11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

This is the Pre-Published Version.

Plasmonic black absorbers for enhanced photocurrent of visible-

light photocatalysis

Furui Tan,®? Ning Wang,®° Dang Yuan Lei,®® Weixing Yu® and Xuming Zhang*:*®

4 The Hong Kong Polytechnic University Shenzhen Research Institute, Shenzhen, China

518057

b Department of Applied Physics, The Hong Kong Polytechnic University, Hong Kong, China

¢ Key Laboratory of Spectral Imaging Technology, Xi’an Institute of Optics and Precision
Mechanics, Chinese Academy of Sciences, Xi’an, China 710119.

E-mail: apzhang@polyu.edu.hk

Abstract

Plasmonic resonance of noble metal nanoparticles can drastically enhance the visible response
of wide-bandgap photocatalysts like TiO., but the current technology has two fundamental
problems: narrow absorption band and low absorption, which limit the energy efficiency of
photocatalysis using sunlight. Here we report an original work of plasmonic black absorber
that sandwiches a 150-nm TiO- layer between a layer of random Au nanoparticles and a rough
Au surface (200 nm thick). The combined plasmonic effect of the Au nanoparticles and the
Au rough surface enables a strong absorption (72% — 91%) over 400 — 900 nm and a
significantly enhanced photocurrent (by 20 folds) as compared to the bare TiO> film. The
strong absorption to visible and near infrared light, and the much enhanced photocurrent make
the Dblack absorber an ideal material for solar applications such as photocatalytic,

photosynthetic, photovoltaic and photothermal systems.
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1. Introduction

As an abundant and irreplaceable resource, solar energy has been intensively exploited
for human activities. Photocatalysis utilizes semiconductors to transform photon energy into
chemical energy by absorbing photons and generating electrons without harmful
byproduct.[tH2El Although TiO: is the most promising photocatalyst thanks to its many
merits such as superior photoactivity, high photostability, proven biosafety and abundant
supply, it has its own Achilles’ heel — the wide bandgap (~3.2 V). This limits its absorption
to only the UV light (< ~ 388 nm), making it absorb only about ~ 4% of solar energy. Many
attempts have been made to enhance the response of TiO; to the visible light and even the
near infrared light. Among them, doping of non-metallic elements such as nitrogen, ]
carbon,871 and sulphur,B®1 have attracted much attention, however, the doped TiO;
photocatalysts are often not stable enough.

Recently, plasmonic photocatalysis has risen up as a very promising technology for
high-performance photocatalysis.[*°:M |t involves dispersal of noble metal nanoparticles
(NPs) (commonly Au NPs and Ag NPs in the sizes of tens to hundreds of nanometers) into
semiconductor photocatalysts by either dispensing on the surface or embedded in the
semiconductors.*2 31241 The ocalized surface plasmonic resonance (LSPR) effect of noble
metal NPs enables it to absorb the visible light and transfer the energy to TiO, for
photocatalysis.['SH26L0718] Nevertheless, the LSPR effect has two fundamental limits. One is
that the resonant effect limits its absorption bandwidth to a narrow wavelength range
(typically ~ 50 nm or smaller for uniform nanospheres).l*¥! The other is that the absorption
coefficient is usually low due to the strong scattering. To shift the LSPR resonance to the
visible range, the size of NPs has to be large (~ 50 — 100 nm) and thus the scattering becomes
prominent. For instance, the Au nanosphere with the diameter of 80 nm has the resonance
wavelength at 550 nm, but its scattering coefficient is already 0.65 of the absorption

coefficient.!®1 And larger nanospheres shift the resonance peak to longer wavelength, but at
3
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the cost of larger scattering. Although the scattering may contribute to the photocurrent by
increasing the photon-photocatalyst interaction length,*1 it is more desirable to have photons
strongly absorbed by the NPs, especially when the photon energy is lower than the bandgap of
photocatalyst materials (e.g., visible light to TiO2). Therefore, a blackbody-like absorber
would be ideal to make full use of the whole solar spectrum.[?9:21122L231[241 Recently,
blackbody-like metallic layers in the form of diffraction grating have been reported for strong
absorption over a wide wavelength.?® Special efforts have been made to enhance the
absorption to the infrared light as well.[?6127L281 However, those man-made regular
nanostructures are often polarization dependent and involve complicated photolithographic
processes. Recently, a broadband plasmonic-metamaterial absorber was reported using a
three-layer metallo—dielectric—metallo stack.[?®! The top layer is a very thin discontinuous Au
layer (7 nm thick), the middle layer is a thin SiO2 layer (40 nm thick) and the bottom is a flat
Au film (100 nm thick). Although this approach promises easy fabrication and excellent
absorption in visible-light range, this work focused only on the broadband absorption. In
addition, the non-conductivity of SiO> layer blocks the electron transportation, making it not
suitable for photocurrent-based applications like the photocatalysis.

