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The optical properties and thermal dynamics of conical single silicon nanotips are experimentally and
theoretically investigated. The spectral and spatial dependencies of their optical extinction are quantitatively
measured by spatial modulation spectroscopy (SMS). A nonuniform optical extinction along the tip axis and
an enhanced near-infrared absorption, as compared to bulk crystalline silicon, are evidenced. This information
is a key input for computing the thermal response of single silicon nanotips under ultrafast laser illumination,
which is investigated by laser assisted atom probe tomography (La-APT) used as a highly sensitive temperature
probe. A combination of these two experimental techniques and comparison with modeling also permits us to
elucidate the impact of thermal effects on the laser assisted field evaporation process. Extension of this coupled
approach opens up future perspectives for the quantitative study of the optical and thermal properties of a wide
class of individual nano-objects, in particular elongated ones such as nanotubes, nanowires, and nanocones, which
constitute promising nanosources for electron and/or ion emission.
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I. INTRODUCTION22

Sharp pointed needles with nanometric dimensions (named23

nanotips) are nowadays present in many nanoscale systems24

such as plasmonic devices [1], gas sensors [2], supercapacitors25

[3], and structured surfaces for solar cells and photovoltaic26

applications [4]. Moreover, nanotips are used in many tech-27

niques of materials analysis and structuring such as scanning28

tunneling microscopy, atomic force microscopy, or near-field29

imaging techniques such as apertureless near-field optical30

microscopy [5–7] or scanning thermal microscopy [8]. The31

interaction between an ultrashort laser pulse and a nanometric32

tip is also used to create coherent and ultrafast electron sources33

[9,10] or to control field ionization of nonmetallic materials34

[11,12]. In all these applications, the laser-tip interaction not35

only induces linear and nonlinear optical effects (such as field36

enhancement, second harmonic generation, or surface optical37

rectification) [13,14], but also leads to a heating of the tip [15].38

The evaluation of the absorption and thermal dynamics of this39

structure is therefore critical to estimate the contributions of40

thermal and optical effects. For example, heating of plasmonic41

devices induces a change of their refractive index and hence42

a degradation of their performances [1]. Similarly, thermally43

assisted ejection of electrons (or ions) affects the quality of44

ultrafast emission of electron (or ion) nanosources [16,17]. The45

contribution of the thermal effects also has to be precisely quan-46

tified to correctly describe nanoscale photoinduced processes47

ranging from photopolymerization to cancer photothermal48

therapy [18].49
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Up to now, the study of the thermal response of a nanotip to 50

laser illumination was always based on numerical calculation 51

of its optical response (i.e., absorption and scattering of the 52

incident laser beam). To quantify the contribution of thermal 53

effects to electron emission and ion evaporation, the computed 54

absorption maps were then used as an initial condition for 55

heat diffusion equations [16,17,19]. In this work, we directly 56

measure the optical response of a single silicon nanotip by 57

spatial modulation spectroscopy (SMS) [20,21]. This original 58

technique has been previously used to detect individual zero- 59

dimensional (0D) absorbing nano-objects and measure their 60

absolute optical extinction spectra [22–28]. SMS has also been 61

successfully exploited to investigate one-dimensional (1D) 62

cylindrical nano-objects such as single metal nanowires and 63

carbon nanotubes (with length much larger and diameter much 64

smaller than the size of the focused light beam), providing 65

access to their optical response [21,29,30]. In the present exper- 66

iments, a nonuniform optical extinction along the nanotip axis 67

is experimentally evidenced. By comparison with theoretical 68

calculations, a strong modification of the optical properties of 69

silicon nanotips in the near infrared (IR) with respect to those 70

tabulated for bulk crystalline silicon is also pointed out. 71

These results provide key information for the investigation 72

of the nanotip thermal dynamics, which is probed by laser 73

assisted atom probe tomography (La-APT). In La-APT, the 74

surface atoms of a nanotip, biased at about 10 kV, are field 75

evaporated under the combined action of the strong static field 76

generated at the apex of the sample (about 10 V/nm) and 77

a femtosecond laser pulse. APT is a powerful tool for the 78

analysis of materials, as it allows their three-dimensional (3D) 79

imaging with near atomic resolution [12,31–36]. However, the 80

fundamental process at the basis of La-APT of nonmetallic 81

tips, i.e., laser-assisted field evaporation, remains unclear. 82
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Its surprising efficiency could be explained by two distinct83

