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Abstract

Non-ablative femtosecond laser exposure of transparent substrates leads to

bulk volumetric changes, and consequently, localised structural changes re-

sulting in micron-scale variation of elastic properties in the material. Here,

we demonstrate the use of grid nano-indentation to characterize the elastic

stiffness field across the laser-modified volume. Sub-micron spatial resolution

is achieved by adapting a deconvolution procedure to the laser-affected zone

(LAZ) geometry that minimizes a projection residual out of which an elas-

tic description of the modified glass is sequentially constructed. Thanks to

this method, a bimodal stiffness-distribution across the laser-affected zones

is revealed, highlighting the complex nature of the interaction.
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1. Introduction

Femtosecond laser exposure of glass in the non-ablative regime can lead

to various structural modifications, depending on laser parameters, such as

pulse duration, pulse energy and exposure dose. In fused silica, it leads to

various changes such as a localized densification [1], so called type I, the

formation of self-organized nanostructures [2, 3] (type II) or nanoporous as-

sembly [4] (ref. as type ’X’). These structural modifications induce localized

volumetric changes [5, 6], and consequently the formation of a stress field.

These modifications occur within the direct-exposed volume, which depend-

ing on the confocal parameters and because of the non-linear nature of the

laser-matter interaction, can be of the characteristic size of the laser spot or

smaller. Consequently, measuring them is particularly challenging, in par-

ticular when it comes to resolve elastic properties changes occurring within

a few microns.

So far, photoelasticity [7], indirect methods making use of mechanical

amplification like bimorph cantilevers [5, 8, 9], or larger volume made nano-

indentation of several adjacent laser-modified zones [7] were used to estimate

the elastic properties of laser-modified zones. While these methods provide
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a means for evaluating the average stress and volume expansion in laser-

affected zones, it does not elucidate subtle variations of elastic properties

within a laser-affected volume. For instance, at relatively high irradiance

level [10, 11], it has been suspected that laser-affected zones may have bi-

modal structures, consisting in self-organized nanostructures along the prop-

agation front and densified zones at the tail. However, these observations

remain speculative, due to a lack of accurate method to resolve these fine

variations in density and consequently in the elastic modulus. Beyond the

pure scientific interest, acquiring additional information about the fine me-

chanical behavior at the nanoscale level along laser affected zones also has

important implications for practical applications, in particular for elucidating

the long-term strain behavior of laser-affected zones [12, 13].

Here, we proposed to adapt a method based on grid nano-indentation [14]

to resolve these fine features. This method contributes to a refined analysis

of how the structure of materials evolves under strong fields exposure and in

particular, how their elastic properties are locally modulated.

2. Material and methods

In the following experiment, we considered fused silica substrates (Corn-

ing 7980 0F, rich OH content, 25×25×1 mm) that we exposed to femtosecond

laser radiation (Amplitude, OPA 800 nm, emitting 50 fs pulses with a rep-

etition rate of 120 kHz). Technically, line-patterns are written across the

substrate length at a depth of approximately 80 µm, and a speed of 500

µm/s. The incident radiation is linearly polarised with the electrostatic field

perpendicular to the writing direction. The laser is focused using a 0.4 NA
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laser-objective. For the case reported here, the pulse energy is 300 nJ. After

exposure, the substrate is diamond wire cut and polished until an optical

finish is achieved to reveal the laser-affected zones cross-section. Figure 1

shows the typical morphology of the LAZ as seen using a atomic-force mi-

croscope (PSIA XE-150 from Park instruments in contact mode, along with

the location of the nanoindents).

A total of N = 220 indentation tests are performed (UNHT1, Anton

Paar) at points Pn on 22 × 10 indentation grid covering a LAZ and some

pristine glass. The grid step is nominally 1 µm. Denoting f the applied force

on the indenter, each indentation is realised with a f = 1 mN maximum

load at a constant strain rate (ḟ/f = 0.05). To ensure a continuous stiffness

measurement during the entire loading part of the curve, a sinusoidal signal

with a 5 Hz frequency is superimposed. The indentation modulus Eeq(Pn) is

extracted following the Oliver and Pharr method [15]. This stiffness is here-

after translated into the Young’s modulus M(Pn) of the equivalent uniform

isotropic material, assuming that its Poisson’s coefficient is ν = 0.17 and

considering Ei = 1141 GPa and νi = 0.07 for the indenter material.

