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An actively ultrafast tunable giant slow-light effect in
ultrathin nonlinear metasurfaces

Cuicui Lu1, Xiaoyong Hu1,2, Kebin Shi1,2, Qin Hu1, Rui Zhu1,2, Hong Yang1 and Qihuang Gong1,2

A slow-light effect based on metamaterial-induced transparency (MIT) possesses great practical applications for integrated photonic

devices. However, to date, only very weak slow-light effects have been obtained in metamaterials because of the intrinsic loss of metal.

Moreover, no active control of slow-light has been achieved in metamaterials. Here, we report the realization of a giant slow-light effect

on an ultrathin metasurface that consists of periodic arrays of gold nanoprism dimers with a thickness of 40 nm sandwiched between a

multilayer-graphene micro-sheet/zinc oxide nanoparticle layer and a monolayer graphene/polycrystalline indium tin oxide layer. The

strong field confinement of the plasmonic modes associated with the MIT ensures a tremendous reduction in the group velocity around

the transparency window. A group index of more than 4 3 103 is achieved, which is one order of magnitude greater than that of previous

reports. A large tunable wavelength range of 120 nm is achieved around the center of the transparency window when the pump light

intensity is only 1.5 kW cm22. The response time is as fast as 42.3 ps. These results demonstrate the potential for the realization of

various functional integrated photonic devices based on metasurfaces, such as all-optical buffers and all-optical switches.
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INTRODUCTION

The slow-light effect plays an essential role in the field of nonlinear

optics. Typical materials that have been used to achieve the slow-light

effect include photonic crystals, optical fibers, and optical microcav-

ities.1–5 Recently, the slow-light effect has been realized based on

metamaterial-induced transparency (MIT).6–11 However, only a small

group index of 100 was obtained in photonic metamaterials because of

the relatively large intrinsic loss of metal.6–11 Moreover, various func-

tional integrated photonic devices, including ultrafast all-optical buf-

fers and all-optical switches, require ultrafast control of the slow-light

effect. Photonic metasurfaces offer a variety of opportunities to con-

trol light using flat and surface components and have attracted wide

attention for their great practical applications in the field, such as

optical computing, optical communications, and integrated photonic

circuits.12–17 To date, no ultrafast active control of the slow-light effect

in metamaterials has been reported.

In this letter, we report the realization of an ultrafast all-optical tun-

able giant slow-light effect in an ultrathin metasurface. The metasurface

consists of periodic arrays of gold nanoprism dimers sandwiched

between a multilayer-graphene micro-sheet/zinc oxide (ZnO) nanopar-

ticle layer and a monolayer graphene/polycrystalline indium tin oxide

(ITO) layer. The strong field confinement of the plasmonic modes

associated with the MIT ensures a large reduction in the group velocity

in the transparency window. The enhanced nonlinearity brought about

by the quantum confinement (QC) effect provided by the ZnO nano-

particles and polycrystalline ITO nanograins, hot electron injection

from the gold nanoprism to monolayer graphene, and reinforced inter-

action between the light and matter provided by the multilayer-

graphene micro-sheets ensures a very large nonlinear refractive index

for the metasurface sample. Therefore, ultralow power for the all-optical

tunability can be obtained relative to previously reported all-optical

tunable metamaterials.6,18–21 This study not only provides a scheme

to construct large optical nonlinear photonic materials with ultrafast

response but also provides opportunities for the realization of low-

power ultrafast photonic devices for integration based on metasurfaces.

MATERIALS AND METHODS

The fabrication process of the metasurface sample is shown in

Figure 1a. First, a monolayer of graphene was covered on the surface

of an ITO film (180-nm-thick) on a SiO2 substrate using chemical

vapor deposition (CVD). Second, periodic arrays of gold nanoprism

dimers were patterned on the surface of the monolayer graphene

through an electron-beam lithography (EBL) system. Figure 1b shows

the three-dimensional structure of one gold nanoprism dimer unit.

Third, ZnO nanoparticles were covered on the surface of the periodic

arrays of gold nanoprism dimers by using the spin coating method.

