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The growing demand for high-density, long-term data storage has intensified interest in three-dimensional optical stor-
age based on laser-written structures in glass. We evaluate a diverse set of commercial glasses to determine how intrinsic
material properties influence the formation of multibit phase voxels. By analyzing voxel quality and write efficiency,
we develop a materials-screening framework that links storage performance to measurable glass properties. Thermal
diffusivity emerges as the property most strongly correlated with quality (» = 0.78). The resulting performance land-
scape identifies a Pareto front in which Schott K10 exhibits the highest write efficiency (0.115 bit nJ ™" voxel 1), while
Borofloat 33 provides the highest quality (1.76 bit voxel ™'). Overall, this work demonstrates a generalizable methodol-
ogy for selecting glasses for advanced laser-processing applications, highlighting thermal diffusivity as a key factor for
achieving precise photonic structuring.  © 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing

Agreement
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1. INTRODUCTION

The exponential growth of global data generation, driven by
advances in artificial intelligence and digital communication, has
created an urgent need for high-density, long-term data storage
solutions. Conventional magnetic and solid-state storage tech-
nologies, while effective for short- to medium-term applications,
face limitations in terms of longevity, environmental stability, and
scalability [1]. Optical data storage has emerged as a promising
alternative, offering the potential for high-capacity, durable, and
energy-efficient archival systems [2-7]. Among various optical
storage media, glass has gathered significant attention due to its
exceptional physical and chemical stability, resistance to envi-
ronmental degradation, and capacity for multidimensional data
encoding [8-10]. Its inherent durability and transparency ren-
der it an ideal candidate for long-term data preservation [11],
particularly in harsh or inaccessible environments. Furthermore,
the ability to encode data in three dimensions within the bulk of
the glass enables storage capacities beyond those achievable with
traditional planar media [9,12].

In practice, the implementation of glass-based optical storage
systems presents several challenges. Writing volume pixels (voxels)
into glass typically involves the use of ultrafast lasers to induce
localized structural modifications, resulting in isotropic or aniso-
tropic refractive index changes [13-18]. This process demands
precise control over laser parameters, including pulse energy,
repetition rate, and focusing conditions, as well as a deep under-
standing of the material properties of the glass. Similarly, accurate
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data retrieval requires optical readout techniques capable of resolv-
ing sub-micron features with high fidelity. To optimize the write
efficiency and reliability of glass-based optical storage, it is essential
to elucidate the complex interplay between laser writing param-
eters (processing), material properties, and storage performance
(function). A comprehensive understanding of these relationships
will support the rational selection and design of glass compositions,
facilitate the development of predictive models [19,20], and enable
adaptive writing strategies [21], ultimately advancing scalable,
high-performance optical data storage technologies.

We assess the performance of glasses for optical data storage
using two key metrics: quality (bit voxel ) and write efficiency
(bit nJ ! voxel !). Quality is defined as the number of user bits
reliably stored in a single voxel, determined using a low-density
parity-check (LDPC) error correction code [22]. Write efficiency
quantifies the number of user bits written per voxel per nanojoule
and reflects both the pulse energy and the achieved quality. It
directly influences the energy consumption and write throughput
of the storage system, with implications for multibeam scalability.
For example, doubling the write efficiency means that the laser
source can be splitinto twice as many data writing beams [12].

This work presents the first systematic evaluation of 30 com-
mercial glass compositions for femtosecond laser direct writing of
isotropic phase voxels, using a whole-system approach grounded
in these two metrics. The metrics are derived from an end-to-end
experimental pipeline that encompasses laser writing, optical
readout, and LDPC-based error correction, enabling a rigorous
and comprehensive assessment of storage performance. In our
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most extensive tests, 7 billion voxels were written into each sin-
gle 2 mm thick glass sample and processed through the entire
pipeline. The study focuses exclusively on isotropic phase encod-
ing; polarization-based schemes and anisotropic structures are
beyond its scope. In contrast to prior investigations that exam-
ined isolated aspects of the writing process or material response
[8,17,23-29], this study integrates all stages of the storage work-
flow to provide a holistic evaluation. By linking performance
metrics to intrinsic material properties, this study reveals the key
factors governing data quality and write efficiency in femtosecond
laser-based optical storage.

2. METHODS

The glasses were tested using an end-to-end system previously
described [12], with software modifications to both the writing
and reading subsystems to accommodate variations in refractive
index. Specifically, the collar correction firmware was updated to
automatically adjust the objective lens collar position based on the
refractive index of the glass, in addition to the writing or reading
depth. The influence of higher-order aberrations and dispersion
from refractive index variations was deemed negligible relative to
the linear spherical aberration. In addition, the z-stage movement
during both writing and reading was scaled to account for refractive
index dependent changes in the depth of focus.

A. Write

In brief, data were written using single 400 fs pulses generated
from the second harmonic (516 nm) of an amplified femtosec-
ond laser (Satsuma HP3, Amplitude Systems, 10 MHz). The
pulse duration was verified using an autocorrelator (Carpe, APE
GmbH). The laser train was attenuated by a tunable attenuator
and directed through a quartz acousto-optic modulator (AOM)
(G&H, 1-M110-2C10B6-3-GH26) for amplitude modulation.
The AOM was modulated with an RF signal (frequency-locked
to the laser) that encoded the data in the first-order diffracted
beam. The modulated laser pulses were collimated and directed
to a polygon scanner (Novanta, SA24) with 24 facets spinning
at 17,000 rpm, to provide fast-axis scanning. The scanned laser
pulses were directed through a custom-made f-theta scan lens
(f =63 mm) followed by a relay lens. Finally, the laser pulses were
focused into the glass sample using a high numerical aperture (NA)
objective lens (Olympus LUCPLFLN40X, NA = 0.6). The emis-
sion generated during voxel formation was collected by the same
objective lens and directed to a CMOS sensor (Grasshopper3 GS3-
U3-41C6M-C) for closed-loop feedback control. The CMOS
sensor shutter (integration time) was adjusted for each glass to
capture a sufficiently strong emission signal, thereby reducing the
impact of noise on the feedback loop. Integration times ranged
from 7 to 68 ms. A notch filter was used to block the scattered laser
light.