scenarios associated with different time scales and physical84

mechanisms, i.e., thermal effects and static field-induced85

modification of nanotip properties. In the former scenario,86

laser energy absorption generates hot carriers all along the87

tip, whose relaxation and diffusion, as well as the diffusion88

of the generated heat, lead to a delayed heating of the tip apex,89

allowing evaporation to remain efficient on nanosecond time90

scales [37]. In the latter, the application of an intense static91

electric field leads to the accumulation of a high density of92

positive charges at the apex, which considerably enhances its93

optical absorption, inducing ultrafast heating followed by its94

cooling on a picosecond time scale [11].95

A combination of these two experimental techniques on96

the same type of nano-objects permits us to elucidate the97

contribution of the induced thermal effects to the complex98

laser assisted field evaporation process. In particular, this work99

demonstrates that the nonuniform optical absorption along100

the conical nanotip and the subsequent heat diffusion are at101

the origin of the different measured kinetics of evaporation102

at nanosecond scale. These can be quantitatively reproduced103

using a complete model including the optical, thermal, and104

electronic properties of the nanotip, clarifying the dependence105

of the evaporation mechanism on illumination conditions and106

nanotip shape.107

II. EXPERIMENTAL RESULTS AND DISCUSSION108

Silicon nanotips were prepared by focused ion beam (FIB)109

annular milling from micrometer silicon posts (more details on110

the sample preparation procedure can be found in Ref. [38]).111

Their geometrical parameters (conical shape with apex radius112

R and semi-angle β) were deduced from electron microscopy113

observations.114

A. Optical investigations on a single nanotip115

The optical response of individual silicon nanotips was116

quantitatively investigated using SMS, a technique relying on117

the modulation of the position of a single nano-object inside118

the focal spot of a tightly focused light beam, which results119

in periodical variations of the transmitted (or reflected) light120

power [20,29]. A tunable Ti:sapphire oscillator combined with121

a visible optical parametric oscillator was used as the light122

source, allowing nanotip optical properties to be investigated123

in a broad spectral range (500–1000 nm wavelengths). Spatial124

modulation was performed orthogonally to the tip axis at125

f = 1.5 kHz frequency and lock-in detection was performed126

at 2f . SMS optical transmission images with light polarization127

parallel to the nanotip axis were acquired by scanning the128

sample relatively to the light beam focused down to diffraction129

limit (about 0.7λ full-width at half-maximum) by a 100×130

microscope objective.131

SMS optical cartographies of a single conical silicon nan-132

otip (R = 40 nm apex radius and β = 3◦ semi-angle) are133

shown in Fig. 1(a) at three different illuminating wavelengths.134

The nanotip shows up as a main central line with two satellites135

of smaller amplitude, as previously observed for nanotubes136

[21,25,29]. However, conversely to such elongated nano-137

objects with uniform diameter, the amplitude of SMS signals138

varies here in a nonmonotonic way along the nanotip axis 139

[Figs. 1(a) and 1(b)]. It presents in particular a succession of 140

three clear local maxima at λ = 550 nm, separated by 1600 nm 141

distance. Similar behavior is measured at λ = 750 nm, where 142

two main peaks appear with a separation of 2500 nm, while a 143

single peak is observed at λ = 950 nm. 144

These spatial variations demonstrate inhomogeneous ab- 145

sorption and scattering of light along the tip of variable 146

thickness, associated with local variations of the electro- 147

magnetic field inside the tip and to interference effects. To 148

precisely understand their origin, we developed two types 149

of calculations: (i) an analytical estimation of optical cross 150

sections along the nanotip, using an approximate model based 151

on Mie theory for cylinders under plane wave illumination 152

[Fig. 1(c)] and (ii) specific numerical simulation of the SMS 153

signals, using a complete finite-element model including the 154

features of the experiment, i.e., focused illumination and 155

modulation process [Fig. 1(d)]. In both calculations, nanotips 156

were described by identical geometrical parameters and optical 157

properties, considering a homogeneous air environment and 158

the tabulated complex refractive index ñ = (n + ik) of bulk 159

crystalline silicon [39–41]. 160

Analytical modeling was performed following the sim- 161

plified approach described in Ref. [44] valid for cones of 162

small semi-angle β. In this approximation, a thin transverse 163

section of a conical tip (with apex radius R) at distance z 164

from the apex is assumed to have the same optical response 165

