
Abstract—This work demonstrates Au Nanoparticles (NPs) 
decorated onto partial embedded PS 2D colloidal crystals 
embedded in the flexible PDMS matrix by RF-sputtering 
technique for surface enhanced Raman spectroscopy (SERS) NH3 
sensor. The surface morphology and optical properties of Au NPs 
decorated over 2D PS colloidal crystals (CC) on flexible substrate 
is investigated by scanning electron microscopy (SEM) and UV-
visible spectroscopy. The sensitivity of the Au NPs/ 2D CC/PDMS 
system for NH3 detection is investigated by the SERS techniques. 
A significant increase in the SERS intensity is observed as a 
function of NH3 concentration from 100 to 1000 ppm for the 
synthesized sensors system. The noticeable change in the SERS 
intensity with the exposure of the NH3 gas is attributed to the 
change in the electric near-field due to the Au NPs aggregation or 
distance as well as change in the dielectric of the surrounding 
medium. The SERS intensity exhibit a dependence on the change 
in refractive index/dielectric constant by NH3 gas molecules, and 
are linked to coupling effects between surface plasmon resonance 
(SPR) on the corrugated Au NPs islands and the hot spot formed 
by 2D PS CC assembly. The proposed Au NPs/ 2D CC/PDMS 
sensor system is capable for single molecule detection of gaseous 
precursors.  

 
Index Terms—2D PS colloidal crystals, Au NPs, self-assembly, 
PDMS, SERS 

I. INTRODUCTION 
ETECTION of toxic or harmful gases such as ammonia 
(NH3) has been become an essential issue for the 

environmental safety, disease diagnostics, and industrial 
products manufacturing/monitoring [1] [2]. Additionally, 
ammonium nitrate present in explosives, gradually 
decomposes to release traces of ammonia [3]. It is, therefore 
essential to detect NH3 concentrations towards air quality 
improvement and to prevent the fatal accidents [4] [5]. The 
traditional gas sensors based on semiconducting oxides 
materials show excellent performance in terms of sensitivity, 
but usually operate only at high temperature (~ 200–600 oC), 
which raises several issues such as high power consumption, 
high temperature set up and other safety related issues [6]. 
These restrictions have motivated researchers to fabricate gas 
sensors which can operate at room temperature. In order to 
meet the requirements of industry and other applications 
oriented fields fascinated towards the utilization of surface 
enhanced Raman spectroscopy (SERS) based sensors and 
proven it as a promising alternative to time-consuming 
laboratory techniques. The principle of operation is quite 
simple, conversion of chemical changes around plasmonic 
crystal into optical signal.  

Typically, SERS effect occurs when a group of 
chemical/biological species molecules are adsorbed onto 
electron rich, rough surface of metal alike Au, Ag, or Pt [7].  

Afterwards its characteristics Raman signal gets enhanced 
in many orders by the surface plasmons excitation available on 

the nanoparticles (NPs) surfaces and hot spot formation when 
two or more plasmonic NPs are brought closely together [8] 
[9]. 

To achieve an effective SERS, analytes must be adsorbed to 
suitable nanostructures that support surface plasmon excitation 
[10] – [15]. The gas sensing response of SERS based sensors 
have several advantages (unique vibrational spectra, no dye 
needed, tenability, economic) than conventional sensors 
although SERS sensors research is still in its nascent stage.   

 Therefore, the wide applications of SERS in various 
fields of sensors/detection technology are shown in Fig.1. 
There is a growing need to find a suitable alternative 
reproducible cost effective NH3 gas sensor with high 
throughput, large area, integrated onto flexible surfaces, in 
order to prevent the fatal accidents. Thus, 2D polystyrene (PS) 
colloidal crystals (CC) template partially embedded in 
polydimethylsiloxane (PDMS) matrix, having source of 
surface plasmon resonance (SPR), Au NPs of tunable size 
onto their surface, is one of the most promising solution.  

