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Abstract— Surface plasmons polaritons (SPP) ensure extreme 
concentrations of electromagnetic near fields at interfaces 
between materials with negative and positive dielectric 
permittivity (i.e. between metals and dielectrics), usually several 
orders of magnitude compared to fields in free space. This is 
useful for a number of practical applications, including chemical 
and biological sensing, enhancement of photodetectors and 
improvement of photocatalytical reactions. One of the problems 
to be solved with plasmonic field localization is that wavevectors 
of SPPs may vastly exceed those of propagating waves, so that a 
coupling device is mandatory between them. In photocatalytic 
microreactors one often uses nanoparticles with localized SPP as 
both couplers and field enhancers. In this contribution we 
consider the possibility to utilize surface corrugation of thin gold 
films to simultaneously ensure coupling between propagating 
and plasmon modes and enlarge effective catalytic surface. To 
this purpose we utilize wet chemical etching (chemical 
micromachining). Different surface corrugations are obtained by 
varying etching conditions. A combination of gold thin film over 
corrugated surface and titanium dioxide nanoparticles is used. 
The setup can be used for different photocatalytic processes. 

 
Index Terms— Plasmonics; Microreactors; Photocatalysis; 

Optofluidics; micromachining  
 

I. INTRODUCTION 

PLASMONICS deals with electromagnetic waves that are 
bound to an interface between conductor with free electron 
plasma and dielectric and are evanescent in the perpendicular 
directions. This ensures extreme localizations of electroma-
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gnetic near fields in subwavelength volumes [1,2]. Various 
applications include chemical, biochemical and biological 
sensors [3], circuits that merge compactness of electrical 
circuitry with high frequencies of optical circuits [4], super-
resolution lithography [5], to name just a few. 

Field localization in plasmonics can be tailored to coincide 
with the volume of micro or nanochanels in microfludics 
/nanofluidics. This makes it very convenient for optofluidic 
microreactors, especially for photocatalytic devices, as well as 
generally for the setups where an increase of the intensity of 
near field is required. 

A number of systems where plasmonic activation is used 
for photocatalysis has been reported until now [6-9]. A vast 
majority of these relies on localized surface plasmon 
resonance on nanoparticles, which may have either monolithic 
[10] or core-shell structure [11]. Versions include free 
nanoparticles in sole metal form, nanoparticles embedded in 
semiconductor, encapsulated in it or isolated in an intert 
material. Other forms like nanoclusters (powdered or 
immobilized on a support may be used). We did not encounter 
in literature microreactors with continuous plasmonic 
structures. 

One of the problems in plasmonic generally is coupling of 
propagating waves with surface plasmons polaritons (SPP) 
propagating on plasmonic surfaces [12]. Plasmonic 
localization of electromagnetic field in subwavelength 
volumes means shorter wavelengths (larger wave vectors) 
compared to propagating waves at the same frequency . This 
means that one needs to impart additional momentum k to a 
propagating wave to couple it with SPP modes. 

The usual coupling devices for plasmonics are those 
utilizing ATR (Attenuated total reflection) [13]. Typical 
examples are the Kretschmann and Otto prism couplers, 
which are the methods of choice for chemical and biological 
sensors. Another method for coupling is the use of diffractive 
gratings [12]. A vast majority of the utilized coupling methods 
are applied for a single operating frequency. In photocatalysis 
one almost innvariably utilizes localized surface plasmon 
resonance on nanoparticles [9]. They are diffractive scatterers 
and at the same time they offer a large active surface to 
volume ratios. Different sizes, shapes and materials of 
nanoparticles offer different resonant frequencies and 
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different operating wavelengths. 
A way to perform coupling between propagating waves and 

SPP is to utilize rough (disordered) surfaces. Utilized at the 
very beginnings of plasmonics [14, 15] it was largely 
abandoned since it was not easily controllable. Rough 
surfaces had poor repeatability and it was near to impossible 
to tune them for a desired wavelength. However, in a number 
of photocatalytic setups one actually needs to deal with 
incoherent white light, sunlight being the prime example. A 
rough surface can be regarded as a superposition of a number 
of sinusoidal/ordered diffractive gratings for different 
wavelengths. Thus in principle they offer coupling for a 
continuous range of wavelengths. 

