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We demonstrate recording and retrieval of the digital document with a nearly unlimited lifetime. The
recording process of multiplexed digital data was implemented by femtosecond laser nanostructuring of
fused quartz. The storage allows unprecedented parameters including hundreds of terabytes per disc data
capacity, thermal stability up to 1000 °C, and virtually unlimited lifetime at room temperature. We
anticipate that this demonstration will open a new era of eternal data archiving.
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Securely storing large amounts of information over even
relatively short time scales of 100 years, comparable to the
human memory span, is a challenging problem [1,2]. A
general trend, defined in particular by the diffusion process,
is a decrease in lifetime as the storage density increases. For
example, a vast amount of data written by individual atoms
can only be stored for 10 ps at room temperature [3,4]. The
conventional optical data storage technology used for CDs
and DVDs has reached capacities of hundreds of gigabits
per square inch, but its lifetime is limited to several decades
[5–7]. The major challenge is the lack of appropriate
storage technology and a medium possessing the advan-
tages of both high capacity and long lifetime.
The idea of optical recording based on femtosecond laser

writing was first proposed and demonstrated in photo-
polymers [8]. Later, the virtue of high precision energy
deposition attributed to ultrashort light pulses was explored
for optical recording in the bulk of nonphotosensitive glass
[9–11]. High capacity optical recording was also demon-
strated by multiplexing new degrees of freedom including
intensity, polarization, and wavelength by harnessing silver
clusters embedded in glass [12] and plasmonic properties of
gold or silver nanoparticles [13,14]. The method of data
multiplexing is an alternative to holographic data storage
[15], which allows overcoming the capacity limit dictated
by optical diffraction. More recently, polarization multi-
plexed writing was demonstrated by using self-assembled
nanogratings produced by ultrafast laser writing in fused
quartz [16–18], which is renowned for its high chemical
stability and resistance. The nanograting, featuring 20 nm
embedded structures, the smallest ever produced by light
[19–22], is a structural modification which can resist
high temperatures [23]. Despite several attempts to explain
the physics of the peculiar self-organization process, the
formation of these nanostructures still remains debatable
[16,21,24]. On the macroscopic scale the self-assembled
nanostructure behaves as a uniaxial optical crystal with
negative birefringence. The optical anisotropy, which
results from the alignment of nanogratings, referred to as
form birefringence, is of the same order of magnitude as

positive birefringence in crystalline quartz. The two inde-
pendent parameters describing birefringence, the slow axis
orientation (4th dimension) and strength of retardance (5th
dimension, defined as a product of the birefringence and
length of structure), were explored for the optical encoding
of information in addition to three spatial coordinates [17].
The slow axis orientation and the retardance are independ-
ently manipulated by the polarization and intensity of the
incident beam. However, conventional control using polari-
zation optics turns the recording procedure of digital data
into a slow serial process making real world applications
unviable. Here we demonstrate the multilevel encoding of
intensity and polarization states of light with self-
assembled nanostructures and increase the data recording
rate by 2 orders of magnitude. The first digital document
optically encrypted into five dimensions is successfully
retrieved by nondestructive quantitative birefringence mea-
surements. The accelerated aging experiments demonstrate
the unprecedented high stability of self-assembled nano-
structures in silica glass.
Data recording experiments were performed with a Yb:

KGW based femtosecond laser system (Pharos, Light
Conversion Ltd.) operating at 1030 nm and delivering
6.3 μJ pulses at 200 kHz repetition rate and pulse duration
tunable from 270 to 800 fs. Despite that a longer pulse
duration can induce higher retardance (80 nm) [25], it also
leads to higher stress accumulation and eventual material
cracking [9]. As a result, the pulse duration was set to
280 fs. Three modification layers (Supplemental Material,
movie 1 [26]) were inscribed with a femtosecond laser
130–170 μm below the surface of a fused quartz (SiO2

glass) sample by a 1.2 NA (60×) water immersion
objective.
In the recording procedure, groups of birefringent dots

were simultaneously imprinted at the designated depth
(Fig. 1). Each group, containing from 1 to 100 dots, was
generated with a liquid crystal based spatial light modulator
(SLM) and 4f optical system. The holograms for the SLM
were generated with an adapted weighted Gerchberg-
Saxton (GSW) algorithm, which enabled discretized
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multilevel intensity control [27,26]. The discretized multi-
level intensity control enabled data multiplexing via
retardance. By using the adapted GSW algorithm, several
discrete levels of intensity could be achieved with a single
hologram [26]. However, the algorithm controls only the
relative ratio of different intensity levels. As the number of
dots varies from one hologram to another, the absolute
intensity of each spot varies. Thus, the corresponding
intensity levels generated by different holograms are differ-
ent and create fluctuations of the retardance value from one
hologram to another. The problem is resolved by intro-
ducing a negative feedback loop into the algorithm, which
redistributes the surplus of energy out of the modification
region, fixing each intensity level generated by all holo-
grams to the certain value (Fig. 2). The excess energy is
blocked by an aperture (AP) placed after the half-wave
plate matrix (HPM) (Fig. 1) and does not affect data
recording.
The oriented slow axis is perpendicular to the polariza-

