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Abstract
We have demonstrated for the first time the permanent local modification of the bulk of silicon by repeated illumination with 
infrared (1.55 μm) picosecond pulses. Furthermore, we evaluated the characteristics of inscribing permanent modifications 
in the bulk material for different pulse durations from 0.8 to 10 ps in terms of their reproducibility and controllability of 
their morphology. Our results are based on a simple experimental setup that demonstrates the possibility of using picosecond 
pulses for the local modification of bulk silicon as a potential alternative to more complex irradiation strategies required for 
femtosecond pulse processing.

1 Introduction

Today, in-volume structuring of different dielectric materials 
using ultrashort laser pulses is an established method for the 
generation of buried 3D optical elements like waveguides 
or Bragg gratings [1, 2]. In the case of silicon, strong non-
linear effects like multi-photon absorption in combination 
with plasma effects cause significant losses and a strong 
delocalization of the incident light before reaching the focus 
[3–5]. Consequently, for more than one decade in-volume 
processing of silicon with ultrashort laser pulses was only 
demonstrated close to the front [6] or rear [7] surface, thus 
strongly limiting the laser writing capabilities.

Recently, the processing of buried structures deep inside 
silicon by using ns-pulses and fs-pulses has been demon-
strated [8–11]. Two publications show the generation of 
permanent structures deep inside silicon with the help of 
femtosecond laser pulses. The first approach is based on 
single pulses tightly focused at the center of silicon spheres 
for extreme solid-immersion focusing. Indeed this strategy 
reduces the strong nonlinear prefocal effects which prevent 

the delivery of intensities exceeding the modification thresh-
old in conventional experiments [9]. The second approach 
demonstrates the writing of buried waveguides using femto-
second laser pulses at 250 kHz repetition rate [11] assuming 
thermal effects for material modification. In practice, Pavlov 
et al. first induced a permanent modification close to the 
backside of a planar silicon sample and then moved from 
this seed modification the focus position towards the front 
surface along the optical axis for the longitudinal writing of 
guiding structures.

In this work, we report on permanent modifications 
achieved by multi-pulse irradiation inside planar Si samples 
with different pulse durations in the range from 0.8 to 10 ps 
at repetition rates up to 200 kHz. With this work, we show 
that a simple writing setup for modifying silicon is sufficient. 
However, the controllability of laser-induced bulk modifica-
tions still needs to be improved to address the requirements 
for future technological applications.

2  Experimental setup

The experimental setup consists of a laser system for pro-
cessing and an in situ lateral observation diagnostics (see 
Fig. 1). The experiments are carried out with an Er-doped 
fiber laser system (Raydiance, Inc.) operating at 1552 
nm wavelength. This laser delivers maximum pulse ener-
gies between 80 and 30 μJ depending on the repetition 
rate (30–200 kHz). In addition, the pulse duration of the 
laser source is adjustable from 0.8 to 10 ps by detuning the 
built-in compressor stage. An overview of the range of the 

 * H. Kämmer 
 helena.kaemmer@uni-jena.de

1 Institut für Angewandte Physik, Friedrich-Schiller-
Universität Jena, Albert-Einstein-Straße 15, 07745 Jena, 
Germany

2 Fraunhofer Institut für Angewandte Optik und Feinmechanik 
IOF, Albert-Einstein-Straße 7, 07745 Jena, Germany

3 Aix Marseille University, CNRS, LP3, UMR7341, 
13288 Marseille, France

http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-018-1715-1&domain=pdf


 H. Kämmer et al.

1 3

302 Page 2 of 6

processing parameters is given in Table 1. The pulse energy 
is varied by a combination of a half-wave plate and a polar-
izing cube. The laser beam is focused into the samples with 
the help of a microscope objective (Olympus LCPLN20XIR, 
20×, NA = 0.45) which is equipped with an adjustable col-
lar for the correction of spherical aberrations inside silicon. 
In addition, a telescope is installed to adjust the laser beam 
diameter to the entrance aperture of the objective.