In this work we propose the use of disordered rough 
plasmonic surface for the enhancement of photocatalytic 
microreactors. We consider the convenient methods for their 
fabrication and tailoring and consider possible optimization 
routes. Experimentally, we concentrate on chemical 
micromachining/wet etching procedures utilizing potassium 
hydroxide (KOH) and tetramethyl amonium hydroxide 
(TMAH). Different surface corrugations are obtained by 
varying etching conditions. We use a combination of a gold 
thin film sputtered onto thus corrugated surface and titanium 
dioxide nanoparticles.

II. SPP COUPLING AND ROUGH SURFACES 

The dispersion curve of a SPP is nonlinear and its wave 
vector is typically much larger than the wave vector of a 
propagating mode, Fig. 1. 
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Fig. 1. Dispersion curve of a surface plasmon polariton compared to the 
straight line of a propagating mode (light line). kprop is a randomly chosen 
wave vector of a propagating mode, and kSPP that of a SPP mode. 
 
 

In order to ensure coupling between SPP and a propagating 
mode, one needs to ensure additional momentum k. In case 
of a diffractive grating, the relation between the lattice 
constant of the grating a and the wavevector of the diffracted 
mode is  

a
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where m is an integer. Thus matching between the 
propagating and the evanescent mode is ensured as 
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and the propagating mode is defined as 
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where  is the angular frequency, c is the speed of light in the 
medium above the plasmonic surface and  is the incident 
angle of the propagating mode. Figure 2 illustrates coupling of 
SPP with the incident beam.
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Fig. 2. Coupling between SPP and propagating beam on a diffractive grating. 
"D" denotes dielectric, "M" is plasmonic material (usually metal). Yellow 
field illustrates the intensity of the electric field (along the x-axis). 

 
In this work we consider stochastic rough surfaces as a 

possible means for coupling SPP and propagating waves. An 
illustration of some possible geometries is shown in Fig. 3. 

 

 
Fig. 3. Illustration of different random profiles of rough surfaces with 
deposited gold overlayer. 
 

We may observe a stochastic relief on a surface as a 
superposition of an infinite number od gratings with different 
spatial periodicities, as shown in Fig. 4. In this manner the 



 

efficiency of SPP-to-propagating coupling would be directly 
related with the properties of the surface relief. 

  

 
 
Fig. 4. Stochastically rough surface presented as a superposition of ordered 
sinusoidal profiles. 

 
We may write the statistical correlation function of a 

randomly corrugated surface as 



 



11

11

,

11

11

,

1111 ),(),(

),(

yx

yx

dydx

dydxyyxxzyxz

yxF            (4) 

where x, y are in-plane coordinates, while z is the height of a 
given point. If we assume Gaussian distribution of the heights 
of the points at the surface with  being the root mean square 
value of z and  the correlation length
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then the Fourier transform of the statistical correlation 
function is  
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each of the components corresponding to a sinusoidal 
diffractive grating, i.e. its coupling efficiency being maximal 
for a single incident angle or a single wavelength. Since a 
stochastic profile will have a large number of components, it 
will enable coupling for different angles and for different 
wavelengths. The price to pay is that the overall efficiency 
will be smaller, but the structure will be applicable to white 
light.  

As a bottom line, one may expect improved efficiency of 
coupling between sunlight and surface plasmons polaritons 
for couplers in the form random rough surfaces owing to the 
diffraction of the beams at the surface corrugations. In this 
manner a rough surface coupler will act similarly to 
antireflective diffractive surfaces [16].  

III. SURFACE ROUGHENING 

A number of methods are available for micro/nanoscale 
surface roughening and the surface profile tailoring [17]. The 
three main groups are wet chemical etching 
(micromachining), dry etching, mechanical abrasion 
(mechanical machining, polishing, grinding) and 
beaming/irradiation (e.g. laser ablation, UV illumination). 
Obviously, a surface can be treated directly or a buffer 
layer/layers can be deposited onto it and further be subject to 
roughnening (additive technique). 

For a chosen surface roughening method different profiles 
will be obtained in dependence on a particular set of process 
parameters, e.g. temperature, duration, etc. As an illustration, 
Fig. 5 shows the time evolution of a random surface profile. 
 