The glass samples were mounted on an xy stage (P1, V-551.7D
and 551.4D) for precise lateral positioning during the writing
process. Writing depth within the glass was controlled by translat-
ing the objective lens along the z axis. To compensate for spherical
aberrations, a closed-loop energy control system was employed
alongside a custom motorized actuator that adjusted the objective’s
correction collar (x,) based on the refractive index of the glass
(n) and the target writing depth (z). The energy control system
monitored photo-induced emission during voxel formation and

dynamically adjusted the pulse energy to maintain consistent voxel
modification strength. This feedback mechanism helped counter-
act depth-dependent focal distortions, ensuring reliable encoding
across the full writing volume. Additionally, the closed-loop energy
control compensated for variations in voxel modification strength
caused by fluctuations in laser output power and differences in
polygon facet reflectivity [12].

An xy voxel pitch of 0.5 x 0.7 um was used for all tests. The
y direction corresponded to the fast axis of the polygon scanner,
while the x direction corresponded to the slow axis controlled by
the xy stage.

For Stage 1 (Section 3.A), each voxel encoded two bits using a
heuristically defined four-level amplicude modulation (symbols
A-D) [12], controlled by the AOM. Symbol D corresponded to
the highest energy (emission setpoint), with symbols C, B, and A
representing progressively lower energies.

B. Read

In brief, data were read using a custom-made Zernike phase con-
trast microscope [30] fitted with a LED light source (Thorlabs
Solis-445C, A =445nm) and sCMOS camera (Hamamatsu
ORCA Flash4 v3.0). An illumination objective (Thorlabs
MY20X-804) with an annular amplitude mask was used
to illuminate the sample. A high NA objective (Olympus
LUCPLFLN40XPH, NA = 0.6) with a phase ring was used to
image the sample. The glass sample was mounted on a motorized
xy z stage for precise lateral positioning during the readout process.
A track (vertical stack of sectors) was read by translating the stage
in z in a single pass to capture a series of images at different depths.
An autofocus (AF) algorithm was used to determine the optimal
focal plane for each sector. To compensate for spherical aberrations
during readout, the objective’s correction collar (x,) was adjusted
based on the refractive index of the glass (%) and the focal depth
(/). For glasses with lower refractive indices, a simple proportional
relationship (x, o< 7)) was sufficient to compensate for spherical
aberrations. However, for higher-index glasses (7 > 1.51), this
approximation proved inadequate. In these cases, an empirical
correction was applied by optimizing the AF signal across the
full depth of the glass, resulting in improved quality. The glasses
requiring empirical correction included Schott N-SK2, Schott
N-BAF10, Schott N-KZFS4, Sumita K-PBK40, and Sumita
K-CD300.

C. Decode

Images captured during the readout process were processed using
a pipeline that included preprocessing, symbol inference, symbol-
to-bit mapping, and error correction [12]. Preprocessing involved
finding the sector boundaries by using a small amount of known
datawritten at the edge of the sector. This known voxel pattern pro-
vided an easily detectable signature to localize sector boundaries.
Symbol inference converted the stack of images for each sector into
a 2D array of symbol probabilities for every voxel. Two inference
methods were used depending on the stage of the workflow.

Symbol inference for stage 1 of the workflow (initial encodings)
was performed by thresholding the measured voxel intensities to
classify the corresponding symbols. The symbol error rate (SER)
was computed by comparing decoded results against the ground
truth symbols.
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Symbol inference for stage 2 of the workflow (symbol place-
ment analysis) was performed using a convolutional neural
network (CNN) model trained to classify voxel symbols from
the readout images. The CNN applied successive convolutions,
nonlinear activations, and downsampling operations to extract
features relevant to symbol classification from the input image at
different resolutions.

The resulting symbol-probability maps are converted to bit-
probability maps according to the amplitude modulation scheme
used during writing. Finally, LDPC error correction coding is
applied to correct remaining errors within each sector. The pro-
cedure for selecting the LDPC code rate (defined as the ratio of
useful bits to total bits) follows the methodology established in
priorwork [12].

The CNN model was re-trained for each glass and each
emission setpoint, using 18 tracks for training and 3 tracks for
validation. For a 258 layer sample, 18 tracks corresponded to 4644
sectors or 128,397,312 voxels of training data.

3. RESULTS

Our investigation focused on undoped base glasses to isolate
intrinsic material properties, which are fundamentally governed
by the structural motifs and bonding configurations within the
amorphous network. This approach ensured that the observed
trends in writing behavior and performance could be attributed
to inherent glass characteristics rather than extrinsic factors such
as dopant-induced modifications. Although dopant incorpora-
tion can modulate the optical response and enhance data storage
performance, it was deliberately excluded from the present study
to maintain a clear link between material properties and storage
metrics.