Fourth, multilayer-graphene micro-sheets were covered on the surface

of the ZnO nanoparticle layer. The details of the sample fabrication are

provided in the supplementary information. The left nanoprism was

arranged handstand-like, and the right nanoprism erect, as shown in

Figure 1b. A top-view scanning electron microscopic (SEM) image of

the plasmonic crystal of gold nanoprism dimers with a square lattice is

presented in Figure 1c. The period was 1000 nm. Both of the nanopr-

isms took on the configuration of an equilateral triangle with a lateral
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Figure 1 Characteristics of the metasurface structures. (a) Fabrication process. (b) Three-dimensional schematic structure of a gold nanoprism dimer in one unit cell

without ZnO nanoparticles and multilayer graphene on the gold nanostructures. Top-view SEM images at low and high magnification of the metasurfaces without ZnO

nanoparticles and multilayer graphene (c), with ZnO nanoparticles (d), and with ZnO nanoparticles and multi-layer graphene micro-sheets (e). The insets with the

green arrows pointing at them are small-scale images for (c), (d), and (e).
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length of 400 nm. Both the length and the width of the entire pat-

terned area were 300 mm. The ITO film took on a polycrystalline

configuration, consisting of crystal nanograins (the average diameter

was less than 30 nm), clearly shown in the inset of Figure 1c. The

average size of the ZnO nanoparticles on the gold dimer array was

approximately 10 nm, as seen from the inset in Figure 1d. The ZnO

nanoparticles were homogeneously distributed to form a ZnO dielec-

tric layer. The multilayer-graphene micro-sheets cover layer

consisted of a mixture of 70% thin sheets (from 1 to 10 layers) and

30% thick sheets (from 11 to 30 layers). The black regions in Figure 1e

correspond to the thick multilayer-graphene micro-sheet regions, and

the white regions are the thin multilayer-graphene micro-sheet

regions.

RESULTS AND DISCUSSION

The transmission spectrum of the samples was measured using an

optical micro-spectroscopy system (see supplementary information).

We first measured the linear transmission properties of the metasur-

face without the multilayer-graphene micro-sheet/ZnO nanoparticle

cover layer (Figure 2a). The transmission shown is the normalized

results, which is the ratio of the transmission for the sample with

meta-structures to that of a pure gold film (40-nm-thick) coated on

an ITO film (180-nm-thick) on a SiO2 substrate.6,22 The absolute

intensity of the probe light propagating through the metasurface sam-

ple was more than 20 000 a.u., whereas that of the reference film was

more than 45 000 a.u. There was a narrow transparency window

within the wide forbidden band, which indicates the formation of

the MIT. A high transmission of 80% was maintained in the center

of the transparency window. The width of the transparency window

was reduced with the increase of the gap distance between the two

gold nanoprisms, i.e., when the gap distance was 52 nm, 104 nm,

and 156 nm, the corresponding full-width of the half-maximum of

the transparency window was 348 nm, 301 nm, and 298 nm, respect-

ively. This is mainly the result of the difference in coupling strengths

between the dark modes and bright modes brought about by different

gaps. The measured results agree with the calculated results in

Figure 2b, except that the position of the two dips exhibits a very large

discrepancy between theory and experiment, i.e., the measured MIT

linewidths are significantly broader than the calculated linewidths.

The reasons for this discrepancy can be understood as follows: first,

the gold nanoprisms took on a polycrystalline configuration com-

posed of nanoscale gold grains with an average diameter of 4 nm, as

shown in Figure 1c and Figure S9 in the Supplementary Information.

