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Ge2Sb2Te5 (GST) is a kind of non-volatile chalcogenide phase-change material, which has a signif-

icant difference in permittivity between its amorphous and crystalline states in the infrared range.

On account of this remarkable property, the combination of GST and metamaterials has great

potential in tunable meta-devices. In this paper, a perfect absorber based on a nanocross-resonator

array stacked above a GST spacer layer and an Au mirror (i.e., a metal-dielectric-metal configura-

tion) is designed and experimentally demonstrated. A thin indium tin oxide (ITO) protective layer

is inserted between the GST spacer and the Au resonator to avoid heat-induced oxidation of the

GST layer during phase transition. We found that the ITO layer not only can protect the GST layer

from deterioration, but also allows a significant blue shift in the absorption peak from 1.808 lm to

1.559 lm by optimizing the thickness of the two dielectric layers without scaling down the size of

the metal structure, which provides a more feasible idea in pushing the absorption peak to higher

frequency. The LC circuit model is presented to explain this blue-shift phenomenon, which is

mainly attributed to the engineering of the dielectric environment of the parallel plate capacitance.

In addition, such good performance in dynamitic modulation makes this perfect absorber a robust

candidate for optical switching and modulating in various situations. Published by AIP Publishing.
https://doi.org/10.1063/1.5063481

Electromagnetic metamaterials,1,2 a kind of artificial

structure with a specified geometry, can yield novel responses

to electric and magnetic components of light.3 In recent years,

tunable metamaterials have received extensive attention from

researchers due to their unique property of dynamic modula-

tion which has a great significance in expanding their applica-

tions.4 Up to now, one of the most effective ways to achieve

dynamic modulation can be attributed to the hybridization of

metamaterials with functional materials including gra-

phene,5–8 semiconductors,9–12 liquid crystals,13–16 and phase-

change materials.17–21 The optical or electrical properties of

these materials can be modified by a variety of means such as

temperature, machining, light, or electric field. By these meth-

ods, the dielectric environment13–21 or the configuration22–24

of metamaterials can be tuned in a controllable way and

thereby dynamic modulation is ultimately realized. However,

a majority of these functional materials are difficult to con-

struct scalable metamaterials with tunable frequencies much

higher than the THz region due to their low carrier densities.4

Although liquid crystals have been demonstrated to be able to

tune the optical property of metamaterials dynamically in the

near infrared range by changing the orientation of constituent

molecules,13,16 they are temperature-sensitive and volatile,

which means that the tuned optical properties will return to

their original state once the external stimuli are removed.

Therefore, a non-volatile metamaterial with preservable opti-

cal properties is highly needed for specific applications.

The utilization of PCM for the optical modulation of

metamaterials has received widespread attention in recent

years. Among them, Ge2Sb2Te5 (GST) is extremely scalable,

non-volatile, and easily integrated in commercial devices25,26

with great potential in applications focused on data storage,27

solid-state and flexible displays,25 and algorithm processing.28

GST is a kind of phase-change chalcogenide alloy with both a

stable amorphous state and crystalline state at room tempera-

ture. It has extraordinary properties such as a fast switching

speed and high switching endurance.29 The phase transition

of GST is a thermally determined process, which can be

completed by not only direct heating,30,31 but also laser

irradiation19,32,33 or external electric field34,35 at the nanosec-

ond or even femtosecond time scale. As a result, the optical

and electrical properties of GST will make a tremendous dif-

ference between their two states. In optics aspects, this mainly

concentrates on the obvious difference in the refractive index

and extinction coefficient, which provides the basis for the

preparation of dynamic tunable devices by combining GST

with metamaterials.21,31,36,37

In this paper, a GST based metamaterial perfect absorber

(MPA) with a sandwiched “Au film—GST active dielectric

layer—nanocross-resonator Au array” configuration wasa)Author to whom correspondence should be addressed: czgu@iphy.ac.cn
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proposed and experimentally verified. The total thickness of