1

Eeq(Pn)
=

1− ν2
i

Ei

+
1− ν2

M(Pn)
(1)

The calibration of the shape of the indenter is performed indenting a mate-

rial with a known Young’s modulus and Poisson’s ratio (fused silica). The

projected contact area at maximum load Ac(Pn) = πa2n is also obtained from

this calibration, thus defining the equivalent contact radius an.

After indentation, the sample’s topography was measured by atomic force

microscopy and is displayed in Fig. 1. It is first used to manually locate the
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Figure 1: Topography of measurement area. The considered LAZ is highlighted with a

blue line.

boundaries of the LAZ : the user hand picks the limits of the LAZ, and a

subsequent interpolation allows to define its continuous closed contour. As

the processing scanning direction is orthogonal to the plane of the of Fig. 1,

the three-dimensional LAZ is assumed to be a semi-infinite cylinder C whose

basis is the above-defined closed contour. The sample’s topography is also

used to precisely locate the indents with respect to the LAZ. This is crucial

since positioning errors are unavoidable with the technology of the used nano-

indentation system. The remaining error on the indent location is driven by

the AFM image resolution, and is estimated to be about 25 nm, which is

much smaller than the typical size of the residual imprint. A raw map of

the measured indentation moduli is obtained assuming linear interpolation

between the indents (see Fig. 2).
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Figure 2: Measured indentation modulus map, assuming linear interpolation between the

indents. The bottom graph displays a one-dimensional spatial modulus distribution along

the laser beam propagation direction, as indicated by a red line in the modulus map.

3. Theory and calculation

The raw measurements in Fig. 2 actually result from the convolution of

the actual indentation modulus map with a mechanical convolution kernel

depending on the elastic fields under the indenter at the measurement force

[14]. Because of the very fine details in the LAZ, this convolution significantly
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blurs the resulting picture, and it is necessary to deconvolve this map in order

to retrieve a description of the elastic properties fields inside the LAZ. This

deconvolution procedure relies on an a priori parametrized description of

the elastic parameter field. One approach is to first assume that the LAZ

displays a uniform elasticity, so that its stiffness MLAZ and the stiffness of

the surrounding glass matrix Mglass are the sole elastic parameters to retrieve

from the N indentation measurements. The deconvolution relies on a scaled

strain energy density e(a, ν, ρ, z) at a point (ρ, z) under the contact to define

an influence coefficient at a given point P, I(ν, a, P, C) [14] expressed as:

I(ν, a, P, C) =
∫
C e(a, ν, ρ, z)dV∫
H e(a, ν, ρ, z)dV

(2)

where H and C stand for the full half-space and semi-infinite cylinder, re-

spectively, and where ρ and z are the cylindrical coordinates.

I(ν, a, P, C) is independent from the probed elastic properties besides the

Poisson’s ratio, which is arbitrarily set to ν = 0.17 for both material phases

(i.e. pristine and laser-modified). The integral is calculated for z ranging

from 0 to 10× a and for ρ ranging from 0 to 10× a. These bounds are very

large considering that e vanishes at a distance about a. This further suggests

that the effect of the nearby indentation point is negligible. The theoretical

indentation modulus at any point P , Mth(P ) reads:

Mth(P ) = MLAZI(ν, a, P, C) +Mglass(1− I(ν, a, P, C)) (3)

The same equation can be derived for any of the N measurement points Pn.

