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100-Layer Error-Free 5D Optical Data Storage by Ultrafast
Laser Nanostructuring in Glass

Huijun Wang,* Yuhao Lei, Lei Wang, Masaaki Sakakura, Yanhao Yu,
Gholamreza Shayeganrad, and Peter G. Kazansky

The demand for energy efficient data storage technologies with high capacity
and long life span is increasingly growing due to the explosion of digital
information in modern society. Here, a 5D optical data storage with high
capacity and ultralong lifetime is realized by femtosecond-laser-induced
anisotropic nanopore structures (type X modification) in silica glass. The
ultrahigh transmission of this birefringent modification, >99% in the visible
range, allows recording and retrieving thousands of layers of multibit digital
data practically. Type X formation is associated with moderate free carrier
density produced close to the energy threshold of avalanche ionization.
Higher retardance with increased repetition rate at low pulse energy is
attributed to accumulation of defects (nonbridging oxygen hole centers),
enabling rapid imprinting of voxels by megahertz-rate pulses. Data recording
of 7 bits per voxel, i.e., 25 azimuth angles and 22 retardance levels is
experimentally demonstrated with readout error as small as 0.6%.
Furthermore, “The Hitchhiker’s Guide to the Galaxy” by Douglas Adams is
optically recorded with a data writing speed of 8 kB s−1 in 100 layers of voxels
and the proven data readout accuracy of 100%.

1. Introduction

To cope with the ever-increasing storage demand, a wide range
of data storage techniques have been developed, among which
the magnetization-based storages like hard disk drivers (HDDs)
and magnetic tapes account for a large proportion, but HDDs
fall short of capacity, energy efficiency, and lifetime, while the
weakness of magnetic tapes is longer access latency and degrada-
tion. On the other hand, optical data storage is also an attractive
technique due to low energy consumption, nonvolatile property,
and unchangeable stored data by a hacker, making it a potential
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candidate for data archiving and inter-
net backup. However, conventional opti-
cal storage techniques based on planar
technology such as compact discs (CDs)
and digital video discs (DVDs) have a
maximum capacity of tens of gigabytes
per disk and can only be preserved up
to a decade.[1–3] Therefore, a new storage
method with the merits of both high ca-
pacity and long life span is desired.
In recent years, ultrafast laser direct

writing,[4–6] in particular nanostructur-
ing, in transparent materials has been
widely studied because of its unique ad-
vantages such as rapid deposition of en-
ergy with high precision. Compared with
longer laser pulses (larger than a few pi-
coseconds), femtosecond laser pulses can
produce modifications inside the mate-
rial without collateral damage in non-
thermal regime,[7,8] suggesting that fem-
tosecond laser is the most promising tool
for 3D optical data storage.[9,10] Normally,

only one bit of information can be stored in a data voxel,
whereas, more bits can be recorded by multiplex technol-
ogy, resulting in a larger storage capacity and a higher writ-
ing/readout speed, which is an alternative to holographic
data storage.[11,12] Additional dimensions have been imple-
mented by several parameters such as intensity, polarization,
and wavelength.[13–16] More recently, based on self-assembled
nanogratings (type 2 modification)[17–20] produced by ultrafast
laser writing in silica glass, recording and retrieval of multi-
plexed digital data were demonstrated.[21,22] Three spatial dimen-
sions and two optical ones (the slow axis orientation and the
retardance) were exploited to realize 5D data storage. In addi-
tion to the benefits of multiplexing, the 5D optical data stor-
age utilizing rewriteable[23–25] nanogratings in fused silica has
high chemical and thermal stability and high optical damage
threshold,[26] generating seemingly unlimited lifetime at room
temperature.
Despite the aforementioned favorable features of nanograting-