This results in a rough surface of gold nanoprisms. Second, the gold

nanoprisms were not perfectly etched. For example, the vertexes of the

gold nanoprisms were round, and the edges of the gold nanoprisms

were curved. Yurista et al. and Davis et al. noted that the rough surfaces

of metamolecules and imperfectly fabricated metamolecules will add

additional losses, which will broaden the bandwidth of the transpar-

ency window of the MIT and reduce its transmission.23–26 This broa-

dened bandwidth has been confirmed by Nau’s measurements.27 The

average surface roughness of the ZnO and ITO films were approxi-

mately 5 nm and 45 nm, respectively, as shown in Figure 1c and

Figure S9 in the Supplementary Information. It is the transparency

window center that determines in which wavelength the maximum

slow-light effect can be found. The measured central wavelength of the

transparency window of the MIT, 1300 nm, was in agreement with the

calculated central wavelength. The very large discrepancy between the

calculated and measured positions of the two dips has no influence on

the study of the slow-light effect. To elucidate the physical mechanism

for the MIT, we calculated the electric field distributions and current

density distributions of the gold nanoprism dimers with a gap of

104 nm. Figure 2c–2e shows the calculated Y-polarized electric field

distributions for different incident wavelengths of 1260 nm (located

in the first transmission valley of the MIT), 1300 nm (in the transpar-

ency window peak), and 1400 nm (in the second transmission valley

of the MIT), respectively. The bright modes can be excited directly by

the incident weak electric field, whereas the dark modes can only be

excited by the coupling of the bright modes. The interference between

the dark mode and bright mode generates MIT. For the 1260 nm and

1400 nm incident light, the electric field distributions were strong in

each corner of the nanoprisms (as shown in Figure 2c and 2e), which

demonstrates that strong bright modes are excited, whereas for the

1300 nm incident light (Figure 2d), the field distributions were weak

at the adjacent sides of the two nanoprisms, which demonstrate the

destructive interference caused by the strong coupling of the dark

modes and the bright modes.7,24 From the calculated current density

distribution, it is easy to find that for the 1260 nm and 1400 nm

incident light, the electric dipole modes (bright modes) are excited,

and the current density in the gap area for the adjacent two nanopr-

isms has the same sign (Figure 2f and 2h), which takes on an ‘‘anti-

bonding’’ configuration. By contrast, for the 1300 nm incident

light, the electric quadrupole modes (dark modes) are excited due

to the bright modes coupling, and the current density in the gap area

for the adjacent two nanoprisms has the reverse sign (as shown in

Figure 2g), which takes on a ‘‘bonding’’ configuration. In a manner

analogous to atom energy-level splitting, the ‘‘antibonding’’ config-

uration has a higher energy level than the ‘‘bonding’’ configuration,

and therefore the ‘‘antibonding’’ corresponds to the superradiance

and ‘‘bonding’’ corresponds to the subradiance.11,24 Biswas et al.

noted that the electric field distributions of different dipole plasmonic

modes is different even though they may have similar current density

distributions.11

To investigate the slow-light effect brought about by MIT, we first

calculated the linear transmission spectrum and group refractive index

of the metasurfaces with different gap distances for the gold nanoprism

dimer unit, which is shown in Figure 3a and 3b. The group refractive

index was not directly obtained from the transmission spectrum (the

detailed calculation methods are shown in the Supplementary

Information). Zhao et al. demonstrated that the phase shift of incident

light propagating through a metasurface was solely determined by the

surface plasmon response, and the influence of multiple reflections of

light through the metasurface can be neglected.28 As shown in Figure 3a, a

distinct MIT effect was obtained in the metasurfaces. The wider the gap,

the narrower the linewidth of the transparency window. The group

refractive index ng was calculated to be 4 3 103 at 1300 nm for the

metasurface sample with a gap distance of 104 nm between the two gold

nanoprisms, as shown in Figure 3b. We also calculated, using the finite

element method, the pass time of a Gaussian laser pulse (with a wave-

length of 1300 nm and a pulse duration of 35 fs) through the metasurface

sample under conditions in which the pulse does not have excessive

aberration. The pass time was delayed by 500 fs compared with that

through the air, confirming that a very large group index of 4 3 103

was obtained for the metasurface. The group refractive index increased

from 2.7 3 103 to 7.7 3 103 around the transparency window when the

gap distance increased from 9 nm to 199 nm, which can be understood

from the underlying physical mechanism of MIT. Analog to the three-

level atom system, the linear response of a meta-atom to resonant light

can be described using the first-order susceptibility x. The real part

of the susceptibility Re[x] determines the refractive index, whereas its
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imaginary part Im[x] determines the field dissipation.7 Considering the

case of a small detuning and the second-order approximation, the sus-

ceptibility can be written as7,10

x!d
k2 � c2

b

(k2zcacb)2
zi

cb

k2zcacb
zio(d2) ð1Þ

where k is the coupling between the bright atom and the dark atom, d
is the detuning of the atom resonance frequency and the incident

light frequency, and c is the damping factor of atom. For strong

coupling, kww
ffiffiffiffiffiffiffiffi

cacb
p

, so we have x!1=k2. The wider the gap, the

weaker the coupling strength between the bright atom and the dark

atom. This indicates that k decreases with the increase of the gap,

which leads to a increment in Im½x�, corresponding to an enlarged

absorption cross-section of the meta-atom s. Fleischhauer et al.

