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Abstract

This paper lays out best practices for evaluating and optimizing a Raman spectroscopy setup to ensure the
collection of reliable spectral data and/or Raman images on indented glasses. The Raman spectroscopic
measurements and imaging were conducted on residual imprints created with Berkovich and spherical
probes at forces in the sub-newton range in fused silica. The capability of a conventional optical instrument
for mapping spectral variations in sub-newton imprints on glasses is evaluated by studying the influence of
the optical configuration (choice of microscope objective) on the spatial resolution of the spectroscopy
setup. The spatial resolution was quantitatively assessed in Z profile measurements and qualitatively
evaluated by mapping changes in spectral features and correlated densification within the indented regions
of fused silica specimens. The paper discusses the importance of appropriately matching the analysis
volume of the Raman spectroscopic setup with the size of the indentation-induced densification zone by
demonstrating the detrimental effects a mismatch may have on accurately capturing the magnitude of

spectral changes and correlated densification.
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1 Introduction

Amorphous materials with an open network structure exhibit an anomalous plastic response to mechanical
loading, that is characterized by the complex interactions of deformation mechanisms such as volume-
changing densification and volume-conservative plastic shear flow.[1-3] As such, it is challenging to

establish relationships between atomic scale processes and continuum scale descriptions of the mechanical



behavior (constitutive laws) for such glasses.[2,4] Over the decades, various constitutive models have been
developed to describe the plasticity of fused silica under different types of mechanical loading, such as pure
hydrostatic compression,[5,6] pure shear,[5,7] or mixed pressure-shear loading.[2,3,8-11]

Indentation testing may help in the validation and (if necessary) revision of proposed constitutive laws for
modeling the plastic deformation of glasses, as hydrostatic pressures combined with shear stresses are
generated during indentation experiments. [3,12-15] However, indentation (force-displacement) curves by
themselves do not validate a constitutive law and must be complemented by richer data sets (e.g.,
measurements of strain distributions or densification gradients) to advance the constitutive modelling of
glass plasticity.[3,10,12,15] Raman spectroscopic imaging/scanning has been employed in recent years to
map changes in spectral parameters in and around residual imprints and to correlate the spectral changes to
variations in the structural compaction (densification) of the indented glass.[12,16-20] Most of the Raman
mapping experiments were conducted on residual micro-indents created by forces ranging from a few to
several tens of Newtons due to limitations in the spatial resolution of the Raman spectroscopy
configurations used in these studies.[12,17]

One issue of mapping large-sized high-load indents is the constraint on the resolution (data point density)
of the collected Raman images. With glasses being commonly weak Raman scatterers, long times are
required to collect individual Raman spectra (individual data points in image) of satisfactory quality.
Collection times from 1 min up to 25 min per spectrum have been reported for previous Raman imaging
studies of indented glasses.[12,17,18] This limits the total number of spectra (data points) measurable before
mechanical/thermal drift affects the image collection. As consequence, only sections instead of entire
residual imprints were usually mapped.[12,16,18]

However, the major drawback of mapping high-load indentations, especially when conducted with the acute
Berkovich or Vickers probes typically used in glass indentations, is the frequent occurrence of severe
cracking in close proximity to the imprints.[21] Different fracture patterns have been observed on indented
glasses: cone cracks, radial-median cracks, lateral cracks and edge cracks.[22-24] Edge cracks are
characterized by cracks parallel to and very near the contact periphery that extend vertically to shallow
depths (small fraction of the depth of residual imprint).[24] Since this type of cracks are confined to the
very-near surface region, they will probably not interfere with Raman measurements (determination of
spectral shifts).[11] In contrast, the other mentioned crack systems can affect the spectroscopic
measurements significantly, as they are much more pronounced and penetrate the glass specimen to depths
several times larger than the depth of the residual imprint.[24-28] As such, these crack systems can
introduce local shape modifications and thereby affect the expected laser spot position in Raman
measurements.[11] Additionally, cracking may increase the scattering of the laser beam and thereby

degrade the spectroscopic measurement due to undesirable expansion of the analysis volume. Furthermore,



the elastic-strain release upon crack formation may hamper how accurately the actual degree of
densification can be captured.[17] All of which can impede the spectroscopic characterization of the true
shape, size, and nature of the densification zone of the indented glasses.

For fused silica (FS), the glass type studied in this paper, the force threshold for radial cracking was
determined to be well above 500 mN for Berkovichand Vickers indentations.[21,24,29-31] This also means
that the formation of lateral and median cracks is precluded below this threshold, as sub-surface cracking
is only observed in combination with radial cracking.[24] The force threshold for inducing cone cracks in
FS was determined to be 250 mN in a recent study of Vickers indentations.[32] Though indentation forces
larger than 1700 mN are required to observe this crack pattern with regularity (probability of occurrence >
50 %); the probability to initiate cone cracks at 500 mN has been reported to be only 15% (Fig. 2 in [32]).
Consequently, to avoid measurement-interfering cracking, the indentation forces should be limited to the
sub-Newton range (preferably below 500 mN) to create residual imprints in fused silica for spectroscopic
analysis. Then again, the imprints created at milli-newton forces are commonly believed to be too small in
size to allow mapping of variations in densification in the indented glass region due to the insufficient
spatial resolution of conventional Raman spectroscopy configurations.[11,12,14,15,17] If the spatial
resolution is too coarse, the spectral information from regions in different states of densification get
convoluted leading to a misrepresentation of the indentation-induced spectral and associated structural
changes.[11,13,33]

The lateral and depth spatial resolution inherent to a Raman spectroscopic measurement are determined by
the optical configuration and components used in the Raman setup. Among other factors, the quality of the
spectral data collected depends on the microscope objective used to focus the laser beam on the specimen
and to collect the Raman scattering. In particular, under appropriate confocal conditions, the numerical
aperture (NA) of the objective together with the wavelength of the laser beam (1) determine the waist (or
lateral spot diameter LD) and depth for the focus (DOF). For an idealized diffraction limit, LD is = 1.22 -
A/NA.[34] The theoretical DOF is ~ 4 - n - 1/NA?, where n is the refractive index of the material.[34] It
should be mentioned that various methods to experimentally determine the spatial resolution of a Raman
spectroscopy setup have been proposed in the past.[35] This methods require the preparation of specific
test structures replicating the optical properties (refractive index) of the materials to be spectroscopically
analyzed. The spectral resolution can be optimized by adapting the optical configuration of the Raman
microscope and, thus, enable a reliable (in-situ) spectroscopic characterization of the densified regions of
milli-newton indentations, as has been recently demonstrated for a custom-built setup.[33,36]

In this paper, the capability of a conventional optical instrument for mapping spectral variations (changes
in densification) in sub-newton imprints is assessed by studying the influence of the optical configuration

(choice of microscope objective) on the spatial resolution of the spectroscopy setup.



The spatial resolution (in terms of analysis area) is quantitatively assessed in Z profile measurements and
gualitatively evaluated by mapping changes in the spectral features and correlated densification within the
indented regions of fused silica. Fused silica was selected as test material in this study because it embodies
the model material for disordered networks and often serves as a reference material in glass studies, in
addition to being a technologically important material.[2,24,32,37] The Raman spectroscopic
measurements and imaging were conducted on residual imprints created at forces in the sub-newton range
in indentations with Berkovich and spherical probes. Compared to the Berkovich (and Vickers) probes,
spherical indentation allows for study of the deformation behavior as a function of the indentation strain
due to the non-self-similar geometry of spherical probes.[33,38] Furthermore, simpler analytical models
can be employed for interpretation and simulation due to the axisymmetry of the strain fields generated by
spherical probes.[38] This is, to our knowledge, the first time Raman images of spherical glass imprints
have been collected.

This paper will further discuss the importance of appropriately matching the analysis area of the Raman
spectroscopy setup with the size of the indentation-induced densification zone by demonstrating the
detrimental effects a mismatch may have on accurately capturing the magnitude and distribution of spectral
changes. For the purpose of this study, the term densification zone describes the region of the indented glass
where indentation-induced stresses and strains caused structural changes to the glass network commonly
referred to a compaction or densification (level of densification may vary within the densification zone).
The dimension of the densification zone and the maximum level of densification within this zone are the
main focus of this paper. Finally, the paper will lay out best practices for evaluating and optimizing a Raman
spectroscopy setup by (quantitively) assessing its spatial resolution to ensure the collection of meaningful

spectral data/images on indented glasses.