per unit length as that of an infinite cylinder [with diameter 166

D(z) = 2(R + z tan β) increasing along the cone axis]. Its 167

absorption, scattering, and extinction cross sections are thus 168

accessible using Mie theory [45]. In the framework of this 169

model, the scattering contribution is predicted to dominate 170

over the absorption one (Fig. 2). Their sum, i.e., the extinction 171

cross-section profiles computed for a silicon nanotip in air at 172

the three wavelengths, are shown in Fig. 1(c) (black line). They 173

display complex variations along the nanotip axis, related to 174

the longitudinal variations of the tip diameter. They are char- 175

acterized by multiple resonant sharp peaks (ripple structure) 176

overlapping regular oscillations of a longer period (interference 177

structure) [45]. 178

The ripple structure is associated with a resonant be- 179

havior of specific electromagnetic modes (enhancement of 180

an electromagnetic field for a specific diameter over wave- 181

length ratios) and affects both absorption and scattering cross 182

sections (Fig. 2). For the wavelengths considered here, the 183

spatial extension of these hot spots is much smaller than the 184

diffraction-limited size of a focused light beam. This hinders 185

their detection by a far-field optical technique such as SMS 186

(it may however be possible with higher-resolution near-field 187

techniques). The disappearance of the ripple structure induced 188

by optical resolution limitations is illustrated in Fig. 1(c) (red 189

line), obtained by spatially convoluting the expected extinction 190

cross section with the Gaussian intensity profile of the incident 191

light beam. 192

The longer periodic structure in extinction is caused by 193

a scattering effect [Figs. 2(b) and 2(c)]. It is usually inter- 194

preted as the result of far-field interferences between waves 195

transmitted and diffracted by the scattering structure [45,46]. 196

This simplified model developed for an infinite cylinder of 197

diameter D and refractive index n + ik leads to periodical 198
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FIG. 1. SMS microscopy of a single silicon nanotip (R = 40 nm apex radius, β = 3◦ semi-angle) illuminated at λ = 550 nm (left column),
750 nm (middle column), and 950 nm (right column). (a) Experimental SMS transmission images obtained with incident light polarized along
the tip axis. The direction of modulation is indicated by red arrows and the actual nanotip position is shown by the white dashed lines. Scale
bar: 1 μm. (b) SMS signal (2f component �T/T of the modulated optical transmission change) profile along the tip axis [Oz axis in (a)].
(c) Extinction cross section per unit length profile σL

abs(z) computed for a L = 5 μm nanotip following Mie theory for infinitely long cylinders
and plane wave illumination (see main text). Black line: bare calculations, red line: convolution with a Gaussian intensity profile. (d) Complete
finite-element modeling of experimental (b) SMS transmission profiles. All modeling uses the crystalline silicon refractive index [39–41].

variations of extinction efficiency (defined as the ratio of the199

extinction cross section per unit length and the nano-object200

diameter) with a period �D = λ/(n − 1). In a conical nanotip,201

taking into account the relation between the position z along202

the nanocone axis and the local diameter D, this periodicity203

translates into a spatial periodicity of�z = λ/[2(n − 1) tan β],204

highlighting in particular the effect of the illuminating wave-205

length, in agreement with Mie theory. For the silicon nanocones206

considered here, this leads to �z values of 1700, 2600, and207

3500 nm for 550, 750, and 950 nm wavelengths, respectively,208

thus involving spatial periodicities larger than the wavelength. 209

Contrary to ripple oscillations, they can therefore be detected 210

by diffraction-limited optical techniques, as demonstrated 211

in Fig. 1(c) showing their persistence after convolution of 212

Mie calculations with a Gaussian profile, in good qualitative 213

agreement with experimental results. Note that the existence of 214

strong oscillations in the extinction cross section also provides 215

information on tip absorption, this effect being attenuated in 216

the presence of a strongly absorbing material. This is illus- 217

trated by comparing the nanotip extinction profiles computed 218
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FIG. 2. Mie theory calculations for a L = 5 μm long silicon
nanotip with β = 3◦ semi-angle and R = 40 nm apex radius il-
luminated by a λ = 550 nm plane wave. Spatial profiles of (a)
absorption, (b) scattering, and (c) extinction cross sections per unit
length computed using Mie theory in the infinitely long cylinder
approximation. Black lines: bare calculations, red lines: convolution
with a Gaussian intensity profile of 0.7λ full-width at half-maximum.

