
772 | Nature | Vol 626 | 22 February 2024

Article

A 3D nanoscale optical disk memory with 
petabit capacity

Miao Zhao1,8, Jing Wen2,8 ✉, Qiao Hu1, Xunbin Wei3,4, Yu-Wu Zhong5, Hao Ruan1 ✉ & Min Gu6,7 ✉

High-capacity storage technologies are needed to meet our ever-growing data 

demands1,2. However, data centres based on major storage technologies such as 

semiconductor flash devices and hard disk drives have high energy burdens, high 

operation costs and short lifespans2,3. Optical data storage (ODS) presents a 

promising solution for cost-effective long-term archival data storage. Nonetheless, 

ODS has been limited by its low capacity and the challenge of increasing its areal 

density4,5. Here, to address these issues, we increase the capacity of ODS to the petabit 

level by extending the planar recording architecture to three dimensions with 

hundreds of layers, meanwhile breaking the optical diffraction limit barrier of the 

recorded spots. We develop an optical recording medium based on a photoresist film 

doped with aggregation-induced emission dye, which can be optically stimulated  

by femtosecond laser beams. This film is highly transparent and uniform, and the 

aggregation-induced emission phenomenon provides the storage mechanism. It can 

also be inhibited by another deactivating beam, resulting in a recording spot with a 

super-resolution scale. This technology makes it possible to achieve exabit-level 

storage by stacking nanoscale disks into arrays, which is essential in big data centres 

with limited space.

Data storage is crucial in today’s digital era, but major storage devices 

such as hard disk drives (HDDs)1 and semiconductor flash devices3 have 

limitations in terms of cost-effectiveness, durability and sustainabil-

ity2,5. The optical data storage (ODS) system is a low-cost, eco-friendly 

and high-durability option that offers a promising solution to these 

problems1,2,4,5. However, the current ODS capacity needs to be increased 

to fully meet data-centre demands, yet increasing the areal density of 

optical media remains a challenge5.

In the pursuit of enhancing the storage capacity of ODS devices, 

researchers have adopted two primary approaches5, namely, multidi-

mensional6–11 and three-dimensional (3D) multilayer optical storage 

approaches11–17. Unfortunately, both approaches have a fundamental 

limitation in terms of the spacing of two adjacent recorded features 

due to the conventional optical diffraction limit4,5,18. It is challenging 

to realize super-resolution ODS using the current two main types of 

all-optical storage mechanism. Multidimensional optical storage based 

on the encoding of intensity and polarization states of the light utilizes 

the nature of plasmonic properties of metallic nanorods7,8 and the 

birefringence of a nanograting in fused quartz10,11, which lack the on–off 

switching property like the principle of stimulated emission depletion 

(STED) microscopy19–26. In addition, 3D multilayer optical storage on 

a photochromic material12–14, photorefractive polymer15 or crystal16 

utilizes two-photon writing, which does not have a pathway to be inhib-

ited. Recently, the emergence of a few other approaches possessing an 

on–off switching property has achieved subdiffraction bit spacing. For 

example, a reversibly switchable enhanced green fluorescent protein 

(rsEGFP) was developed to record and probe features with a subdif-

fraction bit spacing of about 200 nm (about λ/3, where the wavelength 

of the writing beam is λ = 532 nm)27. Lanthanide-doped upconversion 

nanoparticles combined with graphene oxide have been used for opti-

cal writing with a bit spacing of about 195 nm (about λ/5, where the wave-

length of the writing beam is λ = 980 nm)28. However, rsEGFP has a short 

lifetime27 such that it is not suitable for long-term ODS. Upconversion 

nanoparticles lack the doping homogeneity of nanoparticles spreading 

over photo-sensitive materials28 and are thus unsuitable for volumetric 

ODS. Therefore, achieving nanoscale bit-wise, especially volumetric 

ODS that breaks the diffraction limit barrier, remains challenging5,18.

Here we develop a novel ODS medium called dye-doped photore-

sist (DDPR) with aggregation-induced emission (AIE)29 luminogens 

(AIE-DDPR), which has several important properties. First, for data 

recording, nanoscale optical writing is accomplished on the DDPR 

film with a triplet–triplet absorption mechanism, which efficiently 

deactivates polymerization via a doughnut beam30,31. Second, for data 

retrieval, we apply an optically stimulated AIE (OS-AIE) mechanism 

to enhance the fluorescence emission in the region irradiated by the 

focused femtosecond laser beam. Similar to the STED principle, this 

OS-AIE phenomenon has a switching property and can be inhibited by 

a deactivating beam to distinguish nanoscale recording spots.
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The AIE-DDPR recording film outperforms other optical systems and 

HDDs in terms of areal density (Extended Data Table 1). Our technique 

achieved an areal density that was approximately 125 times that of a 

multilayer five-dimensional optical disk based on gold nanorods7, 1,600 

times that of a super-resolution all-optical storage based on the rsEGFP27 

and 24 times that of currently most advanced HDDs32.

Workflow of volumetric nanoscale optical storage

The proposed recording and retrieval processes for the ODS medium 

in the deep subwavelength regime are shown in Fig. 1a. For optical 

writing, two laser beams are focused on the recording area of the disk 

through the objective lens. The first beam initiates the polymeriza-

tion, which is deactivated by the second beam, resulting in a record 

spot with subdiffractive volume size. The fluorescence signal of spots 

was retrieved by super-resolution optical fluorescence imaging tech-

niques. We demonstrated the encoding and decoding processes of a 

tree image based on the storage workflow. The encoded information 

was recorded into a recording medium with 100 writing layers, the x–z 

vertical section of which was reconstructed from multiple x–y scans.

The workflow for producing blank disks (with no written information) 

made of the AIE-DDPR film is presented in Fig. 1b. The entire proce-

dure is compatible with the standard workflow of conventional digital 

versatile disc (DVD) mass production and can be completed within 

6 min. A typical procedure involves spin-coating for material addition 

and diffusion and a process for blank-disk moulding. The ODS has a 

capacity of up to 1.6 Pb for a DVD-sized disk area through the recording 

of 100 layers on both sides of our ultrathin single disk. The ODS can 

store as much data as a large petabit (Pb)-level Blu-ray disk library or 

an HDD data array with an areal density that is 103 times that of a Blu-ray 

disk library and 24 times that of currently most advanced HDDs (Fig. 1c 

and Extended Data Table 1). It will thus become possible to build an exa-

bit (Eb)-level data centre inside a room instead of a stadium-sized space 

by stacking 1,000 petabit-level nanoscale disks together, where each 

petabit-level disk is capable of replacing a conventional petabit-level 

Blu-ray disk library or an HDD data array, resulting in a large number 

of cost-effective exabit data centres.

Multilayer nanoscale writing and reading

In realizing the maximum areal density of our nanoscale ODS, we tried 

to write as many layers into the recording medium as possible. We suc-

cessfully achieved up to 100-layer writing and reading on the proposed 

AIE-DDPR film, as shown in Fig. 2a (Supplementary Video 1). The writ-

ing depth in the film is 100 µm and is limited by the working distance 

of the objective. We minimized the distance between neighbouring 
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Fig. 1 | Principle of nanoscale optical writing and reading on a blank 

AIE-DDPR disk and the production workflow. a, Dual-beam configuration  

for super-resolution writing and reading. A 515-nm femtosecond Gaussian laser 

beam and a 639-nm CW doughnut-shaped laser beam are used for writing.  

A 480-nm pulsed laser beam and a 592-nm CW laser beam are used for reading. 