the entire structure is 180 nm, well below the subwavelength

scale. Here, the nanocross-shaped configuration brings about

more degrees of freedom (width w) in comparison to the pre-

vious patches36 or nanodisk31 structures, which allows more

control of the reflected light, such as the reflection phase,38

though here, more attention is still focused on the reflection

intensity of the structures. At normal incidence, strong

absorption can be generated at the resonant wavelength of

1.808 lm when GST is in the amorphous state. In order to

realize a stable phase transition, a 6 nm thick ITO protective

layer is inserted between the original GST layer and the Au

structure layer. Near perfect absorption at around 1.550 lm, a

commonly used wavelength for optical communication and

optical signal processing, is achieved by optimizing the thick-

ness of the GST and ITO layer without shrinking the size of

the metal structure, though it has been proved that perfect

absorption can be realized at any frequency by following sim-

ple scaling laws.39 By converting GST from the amorphous to

crystalline state, obvious absorption still exists but a signifi-

cant red shift occurs simultaneously. Based on this apparent

difference in the absorption spectra between these two states

of the MPA, such a device is a suitable candidate for an opti-

cal modulator, where an extinction ratio of �8.1 dB at the res-

onance of a-GST has been experimentally achieved,

satisfying the need for a typical design target for practicable

modulators.19,40

The schematic of the GST-based MPA is shown in

Fig. 1(a). The total structure employed in this work has a typi-

cal metal-dielectric-metal (MIM) configuration which consists

of a nanocross-resonator Au array stacked above a 40-nm

GST active dielectric layer and a 100-nm-thick bottom Au

mirror layer. The nanocross-shaped structure has a period of

p¼ 320 nm with length l¼ 190 nm, width w¼ 60 nm, and

thickness t¼ 40 nm. Figures 1(b) and 1(c) present the top

view and side view of the unit cell of the structures.

The designed structure is implemented by nanofabrica-

tion. To begin with, a 100-nm-thick Au film and a 40-nm-

thick GST film were deposited successively on an Si substrate

by direct current (DC) and radio frequency (RF) magnetron

sputtering (MS) methods. The deposition of GST is performed

from a synthesized single target with the growth pressure at

1mTorr by a throttle valve with an argon (Ar) gas flow rate of

10 sccm and growth power at 100 W. Both the Au film and

the GST film were grown at room temperature, and thus the

resulting GST exhibited an amorphous state. The pattern of

nanocross-shaped structures was obtained by the electron-

beam lithography (EBL) technique. Here, a PMMA (polyme-

thylmethacrylate) bilayer (495 000 A2 at 4000 rpm and

950 000 A5 at 6000 rpm) was spin-coated and baked for

30 min at 100 �C for each layer to prevent the phase change of

GST caused by the regular high temperature of the pre-baking

process. After development, the 3 nm Cr and 40 nm Au films

were deposited using electron-beam evaporation (EBE), fol-

lowed by a lift-off procedure in 60 �C acetone. The total array

size is 80 lm � 80 lm. Figure 1(d) shows the scanning elec-

tron microscopy (SEM) image of the fabricated samples for

amorphous GST (this sample is named as sample 1).

A 6 nm ITO protective layer was deposited by ion beam

sputtering deposition (IBSD) on another sample before the

pattern fabrication process. Both the IBSD and the MS are

integrated in an ultrahigh-vacuum deposition system, which

means that all of the films can be deposited in the same cham-

ber and the oxidation of GST is effectively avoided. The

deposition rates of both GST and ITO layers were calibrated

by Atomic Force Microscopy (AFM). The thickness of the

GST layer is shrunk to 34 nm to obtain the optimal absorptive

behavior, and the size of nanocross-shaped Au structures

remains unchanged (the sample with the ITO protective layer

and thinner GST layer is named as sample 2).

To be converted to the crystalline state, GST needs to be

heated above its crystallization temperature (Tcr� 160 �C).

In this work, an annealing process at 200 �C was performed

in a rapid thermal annealing (RTA) system under a nitrogen

atmosphere for 5 min to ensure that the GST is fully crystal-

lized. Only sample 2 participated in the phase transition. The

reflection spectra were recorded by a Fourier transform infra-

red spectrometer (FTIR) with a KBr beam splitter at room-

temperature.

Numerical simulations were carried out by using the

commercial full-wave simulation software CST Microwave

Studio based on the finite integration method to calculate the

optical responses of the GST-based MPA. The permittivity

of bulk Au is described by the Drude model with plasma

frequency xp¼ 1.37� 1016 rad/s and collision frequency

c¼ 4.08� 1013 s�1. The collision frequency used in the sim-

ulation is 3 times of that in the real bulk material,41 taking

the surface scattering and grain boundary effects in the thin

gold film into account.42 The optical constants of ITO are

chosen from the CST software database. The dispersion rela-

tionships of GST in the amorphous state (a-GST) and the

crystalline state (c-GST) are extracted from Ref. 43. Periodic

boundary conditions were applied to both the x-direction

and y-direction, and an open boundary was imposed in the

z-direction.

