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  1   .  Introduction 

 Graphene is an atomically thin semi-metal with sp 2 -bonded 
carbon atoms arranged in a honeycomb lattice and it can be pat-
terned by various techniques into ribbons or disks. [  1–3  ]  Hexag-
onal boron-nitride ( h -BN) is the insulating analog of graphene 
with alternating boron and nitrogen atoms in the honeycomb 
lattice. [  4  ]  The lattice mismatch between graphene and  h -BN 
allows planar or vertical interfacing of atomically thin graphene 
and  h -BN sheets to form integrated circuits with lateral tran-
sistors, vertical fi eld effect transistors and tunneling diode. [  5–10  ]  
High ON-OFF switching ratio can be achieved at room 

temperature using  h -BN as vertical trans-
port barrier. [  8  ]  To date, most graphene/ h -
BN heterostructures were fabricated using 
micrometer-sized, mechanically exfoli-
ated graphene and  h -BN layers fl akes. 
To achieve scaling in device fabrication, 
the growth of wafer-size, few-layer  h -BN 
fi lms is necessary. In addition, few-layer 
 h -BN fi lms with appropriate thickness 
of ≈1 to 2 nm can provide more effec-
tive electrical insulation and also more 
effective shielding of the impurity scat-
tering from the substrate than monolayer 
 h -BN. [  8  ]  A commonly employed method 
to grow  h -BN fi lm is based on thermal 
decomposition of BN precursors on tran-
sition metals. [  11–22  ]   h -BN fi lms obtained 
by this method are typically monolayer 
fi lms since the growth is self-limited after 
the completion of the fi rst layer. [  11–16,20–22  ]  
Growing thicker fi lms is non-trivial as 
usually non-homogenous and rough fi lms 
result. [  17–19  ]  

 Here, wafer scale, few-layer  h -BN fi lms were successfully 
grown by employing a remote-discharged radio-frequency 
plasma beam to generate pre-dissociated borazine precursors. 
We show here that the as-grown  h -BN fi lms can be used as top 
gate dielectric material and also stacked and patterned with 
graphene fi lms to form (graphene/h-BN)  n   disks arrays. Inter-
estingly, the plasmonic resonances can be tuned to higher fre-
quencies with increasing layer thickness of the disks, showing 
that such vertical stacking provides a viable strategy to provide 
wide window tuning of the plasmons beyond the limitation of 
the monolayer.  

  2   .  Results and Discussion 

 The synthesis of  h -BN fi lms was carried out using a remote-
discharghed atom beam source.  h -BN fi lms were grown on 
2-inch Cu (500 nm)/SiO 2 /Si wafers by using borazine (B 3 N 3 H 6 ) 
as the precursor ( Figure    1  a; see detailed growth methods 
in the Experimental Section). Under plasma discharge, the 
borazine precursors are pre-dissociated into radicals. As a 
result, the subsequent growth of  h -BN can be very effi cient, 
typically, only ≈3 min of deposition time is needed to grow a 
continuous, few-layer  h -BN fi lm. The substrate is held at a rela-
tively lower temperature of ≈800 °C compared to ≈1000 °C in 
thermal CVD methods. After growth,  h -BN fi lms were coated 
with poly(methyl methacrylate) (PMMA) and transferred onto 

 Large Scale Graphene/Hexagonal Boron Nitride 
Heterostructure for Tunable Plasmonics  

    Kai     Zhang     ,    Fung Ling     Yap     ,    Kun     Li     ,    Chang Tai     Ng     ,    Lin Jun     Li     , and    Kian Ping     Loh      * 

 Vertical integration of hexagonal boron nitride ( h -BN) and graphene for the 
fabrication of vertical fi eld-effect transistors or tunneling diodes has stimu-
lated intense interest recently due to the enhanced performance offered by 
combining an ultrathin dielectric with a semi-metallic system. Wafer scale 
fabrication and processing of these heterostructures is needed to make 
large scale integrated circuitry. In this work, by using remote discharged, 
radio-frequency plasma chemical vapor deposition, wafer scale, high quality 
few layer  h -BN fi lms are successfully grown. By using few layer  h -BN fi lms 
as top gate dielectric material, the plasmon energy of graphene can be 
tuned by electrostatic doping. An array of graphene/ h- BN vertically stacked 
micrometer-sized disks is fabricated by lithography and transfer techniques, 
and infrared spectroscopy is used to observe the modes of tunable graphene 
plasmonic absorption as a function of the repeating (G/ h -BN)  n   units in the 
vertical stack. Interestingly, the plasmonic resonances can be tuned to higher 
frequencies with increasing layer thickness of the disks, showing that such 
vertical stacking provides a viable strategy to provide wide window tuning of 
the plasmons beyond the limitation of the monolayer.      

