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Long-wavelength multiphoton ionization inside band-gap solids
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Using various band-gap materials and tightly focused femtosecond laser pulses with wavelengths in the range
1200–2200 nm, we show that nonlinear absorption is independent of the wavelength except for narrow gap
semiconductor materials. This observation corresponds to a transition between multiphoton ionization and tunnel
ionization for an adiabaticity parameter of about 3, which compares favorably with Keldysh predictions. Our
results indicate that long wavelengths must open up an alternative to pulse shortening for ultraprecision optical
breakdown in dielectrics.
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Optical breakdown with tightly focused intense femtosec-
ond laser pulses promotes various applications in dielectrics.
These include ultra-high-resolution surface ablation,1 waveg-
uide writing,2 and more generally the direct fabrication of
three-dimensional (3D) devices inside materials.3 In opti-
cal breakdown, the photoionization (PI) precedes the de-
velopment of avalanche ionization and therefore acts as
an initial step in the laser energy deposition and sub-
sequent material modifications.4 Although such modifica-
tions have been extensively studied, the PI physics re-
mains only partially understood and controlled in the
experiments.

Depending on the laser parameters, there are two different
regimes of PI that are expected: the multiphoton ionization
(MPI) regime and the tunneling ionization (TI) regime.5 Here
we will concentrate on a major difference between these
processes: their wavelength dependence. This is shown in
Fig. 1 with the results of numerical calculations for the PI
rate as a function of intensity and wavelength using rigorously
the formulation common for both processes proposed by
Keldysh.5 From the Keldysh theory, the adiabaticity parameter
γ = ω

√
m�BG/eE (where ω, m, E, and �BG are, respectively,

the laser frequency, the reduced mass of the electron-hole
pair, the magnitude of the laser electric field, and the band
gap of the material) can be used to position the transition from
MPI to TI.

For all wavelengths considered here, the photon energy
of the laser radiation is less than the band gap and so the
energy of many photons has to be supplied simultaneously
to promote an electron to the conduction band. This re-
sults in a strong dependence on the laser intensity and the
wavelength for γ � 1, where the MPI picture holds. For
γ � 1, the Keldysh theory coincides with a PI rate given
by W (I ) ∝ exp [−2�

3/2
BG

√
m/(3eh̄E)], very similar to the

Zener formulation for atoms and molecules6 except that the
exponent is reduced by a factor of 2. Then, the ionization
rate becomes dependent not just directly on the intensity but
on the laser field strength because the ionization relies on
the suppression of the binding potential near the peaks of
the electric field at half-optical cycles of the pulse. A major
consequence is that the wavelength dependence of the PI rate
vanishes.

The TI regime is of major interest for fundamental consider-
ations but also for laser microfabrication applications because

it is usually associated with an increase of determinism for
material breakdown. Then, the interaction becomes extremely
reproducible, leading to increased precision laser machining
capabilities.1,7 There are two ways in which the adiabaticity
parameter can be reduced in experiments. The first option
is to increase the intensity, leading to energy deposition.
Thus, there is a general trend to pulse shortening.4,7,8 The
second option relies on a change of the wavelength toward
the near-infrared (NIR) and mid-infrared (MIR) part of the
spectrum.

In this paper, we concentrate on this second option and we
investigate the interaction of femtosecond lasers with wave-
lengths increased to the region 1200–2200 nm. By measuring
the wavelength dependence of the nonlinear absorption, we
gauge the photoionization mechanisms for various band-gap
materials. Using tightly focused beams, we find the signature
of the TI for all dielectrics and the increasing importance of
MPI with the decrease of the band gap for semiconductor
materials. Our results compare favorably with Keldysh’s
predictions. They illustrate opportunities and challenges in
3D laser micromachining in dielectrics and its extension to
semiconductors.