In this paper, we demonstrate a new black absorber structure using TiO as the dielectric
medium. This unique black absorber based on the plasmonic effect of random Au
nanostructures, which exhibits strong absorption (> 70%) of non-coherent sunlight over 400 —
900 nm and overcomes the major problems of current LSPR-based photocatalysis technology.
The absorber is composed of a TiO> layer sandwiched between a layer of Au nanoparticles
(AuNPs) and a rough Au layer (in short, AUNP/TiO2-Au film). For comparison, another three
structures such as the bare TiO. film, the AuNPs on TiO2 layer (named as AuNP/TiO;
hereafter) and the TiO, layer on Au layer (named as TiO2-Au film) are developed as well.
Experiments will be conducted to prove that the black absorber has apparently superior

photocatalytic performance than the other three structures, and simulations will be carried out
4
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to show the origin of strong absorption. It is worth noting that the fabrication involves only
simple processes, such as sputtering and annealing, and requires no photopatterns, making it

easy to fabricate large-area samples at low cost.

2. Results and discussion
2.1 Layer structure

From top to bottom, the structure of black absorber consists of a layer of randomly
distributed AuNPs as the plasmonic absorber, a TiO> thin layer as the photocatalyst and a
layer of rough Au layer as another plasmonic absorber (see Figure 1a). To lead out the
photocurrent, the rough Au layer sits on a glass substrate coated with a transparent conducting
FTO film. To enhance the adhesion between the FTO film and the rough Au layer, a thin
chromium layer is coated. Figure 1b shows the three-terminal potentiostat setup for the
measurement of photocurrent in the KOH solution. The black absorber acts as the working
electrode, a platinum plate as the counter-electrode and a saturated cell as the reference
electrode. Figure 1c exemplifies the working principle. The rough Au layer absorbs photons
of various energies to generate hot electrons, which are fed into the TiO2 layer.FOMBU The
AuUNPs serve mainly two functions, an electron trap and an LSPR absorber. As the electron
trap, the AuNPs accumulates the hot electrons from the TiO2 layer and also provides a fast
lane for the transfer of electrons to the electrolyte.*1 As the LSPR absorber, the AuNPs assist
the absorption of the photons of its own LSPR wavelength and contributes to the
photocatalysis as well. In this manner, the Au rough layer and the AuNPs work together to

absorb a broad range of visible and near-infrared light in the solar light.

2.2 Micrographs
Figure 2a shows the pseudo-color SEMs of the cross-section of the plasmonic black

absorber. For the Au layer and the TiO. layer, large grains can be observed and their
5
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boundary is not straight and not clear. In fact, they have partial overlap along the boundary
and form effectively a thin Au-TiO2 composite layer, which ensures good physical contact for
the transport of photo-excited electrons from the Au layer to the TiO2 layer. It is interesting to
see that most of the TiO2 gains run continuously along the vertical direction, which is
beneficial to the charge transfer across the TiO2 layer. Thicknesses of the Au layer and the
TiO2 layer are about 200 nm and 150 nm, respectively. It is noted that the Au layer is thick
enough to block all incidence light and thus the transmission becomes negligible. The AuNPs
on the surface of TiO> layer are fabricated by the sputtering and annealing method. Particle
sizes are controlled by the deposition thickness of Au and the annealing conditions. From
Figure 2b, most of the AuNPs are well dispersed. The histogram shows the size of AuNPs
mainly ranges from 40 to 100 nm, and is mostly at 70 nm (see Supporting Information, Figure
S2). Fig. 2c show the typical morphology of the interlayer TiO., which is uniform and
continuous. A thin Au-TiO2 composition layer forms at the boundary. Figure 2d shows the
top-views of the Au layer (by etching a window in the TiOz layer). The Au layer is very rough,
with dense nano-cavities (or nanopores) and Au nanostructures of varying geometries. The
average roughness is 11.0 nm (see Supporting Information, Figure S3). Such a rough surface
of the Au layer is the key to the broad absorption due to the plasmonic effects of the nano-

cavities and the Au nanostructures and their coupling effect. [20:[211.221.[33].[34]