To narrow the number of samples tested, we first verified that
the key material property ranges offered by major glass manufac-
turers (e.g., Schott, Sumita, Hoya, AGC, and Ohara) were broadly
comparable. This enabled the selection of representative glasses
without compromising coverage of the relevant optical, thermal,
and mechanical property space.

Clustering analysis was then performed on the Schott optical
glass catalogue with 154 glasses, which provided a sufficiently
dense and well-characterized dataset for dimensionality reduction
and grouping. Uniform manifold approximation and projection
(UMAP) [31] was applied to ten material properties—including
refractive index (n), density (p), Young’s modulus (Y), glass tran-
sition temperature (74), thermal diffusivity (Dg), and coefficient
of thermal expansion (a)—followed by k-means clustering to
identify glass clusters with similar intrinsic properties [Fig. 1(a)].

The number of clusters was determined empirically by evalu-
ating the separation and compactness of the grouped data in the
reduced UMAP space. Five clusters provided a balance between
capturing meaningful variation in intrinsic glass properties and
avoiding over-segmentation. A subset of 18 glasses was selected
from across these clusters to ensure coverage of the full range of
intrinsic properties [shown as triangles in Fig. 1(a)]. To further
broaden the scope of the study, additional commercial glasses
from Sumita, AGC, and Corning were included, resulting in a
total of 30 glasses for evaluation (see Supplement 1 for the full list
of glasses).

The selected glasses were evaluated using a two-stage experi-
mental pipeline, which was designed such that each stage could be
completed using a single glass sample.
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Fig. 1. (a) UMAP of the dimensionally reduced Schott optical glass
dataset, overlaid with the subset of experimentally tested glasses (red).
K-means clustering was used to identify similar glasses in the dimension-
ally reduced dataset (five clusters). The selected glasses span a broad range
of material properties, including refractive index (), density (), Young’s
modulus (1), glass transition temperature (7, ), thermal conductivity (1),
and coefficient of thermal expansion (¢). (b) Summary table showing the
number of tested glasses grouped by cluster, along with counts of glasses
that successfully completed Stages 1 and 2 of the experimental workflow.
Stage 1 involved establishing an initial multibit encoding scheme by
writing a single-layer of voxels, while Stage 2 focused on optimizing
symbol placement and assessing storage performance during multilayer
writing. (c) Schematic of the laser writing system. Optimized parameters
for each glass included amplitude encoding (via AOM), emission setpoint
(CMOS sensor), and collar correction (objective lens). AOM, acousto-
optic modulator; NA, numerical aperture; and CMOS, complementary
metal oxide semiconductor.

* Stage 1 served as a rapid screening step to establish an initial
multibit encoding scheme for each glass type using single-layer sam-
ples (Section 3.A).

* Stage 2 focused on optimizing this encoding scheme and
assessing storage performance by writing muldple layers to
fill the full 2 mm glass thickness in the most promising glasses
(Section 3.B).

This workflow was developed based on extensive optimiza-
tion using Borofloat 33 glass as a foundation, in which terabytes
of data have been written to refine multibit encoding schemes
and laser parameters for inscribing distinct phase states within
individual voxels [12]. The equipment and methodologies estab-
lished through this process provided a robust starting point for
the broader screening effort. Leveraging these tools, we tailored
the writing parameters to each glass type to determine the opti-
mal symbol number per voxel and the corresponding pulse energy
required to inscribe each phase-modified state, thereby maximizing
information density. The number of tested glasses and those that
successfully completed each stage are summarized in Fig. 1(b).

An xy voxel pitch of 0.5 x 0.7 pm was used for all tests, where
the y direction corresponded to the fast axis of a polygon scan-
ner, and the x direction corresponded to the slow axis controlled
by an xy stage. The selected areal pitch, based on optimization
established in prior work [12], ensured a fair comparison across
all glass types, with the y-pitch intentionally set larger than the
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x-pitch to mitigate thermal accumulation effects. We note that for
a particular glass type, the voxel pitch can be further optimized to
enhance storage performance, as demonstrated in prior work [12].

A closed-loop energy control system maintained consistent
voxel modification strength by monitoring photoinduced emission
during voxel formation [12,32]. Specifically, a CMOS sensor
detected this emission, collected back through the objective lens,
and provided feedback to dynamically adjust the AOM amplitude,
thereby modulating the pulse energy delivered to the glass until the
target emission setpoint was reached. This emission setpoint served
as a proxy for voxel modification strength and corresponded to the
maximum pulse energy required to inscribe the highest-energy
symbol in the multibit encoding scheme.

The specific laser writing parameters that were optimized for
each glass are shown in Fig. 1(c) and include the pulse energy (via
the emission setpoint) [12], the collar correction of the objec-
tive lens to account for the refractive index of the sample, and
the amplitude encoding scheme of the acousto-optic modula-
tor (AOM). Section 2.A provides further details of the writing
method.

A. Stage 1: Modification Thresholds and Initial
Encodings

Stage 1 established an initial multibit encoding scheme by defining
the dynamic range of writing energies required to produce distinct
voxel states. The modification threshold for each glass was defined
as the minimum pulse energy required to induce a detectable iso-
tropic change in refractive index. The lower bound was set near this
threshold, while the upper bound corresponded to the energy at
which stable, high-contrast modifications were achieved without
causing damage. These bounds defined the energy window for
symbol encoding and informed subsequent optimization steps. To
characterize these parameters, a single layer of voxels was written
at varying pulse energies 100 um beneath the glass surface. Each
glass sample contained 14,376,960 voxels organized into 520
sectors, with each sector sized to fit within the field of view of the
read subsystem.

