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Abstract: We experimentally demonstrated an amorphous graphene-based metasurface yielding
near-infrared super absorber characteristic. The structure is obtained by alternatively combining
magnetron-sputtering deposition and graphene transfer coating fabrication techniques. The
thickness constraint of the physical vapor—deposited amorphous metallic layer is unlocked and as
a result, the as-fabricated graphene-based metasurface absorber achieves near-perfect absorption
in the near-infrared region with an ultra-broad spectral bandwidth of 3.0 um. Our experimental
characterization and theoretical analysis further point out that the strong light-matter interaction
observed is caused by localized surface plasmon resonance of the metal film’s particle-like surface
morphology. In addition to the enhanced light absorption characteristics, such an amorphous
metasurface can be used for surface-enhanced Raman scattering applications. Meanwhile, the
proposed graphene-based metasurface relies solely on CMOS-compatible, low cost and large-area
processing, which can be flexibly scaled up for mass production.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

In recent times, there have been a growing interest in perfect absorbers or so-called super
absorbers, which fully absorb electromagnetic radiations at specific wavelengths ranging from
the visible to infrared regions, owing to their potential in enhancing performances in solar energy
conversion [1,2], thermal imaging [3], thermophotovaltaics [4], and sensors [5]. Traditionally,
such perfect absorbers are designed with multi-layered coatings [6,7], which allow impedance
matching between the refractive index of air and the effective optical constants of the absorbers.
Therefore, most of the intensity of incident light is absorbed and a near-zero percentage of light
is reflected back to the air. However, multilayer coatings lead to thicker optical devices, and thus
the current trends for realizing such perfect absorbers resort to so-called metasurfaces, which
are nanostructures with controlled geometry and periodicity that are easy to implement into
downscaled optical components.

With the flexibility of current state-of-the-art nanofabrication approaches, recent developments
of metasurfaces [8] can yield near perfect light absorption in the visible [9], near-infrared
[10], mid-infrared [11], and far-infrared [12] regions. Among these perfect absorbers, the
three-layer configuration is designed with a metasurface on the top, a dielectric spacer in the
middle, and a metallic reflector at the bottom, which is analogous to so-called Salisbury screen
[13]. However, these metasurface-based absorbers are usually fabricated using sophisticated
lithography techniques, such as E-beam lithography [14], laser interference lithography [15],
self-assembly [16], and nanoimprint lithography [17], which limits large-scale mass production.
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Revelations from the outstanding properties of these materials motivated the search for
alternative materials with similar functionalities but less complicated fabrication requirements.
Graphene, which is two-dimensional sheet of sp-hybridized carbon atoms arranged in a hexagonal
lattice, surfaced as an extraordinary candidate due to its exceptional electrical, mechanical, and
optical properties [18-20]. A number of approaches have been proposed to enhance the light
absorption in optical devices by coupling structured graphene with dielectric or metallic resonant
structures [21-23], which offers great opportunities and flexibility for light manipulation. In
addition, physical vapor deposited amorphous metasurfaces [24,25] started to draw attention
owing to their relatively simple fabrication pathways. Absorber coatings conceived to achieve
near perfect absorption at specific wavelength range have been demonstrated by integrating
vapor deposited amorphous metamaterials, such as metallic amorphous metasurfaces [26,27]
dielectric/metal [28-30], semiconductor/metal [24], and metal/metal alloys nanocomposite films
[31]. Among these coatings, metallic amorphous metasurfaces are fabricated by sputtering [26],
thermal dewetting [32], spin coating [33] approaches, which are straightforward to implement
into conventional clean room fabrication processes. However, the optical properties of metallic
amorphous metasurfaces are constrained by their surface morphology related to the coating
thickness, which is cumbersome to tune with the necessary resolution for different applications.

Here, we report a facile approach to turn amorphous metallic metasurface into a 3D amorphous
film comprising of randomly distributed metallic nanoparticles obtained by combining sputtering
deposition and graphene transfer coating [34]. The monolayer graphene fabricated by chemical
vapor deposition [19,35] is used as a separation layer at the interface between metasurfaces,
which offers additional degree of freedom for controlling the thickness of the metasurface. By
alternatively coating silver amorphous metasurface and monolayer graphene, a super broadband
near-infrared absorber consisting of integrated graphene with plasmonic metasurfaces achieve
near perfect absorption around 2 pm with an ultra-broad bandwidth of 3.0 um. In addition to the
light absorption enhancement, such metasurfaces have a potential in surface enhanced Raman
scattering applications, as indicated by characterizing sandwiched graphene with metasurfaces.

