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Based on the polarization-sensitive absorption of graphene under conditions of total internal

reflection, we demonstrate the fabrication and reading of transparent and flexible multi-layer-film

optical data storage media based on graphene recording layers. We report a realization of the

process of data writing-transferring-reading by repeatedly transferring recorded graphene and its

strong polarization effect. The reading results show a high signal-to-noise ratio and stability and

low crosstalk interference between the layers. In addition, the graphene-based multi-layer-film

optical data storage medium has a high transparency and flexibility. The high signal-to-noise ratio

remains stable after the structure is bent 1000 times. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4812473]

Optical data storage (ODS) represents revolutionary pro-

gress for the field of information storage capacity. Given the

recent significant increase in the amounts of digital informa-

tion being generated, the storage capacity of ODS media

must improve further.1 Therefore, the development of a

high-density data storage medium has been increasingly pur-

sued for ODS. At present, high-density ODS technology can

be advanced in two ways: one way is to overcome the dif-

fraction limit in order to improve areal storage density (e.g.,

near-field optical data storage).2 The other approach for de-

velopment is to establish a multi-layer data recording layer

(DRL) in a three-dimensional (3D) optical data storage space

to improve the volume storage density (e.g., two-photon 3D

optical data storage and co-extruder multi-layer optical data

storage).3,4 The number of DRLs in a finite thickness must

be maximized to improve the volume storage so that more

digital information can be stored with the same single-layer

storage density. A challenge encountered in multi-layer ODS

technology is crosstalk interference between layers. The

requirements of multi-layer ODS in a developing process

can be met by obtaining reading results with a high signal-

to-noise ratio (SNR) and low crosstalk.

Graphene, a novel two-dimensional (2D) material, is a

type of monolayer laminated structure composed of carbon

atoms and is currently the thinnest known material.5

Graphene has been applied in optics, machinery, chemistry,

and electronics.6–9 The thickness of monolayer graphene is

3.4 Å, and the optical transmittance of graphene is up to

97.7%.10 The carbon-atom plane can be bent and deformed

to a large degree while maintaining a stable structure.

Therefore, graphene is an ideal choice as a transparent and

flexible active layer for ODS media. Currently, the micro-

structure size of graphene can be made to be a few tens of

nanometers or even several nanometers with the use of

existing methods,11 which allows for an areal storage den-

sity of up to 1012 byte/cm2. Furthermore, there are various

methods for transferring graphene to an arbitrary flexible

substrate.12–14 Consequently, graphene-based multi-layer-

film ODS media can be achieved by repeatedly transferring

graphene, and the volume storage density can be theoreti-

cally improved to 1015 byte/cm3–1017 byte/cm3. With

regard to the writing and transfer of data in a graphene

DRL, however, it is more difficult for graphene to be read

out, especially for data that have been recorded on multi-

layer films using the present optical methods because gra-

phene is nearly transparent.

Under total internal reflection (TIR), the absorption of gra-

phene for s-polarized light is much larger than that for p-polar-

ized light.15 Based on this knowledge, a data reading device

for multi-layer films was designed to read out data stored by a

graphene-based multi-layer-film ODS medium. In this study,

the data writing was performed on the graphene active layer

based on photolithography and femtosecond (FS) laser direct

writing technology. In the graphene transfer process, polydi-

methylsiloxane (PDMS) and hard-polydimethylsiloxane

(h-PDMS) were used as flexible buffer layers to make the

transparent and flexible multi-layer-film ODS medium. A bal-

anced detector in the experiment converts the optical signals

into electric signals and simultaneously amplifies them. The

reading results show a high SNR and stability and low cross-

talk interference between the layers. In addition, the graphene-

based multi-layer-film ODS medium has a high transparency

and flexibility.

Under TIR, the interaction between the evanescent wave

and the material on the prism surface can change some of the

properties of the reflected light, for example, via the surface

plasma resonance effect.16 When there is graphene on the

prism surface, the reflected s-polarized light intensity is much

weaker than that of the p-polarized light after the TIR.15 In

fact, for monolayer graphene, the p-polarized light intensity
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shows little variation with the presence of graphene on the

prism surface under TIR. However, the s-polarized light in-

tensity is approximately 9% lower than before reflection.