2.3 Optical absorption spectra

Figure 3 plots the absorption spectrum of the black absorber (i.e., AUNP/TiO2-Au film)
as compared with those of the bare TiO: film, the AuNP/TiO> film and the TiO2-Au film.
Here the absorption A is calculated by the equation A =1 - R - T, where R and T are the
normalized reflection and transmission, respectively. The insets of Figure 3 show the
corresponding photos under the UV cut-off solar light (1 > 400 nm). The bare TiO- film looks

pale white under sunlight and has very low absorption. For the TiOz layer that are loaded only
6
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with AuNPs (i.e., the AUNP/TiO> film), it shows a color of light pink (see the inset of Figure
3). The spectrum has an absorption peak at around 560 nm but the absorption coefficient is
still low (< 15%). The absorption peak can be ascribed to the LSPR excitation effect of the
AUNPs. For the TiO2-Au film, its photo becomes dark brown, and the absorption coefficient is
significantly increased (> 50%) over the whole range of 400 — 900 nm. This is an evidence of
high absorption of the rough Au layer, though there is a valley of absorption near 600 nm. It is
particularly interesting to see that the absorption rises up when the wavelength is > 600 nm.
This is opposite to most of the photocatalysts that use uniform noble metal NPs, whose
absorption often drops significantly for the long wavelength part of visible light and the near-
infrared region.®®] This feature can be regarded as a spectral signature of the black
absorbers.[?®l For the AUNP/TiO2-Au film of our research focus, the absorption coefficient is
further enhanced to > 72% over 400 — 900 nm. Particularly, a peak absorption of 91% appears
at ~ 600 nm, thanks to the LSPR absorption of AuNPs.B8E7 |t js worth highlighting that the
photo of the sample shows a deep dark color (see the inset of Figure 3), well proving its
likeness to “blackbody”. For the colors of different samples, the pale white color of the bare
TiO2 film is attributed to its low and quite flat absorption in 450 — 750 nm; the pink
appearance of the AuNP/TiO: film is rendered by its relatively higher absorption in short
wavelength region in 400 — 550 nm; the brown color of the TiO2.-Au film is owning to the
drop of absorption in 500 — 650 nm; and the dark color of the AUNP/TiO2-Au film is a result

of the very high absorption over the whole range of 400 — 900 nm.

2.4 Photoelectrochemical properties

To study the photo-induced charge separation, the photoelectrochemical (PEC) properties of
the bare TiOz film, the AuNP/TiO film, the AuNP/TiO2-Au film and the TiO2-Au film are
tested under the on-off illumination of a broadband visible source (400 — 900 nm, ~50

