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research efforts have yielded a variety of 
novel SERS platforms for different appli-
cations in the fi elds of chemistry, physics, 
medicine, and biology. [ 2–5 ]  Over the past 
few decades, the realization of new SERS 
platforms has been crucial to enhance the 
detection effi ciencies and to understand 
the effective enhancement mechanisms. 
In some of these studies, even the limit 
of a single molecule detection has been 
accomplished due to the large enhance-
ment factors. [ 6,7 ]  The common contribu-
tors to most of the SERS processes are 
electromagnetic and chemical enhance-
ment mechanisms. [ 2,3,5 ]  Although elec-
tromagnetic enhancement mechanism 
results from light amplifi cation by the 
excitation of localized surface plasmon 
resonances (LSPRs), chemical enhance-
ment mechanism mainly relies on charge 
transfer, where the excitation wavelength is 
resonant with the metal-molecule charge 
transfer electronic states. [ 5 ]  Depending on 
the nature of a particular substrate and 

analyte, the SERS enhancement may be ascribed to one or both 
of these mechanisms. Nevertheless, critical drawbacks remain 
for several SERS systems preventing practical applications, and 
consequently, the development of new highly sensitive SERS 
substrates with good stability and reproducibility remains an 
active scientifi c and technological research area. 
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 The utilization of inorganic semiconductors for surface-enhanced Raman 
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excellent detection characteristics, indicating that π-conjugated organic 
semiconductors have a great potential for SERS applications. 
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  1.     Introduction 

 Surface-enhanced Raman spectroscopy (SERS) is a powerful 
and highly sensitive vibrational spectroscopic method, which 
enables the detection of chemical and biological molecules at 
very low concentrations. Since its discovery in 1974, [ 1 ]  intense 
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 Among the various SERS-active materials studied to date, 
semiconductors have recently attracted growing interest due to 
their unique properties such as tunable absorption and band 
gap, stable exciton formation, and excitation Bohr radius. [ 8–13 ]  
Over the past decade, numerous semiconductors such as 
ZnO, [ 9 ]  TiO 2 , [ 10 ]  lnAs/GaAs, [ 11 ]  graphene, [ 12 ]  and CuTe [ 13 ]  have 
been reported as alternative SERS substrates. However, their 
relatively weak enhancements (≈10 2 –10 4 ) compared to noble 
and transition metal-based SERS platforms (≈10 4 –10 8 ) have 
limited their employment in further SERS-based applications. 
In order to enhance their response, one effective method is to 
combine the semiconductor with a thin metallic fi lm having 
plasmonic property, which has led to enhancement factors up 
to 10 6 –10 8 . These studies demonstrated the key role of metal 
contact on top of the semiconductor fi lm for SERS-based 
quantitative measurements. [ 14–16 ]  Despite recent advances with 
inorganic semiconductors, to the best of our knowledge, the 
employment of π-conjugated organic semiconductors for SERS 
applications has never been demonstrated in the literature. 
This is rather surprising since organic semiconductors exhibit 
exceptional charge transport/light manipulation properties and 
excellent contact formation with metals such as Au and Ag in 
various optoelectronic devices such as organic fi eld-effect tran-
sistors (OFETs), [ 17–29 ]  organic light-emitting diodes (OLEDs), [ 30 ]  
and organic photovoltaics (OPVs). [ 31–34 ] . These advances were 
possible thanks to numerous studies on both the design and 
synthesis of high-performance π-conjugated structures as well 
as on semiconductor device fabrication. The design and devel-
opment of new SERS platforms based on organic semiconduc-
tors are technologically attractive considering their facile and 
low-temperature fi lm deposition also on mechanically fl exible 
plastic substrates and compatibility with low-cost manufac-
turing/direct-write printing techniques. [ 35,36 ]  Thus, the com-
patibility of organic semiconductors with different substrates 
to fabricate inexpensive, large-area, and fl exible devices may 
further extend the scope of SERS applications. The above con-
siderations prompted us to develop new organic semiconductor-
based micro-/nanostructured thin fi lms and to investigate their 
properties as SERS-active platforms. We envision that, in order 
to achieve high enhancement factor along with good stability 
and reproducibility, the molecular semiconductor should dis-
play several key properties such as 2D/3D micro-/nanostruc-
tured thin-fi lm formation, favorable charge-transport/semicon-
ductor–metal interface and high thermal/electrical stability in 
the solid state. A molecular semiconductor having these afore-
mentioned properties might be a good candidate to be com-
bined with a metallic thin fi lm for SERS applications. 