2 Experimental procedures

2.1 Preparation of residual indents for Raman spectroscopic analysis

The glass sample indented and spectroscopically analyzed in this study was made of optically polished,
Corning 7980 UV Grade fused silica (FS) (Valley Design Corporation, Shirley, MA). The FS sample had
a cylindrical shape with a diameter of 25.4 mm and a thickness of 1 mm.

To generate residual imprints for the Raman measurements/imaging, the FS sample was indented using two
probes of different acuity and shape: a diamond Berkovich probe and a conospherical diamond probe with
a nominal tip curvature of 5 um. The tip-area functions of these probes and the machine compliance for an
individual sample-probe combination were determined in separate indentation experiments according to

common procedures.[39,40]



TAB. 1: Maximum indentation depth (hmax), residual depth (hy), radius of spherical imprint (a), length of
side of Berkovich imprint (s) and estimated thickness of the densification zone (zq,s) for contact impressions
generated at various indentation forces F with Berkovich and spherical probes. The maximum values for
the D; shift and the Ao shift are shown as determined in the Z profile and mapping experiments at various
loads. Spectral data based on measurements with the NA 0.5 objective (where applicable) are marked with
“*” The values goand wpz,0 Mark the o parameter and wavenumber of the D, band of the unperturbed bulk,
respectively. The spectral shift error estimates are based on the standard deviation of repeat spectral
measurements of the relevant specimen coupled with an assessment of focal position errors. For the other
data, the values given represent the average + standard deviation in measurements on three indentations.

Equations (1) to (5) are shown in section 4.1.

Indentations with Berkovich probe

F (mN) 10 50 100 300

Nmax (NM) 303+ 9 677%5 953+ 6 1647 £ 3

hr (nm) 174+£10 345+10  476%6 823+ 2

S (um) 166+0.12 387+0.04 5.29+0.03 9.23+0.02

Zgs (M) eqn. (1)  09+001 1.9+£0.01 2.6+0.00 4.6 +0.00
eqgn. (2) 0.8+003 16+002 23+£0.01 3.9+£0.01
eqgn. (3) 0.7+£004 13+£001 1.8+0.01 3.1+0.01
eqn. (4) 05+003 1.0+003 1.3+0.00 2.3+0.00

Max. Ao (cm™) profile 25+1 36+1 49 +2 76 +2

oo: 407 £1cm™; 407 £ 1 cm™* map . . . T7T+2:7+2%

Max. D; shift (cm™) profile 10+1 12+1 14+1 17+1

wp2,0: 602 +1cm?; 601 +1cm™” map . . . 18+ 1: 3+ 1*
Indentations with spherical probe

F (mN) 50 100 150 200

Nmax (NM) 456 + 3 719+4 956 + 7 1139+ 8

hr (nm) 41+1 182+ 4 324 +12 386 + 15

a (um) 131+001 184+0.01 234+0.02 2.64 £0.02

Zas (M) eqgn.(5) 0.2+001 1.0+002 1.8+0.07 2.1+0.08

Max. Ao (cm™?) profile 5+1 30+1 44 + 1 51+ 2;4 +2*

oo: 411 £ 1 cm™; 407 + 1 cm™* map ) ; 3 52 +2: 5+ 2%

Max. D; shift (cm™) profile 21 9+1 12+1 13+1;2+£1*

wpz0: 602 1 cm™; 601+ 1em™ gy - . - 13+1: 2+ 1%




To stay below the thresholds for crack initiation, residual imprints were generated in indentations at 10 mN,
50 mN, 100 mN and 300 mN with the Berkovich probe and at 50 mN, 100 mN, 150 mN and 200 mN with
the conospherical probe, using an instrumented indentation instrument (Hysitron Tribolndenter®, Bruker,
Minneapolis, MN). The loading and unloading rates were set to be 10 mN/s for all indentations. Three
indentations were made per indentation force with the imprints arranged along a straight line and spaced
50 um apart. The lines of imprints generated at different loads were also spaced at least 50 um apart.

The indentation curves generated in this study were corrected for machine compliance following procedures
for Berkovich and spherical probes described elsewhere.[40,41] From the compliance-corrected curves,
values for the maximum indentation depth (hmax) and residual depth (h;) were obtained for each indentation.
As relevant dimensional features of the residual imprints, the contact radius (a) of spherical imprints and
the side length of Berkovich imprint (s) were determined via the approach proposed by Field and Swain[42]
or (via the contact area calculated) with the Oliver-Pharr method,[43] respectively. The calculated values
of a and s were verified by measurements on optical micrographs of the residual imprints. The individual
compliance-corrected indentation curves and optical micrographs of the residuals were summarized in the
data publication [44] associated with this study.

The average and standard deviation of the indentation-related parameters were determined from the three
indentations conducted at the same indentation force and were summarized in Tab. 1 for the two probe

geometries.

2.2 Raman spectroscopic measurements on residual indents

Configuration of Raman microscope

The custom Raman microscope used in this study is quite similar to those reported in earlier work on narrow
band luminescence microscopy[45] and confocal Raman microscopy[46] thus only noteworthy
modifications to those designs are discussed. The excitation source utilized is a single longitudinal mode,
diode pumped, solid state 532 nm laser (Coherent Verdi). The light is delivered into the microscope
enclosure with a single mode fiber and filtered through a laser-line transmission filter (Semrock). The light
is then reflected from a long pass Raman filter (Semrock) in an inject-reject geometry onto the back aperture
of the microscope objective. A beam expander is used in the excitation beam path to ensure that the back
apertures of the objectives are filled. As has been discussed in a previous in-situ Raman spectroscopic
study of FS,[33,36] the relatively low intensity of Raman scattering in FS requires the use of significant
laser powers, on the order of 100 mW through the microscope objective.

Two metallurgical objectives are used in this work: an MPlanApo, 0.95 NA objective (Olympus) and an
LMPIlanFL N 0.5 NA objective (Olympus). As mentioned in the introduction, the NA of the objective

determines the LD and the DOF of the collection volume, hence, the volume of the sample analyzed in



Raman spectroscopy measurement. For 4 = 532 nm, the LD is 0.68 pm and 1.30 um for the NA 0.95 and
NA 0.5 objectives, respectively. The DOF is 2.36 um and 8.51 um for the NA 0.95 and NA 0.5 objectives
in air (n = 1), respectively. It should be noted that these values have been calculated for ideal conditions.
The actual values are undoubtedly larger and may vary within the indent due to scattering and refraction
phenomena. In particular, the DOF might be considerably extended and variable when focusing through
the glass specimen in the Z profile experiments as the refractive index of FS is significantly larger than that
of air and density dependent:[84] n = 1.46 for 2.2 g/cm?®(pristine), n = 1.55 for 2.66 g/cm? (= 21% densified).
The Raman scattered photons are collected in an epi configuration and are passed through a second long
pass Raman filter (Semrock) prior to being coupled into a transport fiber. A single mode optical fiber with
a mode field diameter of 4.1 mm (SM450, Thorlabs) was used in conjunction with the NA 0.95 objective
while a multimode optical fiber with a mode field diameter of 50 um (M42L02, Thorlabs) was used with
the NA 0.5 objective. In each case, the fiber core acted as a confocal aperture and the fiber was used to
transport the detected photons to a 0.5 m imaging spectrograph equipped with a 1200 g/mm grating blazed
at 500 nm (Acton SP2-500i) and a liquid nitrogen cooled CCD camera (Princeton Instruments). In the
previous in-situ Raman study on FS, subtle day to day variations in the instrumental sensitivity in the low
wavenumber region of the spectra due to polarization effects of the transport fiber were observed. As in
that work, an achromatic depolarizer (DPU-25, Thorlabs) was placed in the entrance optics of the
spectrograph to avoid this effect. All of the spectra in this paper were corrected for the spectral intensity
instrument response function with Standard Reference Material 2242 and the published procedure (2242
Certificate). The absolute wavelength of the laser was measured daily with a wavemeter (Coherent) to allow
the spectral calibration of the CCD camera using the atomic emission line positions for a Ne discharge
lamp.[47]

Procedure for collecting Z profiles

In the Z profile experiments, the distance of the microscope objective from the indented specimen is initially
adjusted so that the laser beam is focused on the specimen surface just outside the indent area. This distance
is then denoted as z axis focal position zero. A sequence of spectra is then acquired with the laser centered
on the residual imprint. The first spectrum in the sequence is acquired with the focal position equal to
positive 1 um (beam focus 1 um above the specimen surface). Eleven more spectra are collected with the
focal position descending into the specimen in 1 um increments (i.e., the second spectrum is at focal
position zero, the third at -1 pum and so on until the last spectrum at -10 um). These Z profile sequences
were collected with the NA 0.95 objective for each indentation load, for both the Berkovich and spherical
imprints, with an acquisition time of 180 s. A single Z profile sequence was collected with the NA 0.5

objective for the 200 mN spherical imprint using a 10 s acquisition time. It is worth noting that the actual



focus might be somewhat displaced from the z position expected due to the use of a metallurgical objective
focusing into glass and possible effects of the imprint geometry on the focal position and shape.