      
Fig. 5. Illustration of the evolution of a random surface profile with increasing 
etching time. 
 

One has to keep in mind that surface roughness will affect 
the performance of the microfluidic channels [17]. 

In this work we consider wet chemical etching utilizing 
potassium hydroxide (KOH) and tetramethyl amonium 
hydroxide (TMAH). It is empirically known that wet-etched 
surfaces show microscopic facet structures [18]. The 
following discussion is brought so the best conditions could 
be found in order to create a surface with the greatest 
roughness value. KOH and TMAH solution have been taken 
under consideration because of their widespread use as wet 
etchants. 

Sato et al. [18] used single-crystal Si, mirror-polished with 
5-7 nm roughness. Etching in 34 wt.% KOH water solution at 
70°C, reaching etching depth 51.09 µm, with etching rate 
0.601 µm/min for (100) plane roughed silicon surface 11 nm. 
The saturated roughness value was  30 nm, though etching 
depth reached up to 90 µm. 

TMAH water solutions as etchants for surface roughening 
has also been studied e.g. by Shikida et al. [19]. They single-
crystal Si, mirror-polished with 5-7 nm roughness. The 
surface roughness value for (100) plane with etching rate 
0.278 µm/min and etching depth 40.65 µm with 25 wt.% 
TMAH water solution at 70°C was 65 nm. The roughness 
became saturated after 100 minutes and was 22 nm. Surface 
roughness increased along with etching depth when the 
TMAH concentration was 10 wt.%. At 80°C saturated 
roughness value was 580 nm. The roughness value of the 
(100) plane was related to micropyramid formation on the 
etched surface. At 80°C in 20 wt.% TMAH, the roughness 



 

values became saturated at 35 nm. Finally, in the case of 25 
wt.% TMAH, at 80°C the roughness value was 6 nm.  The 
effects of etchant circulation were negligible for KOH 
solutions, but not in the case of some TMAH solutions, 
especially when the concentration was 10 wt.%. However, the 
effect was again negligible for TMAH concentrations greater 
than 20 wt.%. Etching effects increased with temperature. 
After 70 minutes, roughness value at 70 ˚C was 21 nm but at 
80°C after the same amount of time was 35 nm. 

V. Jović et al. [20] used single-crystal n-type silicon chips 
(100) oriented, 50 x 50 mm2, thickness 525 µm, mirror-
polished. Roughness value after etching in 5, 15 and 25 wt.% 
TMAH water solutions at 80 ˚C were 330 nm, 400  nmand 4.6 
nm, respectively.  Etching rates were 0.65, 0.56 and 0.45 
µm/min for (100) plane. In 30 wt.% KOH water solution at 
80°C the initial roughness was 9.9 nm, and after the etching 
increased to 29 nm. 

IV. MICROREACTOR SETUP 

The basic idea was to fabricate a microreactor structure 
with the microchannel bottom surface roughened by wet 
chemical etching and subsequently covered by a thin gold 
layer (plasmonic material). An illustration of the approach is 
shown in Fig. 6. 
 

 
 
Fig. 6. Simplified illustration of a meandering microreactor with its botton 
surface roughened by micromachining and covered by a gold layer. 


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Fig. 7. Photolithographic mask of our microreactor with two inlets shown on 
the left and three outlets on the right. Part I is dedicated to nucleation and 
meandering channels of Part II are used for nanoparticles growth. Width and 
depth of channels are 100 µm and 50 µm, respectively 

 

Figure 7 shows a photolithographic mask for a meander-
type microreactor with multiple inlets and outlets. The width 
and the depth of its microchannels are 100 µm and 50 µm, 
respectively. 

V. EXPERIMENTAL 

Experiments in wet chemical etching was performed on two 
single crystal, n-type silicon wafers, double side polished, 3" 
in diameter. Thermal oxide was used as a masking layer on Si 
wafers and it was obtained in a humid atmosphere of oxygen 
at 1150 °C. The growth of the oxide was at atmospheric 
pressure and the partial pressure of the water vapor in the 
atmosphere O2 was proportional to the water vapor at 90 °C. 
A protective oxide had a thickness value about 0,6 µm for 
chemical etching in KOH (potassiumhydroxide) and 1 µm for 
chemical etching in TMAH (tetramethylammonium 
hydroxide).  