tion of the incident beam [20]. Hence, the azimuth of the
slow axis can be controlled by the polarization of the
incident beam, which is normally accomplished by rotating
a half-wave plate. However, the rotation takes a relatively
long time (>10ms) and considerably reduces writing
speed. To avoid this, a laser imprinted half-wave plate
matrix (see half-wave plate matrix in Fig. 1), made of 4
segments, was added to the 4f optical system enabling
motion free polarization control. In the focus plane of the
first Fourier lens, where the half-wave plate matrix was
placed, several beams with different intensity distribution
were projected by the hologram displayed on the SLM.

After passing through the segments of the half-wave plate
matrix, beams with different polarizations were obtained.
Subsequently, the plane of the half-wave plate matrix that
contains predefined intensity and polarization distribution
is reimaged directly into the sample by the microscope
objective. After synchronizing the movement of the sample
with the refresh rate of the SLM, multiple birefringent dots
with four slow axis orientations and various phase retard-
ance levels can be simultaneously imprinted (Supplemental
Material, Movie 2) [26]. The information was encoded into
two states of retardance and four states of slow axis
orientation. Thus, each birefringent dot contained 3 bits
of information.
The readout of the recorded information encoded in

nanostructured glass was performed with a quantitative
birefringence measurement system (Abrio, CRi Inc.) inte-
grated into an optical microscope (BX51, Olympus Inc.).
Light from a halogen lamp was circularly polarized and
filtered with a bandpass filter (a central wavelength of
531 nm and a bandwidth of 30 nm). After being transmitted
through the layers containing information, the signal was
collected with a 0.6 NA objective and the state of
polarization was characterized with a universal liquid
crystal analyzer. The typical value of the retardance
measured in the experiments was 40 nm. Using this system,
we could easily resolve three birefringent layers separated
by 20 μm in depth ([Fig. 3(a)] and Supplemental Material,
Movie 1 [26]). The phase retardance [Fig. 3(c)] and slow
axis orientation [Fig. 3(d)] were extracted from the raw
data, then normalized [Figs. 3(e) and 3(f)] and discretized
before the final result was achieved [Figs. 3(g) and 3(h)].

FIG. 1 (color online). 5D optical storage ultrafast writing setup:
Femtosecond laser (FSL), Fourier lens (FL), aperture (AP) and
water immersion objective (WIO) (1.2 NA). Linearly polarized
(white arrows) beams with different intensity levels propagate
simultaneously through each half-wave plate segment with
different slow axis orientation (black arrows). The colors of
the beams indicate different intensity levels.

FIG. 2 (color online). Beam array multiple-level intensity
control. (a) Schematic illustration of modification induced by
a femtosecond laser. The colored dots indicate nanogratings
induced by different intensity levels. (b)–(c) Two normalized
intensity distributions calculated for two holograms from the
adapted GSW algorithm. The area inside the red square is the
modification region. The intensity distribution in (c) has more than
3 times the number of the multiple-level spots as compared to (b).
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The information was decoded by combining two binary
data sets retrieved from the phase retardance and the slow
axis orientation. Out of 11 664 bits, which were recorded in
three layers, only 42 bit errors (bolded characters) were
obtained (Table 1). Most of the errors were recurring and
can be removed by additional calibration procedures, which
accounts for the retardance dependence on polarization.
In the 5D optical storage shown in [Fig. 3(a)], the

distance between two adjacent spots was 3.7 μm and the
distance between each layer was 20 μm. Applying the same
writing method on a disc of conventional CD size with 60
layers, 18 GB capacity can be achieved. Using the same
parameters we also successfully recorded across three
layers a digital copy of a 310 KB file in PDF format [26].
The nanogratings are structural modifications which are

known to exhibit high thermal and chemical durability. The
nanogratings comprise of periodic assembly of nanoplanes
with 20 nm thickness separated by about 300 nm and a
negative index change of −0.2, producing form birefrin-
gence (up to 10−2) at the macroscopic scale. Close

investigation reveals that the refractive index of nanoplanes
is reduced due to material porosity [24]. The formation
of porous regions consisting of nanovoids filled with
oxygen could be explained by the following mechanism:
Femtosecond irradiation of silica glass produces self-
trapped excitons with a lifetime of several microseconds.
Recombination of self-trapped excitons is accompanied by
generation of molecular oxygen due to the photosynthesis-
like reaction,

