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A tunable plasmonic perfect absorber with a tuning range of ~650 nm is realized by introducing a 20 nm thick
phase-change material GeySbsTej layer into the metal-dielectric-metal configuration. The absorption at the plas-
monic resonance is kept above 0.96 across the whole tuning range. In this work we study this extraordinary optical
response numerically and reveal the geometric conditions which support this phenomenon. This work shows a
promising route to achieve tunable plasmonic devices for multi-band optical modulation, communication, and

thermal imaging. © 2015 Chinese Laser Press
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1. INTRODUCTION

Noble metals, such as copper, silver, and gold, are excellent
reflectors in infrared (IR) regime. By patterning such metals in
nanoscale, strong absorption can be produced due to the ex-
citation of plasmonic resonance [1-10]. Among the wide range
of designs, the one-side patterned metal-insulator-metal
(MIM) structures have shown absorption up to 0.99, where
electromagnetic energy could be efficiently confined in the
sandwiched layer [2]. This extraordinary property could be
promising in a variety of applications, for instance, optical
modulation, communication, and thermal imaging. Unfortu-
nately, the optical response from this plasmonic platform is
fixed, which is determined by its geometric parameters and
material properties. Recently, doped semiconductors have
been used to replace the insulating layer. With the tunable
conductivity associated with these materials upon external
electric/heat stimulus, the plasmonic resonance can be spec-
trally shifted [3]. However, a significant decline in absorption
is observed as the resonance is tuned. Together with the lim-
ited tuning range, the drawbacks severely affect the optical
performance of these devices.

Phase-change materials, such as VO, and Ge,Sb,Te; (GST),
have also been demonstrated in both nonplasmonic [11,12]
and plasmonic [13-16] tunable absorbers. Particularly, GST
receives enormous attentions due to its nonvolatile property
at room temperature and the large contrast in refractive index
between its different crystallization states [17-20]. Never-
theless, the reported phase-change-material absorbers still
suffer from a noticeable drop in absorption efficiency during
spectral tuning. In this work, we hybrid a 20 nm thick GST
layer into the perfect absorber design and demonstrate that
by carefully controlling the thickness of the insulator layer
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and the lattice size, perfect absorption can be maintained
while the resonant wavelength is shifted. The GST layer is
sandwiched between the gold nanodisk arrays and the SiO,
insulating layer, serving as a tunable dielectric environment
for the nanodisk array. By varying the crystallization level
of GST, the plasmonic resonance of the structure can be con-
tinuously tuned in a large range of 650 nm. The absorption is
kept above 0.96 and the Q-factor of the absorption peak is
maintained above 4 across the entire tuning range. This highly
efficient tunable plasmonic absorber is promising in applica-
tions for multi-band optical communication and thermal
imaging etc.

2. DESIGN AND SIMULATION

Figure 1 schematically shows the structure of the proposed
tunable perfect absorber. The two-dimensional (2D) gold disk
array is on the top of the GST thin film. A layer of SiOy insu-
lating spacer is sandwiched between the GST film and the
metal mirror at the bottom. The disk array is arranged in a
square lattice, so that the optical response from this structure
is polarization-independent. To limit the number of variables
in this work, we fix the thickness of the GST layer to be 20 nm;
the diameter and the height of the gold disks are 300 and
20 nm, respectively.

To analyze this plasmonic system, a numerical model
was constructed by using the commercial finite-difference
time-domain (FDTD) software from Lumerical Solutions.
A broadband plane wave polarized in x-axis is used to excite
the structure at normal incidence. Periodic boundary condi-
tions are applied to a unit cell in - and y-directions. The
dielectric functions of gold and glass are obtained from the
experimental data of [21]. The complex refractive indices
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Fig. 1. Schematic drawing of the tunable perfect absorber structure.
GST phase-change thin film is sandwiched between the Au disk array
and the SiO, insulating layer. Broadband plane wave polarized in 2-
axis is normally incident on the Au disk array. Au disks have a diam-
eter of 300 nm and a thickness of 20 nm. GST layer is 20 nm thick.