The fluorescence image of the x–z vertical section shows nanoscale writing and 

reading in 100 layers. The super-resolution fluorescence image in the x–y plane 

shows the minimum spot size and lateral track pitch (the lateral distance 

between two neighbouring spots) of 54 nm (about λ/12) and 70 nm (about λ/9). 

b, Spin-coating process for material addition, material diffusion and blank-disk 

moulding. AIE-DDPR in the colloidal state (Extended Data Fig. 3a) was 

spin-coated onto a 0.6-mm-thick transparent base disk at 300 rpm for 18 s. 

Next, the speed of the spin-coater was increased to 800 rpm and maintained 

for 10 s, and then further increased to 1,200 rpm and maintained for 20 s to 

evaporate all of the acetone. The resulting spin-coated disk was cured under 

ultraviolet illumination for 4 min. c, The capacity of a single 3D nanoscale disk 

is approximately equivalent to that of a petabit-level Blu-ray library (15.2 Pb, 

DA-BH7010, Hualu, China) or an HDD data array (12.64 Pb, EMC PowerVault 

ME5084, Dell, USA).
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layers to 1 µm to maximize the number of slices to 100. Specifically, we 

alternately wrote images of the institute and university badges (‘SIOM’ 

and ‘USST’) into the 3D volume. We found that the even and odd layers 

had clear alternating patterns with no cross-talk. The spatial resolution 

of the writing in the deeper layers was found to be comparable to that 

of the writing in the top layers, as evinced by the comparisons of the 

badges in the top (the 8th and 9th layers), middle (the 58th and 59th 

layers) and bottom (the 95th and 96th layers) layers shown in Fig. 2b.

In creating a prototype of a 3D nanoscale ODS device, it is crucial to 

establish the entire process, from encoding data (for example, images, 

audio or video) to binary bits, to recording bits using the medium and 

retrieving the signal bit by bit (Fig. 2c), and decoding the bits to recon-

struct the original digital files. The intensity profile (as shown in Fig. 2d) 

was obtained according to the red box shown in Fig. 2c and showed an 

average lateral track pitch of 180 nm. The original 8-bit image (16 × 16) 

of a tree and the corresponding recalled image are shown in Fig. 2e. 

Although the colour of the tree in the generated image was slightly 

distorted owing to the bit error rate of 0.33%, the prototype for the 

encoding and decoding processes based on multilayer nanoscale ODS 

worked well.
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Fig. 2 | Demonstration of 100-layer volumetric nanoscale ODS and digital 

pattern encoding and decoding. a, A green 515-nm femtosecond writing laser 

beam and a red 639-nm CW deactivating laser beam are focused on a recording 

medium that comprises 100 layers with an axial layer-to-layer distance of 1 µm. 

b, Super-resolution STED-image readouts of the 8th, 9th, 58th, 59th, 95th and 

96th layers. c, Fluorescence image of the recording layer captured by a Leica 

STED microscope, where the recording layer has the written information of  

the 8-bit binary code encoded from a tree image. Inset: a magnified view of a 

specific small area. d, The black line represents the fluorescent intensity 

profile of the red box in c. Signal peaks indicate values of one (green bars)  

and signal valleys indicate values of zero (grey bars). e, The original tree 

pattern is encoded in 8-bit binary code (Extended Data Fig. 4a) for recording, 

and the recalled pattern is reconstructed from the 8-bit binary code (Extended 

Data Fig. 4b) that is extracted from the intensity profile of the STED-image 

readout in c.
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Mechanism of nanoscale writing and reading

The outstanding performance of our volumetric 3D nanoscale ODS is 

based on the novel mechanism of nanoscale writing and reading on the 

AIE-DDPR film. To achieve nanoscale writing, the proposed DDPR film 

is composed of specific components, namely, 2-isopropylthioxanthone 

(ITX) initiators and dipentaerythritol penta-acrylate (DTPA) monomers. 

The use of ITX and DTPA, an efficient photoinitiator30,31 and a monomer 

with high photosensitivity25 that has previously been used in multipho-

ton absorption polymerization for nanoscale photolithography25,30,31, 

is integral to the success of the writing process. However, our writing 

process cannot be considered as photolithography in that it does not 

involve a developing step. This DDPR film alone cannot realize the 

function of nanoscale ODS without the following reading process.

For nanoscale reading, we incorporated hexaphenylsilole (HPS)- 

AIE luminogens (AIEgens) with ITX–DTPA photoresist to create an  

HPS–ITX–DTPA-based AIE-DDPR film. Conventional dye mole cules are 

often highly emissive in dilute solutions but suffer from aggregation- 

caused quenching in a closely packed or solid state29; that is, the aggre-

gation of luminophores has a destructive role in luminescence, making  

the luminophores difficult to incorporate into photoresists that are 

cured from solutions into cross-linked thin films for ODS. In contrast, 

AIEgens show extraordinary fluorescence in the aggregated and solid 

states29. Our OS-AIE process demonstrates that the AIE pheno menon 

can be enhanced through optical stimulation using a highly focused 

femtosecond laser beam during the photochemical reaction of poly-

merization of HPS–ITX–DTPA. This AIE phenomenon results in a 

high on–off contrast ratio of the fluorescence from the region that 

interacts with and without the femtosecond laser beam to record  

information.

Our optical manipulation differs from various types of control mech-

anism that use electricity, magnetic fields, heat and mechanical forces29 
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Fig. 3 | Schematic of the principle of volumetric nanoscale ODS and 

characterization of AIE-DDPR film. a, Schematic of the AIE phenomenon 

stimulated by a femtosecond laser beam. The transition from the second to the 

third state is initiated by the 515-nm femtosecond Gaussian-shaped laser beam 

and deactivated by the 639-nm CW doughnut-shaped laser beam. b, Emission 

spectra of the first and second states of the film at the excitation wavelength 

(λ = 405 nm). c,d, Emission spectra (c) and lifetime (d) of the second and  

third states of the film at the excitation wavelength (λ = 480 nm). e, Raman 

spectroscopic measurements of the three states of the film.
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to induce the AIE phenomenon. Compared with existing AIE polymers, 

which are typically triggered by clusterization33–35, self-assembly36 or 

changes in material composition37, the precise spatial controllability 

of the OS-AIE process by a highly focused femtosecond laser beam 

that can be further effectively inhibited and deactivated by another 

laser beam enables us to selectively manipulate the AIE at a nanoscale. 

Overall, incorporating AIEgens into ITX–DTPA photoresists and utiliz-

ing the spatiotemporally controlled manipulation of this AIE-DDPR film 

to induce the AIE phenomenon is a promising strategy for achieving 

nanoscale reading in ODS systems.

Figure 3a illustrates the three distinct states of HPS–ITX–DTPA, 

namely, in a colloidal state, after ultraviolet light exposure and after 

exposure to a highly focused femtosecond laser beam. HPS–ITX–DTPA 

in the colloidal state (the first state) emits only a small amount of fluo-

rescent light (Extended Data Fig. 3a). The spin-coated HPS–ITX–DTPA 

on the base disk is then cured with ultraviolet light, leading to a transi-

tion to the solid state and resulting in initial polymerization to a homo-

geneous cross-linked thin film (the second state). Subsequently, under 

irradiation with a 515-nm femtosecond writing laser beam, the thin film 

is further polymerized in the third state in which the AIE fluorescence 
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·     Experimental results with dual-beam readout

      Simulation results with dual-beam readout

 

·     Experimental results with single-beam readout

      Simulation results with single-beam readout
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Fig. 4 | Imaging of isolated and tightly packed recording features.  

a, Suppression effect and resolution enhancement versus the intensity of  

the 639-nm CW deactivation beam. Insets: STED-image and confocal-image 

readouts of isolated recording features of various sizes. The black and blue 

solid lines show the numerical results of the dual-beam and single-beam 

readouts, respectively. The black and blue dots show the experimentally 

measured sizes obtained with dual-beam and single-beam imaging. The error 

bars indicate the standard deviations from measurements of the sizes of five 

different recording points using the same writing and reading parameters.  

b,c, Super-resolution STED-image readouts of the recording patterns 

obtained with the writing beam of the 515-nm femtosecond laser without  

(b) and with (c) the 639-nm CW deactivation beam. d, Confocal-image readout 

of the recording pattern obtained under the dual-beam writing configuration. 