SiO2 þ X → Siþ O2;

where X denotes an exciton. The nanovoids could collapse
with time leading to disappearance of the form birefrin-
gence of the modified region. Previous annealing experi-
ments indicated that such modification can withstand at
least 2 h of thermal annealing at 1000 °C [23]. However,
the accelerated aging measurements are required to evalu-
ate the stability of nanogratings at room temperature and
estimate the activation energy of the nanovoids collapse.
The thermally activated decay time τ at the certain temper-
ature T can be evaluated by Arrhenius law:

1

τ
¼ k ¼ A exp

�
− Ea

kBT

�
;

where k is the decay rate, Ea is the activation energy, A is
the frequency factor, T is the absolute temperature, and kB
is the Boltzmann constant.
The decay rate was evaluated at several annealing

temperatures in the range from 1173 to 1373 K, where
measurable retardance change could be observed, by
measuring the relative retardance decrease versus the
annealing time (Fig. 4 inset). The experiment was per-
formed with four different laser writing energies
(0.75–1.5 μJ). The variation of the relative retardance
decrease for different energies was within 5%. The

FIG. 3 (color online). 5D optical storage readout. (a) Birefringence measurement of the data record in three separate layers.
(b) Enlarged 5 × 5 dots array. (c) Retardance distribution retrieved from the top data layer. (d) Slow axis distribution retrieved from the
top data layer. (e),(f) Enlarged normalized retardance matrix and slow axis matrix from (b). (g),(h) Binary data retrieved from (e),(f).

TABLE I. Retrieved text from 5D memory.
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birefringent structures (uniform squares 0.5 × 0.5 mm)
used for these measurements were written with the same
laser setup as described above. A relatively large area of the
written structures was chosen to increase the precision and
repeatability of retardance change measurements. From the
obtained information, decay times at certain temperatures
were evaluated and placed on the Arrhenius plot. The decay
time at lower temperatures was easily extrapolated by a
linear fit (Fig. 4). The best linear fit was obtained with
activation energy of 1.81� 0.07 eV (thermal energy at
room temperature is about 26 meV) and the frequency
factor of 135 Hz. For comparison the activation energy
measured in the erasure of the type I fiber Bragg gratings
was 0.79–2.04 eV depending on the sample composition
[28]. Assuming the scaling in Fig 4 holds at room temper-
ature (303 K) the decay time of nanogratings is 3 × 1020�1

years, indicating unprecedented high stability of nano-
structures imprinted in fused quartz. Even at elevated
temperatures of T ¼ 462 K, the extrapolated decay time
is comparable with the age of the Universe—13.8 billion
years. Obviously, extrapolation over such a long lifetime is
not absolutely correct due to increasing error. Also it
neglects the temperature variation over long periods of
time, which cannot be easily evaluated. On the other hand,
it is clear that if the temperature does not increase
drastically, we would have an optical data storage with
seemingly unlimited lifetime.
It can be affirmed that more states of polarization can be

exploited for data encoding by fabricating a half-wave plate
matrix with more than four segments. The number of
intensity states can also be increased by changing the
hologram generation parameters. Consequently, these
added states, limited by the resolutions of the slow axis

orientation (4.7°) and the retardance (5 nm) [16], can enable
more than one byte per modification spot with the current
birefringence measurement system. By recording data with
a 1.4 NA objective and shorter wavelength (250–350 nm), a
disc with the capacity of 360 TB can be recorded [26].
Present errors (0.36% bit error rate for the .txt file recorded)
have been investigated and found that the majority was
repeatable. Therefore, with better calibration and signal
processing techniques, the error rate can be significantly
reduced.
The highest speed, which can be achieved with the

current setup, is limited to 6 KB=s. The bottleneck of the
data recording rate is created by the repetition rate
(200 kHz) and the average power of the laser (6 W) and
slow refresh rate of the SLM (60 Hz). We believe that
120 Mbit= sec data recording speed can be achieved by
using a SLM with a faster refresh rate (20 kHz [29]) and
high power ultrafast laser oscillators operating at megahertz
repetition rates with an average power over 50 W [30]. The
multiplexing technique can also help to exceed the data
recording speed of the standard binary optical encoding
system at the same laser repetition rate [26].
We finally note that the recording of a digital document

into highly stable optical memory is a vital step towards an
eternal archive [31]. Successful implementation of record-
ing and readout of digital information unambiguously
proves the viability of fused quartz as a high-density
and, assuming the scaling of Arrhenius plot holds, long-
lifetime storage medium. The advance from printing binary
patterns to recording the first digital document is compa-
rable to the leap from cave paintings to handwriting.
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