When the light changes from p- to s-polarized, the reflectivity

gradually decreases. The reflectivity of the s-polarized light is

minimized, and the reflectivity difference between the s- and

p-polarized light is maximized. For three-layer graphene, the

reflectivity difference even reaches �20% (Fig. S1).22 As a

result, the data recorded in the graphene are likely to be read

out with a high SNR. The reflectivity difference between the

s- and p-polarized light is maximized at the graphene layer,

and the corresponding voltage signal is recorded as “1.” The

reflectivity difference between the s- and p-polarized light is

minimized for the layer without graphene, and the corre-

sponding voltage signal is recorded as “0.”

Because TIR occurs between an optically dense medium

and an optically thin medium, once the high-low gradient of

the refractive index is built between the buffer layers, the

data from the multi-layer films can be read. Figure 1(a) shows

the data-reading schematic diagram of the graphene-based

multi-layer-film ODS medium. Because the refractive indices

follow the order n1 > n2 > n3, when the incident angle is

large, TIR can first occur at the interfaces of the n1 and n2

media. Owing to the absorption difference for graphene

between the s- and p-polarized light under TIR, the data

recorded on the graphene between the interfaces of n1 and n2

can be read out. Next, when the incident angle is reduced to

the correct angle range, the incident light can be totally

reflected at the interfaces of n2 and n3 through the interfaces

of n1 and n2. Thus, the data recorded in the graphene between

the interfaces of n2 and n3 are read out. Similarly, the data for

the other layers can be read out.

In our experiment, three-layer graphene grown on a Ni

substrate by chemical vapor deposition (CVD) is regarded as

the active layer material. There are many methods for defin-

ing the number of graphene layers, such as transmittance

methods, Raman spectroscopy,17 and surface plasmon reso-

nance (SPR).18 Here, the number of graphene layers was

defined by the transmittance (Fig. S2) and Raman spectros-

copy (Fig. S3). The absorbance of monolayer graphene is

2.3% and the absorbance of graphene samples we used is

about 7% in the visible region. Therefore, the number of gra-

phene layers is determined to be three. As a demonstration

model, lithography technology19 was used to write microgrid

structures as the data points. FS laser direct writing technol-

ogy is also a good candidate for recording data in the gra-

phene because submicron and even nanoscale data points can

be fabricated by an FS pulse laser.20 Figure 1(b) shows the

setup of the data-writing process using an FS laser. Figure

1(c) shows a patterned graphene micrograph fabricated by

ultraviolet photolithography technology. The microstructure

of the graphene pattern written by the photolithography tech-

nology has a regular edge with a uniform band width. The

width of the graphene band is 20 lm, and the distance

between adjacent graphene bands is 50 lm. Figure 1(d) shows

SEM image of three-layer graphene pattern fabricated by a

FS pulse laser at 400 nm. A SEM image of monolayer gra-

phene pattern fabricated by a FS pulse laser is shown in Fig.

S5. The minimum distance between adjacent graphene bands

is approximately 700 nm.

Owing to their excellent optical, mechanical, and sur-

face chemical properties, PDMS and h-PDMS have been

widely applied in optical fluidic chips, flexible devices,

micro-fluidic chips, and soft lithography in recent years.21

The refractive index of PDMS is 1.4017, and the refractive

index of h-PDMS is 1.4198 at room temperature. Thus,

PDMS and h-PDMS can act as buffer layers with an index

gradient. A graphene-based transparent and flexible multi-

layer-film ODS medium was fabricated through the transfer

process of graphene, as shown in Fig. 2(a). First, the h-

PMDS prepolymer was poured onto a quartz substrate and

spun. After curing the h-PDMS prepolymer, the h-PDMS

surface was attached to Ni-based graphene with recorded

data to form a structure of Si/SiO2/Ni/graphene (G)/h-

PDMS/quartz. The multi-layer structure was then soaked in

an aqueous iron (III) chloride (FeCl3) solution (1 M) to

FIG. 1. (a) Data-reading schematic

illustration of the graphene-based

multi-layer-film ODS medium. (b) FS

laser micromachining setup. (c)