Insets: magnified images of 4 × 4 tightly packed recorded spots and the 

original lotus patterns. e, Intensity profiles extracted from the red dashed 

lines in the insets of b–d. In b and d, it is not possible to determine the 4 × 4 

tightly packed recorded spots with a lateral track pitch of 70 nm. The dual- 

beam configuration for both writing and reading in c has the advantage  

of distinguishing the above nanoscale pattern.
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shows an exceptional brightness. The emission spectra of the three 

states are shown in Fig. 3b,c. The spectrum of the third state is red-

shifted relative to that of the second state, which is probably due to 

the enhanced molecular coplanarization of HPS being enforced by 

the photopolymerization of the thin film38–40. As the writing power of 

the 515-nm femtosecond laser beam increases, the fluorescence emis-

sions of the third state in the reading range (490–600 nm) strengthen. 

This emission enhancement is due to a synergistic effect between  

(1) restriction of rotation of the peripheral phenyl rings, which blocks 

the non-radiative energy-consuming pathway, and (2) coplanariza-

tion of the peripheral phenyl rings of HPS with the silole ring, which 

increases the degree of conjugation and thus the radiative decay rate. 

The radiative and non-radiative decay rates of the controlled samples 

with different parameters are quantified by measuring the lifetimes 

(Fig. 3d) and quantum yields. In addition, Raman spectroscopic meas-

urement (Fig. 3e) shows that the degree of polymerization increases 

with the writing power of the laser beam. This suggests that a higher 

degree of polymerization by the femtosecond laser illumination 

strengthens the abovementioned synergistic effect.

The whole process in Fig. 3a starts with the first 515-nm femtosecond 

writing laser beam triggering the transformation of the polymer from 

the second to the third state. Subsequently, the doughnut-shaped 

639-nm continuous-wave (CW) laser beam induces the triplet–triplet 

absorption effect, inhibiting polymerization during the writing pro-

cess and simultaneously deactivating the fluorescence enhancement 

of the HPS-AIEgens from the second to the third state. This ultimately 

results in a recorded spot of super-resolution size, which can be read 

by all-optically differentiating the fluorescence intensities of recorded 

and unrecorded areas with a high signal-to-noise ratio.

Performance for different nanoscale patterns

To obtain the maximum areal density of our nanoscale ODS, we exam-

ined the minimum size of the single recording spot and minimum 

track pitch. We conducted further investigations into the effect of 

the deactivation beam on the writing spot size, as shown in Fig. 4a, and 

found that the lateral size of the spot decreased as the power of the 

deactivation beam increased, ultimately reaching a minimum subdif-

fraction feature size of 54.6 ± 2.2 nm (about λ/12). In addition, confo-

cal images (that is, single-beam readouts) of the written spots were 

compared with the super-resolution STED images (that is, dual-beam  

readouts).

A lotus flower pattern was discretized into multiple lattices of adja-

cent yet separated 4 × 4 spots, which were written by the first 515-nm 

femtosecond laser beam without (Fig. 4b) and with (Fig. 4c,d) the deac-

tivation beam of the 639-nm CW laser. The results show that under 

a single-beam writing configuration, two neighbouring nanoscale 

features with a super-resolution centre-to-centre distance could not 

be clearly differentiated. However, under a dual-beam writing configu-

ration, these features were closely distributed while clear individual 

contours were maintained. Furthermore, a comparison between the 

super-resolution STED-image readout (Fig. 4c) and the confocal-image 

readout (Fig. 4d) of the nanoscale pattern demonstrated that the 

dual-beam STED imaging mechanism was indispensable for accurately 

distinguishing tightly packed features with nanoscale track pitches. 

As shown in Fig. 4e, the minimum track pitch was determined to be 

70 nm (about λ/9), which determines the storage capacity of the ODS 

system. We conclude that dual-beam configuration for both writing 

and reading is a requirement for nanoscale ODS.

Conclusion

Using an AIE-DDPR film as the storage medium, we developed a volu-

metric nanoscale ODS system that showed remarkable performance 

characteristics. These include a minimum spot size and a lateral track 

pitch of 54 nm (about λ/12) and 70 nm (about λ/9), respectively, in each 

layer, in addition to a layer-to-layer axial spacing of 1 µm (about 1.6λ).  

Furthermore, the ability to record up to 100 layers on both sides 

elevated the ODS capacity to 1.6 Pb within the area of a DVD-sized 

disk. These significant advantages suggest that the development of 

next-generation industry-oriented nanoscale ODS that is much less 

expensive than state-of-the-art optical disk libraries and HDD data 

arrays will fulfil the vast data storage requirements of the big-data era. 

However, although we have increased the areal density of storage sub-

stantially, further improvements in writing speed and energy efficiency 

are needed. This could be accomplished by using a femtosecond laser 

beam with a higher repetition rate and a more sensitive photoresist 

than those used in the current system.

Meanwhile, our research has successfully demonstrated the OS-AIE 

phenomenon stimulated by a femtosecond laser beam, which has 

important implications for the field of AIE. Our use of optical stimu-

lation is an innovative method of spatiotemporally controlling AIE 

and opens up avenues for research and development in this field, par-

ticularly in terms of exploring the potential applications of OS-AIE 

to enhance the emission efficiency of organic light-emitting diodes 

for high-resolution displays and fluorescence nanoparticles for 

high-quality bioimaging. Furthermore, our fabrication of a nanoscale 

luminescent source that can be spatiotemporally controlled could 

lead to the discovery of materials and methods for the light sources 

of photonic chips.
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Methods

Preparation and composition of AIE-DDPR

All of the reagents and solvents were of reagent grade and used without 

further purification. Irgacure ITX (Ryoji) was used as the photoinitiator, 

DTPA (≤650 ppm 4-methoxyphenol; Rhawn) was used as the monomer 

for photopolymerization and HPS was used as the AIE fluorophore 

(Sigma-Aldrich). AIE-DDPR was prepared as follows.

Irgacure ITX (20.0 mg, 78.63 µmol) and HPS (10 mg, 18.56 µmol) 

were added to DTPA (1 ml), and the resulting solution was treated with 

acetone (12 ml). The resulting mixture was vigorously stirred on a hot 

plate at 50 °C for 1 h to afford a solution, which was then heated in an 

oven at 60 °C for 24 h to remove residual acetone. The final formula-

tion of the photoresist included 1.69 wt% Irgacure ITX, 0.84 wt% HPS 

and 97.47 wt% DTPA.