The experimental and simulated results for sample 1 and

sample 2 are shown in Figs. 1(e) and 2, respectively. The

100 nm thick bottom Au film is much thicker than the pene-

tration depth of light in the infrared range, therefore, the

FIG. 1. (a) Schematic of nanocross-shaped MPA and the incident light

polarization configuration. (b) and (c) Top view and side view of the MPA

unit cell, its optimized dimensions are p¼ 320 nm, l¼ 190 nm, w¼ 60 nm,

t¼ 40 nm, and tGST1 ¼ 40 nm. (d) SEM image of the periodically patterned

arrays. (e) Experimental and simulated performance for sample 1, the black

line and the red line are the reflection and absorption spectra, respectively.
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transmission of the device can be ignored, then the frequency

dependent absorption can be calculated as A(x)¼ 1 � R(x),

where A(x) and R(x) represent absorption and reflection of

the MPA, respectively. In this way, by optimizing the dielec-

tric layer thickness and the structure size, near perfect

absorption can be realized at a specific frequency (wave-

length) when the reflection is minimized through impedance

matching to free space.44

For sample 1, the absorption peak appears at the reso-

nant wavelength of 1.808 lm, with an absorption of 91.2%

for the experimental result. After the introduction of the ITO

protective layer for sample 2, the absorption peak shifts to

1.559 lm and the absorption reaches 96.2%.

Phase transition brings about dramatic changes in the

dispersion of GST with a larger refractive index and higher

losses in the crystalline state, which causes a strong spectral

shift and a certain degree of broadening in the reflection and

absorption spectrum, as shown in Fig. 2. After phase transi-

tion by rapid annealing for sample 2, perfect absorption

undergoes an obvious red shift to 1.654 lm ðDk ¼ 95nmÞ,
with an absorption of 88.1%. For the simulated results, reso-

nance shifts from 1.553 lm with near unity absorption to

1.645 lm ðDk ¼ 92nmÞ with an absorption of 96.6%. A

good agreement between the experimental and simulated

results has been achieved for both a-GST and c-GST. A

slight difference in shifts of resonance and decrease in

absorption may be attributed to the slight discrepancy in dis-

persion of GST and the imperfection in fabrication.

In order to investigate the underlying absorption mecha-

nism of the GST-based MPA, the magnetic field and electric-

field vector distribution in the TM configuration at the reso-

nant wavelength was calculated as shown in Fig. 3(a). The

fundamental magnetic mode is generated at the resonance. It is

evident that the two metal layers sustain anti-parallel current,

producing a magnetic field confined mainly in the dielectric

spacer underneath the top Au antenna. The considered struc-

ture acts similar to the metal antenna pairs regarding the mag-

netic field distribution,45 and hence, it can be regarded that

opposite charges accumulated at the ends of the two metal

antennas and the electric field are expected to be confined

within the space between the antennas and near the end points.

Such field configurations for the fundamental magnetic

resonant mode can be accounted for by the equivalent LC
circuit model. Based on this model, a reasonable interpreta-

tion for the blue shift of the absorption peak after the intro-

duction of the ITO protective layer was provided, where the

ITO layer can be regarded as a capacitor connected in series

with the original capacitor. This gives rise to the decrease in

the total capacitance and results in the blue shift of the

absorption peak. A more detailed discussion is as follows.

The equivalent LC circuit of the MPA is shown in Fig.

3(b). For simplification, two hypotheses are put forward before

the interpretation. First, the nanocross-shaped structure can be

equivalent to a metal antenna with an effective length leff,
46

and second, the magnetic field between the two metal layers is

assumed to be uniform.47 Hence, Lm, the inductance of the two

plates, can be calculated by the magnetic field energy,

Lm ¼ l0dleff

2w , where leff is the effective length of the equivalent

antenna, d is the thickness of the dielectric layer, and l0 is the

permeability of vacuum. Le is the inductance attributed to the

kinetic energy of the drifting electrons which cannot be

ignored in nanoscale metal patches.48 Le is expressed as

Le ¼ leff

ctwx2
pe0

, where ct is the effective thickness of the Au struc-

ture and xp¼ 1.37� 1016 rad/s is the plasma frequency of

gold. Cm is the capacitance between two parallel plates sand-

wiched by the dielectric spacer, which can be given by

Cm ¼ c1ewleff

d , where 0:2 � c1 � 0:3 is a numerical factor that

accounts for the effective area of the capacitor on the metallic

antennas.40 In addition, the capacitance Ce can be approxi-

mated by that of two adjacent parallel gold nanorods with

radius t3 and length w at a distance b¼ p–l apart, Ce ¼ pew
ln ðb=tÞ.

According to the LC circuit shown in Fig. 3(b), the total

impedance Z can be expressed as

Z�1 ¼ jxCe þ
1

jx Lm þ Leð Þ þ
1

2

jxCm

þ jx Lm þ Leð Þ
; (1)

where x is the angular frequency. The magnetic resonance

occurs when Z¼ 0, and in this way, the resonance condition

can be derived as

FIG. 2. The experimental and simulated spectra for sample 2 with a 6 nm

ITO protective layer inserted between the GST layer and the cross-shaped

structure layer. The black line and red line are for the a-GST and c-GST

sample. The inset shows the side view of the unit cell, and the thicknesses of

the GST and ITO layer are tGST2 ¼ 34 nm and tITO ¼ 6 nm, respectively.