All experiments were performed inside low-doped silicon 
[n-type/Ph-doped, ⟨100⟩ , 1–10 Ω·cm] samples with a thick-
ness of 1 mm. To avoid damaging the surface, the focus 
position is chosen at a depth of 500 μm below the front sur-
face. In practice, to ensure constant and reproducible oper-
ating conditions, we did locate first the beam waist at the 
surface using combined z-scan and energy-scan techniques 
and plasma occurrence as feedback diagnostic (monitored by 
front surface imaging, see Fig. 1) to determine the z-coordi-
nate of the surface. Afterwards the sample is moved with a 
precision stage to locate the beam waist at the center of the 
sample. The alignment of the processing region was realized 
with the help of a 3D positioning system (Aerotech, ANT 
130) able of sub-micrometer accuracy.

The in situ interaction diagnostics is based on a custom-
ized infrared transmission microscope to observe the modi-
fications in a direction perpendicular to the laser axis. A 
tungsten lamp is used for incoherent illumination. For imag-
ing, a long distance NIR objective with a numerical aperture 
of 0.26 (10× magnification, Mitutoyo, Plan Apo) images the 
interior of the wafer onto an InGaAs camera (WiDy SWIR 
320U).

3  Results and discussion

3.1  Below or near‑threshold conditions 
in single‑shot experiments

At first, single-shot experiments were performed. We 
noticed that this processing regime does not lead to any 
modifications in Si for all tested pulse durations and ener-
gies (see Table 1). This might be due to limitations of 
the in situ observation or insufficient single-pulse intensi-
ties to achieve permanent modifications (maximum pulse 
energy 6.7 μJ/pulse on target). We estimate the spatial 
resolution of the in situ diagnostics to be ~ 2.8 μm con-
sidering the NA used for the imaging system and the cen-
tral wavelength (1.2 μm) of the illumination light trans-
mitted through the Si sample. The achieved resolution is 
thus comparable to the focus diameter of the laser beam 
(estimated to be ~ 4.8 μm) and to the expected transverse 
size of the eventual modifications inscribed by the laser. 
Therefore, our imaging setup should have been able to 
observe permanent local in-bulk modifications if the latter 
would occur. We presume that we do not reach the required 
energy density for macroscopic single-shot modifications. 
Indeed, losses during the propagation of the pulse before 
the focus, which are known as an important limitation in 
the ultrafast regime [5, 9], have to be considered limiting 
the energy deposition in the focal region.

3.2  Exceeding the modification threshold 
in multi‑pulse regime

Further investigations are conducted in the multiple-shot 
regime to increase the accumulated illumination dose. 
We varied different laser parameters namely the repeti-
tion rate, pulse energy, number of pulses and pulse dura-
tion. Using this approach, permanent modifications local-
ized in the bulk of silicon without damaging the front and 
back surfaces were detected for the first time. The rear 
and the front faces of the samples have been observed 
post-mortem with an optical microscope (ZEISS Axiotec) 
to confirm that there was no modification on the surfaces.

As an illustration, Fig. 2 shows a typical modification 
trace that was detected by our imaging diagnostics after 
16,665 shots at 800 fs (on part a) and at 10 ps (on part b). 
The processed regions are separated by a spacing of 100 
μm. The white markings in Fig. 2 indicate the different 
positions at the sample surface where the laser beam was 
coupled into the volume. Both cases show modifications 
confined inside the bulk. Although the geometrical focus 
is located at the middle of the sample and remains con-
stant throughout the experiment, the starting point of the 
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Fig. 1  Experimental setup for in-volume processing and in situ char-
acterization

Table 1  Overview of processing parameters used for in-volume struc-
turing of bulk silicon

Parameter Investigated range

Repetition rate Single shot, 30–200 kHz
Pulse duration 0.8–10 ps
Pulse energy on target 0.7–6.7 μJ
Exposure time 0.1–5 s
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modifications varies in its location along the laser beam 
axis by several tens of microns. Moreover, the modifica-
tion grows towards the prefocal region and seems to satu-
rate at a depth where the fluence is no more sufficient to 
modify the bulk of Si.