using complex refractive index of crystalline [Fig. 1(c)] and219

amorphous silicon [Fig. 3(b)]. In the latter, the spatial features220

in a computed extinction cross section vanish at λ = 550 nm,221

where the amorphous silicon k = 0.8 is more than 20 times222

larger than the crystalline value (n values being close) [42,43].223

This is in strong disagreement with experimental observations224

at the same wavelength, confirming that the optical response of225

nanotips in the visible can be well modeled using a crystalline226

silicon refractive index.227

To go further into comparison between optical experiments 228

and theory, a more quantitative model is necessary. As de- 229

scribed above, the simple model explains the main spectral 230

features, i.e., the regular succession of local maxima measured 231

along the nanotip axis and the increase of their spacing with 232

wavelength, but presents several limitations for a quantitative 233

analysis of SMS signals in the presence of a nano-object 234

with a size comparable to or larger than the spot size. It 235

provides optical cross sections whose link with bare SMS 236

signals (transmission changes) can be established for small 237

(nanoparticles) or simple (nanowires) nano-object shapes, but 238

is not obvious in the present case with large nanocones. In 239

particular, this model which does not take into account the 240

spatial modulation process at the basis of SMS, predicts a 241

variation (overall increase of extinction far away from the apex) 242

opposite to the experimental one (experimental decrease of 243

SMS signal). Diffraction at the apex is also not considered 244

and focused illumination is only crudely taken into account by 245

a posteriori Gaussian convolution of results assuming plane 246

wave illumination. 247

For a more detailed analysis of experiments, to overcome 248

these issues, we developed a complete numerical model of 249

SMS experiments using finite-element analysis. The approach 250

that we used for modeling the optical response of nanotips 251

presents large similarities with those used in our earlier 252

finite-element studies on 3D-confined nano-objects [25,28]: 253

simulations are performed in the scattered field formulation 254

(i.e., defining the incident electromagnetic field and computing 255

the scattered one induced by the investigated nanostructure), 256

and the simulation domain is surrounded by perfectly matched 257

layers to avoid spurious reflections at its border. However, 258

the application of finite-element electromagnetic modeling to 259

a system with one dimension much larger than the wave- 260

length raises additional difficulties as compared to previous 261

simulations on 3D-confined nano-objects. Indeed, the need 262

of a spatial mesh much finer than the wavelength (about 263

ten times in our simulations; we checked that results are 264

independent of mesh size below this limit) induces high 265

memory and computational time requirements and limits the 266

length of the nanostructures that can be investigated. To 267

minimize this limitation, cylindrical simulation domains were 268

considered instead of the more commonly used spherical ones, 269

after verification that this modification does not affect the 270

computed electromagnetic fields. This enabled the modeling 271

of nanostructures up to ∼5 μm length. Since the simulations 272

described here are not standard, they were first benchmarked, 273

in particular by comparing their results to those provided 274

by Mie theory for infinite cylinders, in the case of plane 275

wave illumination [Figs. 4(a) and 4(b)]. Absorption cross 276

section per unit length was considered for this comparison 277

as it is locally defined, allowing its full spatial profile to be 278

numerically computed and compared with Mie predictions. 279

The numerically computed average absorption of a long (5 μm) 280

cylindrical nanowire was found to match that predicted by Mie 281

theory for an infinite one [Fig. 4(a), note however that the finite 282

cylinder length considered in numerical simulations induces a 283

cavity effect which is not predicted for infinite systems, namely 284

longitudinal oscillations of absorption along the cylinder axis, 285

with an amplitude small near the nanowire center but much 286

larger close to its ends]. Such agreement was obtained in 287
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FIG. 3. Same as Fig. 1 but with modeling based on an amorphous silicon refractive index [42,43]. (a) Experimental SMS transmission
profiles obtained at λ = 550 nm (left column), 750 nm (middle column), and 950 nm (right column) [same as Fig. 1(b)]. (b) and (c) Theoretical
calculations for a L = 5 μm long silicon nanotip with β = 3◦ semi-angle and R = 40 nm apex radius. (b) Extinction cross section per unit
length profile computed using Mie theory for infinitely long cylinders and plane wave illumination. Black line: bare calculations, red line:
convolution with a Gaussian intensity profile. (c) Complete finite-element modeling of experimental SMS transmission profiles.

the whole 0–400 nm nanowire diameter range, finite-element288

calculations thus yielding oscillations of the nanowire linear289

absorption cross section similar to those predicted by Mie290

theory [Fig. 4(b)]. Similar good agreement was also observed291

for nanotips [Fig. 4(c)]. In this case, the absorption profile292

computed by finite-element analysis shows a global rise over-293

lapped to oscillations, which are well reproduced by Mie theory294

assuming that a thin slice of the nanotip has the same response295

per unit length as if it belonged to an infinite cylinder (thus296

demonstrating the validity of this assumption, proposed in297

Ref. [44] and used in the simplified optical analysis described298

above and in the thermal investigations constituting the second299

part of the paper), except at the large-diameter end of the300

tip. Analysis of SMS experiments was then carried out by301

considering a nanotip illuminated by a focused Gaussian beam.302

Gaussian beams were defined with fifth-order corrections [47] 303

to minimize spurious effects associated with the fact that they 304

are not exact solutions of Maxwell equations. Finite-element 305

computations were performed for different beam positions 306

perpendicularly to the nanotip axis (in order to numerically 307

mimic the spatial modulation process used in SMS) and along it 308

[in order to model the experimental profiles shown in Fig. 1(b); 309

the evolution of the absorbed fraction of the incident power 310

as a function of Gaussian beam position along nanotip axis 311

is shown in Fig. 4(d) and presents oscillations induced by 312

diameter variations qualitatively similar to those of Figs. 4(b) 313

and 4(c)]. For each beam position, the transmitted power was 314

numerically deduced from the computed total electromagnetic 315

field by integration of its Poynting vector in the forward 316

direction, allowing estimation of the attenuation by comparison 317
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FIG. 4. Comparison of finite-element (black dots) and Mie (dashed red lines) calculations of the absorption cross section per unit length
of elongated nano-objects illuminated by 550 nm wavelength light polarized along their large axis. (a) and (b) 5 μm long cylindrical Si
nanowire illuminated by a plane wave. (a) Finite-element computed absorption profile for 50 nm nanowire diameter (each dot corresponds to
an average over a 50 nm thickness) and linear absorption cross-section value predicted by Mie theory for an infinite cylinder of same diameter.
(b) Dependence on nanowire diameter of the computed average linear absorption cross sections. (c) and (d) Si nanotip (same geometrical
parameters as in Fig. 2). (c) Absorption profiles computed for plane wave illumination using finite-element analysis (each dot corresponds to an
average over a 50 nm thickness) and Mie theory in the infinitely long cylinder approximation. (d) Absorbed power fraction (defined as the ratio
between the absorbed power Pabs and the total one carried by the incident Gaussian beam Pinc) profile computed for Gaussian beam illumination
using finite-element analysis (each dot corresponds to a distinct Gaussian beam position along the nanotip axis). The Mie-computed profile of
absorption cross section per unit length is the same as in (c).