Configuration for dual-beam volumetric nanoscale writing

The optical configuration for dual-beam volumetric nanoscale writing 

(Extended Data Fig. 1) contained two laser beams: a 515-nm femtosec-

ond Gaussian-shaped writing laser beam (ACL-AFS-515-CUS, Accu-

lasers) with a repetition rate of 42 MHz, a pulse width of 180 fs and 

a peak intensity of 2.14 GW cm−2 (corresponding to a time-averaged 

power of 0.17 mW and an energy per bit of information of 17 µJ in the 

focal plane of the objective), and a linearly polarized 639-nm CW 

doughnut-shaped deactivating laser beam (MR-FN-639, Hefei Max-ray 

Photonics). A minimum recording resolution of 54.6 nm was achieved 

when the deactivating beam intensity was 0.4 MW cm−2 (corresponding 

to a time-averaged writing power of 36.4 mW and an energy per bit of 

information of 3.64 mJ in the focal plane of the objective).

The above-described configuration was used as follows. First, the 

two beams were collimated and expanded via lenses (L1–L4) and pin-

holes (PH1 and PH2). Next, a half-wave plate (WPH10M-633, Thorlabs) 

and a quarter-wave plate (WPQ10M-633, Thorlabs) in the path of the 

639-nm CW deactivating laser beam converted it from a linearly polar-

ized beam to a circularly polarized beam. Subsequently, the 515-nm 

femtosecond writing laser beam (passed through an electrical shutter 

(model 76992, Newport)) and the 639-nm CW deactivating beam were 

reflected by dichroic mirrors DC1 and DC2 (ZT375/514/594rpc and 

ZT405/488/532/640rpc-XT, Chroma), respectively, and then focused 

by an oil-immersion objective (UPlanSApo, Olympus; ×100, numerical 

aperture 1.4) onto the sample surface. The 639-nm CW laser beam was 

scanned over the labelled spot written by the 515-nm femtosecond laser 

beam to achieve fast and precise alignment of the two beams before the 

writing process. The fluorescence signal generated by the 515-nm and 

639-nm laser beams was transmitted through DC1 and DC2 and split 

into two paths by a beam-splitter (BS013, Thorlabs). One path was col-

lected by a spectrometer (Aurora4000-E, Cnilaser). The coincidence 

degree of the solid 515-nm and doughnut 639-nm laser beams in three 

dimensions affected the spatial resolution of the written spot. The 

3D coincidence of the two beams was adjusted and continued until 

the beams were coincident, and then a vortex-phase plate (VPP-1a, 

RPC Photonics) was added into the optical path to ensure that the 

639-nm CW laser beam exhibited a high-quality doughnut shape. The 

vortex-phase plate generated a spiral optical distribution in the beam 

cross-section along the azimuthal direction to the optical axis. The 

optical intensity was zero at the centre, owing to the phase singularity. 

Afterwards, the writing process began. In the other path, the fabrica-

tion process was simultaneously imaged by a tube lens (L6) with a focal 

length of f = 180 mm to a charge-coupled device (CN3-U3-31S4M-CS, 

FLIR). The sample was fixed onto a high-speed motorized x–y–z piezo-

electric scanning stage (P-563.3CD, PI). A bespoke programme was 

used to synchronize the timeslot of the pulse laser beam, the electronic 

shutter and the movement of the piezoelectric stage. The pixel dwell 

time (that is, the light exposure time) was 100 ms, which involved 

4.2 × 106 pulses (generated by the opening of the electronic shutter). 

The piezoelectric stage (scanning speed 200 µm s−1) took 0.35 ms to 

move from one pixel to the next (with simultaneous shut-down of the 

electronic shutter).

Configuration for dual-beam super-resolution reading

For data retrieval, we used a 480-nm pulsed laser beam (repetition rate 

80 MHz; pulse width 5 ps) for excitation and a 592-nm CW laser beam 

for depletion. The excitation light source of the STED microscope (TCS 

SP8 STED 3X, Leica) had a wavelength range of 470–700 nm and this 

probably efficiently excited the fluorescence of AIEgens. The deple-

tion light-source wavelength could be selected to be 561 nm, 592 nm 

(which we used) or 660 nm, which probably lie at the end of the emis-

sion spectra of AIEgens. Extended Data Fig. 2 compares the readout 

images of ODS mediums doped with tetraphenylethene (Extended Data 

Fig. 2a), no AIEgens (Extended Data Fig. 2b) and HPS (Extended Data 

Fig. 2c). The fluorescence intensities of the recording media based on 

tetraphenylethene (Extended Data Fig. 2d) and no AIEgens (Extended 

Data Fig. 2e) were at the same level and were much lower than those of 

the medium based on HPS (Extended Data Fig. 2f). The excitation and 

emission spectra of tetraphenylethene did not match the wavelength 

range of our STED microscope. We found that the main component of 

the luminescence of the AIE-DDPR film was from HPS and was not due to 

the clusteroluminescence of the film. The fluorescence signal of spots 

at 490–580 nm was collected by an objective (HC PL APO ×100/1.40 

OIL STED WHITE, Leica) installed on the microscope. Super-resolution 

scanning images were recorded at a data rate of 400 Hz. In Fig. 1a, the 

bit voxel size is 29 nm × 29 nm × 1 µm; the logical and physical sizes of 

the magnified x–y slice are 2,200 × 2,200 and 63.46 µm × 63.46 µm, 

respectively. The vertical image section that has 100 writing layers was 

reconstructed from multiple x–y scans. In Fig. 2b,c, the bit voxel size is 

15 nm × 15 nm × 100 nm; and the logical and physical sizes of the magni-

fied x–y slice are 2,704 × 2,704 and 39.68 µm × 39.68 µm, respectively. 

In Extended Data Fig. 7a, the bit voxel size is 17 nm × 17 nm × 40 nm; and 

the logical and physical sizes of the magnified x–y slice are 2,504 × 2,504 

and 41.52 µm × 41.52 µm, respectively. In Fig. 4a, the single-beam 

confocal-image and dual-beam STED-image readout have a bit voxel 

size of 7 nm × 7 nm × 30 nm; and the logical and physical sizes of the 

magnified x–y slice are 4,800 × 4,800 and 33.21 µm × 33.21 µm, respec-

tively. In Fig. 4b–d, the bit voxel size is 10 nm × 10 nm × 20 nm; and the 

logical and physical sizes of the magnified x–y slice are 3,000 × 3,000 

and 29.81 µm × 29.81 µm, respectively. In Extended Data Fig. 7c,d, the 

bit voxel size is 18 nm × 18 nm × 20 nm; and the logical and physical sizes 

of the magnified x–y slice are 2,600 × 2,600 and 47.83 µm × 47.83 µm, 

respectively.

Homogeneity, transmittance and thickness of an AIE-DDPR film

The ultrahigh homogeneity and transparency of the film indicate the 

film’s suitability as a multilayer recording medium. The good solu-

bility of HPS-AIEgens in organic solvents enables the formation of 

highly uniform AIE-DDPR films. The transmission electron microscopy 

images showed that the cured AIE-DDPR film was homogeneous and 

smooth (Extended Data Fig. 2g,h), which is a prerequisite for extremely 

high-spatial-resolution super-resolution writing and reading. Moreo-

ver, a prerequisite for multilayer storage is a sufficiently transparent 

recording medium and volumetric recording into many layers is possi-

ble if a film shows ultrahigh transmittance. Both AIE-DDPR in the colloi-

dal state and the cured AIE-DDPR film are transparent under white-light 

illumination and radiate fluorescent light under ultraviolet illumination 

(Extended Data Fig. 3a,b). A disk treated with the AIE-DDPR film is as 

transparent as a base disk comprising only pure substrate (Extended 

Data Fig. 3c,d). We examined and compared the transmittance of the 

cured AIE-DDPR film and that of the pure silica substrate (Extended 

Data Fig. 2i). The transmittance of the cured AIE-DDPR film remained 

as high as 95–97% at a wavelength of 500–700 nm. The thickness of the 

AIE-DDPR film on a base disk was 158.13 ± 0.19 µm.
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Optimization of layer spacing and layer numbers

The working distance of the objective (UPlanSApo, Olympus; ×100, 

numerical aperture 1.4) for writing was 130 µm, which limited the 

maximum writing depth. We found that the effective written depth 

was 100 µm. The 30-µm difference might have represented the written 

depth of the first recording layer from the top surface of the AIE-DDPR 

film. We optimized the layer spacing, and Extended Data Fig. 3e–g 

shows that there was obvious cross-talk of the signal between neigh-

bouring layers with layer spacings of 0.5 µm and 0.7 µm. It is clearly 

seen that the volumetric writing was limited to 1 µm per layer with a 

maximum of 100 layers.