of GST at amorphous and crystalline phases are obtained from
[22,23]. Since the crystallization process of GST is dominated
by the random distributed crystalline nucleus that are formed
once the temperature is above the critical point (~150°C), we
assume that the GST thin film at the intermediate phases
is composed of different proportions of amorphous and
crystalline molecules [24]. The effective dielectric constant
of GST in the intermediate phases can be estimated by the
effective medium theories [25]. Based on the Lorentz-Lorenz
equation, the effective permittivity of GST e. (1) at any crys-
tallization level is estimated as
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where m denotes the crystallization level of the GST thin
film ranging from 0 to 1; 1 is the wavelength in free space;
and ¢,(4) and ¢.(1) are the permittivities of GST in the crys-
talline and amorphous phases, respectively. The permittivity
€(1) and the complex refractive index n(1) + k(1) are related

by e() = n(A) + ik(2).
3. RESULTS AND DISCUSSION

To begin the discussion about the tunable perfect absorber, a
typical configuration with lattice constant @ = 800 nm and the
thickness of SiO, layer ¢ = 75 nm is illustrated as an example.
The evolution of the absorption spectrum as the GST crystal-
lization level varies from 0% (amorphous phase) to 100%
(crystalline phase) of this structure is shown in Fig. 2. The
absorption is calculated as 1-reflection—transmission, with
transmission being equal to zero because of the thick metal
mirror. Two sets of absorption peaks are identified in Fig. 2,
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Fig. 2. Absorption spectra of the tunable perfect absorber in a vari-
ety of crystallization levels between the amorphous phase (0%) and
crystalline phase (100%).
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one below 2 pm shaded in gray color and the other above
2 pm. Since the crystalline GST has a larger refractive index
compared to its amorphous phase, both the peaks shift signifi-
cantly for a range about 650 nm as the crystallization level of
GST is varied.

The nature of the two sets of absorption peaks can be re-
vealed by studying the near-field intensity distribution at the
corresponding peak positions in the spectrum. Without the
loss of generality, the structure with 0% crystallized GST is
investigated. Figure 3(a) shows the cross section of electric
intensity in the xy plane that is 10 nm above the GST layer
at the second peak (4 ~ 2 pm), illustrating a clear pattern of
dipole resonance. For comparison, the electric intensity at
the first peak (4 ~ 1.2 pm) with the same color range is shown
in Fig. 3(a), inset. No obvious hot spots can be identified at the
first peak, suggesting that the localized surface plasmon res-
onance (LSPR) is only excited on the gold disk at the second
peak instead of the first peak.

Further analyses of the near-field electric intensity at the
second peak in the xz plane reveals that the localized electric
fields from the dipole resonance tunnel through the under-
neath GST/SiO, layers and extend to the mirror in the -z
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Fig. 3. (a) Enhancement of electric field intensity at the second peak
in the 2y cross section at 10 nm above the GST layer; (b) enhancement
of electric field intensity at the second peak in the xz cross section
along the diameter of the disk; (¢) enhancement of magnetic field in-
tensity at the second peak in the xz cross section along the diameter of
the disk. Main panels are extracted from the structure with 0% crystal-
lized GST. Insets, corresponding near-field enhancements at the first
peak.
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direction, which is shown in Fig. 3(b). The electromagnetic
coupling between the Au disk and the mirror gives rise to a
strongly confined magnetic resonance in the sandwiched
region [Fig. 3(c)]. The combined electric and magnetic re-
sponses result in impedance matching between the free space
and the demonstrated structure, which manifests as near-zero
reflection or near unit absorption. For the sake of complete-
ness, the corresponding near fields at the first peak are plotted
in Figs. 3(b) and 3(c), insets. The weak localized fields in the
GST/SiO, layers suggest that this absorption peak can be
attributed to the destructive interference from the multi-layer
structure.