Therefore, the present work address to the fabrication of 
self-assembly based 2D PS CC monolayer array, having the 
plasmonic Au NPs onto their surface and partial embedded in 
the flexible PDMS substrates are proposed and is explore for 
SERS NH3 gas sensor applications. 

II. EXPERIMENTAL 
The surface contamination on silicon wafers were removed 

by dipping  and ultrasonic in isopropyl alcohol (IPA) for 
10 min followed by rising with DI water for 1 min. after that 
substrate are dipped in piranha solution 3:1, (H2SO4:H2O2) at 
room temperature for 10 min, and by rinsing repeatedly with 
DI water. Next, the standard RCA treatment (5:1:1 
(H2O:NH4OH:H2O2)) at 70-80 oC for 10min is given to 
substrate and again rinse with the DI water in order to make Si 
wafer hydrophilic by addition of –OH group. The substrates 
were dried in nitrogen jet stream. After this 200 nm PS 
colloidal solution is prepared in methanol (1:4) and were spin 
coated on cleaned silicon substrate with 800 rpm for 45 
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Fig. 1. (a) SERS excitation mechanism, (b) SERS sensor applications in
different area and (c) SERS research current progress. 
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second to form the self assembled 2D colloidal crystal 
monolayer. The PS CC monolayer is then transferred to the 
PDMS substrate by mechanical pressing as shown in Fig. 2. 

After that Au NPs were deposited on the PS colloidal 
crystal monolayer by the RF magnetron sputtering with 
sputtering time of 15 seconds. Colloidal crystal based gas 
sensors were characterized by Varian Cary 50 UV-visible 
spectrophotometer, field emission scanning electron 
microscope (FESEM) SUPRA™ 40 Carl Zeiss. The NH3 gas 
sensing properties of the as prepared sensor was studied by 
exposing with the different concentration of the NH3, and 
measuring Raman spectra with a WiTec CRM200 confocal 
Raman system with a 100× objective lens (NA 0.95) under 
backscattering configuration.  

 
III. RESULTS AND DISCUSSION 

  
The Au NPs decorated 2D colloidal crystal NH3 gas sensor 

is characterized by UV-visible, FESEM and Raman 
spectroscopy. Fig. 3 shows the FESEM images of well ordered 
hexagonally patterns of 200 nm PS 2D CC decorated with Au 
NPs on PDMS substrate.  The inset in Fig. 3 shows enlarge 
image of the Au NPs decorated hexagonally patterned 200 nm 
PS 2D CC on flexible PDMS substrate. It is clear from the 
SEM images that the monolayer of PS 2D CC is uniformly 
distributed on the flexible PDMS substrate. The hexagonally 
arranged monolayer of partially embedded 2D PS CC form 
voids of ~25 nm as shown in Fig. 3. 

The NH3 molecule was adsorbed to Au NPs PS sensor 
system by exposing the sensor system to NH3 gas flow. Fig. 4 
shows, the UV-visible spectrum of Au NPs exposed to the 
NH3 gas precursors, deposited on the partial embedded, 2D 
CC surfaces. The UV-Visible spectrum have the plasmon 
adsorption peak at 474 and 533 nm respectively are typical Au 
NPs signature peaks, with a certain distortion due to different 
shape and size. The band at lower energy or longer 
wavelength in (686 and 729 nm) absorption spectra are also 
observed which is due to aggregates formed by Au NPs 
agglomerations on NH3 exposure.  

As a result of Au NPs agglomeration, the shape of the UV-
Vis spectra becomes broader and the plasmons band becomes 

asymmetrical [16]-[18]. 
The SERS is a result of electromagnetic enhancement due 

to the surface plasmons excitation onto Au NPs surfaces 
deposited on top of partially embedded, PS, 2D CC in the 
PDMS substrate. The void between the Au NPs deposited on 
the PS CC result in the formation of hot spot and leads to 
enhancement of the SERS intensity. 