2. Experimental
2.1.  Silver thin film deposition with sputtering approach

Silver thin films were fabricated with a commercial magnetron sputtering equipment (AJA
international, Inc.). Prior to the deposition process, the sputtering chamber was evacuated to a
pressure lower than 3 x 10~7 Torr. DC power (7 W) was supplied to the Ag target (99.99%, 3 in.
diameter). The process was performed in an argon plasma environment at a pressure of 4 mTorr.

2.2. CVD-grown graphene on copper and the transfer process

Graphene films were synthesized on copper foils via cold wall CVD process (The AIXTRON
Black Magic CVD furnace). As received copper foils (0.025 mm (0.001 in) thick, annealed,
uncoated, 99.8% (metals basis), Alfa Aesar) were cleaned with 15 mins of sonication in acetone
followed by 15 mins of sonication in isopropyl alcohol (IPA) prior to the CVD process. The
cold wall CVD chamber consists of top and bottom heater where bottom heater (Tbott) and
top heater temperatures (Ttop) were first raised up to 1070 °C and 800-950 °C respectively in
the presence of flowing nitrogen (N») and hydrogen (H,) gases. Then, methane (CHy) is used
as the carbon precursor with the flow rate of 7 sccm (standard cubic centimeter per minute).
The growth time was 50 minutes to grow a continuous layer of monolayer graphene. Finally,
the chamber was cooled down under N, environment to prevent the oxidation of the copper
surface. As-grown graphene samples were characterized by Raman spectroscopy, which indicates
monolayer graphene deposition. For the clean transfer of graphene, Poly(methyl methacrylate)
(PMMA) solution was spin coated on to the CVD-grown graphene samples at 2000 rpm for
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90 seconds and then cured at 80°C for 3 mins. Finally, the backside graphene was removed by
oxygen plasma etching for 30 s where oxygen flow rate was about 10 sccm prior to etching copper
using 2 wt% aqueous ammonium persulphate solution. After transfer, PMMA was removed by
dilution in hot acetone (50°C). We have included the discussion on achieving clean graphene
coating in Appendix A.

2.3. Structural and optical characterization

The top morphology of silver thin films and the metasurface-based absorber was characterized
by SEM (Nova NanoSEM 650). Based on the SEM images, structural characteristic including
film thickness, interparticle spacing, and the average size of the Ag particles were evaluated.
The UV-vis absorption spectra were recorded with a Perkin-Elmer Model Scan LAMBDA 1050
UV/Vis/NIR Spectrophotometer.

2.4. Finite-difference time domain method

A commercial-grade simulator [36] based on the FDTD method [37] was used to perform the
calculations. The 10 nm-thick silver metasurface is simulated as the silver with measured surface
morphology from atomic force microscopy characterization. The dielectric function of granular
Ag nanoparticles was taken from the Lorentz-Drude model which was fitted with Palik data [38].
Periodic boundary conditions were assigned in the xy-lateral directions with lateral cross section
of 100 x 100 nm?. The mesh size used in the FDTD domain in this work is 0.25 nm.

3. Results and discussions

We started by systematic study of silver thin films with different thickness grown on silicon
wafers using a magnetron sputtering (AJA Orion 300) technique. The optical properties and
surface morphologies of as-fabricated silver thin films are characterized using spectroscopic
ellipsometry and scanning electron microscopy, respectively. In Figs. 1(a)-1(b), the measured
optical properties of silver thin films fitted from ellipsometry characterization show that as the
film thickness is below approximately 10 nm, the silver layer shows dielectric-like behavior and is
highly lossy in the visible and near-infrared regions owing to its particle-like surface morphology
(clearly visible in Fig. 1(c). In this work, the particle-like non-continuous film with 10 nm
thickness is referred to as the amorphous metasurface. As the film thickness becomes larger than
10 nm, the film moves towards a continuous structure with smooth morphology, as shown in
Fig. 1(d). The smooth silver layer exhibits metallic-like and reflective optical properties, which is
a behavior similar to that observed for bulk silver [38]. Finite-difference time domain (FDTD)
method [37] is used to investigate the optical properties of the silver amorphous metasurfaces.
By using atomic force microscopy, the surface morphology is obtained and inputted into our
FDTD optical simulation domain, as indicated in Fig. 2(a). Details of the 3D FDTD simulation
are included in the computational section. Our FDTD simulation results in Fig. 2(b) show that
in a three-layer metasurface-insulator-metal configuration, the optical devices absorb light in
the near-infrared and their absorption peak can be tuned by changing the SiO, spacer thickness.
The absorption is achieved owing to the strong plasmonic interaction [39,40] in such a metallic
amorphous metasurface, consisting of randomly distributed silver nanoparticles, as indicated by
Fig. 2(c).