Patterned graphene fabricated by pho-

tolithography technology. The width of

the graphene band is 20 lm, and the

distance between adjacent graphene

bands is 50 lm. The flexible substrate

is PDMS with a light spot in the mid-

dle. (d) SEM image of the channel pat-

tern for three-layer graphene on a

PDMS flexible substrate.
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remove the nickel layers. In this way, a 2D graphene-based

ODS medium with h-PDMS as a buffer layer was obtained.

By repeating the above process, three-layer ODS structures

with h-PDMS and PDMS buffer layers can be obtained.

Figure 2(b) displays a graphene-based three-layer-film ODS

medium adhering to a liquid crystal display (LCD). The fig-

ure shows that this ODS structure has good transparency.

Figure S6 shows the transmittance curves of the three-layer-

film ODS medium and pure h-PDMS/PDMS buffer layers.

The transmittances are higher than 75% at the visible band.

Figure 2(c) shows that the three-layer ODS medium is suffi-

ciently flexible.

Figure 3 shows a sketch diagram of the data-reading

process for the multi-layer films. The graphene-based

three-layer-film ODS medium was adsorbed on glass and

formatted in the structure of glass (n1¼ 1.5104)/graphene/

h-PDMS (n2¼ 1.4188)/graphene/PDMS (n3¼ 1.4017)/gra-

phene/air (n4¼ 1.0000). The medium was placed on a prism

(n¼ 1.5104) with an index-matching fluid between them. A

continuous wave (CW) laser at 532 nm is transformed into

circularly polarized light through a Glan-Taylor prism and a

quarter-wave plate. Through objective focusing, the circu-

larly polarized light is used to read the recorded data. The

s- and p-polarized light components are separated by a

polarized beam splitter. Therefore, the absorptions of gra-

phene for the s- and p-polarized light are distinguished. The

variations in the s- and p-polarized light components are

then simultaneously detected by a balanced detector, and

the difference between the s- and p-polarized light inten-

sities is converted into a voltage signal through the detector.

The data recorded on each layer of graphene can be read

out in a sequence by reducing the incident angle. Figure

4(a) displays the reading results of the graphene storage

layer at the glass (n1¼ 1.5104) and h-PDMS (n2¼ 1.4188)

interfaces. The zone corresponding to the low-voltage value

without graphene is recorded as “0,” whereas the zone cor-

responding to the high-voltage value with graphene is

recorded as “1.” The reading curves show that the voltage

difference is more than 2 V between reading the “0” and

“1” data, which indicates an ideal readout effect and a high

degree of recognizable signal. The figure shows that the

curves are smooth and that the heights of the regions in the

“1” zone are nearly identical, which indicates that the signal

is very stable during the readout process and that the trans-

fer process has little impact on the graphene recording

layer. The SNR for this reading method is approximately

100 based on the enlarged noise/signal figure.

Crosstalk interference between layers is a significant bot-

tleneck for multi-layer-film ODS. In our experiments, the

crosstalk interference between layers is mainly caused by two

aspects. As shown in Fig. 1, the data stored by the graphene

at the interfaces of n2 and n3 are taken as an example. One

FIG. 2. Preparation of flexible three-layer-film ODS by repeatedly data transferring. (a) Schematic illustration of the experimental procedure for fabricating

the transparent flexible graphene-based three-layer-film ODS medium. (b) and (c) Photographs of the transparent flexible graphene-based three-layer-film ODS

medium.

FIG. 3. A 532-nm CW laser is used for data reading. A polarized beam splitter (extinction ratio > 1000:1) divides the reflected light into s- and p-polarized light.
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aspect is that part of the incident light is reflected and

absorbed when it passes though the interfaces of n1 and n2.