noted that the linewidth of the transparency window Dl satisfies

the relation7

Dl!
1
ffiffiffi

s
p ð2Þ

It is very clear that the linewidth of the transparency window Dl

decreases with the increase of the gap. Moreover, the Im[x] is

increased due to the decrease of k, so the transmission of the trans-

parency window is decreased due to the increased loss (see Figure 2a).

Tassin et al. showed that the stronger the excitation of the dark plas-

monic mode using the bright plasmonic mode, the larger the group

index is, due to the more intense destructive interference between the

bright and dark modes.29 The excitation f of the dark plasmonic mode

can be estimated by the relation29

Figure 2 Linear transmission spectrum measurements and calculations for MIT. (a) Measured transmission spectra of the metasurface with different gaps. (b)

Calculated transmission spectra of the metasurface with different gaps between the two gold nanoprisms of 52 nm (blue dotted), 104 nm (green solid), and 156 nm

(red dash dotted), All the incident cases were set to be Y-polarized. Electric-field distributions (c–e) and current-density distributions for the component in the Y

direction (f–h) on the upper surface of the gold dimers with different incident wavelengths. (c) and (f): l 5 1260 nm; (d) and (g): l 5 1300 nm; (e) and (h): l 5

1400 nm. The legends for the magnitudes of the electric field and current density are normalized.
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Figure 3 Calculated transmission spectrum (a) and group refractive index (b) for the metasurface with different gap distances for the gold nanoprism dimer unit. The

gap distances between the two gold nanoprisms are 9 nm, 52 nm, 104 nm, 156 nm, 199 nm, and 242 nm.
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Therefore, a weak coupling between the bright and dark modes

leads to a stronger excitation of the dark modes, and subsequently, a

larger group refractive index can be obtained. For a larger gap, the

coupling between the bright and dark modes was weakened, which

results in an enlarged group refractive index. This has been confirmed

by the measurements of Tassin et al.29 According to our design, the

largest gap can be set to 260 nm, because the period is 1000 nm; if the

gap is more than 260 nm, the adjacent dimer pair has less gap distance,

so the group refractive index will decrease. Hence, the maximum

group refractive index for the gold nanoprism dimer is slightly more

than 7.7 3 103, so the corresponding MIT has a smaller transmission

around the transparency window. In fact, with the further decrease of

the gap, it is no longer the real ‘‘MIT’’ but rather the Autler-Townes

(AT) splitting, which only looks similar to ‘‘MIT’’ with a broader

transparency window due to the strong coupling (see the top figure

in Figure 3a).30,31 The smaller the gap, the larger detuning of the

two resonances, which results in the generation of AT, and that is

why the ‘‘MIT’’ has a large transparency window when the gap is

9 nm or smaller. The acquisition of the giant group index in an ultra-

thin metasurface may results from three aspects. First, the gold

nanoprism has stronger localization due to its sharper corner com-

pared to a cuboid;10,11 second, the variety of modes existing in the gold

nanoprism makes coupling between the two nanoprisms much

easier;32 third, if the plasmonic microstructure is compared with the

‘‘optical microcavity’’, it is easy to see that the quality factor value

(Q/ 1/Dv) increases with the decrease of the linewidth of the trans-

parency window brought about by the increased gap distance, as

shown in Figure 3b, i.e., the photon lifetime increase corresponds

to the strengthened slow-light effect.33,34 We also investigated the

dependence of the MIT lineshapes on the structural parameters,

including the period of the dimers, the lateral length of the nanopr-

isms, the thickness of the gold nanoprisms, and different incident

polarizations (detailed in the Supplementary Information). It was

found that the MIT lineshape has an obvious red-shift with the

increase of the period, whereas the lateral length and the gold thickness

have little influence on the MIT. With the polarization change, the

MIT lineshape experiences a great change due to the great coupling

changes of the bright modes.