The SERS excitation spectrum for NH3 gas adsorbed onto 
proposed Au NPs containing 2D PS CC flexible systems are 
shown in Fig. 5. At resonance the effective electric field (Ec) 
experienced by adsorbed gaseous precursors onto plasmonic 
flexible systems are perceived to a great extent larger than the 
actual applied field. It is an account of a considerable 
contribution of Au NPs local field existed in the voids of 2D 
PS CC. In addition to this the effectual SERS of proposed 
flexible systems are also depend upon size of 2D PS colloidal 
crystal, NPs size, and  excitation wavelengths [16] [19] [20]. 
Besides this the SERS intensity enhancement is a function of 
radiation damping, and the effective field (Ec) decreases as 
1/r3 away from Au NPs surfaces [16] [21]. Thus, for  SERS 
sensing the NH3 molecules need not to be in the direct contact 
with the SERS active surfaces, but it can be detected anywhere 
within the vicinity of polarizing local field of NPs and voids 
[21]. 

The SERS spectra of the sensor system in Fig. 5 the 
signature peaks at 160, 189, 491, 615, 689, 713, 790, 864, 

 
Fig. 4. UV-visible spectrum of Au NPs decorated 2D colloidal 
crystal embedded in PDMS substrate with NH3 exposure 

Fig. 2. Schematic of flexible sensors fabrication process flow and NH3 
chemisorptions on Au NPs deposited on PS colloidal crystal partial 
embedded in flexible PDMS elastomer. 
 

 
Fig. 3.  FESEM images of well orderly hexagonal patterns of Au NPs 
decorated 200 nm PS colloidal crystals partially embedded in flexible PDMS 
substrate. The inset shows the corresponding enlarge image of Au NPs 
decorated 200 nm PS colloidal crystal embedded in flexible PDMS. 
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1003, and 1263 cm-1 (�̅) respectively, represent  to polystyrene 
(PS) which are in accordance with the reported value in 
literature [22]. The peaks located at 689, 864 cm-1 (�̅) 
corresponds to the B2 symmetry and the peaks at 615, 1003, 
1263 cm-1 (�̅) are for B1 symmetry of polystyrene. The NH3 
adsorption on polystyrene results in Au–N SERS interaction 
and shows their prominent signature at 491 cm-1 (�̅). The Au–
N stretch interaction of NH3 contributes in enhancement of the 
SERS intensity at 491 cm-1 (�̅) for the NH3 exposure as shown 
in Fig. 5 [23]. The significant enhancement of SERS intensity 
at 491 cm-1 (�̅) (Fig. 4) for NH3 gaseous precursor is result of 
Au–N stretch mode, respectively. Thus SERS intensity for Au 
NPs on 2D CC have reference value 4415 CCD(cts) and 
increases to 8362 CCD (cts), for NH3 gaseous exposure, 
respectively.  There is a noticeable increase in SERS intensity 
of 3947 CCD (cts) result by NH3 exposure. Alongside, the 
other spectral peaks perceived at 1263 cm-1 (�̅) in the Fig. 5 
may be as a result of formation degradation product from PS 
with the irradiation of excitation laser. Likewise, the band 
around 160 and 189 cm-1 belongs to Au–S–C bending modes, 
it point outs towards the sulphate terminated 2D PS CC used 
in this study [24].  

The variation in SERS intensity for the in Au NPs decorated 
2D PS Colloidal Crystal on flexible PDMS substrate is 
explained by SERS enhancement factor (G), which is given by 
following relation [16]. 

 
� = [(1 + 2�)(1 + 2��)]�                         (1) 
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Where, no and n are the refractive indices of the medium for 
the incident and scattering radiation at frequency ωo and ω. 
The dielectric constant κ is related to refractive index m as 
κ=n2.  