 Here we report, for the fi rst time, a simple and versatile 
approach for the fabrication of a novel SERS platform based 
on an organic molecular semiconductor thin fi lm capped with 
an Au thin layer. To this end, we selected the high-perfor-
mance  p -type semiconductor, 2,7-dioctyl[1]benzothieno[3,2-b]-
[1]benzothiophene (C8-BTBT) developed by Takimiya and co-
workers [ 37 ]  due to its exceptional semiconductor properties 
(hole mobilities up to ≈30–40 cm 2  V −1  s −1 ), proper molecular 
energy levels and good charge injection from Au thin-fi lm 
electrodes ( Scheme    1  a). [ 37–39 ]  In addition, the high electrical 
and thermal stability of C8-BTBT is expected to enhance the 
stability and robustness of the SERS substrates. The organic 

semiconductor fi lm was deposited via an oblique-angle vapor 
deposition technique, which enables the control of the semi-
conductor fi lm morphology. Remarkable SERS performances 
were achieved in terms of enhancement (≈10 8 ), stability (>90 d), 
and reproducibility (RSD < 0.14).   

  2.     Results and Discussion 

 The synthesis of C8-BTBT was carried out in three steps 
according to a reported procedure (Figure S1, Supporting Infor-
mation). [ 37,40 ]  Due to its good solubility in common organic 
solvents (e.g., CHCl 3 , CH 2 Cl 2 , THF, and toluene), the purifi ca-
tion of the fi nal semiconductor was performed by fl ash column 
chromatography with silicagel and hexanes as the stationary 
and mobile phases, respectively. The semiconductor's chemical 
structure and purity were verifi ed by  1 H/ 13 C NMR spectroscopy 
and elemental analysis (Figure S2, Supporting Information). 

 Organic semiconductor based micro-/nanostructured thin 
fi lms were fabricated on silicon substrates via vapor phase dep-
osition of C8-BTBT under high vacuum (1 × 10 −6  torr), which 
enables the deposition of ≈3.0 µm thick semiconductor fi lms 
(Scheme  1 b). Film depositions were performed via an oblique-
angle method where 10° and 90° deposition angles (α) were 
used. For further comparison, solution-processed thin fi lms 
were also fabricated by spin-coating a C8-BTBT solution in 
CHCl 3  (4 mg mL −1 ) at 1000 rpm. 

 The Fourier transform infrared (FTIR) spectrum of C8-BTBT 
thin fi lms indicates that no chemical changes occur during 
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 Scheme 1.   a) Chemical structure of C8-BTBT and b) schematic represen-
tation of the oblique-angle deposition process.
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the vapor phase deposition of the semiconductor thin fi lms 
(Figure S3, Supporting Information), in agreement with the 
good thermal stability of this material.  Figure    1   displays the 
top-view and cross-sectional scanning electron microscope 
(SEM) images of all C8-BTBT fi lms. As shown in Figure  1 , the 
fi lm morphologies are found to dramatically change upon the 
deposition method and the deposition angle, α. For the semi-
conductor fi lms deposited by vapor-deposition at α = 10° and 
by spin-coating, 2D microstructures with highly interconnected 
plate-like grains are observed (Figure  1 d and Figure S4, Sup-
porting Information). A closer look at these fi lms via cross-
sectional SEM shows that platelet microstructures with thick-
nesses of 70–500 nm are stacked on top of each other to adopt 
a face-on orientation relative the substrate surface. In sharp 
contrast, when the deposition angle was changed from 10° to 
90°, high density arrays of vertically aligned ribbon-like micro-/
nanostructures, which are highly favorable for SERS applica-
tions, [ 41,42 ]  were observed (Figure  1 a,b). The heights of these 
edge-on features are 0.8–3.0 µm. Considering that similar π–π 
stacking interactions between the planar benzothieno[3,2-b]-
[1]benzothiophene aromatic cores and van der Waals interac-
tions between lipophilic alkyl chains at the molecular termini 
are operative during fi lm deposition, the observed morpholo-
gical differences undoubtedly refl ect variations in fi lm-growth 
mechanisms due to different deposition thermodynamics/
kinetics and shadowing effects. For the spin-coated fi lms, the 
observed highly interconnected 2D plate-like microstructures 
are most likely due to the ultrafast kinetics of fi lm formation 
process (<5 s) preventing 3D morphological arrangements in 
such a short time. Similarly, for vapor-deposited fi lms grown at 
an angle of 10°, the shadowing effect seems to play a key role 