For the interpretation of these highly nonlinear processes,
we must be able to accurately estimate the laser intensity in
the interaction volume for all tested wavelengths. We have
carefully arranged the experiment so that all important pa-
rameters are controlled. A Ti:sapphire laser (Spectra-Physics,
Hurricane) emitting linearly polarized 800-nm radiation pulses
with a minimum duration of 100 fs and a repetition rate of up to
1 kHz is used as the master laser source. Longer wavelengths
are produced by directing 500 μJ of the 800-nm radiation
into an optical parametric amplifier (OPA) (Spectra-Physics,
800CF), which outputs up to 90 μJ (signal and idler). A
dichroic filter is used to separate the signal from the idler. From
this source, we select six wavelengths: 1200, 1300, 1400, 1580
(signal), 2000, and 2200 nm (idler). For each wavelength, the
beam additionally propagates through a long pass interference
filter. The pulse duration τlas is 110 fs [full width at half
maximum (FWHM)] at the OPA output as measured by a NIR
single shot autocorrelator (Light Conversion, TiPA AT5C3).
Spectral measurements of the pulses give a typical pulse
bandwidth of ≈30 nm (FWHM at 1300 nm), slightly larger
than that for transform limited pulses with the same duration
(22 nm).
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FIG. 1. (Color online) Calculated PI rate (logarithmic scale) in the
intermediate regime as a function of wavelength and laser intensity
according to the Keldysh formulation. The conditions corresponding
to an adiabaticity parameter equal to 0.1, 1, and 10 are marked by
contour lines. The calculation assumes a band gap of 9 eV (the
a-SiO2 case). The strong wavelength dependence associated with
multiphoton ionization vanishes for γ < 1 (strong field and/or long
wavelength).

The laser pulses are focused into the materials at a depth
of about 0.2 mm below the surface using a NIR microscope
objective with a numerical aperture (NA) of 0.3 (Olympus,
LMPLN10XIR). Most of the experiments are also repeated
using a 0.53 NA reflective objective (Newport) to confirm that
the measurements are not affected by chromatic or dispersion
effects (not shown here). The tight focusing allows us to reach
high intensities without the propagation’s being influenced
by self-focusing or self-phase modulation, as checked by
measurements of the transmitted spectrum. These conditions
ensure also in-the-bulk confined interactions while avoiding
the effects associated with spherical aberrations.9

The studied materials are listed in Table I together with
their known band gaps. We note that all these materials are
transparent at the wavelengths considered. For silicon dioxide,
we use a high-purity amorphous fused silica material (Suprasil
I, Heraeus). All other substrates are high-purity optical grade
crystals polished on both sides for transmission measurements
(Edmund Optics). All substrates have a thickness >2 mm,
which ensures that there is no interaction with the back surface
during the experiments.

The transmission of the ionizing pulses T is measured
by using integrating spheres equipped with Ge (signal) or
cooled InGaAs photodetectors (idler) in a reference arm and
a transmitted signal arm. The combination of two broadband

TABLE I. Band-gap materials used in the experiments.

Material Band gap �BG (eV)

Calcium fluoride CaF2 11.8 (direct)
Silicon dioxide a-SiO2 9 (direct)
Potassium bromide KBr 7.6 (direct)
Zinc sulfide ZnS 3.6 (direct)
Zinc Selenium ZnSe 2.7 (direct)
Silicon Si 1.1 (indirect)
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FIG. 2. (Color online) Measured transmission of tightly focused
femtosecond laser pulses as a function of pulse energy for dielectrics
and semiconductors with band-gap energies varying from 1.1 to
11.8 eV (see Table I). The dotted lines and the arrow illustrate the
procedure which is used to extract the nonlinear absorption thresholds
from the measurements (the ZnS case).

NIR nanoparticle linear polarizers enables variable attenuation
of the incident beams. The materials are placed on a translation
stage and the photodetectors are connected to an automated
acquisition system to perform the measurements as a function
of the incident pulse energy, with each shot interacting with
fresh material.

Figure 2 shows the transmission data at 1300 nm as a
function of the incident pulse energy for all tested materials.
The curves are normalized to the low-intensity transmission T0

accounting for Fresnel boundary reflection losses. At low laser-
pulse energies, all curves (T/T0) exhibit 100% transmission
except for silicon, which has a threshold below the sensitivity
limit of our diagnostics (≈1 nJ). When the laser energy reaches
a level above which nonlinear absorption is initiated, a strong
decrease of the transmission is observed. As expected, the
energy threshold for nonlinear absorption decreases markedly
with the nonlinear order of the interactions.

Multiphoton absorption is not the only process which
attenuates the beam, because it also injects electron-hole
pairs, leading to free-carrier absorption, avalanche, and plasma
effects at large excitation densities. The saturation of the trans-
mission curves at high pulse energies is attributed to plasma
defocusing and screening effects,10,11 which are beyond the
scope of the present paper. From here on we will concentrate
on the early portions of the transmission curves, to neglect
these effects and focus on the PI physics.

