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A B S T R A C T

This paper describes the design and integration of a custom-built optical instrument for in-situ Raman micro-
scopy suitable for collecting high-quality spectroscopic data during the indentation of glass materials. It will
further show that the reported experimental setup enables meaningful in-situ spectroscopic observations during
indentation of fused silica at forces in the millinewton range. The aim of the paper is to demonstrate the vital
importance of matching the analysis volume of the Raman microscope with the indentation-induced deformation
volume to capture the full extent of the related spectral alterations by minimizing spectral contributions from the
unperturbed bulk material (in-situ and ex-situ) and indenter probe (in-situ only). In this context, the paper will
also touch upon possible pitfalls in ex-situ and in-situ Raman measurements on indented glasses in cases where
the analysis and deformation volumes are not well matched and describe the misinterpretations that may result.

1. Introduction

The structure of silica glasses is described as a continuous network
of SiO4 tetrahedra connected to each other via a corner sharing oxygen
atom (Zachariasen model), in which large variations in the orientation
of tetrahedra induce disorder into the structure [1]. Different ranges of
order have been defined within the fused silica network: a single SiO4

tetrahedron, three-atom Si-O-Si bonds between two tetrahedra, large
features of the network topology (e.g., n-membered (Si-O-Si)n ring
structures) and large-scale density fluctuations [2,3]. Exposure to me-
chanical stresses can significantly alter the local structure of the silica
network. Consequently, there is great interest in establishing correla-
tions between the mechanical stress applied to a glass and the resulting
structural modifications of its network to better evaluate and tailor
structure-related properties of glasses important to glass science and
engineering [4].

Many in-situ studies of mechanically induced changes in the struc-
ture of glasses have been conducted in diamond anvil cells (DAC) in
combination with various characterization methods (e.g., Brillouin
scattering, vibrational spectroscopy, x-ray scattering or neutron-dif-
fraction [5–8 and refs. within]). DAC studies have advanced our un-
derstanding of the effect of hydrostatic pressure on the structure of
glasses. However, as has been recently discussed, more can be learned
about the structural evolution of glass materials due to mechanical
loading if they are exposed to shear stress [4]. In the presence of shear

stress, different deformation mechanisms may be activated (e.g., for-
mation of shear bands) than those observed in hydrostatic compression
alone [9].

As indentation testing enables the study of glasses under more
complex stress states (combination of high hydrostatic pressure and
shear), [10,11] numerous indentation studies have been published on
various glasses. In combination with indentation testing, Raman spec-
troscopy is often employed for analyzing the induced structural changes
in glasses (e.g., [9,12-15]). The Raman spectra of silica glasses depend
on both short-range order (SiO4 tetrahedron) and medium-range order
(intertetrahedral bond-angle distribution and ring statistics) [3,16–20].
Consequently, analyses of changes in Raman spectra as a function of
mechanical loading provide insight into changes in the glass structure
over those distance ranges. However, the reported Raman spectroscopic
analyses were performed almost exclusively ex-situ (post mortem) on
residual indentations in glass, as the integration of in-situ character-
ization has been more challenging for indentation experiments than for
DAC tests. One report of in-situ Raman spectroscopic measurements
during indentation of silica and soda-lime silicate glasses has recently
been published [21]. Under appropriate conditions, in-situ Raman mi-
croscopy integrated into an indentation instrument has the potential to
provide descriptive insights into the relationship between the structure
of glasses and their behavior under the exposure to mechanical stresses
[9,22]. Furthermore, it would allow for a more detailed comparison
between experimental observations and model predictions regarding
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the mechanical behavior of glasses than that possible with ex-situ
Raman data alone [10,23].

Given the dimensional realities (size of deformation region <<<
thickness of indented sample) in indentations on glasses, Raman studies
are usually conducted in a confocal microscopy configuration. In con-
focal Raman microscopy, a microscope objective focusses a laser beam
to a small focal volume. Only Raman scattered photons generated near
the beam waist are collected and passed on to the spectrometer due to
the use of a confocal aperture that blocks light originating from outside
the focal plane. By moving the focal plane within the sample, depth
profiles can be constructed for parameters (e.g., strain, chemical com-
position) extracted from the Raman spectra. Even with the use of a
confocal configuration, it is important to consider the limitations of the
microscope objectives used, especially regarding their spatial resolu-
tion, and to properly account for factors that may broaden the sampling
volume. These factors may include the surface topography around in-
dents and, in the case of sub-surface measurements, the index of re-
fraction of the specimen. A clear understanding of these factors is ne-
cessary to properly interpret the confocal Raman data and to insure the
acquisition of spectra with optimized signal to noise ratios and spatial
resolution [24]. This is of paramount importance in specimens con-
sisting of a small region of perturbed material surrounded by bulk,
unperturbed specimen as is encountered in Raman studies of indented
glass. The aim of minimizing the spectral contamination from un-
perturbed bulk material is a key criterion in the design of an optimized
Raman spectroscopy configuration, starting with the selection of a
suitable microscope objective. For example, a common pitfall in con-
focal Raman microscopy is the use of standard metallurgical objectives
for focusing below the surface and through the volume of a transparent
sample. This practice deviates from the purpose for which metallurgical
objectives are designed; that is, focusing light at the surfaces of opaque
materials. Using a metallurgical objective in this unintended way re-
sults in refraction and spherical aberration. Aberration effects cause a
lateral broadening of the intensity distribution (widening of the beam
waist) and an extension of the focal depth, resulting in the degradation
of the attainable three-dimensional spatial resolution, [24] and thus an
expansion of the analysis volume. Additionally, the z axis position of
the focal plane can be seriously distorted in depth profiling measure-
ments [24].

In this context, consideration of the spatial resolution (analysis
volume) of the Raman measurements and its relation to the deforma-
tion region is of critical importance to correctly interpreting in-situ
Raman spectra but also ex-situ Raman measurements on indented
glasses, as has been recently discussed [22]. It is not uncommon to find
information for the spatial resolution or sampling volume of about
1 μm3, [15,22] the focal spot size (lateral resolution) ≤ 1 μm [9,13,14]
or depth resolution of order of 1 μm to 2 μm [13] in Raman studies on
indented glass. These are usually theoretical estimates of the diffraction
limited resolution and in some circumstances may not represent the
working resolution (analysis volume) of the actual optical setup, which
could be significantly larger than the theoretical volume. Deviations
from the best-case resolution may be critical in cases of sub-surface
imaging with metallurgical objectives and in specimens that deviate
from planar geometry [25]. An analysis volume significantly larger
than the deformation volume may result in an inaccurate depiction of
the actual spectral changes induced during indentation of glass samples,
particularly in in-situ Raman measurements, as will be shown in this
paper.

This paper describes the design and integration of a custom-built
optical instrument for in-situ Raman microscopy suitable for collecting
high-quality spectroscopic data during the indentation of glass mate-
rials. The paper will touch upon possible pitfalls in ex-situ and in-situ
Raman measurements on indented glasses and describe the mis-
interpretations that may result. The paper will further demonstrate that
the reported experimental setup enables meaningful in-situ spectro-
scopic observations of indentations generated by milli-newton forces

rather than forces in the newton-range commonly applied (under acute
indentation probes) [13,26-28]. Use of this force range allows spectral
observations of the indented region without the occurrence of cracking.
The occurrence of cracks may affect the size, shape and nature of the
mechanically stressed area [11] and will lead to an increase in scat-
tering that degrades the optical measurements. The in-situ spectroscopic
measurements presented in this paper were conducted during the in-
dentation of fused silica samples. Fused silica was selected as the test
material as it is a technologically important material with applications
in photonics, [29] sensors, [30] microfluidics, micro-optics, micro-
electronics and microelectromechanical systems (MEMS) [31–34].
Further, fused silica embodies the model material for disordered net-
works, [16,35] is regarded as a prototype for geologically important
silicates [6] and often serves as a reference material in glass studies.
Finally, the aim of this paper is to demonstrate experimental conditions
under which glasses can be effectively studied using in-situ Raman
spectroscopy during indentation tests wherein the analysis volume is
maximally overlapped with the deformed region of the specimen and
the spectral contribution of bulk material is minimized. The paper is not
focused on the material properties or deformation behavior of fused
silica, using it only as a model system to demonstrate the measurement
technique.

2. Material and methods

2.1. Experimental setup for in-situ Raman microprobe during indentation
testing of glasses

2.1.1. Samples
The samples used in this study were made of optically polished,

Corning 7980 UV Grade fused silica (Valley Design Corporation,
Shirley, MA) [36]. Fused silica samples of two thicknesses were tested.
The sample with a thickness of 0.2 mm ± 0.025 mm will be referred to
as thin specimen and the sample with a thickness of 1 mm ± 0.05 mm
as thick specimen throughout the remainder of the paper.

2.1.2. Experimental configuration
In-situ Raman spectroscopic measurements of indented glass sam-

ples were conducted using Raman spectroscopy-enhanced instrumented
indentation testing (RS-IT). RS-IT was developed at the National
Institute of Standards and Technology (NIST) to conduct in-situ spec-
troscopic analyses of mechanically deformed regions of optically
transparent materials under contact loading. The basic principle of this
technique has been presented in detail previously [37] and is described
briefly as follows: RS-IT employs an in-house built instrumented in-
dentation testing (IT) device that is coupled to a custom Raman mi-
croscope. The force transducer of the IT device allows adjustment of
experimental parameters, such as indentation loads and (un)loading
rates. An incorporated displacement sensor allows for collection of
force-displacement data comparable to that obtained with conventional
IT instruments. The load-controlled IT device, along with a specimen
holder, is mounted on the X-Y translation stage of an inverted optical
microscope. The specimen holder features a circular aperture in the
center, allowing optical access from below to the sample region in
contact with the indenter probe.