  DOI:  10.1002/adfm.201302009      

     Dr. K. Zhang, C. T. Ng, Dr. L. J. Li, Prof. K. P. Loh
Graphene Research Centre and Department of Chemistry  
  National University of Singapore  
   3 Science Drive 3  ,   117543  ,   Singapore
E-mail: chmlohkp@nus.edu.sg    
   Dr. F. L. Yap
Institute of Materials Research and Engineering (IMRE)
Agency for Science, Technology and Research (A*STAR)  
   3 Research Link  ,   117602  ,   Singapore    
   Dr. K. Li
Advanced Nanofabrication
Imaging and Characterization Core Lab  
  King Abdullah University of Science and Technology  
   Thuwal  ,   239955  ,   Kingdom of Saudi Arabia        

Adv. Funct. Mater. 2014, 24, 731–738

http://doi.wiley.com/10.1002/adfm.201302009


FU
LL

 P
A
P
ER

732

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

indicates pure BN phase on copper without any carbon or 
oxygen contamination. The binding energies of B 1 s  and N 
1 s  from the XPS measurement (inset in Figure  1 e), located at 
190.95 eV and 398.45 eV, respectively, correspond well to the 
reported peak positions for  h -BN fi lm. [  17,18  ]  The B/N ratio from 
the XPS characterization is calculated to be 1.005, which is 
consistent with the elemental stoichiometry of  h -BN. The high 
resolution electron energy loss (HREELS) spectrum of the as-
grown  h -BN fi lm shows strong peaks at 100 meV and 180 meV 
(as shown in Figure  1 f), which are assigned to the out-
of-plane and in-plane optical phonons of  h -BN, respectively. 

desired substrates by the conventional fl oat-transfer method. [  23  ]  
Figure  1 b shows the photographic image of a large scale  h -BN 
fi lm on a 2-inch silicon wafer with 285 nm thick SiO 2 . A typ-
ical optical microscope image (Figure  1 c) shows that the fi lm 
is homogeneous with almost no color variation except for the 
folded region near the edge. Atomic force microscopy (AFM) 
characterization along the edge of the fi lm indicates a thickness 
of ≈2 nm (Figure  1 d), which corresponds to a few-layer  h -BN 
fi lm of 2–4 layers. [  23  ]   

 Figure  1 e shows the XPS spectra of the as-grown  h -BN 
fi lm on Cu (500 nm)/SiO 2 /Si wafer. The wide scan spectrum 

      Figure 1.  a) Schematic diagram of  h -BN synthesis using a remote-discharged RF plasma beam. b) Photograph of a wafer-scale  h -BN fi lm. c) Optical 
microscopy image of the uniform  h -BN fi lm on SiO 2 -coated silicon. d) AFM image of  h -BN fi lm. The line-scan profi le along the edge indicates that 
 h -BN fi lm has a thickness of around 2 nm. e) XPS survey of the  h -BN fi lm grown on Cu-coated (500 nm)/SiO 2 /Si wafer. The inset shows B 1 s  and N 1 s  
XPS spectra, respectively. f) HREELS spectrum of as-grown  h -BN fi lm. g) Atomic resolution HRTEM image of the  h -BN fi lm. 
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 The synthesized few–layer  h -BN fi lm shows excellent insu-
lating characteristic with measured sheet resistance of ≈2 T Ω  
per square and a dielectric breakdown electric fi eld of 5 MV cm −1  
(Figure S4, Supporting Information). The  h -BN fi lm is also 
highly transparent with only ≈0.4% optical absorption over 
wavelength range of 250–800 nm (Figure S5, Supporting Infor-
mation). Exploiting these advantages, we applied the few-layer 
 h -BN fi lms as a top gate dielectric layer for the electrostatic 
tuning of plasmon resonance in graphene.  Figure    3  a illustrates 
the schematic diagram of the device. Monolayer graphene 
grown by CVD was used as transparent gate electrode. Pat-
terned graphene gratings (width: 2  μ m; spacing: 2  μ m) were 
used as the active layers for generating plasmons. The gra-
phene gratings were grounded, and bias voltage was applied 
through top graphene layer connected to a gold pad. The gra-
phene gratings in the heterostructure device were fabricated by 
nanoimprinting followed by O 2  plasma etching. The gate elec-
trode consisted of the dielectric  h -BN fi lm and a graphene layer, 
which were transferrred onto the graphene gratings sequen-
tially by the conventional fl oat-transfer method. The gold pad 
electrodes were deposited by thermal evaporation and defi ned 
with a mask.  