Thermal oxide was etched in BHF (buffered hydrofluoric 
acid) from the top side of wafers, after that wafers were cut on 
6 pieces, samples. Before etching in KOH and TMAH, 
samples was washed in piranha solution. One set of samples 
was etched in 30 wt.% KOH water solution for 2 min, 4 min, 
6 min, 8 min, 10 min at 80 °C, with etching rate of 1,1 
µm/min, while the last sample was used as referent piece. And 
the other set of samples was etched in 25 wt.% TMAH water 
solution for 2 min, 3 min, 4min, 5 min, 6 min at 60 °C, with 
etching rate of 0,16 µm/min, the last sample was used as 
referent piece. 

 All samples were cut in half, and one half of each sample 
was gold sputtered. As a coupler between propagating and 
surface modes for plasmonic enhancement of photocatalytic 
optofluidic microreactors thin layer of gold, Au, was used 
with sublayer of chrome, Cr. Sublayer must be present for 
purpose of good adhesion of gold on silicon surface. The 
minimum of thickness value for gold and chrome as sublayer 
have to be around 20nm, 10 nm respectively. Thickness value 
of layer and sublayer, combined, must be smaller then value 
of roughness of silicon surface. In our laboratory we used 
Perkin – Elmer sputtering system, model 2400, for applying  
thin metal films on silicon wafers. For gaining thickness of 10 
nm of chrome as sublayer we used next conditions in 
sputtering system: power was 750 W, pressure of Ar was 15 
mTorr, duration of process was 10 min, and for thickness of 
20 nm of gold conditions were 500W for power, pressure of 
Ar was 15 mTorr while duration of process was 1min and 30 
sec.  

The roughness of the surface of the three-dimensional 
images was determined with atomic force microscope TM 
Microscopes – Veeco in contactless mode.  

Figure 8 shows the measured surface profile of single 
crystalline (100) mirror-polished wafer after etching in 25 
wt.% TMAH water solution for 6 min at 60 °C,   while Fig. 9 
shows the surface profile for ething of the same wafer in 30 
wt.% KOH water solution for 6 min. at 80 °C 

 



 

 
 
Fig. 8. Measured surface profile of single crystalline (100) wafer etched in 
TMAH. 

 
 
Fig. 9. Measured surface profile of single crystalline (100) wafer etched in 
KOH. 
 

VI. CONCLUSION 

In this work we considered a possibility to enhance the 
performance of photocatalytic microreactor by plasmonic 
localization of electromagnetic field. To this purpose we 
considered the use of random surface roughness as a coupling 
device between white light (sunlight) and surface plasmons 
polaritons without the need of any intermediary structures like 
ATR. SPP ensure localization of electromagnetic radiation in 
evanescent near field modes in microscopically small 
volumes. These volumes are tailored to overlap with the 
volume of microchannels photocatalytic microreactors. 
Different surface profiles are obtained by different profiling 
mechanisms, and even with a single mechanism with varying 
process parameters. This opens a path toward surface profile 
tailoring and optimization in the sense of maximizing the 
coupling efficiency and tuning it to a desired spectral range. 
The approach can be used in general optofluidics and for lab 
on chip devices. 

ACKNOWLEDGMENT 

The paper is a part of the research funded by the Serbian 
Ministry of Education, Science and Technological Develop-
ment within the project TR32008.    

 

REFERENCES 

[1]

 

W. L. Barnes, A. Dereux, and T. W. Ebbesen, “Surface plasmon 
subwavelength optics,” Nature, vol. 424, no. 6950, pp. 824-830, 2003. 

[2]

 

J. A. Schuller, E. S. Barnard, W. Cai, Y. C. Jun, J. S. White, and M. L. 
Brongersma, “Plasmonics for extreme light concentration and 
manipulation,” Nature Mater., vol. 9, no. 3, pp. 193-204, 2010. 