Note that the positive 1 um focal position spectrum is used simply to check that the peak spectral intensity
is measured with the focal position at the specimen surface, as would be expected for a well-aligned
microscope. The expected peak spectral intensity with focal position was observed in all sequences recorded
with the NA 0.95 objective.

Procedure for ex-situ Raman mapping

Raman maps of each imprint were acquired by scanning the sample over a square area of a size chosen to
adequately encompass the indented area. The sample z axis position was set such that the excitation beam
was focused on the sample surface just outside the indented area. The z axis position was held constant for
the entirety of the scan. A dynamic adjustment of the focus that follows the contour of the residual
impression during the scan was outside the scope of the paper and not implemented in the Raman setup.
This might affect the spectral data collected in deeper regions of the impression (> 1 um in this study).
Despite the long map acquisition times (up to ~12 hours) the amount of observed beam focus drift did not
meaningfully impact the measurements, due to the excellent mechanical stability of the microscope. The
Raman spectra were acquired on an evenly spaced grid across the scan area. These scan areas ranged from
4 um to 12 um depending on the size of the imprint. In order to minimize the total map acquisition time
while still achieving a desirable level of spatial sampling, the number of spectra acquired across each grid
row was chosen as either 24 points or 32 points. The acquisition times per spectra were chosen to achieve
adequate signal to noise while again minimizing the overall map acquisition time. Maps acquired with the
NA 0.95 objective required 40 s per spectrum while the NA 0.5 objective maps only required 10 s spectral
acquisition times. Maps were acquired for each load for both the spherical and Berkovich imprints with the
NA 0.95 objective as well as for a smaller subset of imprints with the 0.5 NA objective. Duplicate maps of
selected imprints were also acquired to assess measurement reproducibility.

All raw spectral data collected in the Z profile and Raman mapping experiments have been compiled in a

separate data publication.[44]

2.3 Analysis of Raman spectroscopic data

Indentation induced spectral changes and their correlation to densification
The Raman spectra collected in pristine regions of the glass sample (see also bulk spectra in Fig. 1b, c)

showed the characteristic spectral features of FS reported in literature [48-58]:

e abroad, asymmetric main band (MB), frequently referred to as the R band, located at 430 cm™,
e two narrow Raman peaks located around 495 cm™ and 606 cm™, often labelled in the literature as

defect bands D; and D,, respectively,



e an asymmetric band (A band) located at 800 cm™, and
e adoublet (DB) of bands located at 1060 cm™* and 1200 cm™.

Being an anomalous glass, FS deforms primarily by densification and to a lesser degree by shear during
indentation (below the fracture threshold).[59] The mechanisms which with indentation-induced
densification and shear affect the different structure length scales of the silicate network are still under
investigation.[20,60-62] However, indentation-induced changes to the glass structure distinctly alter the
spectral profile of indented FS.[11,12,19,20,33] Compared to its pristine state, the following spectral
changes were observed in the indented region of FS imprints: The position of the MB shifted to higher
wavenumbers and merged with the D; band. Also, the position of the D, band shifted slightly to higher
wavenumbers and its intensity increased relative to MB. The shape of the A band became more symmetrical
with its width broadening. The DB bands shifted to smaller wavenumbers.

Several studies have linked variations in spectral regions with changes in density or the densification ratio
of FS. For example, Perriot et al.[12] proposed an empirical relationship between the densification ratio (
= density of sample in densified state / initial density of sample in unperturbed state) and the wavenumber
ratio of the D, band ( = wp, of densified sample / wp, of unperturbed glass). Deschamps et al. found the
shift of the parameter o to be proportional to degree of densification under hydrostatic compression at room
temperature.[37] The parameter o is defined as the wavenumber at which the integral over the background
corrected spectral region (200 cm™ to 700 cm™*) encompassing the MB, D and D2 bands reaches half of its
total value. It was suggested that the proposed correlation between o and the densification ratio to be equally
applicable to indentations.

The structure of densified glass is dependent on the process under which the densification occurred.[65-67]
For a potentially process-independent calibration, Cornet et al. suggested correlating the densification with

the low-wavenumber half width at half maximum L./, of the main band.[68]

Determination of spectral parameters and densification

As the most commonly analyzed spectral parameters, the relative o and the D, shift, are the focus of analysis
in this study. However, data for the MB position and L1, were also compiled and can be found in the paper-
accompanying data publication.[44]

Spectral parameters can be extracted from glass spectra recorded in either a Z profile sequence or from an
individual spatial location in an image. The raw spectral data (camera pixel, counts) are converted to
spectral points (wavenumber, Raman intensity) through application of the spectral calibration and the
instrument response function correction procedures described in section 2.2.

The spectra are fit using non-linear least squares over the wavenumber range from (182 to 680) cm using

a 6-band spectral model described by Chligui et al. [69] and utilized in our earlier publication on in-situ



Raman measurements of FS indentations.[33,36] While other spectral models might also be suitable, this
model does an excellent job of representing the experimental spectra. The D, band is spectrally distinct
from the main band that consists of several overlapping spectral features. Consequently, the position of the
D band center falls directly out of the best fit model and can be used to estimate the degree of densification
via the relationship proposed by Perriot et al. [12]. For comparison purposes, the procedure described in
[37] was also used in this study for obtaining the o parameter. Thereby, o is calculated by determining the
total trapezoidal rule integral of the baseline corrected spectrum over the region from 182 cm™ to 680 cm-
1 where a linear baseline is determined from the region endpoints. The wavenumber at which the integral
reaches half of the total value is then designated o. The two other spectral parameters that have been related
to densification, the MB position and Ly, can also be readily extracted from the best fit spectral model.
The MB position is extracted by finding the peak in the best-fit spectral model in the main band region by
finding the zero-crossing point of the first derivative of the spectral intensity with respect to wavenumber.
(Note that this procedure is not useful on the experimental spectral data due to intensity noise, so the best-
fit function is utilized instead.) Ly, is calculated after determination of the main band position. It is defined
as the half width at half maximum of the main band calculated on the low wavenumber side. This is done
by finding the zero crossing of a function defined as the best fit spectral function minus half the intensity
of the main band at its peak.

The observed spectral changes were correlated to the densification of the glass network using empirical
equations based on previously published data [37,67,70,71] as described in the Supplemental Material (see
section S1, Tab. S2, Fig. S1). The density changes presented in this paper were based on the relative ¢ and
the D shifts. It should be noted that the densification in the indented region is discussed in this paper in
relative rather than absolute terms, e.g., the density changed by + 10 % from the initial state of the analyzed
specimen rather than the specimen was 10 % densified. To calculate an absolute densification ratio based
on changes to a particular spectral parameter, the reference value characterizing the non-densified state of
FS has to be known for that parameter. However, such reference values have yet to be established and
spectral parameters measured for a non-densified FS specimen cannot be universally applied across

laboratories due to experimental and instrument differences.[72]

3 Results

In the following sections, the results of the Z profile and mapping experiments are summarized.

3.1 Z profile experiments
Z profile measurements on high-load spherical imprints
The densified material with its altered spectral profile (see section 2.3) is concentrated in a finite volume

beneath the surface of the contact impression. Using this fact, Z profile measurements were conducted to

10



assess the capability of an optical setup to detect the densification-related spectral changes in glass
imprints.[11,33,36] It should be noted that the purpose of these measurements is simply to determine the
expansion of the densification zone along the z-axis and not to determine a density gradient within the
densification zone.