with the total power carried by the incident Gaussian beam. To318

interpret experiments, SMS signals along the nanotip axis were319

then simulated by computing the 2f Fourier component of320

transmitted power for a sinusoidal variation of Gaussian beam321

position in the transverse direction. Only nanotips shorter than322

the experimentally investigated ones could be considered in the323

modeling. Such tip truncation is expected to preclude reliable324

comparison between experimental and simulated signals far325

away from the tip apex. However, we found that signals326

simulated near the tip apex (typically for distances z below half327

of the considered tip length) are independent of the considered328

tip length and can thus be reliably compared with experiments.329

The simulated SMS profile at λ = 550 nm using a crys-330

talline silicon refractive index is shown in Fig. 1(d). It is in good331

quantitative agreement with the experimental one [Fig. 1(b)],332

the amplitude of the SMS signal (relative transmission change333

�T/T � 0.3) being in particular excellently reproduced. An334

oscillatory profile is also predicted, with local maxima at335

positions close to those experimentally observed [similarly to336

the simple model calculations, this agreement disappears when337

using an amorphous silicon refractive index with a strongly 338

absorptive imaginary part, see Fig. 3(c)]. While the agreement 339

remains still quite good at λ = 750 nm, a discrepancy is present 340

between measured and simulated SMS signals at λ = 950 nm, 341

where the latter predicts a marked oscillatory behavior not 342

detected in experiments (Fig. 1). At this wavelength, a better 343

agreement is obtained in the region close to the apex (z < 344

2 μm) if the imaginary part of the nanotip refractive index 345

used in the simulations is increased from the k = 10−3 value 346

for pure silicon to k � 0.5, resulting in smoother computed 347

oscillations (see Fig. 5). It suggests that the optical properties 348

of the investigated nanotips are correctly described using the 349

tabulated refractive index of bulk crystalline silicon only in 350

the low wavelength range, and should be corrected in the 351

infrared (note that numerical results for the region z > 2 μm 352

are affected by tip truncation, however, this region does not 353

influence the apex thermal kinetics investigated below on a 354

few nanoseconds time scale). 355

This modification is confirmed by the huge increase of the 356

optical absorption coefficient in the IR spectral domain that was 357
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FIG. 5. Dependence of the computed SMS transmission profiles
on the imaginary part of the tip refractive index (k) at λ = 950 nm
wavelength. The calculations performed for the silicon tip shown
in Fig. 1(d) (using bulk crystalline silicon n = 3.59 and k = 10−3

[40,41]), are here computed for increasing values of k: k = 0 (red
symbols and line), 0.25 (green), 0.5 (blue), and 1 (purple). Experi-
mental measurement at λ = 950 nm is shown as a dashed black line.

already reported on silicon fibers prepared by FIB [48,49]. This358

change in the optical properties of the nanotip is attributed to359

the FIB annular milling process. During this process, Ga ions360

are projected on the samples with an energy ranging from 5 to361

30 keV and they produce an amorphous layer at the samples362

surface with a thickness that depends on the ions energy and363

the fluence [50,51]. Ga ions are also implanted inside the364

silicon sample and constitute crystallographic defects which365

contribute to the change of the optical properties of the samples366

by several physical effects such as free-carrier absorption [52].367

In such a case, the change of the optical absorption increases368

with the laser wavelength and is thus stronger in the IR domain369

[53]. Moreover, the presence of defects can increase absorption370

due to transition between one band and the corresponding371

impurity level [52], which is higher in IR domain, as reported372

for Ga ions implantation by Hell et al. [54].373

These optical measurements provide crucial information for374

La-APT experiments, which are very sensitive to the thermal375

dynamics of nanotips and thus to their initial absorption profile.376

B. Thermal investigations377

The thermal kinetics of these nanotips after an ultrafast378

laser illumination were investigated by La-APT. The APT379

instrument used in this study is a linear atom probe with a flight380

length of ∼10 cm in which single ions emitted from the nanotip381

hit a position sensitive detector. Experiments are performed at382

80 K under ultrahigh vacuum conditions (<10−7 Pa). The laser383

system is a femtosecond oscillator with a regenerative amplifier384

(λ = 1030 nm) operating at 100 kHz and generating pulses385

of 500 fs with a tunable energy of up to 10 μJ/pulse. Using386

SHG (second harmonic generation), the laser wavelength can387

be converted to 515 nm. The optical setup and more details can388

be found in Ref. [55]. The linear polarized laser beam is slightly389

focused on the silicon tip with a spot diameter of 100 μm at390

1030 nm and 50 μm at 515 nm. The impact position on the391

FIG. 6. (a) and (b) Scanning electron microscopy (SEM) of the
two silicon nanotips investigated by La-APT, with same R = 25 nm
apex radius, β1 = 3.5◦ (tip 1) and β2 = 6.8◦ (tip 2) semi-angles.