RS-IT was initially developed and designed for in-situ Raman mi-
croprobe and scanning of indented crystalline and amorphous silicon
thin films on sapphire substrates. The instrumental setup used in these
studies has been reported in detail [38-40]. In these cases, the incident
and Raman scattered photons passed through relatively thin sections of
unperturbed silicon (several hundreds of nanometers) and the Raman
signal was dominated by the response of the indented material. In-situ
Raman microprobe of bulk glass samples requires the incident photons
to traverse a significant thickness of unperturbed glass (several hun-
dreds of micrometers), as there is no chemically distinct substrate to
provide mechanical rigidity. Consequently, collection of meaningful
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spectral data on this group of materials requires modifications of the
original experimental setup to ensure a minimal analysis volume. Ad-
ditionally, glasses are relatively weak Raman scatterers and thus sig-
nificant efforts were also required to minimize spectral background.

The microscope objectives and optical fiber used as a confocal
aperture were both changed from the published design [38-40] in an
effort to minimize the Raman analysis volume. Data acquired with three
microscope objectives will be presented in this paper:

• an 80X metallurgical objective (MO) with a numerical aperture (NA)
of 0.75 (ULWD MSPlan, Olympus, Waltham, MA) [36];

• a 40X objective with a variable coverslip correction (CO) and an NA
of 0.95 (UPlanSApo, Olympus, Waltham, MA) [36] and;

• a 100X objective with a variable correction for thick glass substrates
(TO) and an NA of 0.6 (LCPlanFl, Olympus, Waltham, MA) [36].

The MO objective had sufficient working distance to image through
glass specimens with a range of thicknesses while the variable correc-
tion collar of the aberration-corrected objectives could be set to match
the thickness of the glass specimens over two thickness ranges (CO:
0.11mm to 0.23 mm and TO: 0.6 mm to 1.2 mm). The CO and TO
objectives provide a means to compensate for the spherical and chro-
matic aberration caused by passing the excitation and Raman scattered
beams through the specimen as is required in the in-situ RS-IT setup.
Aberration correction is critical to maintaining an analysis volume that
overlaps with the deformation region of the glass, as will be demon-
strated later in this paper. The original design of the RS-IT instrument
utilized a multi-mode optical fiber (M31L10, Thorlabs, Newton, NY)
[36] to transport the scattered Raman photons to the spectrometer and
the 62.5 μm diameter fiber core served as the confocal aperture. The
spectrometer consists of a 0.5m imaging spectrograph equipped with a
1200 g/mm grating blazed at 500 nm (Acton SP2-500i) [36] and a li-
quid nitrogen cooled CCD camera (Princeton Instruments) [36]. The
same fiber was used here for the data acquired with the MO objective.
In conjunction with the two aberration-corrected objectives (CO and
TO), a single mode optical fiber with a mode field diameter of 4.1 μm
(SM450, Thorlabs, Newton, NY) [36] was used to further restrict the
depth over which Raman photons were collected.

Given the high NA objectives and confocal collection, precise, re-
producible control over the distance between the objective and the
specimen surface was important. The mechanical focus adjust on the
inverted microscope was not sufficient, so a piezoelectric, z-axis ob-
jective scanner (PIFOC, Physik Instrumente, Auburn, MA) [36] was
implemented.

Note that the use of a single mode fiber led to some polarization
effects that, coupled with the particular characteristics of the diffraction
grating used in the spectrometer, resulted in subtle day to day varia-
tions in the instrumental sensitivity in the low wavenumber spectral
region. An achromatic depolarizer (DPU-25, Thorlabs, Newton, NJ)
[36] was used in the entrance optics to the spectrometer to eliminate
these variations. Additionally, all of the spectra reported in this paper
were corrected for the spectral intensity instrument response function
with Standard Reference Material 2242 using the published procedure
[41].

2.1.2.1. Spectral contaminations. In general, glasses are relatively weak
Raman scatterers so some changes from our previous design were
required to obtain spectra with reasonable signal to noise ratios. 532
nm was chosen as the excitation wavelength and significantly higher
power levels (30 mW - 50 mW) than those used in the past were
utilized. Even with these changes, spectra of suitable quality required
acquisition times in the range of 3 minutes to 5 minutes. Consequently,
in-situ Raman measurements on glasses are sensitive to low level,
spectral signals from stray room light or chemical residues, such as

deposits from cleaning agents used in sample or tip preparation or
debris transferred to the probe in prior indentations. Spectroscopic
measurements on other groups of materials are usually not susceptible
to those low-level spectral contaminations. Thus, special care was taken
to reduce the intensity of the spectral background in the Raman
measurements on the fused silica specimens.

2.1.2.2. Indenter probe. One issue that researchers must contend with in
in-situ Raman measurements of mechanically stressed glasses is the
photoluminescence (PL) of the probe inducing the mechanical stress. PL
is a process induced by the Raman excitation light and has been widely
seen in diamonds, [42–44] the material of choice for mechanical probes
in many DAC and indentation experiments. The PL of diamonds can
vary widely depending on their impurities [42–44]. Consequently,
diamond probes used for in-situ Raman measurements must be
carefully selected so that the intensity of their luminescence is small
with respect to the Raman signal of the tested glass sample
[42,43,45,46]. Otherwise, the broad Raman bands of the glass sample
may be heavily obscured by the PL signature of the probe in the
convoluted spectra of sample and probe collected during an in-situ
measurement [45-47]. The spectral envelope of the diamond probe
luminescence can be rather complex [42,43]. In view of that, the
accuracy of simple methods for extracting the spectral signature of the
sample from the convoluted probe/sample spectrum (e.g., the
subtraction of a linear baseline to account for probe luminescence)
appears questionable.

In preparation for this study, the following approach was taken to
select a diamond probe suitable for in-situ Raman measurements on
indented glass samples. First, the spectral signature of the fused silica
glass was collected (referred to as the sample-only spectrum). Then, a
diamond probe was installed in the indentation device, brought near
the glass sample (hovering about 1 µm above the sample surface) and a
Raman spectrum of the sample and probe was measured (referred to as
the sample-probe spectrum). This was repeated for several diamond
probes. The sample-probe spectra of the different diamond probes were
compared to the sample-only spectrum. Fig. 1 shows the spectral sig-
nature of fused silica in the sample-only spectrum and examples of
sample-probe Raman spectra collected for different diamond probes
near the sample. The sample-probe spectra were normalized and offset
vertically for visual clarity. As can be seen, the PL of the diamond

Fig. 1. Raman spectrum collected for (a) a fused silica specimen without a
diamond probe present (sample-only) and (b) through (d) Raman spectra
(sample-probe) collected with different diamond probes near the sample.
Characteristic Raman bands of fused silica are indicated in (a): MB... main
band, D1/2… defect bands, A... asymmetric band, DB… high-frequency doublet.
The Raman intensities of all spectra shown were normalized in such a manner
that the intensity of the D1 band was 1.5. The spectra are vertically shifted for a
better visualization.
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probes obfuscated the spectral signature of the glass sample to varying
degrees. The diamond probe least obscuring the spectral signature of
the glass sample (see Fig. 1b) was chosen for further in-situ experi-
mentation.

2.2. Experimental procedure for in-situ Raman microprobe during
indentation testing of glasses

For reference purposes, Raman spectra of the samples only (without
the indenter probe present) and the samples with the probe hovering
1.5 µm above sample surface were collected prior to indentations for
the three microscope objectives using the samples of relevant thickness.
The Raman spectrum collected with the probe hovering was regarded as
the baseline spectrum to the in-situ spectral measurements conducted
during an indentation.

In-situ spectroscopic measurements during indentation of the fused
silica specimens were conducted with two test protocols, referred to as
z-profile and load-sequence experiments in the rest of the paper.

In the z-profile experiments, the indenter probe was brought in
contact with the glass sample and continuously loaded to a maximum
indentation force of 300 mN (loading rate: 5 mN/s). Then the in-
dentation force was held constant to perform a series of in-situ Raman
measurements in the center of the indentation. The first Raman spec-
trum (surface spectrum) was collected with the microscope objective
focus set at the surface of the specimen at the edge the indentation
feature. Then seven consecutive Raman spectra were measured where
the z-axis position of the microscope objective was shifted 1 µm lower
for each spectrum along the indentation axis. This had the effect of
shifting the nominal focal plane of the microscope away from the
specimen surface into the bulk. The excitation beam was aligned with
the center of the indentation region before starting the z-profile mea-
surements. The z-profile experiments were conducted for all three mi-
croscope objectives using the samples of relevant thickness (MO and CO
with the thin specimen, MO and TO with the thick specimen). The
maximum indentation load in the z-profile experiments was set at 300
mN to avoid cracking and also to ensure a favorable ratio of analysis
volume to deformation volume (as will be elaborated on later in the
paper).