To our knowledge, this represents the first permanent 
modifications achieved inside silicon in the picosecond 
regime. While the shortest pulse duration of 800 fs does 
not lead to reproducible modifications as we will show later 
on, it is worth noting the very modest NA used for focusing 
( NA = 0.45 ), which still leads to bulk modifications in this 
experiment in comparison to the severe focusing require-
ments (NA = 3) reported with the use of 100-fs laser pulses 
[9].

3.3  The absence of thermal accumulation 
on a pulse‑to‑pulse basis

Recently, modifications have been induced inside Si with 
250 fs pulses at high repetition rate (250 kHz) [11]. This 
encourages us to study the influence of the repetition rate 
and number of shots. To study the statistical behavior of the 
induced modifications we repeated the measurement with 
identical parameters several times at different sample sites 
in order to analyze the modification probability. Results 
are presented in Fig. 3 for 10 ps, and show the modifica-
tion probability for two different conditions of irradiation: 
100,000 shots at 200 kHz and 16,665 pulses at 33 kHz. The 
difference between the two measurements is too low to dem-
onstrate any influence of thermal accumulation between two 
pulses. The observed independence on the repetition rate 
supports the hypothesis that the material thermally fully 
relaxes between two shots even for the highest repetition 
rate investigated.

Indeed, upon laser excitation and after the laser energy 
transfer from the electrons to the lattice taking place on a 
picosecond time scale [12, 13] the Si temperature rises in the 
excited volume before cooling through heat conduction. An 
estimation of the relaxation time is given by the heat diffu-
sion time, theat = l2

s
∕D, where D is the thermal diffusivity of 

Si (in  cm2/s) and ls accounts for the typical radial dimension 
on which the laser energy is deposited in the material. The 
thermal diffusivity of Si is temperature-dependent and tends 
to decrease with increasing temperature [14]. Even if we do 
not know the exact evolution of the temperature in the laser-
excited volume, there is strong evidence that melting is not 
reached after one-shot irradiation. Considering the reduc-
tion of the thermal diffusivity when the lattice temperature 
approaches the melting temperature (D = 0.15  cm2/s at 1414 
K [14]) and a radial dimension of the laser-excited region 

500µm

(a) 800 fs (b) 10 ps

laser

Fig. 2  Typical examples of the induced modifications in silicon using 
pulse durations of 800 fs (a) and 10 ps (b). Focus position is located 
at 500 μm below the surface. The red dashed line schematically illus-
trates the beam caustic for an undisturbed beam. The other processing 

parameters are: 33.3 kHz repetition rate, 6.6 μJ pulse energy and 0.5 
s irradiation time (i.e., 16,665 pulses per spot). The red ellipses mark 
the induced modifications in the fs regime
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equal to the beam radius ~ 2.1 μm), we calculate a maximum 
cooling time being approximately theat ∼ 0.3 μs, which is an 
order of magnitude below the time separation between two 
shots considering the highest repetition rate (200 kHz) used 
in our experiments. Therefore, accumulation of transient 
thermal effects due to insufficient relaxation between two 
shots is very unlikely in our operating conditions, but some-
how in contradiction with the work of Pavlov et al. [11].

Nevertheless, regarding the statistical nature of our exper-
iments we have to consider diverse accumulation processes 
which appear most likely in combination with nonlinear 
interaction. Within this discussion, the influence of pulse-
to-pulse instabilities of our laser system can be neglected 
due to pulse energy variations below 1%. The absorption of 
the solid may be locally modified by the laser shot after shot. 
Besides, when a modification appears we assume that every 
shot modifies the structure of the material. So the consecu-
tive pulses do not interact with a transiently excited material 
in phase of relaxation but more probably with a material 
fully relaxed but different from its initial state. It is thus 
probable, even if it can be so tiny that we cannot detect any 
modification with our diagnostic imaging setup, that mate-
rial changes take place after single-shot irradiation.