compared to α = 90° deposited fi lms. The self-shadowing effect 
and the high C8-BTBT molecule-molecule affi nity result in a 2D 
fi lm growth with platelets having different thicknesses. [ 43 ]  Both 
of these 2D fi lm morphologies indicate a Frank-Van der Merwe 
growth mode (γ semiconductor-fi lm  + γ semiconductor-substrate interface  = 
γ substrate ), which favors a layer-by-layer 2D fi lm formation on 
the silicon surface. [ 44 ]  Out-of-plane X-ray diffraction (XRD) 
measurements of the semiconductor fi lms deposited at α = 10° 
exhibits a series of strong sharp refl ections up to the third order 
(001 peak at 3.12°) (Figure S5, Supporting Information). The 
interlayer distance ( d -spacing) elucidated from these refl ections 
(28.3 Å) is very close to that of the previously reported spin-
coated C8-BTBT fi lms (29.0 Å), and corresponds to the com-
puted molecular length of C8-BTBT with fully extended alkyl 
chains (all-trans confi guration) (28.2 Å, Figure S6a, Supporting 
Information). [ 37 ]  In addition, the semiconductor fi lm XRD 
refl ections are assignable to the (001), (002), and (003) peaks in 
the simulated (random crystallite orientation) powder pattern 
generated from the single-crystal data (Figure S7, Supporting 
Information), and the interlayer distance matches well with the 
 c -axis length of the crystallographic unit cell (29.1 Å, Figure S6b, 
Supporting Information). [ 43 ]  Therefore, it is very likely that the 
out-of-plane thin-fi lm microstructure is identical to that of the 
single-crystal along the crystallographic  c -axis direction and 
edge-on molecular orientation is favored on the substrate. This 
is also consistent with the observed layer-by-layer growth (2D 
fi lm morphology) since an edge-on orientation promotes π–π 
stacking and van der Waals interactions in the in-plane direc-
tion. The BFDH (Bravais, Friedel, Donnay, and Harker) theo-
retical crystal morphology of C8-BTBT also demonstrates that 
edge-on molecular arrangement is favorable along the 2D 
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 Figure 1.    Top-view and cross-sectional SEM images of C8-BTBT fi lms fabricated by vapor deposition at a,b) α = 90° and vapor deposition c,d) at α = 10°.
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crystal plane (Figure S8, Supporting Information). On the other 
hand, vapor-deposited fi lms grown at α = 90° point to the ver-
tical growth of organic nano-/microribbons via an island growth 
mechanism, which may take place either from the beginning 
of the fi lm growth process (the Volmer–Weber growth mode, 
γ semiconductor-fi lm  + γ semiconductor-substrate interface  > γ substrate ), [ 45 ]  or fol-
lows an initial 2D wetting layer (the Stranski–Krastanov growth 
mode). Since the Stranski–Krastanov mechanism of layer-plus-
island growth has been previously reported for similarly depos-
ited fi lms of  p -type semiconductors including metal phthalo-
cyanine derivatives, it is very likely that the present C8-BTBT-
based vertical nano-/microribbon formation follows a similar 
growth mechanism. [ 46–48 ]  However, we should note that a very 
detailed study on ultrathin molecular layers of C8-BTBT is 
needed to fully understand the present vertical growth mecha-
nism. XRD measurement of the 3D C8-BTBT fi lm fabricated at 
α = 90° exhibits a different set of diffraction peaks up to fi fth 
order (Figure S5a, Supporting Information), with the fi rst one 
located at 3.94° ( d -spacing = 22.4 Å). These peaks are assign-
able to a single phase of (00 l ) refl ections revealing that these 
nano-/microstructures are highly textured. However, none of 
these peaks can be identifi ed in the simulated XRD powder 
pattern (Figure S7, Supporting Information), indicating that a 
considerably different molecular packing occurs in these verti-
cally oriented nano-/microstructures. It is very plausible that 
this different microstructural ordering observed in α = 90° 
deposited fi lms is responsible for the 3D morphology forma-
tion. Since the  d -spacing measured for the 90° deposited fi lm 
is signifi cantly lower than the C8-BTBT molecular length, the 
semiconductor molecules may be tilted with their long axes at 
≈40° from the substrate normal (Figure S6c, Supporting Infor-
mation). This molecular arrangement would lead to a more 
effective intermolecular interactions along the vertical direction 
(enhanced out-of-plane π–π stacking and van der Waals inter-
actions), which ultimately can drive this unique vertical crystal 
growth.  