The emission setpoint was varied from 500 to 6500, and the
corresponding pulse energies were measured using a calibrated
photodiode. Figure 2(a) shows the typical linear relationship
between pulse energy and emission counts for Borofloat 33, with
high-energy deviations from this linearity attributed to thermal
accumulation. Specifically, at high pulse energies the thermal
energy imparted by each laser pulse is insufficiently dissipated into
the surrounding volume before subsequent pulses arrive, leading to
localized thermal accumulation. This results in a preheating effect
that influences the thermal state of the next voxel to be written, as
well as a postheating effect that alters the cooling dynamics of the
previously written voxel.

The modification threshold was determined by extrapolating
the linear region to zero emission, thereby avoiding the nonlinear
behavior associated with thermal accumulation at higher emission
setpoints. For Borofloat 33, this yielded a threshold of 14.3 n].
Repeatability of the threshold measurements was confirmed by
writing multiple single-layer samples of Borofloat 33 on different
days, yielding a standard deviation of 0.2 nJ (see Supplement 1).

Corresponding symbol error rate (SER) analysis [Fig. 2(b)]
decoded 40 sectors per emission setpoint, each containing ran-
domly generated data. Boxplots for each emission setpoint show
the distribution of SERs across the 40 sectors, with the median
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Fig. 2. (a) Energy versus emission counts for Borofloat 33.

Extrapolating the trend back to zero emission counts gives the modi-
fication threshold energy for the glass (14.3 nJ). The measurements
correspond to data writing at a depth of 100 um, a xy voxel pitch of
0.5 x 0.7 um and a pulse duration of 400 fs. (b) Energy versus symbol
error rate (SER) for Borofloat 33, by decoding 40 sectors of randomly
generated data per emission setpoint. The minimum SER was obtained
by writing with an energy of 19.8 nJ. Boxplots for each emission setpoint
show the distribution of SERs across the 40 sectors, with the median
indicated by the horizontal line within each box. (c) Phase contrast
images of sectors written at various energies, showing weak contrast at the
modification threshold (14.3 nJ) and stronger contrast at higher energies.
Scale bar = 50 pm. The insets show a magnified view of approximately
5 X 4 voxels. (d) Summary of the modulation range for each glass, based
on the symbol energies to store 2 bits per voxel. The modification thresh-
olds obtained using the method described in (a) are indicated by the black
crosses. The upper edge was based on the emission setpoint used to obtain
the lowest SER, as exemplified in (b). The lower edge was defined by
allocating 75% of the span between the modification threshold and the
SER-optimized energy, with the remaining 25% positioned below the
modification threshold.

SER indicated by the horizontal line within each box. As the pulse
energy approaches the modification threshold, the median SER
increases as the voxel contrast becomes too weak to reliably distin-
guish between symbols. At higher pulse energies, the median SER
increases due to thermal accumulation effects and/or the formation
of larger modification regions, which lead to cross-talk between
adjacent voxels and a reduced ability to distinguish between phase
states. In addition to this upwards shift in the median SER, the
distribution of SERs also increases at higher energies, indicating
greater variability in how well symbols can be separated across
different sectors. This effect was confirmed by writing sectors
with a larger voxel separation along the fast axis for writing (y) to
reduce heat accumulation and/or more effectively separate adja-
cent voxels. This adjustment led to a measurable reduction in SER
at higher pulse energies (see Supplement 1). The minimum SER
for Borofloat 33 was obtained at 19.8 nJ. Phase contrast images
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[Fig. 2(c)] 0f 96.0 x 100.8 pm sectors (192 x 144 voxels) written
at fixed energies demonstrate: no modification at 14 nJ threshold,
clear contrastat 20 nJ, and thermal damage at 26 n].

This analysis was repeated using different emission setpoints
until a clear minimum in SER was identified for each glass. The
modification threshold and the SER-optimized energy were then
used to define the modulation range for each glass. The modula-
tion edges were calculated by allocating 75% of the energy range
between the modification threshold and the SER-optimized
energy. The resulting bounds are summarized in Fig. 2(d) and
were used as inputs for the symbol placement optimization
described in Section 3.B. The modification thresholds var-
ied significantly between glasses, ranging from 6.6 nJ (Sumita
K-CD300) to 17.7 nJ (Schott N-FK51A). Moreover, some glasses
have a wider energy range for modulation (e.g., Borofloat 33),
while others have a narrow range (e.g., Schott N-KZFS4). As
shown in Section 3.C, a negative correlation (r = —0.68) was
observed between the modulation energy range and glass density
(p), suggesting that higher-density glasses tend to restrict the
available energy range. Correlations with the coefficient of thermal
expansion («, 7 = —0.61) and thermal diffusivity (Dy,, » = 0.55)
were also observed, suggesting that thermally induced stresses
and heat dissipation may influence the energy range required for
accurate data writing. The size of this energy range is important,
as it determines how well the symbols can be distinguished from
each other, and therefore how reliably they can be decoded. For
example, a wider energy range could indicate the potential for more
symbols to be used, which could increase the storage density. In
addition, a broader range improves robustness against pulse energy
fluctuations during writing.