detector and the time of flight are recorded for each detected 392

ion. 393

Two silicon tips were analyzed. The two tips have similar 394

apex radius R = (25 ± 2) nm but different cone semi-angle 395

of β1 = (3.5 ± 0.5)◦ for tip 1, and β2 = (6.8 ± 0.5)◦ for tip 2 396

[electron microscopy images are shown Figs. 6(a) and 6(b)]. 397

Total mass spectra for these two investigated nanotips, showing 398

evaporation of silicon ions, are shown in Fig. 7. 399

The time-of-flight spectra of the main peak, which corre- 400

sponds to Si2+ ions, are shown in Fig. 8 (the origin t = 0 401

corresponds to the arrival time of the laser pulse). For tip 1 402

illuminated at λ = 515 nm [Fig. 8(b)], a first narrow peak is 403

followed by a delayed and broad signal, with a maximum about 404

FIG. 7. Normalized number of detected ions Nions per pulse as a
function of their mass to charge m/n ratio (a) for λ = 515 nm laser
pulses on tip 1, (b) for λ = 1030 nm pulses on tip 2, and (c) for
λ = 515 nm pulses on tip 2. Laser fluences are reported in Table I.
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FIG. 8. (a) Schematic representation of the nonuniform heating
of the silicon nanotip induced by laser absorption and the subsequent
slow ion evaporation process. (b)–(d) Normalized number of evapo-
rated ions per pulse as a function of time after interaction with the laser
pulse, experimentally measured (solid black lines) and theoretically
calculated (dashed red, blue, and green lines). Laser fluences are
reported in Table I.

5 ns after laser excitation. However, a single peak followed by a405

nanosecond decay is measured for tip 2 at the same wavelength406

[Fig. 8(c)]. When changing the wavelength to λ = 1030 nm407

for tip 2, a kinetics similar to tip 1, but with a slower rise408

time (maximum at about 9 ns), is recovered [Fig. 8(d)]. The409

short time scale narrow peak is associated with the fast field410

evaporation process of surface atoms [56,57] and will not be411

discussed here. The slow thermal evaporation can induce a412

delayed rise time signal, because it requires heat diffusion to413

the apex (where atoms are field evaporated) from the regions414

which are the most efficiently heated by laser absorption, as415

schematically represented in Fig. 8(a). In this situation, the416

number of evaporated ions per pulse follows an Arrhenius417

law [58]:418

Nions(t) = κ exp

(
− Q

kBTs(t)

)
, (1)

where κ depends on different parameters including the number419

of atoms located at kink sites at the tip surface (which have420

the highest probability of evaporation), applied dc field, and421

detector efficiency; Q is the field-dependent activation energy422

and Ts(t) is the surface tip temperature at the apex. The423

amplitude and position of the maximum of the broad signal424

thus provide information on the temperature of the tip apex425

and its temporal evolution, which are investigated here.426

To model the evolution of the silicon nanotip temperature af-427

ter illumination by the laser pulse, knowledge of nanotip linear428

absorption is crucial. Upon laser energy absorption, electrons429

are promoted to the silicon conduction band. Their subsequent430

TABLE I. Model parameters

Quantity Symbol Value

Ambipolar diffusion coefficient De−h 18 cm2/s
Auger recombination coefficient CA 10−31 cm6/s
Lattice thermal conductivity Kl see Ref. [60]
Lattice specific heat capacity Cl see Ref. [62]
Band gap Egap 1.1 eV
Refractive index: 515 nm ñ 4.19 + 0.036i

1030 nm 3.56 + 0.00024i

1030 nm ñmod 3.56 + 0.5i

Incident fluence: 515 nm F0 2.5 mJ/cm2 (tip 1)
515 nm 1.75 mJ/cm2 (tip 2)
1030 nm 5 mJ/cm2 (tip 2)

relaxation due to carrier-phonon coupling and Auger recombi- 431

nation of the generated electron-hole pairs lead to the heating of 432

the silicon lattice. Due to the inhomogeneous distribution of the 433

absorbed energy along the nanotip (as previously demonstrated 434

by the optical experiments), diffusion of carriers and heat 435

contributes to the evolution of the temperature at the tip apex. 436

Description of these processes requires resolution of a system 437

of coupled equations for spatially and temporally dependent 438

density of electron-hole pairs ne−h and lattice temperature Tl 439

[59]. The solution of the given problem in three dimensions is 440

very expensive computationally. Thus, one-dimensional equa- 441

tions taking into account the variation of the tip geometrical 442

cross-section S(z) along z direction are considered: 443

∂ne−h

∂t
= 1

S(z)