  Figure    2   illustrates a comparison of the UV–vis absorption 
spectra of C8-BTBT in solution and as thin fi lms. The fi lms fab-
ricated at α = 10° and 90° display a lower bandgap (3.3–3.4 eV) 
and red-shifted absorption maxima (355 nm) compared to those 
in solution (3.6 eV, 310 nm). Although the solution spectrum 
shows the strongest absorption for the 0–2 vibrational peak, 
and the 0–0 vibrational absorption rises as a shoulder peak, for 

the thin fi lms, the 0–0 vibrational peak is the strongest. The 
increased 0–0 intensity relative to the 0–1 and 0–2 transitions 
and the large red-shifted absorption maxima (≈45 nm) suggest 
signifi cant J-type aggregate formation. This is consistent with 
the highly crystalline nature of these thin fi lms, and support the 
existence of strong intermolecular interactions in the solid state.  

 Next, we investigated C8-BTBT-based 3D thin fi lms for SERS 
experiments. However, instead of using single-layer semicon-
ductor fi lms, we utilized a bilayer structure where a thin layer 
of gold (≈32 nm) covers the C8-BTBT fi lms. In this way, we can 
combine the plasmonic properties of the metallic layer with 
the semiconductor chemical enhancement mechanisms via the 
charge-transfer process. To understand whether the 3D surface 
morphology of the semiconductor change upon gold depo-
sition, we fi rst performed SEM analysis of the C8-BTBT fi lm 
capped with the Au layer (Figure S9, Supporting Information), 
which indicates that the fi lm microstructure is preserved after 
Au coating. Next, the SERS activity of these fi lms was evaluated 
by using methylene blue (MB) as the Raman reporter molecule. 
In a typical sample preparation, a 3 µL MB solution (1 × 10 −3   M ) 
was dropped onto the gold-coated C8-BTBT fi lms and the sam-
ples left in a hood until dry, which led to coin-shaped MB fi lms 
of 4 ± 1 mm in size.  Figure    3   shows the MB SERS spectra col-
lected from the gold coated C8-BTBT thin fi lms. For compar-
ison, the spectra obtained from a smooth gold surface having 
a ≈32 nm thick Au fi lm is also shown in the same fi gure. All 
collected spectra are well defi ned and have acceptable signal-to-
noise ratios, consistent with our earlier reports for MB. [ 41,42 ]  For 
all cases, the most prominent peaks in the spectra of MB can 
be summarized as follows: ring stretch (ν(C   C)) at ≈1620 cm −1 , 
symmetric and asymmetric C   N stretches (ν sym (C   N) and 
ν asym (C   N)) at ≈1395 and ≈1433 cm −1 , respectively, and the 
C   N  C skeletal deformation mode (δ(C   N  C)) at ≈449 cm −1 .  