Compared with the TIR, the absorption of the graphene is

polarization-independent when the incident light passes

though the graphene. The light intensity through the interfa-

ces of n1 and n2 is weakened for both the s- and p-polarized

light. Another aspect is due to the interaction between the

evanescent wave and the graphene in the next layer when the

evanescent wave passes through the interfaces of n3 and n4.

This result occurs because the evanescent wave decays expo-

nentially in the direction perpendicular to the interface, and

the general penetration depth is on the order of the incident

light wavelength. Theoretically, if the thickness of the buffer

layer is more than the wavelength of the incident light, the

readout results cannot be influenced. Figure 4(b) shows the

reading results of each layer of the three-layer-film ODS me-

dium with a graphene recording layer. The buffer layer thick-

ness of h-PDMS and PDMS is �50 lm, which is orders of

magnitude greater than the wavelength. The power density of

the incident light is 87.5 nW/lm2. The crosstalk interference

between layers is very low because of the high SNR and the

thick buffer layers. However, owing to the absorption and

scattering of the graphene, the SNR decreases with an

increase in the reading layers under the same reading inten-

sity. The SNR is approximately 100 for the data on the gra-

phene recording layer at the glass (n1¼ 1.5104) and h-PDMS

(n2¼ 1.4188) interfaces, whereas the SNR reduces to 60

when the data on the graphene recording layer at the PDMS

(n3¼ 1.4017) and air (n4¼ 1.0000) interfaces are read.

Figure 4(c) shows the readout signal from the graphene

recording layer between the interfaces of glass (n1¼ 1.5104)

and h-PDMS (n2¼ 1.4188) for a different incident light

power. The figure shows that the larger the power density of

the incident light, the higher the SNR of the reading results.

When the power density of the incident light is 0.6 nW/lm2,

the SNR is approximately 5–6. This value corresponds to the

light power density of the minimum distinguished signal in

the experiment.

A flexibility test was performed by repeatedly bending

and relaxing this ODS medium around a solid column (radi-

us¼ 10 mm), with a tensile strain of approximately 3%.

Figure 4(d) shows that as the three-layer-film ODS medium

is bent 1000 times, there is no significant electrical degrada-

tion in the “0” and “1” states. In this figure, the power density

of the incident light was 87.5 nW/lm2, and the interfaces of

the prism (n1¼ 1.5104) and h-PDMS (n2¼ 1.4188) were

tested. Note from the figure that the recording layer’s switch

ratio is still stable after being bent 1000 times, and the volt-

age difference between the “0” and “1” states remains

approximately 2 V.

In conclusion, we demonstrate the fabrication and read-

ing of transparent and flexible multi-layer films ODS media

based on graphene recording layers, an ultrathin two-

dimensional carbon material. We report a realization of the

process of data writing-transferring-reading by repeatedly

transferring recorded graphene and strong polarization

effect. The reading results show a high SNR and stability

and low crosstalk interference between the layers. The volt-

age signal difference is more than 2 V between reading the

“0” and “1” data. When the power density of the incident

light is 0.6 nW/lm2, the SNR is approximately 5–6. In addi-

tion, the graphene-based multi-layer-film ODS medium has a

high transparency and flexibility. The high SNR remains sta-

ble after the structure is bent 1000 times. Since the data are

point-by-point read out in the graphene data record layer, the

data access rate is slower than that in the holographic data

storage. However, a faster data access rate in such a

graphene-based ODS is expected with the development of

the data read methods, such as parallel read strategy.
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the graphene storage layer at the

glass (n1¼ 1.5104) and h-PDMS

(n2¼ 1.4188) interfaces. The enlarged

figure shows that the noise signal is

20 mV. (b) The reading results for

each layer of the three-layer-film ODS

medium. The buffer layer thickness of

the h-PDMS and PDMS is �50 lm.

(c) The readout signal from the gra-

phene recording layer between the

glass (n1 ¼ 1.5104) and h-PDMS (n2

¼ 1.4188) interfaces. The power den-

sity of the incident light ranged from

87.5 nW/lm2 to 0.6 nW/lm2. (d)

Bending experiment of the graphene-

based three-layer-film ODS medium

at a power density of 87.5 nW/lm2.
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