In Z profile experiments, a series of Raman measurements were conducted in the center of the imprint with
the focal plane of the microscope objective being shifted stepwise along the z axis, starting 1 um above the
surface of the samples and ending 10 um into the specimen bulk. Note that in all confocal measurements
there is an out-of-focus contribution to the measured signal. Indeed, the purpose of using a confocal
aperture is to reduce the relative contribution of this out-of-focus signal. In our Z profile scheme, the
measured signal at z = 1 um has a large out-of-focus contribution relative to those at other z positions
because the signal originates from an analysis volume above the sample (air) yielding little in-focus glass
Raman signal. The signal intensity at z = 1 um is thus smaller than those for spectra taken at z positions at
the surface and within the specimen (z = 0 through 10 um) and dominated by the out-of-focus signal
originating from beyond the densified region. This leads to the non-intuitive result that the spectra taken
from above the specimen has a relatively large contribution from non-densified glass.

As densification-related changes in the FS are most prominently reflected in the main band region of the
spectral profile, the o parameter was extracted from each spectrum collected within the series. The value of
oo (measured in the unperturbed bulk region, Tab. 1) was then subtracted from the extracted o values to
determine the relative shift As. A value of Ao =0 would indicate a non-densified state of the glass structure.
The Z profile was generated by plotting the Ac values as function of the z-axis position at which individual
spectra were collected.

Figure 1a shows the Z profiles collected with the NA 0.95 and NA 0.5 objectives at a residual imprint
generated at 200 mN with the conospherical probe on the FS specimen. In addition, the dimension of the
cross-section of the residual imprint are depicted with its depth scaled to the z axis. Also, the Raman
spectrum collected at the specimen surface (z = 0 um) on this high-load residual imprint was compared to
the spectral profile of unperturbed FS (bulk specimen) for the NA 0.95 and NA 0.5 objectives in Figures
1b and 1c, respectively. The profiles shown were not baseline corrected.

The Z profiles for the two objectives differ significantly in their appearance. The shape of Z profile of the
NA 0.95 objectives can be described as peaked: The relative shift initially increased, reached a maximum
and then decreased with increasing z. The maximum relative shift of Aoma = 51 cm™ was measured at the
sample surface (at z = 0 um). From this position onwards, the relative shift declines towards Ac = 0 cm™?
and did not deviate from that value for focal positions beyond z = -2 um. Such a trend was not observed for
the Z profile of the NA 0.5 objective, which resembled a more gradual linear decline: The relative shift Ao

decreased from its maximum of 4 cm™ measured at z = +1 pm to 0 cm™ for z < -6 pm.
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The maximum relative shift determined with the NA 0.5 objective was significantly smaller than for the
NA 0.95 objective although the Raman measurements with both objectives were conducted in the same
region of the residual imprint. The discrepancy in the Aomax vValues can be traced back to deviations between
the spectral profiles collected with the two objectives: Compared to the bulk spectrum, the densification-
related changes in position, shape and intensity of spectral bands were more pronounced in the Raman
measurements with the NA 0.95 objective than with the NA 0.5 objective (see Figs. 1b and 1c). The Raman
profile collected with NA 0.95 depicts the characteristic indentation-induced multiband alterations
discussed earlier in the paper (see section 2.3). However, the Raman profile collected with NA 0.5 exhibits

only marginal changes to width and height of the MB; the other glass bands appeared unaffected.
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FIG. 1: (a) Z profiles collected with the NA 0.95 and NA 0.5 objectives at high-load spherical imprints that
were generated at 200 mN with the conospherical probe on the FS specimen. The Z profiles were
determined from Raman spectra collected in the center of the imprint with the focal plane being shifted
stepwise along the z axis starting 1 pm above the surface (z=1 pm) and ending 10 pum into the bulk of the
specimen bulk (z = -10 pum). The figures also show a scaled sketch of the residual imprint (solid grey line).
(b) Raman spectra collected with NA 0.95 objective at the specimen bulk and at center of residual of a 200
mN conospherical indentation at the focal position z = 0 um. (c) Raman spectra collected with NA 0.95

objective at the specimen bulk and at center of the same residual at the focal position z= 0 um. At diffraction
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limit and for n =1: NA 0.95: LD = 0.68 pum, DOF = 1.30 pum; NA 0.5 objectives: DOF = 2.36 um, DOF =
8.51 pm.

When further comparing the Z profiles of the two objectives, spectral deviations from the unperturbed bulk
state (Ao # 0 cm™) were perceived at focal positions farther away from the residual imprint with the NA
0.5 objective than for the NA 0.95 objective and at depths that significantly exceed the depth of the residual
imprint (see Fig. 1a). This indicates that Raman measurements with the NA 0.5 objective characterized the
spectral profile of the indented specimen region less accurately than the NA 0.95 objective. By
underrepresenting the degree of and overstating the dimensional extent of indentation-induced spectral
changes, any conclusions drawn from the spectral measurements with the NA 0.5 objective regarding the
underlaying structural change to the glass network may be highly misleading. Consequently, only the NA

0.95 objective was employed in additional Z profile measurements.

Z profile measurements on Berkovich and spherical imprints generated at different loads

Figure 2 shows the Z profiles collected with the NA 0.95 objective on residual imprints that were generated
at different indentation loads with the Berkovich (Fig. 2a) and the spherical probes (Fig. 2b).

The position of the specimen surface in relation to the Z profile is indicated as a dotted line. For reference,
the relative shift of the non-densified bulk (Ac = 0 cm™) is displayed as a thin grey line. All Z profiles
collected with the NA 0.95 objective have a similar peaked appearance with Aomax being located at a focal
position of z = 0 um (specimen surface). However, the magnitude of Aomax appeared to increase with the
indentation force at which the imprint was generated. At the residual Berkovich imprints, the following
Aomax Values were determined in the Z profile measurements: 25 cm™ (10 mN), 36 cm™ (50 mN), 47 cm™
(100 mN) and 76 cm™ (300 mN). At the spherical imprints, the following Aomax Values were measured: 5
cm? (50 mN), 30 cm™ (100 mN), 44 cm™* (150 mN) and 51 cm™ (200 mN). When shifting the focal position
into the specimen bulk, the measured relative shift decreased and reached the non-densified bulk value at a
focal position of z = -2 um for most of the indentation forces, the exception being the smallest indentation
forces (10 mN for the Berkovich imprints and 50 mN for the spherical imprints). In those cases, the bulk

value was approached closer to the surface at focal position of z = -1 um.
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FIG. 2: Z profiles collected with the NA 0.95 objective at imprints that were generated with (a) a Berkovich
probe and (b) a spherical probe at various indentation loads (as indicated). The Z profiles were determined
from Raman spectra collected in the center of the imprint with the focal plane being shifted stepwise along
the z axis starting 1 um above the surface (z=1 um) and ending 10 pm into the bulk of the specimen bulk
(z = -10 pum). The dotted line indicates the position of the surface ‘S’. The thin grey line indicates the
relative shift Ac = 0 cm™ for the unperturbed bulk specimen.

3.2 Mapping experiments on high-load Berkovich and spherical imprints

The spectral data collected with the NA 0.5 and NA 0.95 objectives in the Raman mapping experiments
were converted into 10 um x 10 um images depicting spatial changes of the relative shift Ao in the indented
glass regions. Raman mapping experiments were conducted at three different indents per indentation load
with each objective. Non-zero values of As indicated deformation-induced deviations from the pristine
glass structure (due to densification). The larger the relative shift the more severe the underlaying
deformation (densification) of the glass structure can be assumed to be.

Figures 3a and 3b show as examples the Raman images obtained with the NA 0.95 and NA 0.5 objectives
of the same residual indent generated at 300 mN with the Berkovich probe. In both images, the region of

non-zero Ac values outlined the triangular shape for the Berkovich imprint replicating the anisotropic
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geometry of the indenter probe. Within the triangular region, the relative shift was not homogeneous over
the imprint area, but regions of varying magnitudes can be distinguished. In the map collected with the NA
0.95 objective, a threefold symmetry can be identified with the larger shift located in those regions of the
indented material that were in contact with the edges of the Berkovich probe. The largest Ao values were
localized in the center of the imprint. No such symmetry pattern was discernible in the image collected with
the NA 0.5 objective of the Berkovich imprint. However, with the spectral shift being an order of magnitude
smaller than that measured with the NA 0.95 objective, it is reasonable to expect that finer features in the
image might not be resolved. The area where the largest Ao values were recorded was moved somewhat
away from the imprint center and appeared to be larger than in the NA 0.95 map. A similar off-center
location of the largest (MB) shifts was observed in the Raman map of a 490 mN-Vickers imprint in [19].
However, it is suspected that a non-optimized spectroscopy setup can be blamed for the distorted shift
distribution in both cases (will be discussed later).