 Interestingly, gold-coated C8-BTBT fi lms fabricated at 
α = 90° exhibit a remarkable increment of the SERS signal 
intensities relative to that of the smooth gold fi lm. On the other 
hand, although C8-BTBT thin-fi lms deposited at α = 10° does 
not show any obvious 3D morphology, a dramatic enhancement 
in the SERS signal is also observed, possibly due to formation 
of plasmonic hot spots after gold deposition. [ 49 ]  In order to 
substantiate this conclusion, we investigated the surface mor-
phology of the gold-coated C8-BTBT fi lm deposited at α = 10°. 
The SEM image reveals that deposited gold on the C8-BTBT 
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 Figure 2.    UV–vis spectra of C8-BTBT in a) chloroform solution and b) as vapor deposited thin-fi lms for different deposition angles.
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fi lm forms island-like structures possibly due to dewetting of 
Au during metal deposition (Figure S10, Supporting Informa-
tion). The broadened and red-shifted UV–vis spectrum of the 
Au-coated C8-BTBT fi lm deposited at 10° compared to those 
deposited at 90° also verifi es Au island formation (Figure S11, 
Supporting Information). Furthermore, we calculated the SERS 
enhancement factors (EF) to quantify and compare the SERS 
performances of our samples by applying the following equa-
tion and using the MB Raman peak intensity at ≈1620 cm −1 ; 

     N I N IEF ( )/( )Bulk C8-BTBT C8-BTBT Bulk= × ×   (1) 

 where  I  Bulk  and  I  C8-BTBT  are the Raman intensities of pure bulk 
MB and the adsorbed MB on the Au-coated C8-BTBT fi lms, 
and  N  Bulk  and  N  C8-BTBT  are the number of MB molecules for 
the reference sample and C8-BTBT for different fabrication 
conditions. Accordingly, the EFs are calculated as 4.7 × 10 7  for 
α = 10° and 2.1 × 10 8  for α = 90°. 

 The impressive SERS signal enhancements may be attributed 
to different mechanisms. Fundamentally, two main enhance-
ment mechanisms are widely accepted to explain the overall 
SERS effect: electromagnetic and chemical enhancement 
mechanisms. [ 5 ]  Since the surface plasmon resonant frequency 
of most semiconductors is located in the infrared region, [ 50 ]  
which is far from the 785 nm exciting line in our experiments, 
electromagnetic contributions to the SERS signal in our system 
mainly originates from nanostructured or island-like gold fi lms 
deposited on the C8-BTBT semiconductor fi lm. In the case of 
C8-BTBT fi lm fabricated at α = 90°, a 3D morphology results 
in the generation of hot spots with an extremely high electric 
fi eld enhancement as a result of the tip-focusing, cavity reso-
nances and antenna effects. [ 41,42 ]  This factor is the dominant 
contributor to the observed high SERS signal enhancement 
for this particular fi lm. On the other hand, for the C8-BTBT 
fi lms fabricated at α = 10°, island like gold formations, which 
are very effective to create hot spots as a result of stronger 

enhancement of the local electromagnetic fi eld by closely 
placed gold nanostructures, should be the main contributor to 
the observed electromagnetic enhancement. Note, the enhance-
ment factors achieved in the current organic semiconductor-
gold bilayer substrates are signifi cantly higher (>1000×) than 
those of pristine rough gold fi lms and 3D gold nanorod arrays 
previously reported through oblique-angle deposition methods 
(≈10 4 –10 5 ). [ 42,51 ]  These data demonstrate the key role of the 
underlying organic semiconductor in the observed high SERS 
activity of the fi nal substrates. Therefore, in addition to elec-
tromagnetic enhancements, micro-/nanoscale charge-transfer 
processes in the C8-BTBT/gold/MB interfaces may be another 
important contributor to SERS signal enhancement possibly by 
magnifying the molecular polarizability. 

 Two feasible routes for charge transfer may occur upon laser 
excitation, which are either from C8-BTBT/gold substrate to 
adsorbed MB molecule or from MB molecule to C8-BTBT/gold 
substrate. The highest occupied molecular orbital (HOMO) and 
lowest unoccupied molecular orbital (LUMO) energy levels of 
C8-BTBT molecule are found to be −5.5 eV and −2.2 eV, respec-
tively, based on the cyclic voltammetry and optical absorption 
data. [ 37 ]  The work function of the gold is −5.1 eV. [ 52 ]  In addi-
tion, the HOMO and LUMO energy levels of MB, which is 
used as the Raman reporter in our work, are −4.7 and −3.6 eV, 
respectively. [ 53,54 ]  