In the load-sequence experiments, the indenter probe was brought
in contact with the glass sample and a first indentation force of 50 mN
was applied (loading rate: 5 mN/s). The indentation force was held
constant while a Raman spectrum was collected in-situ from the center
region of the indentation with the microscope objective being focused
on the top surface of the specimen at the edge of the indentation im-
print. The focal adjustment was made during white light imaging of the
contact region (upon reaching the set indentation force) prior to the
Raman measurements. Following the spectral acquisition, the indenta-
tion force was increased by 50 mN. A Raman spectrum was then col-
lected at that load after re-adjusting the focus of the objective. This
routine was continued until a maximum force of 300 mN was reached.
Then the indentation force was reduced in 50 mN steps until the sample
was completely unloaded (unloading rate: 5 mN/s). At each unloading
step, a Raman spectrum was collected in-situ just as in the loading
segment of the indentation. The excitation beam had been aligned with
the center of the indentation region before starting the loading se-
quence and was regularly checked and re-adjusted (if necessary) during
the in-situ measurements. The load sequence experiments were con-
ducted for the optical arrangement with aberration-corrected objectives
only (CO, TO).

The indenter probe used in all of the in-situ measurements was a
three-sided, pyramidal diamond probe with an acuity (semi-apical
angle ψ = 68.8°) intermediate to Berkovich (ψ = 77°) and cube corner
(ψ = 54.7°) probes. The nominal tip radius of the indenter probe was
about 150 nm.

2.3. Analysis of spectral data

2.3.1. Assignment of Raman bands
In the wavenumber range analyzed in this paper (180 cm−1 to 1450

cm−1), the Raman spectra collected on the glass samples prior to in-
dentation showed the following characteristic spectral features of fused
silica (see Fig. 1a). An asymmetric main band (MB), frequently referred
to as the R band at 430 cm−1, has been linked to the oxygen motion
within the silica tetrahedra [48] and has also been described as su-
perposition of modes belonging to rings formed by more than four SiO2

tetrahedral units [17,49]. Two sharp Raman peaks around 495 cm−1

and 606 cm−1 are often labelled in the literature as defect bands D1 and
D2, respectively. They are associated with the breathing vibrations of
oxygen atoms in 4-membered rings [18,50,51] or breathing vibrations
of oxygen atoms in 3-membered rings [18,50-52], respectively. No-
tably, it was recently suggested that the D1 peak might originate from
spectral contributions of 4-membered as well as 3-membered rings
[52]. An asymmetric band (A) at 800 cm−1 has been assigned to var-
ious bending and stretching motions [53,54]. Lastly, a high frequency
doublet (DB) at 1060 cm−1 and 1200 cm−1 is associated with
stretching involving SiO4 tetrahedral units [49,53,55] and/or Si-O-Si
bonds [54] in the silicate network.

2.3.2. Determination of MB position
As mentioned earlier, the emphasis of this paper is not on the re-

levance of the spectral observations to the material structure but rather
on the measurement science of collecting and interpreting confocal
Raman data of indented glasses. Numerous previous works have re-
ported on the correlation of Raman spectral changes to underlying
structural changes in fused silica [18,20,45,46,56-62]. The quantitative
analysis of the Raman spectral data reported here is aimed solely at
determining the MB shift in the fused silica spectrum with changes in
indentation load. The MB is quite broad and asymmetric, presumably
composed of a number of underlying, overlapping bands. Identification
of a robust method for measuring the peak shift of the MB is thus not
entirely straightforward and various approaches have been reported.
Two different approaches previously described in the literature are used
here. The first uses nonlinear least squares fitting to a multi-peak (MP)
spectral model [17,35] of the experimental spectrum and then finding
the root of the first derivative of the best-fit model function to establish
the peak position. The second approach utilizes a spectral center-of-
mass (CM) approach [63] to define a peak position.

Each method is a reasonable approach to reducing the changes in
the spectral shape and position to a single number (shift) and while the
algorithms yield different values of the shift, our interest is only in how
these shifts vary with load. The adaptation of these approaches to the
data presented in this study is laid out in detail in the following section.

2.3.2.3. Multi-peak (MP) fitting. The MP spectral fitting procedure
utilized a spectral model consisting of 6 bands over the spectral range
from 180 cm−1 to 680 cm−1. The model is based on that described by
Chligui et al. [35] that includes four spectral components that
predominantly comprise the asymmetric main band along with the D1

and D2 bands. Non-linear least squares fits to the measured spectra with
this spectral model produced accurate representations of the
experimental data. While other spectral models might also be
suitable, this model was satisfactory for the purposes of identifying
the MB peak position. Because the MB is composed of several
underlying sub-bands, [35,48] the MB peak position does not
coincide exactly with the peak position of any of the sub-bands. To
identify the MB peak position, the position of the root of the first
derivative of the best-fit model function over the relevant spectral range
was utilized.

2.3.2.4. Center of mass (CM) calculation and density calculation. A
second approach to characterizing the change in the MB position in
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fused silica was also implemented. This CM approach, described in
detail by Deschamps et al., [63] defines a quantity as the wavenumber
at which the integral over the background corrected spectral region
encompassing the MB, D1 and D2 bands reaches half of its total value.
Changes in this quantity then provide a measure of how much the
overall spectrum in this region shifts. It is similar to center-of-mass
approaches to finding band positions and provides a second method for
describing the spectral shifts seen in mechanically stressed fused silica
with a single number. It can also be related to the degree of
densification using a calibration relationship [63] as will be discussed
later. Of course, this quantity differs from the MB position extracted
from the MP fitting procedure, but the two approaches provide similar
information.

3. Results

In the following sections, the results of the load-sequence and z-
profile experiments described in Section 2.2 are summarized.

3.1. Baseline spectra

Raman spectra were collected with the indenter probe tip hovering
about 1.5 µm above the sample surface (sample-probe spectra) for each
microscope objective and relevant sample thicknesses (MO and CO with
the thin specimen, MO and TO with the thick specimen). The sample-
probe spectra are compared to the corresponding sample-only spectra
in Fig. 2.

When using the CO (Fig. 2a) for in-situ Raman measurements on the
thin specimen, spectral alterations were mostly seen in the wavenumber
region between 1250 cm−1 and 1450 cm−1 (upper boundary of the
spectral collection range) due to a strong Raman peak originating from
the diamond probe detected in this region. However, the region from
180 cm−1 (lower boundary of spectral collection range) to 1250 cm−1,
covering many of the glass bands, was unaffected. In comparison, the
spectral measurements on the thick specimen using the TO objective
appeared to be more affected by the spectral contributions of the dia-
mond probe (Fig. 2c). The diamond peak at 1350 cm−1 was more
pronounced (see greater peak width) and a stronger PL contribution
probably caused a slight uplift of the spectral background signal in the
region from 500 cm−1 to 1450 cm−1. As a consequence, the weak
1200 cm−1 band of the high frequency doublet was no longer dis-
cernable. Nevertheless, the overall spectral profile below 1100 cm−1

was only slightly altered.
The most significant deviations from the sample-only spectral sig-

nature of fused silica were observed in the optical configuration

employing the MO (Fig. 2b and 2d), though the effects were more se-
vere in spectral measurements on the thick sample. For both the thin
and thick sample, a significant increase of the background signal was
detected (up to 4 times stronger with the probe hovering over the
sample compared to the sample-only spectrum). Of greater concern, the
shape of the main band was noticeably affected, resulting in a perceived
slight shift in the MB position.

The comparison of sample-probe and sample-only spectra for the
different optical configurations revealed that close proximity of the
indenter probe and glass sample altered the perceived spectral sig-
nature of the unperturbed glass. This effect was observed to varying
degree in all optical configurations and was caused by the convolution
of spectral contributions from probe and sample inherent to in-situ
Raman measurements. However, the largest spectral alterations were
seen in the Raman measurements with the metallographic objective,
whereas the baseline spectrum collected in CO configuration appeared
to be the least affected.

For reference purposes, the sample-probe spectrum collected for an
individual optical configuration should be regarded as baseline spec-
trum (spectral signature) for the unperturbed state in those in-situ
Raman measurements with the probe being in close proximity to or in
contact with the sample.

3.2. Z-profile experiments

Being an anomalous glass, fused silica deforms primarily by densi-
fication during indentation with an acute probe (below the fracture
threshold). The nature of the densification-induced changes to the si-
licate network are still under discussion with two opposing theories
emerging: (1) the transformation of larger silicate rings to smaller rings,
(2) increase of the average ring size upon densification [9]. However,
ex-situ Raman spectroscopic studies of residual indents in FS suggested
that the material densified below the indenter probe exhibits a modified
spectroscopic profile compared to the pristine, unperturbed FS
[9,62,64] with shifts of the main band and defect lines towards higher
wavenumbers being the most pronounced changes.