An optical interference experiment was performed to characterize

the slow-light time. The all-optical tunability of the metasurface was

also demonstrated by an interference experiment setup by varying the

pump intensity. The sample had a gap distance of 104 nm for the gold

nanoprism dimer unit and an effective thickness of 40 nm for the

slow-light effect. The schematic experimental setup is depicted in

Figure 4a (see Supplementary Information for detailed setup and

measurements), which has a Mach–Zehnder interferometer config-

uration. The incident probe beam was Y-polarized and was focused

to approximately 100 mm. When the pump laser was switched off,

perfect interference fringes were obtained for two probe pulses prop-

agating through two identical 180-nm-thick ITO films on SiO2 sub-

strates at zero time delay for different probe wavelengths (as shown in

Figure 4b), because the optical path difference was zero. When one

180-nm-thick ITO film on SiO2 substrate was replaced by the metasur-

face sample, perfect interference fringes were obtained at a time delay

of 500 fs when the incident wavelength was 1300 nm (see Figure 4c).

A very large group index of 4 3 103 was obtained for the metasur-

face sample, one order of magnitude larger than those of previous

reports.6–11 Under the excitation of a 1.5 kW cm22 pump laser (l

5 1300 nm), only when the probe wavelength was reduced to

1180 nm could the interference fringes be obtained under the same

time delay of 500 fs, as shown in Figure 4d. The effective refractive

index of the multilayer-graphene micro-sheet/ZnO nanoparticle layer

and the monolayer graphene/polycrystalline ITO layer was decreased,

resulting from the optical Kerr effect under the excitation of the pump

laser.35,36 Accordingly, the plasmonic modes provided by the gold

nanoprism dimers have a blue-shift, and the transparency window

has a blue-shift. To further verify the measured time delay, we calcu-

lated the transmission spectrum of the metasurface sample under

different pump intensities. The transmission spectrum has a blue-shift

resulting from the negative large nonlinear refractive index of the

multilayer-graphene micro-sheet/ZnO nanoparticle layer and the

monolayer graphene/polycrystalline ITO layer (see Figure 4f). If we

still used the 1300-nm probe light when the 1.5 kW cm22 pump laser

was switched on, the interference fringes would be obtained at

approximately t 5 0.3 fs due to the increased optical path brought

about by the ZnO layer and multilayer graphene relative to pure ITO

glass, as shown in Figure 4e. Figure 4g shows the measured time delay

to obtain perfect interference fringes for a 1300-nm-probe laser under

different pump laser intensities. The time delay changes from 500 fs to

0.3 fs to obtain perfect interference fringes upon increasing the pump

laser intensity from 0 to 1.5 kW cm22. This demonstrates that the

slow-light effect can be continuously tuned within a wavelength range

of 120 nm. Thus, we can freely modulate the slow-light effect by using

a pump laser. If more identical metasurface samples are cascaded,

an optical buffer with a large delay time can be realized. For example,

a large time delay on the order of several hundred picoseconds can

be achieved by cascading many layers of metasurfaces. The delay-

bandwidth product was calculated to be 42.3 for the metasurface,37

which confirms that the metasurface has potential applications in

slow-light signal processing devices. A possible way to solve the prob-

lem of losses is to add a transparent gain medium under or above the

metasurface.9,10

To confirm the all-optical tunability, the transmission changes of

the 1180-nm-probe light were measured using an optical pump-probe

experimental setup (see Supplementary Information). Figure 5a

shows that the intensity was 1.5 kW cm22 and 0.1 kW cm-2 for the

pump and probe pulses, respectively. The probe wavelength was

located at the maximum slope between the first valley and the trans-

parency peak of the MIT (see Figure 2a). At first, the transmission was

61% for the probe light, but it increased to 78% when the pump and

probe pulses overlapped, which indicates that the transparency win-

dow has a blue-shift resulting from the negative nonlinear refractive

index of the multilayer-graphene micro-sheet/ZnO nanoparticle layer

and the monolayer graphene/polycrystalline ITO layer.35,36 This is

confirmed by the calculated transmission spectrum (Figure 4f) of

the metasurface sample under the excitation of a 1.5 kW cm22 pump

laser. Thus, a tunable wavelength range of up to 120 nm was realized