based 5D optical data storage, the low transmission in the vis-
ible range, originated from the scattering loss,[27] limits the ac-
curate readout of multilayer data storage. Recently, a new type
of ultrafast-laser-induced modification in silica glass, which con-
sists of randomly distributed nanopores elongated in the di-
rection perpendicular to the polarization direction of the writ-
ing laser beam (type X), has been demonstrated, providing
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Figure 1. Femtosecond laser writing inside silica glass. a) Schematic diagram of the experimental setup utilized in femtosecond laser writing and 5D
optical data storage. EOM: electro-optic modulator, QWP: quarter waveplate, OBJ: objective, CCD: charge coupled device, E: electric field of the incident
light. b) SEM images of type X and type 2 modifications after polishing and etching with a lens NA = 0.16 and laser pulse energy, repetition rate, and
duration of 690 nJ, 500 kHz, and 300 fs, respectively, for different laser pulse numbers. c) Themeasured longitudinal length (black square) and calculated
birefringence (red triangle) of the birefringent nanostructures versus pulse number. The dots in blue region correspond to type X modification, while
that in orange region represent type 2. d) Transmittance of type X and type 2 birefringent voxels with 1, 5, 10, and 20 layers. e) Nonlinear transmission
for single laser pulse versus pulse energy for different pulse durations focused by 0.16 NA lens.

controllable birefringent structures with transmittance as high
as 99% in the visible range.[28]

Here, we demonstrated amultilayer ultralow-loss 5D data stor-
age with 100% readout accuracy by investigating different pro-
cessing parameters, including pulse duration, repetition rate,
and focusing condition. We also realized experimentally record
high 7 bits per voxel with ≈99% accuracy, contributing to prag-
matic data storage with high capacity. As a demonstration, “The
Hitchhiker’s Guide to the Galaxy” by Douglas Adams was opti-
cally encrypted into 100 layers in silica glass with an increased
data writing speed of 8 kB s−1 achieved by tighter focusing in
combination with higher repetition rate, which was retrieved
with accuracy of 100%.

2. Results and Discussion

2.1. Properties of Type XModification

Data recording experiments were carried out with a mode-locked
regenerative amplified femtosecond laser system operating at
1030 nm with variable repetition rate (R.R.) and pulse duration
(𝜏) (Figure 1a). The scanning electron microscope (SEM) images
of the low-loss birefringent modification were captured with dif-
ferent number of pulses (Np) at R.R. of 500 kHz, pulse duration
of 300 fs, pulse energy of 690 nJ, numerical aperture (NA) of
0.16, and scanning speed of 1 mm s−1 (Figure 1b). A number
of randomly distributed and seemingly isotropic nanopores
with diameter of ≈20 nm were observed in the photoexcited

region at Np = 20, indicating barely detectable birefringence. At
Np = 50, the nanopores were clearly elongated perpendicular
to the polarization of the writing beam. As the pulse number
increases, the density and aspect ratio of nanopores increase,
which is consistent with the increase of the birefringence with
the pulse number. The nanopores experienced a sharp change
around Np = 200 to the nanoplanes or self-assembled nanograt-
ings (type 2). The length of the birefringent structure along the
beam propagation direction increases with the number of pulses
(Figure 1c). The birefringence, the difference between refractive
indices for ordinary and extraordinary waves |ne − no|, was cal-
culated from measurements of retardance and the longitudinal
length of the structure (Δnb = Ret./l) and was found to be on
the order of ≈10−4 for both type X and type 2 modifications. The
birefringence of nanogratings and elongated-nanopore-based
modifications originates from form birefringence of anisotropic
nanostructures and localized-stress-induced birefringence.[29]

However, the stress is negligible in type X modification, so
its birefringence is mainly attributed to form birefringence of
flattened nanopores. The transmittance of the ultralow-loss
modification (type X) is higher than 99% in the visible (VIS)
and the near infrared (NIR) spectral regions.[28] It is noticeable
that the transmittance of 20-layer type X in the visible region
(450–650 nm) is still as high as 99% (Figure 1d). By contrast,
for type 2 modification, the transmittance is ≈90% at 550 nm
for a single layer and it dramatically reduces to ≈20% for 20
layers of voxels, which restricts the data readout with high
accuracy.
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Figure 2. Absorbed energy of single laser pulse and retardance of birefringent voxels versus pulse energy for pulse durations of a) 300 fs and b) 500 fs.
Each voxel is written by 50 (40) pulses with duration of 300 (500) fs focused by 0.16 NA lens. The solid and hollow black squares represent type X and
type 2 modifications, respectively.