Here, the influence coefficient I(0.17, an, Pn, C) is almost never 1, meaning

that the LAZ is never probed alone, but is influenced by the unmodified

regions. Because of both modelling and measurement errors, the measured
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M(Pn) may deviate from Mth(Pn). By combining all the equations (3) for all

the measurement points N, one obtains an over-determined set of N linear

equations depending on two unknowns, so that all the N equations can-

not be satisfied simultaneously, in general. The system is thus solved in a

least-square sense to provide the sought elastic parameters together with a

projection residual R(Pn) at a point Pn, expressed as:

R(Pn) = MLAZI(ν, an, Pn, C) +Mglass(1− I(ν, an, Pn, C))−M(Pn) (4)

The overall quality of the proposed description may also be appreciated using

the average normalized residual η, defined as:

η =

√∑
nR(Pn)2∑
nM(Pn)2

(5)

4. Results and discussion

Applied to our measurements, we obtain MLAZ = 60.9 GPa and Mglass =

70.9 GPa, for an average residual η = 6.4 × 10−2. This rather poor initial

guess (which was to assume a uniform elastic distribution) is confirmed by

the residual field displayed in Fig. 3, which clearly suggests that the LAZ is

elastically significantly non-uniform. It should however be highlighted that

the valueMglass obtained outside the LAZ perfectly fits the reference value for

such glass. This proves that the sample preparation (cutting and polishing)

did not significantly alter the mechanical properties of the material.

To improve the elastic distribution hypothesis of the LAZ, we now con-

sider a bimodal distribution. This is equivalent to divide the LAZ into two

uniform zones separated by a boundary located at a position x = xb. The
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Figure 3: Projection residual map R(Pn) assuming a uniform LAZ and linear interpolation

between the indents. Two distinct zones are revealed, highlighting the inaccuracy of

the initial guess estimate of the elastic distribution. The residual map also suggests the

existence of a bi-modal elastic properties distribution.

theoretical indentation modulus at point P , Mth(P ) now reads:

Mth(P ) = MLAZ,leftIleft(ν, a, P, C, xb) +MLAZ,rightIright(ν, a, P, C, xb)

+Mglass(1− Ileft(ν, a, P, C, xb)− Iright(ν, a, P, C, xb)) (6)

and the deconvolution procedure is repeated for any position xb across the

boundary.

Fig. 4 displays the overall indicator η as a function of the position xb of the

boundary chosen to divide the LAZ into two distinct zones. A clear minimum

is found at xb = 12.4 µm with η(xb = 12.4 µm)=4.7 ×10−2, thus demonstrat-

ing a clear improvement compared to the initial description (compared to the

initial residual value of 6.4× 10−2). For this optimized description, the iden-

tified elastic parameters are MLAZ,left = 73.0 GPa, MLAZ,right = 52.4 GPa
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Figure 4: Global projection residual η of the boundary between the two sub-LAZ as a

function of the boundary position xb.

and Mglass = 70.8 GPa.

The corresponding residual map is displayed in Fig.5. Both the am-

plitude of the residual distribution and its spatial distribution have been

significantly reduced, thereby indicating that a bimodal elastic distribution

described more accurately the actual elastic stiffness field after laser expo-

sure.

The results show that, along the propagation axis, the material has first

experienced a significant damage, resulting in a reduced stiffness. This is

very consistent with a reduced material density and with the porous nature

of the nanogratings [3]. The obtained stiffness values suggest that a porosity

of about ≃ 30% has been introduced in this degraded zone. The opposite

behavior is then observed. The zone, where some self-focusing tends to be
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Figure 5: Projection residual map R(P ) assuming a bi-modal distribution of elasticity and

considering a linear interpolation between the indents.

observed at higher energy displays a slightly higher stiffness. Interpreting this

stiffness change as a density change suggests a glass compaction about ≃ 3%

in this zone. This information shows that at high pulse energy, nanogratings

have a complex mechanical behavior, combining both densified and porous

zones. This more complex loading case may lead to additional shear strain at

the interface, prone to crack nucleation that may weaken laser-modified zones

and in turn devices. it defines an upper limit above which the mechanical

integrity of direct-write structure can be compromised.

5. Conclusion

Combining grid nano-indentation technique with a dedicated deconvo-

lution approach, we reveal the detail of the stiffness field inside a unique

laser-affected volume in fused silica. To the best of our knowledge, this is the

first time such spatially resolved information is obtained. This is thought
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to be of crucial importance in understanding the mechanisms involved in

the glass modification induced by a non-ablative femtosecond laser expo-

sure. This information shows that at high pulse energy, nanogratings have

a complex mechanical behavior, combining both densified and porous zones.

This outlines the capability of such fabrication technique to process graded

materials with very steep stiffness gradients in the 10 GPa.µm−1 range.
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