With tight focusing in the bulk of materials, we expect
nonlinear absorption to arise in the so-called intermediate PI
regime (0.1 < γ < 10) where the TI process may contribute.
To confirm this aspect, we compare the intensity dependence
of the nonlinear absorption to a theoretical multiphoton power
law ∝ IN for each material. Figure 3 shows the absorption
measurements as a function of laser intensities close to
the threshold (note the logarithmic scales). The absorption
is retrieved from the measurements by simply assuming
A = 1 − T/T0. Of course, to plot the intensity response we
must take into account differing focal spot diameters while
varying the laser wavelength. Before the experiments, the
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FIG. 3. (Color online) (a) Measurements of nonlinear absorption
at 1300-nm wavelength when focusing 110-fs laser pulses with a 0.3
NA microscope objective. The solid lines show the comparison with
a scaling law IN , where N is the fitting parameter. (b) Comparison
between N found with the fitting procedure (Nfit) and theoretical
values for a multiphoton approximation (solid line). For all tested
cases, we note that Nfit < Ntheo.

beam was analyzed using the residual response of a silicon
CCD analyzer at 1300-nm wavelength (Gentec, CCD23-
1310). At the optimum operation of the OPA, we could deliver
a beam with a measured M2 factor equal to 1.07 (beam
caustic measurement). The good Gaussian beam profile allows
us to estimate the focal spot size to be 2ω0 = 1.22λ/NA
in the experiments (5.3 μm at 1300 nm and 8.9 μm at
2200 nm).

In Fig. 3(a), we note that we can describe the growth
of the nonlinear losses at low intensities (A < 0.1) using
a power law for all tested materials. For silicon, due to
the limitations of our measurements (sensitivity), the fitting

procedure requires taking into account higher absorption
measurements (A < 0.3, horizontal dashed line). This leads to
a rather imprecise evaluation. Nevertheless, if losses resulted
only from multiphoton absorption, the slope (Nfit parameter)
should correspond to the theoretical value Ntheo = ��BG/h̄ω�
where �.� denotes the ceiling function. Also, one would expect
an increase of the apparent slope (N > Ntheo) if avalanche
ionization were to assist the MPI with an exponential growth
of the free-carrier density.12 However, Fig. 3(b) shows that we
find Nfit systematically below Ntheo. This lower laser intensity
dependence is compatible with a significant TI contribution
(see Fig. 1; γ < 1), confirming in this way the intermediate PI
regime.

As we mentioned, measuring the wavelength dependence
of the ionization thresholds is another useful approach to
evaluating the relative importance of the two PI channels
in the initiation of nonlinear absorption. We performed
transmission measurements similar to those shown in Fig. 2
with all available wavelengths but concentrating on two very
different materials: Si and a-SiO2. We chose to investigate
the bulk response of these two materials because of their
technological importance but also because their nonlinear
absorption thresholds are obtained for significantly different
adiabaticity parameters. According to the measurement at
1300 nm (Fig. 2), we will see that we reach γ = 9.2 in Si
while it is below unity for SiO2.

From all the measurements, the threshold for nonlinear
absorption is determined carefully by the method of a two-
segment fit: the point at which the straight line of 100%
transmission (horizontal) intersects the straight line fit of
absorption above the threshold. An example of this threshold
extraction procedure is shown in Fig. 2 for the ZnS case (see
dashed lines and arrow).

Figure 4 shows the intensity thresholds measured as a
function of the laser wavelength. Interestingly, we note that
the intensity threshold for nonlinear absorption is independent
of the wavelength in a-SiO2, whereas the multiphoton order
varies from 9 to 16 for the tested wavelengths. We measured
that the nonlinear absorption is initiated for an intensity
threshold of ≈ 2 × 1013 W cm−2, slightly higher than that
found at 800 nm under very similar conditions.12,13 We obtain
different bulk responses for silicon when we change the
wavelength. Between 1300 and 2000 nm, the photon energy
puts us in a low-order two-photon absorption regime and we
find modest variations for the threshold. At 1200 nm, the
lower threshold value is attributed to residual linear absorption.
For λ > 1900 nm, a significant increase of the threshold
corresponds to the transition from the two- to the three-
photon absorption regime. The positions of the transitions
are in good agreement with recent multiphoton absorption
cross-section measurements using loosely focused beams in
the same wavelength range.14,15 According to these results,
the wavelength dependence as a signature of the relative
importance of MPI with respect to TI (see Fig. 1) compares
favorably with the response of these two materials.