In order to investigate the influence of laser pulse duration
on energy deposition, we measured the nonlinear transmission
for single laser pulse as a function of pulse energy for differ-
ent pulse durations of 190, 300, 500, and 700 fs at 1030 nm
wavelength, focused by 0.16 NA lens (Figure 1e). The transmis-
sion drop from nearly 100% requires more pulse energy for a
longer pulse duration,[30,31] e.g., 800 nJ for 700 fs and 350 nJ for
190 fs. For the shortest pulse duration (𝜏 = 190 fs), isotropic in-
dex increase (type 1) was the most common modification at low
pulse energy, but type X modification was produced in a narrow
pulse energy range (around 1000 nJ) possibly due to the lack of
self-trapped triplet excitons[28] (Figures S1 and S2, Supporting
Information). By contrast, for pulse durations of 300 and 500
fs, both type X and type 2 were observed in a large pulse en-
ergy range from 450 to 1000 nJ. The absorbance of single laser
pulse for type Xmodification was from about 2% to 25% depend-
ing on pulse energy and duration. For example, 15% pulse en-
ergy was absorbed for pulse duration of 300 fs and energy of
690 nJ.
The sharp drop in the transmission from 100% (Figure 1e) is

the signature of avalanche ionization.[30] For 0.16 NA and pulse
duration of 300 fs, the avalanche ionization happens at pulse en-
ergy of about 550 nJ (7.2 TW cm−2) and dominates at 800 nJ (10.5
TW cm−2) (Figure 2a). Type X modification was produced by 50
pulses for pulse energies between 550 and 800 nJ, while type 2
was observed above 800 nJ. This could indicate thatmoderate free
electron concentration (Ne) of 10

18–1019 cm−3[31,32] is responsible
for elongated nanopore formation where the pulse energy is just
above the threshold of avalanche ionization. The higher free car-
rier density of about 1020 cm−3[33,34] with larger pulse energy is re-
quired for the formation of nanogratings (type 2). Similar pulse
energy dependence of birefringent modifications was observed
for 500 fs pulses (Figure 2b) and different pulse numbers (Fig-
ure S3, Supporting Information).

2.2. Demonstration of Data Recording in Silica Glass

First, we explored the critical parameters of type X formation for
data storage application including laser repetition rate and NA
of the aspheric lens. Pulse duration of 300 fs was chosen due to

the wider parameter window for pulse number and pulse energy
(Figures S1 and S2, Supporting Information). The pulse energy
range for type X formation decreases with the increase of the ef-
fective numerical aperture, however, the intensity range for type
X, from about 6 to 12 TW cm−2, is almost the same for all NAs.
Themaximum retardance for type Xmodification is smaller with
larger NA due to the shorter structure length. However, the re-
quired number of pulses for a birefringent voxel and the lateral
size of the modification can be reduced with higher NA, result-
ing in faster data writing and higher data capacity. For pulse du-
ration of 300 fs, the modification threshold 6 TW cm−2 in mul-
tipulse case is corresponding to fluence of 1.8 J cm−2 which is
below the damage threshold (about 2.1 J cm−2) of single pulse
irradiation in silica glass.[31] When light intensity is larger than
12 TW cm−2, only type 1 (refractive index increase) with pulse
number less than 10 or type 2 modifications with higher pulse
number were observed. Both type 1 and type 2 can be used for
selective etching,[35] and we can predict that similar polarization-
dependent etching enhancement could be observed with type X
for microfluidic applications.
It is clear that low-loss birefringent modification was observed

at both R.R. = 500 kHz and 1 MHz, but the parameter window
was larger at 500 kHz for all numerical apertures utilized in our
experiments (Figure 3a,b) as probably heat accumulation from
high energy pulses could prevent the generation of spatially sep-
arated nanopores.[36] On the other hand, the retardance is larger
at higher repetition rate for low pulse energy. For example, 30
pulses with energy of 550 nJ (7.2 TW cm−2) can imprint type X
voxels with retardance of 1 nm at 1 MHz, which is 2 times larger
than the value of about 0.5 nm at 500 kHz.
To further explore the impact of repetition rate, the evolution

of retardance for pulse numbers of 100 and 600, pulse energies
of 500 nJ and 1 𝜇J was investigated. At pulse energy of 1 𝜇J, only
type 2modification was observed regardless of pulse number and
the drop in the retardance with reduced interpulse time (≤5 𝜇s)
could be attributed to the thermal accumulation (Figure 3c). On
the contrary, at pulse energy of 500 nJ, average retardance of vox-
els was almost unchanged and started to increase for repetition
rates higher than 100 kHz for both type X (Np = 100) and type
2 (Np = 600) modifications (Figure 3d) presumably due to accu-
mulation of defects, e.g., nonbridging oxygen hole centers with
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Figure 3. Dependence of retardance on laser parameters with pulse duration of 300 fs. a,b) Retardance maps as functions of pulse energy and pulse
number for different numerical apertures (NA = 0.16, 0.23, 0.3, and 0.40) and repetition rates (R.R. = 500 kHz and 1 MHz). The scanning speed for R.R.
= 500 kHz and 1 MHz is 1 and 2 mm s−1, respectively. The areas within white dotted lines show the type Xmodification region. c,d) Retardance versus
repetition rates for pulse energy 1 𝜇J and 500 nJ. Each voxel was written by 100 or 600 pulses focused by 0.16 NA lens.