Detailed process of encoding and decoding

We encoded a tree image to an 8-bit binary code (Extended Data Fig. 4a) 

and recorded the image in the medium. Fluorescence images of the 

recorded patterns were then captured using a Leica STED microscope 

(Fig. 2c) and converted to binary bits (Extended Data Fig. 4b). These 

binary bits were then used to reconstruct the recalled image.

Mechanism of nanoscale writing and fundamental kinetic 

modelling

The ITX polymerization deactivation process operates through a  

triplet–triplet absorption mechanism, rather than the commonly used 

STED mechanism30,31,41–43. The triplet–triplet absorption phenome-

non43 is stimulated by a deactivating beam of a 639-nm CW laser and is 

accompanied by molecules transitioning from the lowest triplet state 

T1 to the excited triplet state Tn. This transition reduces the number of 

molecules in state T1 and thus inhibits radical formation and contrib-

utes to photoresist depolymerization, resulting in nanoscale writing. 

The mechanism is elucidated by a schematic Jablonski diagram of ITX 

photoinitiators (Extended Data Fig. 5a). Subsequently, a subdiffractive 

recorded spot is written on the AIE-DDPR film (Extended Data Fig. 5b). 

The differential equations of fundamental kinetic modelling describe 

the dynamic photo-physical and photochemical processes involved 

in polymerization and depolymerization. These processes include 

photoinitiation, deactivation of photoinitiation, chain propagation, 

chain termination and radical polymerization. The set of kinetic rate 

equations is as follows.
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1. In the above equations, P0 and P1 are the concentrations of the pho-

toinitiators (photosensitizer) in the S0 state (comprising the elec-

tronic ground level and the vibrationally excited level) and the excited 

electronic S1 state (comprising the vibrationally relaxed level and 

the hot level), respectively; T1 and Tn are the concentrations of the 

photoinitiators (photosensitizer) in the lowest triplet state T1 and the 

excited triplet state Tn, respectively; P2, P3 and M are the densities of 

primary radicals, propagating radicals, and monomers; and (1 − M) 

is the photopolymerization conversion rate, which is the proportion 

(%) of monomers in the focal region that have been polymerized. The 

region where (1 − M) is higher than a specific threshold (42% in this 

study) becomes a recording spot on the substrate.

2. The 515-nm femtosecond laser beam initiates the polymerization of 

the AIE-DDPR film via two-photon absorption with reaction time t. The  

intensity of the laser beam is radially symmetric with radius axis r. 

The photoinitiators are driven from the electronic ground state S0 

to the excited electronic state S1 via two-photon absorption with rate 

constant σEIE
2, where IE is the photon flux of the 515-nm femtosecond 

laser beam during excitation and σE is the corresponding two-photon 

absorption cross-section. The molecules in the S1 state relax to the 

vibrationally relaxed electronically excited state via intramolecular 

vibrational redistribution. Excited molecules in the S1 state then 

either decay to the S0 state by spontaneous fluorescence with rate 

constant k1 (described by k1P1), undergo non-radiative relaxation 

(ignored in the formula) or undergo intersystem crossing (ISC) to the 

triplet state T1 with rate constant kISC. Molecules in the T1 state can fol-

low one of three main pathways. One pathway involves participating 

in chemical reactions, that is, radical generation and polymerization 

initiation, the characteristic parameters for which are represented in 

the next note (3). The second pathway involves relaxation to the S0 

state by phosphorescent emission with rate constant kq (described 

by kqT1). The third pathway involves some of the molecules being 

excited from the lowest triple state T1 to a higher triplet state Tn (that 

is, undergoing triplet–triplet absorption)34 by the deactivating opti-

cal beam with a rate constant σDID, where ID is the photon flux of the 

deactivating optical beam of the 639-nm CW laser beam and σD is the 

corresponding absorption cross-section. If ID increases gradually, the 

rate constant σDID increases, which indicates that there is an increase 

in the number of molecules following the third pathway, that is, in 

the number of molecules that are excited from the T1 state to the Tn 

state. Thus, there is a decrease in the number of molecules following 

the first pathway, that is, in the number of molecules contributing to 

the polymerization initiation. This explains why the lateral size of the 

spot decreased as the power of the deactivation beam increased, as 

demonstrated in Fig. 4a. It was proposed that the Tn state undergoes 

reverse ISC to an excited singlet state Sn (ref. 34). However, it may 

relax rapidly to the S1 state and thus induce repopulation of the T1 

state, due to the high triplet quantum yield of S1, thereby markedly 

weakening the deactivation process30. Compared with the above 

process, the Tn state has a higher probability of undergoing instan-

taneous reverse ISC to a highly vibrationally excited level of the S0 

state with rate constant ks (described by ksTn), which relaxes via in-

tramolecular vibrational redistribution30.

3. ITX is a Norrish type II initiator, as it generates only one efficient pri-

mary radical with rate constant kd (described by kdT1; ITX generates 

another radical that is weak and thus not considered)44. ki is the kinetic 

conversion rate of propagating radicals evolved from the reaction 

between initiator radicals and monomers. kt is the termination rate 

of the initiator and propagating radicals. kp is the kinetic conversion 

rate of the propagating radicals involved in chain propagation44–46.

4. The parameters in the equations take the following values. The two-

photon absorption cross-section is σE,λ=515nm = 5 GM (1 GM = 1 ×  

10−50 cm4 s per photon)41. The single-photon absorption cross-section 

σD,λ=639nm = 1.15 × 10−16 cm2 is calculated from the molar extinction  

coefficient47 ɛD = 3 × 104 l mol−1 cm−1. k1 = 1/τf = 4.3 × 108 s−1 is calculated 



from the fluorescence decay time of the S1 state τf = 2.3 ns  

(ref. 31). kq = 1/τq = 8.3 s−1 is calculated from the phosphorescence  

decay time of the T1 state τq = 120 ms (ref. 41). kISC = 2.4 × 109 s−1  

(ref. 31). The following three parameters are obtained from the  

literature45,46: ki = 9.6 × 104 s−1, kt = 5 × 103 s−1 and kp = 5.5 × 103 s−1. The 

following two parameters are fitted numerically to the experimental 

data: ks = 5 × 104 s−1 and kd = 2 × 104 s−1. The expressions of the  
excitation and the deactivating beams are as follows: I r t( , ) =E
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, where Φmax is the peak number of exci-

tation photons per area per unit time, which is calculated from the 

peak intensity Imax of the excitation beam (2.14 GW cm−2) in the focal 

plane of the objective. That is, Φ = =
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beam width and the pulse width of the excitation laser beam are
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Φav 

is the average number of deactivating photons per area per unit time, 

which is calculated from the average intensity Iav of the deactivating 

beam (0.4 MW cm−2 for a spot size of 54.6 nm) in the focal plane of the 

objective. Φ = =
I

hvav
av

D
 1.3 × 1024 (cm2 s)−1. The width of the deactivating 

laser beam w1 = 850 nm. The Planck constant is represented by 

h = 6.62176 × 10−34 J s. The frequencies of the laser beams are 

vE = 5.82 × 1014 Hz and vD = 4.69 × 1014 Hz, respectively.