To study in more detail the response as a function of γ ,
we investigate the response of all our materials (see Table I).
Then, γ is varied gradually through the ratio �BG/Ith because
obviously Ith does not scale linearly with the band gap due
to the nonlinear nature of the interactions. To quantify the
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FIG. 4. (Color online) Wavelength dependence of nonlinear
absorption thresholds for a-SiO2 and Si for the same laser sources
at different wavelengths focused with a 0.3 NA NIR microscope
objective. The domains associated with each theoretical multiphoton
order N = ��BG/h̄ω� are also displayed in the graphs (gray vertical
lines).

dependence of the nonlinear absorption intensity threshold
on the wavelength, for all the materials, we chose two
well-separated wavelengths: 1300 and 2200 nm. We avoid
1200 nm because residual linear absorption was found for Si
(see Fig. 4). Figure 5 shows the results of this measurement
as a function of the band-gap value for the materials. For
ease of comparison, we also show the ratio between the two
thresholds for all materials (right axis). We note that both
wavelengths lead to very similar thresholds for all materials
tested except for ZnSe and Si, corresponding to the interactions
with the lowest multiphoton orders. The bottom graph of
Fig. 5 displays the corresponding γ values for all threshold
measurements. Because γ depends on the wavelength, we
calculated for each material an averaged γ using λ = 1750 nm
and I = (Ith, 2.2 μm + Ith, 1.3 μm)/2 (black curve). We note that
γ increases gradually when decreasing the band gap, and
we can conclude that the wavelength dependence arises for
a typical γ value exceeding 3. Here, it is worth noting that
Si is an indirect band-gap semiconductor (see Table I), which
implies the involvement of phonons for the ionization events.
It is likely that the band structure plays a role in the measured
responses. However, since we found a wavelength dependence
for Si but also for ZnSe, which is a direct band-gap material, we
can conclude that the γ -based dichotomy for the mechanisms
remains robust to these considerations for the materials of this
study.

In summary, there had been no direct experimental evidence
of tunneling dynamics inside solids until recently.16,17 We
have shown that the wavelength independence of nonlinear
absorption represents a direct experimental observable for

FIG. 5. (Color online) Comparison between intensity thresholds
for nonlinear absorption at 1300- and 2200-nm wavelengths as a
function of band-gap value for all tested materials. The right axis
(top graph) shows the ratio between both thresholds. The lower graph
displays the values of the adiabaticity parameter corresponding to the
measured thresholds for both wavelengths. The intensity threshold
for nonlinear ionization at 2200 nm deviates from the threshold
at 1300 nm only for the smallest gap values (ZnSe, Si) where the
situations lead to γ > 3.

the importance of TI. Using long wavelengths in a typical
configuration for femtosecond laser micromachining, we
found the signature of TI for all dielectrics at the initiation of
energy deposition while the MPI response persists for narrow
gap materials. We have concentrated on long wavelengths
in the range 1200–2200 nm. This was a convenience but
not a limitation. The wavelength of femtosecond lasers can
be pushed to the MIR part of the spectrum18 with OPA
systems to even further enhance the importance of TI in these
situations.

Today, there is a general trend toward the production of
extremely short pulses to decrease γ and to reach deterministic
breakdown regimes for advanced applications.1,3 However, it is
worth noting that the adiabaticity parameter varies implicitly
as

√
τlas whereas it varies as 1/λ when the wavelength is

varied. Our results confirm that wavelength tuning toward the
IR is an efficient alternative to pulse shortening. With our
110-fs laser pulses at 2200 nm, we already reach a γ value
down to 0.45 at intensities required for energy deposition,
which is similar to what is obtained with few optical cycle
pulses at 800 nm for intensities leading to surface ablation.7

In this perspective, long wavelengths open an interesting
route but they provide also another advantage. They are
desirable for the envisioned 3D applications in biological
samples and in narrow gap semiconductors which are opaque
at the fundamental wavelength of Ti:sapphire femtosecond
lasers.

This research was funded by the French National Research
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