The capability of the different optical configurations to detect those
densification-induced spectral changes during an actual indentation
event is analyzed next. Starting with the in-situ Raman measurements
on the thin specimen, Fig. 3 summarizes spectral data collected during
indentation using the CO and MO configurations, respectively. Fig. 3a
shows Raman spectra collected with the CO from the center of the in-
dentation impression while an indentation force of 300 mN was ap-
plied. The Raman spectra were recorded with the microscope objective
being focused on the surface of the sample at the edge of the contact
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Fig. 2. Raman spectra collected in-situ using different mi-
croscope objectives (CO, TO, MO) and fused silica speci-
mens of relevant thickness prior to indentation. The thin,
black curves show the sample-only spectra and the thick,
colored curves represent sample-probe spectra collected
with the same diamond probe hovering over the sample.
The Raman intensities of all spectra shown were normal-
ized in such a manner that the intensity of the D1 band was
1.5
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impression (surface spectrum) and with the focal plane shifted 1 µm to
7 µm away from that position along the z axis into the specimen bulk.
For comparison, the baseline spectrum of the unperturbed material
collected prior to the indentation was overlaid (dashed line) in some
instances. The MB positions derived by CM calculations from the
spectra shown are given in Fig. 3c for the different positions of the
objective along the z axis. The MB position in the corresponding
baseline spectrum of the unperturbed material is represented by a solid
line in this figure. Complementary to the surface spectrum in Fig. 3a,
Fig. 3b shows a Raman spectrum collected in-situ under similar condi-
tions (300 mN, center of contact impression, same position of micro-
scope objective) with the MO rather than the CO. Also, for reference
purposes, the baseline spectrum of the unperturbed material is overlaid
(dashed line). The Raman spectra collected in-situ with this objective at
other positions along the z axis closely resembled the edge spectrum,
therefore they are not shown in Fig. 3b. Nevertheless, the MB positions
determined for these spectra and the surface spectrum, together with
the MB position in the baseline spectrum (dashed line) collected with
the MO are included in Fig. 3c. The Raman intensities of all spectra
shown in Fig. 3a and b were normalized in such a manner that the
intensity of the D1 band was 1.5. All the data represented in Fig. 3c
were derived from CM calculations.

Using the CO configuration, significant changes in the spectral
profile were seen in the center of the contact impression during in-
dentation (Fig. 3a) compared to the baseline spectrum of the un-
perturbed material (for the spectral region not obfuscated by the Raman
signal from the diamond probe). The MB, D2 and A bands were shifted
to larger wavenumbers with the MB experiencing the largest upshift in
peak position and at the same time a significant reduction in its peak
intensity. The intensity of the D2 band seemed to be increased in

relation to the A band. The DB1 band of the high-frequency doublet was
shifted to lower wavenumbers. Similar spectral changes have been re-
ported during plastic compression of fused silica at high pressures in
DAC tests and their correlation to underlaying modifications of the si-
licate network structure has been discussed [6,7,18,45,46,60,63,65].
The described spectral changes were the largest in the surface spectrum
(objective focused on the sample surface) and weakened with in-
creasing distance from the sample surface into the specimen bulk. Upon
shifting the position of the microscope objective 6 µm from the surface,
the spectrum collected on the indented region was essentially indis-
tinguishable from the baseline spectrum. To quantifiably analyze the
spectral changes, the MB wavenumber was determined by CM fitting
from the spectra collected at different focal distances from the surface.
As can be seen in Fig. 3c, the MB wavenumber reverted gradually from
510 cm−1 (surface spectrum) back to 417 cm−1 at positions larger than
5 µm nominally equaling the MB wavenumber in the baseline spectrum.
A similar result is obtained with the MP fitting method.

In the MO configuration, the edge spectrum collected in the center
of the deformation zone was only marginally altered from the corre-
sponding baseline spectrum of the unperturbed material (Fig. 3b). As
mentioned earlier, all spectral profiles collected at increased distances
from the sample surface in the contact impression closely resembled the
surface spectrum. This is also reflected in the quantitative analysis of
the MB wavenumber (Fig. 3c): the MB wavenumber was shifted slightly
upward from 420 cm−1 in the baseline spectrum to 426 cm−1 but
otherwise remained on this level independent of the focal distance at
which Raman measurements were conducted.

Similarly diverging observations were made when comparing re-
sults from in-situ Raman measurements conducted during indentations
of the thick specimen using the TO and MO configurations, respectively.

Fig. 3. (a) Raman spectra collected in-situ in the center of the indentation imprint on the thin specimen with the CO being focused on the surface of the sample at the
edge of the contact impression (surface) and with the focal plane shifted 1 µm to 7 µm away from that position along the z axis into the specimen bulk. The dashed
curves represent the baseline spectrum of unperturbed material. For easier comparison, the spectra were offset. The arrows indicate the direction of the wavenumber
shift for the Raman bands in the edge spectrum of the perturbed material. (b) Raman spectra collected with the MO of unperturbed material (baseline spectrum,
dashed curve) and in-situ in the center of indentation on the thin specimen. The objective was focused on the edge of the indentation imprint. The Raman intensities
of all spectra shown in Figures 3a and 3b were normalized in such a manner that the intensity of the D1 band was 1.5. The spectra are vertically shifted for a better
visualization. (c) Z profiles of the MO and the CO for spectral measurements on the thin specimen. The MB wavenumbers (symbols) were determined by CM
calculation from Raman spectra collected during the indentation of the thin specimen at 300 mN with the microscope objectives being shifted to various positions
along the z axis into the specimen bulk. The solid and the dashed lines represent the MB wavenumber of the unperturbed material measured by the CO and the MO,
respectively.
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Fig. 4a shows the baseline spectrum of the unperturbed material col-
lected prior to the indentation (dashed line) and a spectrum collected in
the center of the contact impression under an indentation force of 300
mN with the TO being focused at the edge of the impression (surface
spectrum, solid line). For comparison with the surface spectrum ob-
tained with the TO, Fig. 4b shows the corresponding spectrum collected
in-situ in the MO configuration (indentation load: 300 mN, objective
focused on surface at edge of impression, spectrum collected in center
of contact impression). The baseline spectrum measured with the same
objective was also included in that figure. Fig. 4c shows the MB wa-
venumbers determined by CM calculations from spectral data collected
with the TO and the MO with the microscope objective being shifted
away from the sample surface to different positions along the z axis into
the specimen bulk. Also shown are the MB wavenumbers determined
from the baseline spectra that were recorded with both objectives (solid
or dashed lines). All of the analyzed spectra were recorded in the center
of the indentation impression during an indentation with the force
being held at 300 mN. The surface spectrum obtained in the TO con-
figuration was significantly altered in comparison to the corresponding
baseline spectrum of the unperturbed material (Fig. 4a), whereas the
surface spectrum collected during indentation with the MO was es-
sentially unchanged from its baseline (Fig. 4b). Shifting the microscope
objective away from the sample surface did not affect the spectral
profiles measured by the MO; all of the Raman spectra collected at
different positions along the z axis closely resembled the surface spec-
trum. It was therefore not surprising that the MB wavenumbers de-
termined from those spectral measurements had virtually the same
value as can be seen in Fig. 4c. The spectral measurements performed
with the TO at different position along the z axis clearly showed a
different trend (Fig. 4c). For TO, the highest MB wavenumber was
measured in the Raman spectra collected near the sample surface
(surface spectrum, 518 cm−1) and at 1 µm below the surface
(522 cm−1), respectively. When shifting the objective further away
from the sample surface, the MB moved towards its baseline wave-
number. However, the spectral profile of the baseline spectrum was not
quite fully recovered within the investigated position range. At a po-
sition of 7 µm below the surface, the MB wavenumber was still slightly
larger (430 cm−1) than its position in the baseline spectrum
(423 cm−1).

With two aberration-corrected objectives included in this study, it

was also worth considering whether the two aberration-corrected ob-
jectives supply qualitatively similar spectral data or if the use of one
objective is more advantageous than the other. Fig. 5 was devised to
evaluate the two aberration-corrected objectives. Raman spectra col-
lected in the center of the contact impression (indentation force:
300 mN, objective focused on the sample surface at the edge of the
impression) using the CO and the TO are shown in Fig. 5a. The baseline
spectrum of the unperturbed material is displayed as well for each
objective. Fig. 5a contains replots of spectra shown in Figs. 3a and 4a
without normalizing the Raman intensity in relation to a specific band
as was done in the previous figures. Comparing the Raman spectra
collected during indentation using the two objectives, similarities in
their spectral responses were observed such as size and direction of the
wavenumber shifts for the MB, D2, A and DB1 bands and changes in the
relative band intensities. However, some differences in their spectral
response were also seen. For example, an overall stronger background
signal was detected in the spectra measured in the TO configuration.
The reason for this might have been a larger susceptibility to spectral
contributions from the diamond probe than in the CO configuration.
Also, the intensity of the main and A bands appeared to be more se-
verely diminished in the TO spectra than in CO measurements. Another
important distinction between the two configurations can be seen in the
evolution of the spectral profiles with distance from the sample surface,
discussed here based on the shifts in the MB wavenumber. For easier
comparison, the MB wavenumber data for both objectives previously
shown (Figs. 3c and 4c) were replotted in the form of relative shifts in
Fig. 5b. Within this figure, a relative shift of 0 represents the MB wa-
venumber in the baseline spectrum, a relative shift of 1 marks the
largest shift of the MB wavenumber determined in Raman measure-
ments in the center of the contact impression during indentation. Ad-
ditionally, the relative MB shift determined by MP fitting from spectra
collected in both configurations were given in that figure for different
positions of the microscope objective along the z axis into the specimen
bulk. The results from the two different fitting approaches (MP and CM)
aligned quite well with each other. Therefore, a trendline of the z
profile based on the combined data sets from both fitting approaches
was determined and is shown as a dashed line for each optical config-
uration in Fig. 5b. The purpose of the trendlines is to serve as guides to
the eyes only; no implications about the nature of the functional re-
lationship of the data set should be drawn from the fitting function. For

Fig. 4. (a) Raman spectra collected with the TO of unperturbed material (dashed curve) and in-situ in the center of the indentation on the thick specimen. The
objective was focused on the surface of the specimen at the edge the indentation feature. (b) Raman spectra collected with the MO of unperturbed material (dashed
curve) and in-situ in the center of indentation on the thick specimen. The objective was focused on the surface of the specimen at the edge the indentation feature. The
Raman intensities of all spectra shown in Figures 4a and 4b were normalized in such a manner that the intensity of the D1 band was 1.5 (c) Z profiles of the MO and
the TO for spectral measurements on the thick specimen. The MB positions (symbols) were determined by CM calculation from Raman spectra collected during the
indentation of the thick specimen at 300 mN with the objective being shifted to different positions along the z axis into the specimen bulk. The solid and the dashed
lines represent the MB position in the baseline spectra recorded by the TO and the MO, respectively.
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both objectives, the relative MB shift gradually approached a value of
zero with increasing distance from the surface (Fig. 5b) reflecting a
steady transition of the spectral profile from the surface spectrum near
the glass surface towards the baseline spectrum at larger distances into
the specimen bulk (as seen for CO configuration in Fig. 3a). However,
the trendline of the CO data indicated an accelerated recovery of the
spectral profile with depth in comparison to the TO configuration. In-
deed, the focal depth at which the MB shift equaled zero and the
spectral profile of the baseline spectrum was fully recovered, was es-
timated to be smaller for the CO (about 5 µm) than for TO configuration
(> 7 µm).