We focus mainly on the second absorption peak because of
the associated interesting properties, such as the large local-
ized field enhancement and the tunable near-unity absorption.
In Fig. 4, the absorption value at the second peak is
reported as a function of the GST crystallization level, to-
gether with the corresponding quality factors (Q-factors).
The maximum absorption is found to be 0.999 when GST is
60% crystallized. Although the absorption decreases at other
crystallization levels, the minimum absorption is still reason-
ably high, which is 0.965 when GST is completely crystallized.
The Q-factor, defined as the ratio between the central wave-
length and the full width at half-maximum (FWHM), declines
from 6 to 4 as GST is changed from the amorphous phase to
the crystalline phase. This decreasing trend agrees with the
expectation from the increased ohmic loss associated with
the crystalline GST, which is manifested in the broadening
of the absorption peak.

In the previous discussion, we investigated a specific exam-
ple of the tunable perfect absorber and demonstrated its
extraordinary optical response. Now, we will discuss the
geometry dependence of this perfect absorption, namely vary-
ing the lattice constant @ and the thickness of the SiO, layer ¢,
which serves as a designing guideline for further research of
this platform.

In Fig. 5, we report the 2D color maps showing the absorp-
tion at the plasmonic resonance (seco peak) as functions of
the lattice constant a and the thickness of SiO, ¢ for both the
amorphous and crystalline phases. The range of the color bar
is set in a way that any absorption value larger than 0.97
appears as bright yellow while any value below 0.95 is shown
in dark blue. A band highlighting the combinations of a and
t which result in more than 0.97 absorption can be clearly
seen in Figs. 5(a) and 5(b) for the two GST phases. Both bands
in Figs. 5(a) and 5(b) share a similar trend in that @ and ¢ in-
crease or decrease together to maintain the “perfect” absorp-
tion. Similar conclusions were obtained in terahertz spectrum
based on the circuit models from the previous studies of the
perfect absorber [26,27]. However, the change of refractive
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Fig. 4. Maximum absorption at the second peak and the quality fac-
tor of the second peak as functions of crystallization level.
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Fig. 5. 2D color maps present the absorption at the plasmonic res-
onance as functions of lattice constant (x-axis) and the thickness of
SiO, layer (y-axis) for the following; (a) amorphous GST; (b) crystal-
line GST.

index in the GST layer from the amorphous to crystalline
phase shifts the band upward to a region with larger SiO,
thickness. Therefore, finding the suitable pairs of a and ¢
translates into locating an overlapping region that is in yellow
color from these two color maps. In this context we define the
minimum acceptable absorption to be 0.96, and the red
dashed lines mark the overlapping region with more than
0.96 absorption in the both phases. The example demon-
strated previously with @ = 800 nm and ¢ = 75 nm falls inside
the enclosed area. Indeed, the change of the refractive index
of the GST layer not only shifts the resonant wavelength of the
Au disks, it also modifies the impedance of the structure from
the circuit-based view [26-28]. However, if the GST layer and
the SiO, layer are regarded as a single component in the cir-
cuit model, the difference caused by the crystallization varia-
tion of the GST layer is averaged by the fixed SiO, layer,
limiting the overall impedance change of the whole structure
due to GST. This can be confirmed by the region marked by
the red dashed lines in Fig. 5, where a larger thickness of SiO,
corresponds to a wider range of lattice constant which satis-
fies the perfect absorption (>0.96).

4. CONCLUSIONS

A wavelength tunable perfect absorber hybridized with GST
phase-change thin film has been demonstrated. By controlling
the crystallization level of the 20 nm thick GST layer, the
absorption peak due to the plasmonic resonance can be
gradually shifted up to 650 nm. The absorption is maintained
above 0.96 and the Q-factor is more than 4 across the tuning
regime. Such a hybrid plasmonic system is easily implemented
by current fabrication techniques. Moreover, GST has long
been used in optical disks and phase-change memories; it
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is well-known for the nonvolatile property at room tempera-
ture and short tuning time (~30 ns) upon external stimulus.
This tunable perfect absorber can be combined with a pump
laser to position the absorption peak at any specific wave-
length by controlling the energy and duration of the laser
pulse, achieving real-time wavelength tuning and intensity
modulation. This work can lead to potential applications in
multi-band optical modulation, communication, and thermal
imaging.
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