Furthermore, we perform analytical calculations using transfer matrix method (TMM) [41], to
scrutinize the near-perfect optical constants for designing metasurface coating, where the layer
placed above silica coated silver reflector is calculated, as shown in Fig. 7 of Appendix B. Our
study shows the sputtered silver films with 10 nm thickness has similar optical properties, as
those required for achieving perfect absorption predicted by TMM calculations. By inputting the
fitted optical constants of 10 nm-thick metasurface in the TMM calculations as a top layer, the
results show that by increasing the spacer layer thickness, the absorptance is decreased and its
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Fig. 1. (a) Real and (b) imaginary part of permittivity of silver thin films with different
thicknesses. SEM images of silver thin film with thickness of (c) 10 and (d) 20 nm,
respectively.

—— Meta/SiO, 50 nm/Metal
—— Meta/SiO, 70 nm/Metal
—— Meta/SiO, 90 nm/Metal
——Meta/SiO, 110 nm/Metal
Meta/SiO, 130 nm/Metal

IS @
S 3

Absorptance (%)

400 600 800 1000 1200 1400 1600 1800
Wavelength (nm)

TMM Calculations (e) (f)

TMM Calculations

- 100 100
Meta/ SiO, 50 nm/ Ag —Wetal Si0, 50 nmi Ag
Meta/ SiO, 70 nm/Ag ——Meta/ $i0, 70 nm/ Ag
3
= ® Meta/ SiO, 110 nm/Ag | — 80  Meta/SiO 130 amiag| 3 %
S ™, 9 g S
‘J —— Meta/ Si0, 130 nm/ Ag| — ;:
g 60 Meta/ Si0, 150 nm/Ag [ & 60 I 60
c
[ & ]
8
[ S 4w Ew
8 8 3 Meta 10nm / SIO, 150 nm/ Ag
-1 2 Qo 20 ~——Meta 20nm / SiO, 150 nm/ Ag
< g < ——Meta 30nm / SiO_ 150 nm/ Ag
~———Meta 40nm / Si0, 150 nm/ Ag
0 T T T T T 0 T r = 0+ T T
400 600 800 1000 1200 1400 500 1000 1500 2000 300 600 900 1200 1500
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Fig. 2. (a) Schematic of a metasurface/SiO,/silver absorber in the FDTD simulation
domain. (b) FDTD predicted performance of absorbers with different spacer thicknesses.
(c) Cross-sectional energy flow distributions of interaction between electromagnetic wave
with silver metasurface at the incident wavelength of 750 nm. (d) TMM calculated and (e)
measured absorption spectra of absorbers with different spacer layer thicknesses. (f) TMM
calculated absorption spectra of absorbers with different metasurface thicknesses.
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peak wavelength shifts toward longer wavelength, as shown in Fig. 2(d). To validate our TMM
calculations, we fabricated and characterized the Metal/SiO,/Metal absorbers with different SiO,
spacer thickness. In general, the performance of the as-fabricated absorbers agrees with the
absorptance spectra predicted by the TMM calculations, as indicated in Figs. 2(d)-2(e). However,
the predicted absorptance peak wavelength does not match well with the measured value due to
the assumption of particle-like metasurface as a smooth thin film in the TMM calculations

In addition to the 10 nm-thick metasurface coating, as discussed in Figs. 2(a)-2(e), we
also investigate the effect of the metasurface coatings’ thickness on absorption performance.
Figure 2(f) shows that as the thickness of particle-like silver film is increased, the absorptance
can be significantly enhanced. However, it is impossible to tune the thickness while maintaining
the morphology of the coating by just controlling the magnetron sputtering parameters [42],
such as deposition time, power, and argon pressure. This is inherent to the deposition process
that yields continuous smooth film when the deposition thickness becomes sufficiently large.
These thicker films differ from their thinner particle-like counterpart, as Fig. 1(c) and clearly
demonstrated in Fig. 1(d).