The indentation experiments during which the in-situ Raman mea-
surements with both aberration-corrected configurations took place

were conducted under comparable conditions. Therefore, the lateral
size and depth of the contact impressions were of similar size which was
confirmed by white-light images and force-displacement data collected
during the indentation. Consequently, there is no obvious explanation
rooted in contact mechanics that accounts for the discrepancy in the z-
profile measurements between these two configurations.

3.3. Load-sequence experiments

Load-sequence experiments were conducted on fused silica samples
using the two aberration-corrected objectives (TO and CO). The data
sets collected with both objectives were analyzed as described in
Section 2.3.2. Both data sets showed similar trends, but the spectral
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Fig. 5. (a) Raman spectra collected in-situ in the CO (upper graph) and the TO (lower graph) configurations of the unperturbed material (thin, black curve) and in the
center of contact impression during indentation of fused silica samples (thick, colored curve). The objective was focused on the surface of the specimen at the edge the
indentation feature. (b) Comparison of the relative MB shift in Raman spectra collected with the CO (full symbols) and the TO (empty symbols) with the objectives
being shifted to different positions along the z axis into the specimen bulk. The MB wavenumbers determined by MP fitting and by CM calculation are shown as
triangle and diamond symbols, respectively. The dashed lines representing trendlines of the combined sets of CM and MP data were added to guide the eye.

Fig. 6. (a) Raman spectra collected in-situ with the CO prior to the indentation (pre) and during the indentation of fused silica with a pyramidal diamond probe at
different indentation loads (loading segment of load-sequence experiment). The spectra were measured in the center of the indentation at the same location. The
dotted lines are guides to the eye to assess shifts of characteristic Raman bands of unperturbed fused silica: MB... main band, D1/2… defect bands, A... asymmetric
band, DB1/2… high-frequency doublet bands. The spectra are vertically shifted for a better visualization. (b) Relative shift of the main band in comparison to its peak
position prior to indenting determined at different indentation forces during the unloading segment. The shifts of the MB position were obtained by MP fitting and
CM calculation. The dashed lines represent trendlines for the data sets and serves only as to guide the eye.
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data collected with the CO were of superior quality as was demon-
strated in the previous section. In the interest of brevity, only results
stemming from the analysis of load-sequence data obtained with the CO
are presented in the paper.

Fig. 6a shows the baseline spectrum collected pre-indentation and
Raman spectra recorded in-situ with different indentation forces
(50 mN, 200 mN, 250 mN and 300 mN) being applied during the
loading segment of the indentation experiment. The Raman spectra
were recorded with the microscope objective being focused on the
surface of the sample at the edge of the contact impression. To better
illustrate the indentation-induced spectral changes, dotted lines in-
dicate the wavenumbers of the signature bands of fused silica in the
unperturbed state. Fig. 6b shows the relative MB shift as function of the
applied indentation force during loading as determined by MP fitting
and CM calculation (see Section 2.3.2). The relative MB shift is the
difference between the wavenumber of the MB at an indentation force
and its wavenumber in the baseline spectrum representing the un-
perturbed state of the material. During loading, the MB, D2 and A bands
in the spectrum at 50 mN have shifted slightly to a higher wavenumber
compared to the unperturbed material, while the DB1 band of the high-
frequency doublet shifted to a lower wavenumber (Fig. 6a). The di-
rections of the Raman shifts for those bands agree with in-situ ob-
servations for fused silica plastically deformed by hydrostatic pressure
in DAC experiments [6,45,46,63,66]. The Raman shift of the DB2 band
of the high-frequency doublet was difficult to ascertain due to obfus-
cation by a strong Raman peak originating from the diamond probe
during the indentation. The position of the D1 band appears to be un-
changed in the spectrum collected at 50 mN as well as at higher in-
dentation forces. The Raman shifts of the MB, D2, A and DB1 bands were
more pronounced in the spectrum collected at an indentation force of
200 mN than those observed at 50 mN. However, further increases in
the indentation force to 250 mN and 300 mN resulted in only slightly
larger Raman shifts for those bands. This behavior is quantitatively
described for the MB in Fig. 6b. There, a trendline was added to illus-
trate the overall tendency in the data set showing the majority of the
spectral shift being captured at indentation forces around 200 mN. The
same tendency was seen independent of the approach used to de-
termine the wavenumber of the MB (MP or CM), though the values of
the relative shift differ between the two approaches due to their in-
herent differences in methodology. The spectrum at 300 mN in this
experimental series was collected under comparable experimental
conditions as the surface spectrum in the z-profile experiments using
the CO (see Section 3.1, Fig. 3a). The spectral changes observed in the
two spectra were similar; readers are referred to the related paragraph
in Section 3.1 where the altered spectral profile of indented fused silica
has already been described.

It should be pointed out that an indentation force of 50 mN applied
to the diamond probe induced plastic deformation of the fused silica
sample as was demonstrated by the presence of a residual impression at
the indentation site. Earlier observation shows that indentation loads
must be limited to below 2 mN to sustain purely elastic behavior during
indentations of fused silica with an acute diamond probe [67]. The
average contact pressure pc was calculated to be 8.7 GPa ± 0.3 GPa
(average ± one standard deviation) at 50 mN. Values for the contact
area and the average contact pressure are given in Fig. 7 for the various
indentation forces, at which in-situ Raman measurements took place
during the loading and unloading segments of the indentation. The
contact area was determined from bright field images taken in-situ
during the indentation from the contact region of probe and sample.
The average contact pressure pc was calculated using pc = F/A where F
is the applied indentation force and A is the contact area between
sample and probe. In the context of indentation, the calculated contact
pressure represents the Meyer hardness of fused silica and is compar-
able to hardness data published for this material [68–70]. Due to the
property of geometrical similarity of pyramidal probes, the contact area
increases linearly with the indentation force, which has been seen in

earlier in-situ optical observations of the contact region of indented
glasses [71,72] and in the present study (see Fig. 7). Consequently, the
average contact pressure should be constant during loading with a
pyramidal probe, if probe curvature effects can be neglected. Indeed,
variations of the calculated pc values with load are insignificant. With
the intensity of the indentation stress field being load invariant (pc in-
dependent of F) for acute indenter probes [64] and under the absence of
cracks, the structural changes related by indentation-induced strains
should be comparable. Consequently, the corresponding spectral re-
sponses are expected to be equivalent for the various indentation forces
applied [22]. Nevertheless, significant difference were found between
the spectral data collected at the lowest and the highest indentation
forces applied in this study.

Fig. 8a shows the Raman spectra collected in the center of the in-
dentation region at the maximum indentation force of 300 mN and for
two other indentation forces (150 mN and 50 mN) during the unloading
segment of the indentation. For comparison purpose, Raman spectra
collected in the center of the residual impression after complete un-
loading (post-indentation) and prior to the indentation (pre-indenta-
tion) were also included in this figure; both represent sample-only
spectra. For easier assessment of spectral changes, the position of the
characteristic bands of fused silica in the unperturbed state are in-
dicated by dotted lines. Fig. 8b shows the relative shift of the MB as
determined by MP fitting and CM calculation (see Section 2.3.2) as a
function of the applied indentation force during the unloading segment
of the indentation. During unloading, the main spectral changes in-
volved some reversal of the wavenumber shifts observed during loading
for the various Raman bands (Fig. 8a, compare Fig. 6a). In the case of
the MB, the wavenumber changed by about 10 cm−1 (CM) or 13 cm−1

(MP) during the unloading process (Fig. 8b) but never recovered to the
wavenumber of the non-perturbed material. Shifts of the main Raman
band towards lower wavenumbers were also observed in-situ during
unloading after densification of fused silica in DAC tests [56,58,59]. A
comparison between the spectra of the unperturbed material (pre-in-
dentation) and the residual indentation (post-indentation) reveals, in
addition to the permanent Raman shifts, a narrowing of the main band
as well as an increase in the intensity of the D2 band relative to the main
band. These irreversible spectral changes are in line with observations
on residuals generated in indentation tests [9,62,73] and DAC experi-
ments (if compressed beyond elastic threshold) [6,45,46,63,66] and are