the lifetime (10–20 𝜇s) comparable to the interpulse interval at
100 kHz.[37,38]

The number of retardance and azimuth levels determines the
data bits per voxel, which is a crucial factor for high data capac-
ity. The type X modification with retardance as high as ≈20 nm
at repetition rate of 500 kHz and NA = 0.16 allows multiple re-
tardance levels. To find the limitation of the capacity per voxel,
we first analyzed the retardance range and accuracy at pulse en-
ergy of 550 nJ with the scanning speed of 1 mm s−1 (Figure 4a).
When the pulse energy was higher than 900 nJ or pulse num-
ber larger than 500 for pulse energy from 450 to 800 nJ, only
type 2 modification was observed. The ultralow-loss type Xmod-
ification was produced with Np = 40 to Np = 300 (Figure 4a,b),
which is invisible in an optical image. It is noticeable that the re-
tardance error of type 2 was larger than that of type X (Figure 4c)
due to larger fluctuations of birefringence produced by variations
of aspect ratios of elongated nanostructures. Therefore, the pulse
energy of 550 nJ and pulse number from 80 to 300 were used to
write birefringent voxels with large retardance range (≈2–20 nm)
as well as low azimuth and retardance error (≈0.9° and ≈0.5 nm)
(Figure 4d). We managed to demonstrate 7-bit information per
voxel with four distinguishable levels of retardance by Np = 80,
100, 140, and 250 and 32 azimuths at the pulse energy of 550
nJ, and the readout accuracy was nearly 100% (Figure 4e). Al-
though the data capacity is improved by 75% compared with 4

bits per voxel, the drawback is relatively low writing speed of
≈0.2 kB s−1.
Despite 7 bits per voxel was achieved, the large modification

size stemming from low NA lens requires relatively large lateral
voxel separation of 5 𝜇m, which limits the data capacity. The lens
with NA = 0.3 was used to reduce the lateral voxel separation and
layer separation to 2 and 17.5 𝜇m, respectively (Figure S4, Sup-
porting Information), and writing of 4 bits per voxel was realized
by up to 30 pulses per voxel with R.R. = 1 MHz and scanning
speed of 30 mm s−1, leading to ≈9 times higher data capacity and
≈43 times higher recording speed.
For demonstration of ultralow-loss data writing, “The Hitch-

hiker’s Guide to the Galaxy” was written in 100 layers with trans-
mission higher than 99% in the visible range (Figure 5). For the
data recording, the azimuth was divided into 8 levels and the
pulse number of 20 and 30 was used to achieve two distinguish-
able retardance levels, resulting in 4 bits (23 × 21) of information
per voxel. The data were written from the bottom layer (the 100th
layer, 1878 𝜇m beneath the top surface) to the top layer (the first
layer, 146 𝜇m beneath the top surface). The text data were en-
coded by American Standard Code for Information Interchange
code, where every two voxels correspond to a character (Figure 5a)
and the hexadecimal number of each spot equals Ret. + 2 × Azi.
(Ret. = 0, 1; Azi. = 0, 1, …, 7). The binary retardance and octonary
azimuth were normalized and discretized after being extracted
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Figure 4. Experimental demonstration of 7 bits per voxel in silica glass. a) The birefringence image of voxels imprinted by four polarizations and different
pulse numbers at energy of 550 nJ. b) The optical transmission image of birefringentmodifications in (a). c) The retardance dependence on pulse number
at pulse energy 550 nJ. The transition from type X to type 2 occurs atNp = 400. d) Azimuth for four different slow axes at pulse energy of 550 nJ. e) Polar
diagram of the 4 levels retardance and 32 levels azimuth. The 4-level retardance corresponds to Np =80, 100, 140, and 250. Lateral voxel separation is
5 𝜇m.