The following glasses exhibited no detectable change in pho-
toinduced emission as pulse energy increased up to 32 nJ: Schott
LF5G19 (Cluster 3), Schott F2HT (Cluster 4), Schott N-SF6
(Cluster 1), Schott SF11 (Cluster 3), and Sumita K-LCV93
(Cluster 3). Although voxels can be written in these glasses, the lack
of variation in emission with pulse energy renders them unsuit-
able for reliable data storage using a closed-loop energy control
system; they were therefore excluded from further analysis. Sumita
K-LCV161 (Cluster 4) and K-PSFN166 (Cluster 3) failed to
decode using multibit (four-symbol) writing at all tested emission
setpoints with 400 fs pulses. Even at the lowest setpoints, sector
images revealed pronounced thermal damage, and voxels could
not be reliably distinguished (see Supplement 1). Lowering the
emission setpoint compresses the modulation energy range, reduc-
ing symbol separation and producing closely spaced phase states.
These states exhibit intrinsically low optical contrast, limiting
resolvability within the read subsystem. Consequently, while these
glasses may support single-bit encoding, their suitability for multi-
bit encoding appears limited without substantial improvements in
the read subsystem’s ability to discriminate small phase differences
or adjustments to pulse duration on the write subsystem to modify
energy deposition dynamics. These glasses were therefore excluded
from further analysis.

It should be noted that neither of the two Cluster 4 glasses pro-
gressed to Stage 2. While this observation may indicate that Cluster
4 compositions could present challenges for multibit femtosecond
laser writing, the sample size is too limited to supporta general con-
clusion. Additional data will be required to determine whether this
trend is representative of the broader cluster.

B. Stage 2: Symbol Placement Optimization and
Quality Measurement

Equidistant symbol placement across the modulation energy
range does not necessarily yield the best quality [12]. This section
presents the optimal encoding schemes for multilayer writing on
the 23 glasses where a modulation range was defined in Stage 1
(Section 3.A). To optimize symbol placement, data were recorded
at five emission setpoints around the minimum SER point iden-
tified in Stage 1, employing 31-level amplitude modulation to
encode nearly five bits per voxel.

Voxels were written to fill the top 1 mm in the glass, using either
129 layers with 7 pm z-spacing or 65 layers with 14 pm z-spacing.
For the most promising glasses, writing was extended to the full
2 mm thickness of the platter (258 layers at 7 m z-spacing). The
258 layer samples contained 6847,856,640 voxels organized into
5247,680 sectors or 960 tracks. These samples were read and
decoded using machine learning (ML).

A vertical stack of sectors (a “track”) was read in a single
pass by continuously translating the stage in z during readout
(Section 2.B). Samples were subsequently decoded using a convo-
lutional neural network (CNN) to enhance symbol classification
by compensating for noise and inter-voxel crosstalk beyond the
capabilities of simple thresholding [12]. ML decoding requires
extensive training data for robust performance. The substantial
increase in stored data within multilayer samples, compared to a
single-layer in Stage 1, provided a much larger dataset for training
and validating the ML decoder, thereby enhancing its classification
accuracy. At each setpoint, sectors containing randomly generated
data were written (192 tracks per setpoint), and 24 representative
tracks were read and decoded for symbol placement evaluation.
Randomized data ensured that the ML decoder generalized
effectively to unseen patterns rather than memorizing training
sequences. Section 2.C provides further details of the ML decoding
method.

Figures 3(a)-3(d) show Corning Fusion 5 as a representative
example because it exhibits typical trends clearly and demonstrates
performance that is relatively central in terms of quality and write
efficiency, making it well suited for illustrating the optimization
process.

ML decoder predictions for Corning Fusion 5 [Fig. 3(a)] show
a flat response below the modification threshold (0.540), pre-
dictable modulation at intermediate levels, and flattening due to
thermal accumulation at higher modulations (blue shading: 1o
standard deviation). Wide predictable modulation ranges yield
well-separated symbols, while narrow ranges cause overlapping
symbols prone to misclassification. The optimal placement of
symbols was determined based on the ML decoder predictions. For
each glass, the optimal placement of three, four, and five symbols
was determined. Figure 3(b) shows the optimal placement of four
symbols for Corning Fusion 5.

Based on the optimal encoding schemes, LDPC error cor-
rection analysis was then performed to determine the quality
and write efficiency of each glass. The LDPC algorithm jointly
optimized two parameters:

¢ Code rate, defined as the ratio of user data bits to total
encoded bits, where the remaining bits are used for error correction.

* Sector recovery rate, defined as the proportion of data sectors
that were successfully decoded and corrected.
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Fig. 3. (a) Example response of a voxel channel shown as predicted
versus input modulation (Corning Fusion 5). (b) Voxel histogram of
(a) showing the symbol classification of voxels by input modulation for
four symbols. The dashed lines indicate the modulation that should be
used to write each symbol. The solid black line indicates the modification
threshold. (c) Error correction (LDPC) analysis on (b), showing the opti-
mal code rate that maximizes the recoverable information stored and the
useful density of the glass. The quality is defined at this point as the code
rate, multiplied by the recovery rate (1—fraction sectors lost), multiplied
by the number of bits written per voxel. The useful density of the glass as
a function of code rate is shown in red. (d) Example quality variation as
a function of the average writing energy and the number of symbols, to
identify the optimal writing conditions (Corning Fusion 5). The highest
quality (Quax) and write efficiency (1may) are annotated. (¢) Best measured
quality and write efficiency for the 10 top-performing glasses, evaluated
over a 1 mm thickness (129 layers) or a 2 mm thickness (258 layers). The
AGC AS2 and Schott N-ZK7A samples were found to be 1.7 mm thick,
and so the quality was measured over this thickness (220 layers). Note that
the writing energy that maximizes quality does not necessarily coincide
with the energy that maximizes write efficiency. Where these optima
occur at different energies, the connecting line between the two points
indicates the operating range for that glass. N-BK10 is the exception, as
both optima occur at the same writing energy, resulting in a single point.