In order to “unlock” this limitation of silver metasurface coating, while maintaining the
effective optical properties caused by its particle-like morphology, we combine the sputtering
deposition approach with graphene transfer coating, as shown in Fig. 3. To improve the graphene
transfer coating, we carry out a pre-study of chemical vapor deposition (CVD) grown graphene
transfer process on SiO,/Si wafer, and we found that the backside surface of CVD-grown
graphene on copper needs to be removed to minimize the defects and improve the monolayer
graphene’s uniformity, as discussed in Figs. 6(a)-6(b) of Appendix A. The schematic diagram
of our layer-by-layer process is schematically shown in Fig. 3, which illustrates how graphene
is transferred to silver amorphous metasurface. Details of the graphene transfer procedure are
included in the experimental sections.

Graphene on Cu

PMMA coating ;_T*Cu'étching

¥ Graphene transfer
/ on metasurface Ag

100 nm Ag on Si ¢

Fig. 3. Schematic of fabrications of silver (Ag) metasurface with tunable thickness by
combing CVD-grown graphene transfer coating with thin film deposition using sputtering.

The integration of the graphene/silver metasurface absorber is carried out on a 100 nm-
thick Ag layer that acts as a reflector and is deposited on a silicon wafer of 4 cm? in size.
This is followed by deposition of a 130 nm SiO; film spacer by means of electron beam
evaporation. On top of SiO,, the 10 nm-thick silver metasurface is deposited using sputtering
as previously explained. Thereafter, the monolayer CVD-grown graphene is transferred on the
top of silver metasurface. The process is repeated and another 10 nm-thick silver metasurface
is deposited on top of the graphene layer by sputtering. During the sequential coatings of the
silver metasurface and monolayer graphene on SiO, coated silver reflector, SEM and UV-Vis
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spectroscopy characterization are carried out to investigate the effect of each layer on the surface
morphology and to assess the light absorption performance of as-fabricated samples.

SEM images show that once graphene is coated on the sample surface, the sputtered silver
thin film exhibits denser particle-like morphology. This is due to the weak physical binding of
graphene to the silver, and thus the silver deposition tends to form a more compact particle-like
surface [43], as indicated by the comparison in Figs. 4(a)-4(b). A comparison between 10
nm-thick silver deposition on copper surface and graphene-coated copper surfaces also support the
weak binding theory (between graphene and metal), as discussed in Figs. 8(a)-8(b) of Appendix C.
Furthermore, Figs. 4(c)—4(d) shows that as the thickness of amorphous metasurface is increased,
the performance of the as-fabricated absorbers exhibits a near-perfect absorption around 2 pum,
which agrees with our predictions in Fig. 2(c). We also perform Fourier-transform infrared
spectroscopy (FT-IR) characterization on our final device, which includes three-graphene transfers
and four silver metasurface depositions, to investigate the overall absorptance performance in the
mid-infrared regions. The as-fabricated multilayer metasurface/graphene integrated absorber
exhibits near-unity absorptance around 1.9 pm with a broad bandwidth of 3.0 pm, as shown in
Fig. 5(a). The demonstrated absorption structures in this work provide new design pathways in
the realization of advanced graphene-based optoelectronic devices.

)
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: 60
, mul_tllaygr E
Meta surface Ag i e - Q.40 —— Meta/Gr/Meta/Gr/Meta/SiO,/Ag
- N —— T R = -yl —— GriMeta/GriMeta/SiO JAg
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500 1000 1500 2000 2500
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Fig. 4. (a-b) SEM images of silver metasurface on SiO, and graphene coated surface,
respectively. (c) Schematic of multilayer of silver metasurface coating and graphene on SiO;
coated Ag reflective layer. (d) Measured absorptance of integrated silver metasurface and
graphene absorber.