Figures 3c and 3d depict a comparable set of Raman images obtained with the NA 0.95 and NA 0.5
objectives for a 200 mN imprint made with the spherical probe, respectively. The mapped residual appears
to be of slightly non-circular shape. Its elliptical distortion was most likely caused by a marginal
misalignment between the indentation axis and sample surface. In both Raman images, the region of non-
zero Ao values consisted of iso-magnitude rings which were concentrically arranged around the highest
shift values in the center of the imprint. The shift magnitude of the rings decreased towards the rim of the
imprint. However, the magnitude of the Ao values recorded with the NA 0.5 objective are again an order
of magnitude smaller than those recorded with the NA 0.95 objective.

Figures 4a and 4b show maps of density changes in and around the residual Berkovich imprint based on the
empirical correlations with the Ag and D shifts (see section S1, Tab. S2, Supplemental Material).

The imprint area exhibited, in general, an increased density compared to the surrounding unperturbed bulk.
Further, a threefold symmetrical pattern similar to the one in the Ac map can also be recognized in the
densification map. The densification was slightly more pronounced along the edges of the indenter probe,
where more intense densification-inducing shear stresses are usually generated than on the facets of the
probe.[12,73,74] The largest densification was seen in the center of the residual imprint. The densification
values appeared to decrease towards the rim of the imprint. These observations were in line with previous
Raman scanning experiments conducted on (portions of) residual Vickers indents generated at significantly
higher loads.[12,20,63] The largest increase in relative density found in the maps of the analyzed Berkovich
imprint was +16.3 % (Ao shift) respective +18.1 % (D, shift) dependent upon which parameter correlation

was used for the densification estimate.
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FIG. 3: Raman images (10 um x 10 um) showing the relative shift Ao distribution of residual Berkovich
and spherical imprints. The images 3(a) and (b) were obtained from a 300 mN Berkovich imprint in Raman
mapping experiments conducted with the NA 0.95 objective and NA 0.5 objective, respectively. The 3(c)
and (d) were created from spectral data collected with the NA 0.95 and NA 0.5 objectives on a 200 mN
spherical imprint, respectively. At diffraction limit and for n =1: NA 0.95: LD = 0.68 um, DOF = 1.30 pum;
NA 0.5 objectives: DOF = 2.36 um, DOF = 8.51 um.
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FIG. 4: Raman images (10 um x 10 um) showing density changes in residual Berkovich and spherical
imprints determined in Raman measurements with the NA 0.95 objective. The densification maps for the
300 mN Berkovich imprint were obtained from empirical relations based on (a) the Ao and (b) the D; shifts.
The densification maps for the 200 mN spherical imprint were obtained from empirical relations based on
(c) the Ao and (d) the D shifts. At diffraction limit and for n =1: NA 0.95: LD = 0.68 um, DOF = 1.30 pum;
NA 0.5 objectives: DOF = 2.36 um, DOF = 8.51 um.

Recent Raman microprobing experiments determined relative density increases of up to +18.4 % based on
the Ao shift measured in residual Vickers imprints generated at indentation loads > 5 N.[11] The largest
changes in density (based on D shifts) were reported as +16 % (19.62 N indent), +17.4 % (2.94 N indent)
or +20 % (500 mN indent) in Raman scanning experiments on residual Vickers indents.[12,20,63]

Refractive index measurements determined a maximum density change of +16 % for a residual Vickers
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indent generated at 2.94 N.[75] The reported values are below the densification saturation value of 21 %
achieved in DAC compression tests on FS.[71,76] However, it has been suggested that the degree of
densification during indentation is restricted by the maximum hydrostatic pressure generated under the
indenter probe.[11] As such, a maximum increase in density of FS is limited to around 18 % for the
Berkovich/Vickers geometry.[11]

Figures 4c and 4d show maps of the densification level of the residual spherical imprint estimates from the
correlation with the Ag and D; shifts (see section S1, Tab. S2, Supplemental Material), respectively. The
densification values were highest in the center region of the imprint. This was expected since the main
compressive stress occurs along the axis of applied load during indentation with a spherical indenter
probe.[75,76] The densification levels diminished when moving from the center towards the rim. The largest
density changes seen in the residual spherical imprint were about +10.9 % (Ao shift) to +15.9 % (D, shift)
and as such appeared to be below the maximum densification achievable in Berkovich/Vickers indentations.
Another study that quantitatively analyzed the density changes in spherical imprints in FS extracted density
information from the fictive temperature determined by FTIR (Fourier Transform Infrared)
spectroscopy.[77] In that study, macroscopic imprints were produced by pressing steel balls of diameters
of 1.6 mm and 3.2 mm at loads between 588 N and 1471 N into a FS sample. Only marginal density changes
(< +1 %) were observed in the center region of the macroscopic imprints which was explained by the
authors as being partly due to the low contact pressures (< 6 GPa) employed during indentation.

4 Discussion

To collect meaningful spectroscopic information from the small deformation zone of indented glasses,
obfuscations of the Raman measurements by spectral contributions from the unperturbed specimen bulk
must be minimized (or eliminated). As such, considerations of the dimensional correlation between the
spatial resolution (analysis volume) of the Raman measurement and the size of the deformation zone
generated in the indentation are critical.[11,13,33,36] A mismatch between analysis volume and
deformation volume may result in an inaccurate depiction of the actual spectral and deducted structural
changes induced during indentation as has been recently shown in in-situ spectroscopic measurements on
FS.[33,36]

In place of analysis volume and deformation volume, the authors will refer to their 2-D representations
(analysis area and densification-zone thickness) to be in line with the schematic illustrations used for
discussing the results of the present study. In the following paragraphs, the process for estimating these 2-

D parameters will be detailed.
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4.1 Estimation of thicknesses of densification zones generated in indentations
During indentation-induced deformation of fused silica, densification is believed to account for 85 % to 92
% of the total indentation volume.[1,80] Hence, a large portion of the deformation zone adjacent to the
residual imprint is comprised of densified material, the extent of which can be estimated by various
approaches:
For indenter probes with a cone-equivalent angle of ¢ = 70.3° (Vickers, Berkovich), Rouxel et al. [1]
suggested the following equation based the Boussinesq’s elastic stress field:
24 = [F - (1 +v)/Brpe)]/? (1)
where zg4;i is the thickness of the densification zone extending from the apex of the residual imprint, F is
the indentation force, v is the Poisson’s ratio (v = 0.252 for densified FS) and po is the pressure at the onset
of densification (po = 8 GPa for FS).
Based on chemical dissolution experiments, Guin et al. [14] determined the empirical relationship:
Zg; = 1.88  hpay (2)

linking zq4,; with the maximum indentation depth hmax for Berkovich indentations.
Mound observed that the diameter of the densified zone (= 2-z,) equals the width of the imprint
measured edge to edge across the imprint center for indentations with any three-sided pyramidal probe
(with a centerline-to-face angle between 45° to 65°).[81] For Berkovich indentations in particular, it was
suggested:

Zgs =3.8"h. (3)
whereby zq4;, refers to the thickness of the densified zone measured from the surface.[81] The parameter zqs
is related to zq via z4 s = z4; + h, With hr being the residual depth of the imprint. Furthermore, the authors
of this study analyzed previously published cross-sections of residual Vickers imprints generated at
indentation forces ranging from 2 N to 30 N reported in [25-28] and found the following empirical
relationship (see section S2, Supplemental Material):

Zgs=28"h. (4)
For spherical indentations, zqs might be estimated based on microscopic observations using

AV/V = hy/z45 (5)
with AV representing the compressibility of the glass.[82] The authors assumed the compressibility to be
equal to the densification ratio achievable during indentation of FS (AV/A = 0.18).
Thickness estimates for densified zones together with relevant indentation dimensions (hr, hma) are
summarized in Tab. 1 for the various imprints analyzed in this study. It should be pointed out again, that
the densified zone around indentations consists of heterogeneously densified material. Besides variations

in the plane perpendicular to the indentation axis (see mapping experiments), the densification also changes
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along the indentation axis (z axis) with the density being at the highest just under the tip and decreasing

with increasing distance from the tip.[9,12,74,83]

4.2 Effect of analysis area on spectral measurements

Z profile measurements on high-load spherical imprints

First insights on the effect of the NA value on the performance of the microscope objective in Raman
measurements were gained from the Z profile experiments conducted on the 200 mN spherical imprints
(see section 3.1). Figures 5a and 5b illustrate some of the steps of the Z profile experiments conducted with
the NA 0.5 and NA 0.95 objectives, respectively by depicting their analysis areas (= LD - DOF, see section
2.2) at various focal positions in relation to the densification zone of the residual imprint. The outlines for
the spherical imprint and densification zone were based on the dimensional parameters given in Tab.1.