These parameters were combined to derive the quality met-
ric (in bit voxel™!) that reflects the effective number of user bits
reliably stored per voxel. Figure 3(c) shows the results with four
symbols for Corning Fusion 5. Lower code rates reduce sector
loss but decrease user bits per voxel; higher rates increase sector
loss, reducing recoverable information. The optimal code rate
maximizing recoverable information and storage density is marked
with a black cross. The corresponding quality (bit voxel ™) is equal
to the optimal code rate, multiplied by the sector recovery rate
(1—fraction sectors lost) at this code rate, multiplied by the bits
per voxel (three symbols: 1.5 bit, four symbols: 2 bit). For Corning
Fusion 5, the quality is 1.65 bit voxel ™' with four symbols ata code
rate of 0.85 (sector recovery rate 0of 0.97).

Figure 3(d) shows an example of how the quality varies as a
function of the writing energy (highest energy symbol) and the

number of symbols used. At low writing energies, the symbols are
spaced too closely together to be reliably distinguished, resulting
in a lower quality. This manifests as a reduction in the number
of symbols that can be used reliably, as shown by the transition
from four symbols (blue) to three symbols (red) at 16.4 n]. At high
energies, thermal accumulation and/or the formation of larger
modification regions cause cross-talk between adjacent voxels,
which also reduces the quality. The optimal energy for maximizing
quality is 20.5 nJ, yielding 1.65 bit voxel ™" with four symbols for
Corning Fusion 5. Across all tested glasses, the optimal encoding
consistently involved three or four symbols; five-symbol encoding
was never selected due to insufficient separation between adjacent
symbol states.

Write efficiency was calculated by dividing the quality by the
pulse energy used to write the highest energy symbol. To account
for depth-dependent variations mitigated by the closed-loop
energy control system, the pulse energy was averaged over all layers.
The separate optimum for write efficiency (17.7 nJ) for Corning
Fusion 5 isalso indicted in Fig. 3(d).

Optimization results for the top 10 performing glasses are
summarized in Fig. 3(e). The best measured quality and write effi-
ciency is shown overa 1 mm thickness (129 layers), and for selected
glasses, extended to 2 mm thickness (258 layers) to evaluate deeper
writing performance. In some cases, the sample thickness was
below 2 mm, limiting the number of layers to 220 (e.g., AGC AS2,
Schott N-ZK7A). Borofloat 33 and AGC AS2 were among the
glasses selected for 220/258-layer writes based on their favorable
performance at 129 layers. A direct comparison between 129-
layer and 220/258-layer results for these glasses is provided (see
Supplement 1). In general, quality at greater depths decreases due
to stronger spherical aberrations during readout, which arise from
increased wavefront distortion as light propagates deeper through
the glass. This degradation is primarily a limitation of the read
process rather than the write process, as the same reduction in
quality with focal depth is observed when the sample is read in its
original orientation and when inverted for upside-down readout
[12]. Additionally, voxel modifications attenuate the illumination
source, reducing light transmission and thereby increasing noise
and diminishing readout fidelity when more layers are written.

The writing energy that maximizes data quality does not nec-
essarily coincide with the energy that maximizes write efficiency,
as the latter is inherently dependent on the pulse energy used dur-
ing writing. The selection of an operating point for each glass is
therefore an economic decision, influenced by the relative cost of
energy and the number of available writing beams. For instance, in
the case of Borofloat 33, an optimal operating range lies between
15.7 and 20.5 nJ. Although lower voxel quality reduces per-platter
capacity and per-beamline throughput, higher write efficiency
enables more effective use of the available laser power. As a glass
with higher write efficiency allows the laser beam to be split into a
larger number of writing beams, the total write throughput of the
system can increase even if individual beamline quality is slightly
lower. However, if the objective is to build a single-beamline sys-
tem with a flexible laser power budget, then the material with the
highest voxel quality should be selected.

Figure 3(e) also illustrates the Pareto front of storage per-
formance across all tested glasses (the boundary of the grey box),
highlighting those that achieve optimal trade-offs between quality
and writing efficiency. Glasses such as Schott K10 and Borofloat 33
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lie on this front, indicating that no other tested samples simultane-
ously outperform them in both metrics. AGC Sunmax, AGC AS2,
and fused silica (FS) also approach the Pareto front, demonstrating
competitive performance. Their position establishes them as dom-
inant solutions within the tested set and as benchmarks for future
material development targeting archival optical data storage.

Glasses with the highest thermal expansion coefficients in the
tested set (exceeding approximately 1.0 x 107> °C™!, e.g., Schott
N-PK52A, Schott N-FK51A, Sumita K-CD300) exhibited a
pronounced tendency to fracture during multilayer writing. This
was particularly evident when increasing the layer count from 65
layers at a 14 um z-pitch to 129 layers at a 7 um z-pitch, where
substantial local volume changes during voxel formation generated
cumulative stress that is hypothesized to have driven fracture. Such
glasses represent a poor choice for optical data storage, as their
limited tolerance to stress directly constrains achievable storage
capacity. These glasses were not part of the top 10 performers and
are absent from Fig. 3(e).