∂

∂z

(
S(z)De−h

∂ne−h

∂z

)
− RA,

(2)
Cl

∂Tl

∂t
= 1

S(z)

∂

∂z

(
S(z)Kl

∂Tl

∂z

)
+ EgapRA,

where RA = CAn3
e−h corresponds to the rate of carrier 444

losses due to Auger recombination, De−h is the ambipolar 445

carrier diffusion coefficient, Cl is the lattice temperature- 446

dependent specific heat capacity, Kl is the temperature- 447

dependent conductivity taking into account nanowirelike shape 448

and the presence of an amorphous layer at the surface of 449

the tip [60], and Egap is the band gap energy (see Table I 450

for parameters of the model and experimental conditions). 451

Boundary conditions include zero carrier diffusion current at 452

the apex and at the base of the tip ( ∂ne−h

∂z
= 0), i.e., carriers 453

do not leave the tip through its boundaries. The heat diffusion 454

current is also zero at the apex ( ∂Tl

∂z
= 0) since there is no heat 455

exchange between the tip and the surrounding vacuum. The 456

temperature at the base is kept constant at 80 K. 457

The initial carrier density n0
e−h, photoexcited by interband 458

absorption of the laser pulse, writes as 459

n0
e−h(z) = 〈uabs(z)〉

h̄ω
= F0σ

L
abs(z)

h̄ωS(z)
, (3)

where h̄ω is the photon energy at the illuminating wave- 460

length and 〈uabs(z)〉 is the absorbed energy density per pulse 461

computed from the incident fluence F0 and the tip absorption 462

cross-section per unit length [Figs. 9(a) and 9(b)]. As suggested 463

by SMS analysis, a modified refractive index ñmod = 3.56 + 464

0.5i was also considered in the calculations of σL
abs(z) at 465
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FIG. 9. (a) Absorbed energy densities (averaged over tip cross section) following the illumination at λ = 515 nm of tip 1 (red line) and
tip 2 (blue line), computed using Mie theory for cylinders with the ñ = 4.19 + 0.036i refractive index of pure silicon. (b) Computed absorbed
energy density at λ = 1030 nm along tip 2, using ñ = 3.56 + 0.00024i (black line) and modified ñmod = 3.56 + 0.5i (green line) [40,41].
The experimental values of laser fluence indicated in Table I were used in these simulations. (c) and (d) Resulting temporal evolutions of the
temperature at the tip surface after illumination Ts(t), computed using the model described in the main text [same color code as in (a) and (b)].

λ = 1030 nm, to take into account modifications induced by466

FIB [Fig. 9(b)].467

At the first stage of lattice heating, the laser-generated468

carriers transfer their excess energy (h̄ω − Egap) to the phonon469

system within a few picoseconds [61]. During this time, carrier470

diffusion is negligible and the lattice is rapidly heated from471

80 K, the tip base temperature, to T0(z), the initial condition472

for lattice temperature in Eq. (2):473

∫ T0(z)

80 K
Cl(T )dT = n0

e−h(z)(h̄ω − Egap). (4)

Note that carrier drift in the applied dc field is here neglected.474

This field being screened inside semiconductor and dielectric475

tips within a few picoseconds after laser illumination [53],476

does not contribute to the delayed evaporation taking place a477

few nanoseconds after the laser pulse, during which electrons478

and holes move in pair by ambipolar diffusion with coefficient479

De−h.480

Equations (2) are then numerically solved using these initial481

conditions for carriers and lattice temperature, for the two482

silicon nanotips illuminated in the visible and IR. Figure 9483

shows the simulated temperature evolution at the apex of the484

silicon nanotips Tl(z = 0) = Ts after interaction with the laser485

pulse at λ = 515 nm for tip 1 and tip 2, and λ = 1030 nm 486

for tip 2. From the computed Ts(t), we fit the experimental 487

time-of-flight spectra of Figs. 8(b)–8(d) using Eq. (1) and by 488

adjusting the value of the activation energy Q for each nanotip. 489

At λ = 515 nm on tip 1 and tip 2, a good agreement between 490

experimental and theoretical results is obtained for Q1 = 491

(0.55 ± 0.01) eV and Q2 = (0.50 ± 0.02) eV, respectively. 492

The different values of Q obtained for the two tips are due 493

to the different conditions in La-APT. In fact the charge state 494

ratio (CSR), defined as the ratio of detected ions Si1+ to Si2+, 495

increases from 1% to 4% from tip 2 to tip 1 at λ = 515 nm 496

(Fig. 7). This variation of the CSR is associated with the 497

variation of the surface field as calculated by Kingham [63]. 498

Hence, an increase from 1% to 4% of CSR corresponds to a 499

decrease of the field (and an increase of the barrier Q) for tip 500

1 as compared to tip 2 of 10%. This is consistent with our 501

fits of experimental time-of-flight signals (Q1 = 1.1Q2). Note 502

that, in the visible, this good agreement between experimental 503

and theoretical results is obtained in both La-APT and SMS 504

experiments by considering the crystalline bulk optical index 505

for theoretical calculations. 506

However, at λ = 1030 nm, considering the refractive index 507

of bulk crystalline silicon ñ = 3.56 + 0.00024i [40,41], a 508
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maximum surface temperature T max
s = 80.1 K is expected to509