As shown in Fig. 5a, the analysis area of the NA 0.5 objective extended across the densification zone and
into the adjacent specimen bulk even at focal positions in the surface-near region (z > -1 um). Diluted by
spectral contribution from unperturbed material, the densification-related spectral changes (e.g., MB shift)
were thus significantly less pronounced in the Raman spectra collected with this objective than with the
high-NA objective (see Figs. 1b and 1c). Due to the large DOF, the absolute amount of densified material
covered by the analysis area remained initially unchanged for focal positions deep into the specimen bulk.
Only when moving the focal plane to z <-5 um, the analysis area covered less and less of the densification
zone until it was comprised of unperturbed material only (Fig. 5a). However, the ratio of densified material
to unperturbed material within the analysis area continuously decreased, when shifting the focal plane of
the objective away from the surface. The downwards-sloping linear shape of the Z profile of the NA 0.5
objective seen in Fig. 1la was a result of this gradual weakening of the densification-related spectral
alterations (Ac — 0) relative to the Raman signal of the unperturbed material.

The intercept of the Z profile at Ac = 0 marked the focal position where the share of densified FS within
the analysis area has declined to such a degree that its spectral contribution could no longer be detected. An
intercept location of about 9 um indicated the detection of spectral contributions from densified material
far beyond the estimated physical extent of the densification zone for that residual imprint (see Tab.1).

On the other hand, the NA 0.95 objective collected spectral information originating (mostly) from the
densification zone when focused in the near-surface region due to its considerably smaller analysis area
(Fig. 5b). At focal position z = 0 um, the analysis area included the upper parts of densification zone where
the highest degree of densification could be expected.[11,12,83] Indeed, the most pronounced spectral
changes associated with densification, hence, the largest Ao shift were seen in the spectra collected at z =
0 um (see Fig. 1b). At z = -1 um, analysis area extended into the lower regions of the densification zone
containing material densified to a lesser degree and might have even skirted the elastically deformed region

adjacent to the densification zone. The associated Raman spectrum exhibited smaller densification-related
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FIG. 5: Illustration of the outline of densification zone of a 200 mN spherical imprint in relation to idealized
analysis areas of the (a) NA 0.5 and (b) NA 0.95 objectives. The lateral spot diameter (LD) and depth of
field (DOF) are shown with the focal plane (FP) of the objective being shifted to various z positions (in um)

as indicated. The dotted line marks the extent of the densification zone.
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spectral alterations and, thus, a smaller Ao shift than at z= 0 pm. The spectral changes and the corresponding
Ao shift were even further diminished in the Raman profile collected at z = -2 pm. There, a large portion of
the analysis area extended into the specimen bulk and spectral contribution of the unperturbed material
primarily shaped the Raman profile. For focal position beyond z = -2 um, the analysis area appeared to
contain (almost) exclusively unperturbed material and, thus, no spectral contributions of the densification
zone were detected (Ao = 0). As a consequence, the shape of the Z profile for the NA 0.95 objective is as
shown in Fig. la.

Based on the intercept position of the Z profile, the densification zone was estimated to extend about 2.5
pum from the surface into the specimen bulk which was in good agreement with the thickness values of
about 2.1 um (Tab. 1). As such, the spectral data collected with NA 0.95 objective represented the degree
of the densification and the lateral dimension of the densification zone much more accurately than was
possible with the NA 0.5 objective.

Raman mapping of high-load Berkovich and spherical imprints

Further, more visual evidence for this conclusion was gathered by Raman imaging of residual imprints (see
section 3.2). Figures 6a and 6b pictured the analysis area of the NA 0.5 and NA 0.95 objectives in relation
to the densification zone of a 300 mN Berkovich imprint and a 200 mN spherical imprint, respectively.
(The dimensional parameters for the residuals and densification zones are summarized in Tab. 1.)

The analysis areas are shown at a focal position of z= 0 pm at which all Raman imaging was conducted in
this study. The outlines for the residuals and their densification zones were based on the dimensional
parameters given in Tab.1. At first glance the lateral resolution for both objectives appears to be adequate
for mapping these larger imprints, as the LD of both optical configurations was smaller than the lateral
dimension of the residual imprints. However, the two objectives differed more substantially in their DOF
and, thus, its effect on the extent of the analysis area was considered more critical in assessing the suitability
of the two microscope objectives for Raman imaging of indented glasses.

As for the 200 mN spherical imprint (discussed earlier), the analysis area of the NA 0.5 objective extended
much deeper into the sample than for the NA 0.95 objective and presumably beyond the densification zone
of the Berkovich imprint. Thereby, the NA 0.5 objective simultaneously collected spectral information from
densification zone as well as large portions of marginally affected (elastically deformed) material adjacent
to the densification zone and pristine glass farther into the sample bulk.

Consequently, the Raman spectra obtained with the NA 0.5 objective for both imprints showed
densification-related spectral changes only in diminished form (e.g., smaller band shifts, see Fig. 3) leading
to significantly smaller increases in relative density than in the maps collected with the NA 0.95 objective
(see Fig. 4). Additionally, the inferior volume and spatial resolution of the lower-numerical aperture

objective resulted in the less focused appearance of the spectral images, impeding the distinction of
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symmetry patterns in the parameter distribution in the maps obtained with the NA 0.5 objective (see Figs.
3 and 4). The more confined analysis area of the NA 0.95 objective ensured a more accurate representations
of the indentation-induced spectral and relative density changes, as the collected spectral information
appeared to originate predominantly from the densification zones of both imprint geometries shown in Figs.
6a and 6b.

4.3 Effect of size of densification zone on spectral measurements
Z profile measurements on Berkovich imprints generated at different loads
The maximum hydrostatic pressure generated during an indentation equals the hardness of the indented
material. In this context, the relevant parameter to be considered is the Meyer hardness Hu = F/A, where F
is the applied indentation force and A is the projected area of the impression. For fused silica, Hu was
determined to be about 9 GPa in the indentations conducted in this study and in agreement with other
publications.[33,36] The indentation-induced shear strain can be estimated with

g =02 -h./a (6)
where h is the contact depth and a is the contact radius of the indent.[85]
For pyramidal probes, h./a = 1/tang, where 2¢ is the effective included angle of the equivalent conical
indenter. Since ¢ =~ 70.3° for probes of Berkovich geometry, the shear strain generated by such probes can
be assumed to be ¢ ~ 0.072. As the induced shear strain is pre-determined by the indenter angle and the
hydrostatic pressure by the material’s hardness, the intensity of the stress field in Berkovich indentations is
load invariant (for plastic indents free of cracking). Therefore, the indentation-induced densification and
associated spectral response was expected to be uniform across the applied indentation forces.
However, the maxima of the densification-related Ao shift (observed at z = 0 um) varied quite significantly
between the indentation forces (Fig. 2a). The cause for this perceived discrepancy is schematically
illustrated in Figs. 6a and 6c¢. The figures provide a comparison between the dimensions of the densification
zones generated at different indentation forces with the Berkovich probe and the analysis area of the NA
0.95 objective used in the Z profile measurements on these imprints. The range of the analysis area was
indicated for different locations along the z axis. As can be seen, the dimensions of the residual Berkovich
imprints and their associated densification zones became smaller with decreasing indentation forces. Thus,
the amount of the densification zone contained within the analysis area changed with the indentation force:
For the 300 mN imprint, the analysis area covered the upper region of the densification zone associated
with highest degree of densification, hence, the largest Ao shift was recorded. For the 100 mN imprint, the
analysis area extended into regions of less perturbed (or even unperturbed) material and smaller Ao values
were measured. As the indentation force was reduced to 50 mN and 10 mN, the amount of unperturbed

material contained within the analysis area grew. With that, the densification-related spectral alterations
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FIG. 6: Dimensional correlation between idealized analysis area of microscope objective and densification
zone of various residual imprints. Figs. 6(a) and 6(b) shows the analysis areas of the NA 0.5 and NA 0.95
objectives at z = 0 um in relation to the densification zones of the 300 mN Berkovich and the 200 mN
spherical imprints, respectively. The analysis areas were shown at the focal position z = 0 um and were
outlined in green and blue for the NA 0.5 and NA 0.95 objective, respectively. Fig. 6(c) shows the analysis
area for the high-NA objective for residuals generated in indentations with the Berkovich probe at 100 mN,
50 mN and 10 mN (from left to right). The analysis area was shown for the focal positions at z =0 pm, -1
um and -2 um as indicated. Fig. 6(d) shows the analysis area at z = 0 um for the high-NA objective for
residuals generated in indentations with the spherical probe at 150 mN, 100 mN and 50 mN (from left to
right).