The size of top Au structures remains unchanged.

FIG. 3. (a) The magnetic field distribution at the resonance for a-GST sam-

ple; the white arrows represent the electric-field distribution. (b) Schematic

of the equivalent LC circuit for one period of the MPA.
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x ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2

Cm Lm þ Leð Þ

s
: (2)

As shown in Eq. (2), the resonant frequency x is related to

Cm. The introduction of the ITO layer makes an inevitable

change in the capacitor Cm, where the ITO layer and the

GST layer can be regarded as a series connection of two

capacitors with the thickness and permittivity tITO, eITOðxÞ
and tGST2, eGST2ðxÞ, respectively. In this way, the total

capacitance of Cm2 for sample 2 can be expressed as

Cm2 ¼ 1
1

CmITO
þ 1

CmGST

¼ wleff
tITO

eITOðxÞ
þ tGST2

eGSTðxÞ
. The dielectric thickness of

sample 2 (tITO þ tGST2) is equal to that of sample 1

(tGST1¼ tITO þ tGST2¼ 40 nm), and thus, the inductance

Lm þ Le can be regarded as the same for both the samples.

Therefore, the ratio of the resonant frequency for sample 2

(x2) and sample 1 (x1) is

x2

x1

�
ffiffiffiffiffiffiffiffi
Cm1

Cm2

r
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eGST x1ð Þ

tGST1

� tITO

eITO x2ð Þ
þ tGST2

eGST2 x2ð Þ

� �s

� 1:18: (3)

The predicated ratio of the resonant wavelength based on the

equivalent LC circuit is compared with that obtained from

the simulated result, where

x2

x1

¼ k1

k2

� 1:16: (4)

It is apparent that the predicated result is in good agree-

ment with the simulated result according to Eqs. (3) and (4),

which corroborates that the LC circuit can be unutilized to

interpret this blue-shift phenomenon.

On the other hand, as it was verified in Fig. 2, the phase

transition of GST gave rise to a tremendous discrepancy in

spectra, which indicates that such GST based MPA can be

utilized as an optical modulator. Two appropriate figures of

merit, modulation depth (MD), and extinction ratio (ER) are

introduced here to characterize the performance of an optical

modulator quantitatively.37 MD is defined as the difference

between the maximum reflection Ron(k) (corresponding to

c-GST) and the minimum reflection Roff(k) (corresponding

to a-GST), normalized by the maximum reflection Ron(k).

ER is defined as the logarithm of the ratio of the maximum

to the minimum reflection. The formulas of the wavelength-

dependent on MD and ER are as follows:5

MD ¼ Ron kð Þ � Roff kð Þ
Ron kð Þ

¼ Rc�GST kð Þ � Ra�GST kð Þ
Rc�GST kð Þ

; (5)

ER ¼ �10lg
Ron kð Þ
Roff kð Þ

¼ �10lg
Rc�GST kð Þ
Ra�GST kð Þ

: (6)

It is evident that the higher is the ratio of Rc-GST (k) to

Ra-GST (k), the more distinguishing is the reflection differ-

ence and the better performance the optical modulator

shows. The MD and ER for the experimental and simulated

results are plotted in Fig. 4. The curves show clearly that at

the resonance of a-GST, both the MD and ER reach a maxi-

mum, representing the best modulation performance. The

MD and ER reached 85% and �8.1 dB in the experiment,

respectively, which greatly satisfied the typical design tar-

get for practical modulators.

In conclusion, a tunable GST-based MPA in the near

infrared region was demonstrated. We proved that the intro-

duction of the ITO protective layer can not only prevent

GST from oxidation during the phase transition, but also

give rise to the blue shift of the resonant wavelength by

merely optimizing the thickness of the ITO layer and GST

layer without scaling down the metal structure size. The LC
circuit model is introduced to explain this phenomenon,

which has a good agreement with the simulated and experi-

mental results. Dielectric environment engineering, which is

equivalent to tuning the permittivity of the capacitance of

the LC circuit, will inevitably result in the change of reso-

nance. We also proved that such a kind of device was suit-

able for an optical modulator by taking advantage of the

significant difference in the absorption spectrum at the a-

GST resonance, where a modulation depth of 85% and an

extinction ratio of �8.1 dB were achieved. As a non-volatile,

repeatable phase change material, GST has great potential in

dynamic optical devices. It is of great significance to further

study the repetitive and bidirectional phase transition of GST

through electrical or optical methods to achieve the purpose

of repeatable dynamic metamaterials.
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