

Bessel beam creates a shock oriented outwards that quickly dissipates with radial distance from40

the line focus. In contrast, a first-order Bessel beam has a cylindrical focus, capable of producing41

both inward and outward-propagating shockwaves. In the ultrafast regime, this generates a42

cylindrical plasma that can compress the material inside [23].43

We have recently reported the formation of nano-pillars on the surface of sapphire by exciting44

the material beneath the surface with a single pulse shaped as a radially-polarized first-order45

Bessel beam [24]. These nano-pillars have a high aspect ratio, with a typical diameter of 800 nm,46



corresponding to the diameter of the cylindrical focus of the Bessel beam, and heights up to47

15 µm. The morphologies of the nano-pillars suggest three formation regimes controlled by the48

laser fluence on the sample exit side. To better understand the formation processes, it is crucial to49

investigate the structural information about the pillars themselves and the material below, which50

sustained a cylindrical micro-explosion. Transmission Electron Microscopy and Transmission51

Kikutchi Diffraction allow the analysis of crystallinity, defect arrangements and the presence52

of any amorphous phase. Our findings support the formation mechanisms ranging from the53

translation of a rod of solid sapphire to a jet of molten sapphire. Remarkably, despite varying54

formation conditions, all nano-pillars remain monocrystalline, even when resolidified into exotic55

shapes.56

After describing the laser processing and characterization procedures in Section II, we analyze57

and draw conclusions for each regime: translation of a crystalline rod (Sec. III), extrusion of58

viscous sapphire (Sec. IV) and hydrodynamic jet of liquid sapphire (Sec. V).59

2. Experimental procedure60

2.1. Generation of sapphire nano-pillars by single femtosecond laser pulse61

To generate nano-pillars on top of sapphire surface with a single laser pulse [24], we used62

a Ti:Sapphire laser source with a pulse duration of 115 fs (FWHM) and central wavelength63

800 nm. A spatial light modulator, a 2f-2f telescopic system, composed of 0.75 m lens and a64

�50 microscope objective with 0.8 numerical aperture, and a radial polarization converter allow65

obtaining a radially polarized Bessel beam with a length of 20 µm (FWHM) and a cone angle 𝜃 =66

36� (more detail on the setup in ref. [24]). The beam characterization is performed using a second67

2f-2f telescope including an identical microscope objective, associated to a CMOS camera. The68

superposition of a radial polarization on a zeroth-order Bessel beam gives a transverse intensity69

distribution describable by a first-order Bessel function. Thus, the beam is composed of an70

elongated hollow cylinder, i.e. the cylindrical focus, with a diameter of 800 nm surrounded by71

concentric lobes of weaker intensity. A cross-cut of the beam is shown in Fig. 1a. The peak72

intensity exceeds 1014 W.cm2. During pulse propagation, nonlinear ionization generates a dense73

plasma of free-electrons [25]. Despite the high intensity, the impact of Kerr effect on the beam74

shape is negligible because of the very strong focusing. Strongly focused higher-order Bessel75

beams are known to preserve their shape even at high-intensity [23].76

We worked on a c-cut sapphire sample (thickness 150 µm) with the beam straddling the rear77

surface of the sample. A sketch of the laser processing configuration is shown in Fig. 1b with the78

curve of the central core fluence along the propagation direction as a black line.79

Figure 1c reports the SEM (Scanning Electron Microscopy) images of three nano-pillars80

representative of the three main morphologies. They were all obtained with a pulse energy of81

6.1 µJ and different relative beam-to-surface positions. The relative exit surface fluence, which82

is one of the essential parameters to control the morphology of the nano-pillar, is estimated to83

1, 3, and 6. At low fluence, the nano-pillars have vertical and straight walls (Fig. 1d). In this84

first regime, the nano-pillars are around 4 µm in height and 800 nm in diameter. Increasing the85

fluence, we observe a second regime in which the nano-pillars are higher and present a deformed86

tip (Fig. 1e). In this regime, the nano-pillars can exceed 10 µm with a variable diameter along87

the nano-pillar. For even higher fluences, we observe a third regime in which the nano-pillars are88

very wavy (Fig. 1f). The nano-pillars of the third regime show a remarkable range in height,89

from 5 µm to more than 15 µm.90

The mechanism we hypothesized to explain the different morphologies is the following. During91

the ultrafast laser pulse propagation inside sapphire, nonlinear ionization generates a hollow92

cylindrical nano-plasma, with a local temperature and pressure distribution fixed by the laser pulse93

fluence. The fluence distribution on the Bessel beam cylindrical focus varies with propagation: it94

is higher inside the sample than closer to the surface. In the first regime, for the lowest fluence,95



Fig. 1. (a) Cross-cut of the experimental intensity distribution of beam shaped as first
order Bessel beam. (b) Scheme of the processing with the beam crossing the rear
surface of the sample. The black line shows the evolution of the intensity along the
propagation direction. (c) Different nano-pillar morphologies obtained by increasing
the fluence of the main beam lobe on the rear surface of the sample.