 The laser light used in this study has a wavelength of 
785 nm (1.58 eV), which is suffi cient to enable electron 
transfer between C8-BTBT/gold/MB interfaces. Based on the 
interfaces and the energy levels in our system, the two feasible 
charge transfers may involve the following steps: [ 55 ]  in the fi rst 
route ( Scheme    2  a), an electron occupying the ground state 
of MB is fi rst excited from HOMO to an energy level above 
LUMO by the incident laser light. Then, the excited electron 
transfers quickly to a matching energy level of the C8-BTBT/
gold layers through resonant tunneling. The underlying 
C8-BTBT semiconductor may help the electron transfer via for-
mation of metal–organic interfacial states. Subsequently, the 
electron is transferred back to the ground state of MB emitting 
a Raman photon while leaving the MB molecule at some vibra-
tional state. The second route (Scheme  2 b) involves charge 
transfer from the substrate to MB, with an electron in the 
valence band of the gold/substrate is fi rst excited to the con-
duction band of gold upon laser excitation. At this point, a hole 
is also generated in the valence band of the gold fi lm, which 
can be further delocalized and stabilized with the underlying 
 p -channel C8-BTBT semiconductor. This would further accel-
erate the separation of the electron-hole pair and facilitate 
the charge transfer mechanism. Then, the excited electron is 
quickly transferred from the substrate to the matching energy 
level above the LUMO of MB molecule through resonant tun-
neling, which eventually transits back to the C8-BTBT/gold 
substrate and recombine with the hole. During this process, a 
vibrational quantum of energy transfers to the MB vibrational 
level and a Raman photon is radiated. It is noteworthy that 
similar charge-transfer mechanisms were previously proposed 
for inorganic semiconductor-based SERS systems. [ 55 ]  Although 
more detailed experiments and theoretical modeling are 
needed to fully rationalize these processes, the observed SERS 
enhancement plausibly refl ects a complex interplay of these 

Adv. Funct. Mater. 2015, 25, 5669–5676

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

 Figure 3.    SERS spectra of methylene blue (MB) on Au-coated C8-BTBT 
fi lms fabricated at a) α = 90° and b) α = 10°, and of c) a smooth gold 
fi lm on silicon.
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aforementioned electromagnetic enhancement and charge 
transfer mechanisms.  

 The poor reproducibility of SERS signals is one of the major 
drawbacks of Raman studies, [ 56,57 ]  and it should be addressed to 
prove that a system may be suitable for SERS applications. To 
demonstrate the reproducibility of our SERS platform, we col-
lected SERS spectra from 30 randomly selected spots on the 
C8-BTBT thin fi lms under identical experimental conditions. 
From the data of  Figure    4  , it is clear that for all runs, the 
Raman spectra are highly reproducible. We calculated the rela-
tive standard deviation (RSD) values to clarify and quantify the 
reproducibility of the same spectra given in Figure  4 .  Table    1   
summarizes the RSD results in intensity changes of different 
Raman peaks. All RSD values are below 0.14, which indicates 
an excellent reproducibility across the entire area of the SERS 
platform.   

 Finally, we tested the stability in ambient conditions of our 
SERS platform by analyzing the Raman peak intensities and 
positions over time. As shown in  Figure    5  , for the fi rst 30–60 d 
of aging, no change in the Raman spectra was observed. How-
ever, after 90 d of storing, the MB SERS signal was found to 
exhibit a small intensity reduction of ≈15% without any shift 
in the peak position, probably due to humidity variations. How-
ever, our results clearly prove the robust environmental stability 
of the present organic semiconductor-based SERS structure. 

It is likely that the stability of our platform may be further 
improved by proper passivation or encapsulation, since these 
procedures are typical for achieving stable organic semicon-
ductor-based optoelectronic devices. [ 58 ]    

  3.     Conclusion 

 In conclusion, we demonstrated, for the fi rst time, a simple 
and versatile approach for the fabrication of micro-/nanostruc-
tured C8-BTBT fi lms through an oblique-angle vapor deposi-
tion technique and tested them as active platforms for SERS 
applications. For a 90° deposition angle, vertically aligned 3D 
ribbon-like crystalline micro-/nanostructured C8-BTBT thin 
fi lms are fabricated, whereas smooth and highly intercon-
nected 2D thin fi lms having stacked platelet microstructures 
are obtained at α = 10°. By coating these C8-BTBT fi lms with 
a thin layer of gold, remarkable SERS performances in terms 
of enhancement, stability, and reproducibility were achieved. 
Our results clearly show that π-conjugated semiconductor 
thin-fi lms, when combined with metallic fi lms, represent a 
new promising entry for the fabrication of SERS-active sub-
strates, and they should be studied more in future SERS 
applications.  