Figure 5. 5D storage of “The Hitchhiker’s Guide to the Galaxy.” a) Illustration of data encoding and decoding. b) The birefringent images of data voxels
of different layers. Inset is the transmission of 100-layer data in the visible range. c) The birefringent images after removing the background of (b). Insets
are enlargements of small region (10 𝜇m × 10 𝜇m). d) Polar diagram of the measured retardance and azimuth of all voxels in (c).
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from raw data. However, the readout accuracy of recorded data
was as low as ≈80%, which can be attributed to the strong back-
ground caused by the birefringence of surrounding layers (Fig-
ure 5b).
In order to retrieve the data accurately, the strong background

was removed by an algorithm to acquire the background-free
images with precise retardance and azimuth of each voxel (Fig-
ure 5c). The readout accuracy was 100% for all the 1st layer, the
50th layer, and the 100th layer (Figure 5d). The lateral voxel sep-
aration and layer separation were decreased to 2 and 17.5 𝜇m,
respectively, by using the 0.3 NA lens, corresponding to the
data capacity of 350 GB per 127 mm disk and the data writ-
ing speed of 8 kB s−1 with the scanning speed of 30 mm s−1.
The lateral size of voxels increases with writing pulse num-
ber. Therefore, the dot separation can be reduced to 1.5 𝜇m us-
ing one retardance level produced by 20 pulses, improving the
data recording speed to 25 kB s−1. Data recording was demon-
strated at 1 MHz, the maximum repetition rate of the Pharos
laser. However, type X can be observed in preliminary experi-
ment with Satsuma laser operating at repetition rate of 2 MHz,
implying data writing speed of 50 kB s−1 (Figure S5, Supporting
Information).

3. Conclusion

In conclusion, we have demonstrated a 100-layer 5D optical data
storage with ultrahigh readout accuracy based on ultralow-loss
femtosecond-laser-induced birefringent modification (type X) in
silica glass. The drop in transmission of single pulse from 100%
reveals the start of avalanche ionization. Anisotropic nanopores
were produced at a free electron density of 1018–1019 cm−3 with
low writing pulse energy close to the threshold of avalanche ion-
ization, while nanogratings were generated at higherNe of about
1020 cm−3. As the retardance increases with repetition rates at
low pulse energy, which is used for type Xmodification, the data
writing speed of 8 kB s−1 at 1 MHz was achieved for 100-layer 5D
data storage of “The Hitchhiker’s Guide to the Galaxy” with the
retrieved accuracy of 100%. It is possible to achieve the writing
speed of ≈400 kB s−1 and data capacity of ≈20 TB per disk by
reducing pulse number to 10, lateral voxel separation to 0.5 𝜇m,
and layer separation to 5 𝜇mwith high repetition rate of 10MHz,
but efforts are necessary to reduce the thermal accumulation at
high repetition rates.[39]

4. Experimental Section
The writing of birefringent modifications in silica glass was carried

out with a mode-locked regenerative amplified femtosecond laser system
(PHAROS, Light Conversion Ltd.), operating at a wavelength of 1030 nm
with a repetition rate of 5 kHz to 1 MHz and a pulse duration of 190–700
fs. The polarization of the writing laser beam was controlled by a com-
bination of a linear polarizer, an electro-optic modulator, and a quarter
waveplate. The laser beam was focused via aspheric lens with different
effective NAs (0.16, 0.23, 0.3, and 0.4, Newport) into silica glass sample
mounted on a three-axial air-bearing translation stage (Aerotech Ltd.). The
writing process was monitored in a real time by capturing the transmitted
light passing through the sample with a charge coupled device camera.
Laser-induced modifications were produced in the sample with different
numbers of laser pulses, pulse energies, and polarization azimuths. The

retardance and slow axis orientation of each voxel were quantitatively an-
alyzed with a birefringence measurement system (Cri, Abrio imaging sys-
tem) integrated into the Olympus BX51 optical microscope operating at
546 nmwavelength. A VIS–NIRmicrospectrometer CRAIC (integrated into
Olympus BX51) was utilized to measure the transmittance of the modified
regions. To observe the morphology of nanostructures inside silica glass
after laser irradiation, the laser-processed sample was lapped, polished,
and etched with a 1 mol L−1 KOH solution for 24 h. Imaging of the struc-
tures was performed with a SEM (Zeiss Evo50).
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