Fig. 7. The correlations between contact area and indentation force (circles,
black) and between indentation force and contact pressure (triangles, red) are
shown for the loading (L, full symbols) and unloading (UL, empty symbols)
segments of the indentation test. The lines are for guidance of the eyes: dashed
lines for force-contact area data, dash-dot lines for force-contact pressure data.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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associated with a densification of the silicate network. Based on the
Raman-density calibration curve derived from spectral shifts calculated
by the CM method described by Deschamps et al. [63], a densification
ratio of about 17.5 % was determined from the in-situ Raman mea-
surement on the residual indentation (post indentation). Permanent
densification ratios of about 21 % can be achieved during hydrostatic
compression of fused silica at room temperature, [65,74] which may
indicate that lower densification levels were achieved during the in-
dentation conditions in this study than during hydrostatic compression.
However, it is unclear to what extent the calibration relationship be-
tween the CM method spectral shift and densification as reported by
Deschamps et al. is transferable between Raman spectra measured on
different instruments. Subtle variations in spectral shape due to dif-
ferent instrument response functions may alter the quantitative cali-
bration relationship and thus the ratio determined in this study should
be viewed as an estimate. Nevertheless, the densification ratio de-
termined in this study is in line with previous density measurements in
residual impressions generated by Vickers indentations in fused silica at
much higher indentation loads (16 % at 2 N [73] and 17.4 % at 20 N
[62]). In these cases, the density was determined from the shift in D2

band. During unloading, the indentation-induced elastic strains relaxed,
and the contact impression underwent a horizontal and vertical elastic
recovery [75] altering the contact area. However, unlike the observa-
tions during loading, the contact area changed in a nonlinear fashion
with respect to indentation force, and thus, the average contact pres-
sure no longer remains constant upon removal of the indentation force
(Fig. 7).

4. Discussion

4.1. Baseline spectra

As stated earlier, minimizing the spectral contamination from un-
perturbed bulk material surrounding the deformed region is essential
for optimizing Raman spectroscopic measurements on indented glasses.
This requires maximizing the three-dimensional spatial resolution (i.e.,
minimizing the analysis volume) of the experimental setup employed in
the spectroscopic measurements. The dependence of the analysis vo-
lume on a number of factors (e.g., thickness, opacity, and homogeneity

of the sample, and optical configuration of the spectrometer) compli-
cates theoretical calculations of its value, especially for indented glasses
due to the non-planarity of the sample surface. However, differences in
the analysis volume between various optical configurations can be
evaluated experimentally. One possibility is to compare sample-only
spectra and baseline spectra collected for individual configurations (see
Section 3.1). The comparison also supplied a first indication of the
suitability of an optical configuration for in-situ spectral measurements
on indented glasses. Deviations of the baseline from the sample-only
spectrum were seen for all optical configurations (see Fig. 2). They were
attributed to convolution of the spectral signature of fused silica with
Raman signals induced by the probe during in-situ Raman measure-
ments with the probe close to (or in contact with) the sample. However,
the varying degree of deviation between optical configurations hinted
at differences in their susceptibility to spectral contributions from the
probe (see Section 3.1) which are assumed to be caused by disparities in
the analysis volume of the different microscope objectives. Based on the
more severe deviation from the sample-only spectrum, the analysis
volume in the MO configuration appeared to have been more expansive
than in the baseline measurement conducted on the same sample
thickness with an aberration-corrected objective (see Fig. 2a and 2b for
the thin and Fig. 2c and 2d for the thick specimens). When using me-
tallurgical objectives, the change in refractive index across the air/glass
interface results in refraction and spherical aberrations. This causes an
extended beam waist along the z axis and, thus, the analysis volume to
expand. [24,76] The baseline spectrum recorded for the thick specimen
with MO diverged more from the related sample-only spectrum than in
the measurements on the thin specimen (compare Fig. 2b and 2d). This
is due to the fact, that the degradation of the focal resolution scales with
the thickness of the sample analyzed causing the analysis volume of MO
to be farther extended. Hence, the spectral contribution of the probe
was more pronounced in the spectral measurements on the thick spe-
cimen than on the thin sample.

The comparison of sample-only and baseline spectra for the dif-
ferent optical configurations showed that the integrity of in-situ Raman
measurements was most affected when using the metallurgical objec-
tive. The aberration-corrected objectives appeared to be more suitable
for in-situ Raman measurements on indented glasses as their tighter
analysis volume limited the obfuscation of the Raman profile of the

Fig. 8. (a) Raman spectra collected in-situ with the CO in the residual impression (post) and during the indentation of fused silica with a pyramidal diamond probe at
different indentation forces (unloading segment of the load-sequence experiment). For comparison purposes, the Raman spectrum collected prior to the indentation
(pre) was also included. The spectra were measured in the center of the indentation at the same location. The dotted lines are guides to the eye to assess shifts of
characteristic Raman bands of unperturbed fused silica: MB... main band, D1/2… defect bands, A... asymmetric band, DB1/2… high-frequency doublet bands. The
spectra are vertically shifted for a better visualization. (b) Relative shift of MB at different indentation forces during the unloading segment. The MB shifts were
obtained by MP fitting and CM calculation. The dashed lines are linear fits to the data sets to guide the eye.
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glass by spectral contributions from the probe. The ‘purest’ baseline
spectrum was collected with CO indicating it as the optical configura-
tion with the most confined analysis volume in this study.

4.2. Z-profile experiments

For a more quantitative assessment of the analysis volume, z-profile
experiments were conducted in the different optical configurations (see
Section 3.2) under the following premise: When indenting a glass
sample with an acute diamond probe at 300 mN, material in a zone of
finite dimensions beneath the probe was densified. With the microscope
objective focused on the sample surface at the indentation edge in the
contact region between probe and sample, the analysis volume of the
microscope objective was expected to encompass a large section of that
densified region. By shifting the nominal focal plane of the microscope
objective step by step away from the sample surface into the specimen
bulk and, thus, away from the densified region, the portion of densified
material included in the analysis volume was gradually reduced.

If the analysis volume of the microscope objective were comparable
in size to the dimension of the densified region, Raman spectrum col-
lected at the sample surface (surface spectrum) should contain mainly
spectral contributions associated with densified fused silica. During
indentation, the material was exposed to a combination of hydrostatic
pressure and shear stress. It is believed that shear stress does not affect
the nature of the structural modifications in glass but only accelerates
the densification process [12]. Indeed, studies on soda-lime silicate and
aluminoborosilicate glasses showed similarities between spectra ac-
quired on residuals of indentations and spectra recorded after hydro-
static compression [12,13]. Therefore, the surface spectrum collected
during indentation was assumed to look very similar to the spectral
profile of densified fused silica seen in DAC tests. When moving the
microscope farther away from the densified region, the spectral con-
tribution of the densified material was expected to weaken relative to
Raman signal of the unperturbed material, which eventually would
dominate the spectral profile. This spectral evolution was observed for
both aberration-corrected objectives: The surface spectra showed sig-
nificant deviations from the baseline spectrum of the unperturbed
material (see Fig. 3a and 4a), that were in line with the spectral sig-
nature of densified fused silica reported in DAC studies, as previously
explained. Raman spectra collected farther away from the sample sur-
face showed less pronounced alterations and eventually could no longer
be differentiated from the baseline spectrum of unperturbed material.

If, on the other hand, the analysis volume of the microscope ob-
jective was significantly larger than the densified volume, the Raman
signal from the unperturbed material would represent the major spec-
tral contribution in any position along the z axis. Consequently, den-
sification-related spectral alterations would be reflected only in di-
minished form (e.g., as smaller band shifts) or not be noticeable at all (if
the analysis volume was much larger than the deformation region) in
the Raman spectra collected in the deformation region. This type of
behavior was observed in the in-situ measurements using the MO.
Compared to the corresponding spectral measurement obtained in an
aberration-corrected configuration, the surface spectrum collected with
the MO exhibited significantly less pronounced shifts in band position
and changes in relative band intensity for the thin specimen (compare
Fig. 3a and 3b). For the thick specimen, hardly any spectral alterations
were seen in the spectral measurements in the MO configuration
(compare Fig. 4a and 4b). Again, the difference in the spectral response
seen between the thick and thin specimens for the MO configuration
was caused by a more severe degradation of the focal resolution, re-
sulting in a larger analysis volume on the thicker glass sample. As a
consequence, the ratio of densified volume to analysis volume was re-
duced making Raman measurements with the MO on the thick spe-
cimen less sensitive to spectral contributions from the densified mate-
rial than on thin glasses.

The position of the MB within the spectral profile of fused silica is

related to the mean intertetrahedra angle of the silicate network,
[6,45,48] which changes upon densification causing the MB to shift
towards higher wavenumbers [2,49,60]. As MB shifts were the most
prominent spectral alteration observed during the indentation of glasses
in this study and could be determined in a robust and reliable way, the
MB wavenumber were seen as an useful indicator of densification-in-
duced spectral alterations. Z profiles were created by determining the
MB wavenumber from Raman spectra collected in the z-profile ex-
periments (see Section 3.2) and plotting them as a function of the ob-
jective position along the z axis. Comparing the MB wavenumbers
contained in the z profile to its baseline position (representing the
unperturbed state) facilitated the detection of spectral contributions
from the densified material along the z axis (indentation axis) into the
specimen bulk. In this way, z profiles can provide meaningful in-
formation about the analysis volume of an optical configuration and
serve as a comparative measure of the analysis volume between optical
configurations, as will be discussed in the following paragraphs.