were increasingly obfuscated by the spectral contribution of unperturbed material. As a consequence,
significantly smaller Ao shifts were measured than should be expected based on indentation-induced

stresses. Therefore, the apparent variation in the Ao-shift maxima observed between Berkovich imprints
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generated at different loads is caused by the dimensional mismatch of densification zone and analysis area.
In light of this observation, the perceived load-dependencies of the spectral shift or degree of densification
that were reported in some of the earlier Raman studies on glasses indented with Vickers
probes[16,19,75,86], that also have a self-similar geometry, may need to be re-evaluated.

Naturally, the portion of densified material contained with the analysis area steadily decreased for all
Berkovich imprints, when moving the focal position farther into the sample bulk (see Fig. 2a).
Consequently, the Ao shift rapidly declined with increasing distance from the surface until the spectral
signal from the densification zone was no longer detectable (Ao = 0). Obviously, this occurred at focal
positions closer to the surface for low-force imprints due to the smaller size of their densification zones. To
illustrate this point, the extent of the analysis area in relation to the densification zone for the focal positions
z=-1pumand z = -2 um was also indicated in Fig. 6b.

From the profile curves in Fig. 2a, the following intercept positions were determined for the various loads:
<1 um (10 mN), 2.1 um for (50 mN), 2.5 pum (100 mN) and 3 pum (300 mN). There were too few data
points for the 10 mN imprint to determine the intercept more precisely. As mentioned earlier, the intercept
positions may be used as a measure for the thickness of the densification zone if the DOF is sufficiently
small. As such, the thickness value obtained from the Z profile for a particular load was within the range of
thickness estimates given for the corresponding Berkovich indentation in Tab.1, though the Z-profile-based
thicknesses were skewed towards the upper margins listed in the table for forces < 300 mN.

Z profile measurements on spherical imprints generated at different loads

Unlike in the case of Berkovich indentations, the strain induced by the spherical probe is dependent on the
applied indentation force. Values for ¢ were estimated to range from 0.038 to 0.058 (egn. 6) between the
highest and lowest indentation force applied to the spherical probe in this study. Mantisi et al. [2] simulated
the plastic response of a model material emulating silica glass under combined loading of hydrostatic
pressure and shear (as may occur during indentation). As result, they produced a quantitative map (Fig. 2
in [2]) that charts the distribution of residual volumetric strain (densification) and residual shear strain as
isodensity and isoshear-isostress lines as function of hydrostatic pressure and shear stress. Using this map,
the densification level at a particular indentation force was estimated by assuming it is equal to the value
of the isodensity line at the intersection of the isostrain line (with a value equal to ¢ at that force) and the
hydrostatic-pressure vertical at 9 GPa (Hwm for FS). Based on these estimates, the difference in densification
levels between applied indentation forces amounted to be only 3%, which would translate to a variation of
about 14 cm™in the Ao parameter. However, a comparison of the Ac maxima measured in the Z-profiles

(at z = 0 um) for various spherical imprints showed a clear divergence from that range for the imprints at

25



100 mN and 50 mN (see Fig. 2b). This discrepancy was caused by the mismatch between analysis area and
densification-zone thickness as illustrated in Fig. 6d.

The figure shows the dimensions of the densification zones generated at indentation forces from 50 mN to
150 mN with the spherical probe in relation to analysis area of the NA 0.95 objective used in the Z profile
measurements on these imprints. A companion illustration for the 200 mN spherical imprint can be found
in Fig. 6b. As can be seen, the analysis area extended beyond the boundaries of the densification zones into
the sample bulk for the two smallest loads. Here, the Raman spectra collected in the surface near regions
were (significantly) diluted by the spectral contribution from the unperturbed bulk and weaker than
expected densification-related spectral changes were measured. This effect was most pronounced for the
lowest indentation force due the significantly thinner densification zone compared to the spherical imprints
generated at higher loads.

The Z profiles collected on all the spherical imprints exhibited a similar curved shape that was previously
discussed for the 200 mN spherical imprint in section 4.3. Based on intercept positions of the Z profiles,
the vertical extent of the densification zone was estimated to be < 1 um for the 50 mN imprint and about 2
um for the imprints generated at higher forces. The Z profile-based values were comparable with the
thickness estimates given in Tab.1 for the two highest loads. However, the value for 100 mN was
significantly larger than the estimate in Tab. 1. This indicates that the densification zone was detected
beyond its actual physical extent due to the dimensional mismatch between the analysis area of the NA 0.95
objective and the densification zone of small spherical imprints (generated at indentation forces < 150 mN).

4.4 Variation in spectral response observed for spherical and Berkovich imprints

In the Raman mapping experiments, overall lower changes in density were seen in the images collected on
the spherical imprint than in those of the Berkovich imprint (see Fig. 4). As discussed earlier, the spectral
information obtained during mapping of high-load (large) residuals originated predominantly from the
densification zone. That implies that the variation in the maximum increase in density did not constitute a
measurement artifact (due to an oversized analysis area) but might be explained by differences in the strains
induced by the two probe geometries. Indeed, the aforementioned plastic response model [2] predicted a
higher densification during indentation with the Berkovich probe than with the spherical probe based on
the associated indentation strain and contact pressure. However, the predicted increases in density (by 18
% for Berkovich imprint and by 16 % for spherical imprint) were more in line with the densification maxima

obtained from the D shift than the generally lower trending Ao-based values (see section 3.2).

4.5 Assessing the veracity of the spectral response
As discussed earlier, the actual spectral response in residual imprints generated by probes with self-similar

geometry should be invariant to the applied indentation force as the generated stress field causing the
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underlying structural changes in the glass is invariant. However, the observed spectral response is heavily
influenced by how well the load-dependent size of the densification zone matches the analysis area. One
way to verify a suitable match between those dimensional parameters is to track indentation-induced
quantifiable spectral changes to the Raman profile (e.g. shifts in peak positions) between differently sized
residual imprints that were generated at different indentation forces with the same probe in the glass
specimen.[33,36]

Replicating this approach, the relative shift Ao for various Berkovich imprints studied in this paper with the
NA 0.95 objective was plotted in Fig. 7. Also, data from a recently published Raman study on Vickers
imprints[11] were added to Fig.7 to further illustrate the importance of optimizing the optical setup for
Raman measurements on indented glasses.

The Vickers imprints were generated at indentation forces ranging from 300 mN to 10 N and analyzed with
two microscope objectives differing in the numerical aperture (NA 0.75, NA 0.9).[11] The plotted Ao values
correspond to the largest shifts observed for each indentation load in the Z profile measurements conducted
in both studies. For the Berkovich imprints analyzed in this study, the relevant Ac-force data can be found
in Tab. 1. The corresponding data extracted for the Vickers imprints from [11] are summarized in Tab. S4
(Supplemental Materials, section S3).

In all three data sets, the Ao magnitude initially increased with the applied indentation force, as the
deformation zone and associated densification zone of the generated imprint grew and the portion of the
analysis area containing densified material expanded. However, the Ac magnitude eventually maintained a
constant value (with increasing indentation force) once the analysis area contains predominantly densified
material. As such, the Ao-force data were well characterized by an asymptotic fit (y = a(1 — c¢*)) which
was displayed as a dashed line for the average values of each data set in Fig.7. In these fits, the asymptote
value marked the true Agishift inherent to the (maximum) structural/spectral changes in the glass induced
during indentation and undiluted by spectral contributions from unperturbed bulk. The shaded area indicates
the data spread within each set, which means the average value + standard deviation for the Vickers imprints
and measured value + uncertainty for the Berkovich imprints.