Six glasses, Schott N-BAF4 (Cluster 1), Schott N-KZFS4
(Cluster 2), Schott N-SF2 (Cluster 1), Schott N-BAF10
(Cluster 0), Sumita K-CD300 (Cluster 3), and AGC DT-Pro
(Cluster 3), were evaluated in Stage 2 but could not be decoded
when a 129 layer sample was written with multibit encoding. For
these glasses, decoding failure is attributable to either (i) a narrow
energy modulation range identified in Stage 1, which limits the
achievable separation between symbols and reduces the signal-
to-noise ratio required for reliable multilevel readout, or (ii) a
refractive index above roughly 1.65, which indicates that we may
be approaching the limits of the objective collar correction for
mitigating spherical aberration effects during both writing and/or
reading. As this study focuses specifically on multibit encoding
performance, glasses that did not yield a decodable multibit sample
under multilayer writing conditions were not tested further.

It should be noted that the absolute values of quality and
write efficiency reported here for Borofloat 33 are lower
than  those previously reported  (Q = 1.84 bit voxel ™!,
nw = 0.113 bit n] ! voxel™!) [12]. This difference reflects the
smaller training set of tracks used for ML decoding in this study
(18 tracks versus 200 tracks), constrained by the need to assess a
large number of glasses within practical timeframes. In addition,
the reported metrics were derived by selecting the optimal number
of symbols from 31-level amplitude modulation data rather than
by direct writing with the optimal amplitude encoding. These
factors likely led to a slight underestimation of performance; details
of direct writing with optimal amplitude encoding for selected
glasses are provided in Supplement 1. Nevertheless, for compara-
tive analysis across glasses, the relative performance trends remain

valid.

C. Material Properties and Storage Performance

To understand the relationship between material properties and
storage performance, we calculated the correlation coefficient ()
between the measured storage metrics and the material proper-
ties of the glasses [Fig. 4(a)]. The corresponding scatter plots are
provided in Supplement 1. As each voxel is formed by a single fem-
tosecond pulse, the dominant physical processes (i.e., multiphoton
ionization, free-electron generation, and picosecond-scale heat
flow) occur before any substantial changes in the local material
properties can develop. Consequently, voxel formation is expected
to be influenced primarily by the response of the unmodified

(a) 10
Q(1) 0.16 s 0.52 BvER -0.44 EORKE -0.48 I E
o
E 05 ¢
§ nw(t) 0.08 -0.47 0.50 | W -0.40 -0.38 S
t 00 ©
S AE(1) 0.12 046 0.36 -0.36 | lEh -0.25 5]
& -05©
En(l) 002 038 -0.15 0.06 -022 -0.18 0.24 I 1.0
T a A C, D Y P ne
Material Property
(b) pvsQ c) Dih vs Q
_ 1.75 . _ 1.75 °
'§ 1.50 ° 'E 1.50 H ® CO
° g c2
2 1.25 @ 1.25 c3
=) 8, ®
o 1.00 o 1.00
°
25 3.0 3.5 0.4 0.6 0.8
plgem™? Dip [mm? 7]
(d) YvsQ (e) avs AE
1.75
'y
- 8
g 190 ° 5 6 e CO
o £.6
> 125 I c2
2 L)
5 ° <, ® C3
o 1.00
°
2
70 80 0 5 10
Y [GPa] a [ppm degC™ ']
Fig. 4. (a) Correlation between material properties and storage met-

rics. Positive correlations are shown in red and negative correlations are
shown in blue. The arrow next to the storage metric indicates the direction
of positive performance changes. Material properties: glass transition
temperature (7‘;, °C), coefficient of thermal expansion (¢, ppm K™Y,
thermal conductivity (A, W m™' K1), isobaric specific heat capacity
(C,, Jg ' K™'), thermal diffusivity (Dy,, mm?s™"), Young’s modulus
(Y, GPa), density (p, gecm™), and refractive index at 546 nm (,).
Storage metrics: best quality (Q, bits voxel™"), best write efficiency (),
bits n]71 voxelfl), modulation energy range (A £, nJ), and modification
threshold (£, nJ). (b) The relationship between density (o) and the best
quality (Q). The clusters assigned from k-means clustering in Fig. 1(a) are
indicated by different colors. No glasses from Cluster 4 advanced to
Stage 2 of testing. Glasses from Cluster 1 are not shown because their
quality was far below 1.0 bit voxel ', making them unsuitable for multibit
encoding. (c) The relationship between the thermal diffusivity (Dy,) and
the best quality (Q). (d) The relationship between Young’s modulus ()
and the best quality (Q). (e) The relationship between the coefficient of
thermal expansion () and the modulation energy range (A E).

material, and the properties used in our analysis correspond to this
initial state.

The quality metric (Q) exhibits strong correlations with glass
density (p, r = —0.83), thermal diffusivity (Dy,, » = 0.78), and
thermal conductivity (A, » =0.74). Scatter plots of the quality
against density and thermal diffusivity are shown in Figs. 4(b)
and 4(c). Thermal diffusivity is defined as A/(C, p), where C,
denotes the specific heat capacity. These relationships indicate
that glasses with lower density and higher thermal conductivity
promote efficient heat dissipation during writing, thereby reducing
thermal accumulation and mitigating cross-talk between neigh-
boring voxels. In contrast, quality showed only a weak correlation
with Young’s modulus (Y, » = —0.44), suggesting that mechanical
properties play alesser role than thermal properties [Fig. 4(d)]. The
negative trend implies that greater mechanical flexibility, associ-
ated with a lower Young’s modulus, facilitates local glass network
reconfiguration during and after femtosecond laser exposure. This
flexibility reduces stress accumulation and may enable more precise
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phase modulation and improved voxel uniformity in softer glasses.
Nevertheless, thermal properties remain the dominant factors

governing data quality.
Similar trends were observed for the write efficiency (1,,), which
also showed strong correlations with the density (» = —0.76), ther-

mal diffusivity (» = 0.70), and thermal conductivity (» = 0.70).
This outcome is expected because write efficiency is directly
proportional to quality. Collectively, these findings highlight
the critical importance of thermal management in achieving
high-quality, energy-efficient data storage in glass.