mW/cm?) using the setup as shown in Figure 1b. The linear sweep voltammograms (LSV) are
7
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performed both in dark and under visible-light illumination (see Figure 4a), which reveals an
apparent response to light on/off switching at different bias potentials. The chopped I-t curves
are measured and recorded at a constant potential of 0 V (see Figure 4b), which is in good
agreement with the I-V curves at 0 V bias voltage. Clearly, the bare TiO, produced little
photocurrent density, < 0.7 pA cm™, which is just above the background dark current. As
expected, a significant photocurrent density enhancement is observed on the AuNP/TiO2-Au
film (i.e., the black absorber), with a photocurrent density of ~15 pA.cm™ (take the values at
90 s). The enhancement factor is ~ 20 as compared to the bare TiO2 film. The TiO2-Au film
enhances the photocurrent density to ~ 5 pA-cm in the absence of AuNPs loading, yielding
an enhancement factor of ~ 8 with respect to that of the bare TiO,. On the other hand, the
addition of AuNPs onto the TiO> layer has just doubled the photocurrent in the absence of Au
layer. Generally, the magnitude of photocurrent follows the AUNP/TiO2-Au film > the TiO2-
Au film > the AuNP/TiO: film > the bare TiO: film, which is in good agreement with the
order of absorption spectra in Figure 3. The large photocurrent of the AUNP/TiO2-Au film as
compared to that of the TiO2-Au film is attribute to the fast-lane transfer and the LSPR
absorption of the AuNPs as explained above. For the AUNP/TiO; film, its photocurrent is very
small as compared to the AUNP/TiO2-Au film, owing to the low absorption ability as seen in
Figure 3. Regarding to the influence of the layer thicknesses in the AuNP/TiO2-Au film, it is
found that the current combination (i.e., 200 nm thick for the Au layer and 150 nm for the
TiO: layer) yields the best absorption spectrum and the highest photocurrent; a thicker or
thinner Au layer would reduce the level of absorption coefficient and the flatness of the
absorption spectrum; similarly, a thinner TiO2 layer causes a reduction of absorption but a
thicker TiO> layer lowers the photocurrent slightly, possibly due to the larger grain size and
the longer transport distance of electron from the Au layer to the electrolyte. For the origins of

photocurrents in the AuNP/TiO2-Au film and the TiO2-Au film, the contribution of hot
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electrons can be inferred from the corresponding chopped I-V curves in Figure 4a and the I-t
plots in Figure 4b: their values are positive in the circuit connection of Figure 1c, showing
that the electrons flow from the rough Au layer to the TiOz layer and then to the electrolyte;
the photon energy (3.1 — 1.4 eV for the wavelength 400 — 900 nm) is lower than the TiO-
bandgap (~ 3.2 eV) and thus the photo-generated electrons have to result from the plasmonic
resonance of Au nanostructures of the rough Au films. The contribution of hot electrons to
photocurrent has been extensively used in the TiO; films sensitized by the AuNPsEB it js
reasonable to apply the similar mechanism to the rough Au films of this work.

The incident photons to current conversion efficiency (IPCE) expresses the number of

electrons per unit number of incident photons at a given irradiation wavelength. Figure 4c
displays the photocurrent vs. wavelength curves, which are measured by using the bandpass
filters (bandwidth 20 nm, central wavelengths at 425, 450, 475, 500, 520, 550, 600 and 650
nm, respectively). For all the four TiO2-based samples, the photocurrent peaks appear at 450
nm. Figure 4d plots the IPCE vs. wavelength curves that are calculated from the PEC data in
Figure 4c according to the formula
IPCE(%) = (1240 x lsc) / (A x Piigt) x 100

where A is the wavelength of the incident light, Piignt is the illumination power density at the
specific wavelength and Is is the measured short circuit photocurrent density at the specific
wavelength. It is seen that the IPCE value drops quickly in 424 — 475 nm and then becomes
flat at longer wavelengths. Nevertheless, the use of Au NPs or Au film leads to an increase of
IPCE over the wide visible range, and the AuNP/TiO2-Au film presents the highest IPCE,
which is consistent with the absorption spectra. At wavelengths shorter than 550 nm, the
AUNP/TiO2-Au film presents much higher IPCE values compared to the AuNP/TiO> film
photoelectrode, indicating that the high IPCE is mainly attributed to the presence of the rough

Au film rather than Au NPs.
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2.5 Numerical simulation

Finite-difference time-domain (FDTD) simulations are carried out to calculate the absorption
spectra of the AuNP/TiO2-Au film using a commercial software package, Lumerical FDTD
Solutions.P8LB% Here, we will investigate the electromagnetic response of the AUNP/TiO2-Au
film under visible light and will compare it with the measured spectrum. The perspective view
of the structure and the cross-sectional view in the xz plane (y = 0) are showed in Figure 5a
and 5b, respectively. In the simulation, the physical structures, from bottom to top, are
represented by five layers: Layer A, a continuous Au layer at the bottom (200 nm thick);
Layer B, a layer of random Au particles (represented by 3,000 AuNPs with the size randomly
distributed in 20 — 40 nm); Layer C, a TiO layer (150 nm thick); Layer D, a TiO2-Au particle
composite (800 random TiO: particles in 40 — 60 nm); and Layer E, another layer of Au
nanoparticles (300 AuNPs in 20 — 100 nm). These layers are chosen to resemble the real
structures of the AuNP/TiO2-Au film (see Figure 2a) as much as possible but using only
simple structures like films and nanospheres. More details of simulation will be described in
Methods Section.