Edge phonon peak related to defects or edges 
of islands is usually located around 90 meV 
in the HREELS spectra, as has been observed 
in the case of isolated  h -BN islands. The 
absence of edge phonons thus indicates the 
presence of a continuous  h -BN fi lm. [  24  ]  The 
hexagonal phase of the grown BN fi lms is 
also evidenced by the Fourier transform 
infrared spectroscopy (FTIR) with strong 
adsorption bands centered at 813.8 cm −1  
and 1382.7 cm −1 , which corresponds to the 
B–N–B out of plane bending vibration and 
B–N in plane stretching vibration of  h -BN 
(Figure S1, Supporting Information). [  17  ]  The 
UV-Vis spectrum shows an absorption peak 
at ≈202 nm assignable to the interband tran-
sition and the derived optical band gap of 
5.47 eV agrees well with the predicted gap of 
h-BN (Figure S2, Supporting Information). [  18  ]  
The high resolution transmission electron 
microscopy (HRTEM) image of the  h -BN 
fi lm transferred on TEM grid reveals the dis-
tinctive hexagonal lattice structure of  h -BN 
(Figure  1 g). It can be seen that domains due 
to both bernal and turbostatic stacking co-
exist (Figure S3, Supporting Information). 
The “three-for-six” triangular atomic patterns 
of bernal stacked  h -BN layers and the 6-fold 
honeycomb structure with moiré superstruc-
ture arising from incommensurately stacked 
 h -BN domains are observed in the atomically 
resolved images. [  25–27  ]  

  Figure    2  a,b shows the AFM images of the 
 h -BN fi lms with different growth time. Few-
layer islands with thickness of ≈1.7 nm (line-
scan profi le shown in insert of Figure  2 a), cor-
responding to 2–3 layers of  h -BN were formed 
before merging into a complete fi lm (Figure  2 a, growth time of 
1 min). [  23  ]  As shown in Figure  2 b, continuous fi lm with a root-
mean-square (RMS) of 0.4 nm, without any breaks or large thick-
ness fl uctuation can be obtained after a growth time of 3 min. 
The results show that coalescence of  h -BN islands (schematically 
illustrated in Figure  2 c) allows the synthesis of uniform few-
layer  h -BN fi lms compared to the self-limited monolayer fi lms 
by thermal CVD methods. [  11–16,20–22  ]  The kinetic barrier for the 
growth of few-layer  h -BN fi lm is reduced compared to the con-
ventional thermal CVD methods due to pre-dissociation of pre-
cursors by the plasma. The plasma activation of borazine pro-
duces gas phase radicals which impinge on the substrate to form 
growth nuclei. The adatom–adatom interaction among the BN 
radicals is particularly strong, leading to formation of 3D clusters. 
In a continuous fl ux of these radicals, a high density of these 3D 
clusters aggregate to form islands, which merge to form a com-
plete fi lm. Interrupting the growth after a short interval ensures 
that coarsening beyond a few layers does not occur.  

 Figure  2 d–f indicates the evolution of crystallinity of the 
 h -BN fi lms under different growth temperatures. It demon-
strates that well crystallized  h -BN fi lms can be grown at 600–
800 °C compared to ≈1000 °C in thermal CVD methods. 