The SERS enhancement factor depends upon the n and κ of 
the medium [25]. It indicates that as NH3 molecule approaches 
the Au NPs on the surface of the 2D CC on the flexible PDMS 
the dielectric constant/refractive index around the Au NPs 
changes which result in the SERS intensity enhancement.  The 
sensor signal (SERS enhancement factor) variation with 
different NH3 gas concentration exposed to Au NPs decorated 

2D PS CC on PDMS substrate as shown in Fig. 5. The Sensor 
signal (EF) is estimated using expression [26] [27]: 
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Where ISERS & IRS are the SERS intensity and Raman 
intensity, PRS is the laser power for Raman measurement, PSERS 
is the laser power for SERS measurement, TRS is the data 
acquisition time of Raman measurement, TSERS is the data 
acquisition time for the SERS measurement. From Fig. 6 
sensor signal increases with the concentration of NH3 gas 
precursor. The adsorption of the NH3 gas molecules to the 2D, 
PS CC may also result a agglomeration/densification of Au 
NPs due to swelling/de-swelling of the 2D, PS, CC on PDMS 
substrate [28]. This process of de-swelling and densification 
results a considerable variation in the inter-particles distance 
of Au NPs onto 2D, PS CC, concentrate more charges near 
inter-particle junction which results a “hot spot” formation and   
exceptionally enhancement in the SERS signal [29]. 

 
IV. CONCLUSIONS 

  The present work, investigated the Au NPs decorated 
onto partially embedded 2D PS colloidal crystal on flexible 
PDMS elastomer for NH3 gas sensing application. The surface 
morphology, decoration of 2D CC and sensing signals, after 
the exposure of the gases NH3 is characterized with SEM, UV-
Visible spectroscopy and Raman spectroscopic techniques. It 
observed that 2D CC closely packed in hexagonal 
arrangement and the SERS intensity variation indicated that 
the sensor signal depend upon void between the Au NPs 
coated PS colloidal crystal. The SERS intensity exhibit a 
dependence on the change in refractive index/dielectric 
constant caused by NH3 gas molecule and are linked to 
coupling effects between SPRs on the corrugated Au NPs 
islands and the hot spot formed by 2D PS CC assembly. The 
Au NPs/ 2D CC/PDMS sensor system can be used for single 
molecule detection of gaseous precursors. 
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Fig. 5.  Raman spectra for Au NPs decorated on 200 nm, 2D 
colloidal crystals flexible sensor with and without NH3 gaseous 
environment. 

 
Fig. 6. Sensor signal (SERS enhancement factor) variation with NH3 
concentrations for Au NPs/ 2D CC/PDMS sensor system. 

279

Authorized licensed use limited to: Indian Institute Of Technology (IIT) Mandi. Downloaded on June 24,2020 at 07:00:52 UTC from IEEE Xplore.  Restrictions apply. 



Plasmon Based Flexible Colloidal Crystal Sensors, 
[SERC/ET-0003/2012]”. 
 

REFERENCES 
[1]    Y. Wang, L. Zhang, N. Hu, Y. Wang, Y. Zhang, Z. Zhou, Y. Liu, S. 

Shen and C. Peng "Ammonia gas sensors based on chemicallybreduced 
graphene oxide sheets self-assembled on Au electrodes," Nanoscale 
Res. Lett. vol, 9, pp. 251, 2014. 

[2]    N. Hu, Z. Yang, Y. Wang, L. Zhang, Y. Wang, X. Huang, H. Wei, L. 
Weiand Y. Zhang, "Ultrafast and sensitive room temperature NH3 gas 
sensors based on chemically reduced graphene oxide," Nanotechnology 
vol. 25, pp. 025502, 2014. 

[3]    X. Yu, N. Zhou, S. Han, H. Lin, D. B. Buchholz, J. Yu, R. P. H. Chang, 
T. J. Marks and A. Facchetti, "Flexible spray-coated TIPS-pentacene 
organic thin-film transistors as ammonia gas sensors," J. Mater. Chem. 
C, vol. 1, pp. 653, 22013. 

[4]    S. Pandey, G. K. Goswami  and K. K. Nanda, "Nanocomposite based 
flexible ultrasensitive resistive gas sensor for chemical reactions 
studies," Scientific Reports, vol. 3, pp. 2082, 2013. 