for MIT. The dynamic transmission change in the drop process of

Figure 5a reflects the response time of the all-optical tunability. We

used an exponential fit to characterize the response time to the mea-

sured data (see the red line of Figure 5a). In the fast process, the time

constant was measured to be 1.96 ps, and in the relatively slow process,

the time constant was measured to be 42.3 ps. The ultrafast response

of the fast process, 1.96 ps, was determined by the third-order optical

nonlinear response of graphene.38 The ultrafast time response of t2

is mainly caused by the relaxation of the third-order nonlinear res-

ponse of gold nanoparticles and hot electron injection from the gold
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Figure 4 Measured time delay and dynamic tuning for slow-light on the metasurface. (a) Schematic experimental setup for the time delay measurement of slow-light.

(b) CCD images for the interference of two probe pulses split through two ITO glasses. The incident wavelengths were 1180 nm, 1240 nm, and 1300 nm, corres-

ponding to numbers of interference fringes of 10, 10.5, and 11, respectively. One ITO glass was replaced by the sample for (c), (d), (e), and (f). (c) CCD images for the

interference of two probe pulses (l 5 1300 nm, where ng 5 4026) at different times by adjusting the delay line without the pump pulse. The number of interference

fringes is 11 (shown in the yellow dotted circle). (d) CCD images for the interference of two probe pulses (l 5 1180 nm) at different times by adjusting the delay line with

a pump pulse of 1180 nm. The maximum value of ng has a blue-shift due to the third-order nonlinear effects. The number of interference fringes is 10 (shown in the

yellow dotted circle). (e) CCD images for the interference of two probe pulses (l 5 1300 nm) with a pump pulse of 1180 nm. The maximum value of ng has a blue-shift

due to the third-order nonlinear effects. (f) Calculated transmission spectrum for different pump intensities. (g) Measured delay time change by increasing the pump

laser intensity for l 5 1300 nm. CCD, charge coupled device.
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nanoprism to ITO.39–41 To further confirm the ultra-low power all-

optical tunability, we adopted a closed-aperture Z-scan scheme to

measure the effective three-order nonlinear refractive index n2 of the

film composed of ZnO nanoparticles and multilayer-graphene micro-

sheets (Figure 5b).42 The measured result for the effective nonlinear

refractive index n2 was 28.03 3 1027 cm2 W21. Compared with the

conventional material of silicon (n2 is 23.16 3 10214 cm2 W21), our

metamaterial is seven orders of magnitude greater in the near-infra-

red range.43 We also measured n2 for an ITO film with monolayer

graphene and an ITO film with a monolayer and ZnO nanoparticles

(Supplementary Information Fig. S8) and found that the film com-

posed of ZnO nanoparticles and multilayer-graphene micro-sheets

has the larger n2. The large nonlinear refractive index of the meta-

surface sample is attributed the following aspects. The tremendously

enlarged thickness of the multilayer-graphene micro-sheets results

in exceedingly enhanced interaction between light and graphene

compared with monolayer graphene.21,44 Moreover, the small size

of 800-nm multilayer-graphene micro-sheets and the inhomogen-

eous surface limit the diffusion of carriers and increase the carrier

density per volume. By contrast, ZnO nanoparticles and ITO nano-

grains have excellent third-order nonlinearity due to quantum size

confinement effects on the intensity (Supplementary Fig. S9). The

hot electron injection from the gold nanoprisms to the ITO film also

provides an important interaction path for nonlinearity.41 The

threshold pump intensity of 1.5 kW cm22 is more than six orders

of magnitude lower than those of previous reports.6 Therefore, an

ultralow pump power was achieved.

CONCLUSIONS

We have achieved an ultrafast and ultralow-power all-optical tunable

giant slow-light effect in an ultrathin metasurface. A large group

index of more than 4 3 103 was obtained. Under the excitation of

an ultralow pump laser of 1.5 kW cm22, the transparency window

shifted up to 120 nm. The response time was as fast as 42.3 ps. This

work not only opens possibilities for the realization of ultrafast

optical buffers in the field of integrated photonic chips but also offers

strategies for constructing large nonlinear photonic materials with

ultrafast response.
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