      Figure 2.  a) AFM image of  h -BN islands after 1 min of growth time. Insert line-scan charac-
terization shows the thickness of the island is ≈1.7 nm, which corresponds to thickness of 2–3 
layers. b) AFM image of a continuous  h -BN fi lm after 3 min of growth time. The RMS of the 
fi lm is ≈0.4 nm. c) Schematic illustration of the time-evolution growth of few-layer  h -BN fi lm 
by RF plasma CVD. d–f) SAED patterns of the  h -BN fi lms synthesized at d) 400, e) 600, and 
f) 800 °C, respectively. 
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dimensional electron gas (2DEG), showing a power law 
dependence of  n  1/4  versus  n  1/2  for 2DEG. Such weak depend-
ence on carrier density of the plasmon in monolayer graphene 
signifi cantly limits its tunability. A much stronger carrier 
dependence of the plasmon can be achieved by distributing the 
Dirac fermions in single layer graphene into multiple layers 
of closely spaced stack, where a signifi cant upshift of the reso-
nance frequency can be produced through dipole–dipole inter-
actions of the carriers. Here, we take advantage of the strong 
insulating property and ultrathin nature of the  h -BN to con-
struct the graphene/ h -BN vertical stacks.  Figure    4  a shows the 
scheme to make multilayers of stacked graphene and  h -BN 
heterostructures. Figure  4 b shows the actual multiple stacked 
(graphene/ h -BN/graphene)  n   fi lm supported on a 1 cm square 
quartz substrates where the color of the samples deepens with 
the increase of graphene layers inside the stacks. The thick-
ness dependence of the IR-absorption of these heterostructures 
can be characterized by FTIR when the fi lm is assembled on 
an intrinsic silicon substrate. In the mid-IR range, the inten-
sity of absorptions increased with the layer number of gra-
phene. This is also accompanied by an increasingly strong 
and sharp peak at 1370 cm −1 , which corresponds to  B – N  in 
plane stretching vibration of  h -BN (Figure  4 c). [  17  ]  In the far-IR 
range (Figure  4 d), the transmittance of monolayer graphene 
decreases to ≈80% when reaching the lower wavenumber of 
50 cm −1  due to far-IR shielding effect of graphene layers. With 
increasing graphene layers in the heterostructure stacks, the 
far-IR transmittance of the samples also decreases gradually. 
The transmittance  T  can be well fi tted by Fresnel's equation 
T = ∣

∣1+F (T)/(2cg0)
∣
∣
−2

 , where F (T)   is the optical conductivity 

 The carrier density of the graphene layer can be actively con-
trolled by electrostatic doping when applying gate voltage. The 
Fermi level of the active graphene layer was characterized by 
FTIR in mid-IR range. For interband transition in graphene (as 
shown in insert of Figure  3 b), there is an increase of absorp-
tion when  h ν   > 2 |EF| . [  28,29  ]  With –1 V gate voltage, the 2 |EF|   
of the active graphene layer is located at around 5000 cm −1 , 
which can be determined from the half maximum of the deep 
peak in transmittance spectrum (Figure  3 b). [  29  ]  The carrier den-
sity  n  can be described by n = (|EF| /�vF)2 /B  , [  30  ]  for example, 
for –1 V gate voltage, it corresponds to  n  ≈ 6 × 10 12  cm −2 . In 
this way, the carrier density of the active graphene layer can 
be electrostatically gated. Insert in Figure  3 b shows the varia-
tion of carrier density with the gate voltage from –0.2 V to –1 V. 
With the incident light polarized perpendicular to the graphene 
gratings in the device, a sharp plasmonic resonance peak was 
obtained in the far-IR. By controlling the gate voltage, the plas-
monic resonance frequency   ω   p  can be tuned by electrostatic 
doping. Figure  3 c presents the extinction spectra, 1 –  T / T  0 , of 
the heterostructure device under various gate voltages, where  T  
and  T  0  are the transmission through the sample and bare refer-
ence substrate, respectively. As shown in Figure  3 c, the plas-
monic resonance upshifts from 85 cm −1  to 102 cm −1  when gate 
voltage is changed from –0.2 V to –1 V. The plot showing the 
dependence of the plasmon resonance frequency with carrier 
density (insert in Figure  3 c) reveals an  n  1/4  power-law depend-
ence which is characteristic of two-dimensional massless Dirac 
electrons in graphene. [  30  ]  

 The plasmon frequency of single-layer graphene has a 
signifi cantly weaker carrier dependence compared to two 

      Figure 3.  a) Schematic diagram of the device structure for electrostatic tuning of plasmons in a graphene/ h -BN heterostructure. Graphene is used as 
the gate electrode,  h -BN is used as the dielectric gate and patterned graphene strips are active layers for plasmons. b) Characterization of Fermi level 
after electrostatic doping. Insert shows the variation of Fermi level of graphene with applied gate voltage. c) Plasmon resonance shift triggered by gate 
voltage. Insert is the dependence of resonance frequency on carrier density, which shows linear relationship of   ω   p  and  n  1/4 . 
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according to F (T) = F02(T� − 2EF) + iF0
4EF
BT�

− i F0
B

ln |�T+2EF|
|�T−2EF|  , 

and F0 = Be2/(2h)   is the universal conductivity of graphene. [  31  ]  
By repeating nitric acid vapor exposure to each graphene layers 
within the heterostructure stacks during multiple transfer, 
the carrier density can be increased with different layer num-
bers, and this is verifi ed by the stiffening of the G band in 
the Raman spectra ( Figure    5  ). The increase of charge carrier 
density with the layer number of graphene (p-doped by acid) 
in graphene/ h -BN heterostructures is well evidenced by the 
increase of D-band peak intensity, upshift of G-band peak, and 
decrease of  I  2D / I  G  ratio in the Raman spectra (Figure  5 a). [  32,33  ]  
The carrier density  n  can be quantitatively correlated to the shift 
of G peak with increase of ≈1 × 10 12  cm −2  per 1 cm −1  G peak 
upshift for hole-doping. [  33  ]  Figure  5 b shows the G-band stiffens 
(shifts from 1580 cm −1  to 1592 cm −1 ) with increasing numbers 
of doped graphene layers in the graphene/h-BN heterostructure 
stacks. We can achieve a carrier density of 1 × 10 13  cm −2  using a 
heterostructure stack that comprises four graphene layers.   

 The direct interaction of localized graphene plasmons with 
infra red light has been demonstrated previously by Yan and 
coworkers using a stack of graphene microdiscs spaced apart 
by polymer, which allowed the plasmons to be tuned through 
chang ing the dimension and thickness of the discs. [  34  ]  Similar 
in principle to the previous work, the variation in carrier densi-
ties due to the different stacking layers in the graphene/ h -BN 
heterostructure is used as the basis to tune the plasmon reso-
nance. In the stacks, few-layer  h -BN fi lm acts as an ultrathin 
dielectric that allows dipole–dipole coupling between the car-
riers in graphene layers. The graphene/ h -BN stack was prepared 
and patterned by optical lithography followed by O 2  plasma 
etching, where each graphene layer in the heterostucture was 

      Figure 4.  a) Scheme showing layer-by-layer stacking of the graphene and  h -BN. b) Graphene/ h -BN stacks with different layer numbers transferred on 
1 cm square quartz substrates. c,d) Mid-IR and Far-IR transmittance of the graphene/ h -BN heterostructures. The sharp peak around 1370 cm −1  cor-
responds to  B – N  in plane stretching vibration of  h -BN. 

       Figure 5.  Increased carrier density in graphene/ h -BN heterostructure 
stacks with increasing numbers of graphene layers ( n  G ). a) Raman 
spectra of the stacks with increasing  n  G . The spectra were normalized 
by the graphene 2D peak. b) Raman G-band peak shifts with increasing 
 n  G  in the stack. 
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heterostrucutres, where, the total carrier density  n  in the stack 
increases with graphene layer number ( n  0  represents the car-
rier density of a single-layer graphene), as described in Figure  5 . 
The results show that the plasmon resonance frequency and 
magnitude follow the rule of  n  1/2  and  n  carrier density depend-
ence, respectively. When the graphene layer number increases 
from one to four layers, the plasmon resonance frequency in 
graphene/ h -BN heterostructure upshifts ≈2.1 times together 
with 3 times enhancement of its magnitude. This is larger 
than the ≈1.8 times resonance shift and 2.5 times magnitude 
enhancement obtained in the graphene/polymer stacks shown 
previously. [  34  ]  The ultrathin  h -BN fi lm used here (≈2 nm thick) 
enables stronger plasmon coupling between adjacent graphene 
layers than the polymer spacer (usually 20–100 nm thick) since 
the plasmon coupling decays exponentially with the spacing dis-
tance. [  36–38  ]  In addition, the atomic smoothness of  h -BN fi lms 
coupled with a low density of dangling points [  5,7  ]  maintains the 
pristine property of graphene layers.  