[3]

 

I. Abdulhalim, M. Zourob, and A. Lakhtakia, “Surface plasmon 
resonance for biosensing: A mini-review,” Electromagnetics, vol. 28, 
no. 3, pp. 214-242, 2008. 

[4]

 

E. Ozbay, “Plasmonics: Merging Photonics and Electronics at 
Nanoscale Dimensions,” Science, vol. 311, no. 5758, pp. 189-193, 2006. 

[5]

 

N. Fang, H. Lee, C. Sun, and X. Zhang, “Sub-diffraction-limited optical 
imaging with a silver superlens,” Science, vol. 308, no. 5721, pp. 534-
537, 2005. 

[6]

 

P. Christopher, H. Xin, A. Marimuthu, and S. Linic, “Singular 
characteristics and unique chemical bond activation mechanisms of 
photocatalytic reactions on plasmonic nanostructures,” Nature Mater.,

 

vol. 11, no. 12, pp. 1044-1050, 2012. 
[7]

 

X. Lang, X. Chen, and J. Zhao, “Heterogeneous visible light 
photocatalysis for selective organic transformations,” Chemical Society 
Reviews, vol. 43, no. 1, pp. 473-486, 2014. 

[8]

 

S. Linic, P. Christopher, and D. B. Ingram, “Plasmonic-metal 
nanostructures for efficient conversion of solar to chemical energy,” 
Nature Mater., vol. 10, no. 12, pp. 911-921, 2011. 

[9]

 

X. Zhang, Y. L. Chen, R. S. Liu, and D. P. Tsai, “Plasmonic 
photocatalysis,” Reports on Progress in Physics, vol. 76, no. 4, 2013. 

[10]

 

P. Wang, B. Huang, Y. Dai, and M. H. Whangbo, “Plasmonic 
photocatalysts: Harvesting visible light with noble metal nanoparticles,” 
Phys. Chem. Chem. Phys., vol. 14, no. 28, pp. 9813-9825, 2012. 

[11]

 

Q. Zhang, I. Lee, J. B. Joo, F. Zaera, and Y. Yin, “Core-shell 
nanostructured catalysts,” Acc. Chem. Res., vol. 46, no. 8, pp. 1816-
1824, 2013. 

[12]

 

S. A. Maier, Plasmonics: Fundamentals and Applications,  Springer 
Science+Business Media, New York, NY, 2007. 

[13]

 

H. Ditlbacher, J. R. Krenn, A. Hohenau, A. Leitner, and F. R. 
Aussenegg, “Efficiency of local light-plasmon coupling,” Appl. Phys. 
Lett., vol. 83, no. 18, pp. 3665-3667, 2003. 

[14]

 

H. Raether, Surface plasmons on smooth and rough surfaces and on 
gratings,  Springer Verlag, Berlin-Heidelberg, Germany, 1986. 

[15]

 

E. Kretschmann,  “The angular dependence and the polarisation of light 
emitted by surface plasmons on metals due to roughness,” Optics 
Communications vol. 5, no. 5, pp. 331–336, 1972. 

[16]

 

D. H. Raguin, and G. M. Morris, “Antireflection structured surfaces for 
the infrared spectral region,” Appl. Opt., vol. 32, no. 7, pp. 1154-1167, 
1993. 

[17]

 

J. Ren, “Micro/nano scale surface roughness theory and its effect on 
microfluidic flow,” Ph.D. dissertation, Iowa State University, 2013 

[18]

 

K. Sato, M. Shikida, T. Yamashiro, M. Tsunekawa, S. Ito, “Roughening 
of single-crystal silicon surface etched by KOH water solution” Sens. 
Actuators, A, vol. 73, pp. 122-130, 1999. 

[19]

 

M. Shikida, T. Masuda, D. Uchikawa, K. Sato, “Surface roughness of 
single-crystal silicon etched by TMAH solution” Sens. Actuators, A, 
vol. 90, pp. 223-231, 2001. 

[20]

 

V. Jović, D. Ranđelović, M. Popović, “Anisotropic etching of sungle 
crystalline Si in TMAH solutions with ethanol addition: morphological 
and kinetic properties”, 49th Conference ETRAN, Budva, Montenegro, 
vol. 4, pp. 181-184, June 5-10, 2005.  
 

 