5. Simulated profiles of photopolymerization conversion rate versus 

various deactivating intensities are shown in Extended Data Fig. 5c. 

However, these physical sizes are not the final feature sizes observed 

by STED microscopy, because experimentally observed sizes are 

aff ected by the resolution of a STED microscope. That is, patterns 

with features smaller than the resolution cannot be determined 

clearly. The determination of final feature size is discussed in the 

next section.

Observation of feature size of a nanoscale writing spot by STED 

microscopy

The final feature size of a nanoscale writing spot observed by STED 

microscopy is a convolution between the solution of the above set of 

kinetic rate equations (the size of the physical writing spots) and the 

point-spread function (PSF) of the STED microscope that is used, that is

Observed feature size = Physical size ⊗ Detection PSF. (8)

Similarly, the PSF of a STED microscope can be obtained by solv-

ing the kinetic rate equations for the polymerization film excited by a 

480-nm pulsed laser beam. The depletion beam was a 592-nm CW laser 

beam, and the depletion effect can be derived analytically, as follows:

n r t

t
k n r t σI r n r t

d ( , )

d
= − ( , ) − ( ) ( , ) (9)fl STED

where n(r, t) is the number of molecules in the excited electronic 

state, kfl is the fluorescence decay rate, σ is the stimulated emission 

cross-section, and ISTED(r) is the spatially dependent photon flux of 

the depletion beam (that is, the number of photons per area per unit 

time). kfl = 1/τfl, where τfl is the fluorescence lifetime. Thus, the solution 

of equation (9) is

n r t n( , ) = e (10)k σI r t
0

−( + ( ))fl STED

where n0 is the total number of fluorophores. Thus, the change in the 

number of fluorescent photons emitted versus time is described by 

the following differential equation:

N r t

t
k n r t

d ( , )

d
= ( , ) (11)fl

fl

The number of fluorescent photons can be obtained by solving  

equation (11), which gives:

N r t n
k

k σI r
( , ) =

+ ( )
(1 − e ) (12)k σI r t

fl 0
fl

fl STED

−( + ( ))fl STED

The detected fluorescent spot size hfl(r) (that is, PSF) is the product  

of the excitation beam distribution Rfl(r) and the spatially varying  

fluorescence emission probability η(r), that is

h r R r η r R r N r t n R r
k

k σI r
( ) = ( ) ( ) = ( )lim( ( , )/ ) = ( )

+ ( )
(13)

t
fl fl fl

→∞
fl 0 fl

fl

fl STED

The parameters we used in the simulation were σ = 7 × 10−16 cm2, 

τfl = 1 ns and t → ∞ for the CW depletion beam. The average power den-

sity in the focal plane was 10.7 MW cm−2. By following the above steps, 

we obtained the simulation results in Extended Data Fig. 5d–g, which 

are consistent with the findings presented in Fig. 4b–e, further cor-

roborating the accuracy and validity of the results.

Characterization of photoluminescence quantum yield

The quantum yields (QYs) of the recorded areas at different writing 

powers of the 515-nm femtosecond laser beam (that is, the third state) 

are summarized in Extended Data Table 2. We used Williams’ com-

parative method48 to characterize the absolute QY of an AIE-DDPR 

film before and after its interaction with the 515-nm femtosecond 

laser beam. The thin film of Ru(bpy)3Cl2 was used as a standard sam-

ple and prepared from the solution in methanol with a concentration 

of 5 × 10−3 M by spin-coating. Its absolute emission QY was 7.3%, which 

was obtained on Quantaurus-QY spectrometer (C11347, Hamamatsu). 

Its property is depicted in Extended Data Fig. 6a–c. The absorbance of 

the standard sample (AS) and the test sample of our AIE-DDPR film (AT) 

at an excitation wavelength λ = 480 nm and their photoluminescence 

spectra were obtained by scanning the samples utilizing the imaging 

platform (STELLARIS 8 STED FALCON, Leica). The excitation laser beam 

was focused by an objective (HC PL APO ×100/1.40 OIL STED WHITE, 

Leica) to the sample. Subsequently, the fluorescence emitted from a 

sample (the standard sample or the test sample) was collected by the 

same objective and spectrally filtered by a prism and a slit before the 

detection camera, which recorded its photoluminescence spectrum. 

The integrated fluorescence intensities of the test sample (IT) and the 

standard sample (IS) were calculated from their photoluminescence 

spectra (Extended Data Fig. 6d). The absolute QYs of the test sample 

were calculated as follows:

I A

I A
QY = QY

×

×
(14)T S

T S

S T











where the subscripts S and T denote the standard and the test sam-

ples, respectively, I is the integrated fluorescence intensity, and A is 

the absorbance at the excitation wavelength (λ = 480 nm).

Measurement of on–off contrast of fluorescence

An elevated on–off contrast ratio of the fluorescence emissions from 

HPS–ITX–DTPA in the third and second states reaches 60:1. We adopted 

confocal microscopy to continuously probe the fluorescence emitted by 

recorded spots at a scanning speed of 3.4 s per frame (that is, one-time 

data writing and multiple-time data reading) and thereby observed 

the dynamic variance in the readout (Extended Data Fig. 6e–h).  

The decreasing trend in the on–off contrast in Extended Data Fig. 6e 

indicates the occurrence of photobleaching. Subsequent to the initia-

tion of excitation, the on–off contrast reached 60:1 at 7 min (Extended 

Data Fig. 6f), decayed to 33:1 (a decrease of approximately 50%) at 

27 min (Extended Data Fig. 6g), and remained largely unchanged from 

100 to 134 min (that is, from the 1,765th to the 2,365th reading) and as 



Article

high as 20.5:1 (Extended Data Fig. 6e,h). This means that the ODS of the 

AIE-DDPR medium could support up to 2,365 readings.

Characterization of aggregation size, lifetime, degree of 

polymerization, and radiative and non-radiative decay rates  

of the AIE-DDPR film

As the power of the writing laser beam decreased, the aggregation 

size and fluorescence intensity decreased (Extended Data Fig. 7a). 

Fluorescence and optical image profiles are profiles of grey values 

extracted from the fluorescence and optical images in the area of 

the recorded spots at different writing powers of the 515-nm femto-

second laser beam. We posited that although subdiffractive spots can 

be recorded by reducing the writing power of a single laser beam to 

below a certain threshold, the luminescent nanofeatures of the spots 

might not be optically clarified, owing to the ultralow fluorescence 

signal. This highlights the fact that high-fluorescence on–off contrast 

and super-resolution of a recorded spot are trade-off parameters in 

single-beam writing. However, a dual-beam writing configuration can 

circumvent the aforementioned trade-off, and thus this configuration 

was used not only for nanoscale writing but also for efficient retrieval 

of the luminescent nanofeatures of the recorded spots (Extended Data 

Fig. 7b). Images featuring densely arranged recorded spots of a panda 

pattern are presented in Extended Data Fig. 7c–e, which illustrate the 

technique’s ability to resolve intricate and complex patterns at the 

nanoscale level. The proof-of-concept for nanoscale ODS on a com-

mercial base disk is shown in Extended Data Fig. 8a–d.