The modulation energy range (A E), defined as the difference
between the average energy of the highest-energy symbol (£,,)
and the modification threshold (Ey,), exhibited three notable
correlations with material properties. A moderate negative corre-
lation with the glass density (p, » = —0.68) indicates that denser
glasses provide narrower energy windows for symbol modulation.
Similarly, the coefficient of thermal expansion (o, » =—0.61)
showed a negative correlation [Fig. 4(e)], suggesting that glasses
with higher expansion coefficients experience greater thermally
induced volume changes and network stresses, which constrain
the range of stable modifications. In contrast, the thermal diffu-
sivity (D, 7 = 0.55) displayed a moderate positive correlation,
implying that glasses with higher diffusivity support wider modu-
lation ranges because efficient heat dissipation mitigates thermal
accumulation effects.

The modification threshold energy (E) shows a moderate
negative correlation with the refractive index (#, at 546 nm,
r = —0.55), whereas correlations with other material properties
are weak (|7| < 0.4). This trend reflects enhanced light-matter
interaction in higher-index glasses, where increased refractive
index indicates greater polarizability, amplifying the material’s
response to the femtosecond laser field and promoting nonlinear
absorption mechanisms such as multiphoton ionization [15,32].
These processes lower the energy required for permanent structural
modification. Additionally, high-index materials typically exhibit
stronger nonlinear behavior [17,33], resulting in pronounced
Kerr self-focusing. The associated optical confinement further
contributes to the reduction in £y, observed in high-index glasses.

Although thermal diffusivity emerges as the strongest corre-
lating material property in our analysis, it is not necessarily the
most fundamental descriptor of the laser-glass interaction. Other
material properties, such as viscosity and structural relaxation
behaviour, are also expected to influence how a glass responds to
ultrafast excitation [29]. However, these quantities are strongly
temperature dependent, making it difficult to correlate them with
the storage metrics in Fig. 4(a) without knowledge of the absolute
temperature history in the photoexcited region. Thermal diffu-
sivity, by contrast, is widely tabulated and consistently measured
across manufacturers, making it a practical and reliable screening
parameter for the diverse set of glasses examined here. While our
findings do not imply that thermal diffusivity is the mechanistic
driver of modification, its strong empirical correlation suggests
that thermal transport processes play a key role in voxel forma-
tion by governing how quickly absorbed energy is dissipated and
how much heat accumulates during writing. In this context, the
absence of any meaningful correlation with the glass transition
temperature (7y) provides the first indication that the ability to
store multiple bits within a voxel is not dominated by viscous flow
or structural-relaxation processes, but instead by the rate at which
heat can be removed from the modified region during ultrafast

laser exposure. Future work incorporating less commonly reported
material properties may provide deeper insight into the underlying
physics.

Figures 4(b)—4(e) also differentiate glasses by their cluster mem-
bership derived from the UMAP analysis [Fig. 1(a)]. Notably,
multibit voxels could not be successfully written, read, and
decoded in glasses from Clusters 1 and 4. While these glasses
may still support single-bit encoding, this was not explored in the
present study. The limited performance suggests that these clusters
may share structural or compositional features that hinder multibit
encoding. In contrast, glasses from Clusters 0, 2, and 3 exhibited
a broad distribution of performance, with no single cluster exclu-
sively associated with high-performing samples. A re-clustering
exercise focused on thermal properties within Clusters 0, 2, and
3 could provide further insight into the material characteristics
that enable high-quality, energy-efficient writing. Continued
investigation is warranted to elucidate the factors that distinguish
high-performing glasses from the broader dataset.

4. CONCLUSION

In this study, we systematically evaluated 30 commercial glass com-
positions for femtosecond laser direct writing of isotropic phase
voxels, with the goal of identifying key material properties that
govern data storage fidelity and efficiency. By analyzing the quality
and write efficiency across a diverse set of glasses, we elucidated
the interdependencies between laser writing parameters, intrinsic
material properties, and overall storage performance.
Three principal findings emerged from our analysis:

1. Thermal properties dominate over mechanical properties in
governing quality and write efficiency.

2. Thermal diffusivity, a composite metric incorporating ther-
mal conductivity, specific heat capacity, and density, emerges
as a critical factor. High thermal diffusivity enables efficient
heat dissipation, minimizing thermal accumulation during
voxel writing.

3. While a higher refractive index lowers the glass modification
threshold energy, it does not necessarily improve quality or
write efficiency. Instead, both storage metrics correlate nega-
tively with refractive index, indicating that lower-index glasses
may be more suitable for multibit data writing.

In summary, glasses with lower density and higher thermal
conductivity and diffusivity exhibited superior data storage
performance, whereas those with high density and thermal expan-
sion showed restricted modulation ranges and poor multibit
capability. These findings underscore the importance of selecting
compositions with favorable thermal properties for high quality,
energy-efficient writing of phase voxels. Although the present
study used a fixed pulse duration of 400 fs, the strong correlation
between thermal diffusivity and quality indicates that the iden-
tified material trends are robust under the temporal conditions
explored here. Nonetheless, further storage performance gains may
be achievable by systematically varying pulse duration and inves-
tigating temporal optimization strategies for individual glasses.
Looking forward, compositional tuning and machine learning-
guided material design offer promising pathways to accelerate
discovery of glass systems tailored for next-generation optical data
storage.
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