Furthermore, the fit allowed to ascertain a minimum indentation force that satisfy the matching condition
(densification zone > analysis area) for reliable and true Raman measurements on indented glasses and
which experimental implications were illustrated by the Vickers data sets: As expected, the fits of the two
Vickers data sets converged onto the same asymptotic value of about 91 + 2 cm™, as the same set of Vickers
imprints were analyzed by both objectives. However, the minimum force values (= lowest force at which
was first Ao; observed) were quite different for the two microscope objectives: Fviknaos = 9 N and
Fvicknaos = 3.5 N. 1t means much higher forces were required to generate imprints (densification zones)

large enough to ensure a dimensional match with the more expansive analysis area of the low-aperture
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objective for inherent shift measurements. Moreover, it exemplifies the intercorrelation between
indentation parameters and the optical setup that need to be considered for optimizing Raman spectroscopic

measurements on indented glasses.
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FIG. 7: Relative shift Ac measured in residual FS imprints generated at different indentation forces F.
Three data sets (symbols) are presented: data collected with the NA 0.95 objective on the Berkovich
imprints in this study (triangles); data collected with a NA 0.75 (orange diamonds) and NA 0.9 (grey
diamonds) objectives on Vickers imprints from ref. [11]. The asymptotic fits of the average values of the
individual data sets are indicated as dashed lines. The shaded area indicates the data spread within each set.
The fitted asymptote values are marked as inherent shifts Agiger and Agivick for the Berkovich and Vickers
imprints, respectively. The minimum indentation force at which the inherent shifts could be observed was

marked for each data set accordingly (Fgerk.nao.9s, Fvicknaos OF Fvick nao.75).

For the Berkovich imprints analyzed in this study, the inherent shift was determined to be Agigen = (77 %
2) cm™. The largest relative shift Ac = (76 + 2) cm™ measured for the 300 mN-Berkovich imprints was
within the range of the inherent value. From which, it can be conclude that the indentation force was
sufficiently close to the minimum Fgerknaogs = 450 mN (estimated from the data plot) for an adequate match

between analysis area and densification-zone size. This finding also demonstrates that reliable and
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meaningful Raman spectroscopic microprobing and imaging of sub-newton imprints in glasses is possible

with an optimized optical configuration and suitably matched indentation parameters. Sub-newton imprints

usually exhibit fewer cracks or no cracking at all, which reduces or eliminates the aforementioned issues

associated with cracking in the interpretation of the spectral data collected on indented glasses (see

Introduction).

As seen in Fig. 7, the inherent shifts determined for the Vickers and Berkovich data sets were noticeably

different which might seem to challenge the expectation that probes with equal-cone geometries (like

Vickers and Berkovich) induce similar densification levels in fused silica.[11] However, the direct

comparison of Raman data collected at different laboratories is difficult, as the measurement and analysis

of spectral data on glasses are quite sensitive to:

o disparities in the material properties in the initial (unperturbed state) of the investigate glass specimen
(e.g. OH content, fictive temperature)[72]

o differences in the experimental configuration used for the Raman spectroscopic measurements (such as
polarization, use of notch or edge filters, choice of microscope objective, spectral resolution)[72,33,36]

e deviations in resulting quality of the collected spectral data (e.g. signal-to-noise ratio),

e variations in post-collection data processing (e.g. handling of the baseline correction).

For example, the base value a0, that characterized the unperturbed state of the FS and was used to calculate

the relative shift Ac in Fig. 7, varied widely between the study conducted on the Vickers imprints (398 cm-

H[11], our work on Berkovich imprints (412 cm™) and other Raman studies on FS specimen: 404 cm™,[86]

419 cm™,[37] 422 cm™,[72] and (415 to 423) cm™.[33,36]

The described approach might also be employable for a probe with a non-self-similar geometry, for which

the indentation strain only gradually changes with load, such as the spherical probe used in this study.

However, more experimental work is required to verify this assumption.

5 Conclusions

This study has shown that the optical configuration of the spectroscopic setup and the applied indentation
parameters need to be carefully considered during setup, execution, and analysis of spectral measurements
on glass imprints to collect spectral data that accurately capture the indentation-induced changes in the glass
network. Otherwise, the interpretability of the spectral data collected within the deformation (densification)

zone of the residual imprints may be severely limited as:

o the full extent of the actual indentation-induced structural changes is only partially reflected in the
collected spectral data causing a systemic underrepresentation of the structural changes induced into the

glass network;
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o spectral changes might be perceived beyond the actual physical boundaries of the
deformation/densification zone leading to overstating the dimensional extent of associated structural
changes;

e perceived spectral variation may originate from a mismatched experimental configuration rather than
reflect actual differences in the glass structure (degree of densification);

¢ the magnitude and distribution of spectral shifts and associated density changes (e.g., symmetry, location
and/or size of areas of large shifts) might be erroneously depicted, most noticeably in Raman images

collected on imprints generated under anisotropic indentation strain fields (Berkovich imprints).

To collect accurate spectral data, the analysis area determined by the Raman spectroscopy setup and the
size of densification zone controlled by the indentation parameters (force, probe geometry) must be
matched. To ensure the dimensional match, the (theoretical) DOF and the LD of the spectroscopy setup
have to be determined based on the numerical aperture of microscope objective and excitation wavelength
of employed laser source (see section 4.2) and assessed in relation to the dimensions of the imprints to be
studied.

A first check for an unadulterated spectroscopic measurement of the densification zone is the LD being
significantly smaller than the lateral dimension of the imprint. Next, it is essential to verify that the DOF/2
is smaller than the thickness of the densification zone of the imprint. Information about the thickness of the
densification zone of residual imprints can be gained by direct measurement on prepared cross-sections or
by simply estimating the thickness of the densification zone, a less time and effort consuming approach
which seemed to provide sufficiently reliable results. Examples for estimating the densification-zone
thickness for imprints generated with different probe geometries (spherical, pyramidal) were provided with
egns. (1) to (5) in section 4.1. It should be noted that eqn. (1) is adaptable to other glasses (if parameters v
and po are known for the glass), whereas the empirical eqns. (2) to (5) were formulated based on
observations on indented fused silica. Even so, the estimates determined with eqns. (2) to (5) could serve
as (low-end) reference points for measurements on some other glasses considering that indented FS exhibits
shallower densifications zones than, for example, aluminoborosilicate and soda-lime glasses.[73,75]

An experimental approach for determining the minimum force for a dimensional match, that is employable
for any glass type and any (self-similar) probe geometry, is to produce series of plastic imprints with the
same probe at increasing indentation loads and then to fit the largest relative spectral shifts measured at the
various loads to an asymptotic function (see section 4.6). From the fit, the indentation-induced inherent
shift of the glass can be determined and the minimum indentation load, at which the inherent shift is
observable, can be identified. Knowing these parameters, one can generate imprints at the lowest forces,
hence, with the least cracking damage possible or even free of cracking, and still capture the accurate

indentation-induced spectral changes in the glass.
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However, essential for collecting reliable and accurate spectral data on sub-newton (crack-free) imprints is
the optimization of the Raman spectroscopy setup, as shown in this study. The optical components of the
employed setup (most importantly: size of confocal aperture of microscope objective) must be carefully
chosen in accordance with the optical properties of the glass sample to optimize the performance of the
instrument with respect to the analysis area (minimizing LD and DOF while maintaining a reasonable
signal-to-noise ratio). In this context, the choice of wavelength might also be considered for (modest)
adjustments of the spatial resolution. A tighter analysis area requires a less expansive densification
zone/smaller imprints for a dimensional match, meaning a larger probability to generate them at indentation
force below the crack threshold. Comparative Z profile measurements with different objectives on the same
imprint can be used to distinguish microscope objectives regarding the size of their analysis area based on
their sensitivity to detect densification-related spectral changes along the indentation axis, as illustrated in
this study and previous work.[33,36]

On a final note, although the optimization of the instrumental (optical) set-up should be a priority, the spatial
resolution of Raman imaging can be potentially further improved using super-resolution image restoration.
This currently developed methodology relies on the collection of low-resolution images (oversampling)
and subsequent deconvolution of different spatial contribution in Raman spectra via imaging processing
algorithms.[87-90]

6 Disclaimer

Certain commercial equipment, instruments, or materials are identified in this paper to foster understanding.
Such identification does not imply recommendation or endorsement by the National Institute of Standards
and Technology, nor does it imply that the materials or equipment identified are necessarily the best

available for the purpose.
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