Characterizations of emission spectrum, time-resolved photo-

luminescence and Raman spectroscopic measurements were per-

formed to illustrate the AIE mechanism. First, we used an integrated 

fluorescence lifetime imaging microscopy (FLIM) confocal platform 

(STELLARIS 8 STED FALCON, Leica) to characterize the fluorescence 

lifetime of the AIE-DDPR film. In the system, a 480-nm pulsed laser 

beam (repetition rate 80 MHz; pulse width 5 ps) was focused by an 

oil-immersion objective (UPlanSApo, Olympus; ×100, numerical aper-

ture 1.4) onto the sample. Subsequently, the photoluminescence 

emitted from the sample was collected by the same objective. The 

FLIM measurement was made using a confocal scan head equipped 

with field-programmable gate array electronics and employed pulsed 

laser excitation and fast, spectral single-photon counting detectors. 

Photon arrival times were determined from the difference between 

the detection-pulse and laser-pulse arrival times recorded at count 

rates that are typically used for confocal imaging. The fast FLIM image 

and corresponding FLIM histogram are shown in Extended Data 

Fig. 8e,f. Overall decay curves (Fig. 3d) were fitted to the sums of the  

following exponential decay components using equation (15), and 

the average lifetimes of a bi-exponential decay (n = 2) were calculated  

using equation (16).
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where A is the amplitudes and exponential pre-factors, Bkgr is the tail 

offset which is the correction for background of afterpulsing, dark 

counts and environmental light. τAv Amp is the amplitude weighted aver-

age mean decay time. ASum is the sum of fluorescence intensity for all 

components at time zero. The radiative and non-radiative decay rates 

were calculated from the average lifetimes and QYs.

k τ= QY/ (17)r

k τ= (1 − QY)/ (18)nr

Next, we adopted confocal Raman spectroscopy to probe the 

microstructures and thus measure the degree of polymerization of 

the AIE-DDPR film in the second and third states using the 515-nm  

femtosecond laser beam at different writing powers. The degree of 

polymerization can be quantified by the degree of conversion. A high 

degree of conversion corresponds to a high degree of polymerization 

and a strong film. The degree of conversion was estimated by detecting 

the Raman spectrum peak at approximately 1,638 cm−1, which cor-

responds to the stretching vibration of the carbon–carbon double 

bond (C=C)49. During the polymerization, the intensity of the peak at 

approximately 1,638 cm−1 decreased because the C=C was reduced to 

a carbon–carbon single bond (C–C)49. Raman spectra were acquired by 

placing samples in a laser confocal Raman spectrometer (RAMANtouch) 

equipped with a 785-nm laser with an incident power of 30 mW. Next, 

the system was calibrated using the peak for silicon at 520.5 cm−1, and 

then the laser beam was focused on a sample to a size of 1.2 µm by an 

objective (LUplan ELWD, ×100, numerical aperture 0.8, Nikon). The 

laser exposure time was 15 s. The acquired spectra were normalized 

to the carbonyl (C=O) peak at 1,720 cm−1 because the number of C=O 

groups in the film was unaffected by polymerization. The degree of 

conversion was calculated from the Raman spectral data as follows:

A A

A A
DC = [1 −

/

′ / ′
] × 100 (19)

c c c o

c c c o

= =

= =

where AC=C and AC=O are the integrated intensities of the C=C peak and 

the C=O peak, respectively, for the AIE-DDPR exposed to ultraviolet 

light and the 515-nm femtosecond laser beam with different writing 

powers, and A′C=C and A′C=O are the intensities of the same peaks for 

the AIE-DDPR in the colloidal state. The degree of conversion values 

calculated from the Raman spectra were 35.5%, 39.6%, 41.2%, 43.9%, 

46.1% and 47.9% for the various powers of the 515-nm femtosecond laser 

beam, that is, 0 mW (that is, only ultraviolet curing for the second state) 

and 0.3–1.5 mW (that is, the third state). At writing powers of 0.5 mW 

and 1.5 mW, the degree of conversion values of the third state were 5.7% 

and 12.4% greater, respectively, than the degree of conversion values of 

the second state, which means that the degree of polymerization was 

much higher in the third state than in the second state.

The degree of conversion values, lifetimes, QYs, and radiative and 

non-radiative decay rates of the recorded areas at different writing 

powers of the 515-nm femtosecond laser beam (that is, the third state) 

and the area with only ultraviolet curing (that is, the second state) are 

summarized in Extended Data Table 2.

Lifetime and durability of ODS based on the AIE-DDPR film

We conducted an accelerated-ageing test to calculate the lifetime and 

durability of room-temperature ODS in the AIE-DDPR film. We applied 

the Arrhenius method, which considers only the temperature stress 

condition, and thus the time-to-failure was assumed to be governed 

by the following Arrhenius-model formula:

k A= e (20)
E

RT
−

a

where Ea is the activation energy, RT is the average kinetic energy, R 

is the gas constant, T is temperate in kelvin and A is a pre-exponential 

factor. This equation can be rewritten in a non-exponential form. That 

is, taking the logarithms of both sides yields

k A
E

RT
ln = ln − (21)a

Thus, ln(k) and 1/T fulfil a linear relationship. The time-to-failure 

k was determined by evaluating the fluorescence attenuation of the 

recorded spots versus the incubation time of the accelerated-ageing 

conditions (130 °C and 120 °C). At 130 °C, the incubation times used 



were 6 h, 10 h, 12 h, 13 h, 15 h and 18 h, and the scanning fluorescence and 

white-light microscopic images are shown in Extended Data Fig. 9a,c. 

At 120 °C, the incubation times used were 15 h, 16 h, 20 h, 24 h, 26 h 

and 27 h, and the scanning fluorescence and white-light microscopic 

images are shown in Extended Data Fig. 9b,d. k = 1/τ, where τ is the 

lifetime of the recording structure when the fluorescence completely 

disappears. τ = 12 h and τ = 26 h at 130 °C and 120 °C, respectively. From 

our experimental data, we deducted that the lifetime of ODS in the 

AIE-DDPR film at room temperature is 41 years.

Data availability

The data that support the findings of this study are available at https://

doi.org/10.57760/sciencedb.13342 (ref. 50). Source data are provided 

with this paper.

Code availability

The MATLAB code used in this study is available at https://doi.org/ 

10.57760/sciencedb.13342 (ref. 50).
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Extended Data Fig. 1 | Optical setup of dual-beam volumetric nanoscale 

writing. L1, L2, L3, and L4, collimation lenses; L5, collection lens; L6, tube  

lens; PH1 and PH2, pinholes; HWP, half-wave plate; QWP, quarter-wave plate; 

VPP, vortex-phase plate; DC1 and DC2, dichroic filters; S, electronic shutter;  

M, mirror; BS, beam-splitter; MMF, multi-mode fibre; and CCD, charged 

coupled device. Source images of the optical components provided courtesy 

of Thorlabs, Inc.



Extended Data Fig. 2 | Summary of an aggregation-induced emission 

dye-doped photoresist (AIE-DDPR) film. a–c, Fluorescence images of the ODS 

medium doped with tetraphenylethene (a), no AIEgens (b) and hexaphenylsilole 

(c) obtained by the Leica microscope. d–f, Intensity profiles (d), (e) and (f) are 

extracted from (a–c). g, Transmission electron microscopy image of a cured 

AIE-DDPR film. h, Expansion of the blue-boxed area in (g). i, Transmittance of  

a cured AIE-DDPR film with a thickness of 130 µm (blue line) and a pure silica 

substrate with a thickness of 980 µm (red line).
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Extended Data Fig. 3 | Aggregation-induced emission dye-doped 

photoresist (AIE-DDPR) recording medium in colloidal and solid states and 

fluorescence images of the volumetric writing with different layer spacings. 

a, AIE-DDPR in the colloidal state under white-light illumination (left) and 

ultraviolet (UV)-light illumination (right). b, Cured spin-coated AIE-DDPR film 

under white-light illumination (left) and UV-light illumination (right). c, Base 

disc comprising the substrate. d, Disc spin-coated with a film of AIE-DDPR that 

has been cured (a blank disc yet to be written with information). e–g, There was 

strong cross-talk of the signal when the layer spacing was 0.5 µm (e) or 0.7 µm (f), 

and no cross-talk of the signal when the layer spacing was 1 µm (g).