[5]    S. Mikhaylov, N. Ogurtsov, Yu. Noskov, N. Redon, P. Coddeville, J.-L. 
Wojkiewicz and A. Pu, "Ammonia/amine electronic gas sensors based 
on hybrid polyaniline–TiO2 nanocomposites. The effects of titania and 
the surface active doping acid," RSC Adv., vol. 5, pp. 20218, 2015. 

[6]    D. J. Late, T. Doneux and M. Bougouma, "Single-layer MoSe2 based 
NH3 gas sensor," Appl. Phys. Lett. vol. 105, pp. 233103, 2014. 

[7]    C. L. Haynes, C. R. Yonzon, X. Zhang and R. P. V. Duyne, "Surface-
enhanced Raman sensors: early history and the development of sensors 
for quantitative biowarfare agent and glucose detection," J. Raman 
Spectrosc. vol. 36, pp. 471–484, 2005. 

[8]   O. Péron, E. Rinnert, T. Toury, M. Lamy de la Chapelle and C. Compère, 
"Quantitative SERS sensors for environmental analysis of 
naphthalene," Analyst, vol. 136, pp. 1018-1022, 2011. 

[9]   T. Q. N. Luong, T. A. Caoand T. C. Dao, "Low-concentration organic 
molecules detection via surface-enhanced Raman spectroscopy effect 
using Ag nanoparticles-coated silicon nanowire arrays." Adv. Nat. Sci.: 
Nanosci. Nanotechnol. vol. 4, pp. 015018, 2013.  

[10]   N. S. Myoung, H. K. Yoo and I. W. Hwang, "Raman gas sensing of 
modified Ag nanoparticle SERS, Proc. SPIE 8969, Synthesis and 
Photonics of Nanoscale Materials XI," 89690S (March 7, 2014); 
doi:10.1117/12.2038984. 

[11]    S. B. Wang, Y, F. Huang, S. Chattopadhyay, S. J. Chang, R. S. Chen, 
C. W. Chong, M. S. Hu, L. C. Chen and K. H. Chen, "Surface plasmon-
enhanced gas sensing in single gold-peapodded silica nanowires," NPG 
Asia Materials vol. 5, pp. e49, 2013. 

[12]  R. Tabassum, S. K. Mishra and B. D. Gupta, "Surface plasmon 
resonance-based fiber optic hydrogen sulphide gas sensor utilizing Cu–
ZnO thin films," Phys. Chem. Chem. Phys., vol. 15, pp. 11868-11874, 
2013. 

[13]   S. K. Mishra and B. D. Gupta, "Surface plasmon resonance-based fiber-
optic hydrogen gas sensor utilizing indium–tin oxide (ITO) thin films," 
Plasmonics, vol. 7, pp. 627-632, 2012. 

[14]   Z. H. Jun, "High sensitivity refractive index gas sensing enhanced by 
surface plasmon resonance with nano-cavity antenna array". Chin. 
Phys. B, vol. 21, pp. 087104, 2012. 

[15]   K. B. Biggs, J. P. Camden, J. N. Anker, and R. P. V. Duyne, "Surface-
enhanced Raman spectroscopy of benzenethiol adsorbed from the gas 
phase onto silver film over nanosphere surfaces: determination of the 
sticking probability and detection limit time," J. Phys. Chem. A  vol. 
113, pp. 4581–4586, 2009.  

[16]   Q. Chen, Y. Rao, X. Ma, J. Dong and W. Qian, "Raman spectroscopy 
for hydrogen peroxide scavenging activity assay using gold nanoshell 
precursor nanocomposites as SERS probes," Anal. Methods, vol. 3, pp.  
274–279, 2011. 

[17]  Y. Yokota, K. Ueno and H. Misawa, "Essential nanogap effects on 
surface-enhanced Raman scattering signals from closely spaced gold 
nanoparticles," Chem. Commun., vol. 47, pp. 3505-3507, 2011. 