Figure 5c plots the simulated absorption spectrum of the AuNP/TiO2-Au film. It
resembles closely the shape of measured spectrum over the whole range of 400 — 900 nm.
Particularly, the positions of the absorption peak and two valleys given by the simulation
align well with those by the experiment. Nevertheless, the simulation shows higher absorption
coefficient at the peak than the experiment, which is probably ascribed to the imperfections of
using the five simple layers to represent the real structure.

The field enhancement is further confirmed by the 3D FDTD software. From the
simulation curve in Figure 5c, the absorption reaches the minimum at 500 nm (77%) and 700
nm (70%), and the maximum at 410 nm (97%) and 600 nm (95%). Therefore, the
wavelengths of 410, 500, 600, 700, 800 and 900 nm are chosen as the working wavelengths to

simulate the electric field intensity distribution in the xz plane. As shown in Figure 6a, the
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electric field intensity is enhanced in two random Au particle layers, Layer B and E, though
Layer E has a greater enhancement. In Figure 6b and 6d that have 4 = 500 nm and 700 nm,
the electric fields in Layer E are reduced, showing a low contribution from the AuNPs. This
corresponds to the absorption valleys at 500 nm and 700 nm in Figure 5c. In Figure 6¢ that
has 4 = 600 nm, the electric field in Layer E becomes apparent again, indicating a strong
absorption of the AuNPs due to the LSPR effect. This corresponds to the absorption peak at
600 nm in Figure 5c. In Figure 6e and 6f, only Layer B shows strong electric field. Based on
Figure 6a-f, it can be observed that the rough Au layer (Layer B) always has intense electric
field and becomes dominant when the wavelength is apart from the plasmonic resonant
wavelength of AuNPs (4 =600 nm). This proves that the rough Au surface always has strong
plasmonic absorption over 400 — 900 nm and the AuNPs mainly contribute to the LSPR
absorption at 600 nm. In the other word, the blackbody-like absorption is a combination of the

plasmonic absorptions of the rough Au layer and the AuNPs.

3. Conclusions

In summary, an original study on the plasmonic black absorber is demonstrated using
the sandwiched structure that comprises a layer of AuNPs, a TiO2 layer and a rough Au layer.
It obtains an excellent absorption over the range of 400 — 900 nm due to the combined
plasmonic absorptions of the rough Au layer and the AuNPs as verified by the FDTD
simulation. By transferring hot electrons to the TiO2 layer, the black absorber is able to
enhance the photocurrent by 20 folds as compared to the bare TiO2 under the UV cut-off solar
light (> 400 nm). Such an absorber is simple, easy to fabricate and superior to other plasmonic
materials. Its broadband strong absorption of the visible and near infrared light is particularly
favorable for the photocatalysis using sunlight and would find potential applications in water

splitting, environmental remediation and photosyntheses.
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4. Experimental

4.1 Fabrication

The plasmonic black absorber and all the other films are fabricated on the substrate of
fluorine-doped tin oxide (FTO) glass. First, a thin Cr layer (~ 10 nm thick) and a continuous
Au layer (~ 200 nm thick) are deposited by magnetron sputtering on the FTO substrate. The
working pressure of Ar and the sputtering power are 6 pa and 60 W, respectively. The layer
thicknesses are controlled by the sputtering time. The Cr layer is to enhance the adhesion and
the electrical conduction of the Au layer to the FTO substrate.

Then, the TiO2 layer is deposited by the spin-coating method. It starts with the
preparation of TiO2 sol-gel. Titanium isopropoxide (TIP) Ti[OCH(CHa)2]4 with purity 98% is
introduced as the source of titanium and 2.5-ml diethanolamine {HO(CH2)}>NH is dissolved
in 70-ml ethanol (CH3CH2OH) with the purity of 99.7%. The mixture is sealed and stirred at
40 °C for 20 min with a magnetic stirrer. After adding the precursor of 9-ml TIP to the water-
free mixture, the stirring process is continued for another 20 min. When a slightly yellow and
transparent gel is formed, 20-ml water and 1-ml ethanol are added into the gel and stirred for
another 20 min. The obtained solution is kept at ambient temperature for 24 h. After the sol-
gel is ready, it is spin-coated onto the Au layer with a spinning speed of 2000 rpm for 30 s.
The obtained TiO- layer is sintered at 500 °C in air for 1 h to get the anatase phase. Although
the annealing temperature of 500 °C is pretty high and may cause the oxidation problem,
previous studies and our experience show that stable Au films and Au nanoparticles can still
be obtained safely.