3.4  Dependence of modification initiation 
on the pulse duration

In order to improve the understanding of the mechanisms 
initiating modifications, we investigated the dependency of 
the probability for the occurrence of modifications (for a 
constant irradiation dose) on the pulse duration. In Fig. 4, 
the bulk modification probability for a constant energy dose 
and number of shots at different pulse durations are reported. 
This experiment has been performed using a repetition rate 

of 30 kHz with 15,000 shots of 6.6 μJ each on target. Inter-
estingly, the probability to induce an in-volume modifica-
tion in silicon increases with pulse duration. This is counter-
intuitive, if considering the surface damage threshold which 
increases with pulse duration [15]. However, the main dif-
ference between bulk and surface modification mechanisms 
is the intensity clamping observed inside the bulk of Si [9, 
16]. Previous studies have shown that with the shortest pulse 
durations, the energy becomes very inefficiently delivered 
to the focus because of strong nonlinear propagation and 
plasma effects prior to the focus [9]. As a consequence, the 
required pulse energy to induce modifications is expected 
to be much higher than that for surface modification when 
very short pulses are applied. Accordingly, we assume that 
this very severe clamping mechanism in silicon leads to this 
unconventional pulse-duration dependence.

3.5  Discussion

The diversity in shape and size of the induced modifications 
with ps pulses implicates highly nonlinear interactions like 
self-focusing. Note, that the nonlinear refractive index for 
Si n2 ≈ 2.5 ×  10−18  m2/W is two orders of magnitude higher 
compared to typical values for materials like fused silica or 
other dielectrics [17, 18]. Accordingly, the critical power 
for self-focusing in silicon at a wavelength around 1550 nm 
is approximately Pcrit ≈ 4 ×  104 W. Referring to the applied 
pulse energies within our experiments, the launched peak 
power into silicon was ten to hundred times higher ( Ppeak > 
 105–106 W) than this critical threshold. Moreover, filamenta-
tion was also observed, which is a direct evidence of highly 
disturbed intensity distributions within the focal region. The 
formation of distinct branches can be clearly seen in Fig. 2b 
which could be the result of highly disturbed propagation 
within the focal region.

For pulse durations in the fs regime nonlinear effects 
are more pronounced than in the ps regime. They can lead 
to strong prefocal losses and perturbation of the propaga-
tion, resulting in high energy losses. Due to the high losses 
because of the nonlinear interaction, the modification thresh-
old is exceeded only in a small region, creating confined 
modifications (see Fig. 2a). Since the structures are written 
with parameters close to the modification threshold, local 
material properties, defects, dust particles, etc. have a greater 
impact on the writing process.

When the pulse duration is increased, the sensitivity 
to nonlinear propagation effects (multi-photon ionization, 
Kerr effect) slightly diminishes as the peak power is get-
ting smaller. Moreover, the influence of avalanche ionization 
compared to multi-photon absorption significantly increases 
for longer pulse lengths during the transition from fs to ps 
pulses as discussed in [19]. In addition, thermal effects may 
play an increased role as more energy can be transferred to 
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the lattice during the pulse duration. This increase in lattice 
temperature in turn might change the absorption properties 
significantly due to bandgap closure.

As the bandgap closure depends on the lattice tempera-
ture, it is important to consider whether the lattice tempera-
ture is significantly increased during the pulse duration. 
While the pulse energy initially leads to the creation of an 
electron-hole plasma in the bulk material, the energy transfer 
to the lattice is driven by electron–phonon collisions. The 
characteristic time for equilibration can be estimated by [12]: 
te−ph =

ℏM

Jime

 , with Ji the ionization potential and M and me the 

atomic silicon and electron mass, respectively. For silicon 
( Ji = 8.15 eV, M = 28.0855 u), the calculation yields about 
4 ps, which means that temperature equilibration between 
electrons and lattice and further subsequent increase of lat-
tice temperature should be observed before the pulse termi-
nation for pulses with a few ps duration. Note that a two-
temperature model would provide better accuracy for 
estimating the temperature equilibration time between elec-
trons and lattice, as well as the temperature evolution and 
associated diffusion, recombination, and thermal properties 
of silicon. However, this type of modeling of the relaxation 
and transport of the deposited energy of the electron subsys-
tem requires a precise measurement of the energy deposi-
tion, which was beyond the scope of our experiments. Nev-
ertheless, we can safely assume that the magnitude of the 
relaxation time is picoseconds, suggesting that lattice heat-
ing plays a role in the interaction [20].