[18]   P. D. Robinson, A. Kassu, A. Sharma, T. Kukhtareva, C. W. Farley III, 
C. Smith, P. Ruffin,  C. Brantley, and E. Edwards, "Surface-enhanced 
Raman spectroscopy scattering from gold-coated ceramic nanopore 
substrates: effect of nanopore size," Journal of Nanophotonics, vol. 7, 
vol. 073592-12013.  

[21] T. Vo-Dinh, "Surface-enhanced Raman spectroscopy using metallic 
nanostructures, trends in analytical chemistry," vol. 17, 557-582, 1998. 

[22]  J. R. Anema, A. G. Brolo, A. Feltenb and C. Bittencourt, "Surface-
enhanced Raman scattering from polystyrene on gold clusters," J. 
Raman Spectrosc. vol. 41, pp. 745-751, 2010. 

[19]   Ramón A. Álvarez-Puebla, "Effects of the Excitation Wavelength on the 
SERS Spectrum," J. Phys. Chem. Lett. vol. 3, pp. 857−866, 2012. 

[20]   N. Guillot, H. Shen, B. Frémaux, O. Péron, E. Rinnert, T. Toury, and M. 
Lamy de la Chapelle, "Surface enhanced Raman scattering optimization 
of gold nanocylinder arrays: Influence of the localized surface plasmon 
resonance and excitation wavelength," Applied Physics Letters, vol. 97, 
pp. 023113, 2010. 

[23]  L. A. Sanchez, J. R. Lombardi and R. L. Birke, "Surface enhanced 
Raman scattering of ammonia," Chemical Physics Letter, vol. 108, pp. 
45-50, 1984. 

[24]   B. Varnholt, P. Oulevey, S. Luber, C. Kumara, A. Dass, and T. Bürgi, 
"Structural information on the Au−S interface of thiolate-protected gold 
clusters: A Raman spectroscopy study," J. Phys. Chem. C vol. 118, pp. 
9604−9611, 2014. 

[25]   T. Wang, Z. Zhang, F. Liao, Q. Cai, Y. Li, S.T. Lee and M. Shao, "The 
effect of dielectric constants on noble metal/semiconductor SERS nm 
enhancement: FDTD simulation and experiment validation of Ag/Ge 
and Ag/Si substrates," Scientific Reports, vol. 4, pp. 4052, 2014. 

[26]   S. I. Rae and I. Khan, "Surface enhanced Raman spectroscopy (SERS) 
sensors for gas analysis," Analyst, vol. 135, pp. 1365–1369, 2010. 

[27]   S. Yamazoe, M. Naya, M. Shiota, T. Morikawa, A. Kubo, T. Tani, T. 
Hishiki, T. Horiuchi, M. Suematsu, and M. Kajimura, "Large-area 
surface-enhanced Raman spectroscopy imaging of brain ischemia by 
gold nanoparticles grown on random nanoarrays of transparent 
boehmite, ACS Nano vol. 8, pp. 5622–5632, 2014.  

 [28]  J. H. Lee, M. A. Mahmoud, V. B. Sitterle, J. J. Sitterle and J. C. 
Meredith, "Highly scattering, surface-enhanced Raman scattering-
active, metal nanoparticle-coated polymers prepared via combined 
swelling−heteroaggregation," Chem. Mater., vol. 21   pp 5654–5663, 
2009. 

[29]   P. D. Robinson, A. Kassu, A. Sharma, T. Kukhtareva,  C. W. Farley III, 
C. Smith, P. Ruffin, C. Brantley, and E. Edwards, "Surface-enhanced 
Raman spectroscopy scattering from gold-coated ceramic nanopore 
substrates: effect of nanopore size,"vol. 7, pp. 073592, 2013. 

 
 

280

Authorized licensed use limited to: Indian Institute Of Technology (IIT) Mandi. Downloaded on June 24,2020 at 07:00:52 UTC from IEEE Xplore.  Restrictions apply. 