Finally, sputtering and thermal annealing are utilized to fabricate the random
distribution of AuNPs onto the surface of TiO. layer. Here a thin Au layer is deposited by
magnetron sputtering. After being annealed at 500 °C for 1 h, the thin Au layer is transformed

into AuNPs during the annealing-cooling process.*¥l The obtained AuNPs are mostly

12



284

285

286

287

288

289

290
291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

spherical but with random sizes. The Au layers deposited for different sputtering times (and
thus different thicknesses, in the range of 3 — 25 nm) result in the AuNPs of different sizes.
The photos and the scanning electron micrographs (SEM) are shown in Supporting
Information, Figure S1. When the Au layer is deposited onto the TiO layer for 10 s, the
AuNPs after annealing have the size in the range of 40 — 80 nm, as shown in Supporting

Information, Figure S2.

4.2 Characterization

The surface morphology and the cross-section of the plasmonic blackbody-like structure are
evaluated by the scanning electron microscope (Hitachi S-4800, Hitachi High-Technologies
Corporation, Tokyo, Japan) with a cold field emission electron source and an in-lens
secondary detector. Typically, the images are acquired with an acceleration voltage of 5 kV.
UV-Vis spectrophotometer (Perkin Elmer Lambda 750) is employed to measure the
absorption of the black absorber and the other samples of control experiments. The reflection
spectra are performed with an integrating sphere that uses a BaSOs plate as the reference. This
means that both the direct reflected light and the diffuse scattering light are included in the
reflection measurement. The photocurrent is characterized using a three-terminal potentiostat
(Figure 1b). The black absorber, a Pt electrode and a saturated calomel electrode (SCE) are
used as the working, the counter, and the reference electrode, respectively. The working
electrode potential is set at 0 V versus SCE. Photocurrent is measured under the irradiation of

a Xe lamp (100 mw/cm?) fixed with a UV filter (cut-off wavelength 400 nm).

4.3 FDTD simulation
To model the complicated structure, the AUNP/TiO2-Au film is simplified into five layers.
More specifically, Layers A and B represent the continuous part and the rough surface of the

Au layer, respectively; Layer C stands for the continuous part of the TiO> layer; Layer D
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represents the overlapping of the TiO. rough surface and the AuNPs; and Layer E represents
the independent AuNPs on the surface of TiO.. The 3D FDTD has been performed in a
domain of 1 um x 1 um x 100 nm. For Layer A, the Au layer is 100 nm thick. For Layer B, it
is represented by 3000 AuNPs with the size randomly distributed in 20 — 40 nm. For Layer C,
the TiO2 layer is 100 nm thick. For Layer D, it is represented by 800 random TiO> particles
with the diameter in 40 — 60 nm. For Layer E, it contains 300 AuNPs with the size in 20 — 100
nm, following the histogram in Supporting Information, Figure S2b.

In the 3D FDTD simulation using Lumerical FDTD Solutions, the periodic boundary
conditions are employed in both x and y directions, and the perfectly matched layer (PML)
boundary condition is employed in the z direction. Although the distribution of random
particles is not periodic, the periodicity of the unit cell in both the x and y directions are set as
1000 nm, which is far greater than the radius of the random particles to simulate the rough Au
surface in the real structure. The FDTD lattice is completed with the auto non-uniform mesh
type, the 6th level with the mesh type of high accuracy to ensure reliable results.