Independent of the sample thickness, the shapes of the z profiles
obtained for metallurgical and the aberration-corrected objectives were
distinctively different (see Figs. 3c and 4c for the thin and the thick
specimens, respectively). The z profiles collected with the MO re-
sembled straight lines reflecting the close resemblance between all
Raman spectra recorded in the z-profile experiments on the same
sample thickness with this objective. For both thicknesses, the z profile
was slightly shifted upwards from its baseline value indicative of small
alterations to the spectral profile of fused silica during indentation (see
Fig. 3b and 3c). The upshifts was smaller for the thick specimen (≈ 2
cm−1) than for thin one (≈ 8 cm−1). This was a consequence of the
more degraded focal resolution of the MO in in-situ measurements on
thicker samples and, therefore, a reduced capacity to detect densifica-
tion-induced spectral alterations, as discussed earlier. On the other
hand, the curved shape of z profiles of the aberration-corrected objec-
tives reaffirmed this earlier observation: Spectral alterations (spectral
contribution from densified materials) were largest with the microscope
objective being focused on the sample surface and then gradually di-
minished with the focal plane shifted farther into the specimen bulk
(see Fig. 3a). The main reason for the difference in z-profile shape be-
tween metallurgical and aberration-corrected objectives is believed to
be the smaller analysis volume of the latter. As result, aberration-cor-
rected objectives exhibit a higher sensitivity to changes in the volume
ratio of densified to non-densified material, hence, stronger sensitivity
to spectral contributions of the densified material.

For aberration-corrected objectives, a comparative plot of the z
profiles of the two aberration-corrected objectives (see Fig. 5b) showed
a steeper decline of the relative MB shift and shallower depth at which
the spectra matched the unperturbed spectrum for CO than for TO. The
intercept of the z profile with the line representing the wavenumber of
unperturbed material marked the position along the z axis where the
share of densified fused silica within the analysis volume has declined
to such a degree that its spectral contribution could no longer be de-
tected. Based on the intercept position, it was estimated that, the
densified zone extended about 5 µm and more than 7 µm from the
surface into the specimen bulk (under an applied indentation force of
300 mN) in CO and TO configurations, respectively. The reason for this
discrepancy was not be believed to be variations in the size of their
deformation regions but rather in their analysis volumes. An early in-
dication of a slightly larger analysis volume for the TO was already seen
during the evaluation of the baseline spectra (see Section 4.1). The z
profiles of the two objectives shown in Fig. 5b provided further evi-
dence for this assumption. The 1/e fall off for the data plots, which was
assumed to represent the extension of the analysis volume along the
indentation axis, was about 3 µm for the CO but about 4.5 µm for the
TO. The spot size for the two objectives can be estimated based on the
diffraction limit (spot size ≈ 1.22 • laser wavelength / NA). The spot
sizes of 1 µm2 and 1.4 µm2 for the CO respective TO are probably low
estimates, as the topography of the indentation impression may degrade
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the spot size in the in-situ measurement. Thereby, the analysis volumes
were estimated to be roughly 3 µm3 and 6 µm3 for the CO and the TO
configurations, respectively. Due to its larger analysis volume, spectral
contributions of the densified regions were perceived further into the
specimen bulk by the TO causing the deviation between the z profiles of
the two objectives and an overestimation of the extension of the den-
sification zone in the TO configuration.

Based on its tighter analysis volume, the estimate of the extent of
the densified region was assumed to be more reliable when based on the
spectral data collected with CO than in other optical configurations in
this study. This estimate was found to be of the same order of magni-
tude as reported in previous experimental and simulation studies on
fused silica: Raman measurements on cross-section of residual Vickers
indentations (indentation force 500 mN) showed the densified region to
extend up to 3 µm from the surface [77]. Based on an empirical re-
lationship (vertical extension of densified zone ≈ 1.9 • maximum in-
dentation depth) determined in chemical dissolution experiments on
Berkovich indentations, [11] the extension along the indentation axis
was estimated to be about 5 µm for indentations at 300 mN in this
study. In indentation simulations with force and probe parameters as
specified, the vertical extension of the densification zone was de-
termined to be about about 2.7 µm (500 mN, conical probe equivalent
to a Vickers probe) [77], 2.5 µm (500 mN, Berkovich probe) [78] and 4
µm (500 mN Vickers probe) [79], respectively.

The indentation experiments, during which the in-situ Raman
measurements took place, were conducted with the same indentation
parameters (maximum force, loading rate, probe) on the same sample
(thin specimen for CO and MO, thick specimen for TO and MO).
Consequently, comparable stress states should be expected in the center
of the contact impression. Nevertheless, large differences in the spectral
response to indentation-induced deformation were found between
aberration-corrected and metallurgical microscope objectives. The
analysis of baseline spectra and z-profile measurements showed that in-
situ Raman measurements using the metallurgical objective severely
underrepresented the actual spectral changes occurring in glass during
indentation. Thereby, the MO configuration provided a less accurate or
misleading depiction of related changes to the glass structure.

In this context, recently published in-situ spectral measurements of
indented fused silica and soda-lime glasses should be mentioned, where
Raman spectra were collected with a metallographic objective during
Vickers indentation of 1 mm glass samples at indentation loads of 1 N
and 5 N [21,80]. The shifts observed in-situ by Yoshida et al. for the
spectral bands of fused silica were generally significantly less pro-
nounced than observed in this study. For example, the MB shift at 5 N
was determined to be about 34 cm−1 (data were digitized and analyzed
by CM calculation) compared to about 95 cm−1 in the surface spectrum
of CO in this study. Furthermore, the spectral profile collected in the
residual contact impression was less altered from its unperturbed (pre-
indentation) state than observed in this study or in ex-situ Raman
measurements on residuals Vickers impressions generated by forces in
Newton range [9,62,64]. A densification ratio of only 3% was de-
termined from the spectrum of the residual (by applying the CM
method [63] to data published in [21]), which was much lower than the
16 % to 17 % reported in other indentation studies [62,64,81]. The
diminished spectral response observed by Yoshida et al. [21,80] was
most likely be related to the use of a metallographic objective in their
optical setup and its compromised performance in in-situ spectral
measurements as demonstrated in this paper.

4.3. Load-sequence experiments

A most crucial observation of the load-sequence experiments with
regards to the measurement science of collecting and interpreting
confocal Raman data of indented glasses was the variation of the
spectral response of fused silica during indentation loading (see
Section 3.3). At first glance, this observation appeared to contradict

contact mechanics theory. Based on contact mechanics, the intensity of
the indentation stress field is load invariant for acute indenter probes
(in indentations free of cracking and without occurrence of probe cur-
vature effects) [64]. Therefore, the indentation-induced spectral re-
sponse of the deformed glass is expected to be uniform across the ap-
plied indentation forces [22]. However, when giving proper
consideration to the dimensional realities dictating the spectral mea-
surements on indented glasses, the perceived load dependency of the
spectral response can be interpreted differently, as will be shown
shortly.

The analysis volume of the Raman beam and its relation to the de-
formation region, which may be described by the deformation volume-
to-analysis volume ratio (DA ratio), are of critical importance to correctly
interpreting in-situ (and ex-situ) Raman spectra of indented glasses. As
has been mentioned previously, the analysis volume is determined by the
technical specifications of the optical setup and by sample properties that
may lead to refraction and aberration effects. The deformation volume
generated in an indentation event is dependent on the mechanical
properties of the sample as well as the experimental conditions and
parameters applied during the indentation. For fused silica, permanent
densification is the dominant deformation mode under indentation.
[82–85] The contribution of densification to the total indentation volume
was found to range from 85 % [84] up to 92 % [82,83] in indentations
with Vickers probes, hence, the volume of densified material might be
taken as an approximation for the deformation volume in fused silica
indentations. The densification contribution might be slightly lower in
the present indentation experiments due to the higher acuity of the in-
denter probe used. [86] Densification levels within the deformation re-
gion were determined between 15 % and 18 % in simulated indentations
in the millinewton range [78,79,87] and in actual indentation tests in the
newton range [62,73,81] with Berkovich and Vickers probes. Similar
densification levels were determined in this study for the millinewton-
indentations conducted with a more acute probe. The nature of the
density distribution along the indentation axis within the deformation
region is still a matter of discussion. In terms of densification levels, a
homogeneous distribution with a steep transition to the non-densified
material [11,19] as well as a heterogenous distribution [81] with a
gradual transition have been suggested, respectively. The extension of
the densified region along the indentation axis into the specimen bulk
was estimated to be in the range of a few micrometers for indentation
loads below 500 mN in simulations and indentation studies with acute
indenter probes (see Section 4.2). The overall volume of material den-
sified during indentations with Vickers probes was experimentally de-
termined to 0.6 µm3 [79] or 0.95 µm3 [82] at 100 mN and 8.8 µm3 at
500 mN [79]. The densified volumes observed in simulated Vickers in-
dentations were slightly higher with 1.2 µm3 at 100 mN and 13 µm3 at
500 mN [79].