the energy deposited close to the sample exit surface is enough to create a thin cylindrical layer of96

liquid material which allows an internal solid rod to translate across the surface due to pressure97

gradients. In the second regime, we hypothesized that the higher fluence allows the internal rod98

of material to partially melt and be ejected. In the last regime, the most intense part of the beam99

is close to the exit surface. We suppose that the nano-pillars are created by a jet of liquid material100

undergoing capillary instabilities.101

2.2. Transmission Electron Microscopy investigations102

We performed Transmission Electron Microscopy (TEM) measurements to obtain structural103

information of the laser-modified material and to better understand the generation processes. We104

have used a Focused Ion Beam (FIB, Thermo Fisher Scientific FEI 125 Helios Nanolab 600i FIB)105

to obtain TEM foils from the nano-pillars and the bulk material below. To protect the structure, a106

thick layer of carbon deposition has been deposited on both sides at different angles and at the107

top of the structure. The TEM foil is then processed to reach a thickness of about 60 nm, and we108

studied the three nano-pillars shown in Fig. 1 according to this procedure.109

In the following figures, we will present different TEM imaging techniques performed with a Cs-110

corrected TEM (NeoARM200FCold FEG) operated at 200 kV. We will show TEM measurements111

in Bright Field mode (BF) with different Selected Area Electron Diffraction (SAED). The112

SAEDs are recorded in the zone axis (i.e., an orientation which represents the direction of a113

group of crystallographic planes within a crystal) of the bulk and of the nano-pillar to highlight114

and relate the structure of the two regions. We have also performed Scanning Transmission115

Electron Microscopy (STEM) measurements in Annular Bright Field (ABF), which highlight116

inhomogeneities in the crystalline structure, and Annular Dark Field (ADF), which provide117
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Fig. 2. TEM investigation of the first regime nano-pillar. (a) TEM-BF image of the
nano-pillar covered with carbon deposition. (b-c) Selected Area Electron Diffraction of
parts of the nano-pillar, indicated with circled letters in (a). (d) IPF figure from TKD
measurements of the base of the pillar and part of the bulk with related pole figure.

information on the sample density.118

In addition to TEM observations, we performed a Transmission Kikuchi Diffraction (TKD)119

analysis on the thin foils. TKD provides microstructural information through an excitation120

volume much smaller than that of the bulk sample in EBSD (Electron BackScatter Diffraction),121

allowing a spatial resolution on the order of 10 nm to be achieved. Several maps were produced122

to complement the TEM observations, e.g. grain boundaries, IPF Z (Inverse Pole Figure), and123

KAM (Kernel Average Misorientation). The TKD study was conducted using a Zeiss SUPRA124

55VP FEG-SEM system equipped with an Oxford Instruments Symmetry S2 EBSD detector.125

The maps were acquired using AZTEC HKL software. All measurement parameters are listed in126

Table S.1 of the Supplemental Material.127

3. First regime: translation of a crystalline rod128

The pillar of the first regime under investigation is the one shown in Fig. 1d. The nano-pillar is129

4.4 µm in height with a diameter of 800 nm. Fig. 2a shows the TEM-BF image of the nano-pillar130

surrounded by the carbon deposition and part of the bulk.131

The pillar exhibits black elongated lines, which are also visible in the bulk (see black arrows132

in Fig. 2a). These lines are Bragg contrast lines and indicate the crystallinity of the sample.133



Therefore, the pillar of the first regime is crystalline, which is further confirmed by the diffraction134

patterns recorded along its length (an example of SAED is shown in Fig. 2b). The different135

diffraction patterns are all performed in a similar zone axis [5 1 1], confirming that the nano-pillar136

is a mono-crystal (SAEDs available in Suppl. Fig. S.1). In addition, we can observe more chaotic137

Bragg contrast lines at the edges of the nanopillar, suggesting the presence of strong strain.138

Further STEM investigations show that the nano-pillar is homogeneous but exhibits some139

defects, such as dislocations or lattice disorientations (STEM-ADF and STEM-ABF images140

in Suppl. Fig. S.2). The defects are concentrated in two main regions. The first one is at141

the tip of the nano-pillar, probably caused by extremely localized melting and relatively rapid142

resolidification of the tip (which is round while the surface was initially flat). The other defects143

are equally spaced along the pillar height and correspond to the corrugations on the pillar surface144

observable in Fig. 1d. In Ref. [24], we identified that this periodic pattern originates from the145

interference between the incoming Bessel beam and its back-reflection on the rear surface. This146

induces a periodic intensity pattern with a period of 𝜆
2𝑛 cos 𝜃 = 241 nm (𝜆 is the central wavelength,147

𝑛 is the sapphire refractive index, and 𝜃 the Bessel beam cone angle in the medium). Therefore,148

the periodic structure must have been produced before the translation of the solid rod.149

In the bulk, we observe periodic grey triangular shapes (white arrows in Fig. 2a). The150

periodicity of the pattern matches the period of the corrugations on the pillar surface, with151

a periodicity of 242 � 5 nm. The SAED in Fig. 2c shows that the material is amorphous.152