The absorption is calculated by the equation A(1) = 1-R(1)-T(4), where R(%) = |Su| is
the reflection and T(A) = |S21)? is the transmission. Since the bottom Au layer (thickness 160
nm) is much thicker than its typical skin depth, there is almost no transmission in the whole
wavelength range, i.e. T(1) = 0. In this case, the formulation of absorption can be simplified
into A(1) = 1 — R(4). Frequency-domain field and power monitor are used to investigate the S-

parameters of transmission (S21) and reflection (S11) of a single unite cell.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1 Plasmonic black absorber that is constructed by the AuNP/TiO2-Au film. (a) Layer

structure. From bottom to top, it consists of a rough Au layer on the FTO glass substrate, a

thin TiO2 layer as the photocatalytic layer and a layer of Au nanoparticles on the top. (b)

Three-terminal potentiostat setup for measuring the photocurrent of the perfect absorber. (c)

Excitation and transfer of hot electrons in the absorber. The electrons flow from the Au layer

toward the Au nanoparticles.
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Figure 2 (a) Pseudo-color scanning electron micrograph of the cross-section of the absorber.

The thicknesses of the Au layer and the TiO. layer are about 200 nm and 150 nm,

respectively; and those of the FTO layer and the Cr layer are about 100 nm and 10 nm,

respectively. (b) The Au nanoparticles on the top surface. (¢c) The TiO2 film layer. (d) Top

view of the Au layer exposed from an etched window of the TiO> layer, showing that the Au

layer is very rough and consists of nanopores and nanoparticles.
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Figure 3 The measured absorption spectra of different film samples. The insets show the

photos of the films. The bare TiO> film presents very low absorption, the AUNP/TiO> film has

also low absorption but a plasmonic absorption peak at ~560 nm, the TiO2-Au film shows a

much enhanced absorption, where the AUNP/TiO2-Au film exhibits strong absorption (> 72%)

over the whole range of 400 — 900 nm and the maximum absorption of 91% at ~600 nm.
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Figure 4 Comparisons of the photoelectrochemical properties of the four film samples. (a)
Chopped I-V curves and (b) I-t plots under the irradiation of the UV cut-off solar light (with
only A > 400 nm). The photoelectrodes are measured versus the saturated calomel electrode
(SCE) in the 1-M KOH solution. (c) Photocurrent action spectra and (d) the deduced IPCE

spectra. In (b) — (d), the bias potential is kept at 0 V.
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Figure 5 FDTD simulation. (a) Perspective view of the representative structure of black

absorber for simulation. (b) Cross-sectional view in the xz plane. (c) Simulated absorption

spectrum (blue dashed line) matches approximately the experimentally measured spectrum

(black line).
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Figure 6 Distributions of electric field intensity for the perfect structure in the xz plane at six
selected wavelengths: (a) 410 nm, (b) 500 nm, (c) 600 nm, (d) 700 nm, (e) 800 nm, and (f)
900 nm. The rough Au layer (i.e., Layer B) has always strong plasmonic resonance at
different wavelengths and becomes the dominant absorber when the wavelength is longer than

the plasmonic resonance wavelength 600 nm.
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To enhance the utilization of solar energy for photocatalysis, the rough Au surface has

been combined with random Au nanoparticles to form a black absorber, which enables the

strong absorption (72% - 91%) to the solar light over 400 — 900 nm, and increases the

photocurrent by 20 folds. This black absorber represents an ideal material to enhance the

photocurrents in the solar applications such as photocatalytic, photovoltaic and photothermal

systems.
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Annealed

Unannealed

Figure S1. (a) Photographs of the Au films with the sputtering time of 35,5, 10 s, 15 s and
25 s, before and after annealing at 500 °C; SEM images of the Au nanoparticles after
annealing the Au films with the sputtering time of (b) 3s; (c) 5s; (d) 10's; (e) 15 s and (f) 25 s.
Before annealing, the colors of the Au films are deep. After annealing, the films turn to lighter
color and are mostly pink. For the sizes of Au nanoparticles, they increase with longer

deposition time.
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487  Figure S2. (a) Profile of Au nanoparticles in a small region of Fig. 2d. (b) Histogram of the

488  size of Au nanoparticles in Fig. 2d, as analyzed by using the free software tool ImageJ.
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0.0 3: Phase 5.0 um

489
490 Figure S3. AFM surface profile of the rough Au layer under the TiO> layer. The area is 5 um

491 x5 um. The root mean squared (RMS) roughness is 11.0 nm.
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