Based on these values, the volume of densified material at 50 mN,
200 mN and 300 mN (relevant indentation forces applied in this stu-
dies) were estimated to be about 0.5 µm3, 3 µm3 and 6 µm3, respec-
tively. Thus, the volume of densified material was assumed to be about
7 times larger at 200 mN and about 12 times larger at 300 mN com-
pared to 50 mN. These estimates scaled roughly with changes in total
indentation volume determined from the depth and contact area of
residual impressions (obtained in separate tests) at those indentation
loads. With the analysis volume of the CO configuration being roughly
3 µm3 (see Section 4.2) and independent of the changing indentation
forces, the DA ratio was obviously altered by increasing the indentation
force. This change in the DA ratio is believed to be the cause for the
difference seen in the spectral response between the applied indenta-
tion forces in the load-sequence experiments. At an indentation force of
50 mN, an DA ratio of about 0.17 was obviously sufficient to detect
some spectral signal from the densified material within the analysis
volume. The Raman spectrum collected within the contact region at this
load was clearly altered from the spectral signature of unperturbed
fused silica (see Fig. 6a). Nevertheless, the spectral alterations were less
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pronounced at 50 mN than those seen at higher indentation forces.
Clearly, the spectral profile convolving contributions from densified
and non-densified regions was dominated by the Raman signal of the
unperturbed material due to its larger volumetric presence in the ana-
lysis volume at this low indentation load. Increasing the indentation
force meant shifting the DA ratio to higher values by enlarging the
densified volume and, thereby, creating experimental conditions more
favorable to observe the full extent of spectral changes due to in-
dentation-induced densification. For an indentation force of 200 mN
and beyond, DA ratios ≥ 1 were achieved indicating the spectral profile
collected in the contact region was dominated by the Raman signal of
the densified material. The Raman spectra collected under those con-
ditions resembled each other very closely; variations between the
spectra collected at 200 mN, 250 mN and 300 mN are hardly discern-
able in the comparative plot of Fig. 6a. The spectral analysis (CM and
MP) showed only an insignificant deviation in the relative MB shift
between the spectra collected at 200 mN and 300 mN (see Fig. 6b). The
difference in the relative MB shift between the two highest indentation
force was negligible. So, variations in the spectral response seen be-
tween 50 mN and 200 mN were not related to differences in the de-
formation of the glass structure (the densification levels at both loads
was comparable, as confirmed in separate ex-situ Raman measure-
ments). As has been shown, those spectral variations were linked to the
presence of spectral contributions of the unperturbed bulk material
attenuating the spectral signature of the densified glass in the de-
formation region.

To summarize: spectral measurements conducted with DA ratios ≥
1 showed a largely uniform spectral response at varying indentation
forces, because the analysis volume was maximally overlapped with the
deformed region of the specimen. Under such circumstances, the in-situ
spectroscopic measurements reflected the load-invariance of the in-
dentation stress field expected in indentations with acute indenter
probes (above plastic deformation threshold and below the cracking
threshold). Load-sequence experiments as described in this paper may
help to identify when such favorable DA ratios are achieved for spec-
troscopic measurements on indented glasses.

For a DA ratio < 1, the volumetric extent of densified material
within the analysis volume changed with varying indentation forces.
The resulting alterations to the spectral profile may be mistakenly in-
terpreted as load-dependent modifications to the glass structure (and
the correlated spectral features). However, volume-dependent changes
in the contribution levels of densified and unperturbed material to the
spectral profile were identified as true cause for the observed spectral
changes. A few such correlations between applied indentation force and
observed spectral modifications have been reported in recent years.
Kilymis et al. studied the MB upshift as a function of the indentation
force (varying from 1 N to 20 N) in ex-situ Raman measurements on
residual Vickers impressions generated in sodium borosilicate glasses
[15]. Ex-situ Raman maps on Vickers-indented soda-lime silicate glass
showed higher MB shifts, hence, densification levels in the center of an
indentation made at 20 N compared to a 10 N-indentation [12]. Win-
terstein-Beckmann et al. found an increase in MB upshift and decrease
of the MB width at larger indentation forces in ex-situ Raman mea-
surements on residual Vickers impression for fused silica and silica-rich
alkali borosilicate glasses [9,88]. For fused silica, a change in the MB
wavenumber from the unperturbed state of about 6 cm−1 and 43 cm−1

were determined in their study after indentation with forces of 0.49 N
and 4.91 N, respectively [9]. An in-situ Raman study conducted during
Vickers indentation of fused silica stated a broadening of Raman bands
and increase of intensity of the D2 band when increasing the indenta-
tion force from 1.1 N to 5 N [21,80]. It is worth noting that ex-situ
Raman measurements are generally less susceptible, but not completely
immune, to the optical effects described in this paper that lead to larger
than expected analysis volumes. Nevertheless, based on the findings in
this study, it is possible that these observations were based on Raman
measurements affected to some extent by low DA ratios and the

resulting sensitivity of the spectral profile to variations in the amount of
densified material contained within the analysis volume.

Another consequence of conducting Raman measurements at low
DA ratios is the potential risk of misrepresenting the extent of in-
dentation-induced spectral change and, hence, to undervalue the un-
derlying alterations to the glass structure. In the indentation tests pre-
sented in this paper, a upshift of 85 cm−1 in the MB wavenumber was
observed post-indentation for an indentation force of 300 mN, in-
dicating a deformation state close to full densification of the silicate
network. Yet, upshifts of only 11 cm−1 and 38 cm−1 were detected on
residual indents generated at a substantially larger force of about 5 N in
refs. [21] respectively [9] (when applying the CM method to data
published in those papers). It is inconceivable that indentations con-
ducted at ten times larger indentation forces would lead to lower
densifications levels of the glass structure (even if the probe used this
study is slightly more acute than in the Vickers probes in [9,21]).

5. Conclusions

The collection of high-quality spectral data that characterize accu-
rately the spectral changes within the deformation region of indented
glasses requires:

• high signal to noise ratios which is of special importance for weak
Raman scatterers such as glasses (ex-situ and in-situ measurements);

• adequate DA ratios to limit or eliminate spectral contribution from
the unperturbed specimen bulk (ex-situ and in-situ measurements);

• low spectral contaminations stemming from non-glass related
Raman signals with the indenter probe being the major contributor
(in-situ measurements);

If these requirements are not met, the usefulness of the spectral data
collected within the deformation region of indented glasses might be
severely limited as:

• the full extent of the actual indentation-induced spectral changes is
only partially reflected in the collected Raman data;

• spectral contributions from the probe may severely obfuscate the
spectral signature of glass by elevating the spectrum baseline and
possibly altering the shape, intensity and/or position of spectral
bands;

• perceived spectral variations may originate from changes in the DA
ratio rather than reflect actual changes in the glass structure (degree
of deformation);

To collect accurate high-quality spectral data, the three main com-
ponents of an experimental setup, glass specimen, spectroscopic con-
figuration and indentation parameters, and their intercorrelations need
to be considered during setup, execution and analysis of spectral
measurements on indented glasses (see Fig. 9). The optical components
of the Raman spectroscopy setup (most importantly: size of confocal
aperture, type of microscope objective, wavelength and power of laser
source) must be carefully chosen in accordance with the optical prop-
erties and geometry of the glass sample to optimize the performance of
the instrument with respect to signal to noise ratio and analysis volume.
The analysis volume in turn is an essential parameter in defining the DA
ratio for in-situ as well as ex-situ Raman measurements. In an in-situ
setup, the analysis volume also determines the extent to which Raman
signals from the indenter probe are detected and may obfuscate the
spectral measurements on the indented glass sample. In this study, the
MO exhibited a significantly larger analysis volume than the two
aberration-corrected objectives (CO and TO), thereby, severely com-
promising the integrity of in-situ spectral measurements conducted on
indented glasses and making this objective highly unsuitable for such
measurement tasks. Among the aberration-corrected objectives, the
spectral data collected with the CO were of superior quality. However,
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the TO is certainly a viable option for in-situ Raman measurements
where limitations in the sample thickness imposed by using the CO
might be an issue regrading mechanical stability or rigidity (stiffness)
during sample preparation or indentation testing, respectively. The
mechanical properties of the glass sample in combination with the test
conditions applied in the indentation test (geometry and material of the
probe, indentation force) define the size of the deformation volume
based on the stress field induced during the indentation into the glass
specimen. In indentations with acute probes (e.g. Berkovich, Vickers),
the magnitude of the stress field and therefore, the degree of de-
formation is load-invariant (below crack formation). To evaluate
spectral changes in glasses at varying magnitudes of stress, indenter
probes with different geometry (e.g. conospherical or spherical probes)
can be employed in in-situ Raman measurements.

As has been demonstrated in this study, maintaining a suitable value
of the DA ratio in in-situ and ex-situ spectral measurements is crucial for
accurately capturing the actual spectral alterations within the deformed
region by maximally overlapping the analysis volume with the de-
formed region. DA ratios close to or greater than 1 ensure that the
spectral profiles collected in the deformation zone are dominated by
spectral contributions from the deformed material and Raman signals
from the unperturbed bulk are minimized. Once the Raman spectro-
scopic configuration is setup for a particular glass sample, the analysis
volume is a fixed entity and, so, changing the deformation volume is the
only way to manipulate the DA ratio. Increasing the indentation force
expands the size of the deformation volume and, thereby, allows the
adjustment of the DA ratio. However, large indentation forces, parti-
cularly in indentations with acute probes, raise the possibility of crack
initiation which might be detrimental to the spectral measurement. To
stay well below the crack initiation threshold, force applied in in-
dentation experiments need to be limited to the sub-Newton range. This
paper described an experimental configuration based on aberration-
corrected microscope objectives to enable meaningful in-situ Raman
spectroscopic measurements during the indentation of glass materials
in the millinewton force range.
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