The triangular pattern is approximately 80 nm in height and shows a sharp transition with153

the surrounding crystalline material. Amorphous material has already been observed close to154

ultra-short laser modifications of bulk sapphire [15, 16], as well as for longer pulses (300 ps)155

where the voids are also partially surrounded by polycrystalline phase [26]. In all three regimes,156

we did not record polycrystalline phase around the laser modification. In addition, the sharp157

transition between crystalline and amorphous phase induced by laser pulses has already been158

observed in previous studies in sapphire [15,16], and the amorphous phase has been estimated159

as having the same or higher density than the crystalline phase [15,17]. However, in our case,160

the amorphous phase has a lower density compared to the crystal sapphire, as indicated by a161

darker color in STEM-ADF images (see Suppl. Fig. S.2). This difference can be explained by162

the geometry of the process: while in references [15,17], the modification is fully enclosed in the163

sapphire bulk, in our configuration, a significant fraction of the pressure is relaxed via material164

movement through the sample surface.165

We also performed detailed investigations of the modifications below the surface. The bulk166

presents chaotic Bragg contrast lines close to the laser-modified region which indicate strain,167

as in within the white dashed oval of Fig. 2a. The strain is also observable in the SAEDs of168

the bulk which present small elongations in the diffraction spots, a sign of tiny rotations of the169

lattice compared to the main zone axis of the bulk, as well as in the KAM map (Suppl. Fig. S.3).170

Therefore, the energy deposited by the main lobe of the Bessel beam has an effect not only on the171

inner material rod but also on the surrounding sapphire.172

To better understand the generation process, we analyzed the relative orientation of the173

crystalline lattice of the nano-pillar with the one of the bulk using TKD. The IPF figures provide174

the relative orientation between the different parts of the sample. In the case of the first regime,175

the IPF of the base of the pillar and part of the bulk is shown in Fig. 2d. The associated pole176

figure on the right shows, in combination with TKD data, that the pillar is only slightly rotated177

around its axis by approximately 4� compared to the bulk orientation (other pole figures in Suppl.178

Fig. S.3).179

To conclude this section dedicated to the first regime, TEM imaging confirms that the first180

regime pillars are obtained through the translation of a solid rod of material. The mechanism is181

the following: the main lobe of the first-order Bessel beam generates a very thin, cylindrical layer182

of melted material. We estimate that the width of the melted cylindrical layer is on the order of a183



Fig. 3. (a) STEM-ABF images of the tip of the second regime nano-pillar. (b) SAED
of the nano-pillar tip. (c) HR-STEM of the nano-pillar edge showing the crystalline
sapphire and the protective chromium layer. The white dots in the inset show the
disposition of the Al atoms.

few tens of nanometers. Within the pulse duration, the interference between the incoming and184

re�ected part of the beam inscribes an additional periodic plasma pattern in the bulk and on the185

internal rod. Subsequently, heat di�usion and high pressure relax radially. This step produces186

defects visible in the TEM-BF images as chaotic Bragg contrast lines in the bulk close to the187

nano-pillar and on the nano-pillar edges. Afterwards, the higher pressure generated deeper in188

the bulk by the most intense part of the beam allows the extraction of the solid rod by a simple189

translation of material. Multiple observations support the hypothesis that the nano-pillar does190

not melt. Firstly, the nano-pillar is a monocrystal of sapphire, and its crystalline orientation is191

very close to the bulk one. The small mismatch is attributable to the rotation around the pillar192

axis during the translation. Secondly, while melting of the internal rod should have erased the193

previously formed pattern leaving a smooth surface, we observe the periodic pattern along the194

nano-pillar, indicating that no signi�cant melting occurred in this regime.195

4. Second regime: extrusion of viscous sapphire196

The second regime is characterized by taller nano-pillars with a small wavy deformation at their197

tip. The nano-pillars in this regime present non-uniform diameters. In the case of this study (see198

Fig. 1e), the diameter varies from0•66µm at the bottom up to1•2µm at its top. The nano-pillar199

height is12•7µm, which exceeds the maximum height to be studied in a TEM foil. To overcome200

this problem, we studied the nano-pillar in two samples: after cutting the nano-pillar with the201

FIB, we prepared a �rst TEM foil to investigate the material properties of the upper part of the202

nano-pillar with the nano-pillar tip lying on the sapphire surface (Fig. 3), and a second to detail203

material modi�cations in the bulk below the nano-pillar (Fig. 4).204

The pillar is homogeneous and crystalline until its tip as con�rmed by the STEM-ABF image205

in Fig. 3a, and from the SAED in Fig. 3b (zone axis [-2 2 2]). The STEM-ABF image of Fig. 3a206

also shows some structural defects, as pointed out with yellow arrows. We also performed High207

Resolution STEM (HR-STEM) close to the edge of the nano-pillar. Fig. 3c shows the sharp edge208

of the crystalline structure which is adjacent to the protective layer of chromium. Importantly, no209

amorphous phase could be detected.210