be reached at time delay t = 60 ns. This maximum temperature510

is too low to induce ion emission in La-APT and the delay is511

too long to match the delayed evaporation in Fig. 8(d). Con-512

versely, considering the modified index ñmod = 3.56 + 0.5i, as513

suggested by SMS analysis in infrared domain, the maximum514

temperature at the surface of tip 2 is T max
s = 216 K, reached515

at a delay time of about t = 9 ns after the arrival of the laser516

pulse [Fig. 9(d)]. Using this temperature evolution in Eq. (1), a517

good agreement between experimental and theoretical results518

can be reached, as shown in Fig. 8(d), for Q2 = (0.50 ± 0.02)519

eV. This value of energy barrier is equal to the value obtained520

on the same tip at λ = 515 nm, in very good agreement with an521

almost constant CSR from 1030 to 515 nm on tip 2, as shown522

in the mass spectra. Note that for this Q2 value, reproduction523

of the kinetics can still be obtained in the 0.3–1.5 range of524

k, highlighting the interest of SMS optical experiments for525

yielding more precise information on this parameter.526

These experiments performed on different nanotip geome-527

tries and at different wavelengths demonstrate that the ioniza-528

tion kinetics measured by La-APT can be very well correlated529

with the optical absorption of these conical nanostructures,530

and their induced out-of-equilibrium thermal responses at531

the nanotip apex. In particular, for a fixed λ = 515 nm, the532

positions of the absorbed energy density maxima along the533

z axis are shifted when increasing the tip cone semi-angle534

from 3.5◦ (tip 1) to 6.8◦ (tip 2) [Fig. 9(a)]: the maxima are535

closer to the tip apex for a larger cone angle, inducing a536

faster increase of the apex surface temperature in tip 2 as537

compared to tip 1 [Fig. 9(c)]. This directly reflects into a faster538

thermal ionization for tip 2 as compared to tip 1, the latter539

presenting a delayed maximum ionization at about 5 ns after540

laser excitation, consistent with heat diffusion time in silicon541

[Figs. 8(b) and 8(c)]. Moreover, for tip 2 at λ = 1030 nm, the542

absorbed energy density is high both close to the tip apex and543

about 500 nm far from it [Fig. 9(b)], inducing a first fast rise544

of its surface temperature, followed by a further slow signal545

increase [Fig. 9(d)]. This heating is at the origin of an ionization546

kinetics with a maximum at about 9 ns time delay, again in very547

good agreement with the experimental one [Fig. 8(d)].548

III. CONCLUSION549

We have directly measured the optical properties of single550

nanometric tip-shaped semiconductor samples by spatial mod-551

ulation spectroscopy. A nonuniform optical extinction along552

the tip axis, with hot spots in absorption and scattering due 553

to electromagnetic resonances and interference effects, has 554

been experimentally evidenced in agreement with theoretical 555

(analytical and numerical) simulations. A strong change in the 556

absorption properties of silicon tips in the near-IR domain as 557

compared to pure crystalline silicon has also been evidenced, 558

consistent with previous observations on flat silicon surfaces 559

milled by FIB. This optical response is then used to model 560

the heating of the nanometric object after the illumination 561

with a laser pulse, in the framework of La-APT experiments. 562

Complete modeling of a photoexcited carrier and heat diffusion 563

processes allows us to compute the temperature evolution at 564

the tip surface and then quantitatively interpret time-of-flight 565

ionic emission experiments. This explains the delayed and long 566

evaporation reported in La-APT mass spectra, without taking 567

into account more complex processes such as two photon 568

absorption, as previously considered by authors [59]. 569

This study elucidates the contribution of the thermal effects 570

to the complex laser-assisted field evaporation, however, the 571

fast evaporation process corresponding to the first narrow peak 572

still remains unpredicted by our diffusion model. A possible 573

change of the material optical properties under high electric 574

field, influencing the evaporation processes, was reported by 575

Silaeva et al. [11]. In the future, SMS analysis on nanometric 576

samples under high electric field (similar to La-APT analysis 577

conditions) could be very useful in identifying such changes 578

in the local optical properties. 579

Correlation of SMS and La-APT techniques applied to the 580

same type of nano-object gives access to information on both 581

the optical and thermal response of silicon nanotips to the 582

laser illumination. These experiments also show that La-APT 583

can be exploited as a powerful technique to yield the tip 584

temperature evolution at the surface, looking at the dynamics 585

of field ion emission. Combined with SMS experiments, 586

this opens up promising perspectives for the study of the 587

optothermal response of a wide class of individual metallic, 588

semiconducting, or dielectric elongated nano-objects. 589
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