The local heating can be estimated with very simple ther-
modynamic considerations: ΔT(◦C) = E∕(V�C) , where E is 
the pump energy, V the interaction volume, � the Si density 
and C the specific heat capacity. For this calculation, an 
average cylinder volume was estimated by the length and 
width of the modifications seen in Fig. 2 for 10 ps. Note that 
this volume largely exceeds the confocal volume related to 
the laser, but it is representative of the volume where sig-
nificant absorption takes place. Estimating a cylinder with a 
length of 300 μm and 10 μm of radius, with � = 2.33 g/cm3, 
C = 0.712 J/g °C and full absorption of the incoming energy, 
we find Δ T = 550 K. This temperature increase leads to sig-
nificant bandgap changes due to different atomic spacings. 
The temperature-dependent bandgap can be calculated using 
Eg(T) = Eg(0) − �T2∕(T + �) , where Eg(0) = 1.166 eV, � = 
4.7310−4 eV/K and β = 636 K are fit parameters [21].

Accordingly, a temperature increase of 550 K would 
lead to a reduced bandgap of 0.93 eV, while a reduction to 
the photon energy of 0.8 eV (equivalent to the wavelength 
of 1.55 μm), where one would expect linear absorption to 
occur, would require a temperature increase of ~ 900 K. 
Nevertheless, these simple estimations of the local heating 
induced by ps laser pulses underline the role of thermal 
effects contrary to the femtosecond regime [5] and are 

consistent with a numerical study of laser-induced modi-
fications in semiconductors where the importance of the 
lattice heating for picosecond pulses is shown [22].

In summary, avalanche ionization and bandgap closure 
are possible explanations for the observed modifications 
in the ps range. Furthermore, nonlinear effects that have 
less influence than in the fs range cannot be completely 
excluded.

4  Conclusion

Within this work, we successfully demonstrated in-vol-
ume structuring of silicon using ultrashort laser pulses in 
the range from 0.8 to 10 ps. A qualitative analysis of the 
induced modifications depending on the processing param-
eters repetition rate, pulse duration, pulse energy and pulse 
number was presented. The structures observed are a result 
of the cumulative action of many pulses. However, heat 
accumulation effects can be canceled out for the investi-
gated pulse-to-pulse separations of at least 5 μs due to the 
high diffusivity of silicon. The expected growing influence 
of avalanche ionization and bandgap closure with increas-
ing pulse duration may play an important role in these 
observations. Moreover, the high value of the nonlinear 
refractive index n2 suggests a highly distorted intensity 
distribution at the focal region, even in the picosecond 
regime investigated here. This represents another factor 
that can potentially decrease the controllability of the 
interactions. In particular, this may explain the observation 
of multiple branches within the induced structures, but it 
requires more investigations to conclude on this aspect.

Moreover, the laser-written structures exhibit highly 
elongated modifications along the inscribing laser beam 
axis as well. In order to fabricate buried optical elements 
for future applications, pulse durations of a few hundred 
femtoseconds seem to be most suitable. However, the elon-
gated characteristic and the statistical fluctuations in size 
prevent inscribing techniques perpendicular to the incident 
laser beam axis at the current state. These results support 
the recent work from Pavlov et al., where the fabrication 
of buried optical waveguides along the inscribing laser 
axis was demonstrated [11]. In order to improve the in-
volume processing in general, the governing processes 
resulting from nonlinear interaction should be further 
investigated. Here, pump–probe experiments should offer 
a deeper insight into the spatial-temporal behavior and 
might lead to further optimized laser parameters or focus-
ing strategies. Single-shot modification investigations are 
essential to improve our understanding of the physical pro-
cesses involved in the initiation of the bulk modifications 
reported in this work.
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