Extended Data Fig. 4 | Binary bits of the encoded image (a) and the recalled 

image (b) in Fig. 2e. In a, ‘1’ and ‘0’ represent the writing beam being ‘on’ and 

‘off’ which are controlled by the electronic shutter in Extended Data Fig. 1.  

In b, ‘1’ and ‘0’ represent the fluorescent signal from the recording medium 

being ‘on’ and ‘off’.
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Extended Data Fig. 5 | Schematic illustration of the writing principle of 

volumetric nanoscale ODS and simulations. a, Jablonski diagram of 

2-isopropylthioxanthone photoinitiators for the explanation of polymerization 

by two-photon absorption and depolymerization by triplet–triplet absorption. 

The green arrows indicate the absorption of the two photons, the brown arrow 

indicates the radiative relaxation of the fluorescence, the blue arrow indicates 

the radiative relaxation of the phosphorescence, the grey dashed arrow indicates 

intramolecular vibrational redistribution (IVR), the red arrow indicates triplet–

triplet absorption, the yellow arrows indicate intersystem crossing (ISC)/IVR 

(dashed arrow) or reverse ISC/IVR (solid arrow), and the black arrow indicates 

radical formation. The energy levels are not to scale. The solid horizontal lines 

indicate nonvibrational electronic states whereas the dashed horizontal lines 

indicate vibrationally excited electronic states. b, Principle of dual-beam 

nanoscale optical writing. A 515-nm femtosecond Gaussian laser beam initiates 

polymerization in a medium via two-photon absorption, and a 639-nm CW 

doughnut-shaped laser beam then deactivates locally the polymerization  

at the periphery of the focus, which reduces the polymerization volume  

to the subdiffractive level. c, Simulated profiles of photo-polymerization 

conversion rate versus deactivating intensity in a dual-beam writing process. 

The threshold was set to 42%, with the area above 42% representing the third 

state in Fig. 3, and the area below 42% representing the second state in Fig. 3.  

d and e, Simulated superresolution STED images of a 4 × 4 pattern formed by the 

515-nm femtosecond writing laser beam without (d) and with (e) subsequent 

application of the 639-nm deactivating beam. f, Simulated confocal image of 

the pattern formed by the dual-beam writing configuration. g, Intensity 

profiles extracted from (d–f).



Extended Data Fig. 6 | Properties of the standard sample of Ru(bpy)3Cl2  

thin film and the aggregation-induced emission dye-doped photoresist 

(AIE-DDPR) film for characterization of QYs and fluorescence on–off 

contrast of the recorded spots. a–c, (a) Chemical formula. The QY of 

Ru(bpy)3Cl2 thin film is 7.3% which is calculated from the absorbance (b) and  

the fluorescence emission intensity (c) at an excitation wavelength λ = 480 nm. 

d, Fluorescence intensity of the AIE-DDPR film at an excitation wavelength 

λ = 480 nm before exposure to the femtosecond laser (0 mW, i.e., the second 

state in Fig. 3) and after exposure to the 515-nm femtosecond laser with various 

writing powers, i.e., 0.3–1.5 mW (i.e., the third state in Fig. 3), and the standard 

sample of Ru(bpy)3Cl2 thin film. e, Photobleaching: fluorescence on–off 

contrast of a recorded spot probed by irradiation with a 480-nm pulsed laser. 

f–h, Fluorescence image obtained at 7 min (f), 27 min (g), and 134 min (h) after 

the beginning of excitation.
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Extended Data Fig. 7 | Comparison of fluorescence images and aggregation 

sizes of the recorded spots with the 515-nm femtosecond Gaussian laser 

beam only and dual-beam writing. a, Fluorescence and optical images of the 

recorded spots at different writing powers of the 515-nm femtosecond laser 

beam, as measured in the optical path. b, Scanning electron microscopy  

(SEM) images and fluorescent images of diffraction-limited spots recorded  

by the 515-nm femtosecond Gaussian laser beam only and subdiffractive  

spots recorded by the dual-beam writing configuration. Scale bar: 1 µm.  

c and d, Superresolution imaging of densely arranged spots of a panda yin–

yang pattern. Superresolution STED-image readouts of the recording patterns 

formed by the 515-nm femtosecond writing laser beam without (c) and with  

(d) subsequent application of the 639-nm CW deactivating beam. Insets: 

Magnified images of 1 × 2 recording spots and the original panda yin–yang 

pattern. e, Intensity profiles extracted from the areas marked with the dashed 

lines in the magnified images in (c) and (d). The panda yin–yang pattern is 

discretized to a 21 × 21 dot matrix with a spacing of 112 nm.



Extended Data Fig. 8 | ODS on optical base disc and fluorescence lifetime 

imaging of the recording areas. a, A base disc comprising only substrate.  

b, A disc with a transparent-yellow circle of the aggregation-induced emission 

dye-doped photoresist (AIE-DDPR) that has been subsequently cured.  

c, Superresolution imaging of recording spots formed by the 515-nm femtosecond 

writing beam without and with the application of the 639-nm CW deactivating 

beam. d, Intensity profiles extracted from the areas marked with the white dashed 

lines in the red and blue boxes in (c). The recording-spot sizes were 107 nm and 

188 nm for dual-beam writing and single-beam writing, respectively. We had to 

scan a portion of the optical disc as the scanning stage could not accommodate a 

whole disc. e and f, Scanning fast fluorescence lifetime imaging microscopy (FLIM) 

image (e) and the corresponding FLIM histogram (f) for the recorded areas at 

different writing powers of the 515-nm femtosecond laser beam (the third state) 

and the background area with only ultraviolet curing (the second state). The 

recording areas were written at a scan speed of 2.5 µm/s and comprised parallel 

lines with a line spacing of 300 nm.
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Extended Data Fig. 9 | Lifetime and durability test of ODS. a and b, Scanning 

fluorescence and white-light microscopic images of the recorded spots for the 

temperature stress condition of 130 °C and 120 °C. The time is incubation time. 

c and d, The intensities for different incubation times (c) and (d) were extracted 

from the fluorescence images (a) and (b).



Extended Data Table 1 | Recording resolutions and capacities of different storage systems

Various mechanisms, calculated capacities for a DVD-sized disc area, minimum sizes of the recording spots, pitch sizes (i.e., minimum distances of the neighboring spots), areal densities and 

numbers of experimentally realized recording layers for different recording materials.
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Extended Data Table 2 | Degree of conversion (DC) values, mean lifetimes, quantum yields (QYs), nonradiative and radiative 
decay rates of the recorded areas at different writing powers of the 515-nm femtosecond laser beam (i.e., the third state), 
and the area with only ultraviolet curing (i.e., the second state)

When the writing power of the 515-nm femtosecond laser beam increases, the corresponding DC value and QY increases which means a higher degree of polymerization (a stronger film) emits 

brighter light. This is in accordance with an increasing radiative decay rate and a decreasing nonradiative decay rate, which were calculated from the average lifetimes and QYs.
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