In addition to the near-perfect light absorption performance of our proposed absorber, the silver
amorphous metasurface coating has another foreseeable application: it enhances the Raman sig-
nals. We perform Raman characterization on metasurface/SiO,/Ag, graphene/metasurface/SiO,/Ag,
and metasurface/graphene/ metasurface/SiO,/Ag surfaces, as shown in Fig. 5(b). The Raman
peak at 976 cm™! is the characteristic response for the silver metasurface. For graphene, the
typical Raman peaks are the defect (D) peak positioned at 1342 cm™!, the G and 2D peaks that
are at 1588 cm™! and 2672 cm™!, respectively. We found that as the graphene layer is sandwiched
by two silver metasurfaces, the graphene Raman signal observed is extremely enhanced by the
interaction between silver metasurfaces owing to the strong interaction of gap plasmon resonances
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Fig. 5. (a) UV-Vis and FTIR measured absorptance of integrated silver metasurface with
graphene absorber. (b) Raman characterization on silver metasurface, graphene coated silver
metasurface, and graphene sandwiched by silver metasurfaces, respectively.

[44,45]. The enhancement caused by the sandwiched silver metasurface can be applied for
surface enhanced Raman scattering applications [46,47].
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Fig. 6. Optical microscope images and Raman spectra of the transferred graphene layers
SiO, without (a-b) and with (c-d) removing the backside graphene by using O, plasma
treatment, respectively.
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4. Conclusion

In summary, we proposed a facile approach consisting of a sputtering method with graphene trans-
fer coating to design and fabricate thickness-tunable silver amorphous metasurface, which
can achieve ultrathin broad light absorption over the near-infrared regions in a metasur-
face/insulator/metal configuration. Through SEM, and AFM characterization, we identified the
particle-like morphology of the metasurface, which results in strong localized surface plasmon
resonances. The proposed metasurface coatings have a variety of promising applications such
as concentrated solar thermal power generation, photocatalysis, and surface-enhanced Raman
scattering spectroscopies.

Appendix A: Uniform and clean transfer of CVD graphene coating

The procedure of achieving uniform and clean wet transfer of CVD graphene coating graphene
transfer is introduced: first, Poly(methyl methacrylate) (PMMA) solution was spin-coated onto
as-grown graphene samples at 2000 rpm for 90 seconds and then cured at 80°C for 3 mins. Here,
a comparison of the graphene transferred SiO, surface with and without removing the backside
graphene is shown in Fig. 6. We can find that an improved graphene transfer is achieved by
removing the backside graphene on copper using oxygen plasma etching for 30 s where oxygen
flow rate was 10 sccm prior to the etching copper using 2wt % aqueous ammonium persulphate
solution. After graphene transferred to SiO,/Silicon wafer, PMMA was removed with dilution
in hot acetone (50°C). Without removing the backside graphene on copper surface, we found
the defects on the transferred graphene surface, as shown in Figs. 6(a)-6(b) and non-uniform
number of graphene layers, as indicated by the ratio of I(2D)/I(G) in the Raman spectra. By
removing the backside graphene, the morphologies of the transferred monolayer graphene are
more uniform and cleaner, as shown in Figs. 6(c)-6(d), which improve our graphene coating on
silver metasurface.

Appendix B: Required optical constant for achieving near-perfect absorption

Using the transfer matrix method [41], we perform a quantitative analysis to evaluate the optical
constants of the top layer on absorption performance. The optical absorber consists of a 10
nm-thick top layer, a silica spacer layer with 50 nm thickness in the middle, and a silver reflector
at the bottom. For the incident wavelength of 500 nm, the absorptance is calculated with the
different optical constants of the top layer, as shown in Figs. 7(a)-(b). The required optical
constants of top layer are studied for different incident wavelengths ranging from 400 nm to
1500 nm, which shows similar trends of 10 nm- thick sputtered silver metasurface, as shown in
Figs. 1(a)-(b).

1.0

N L

—n

=i

400 600 800 1000 1200 1400
Wavelength (nm)

Refractive index n

Extinction coefficient k

Fig. 7. (a) The dependence of optical constants of the top layer placed above the silica-coated
metal surface on absorption performance (b) The required optical constant for achieving
near perfect absorption with different incident wavelengths.
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Appendix C: Surface morphologies of silver metasurface deposited on pure cop-
per and graphene coated copper

We deposited 10 nm-thick silver thin film on pure copper foil and graphene coated copper
surface fabricated by the chemical vapor deposition method. It can be observed that there is no
particle-like morphology on the silver-deposited copper surface owing to strong binding between
silver and copper. However, once the copper is coated by graphene, the silver particle-like
metasurface is formed after the sputtering deposition owing to the weak binding between graphene
and silver, as shown in Figs. 8(a)-8(b).

(b)

Fig. 8. SEM images of 10 nm-thick silver thin film deposited on (a) copper surface and (b)
graphene coated copper surface.
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