  3   .  Conclusions 

 In summary, we have successfully synthesized wafer scale, 
few-layer  h -BN fi lms by RF plasma chemical vapor depositions 

p-doped by nitric acid vapor.  Figure    6  a shows an optical image 
of the microdisk patterned graphene/ h -BN heterostructure 
on an intrinsic silicon substrate, which is arranged in trian-
gular lattice with disk diameter of 4.4  μ m and disk center to 
center distance of 9  μ m. The plasmon resonance in the heter-
ostructure is studied by FTIR in far-infrared range. Figure  6 b 
shows the normalized extinction spectra of microdisk pat-
terned graphene/ h -BN heterostructures with various graphene 
layer numbers, where  T  and  T  0  are the transmission through 
the graphene/h-BN heterostructure sample and bare intrinsic 
silicon substrate, respectively. The acquired spectra can be well 
fi tted by the Drude model. We can get giant plasmon resonance 
tunability with the variation of the graphene layer number in 
the graphene/ h -BN heterostructure stacks. The plasmon reso-
nance frequency upshifted as large as 240 cm −1 , while its mag-
nitude is enhanced by three times when the graphene layers in 
the heterostructure increased from one to four layers.  

 Due to the quantum mechanical effect, the plasmon resonance 
shift in the graphene/ h -BN stack is related to the discontinuous 
change of the plasmon mass, mp = �

√
Bn/vF  , which results 

in a  n  1/2  carrier density dependence. [  34,35  ]  Figure  6 c,d presents 
the dependence of normalized resonance frequency and mag-
nitude with normalized carrier densities in the graphene/ h -BN 

      Figure 6.  a) Optical image of a graphene/ h- BN microdisk array on an intrinsic silicon substrate. Insert shows the enlarged image with dimension 
specifi cations. The diameter of the disk is 4.4  μ m and the disk center to center distance is 9  μ m. b) Normalized extinction spectra of the microdisk array 
with various graphene layer numbers ( n  G ). Insert shows the schematic structure of the heterostructure stacking. c,d) A larger tunability of the plasmon 
resonance frequency and magnitude with  n  G  is observed in the graphene/ h -BN heterostructure stacks compared to the graphene/polymer stacks, the 
latter results are reproduced from the literature. [  34  ]  n  and  n  0  are the total carrier density of the stacks and that of a single-layer graphene, respectively. 
Solid lines in (c,d) are power-law scaling curves of resonance frequency (or magnitude) vs carrier density dependence. 
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and utilized these as large area dielectric layers on graphene. 
Tunable plasmon resonances in far-infrared region were 
demonstrated using lithographically patterned graphene/ h -
BN multistack array. Atomically thin and highly transparent 
 h -BN fi lms enable strong plasmon coupling between adjacent 
graphene layers in the vertical stacks, which produces a sig-
nifi cant upshift of the plasmon resonance frequency and mag-
nitude with increasing thickness of the graphene/ h -BN stacks. 
This work opens up new possibilities for the applications of 
graphene/ h -BN heterostructures in various terahertz photonic 
devices such as photodetectors, modulators, polarizers, and 
plasmonics.  

  4   .  Experimental Section 
  RF Plasma CVD Synthesis of the h-BN Films : The synthesis of  h -BN fi lms 

was carried out in a remote-discharged, radio frequency (13.56 MHz) 
plasma chemical vapor deposition (CVD) system. Pure borazine 
(B 3 N 3 H 6 ) vapor was used as precursor source for  h -BN fi lm synthesis. 
In the growth, a 2-inch Cu (500 nm)/SiO 2 /Si wafer was loaded in the 
CVD chamber and annealed fi rst at 800 °C (ramping rate: 15 °C min −1 ) 
for 30 min in hydrogen atmosphere under pressure of 1 × 10 −4  Torr. After 
that, hydrogen gas was cut off and borazine was dosed by a precision 
leak valve. The growth was initiated by igniting the plasma. During the 
growth process, the pressure was kept at 4 × 10 −5  Torr, a plasma power 
of 200 W was applied with a substrate table rotating rate of 3 rpm. 
Finally, after the main growth, the gas fl ow was cut off and the chamber 
was cooled down to room temperature under high vacuum. 

  FTIR Measurements : For plasmonic study, Bruker Vertex 80V FTIR 
system covering both mid-IR (400 to 7500 cm −1 ) and far-IR (40 to 
700 cm −1 ) regimes, was used for the transmittance measurements. 
Corresponding to the mid-IR and far-IR characterizations, liquid 
nitrogen cooled mercury-cadmium-telluride (MCT) detector and a far-IR 
deuterated triglycine sulfate (DTGS) detector were used in conjunction 
with potassium bromide (KBr) and polyethylene terephthalate (PET) 
beam splitters, respectively. All the measurements were carried out 
under vacuum at room temperature.  
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