  4.     Experimental Section 
  Materials and Methods : All reagents were purchased from commercial 

sources and used without further purifi cation unless otherwise noted. 
Conventional Schlenk techniques were used, and reactions were carried 
out under N 2  unless otherwise noted. NMR spectra were recorded on 
a Bruker 400 spectrometer ( 1 H, 400 MHz). Elemental analyses were 
performed by Midwest Microlab, LLC. 
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 Figure 4.    Reproducibility of SERS spectra of MB collected on randomly 
selected 30 spots of the Au/C8-BTBT platforms.

  Table 1.    RSD values for the major peaks of the SERS spectrum for 
30 MB spots. 

Peak position [cm −1 ] 1620 1395 1303 1183 770 449

RSD value 0.11 0.13 0.09 0.14 0.10 0.10

 Scheme 2.    Schematic representations for possible charge-transfer mechanisms (a and b) between MB and the Au/C8-BTBT fi lm.
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  Sythesis and Characterization : The synthesis of benzothieno[3,2-b]-
[1]benzothiophene (BTBT,  1 ) was performed according to the reported 
procedure. [ 40 ]  

  Synthesis of ([1]Benzothienopheno[3,2-b]benzothienophene-2,7-diyl)bis-
(octan-1-one) (2) : To a solution of [1]benzothieno[3,2-b][1]benzothiophene 
(1.0 g, 4.16mmol) in 50 mL of anhydrous dichloromethane, AlCl 3  (3.07 g, 
23 mmol) was added at −10 °C under nitrogen. The resulting mixture was 
stirred at −10 °C for 30 min, and then octanoylchloride (3.41 g, 21 mmol) 
was added dropwise. The reaction mixture was stirred at −10 °C for 1 h, 
and then at room temperature for 2 d. The reaction mixture was poured 
into water to yield a white precipitate. The precipitate was collected by 
vacuum fi ltration, and washed with water and methanol, respectively, to 
give  2  (1.3 g, 64% yield) as a white crystalline solid. This compound was 
directly used in the next step without any further purifi cation.  1 H NMR δ 
8.56 (d,  J  = 1.3 Hz, 2H), 8.06 (dd,  J  = 8.0, 1.3 Hz, 2H), 7.95 (d,  J  = 8.0 Hz, 
2H), 3.07 (t,  J  = 7.0 Hz, 4H), 1.75–1.83 (m, 4H), 1.20–1.52 (m,16H), 0.90 
(t,  J  = 7.2Hz, 6H). 

  Synthesis of ([1]Benzothienopheno[3,2-b]benzothienophene-2,7-diyl)-
bis(octan-1-one) (C8-BTBT) : To a solution of ([1]benzothienopheno[3,2-b]-
benzothienophene-2,7-diyl)bis(octan-1-one) (2, 1.0 g, 2.03 mmol) and 
potassium hydroxide (626 mg, 11.2 mmol) in diethyleneglycol (50 mL) 
was added hydrazinehydrate (3.2 mL, 51.75 mmol) under nitrogen, and 
the resulting solution was heated to 110 °C for 1 h and then further 
heated at 210 °C for 5 h. After cooling to room temperature, a white 
precipitate formed, which was fi ltered and washed with water and 
methanol to yield a white crude solid. The crude compound was next 
chromatographed on silica, eluting with hexanes to yield C8-BTBT as a 
white crystalline solid (0.66 g, 70% yield).  1 H NMR δ 7.76 (d,  J  = 8.0 Hz, 
2H), 7.71 (d,  J  = 1.0 Hz, 2H), 7.27 (dd,  J  = 8.0 Hz,1.0 Hz, 2H), 2.76 
(t,  J  = 8.0 Hz, 4H), 1.71 (m, 4H), 1.26–1.36 (m, 20H), 0.89 (t,  J  = 6.8 Hz, 
6H);  13 C NMR δ 143.2, 140.5, 132.7, 131.1, 124.9, 122.9, 121.2, 36.2, 
31.9, 32.0, 29.2, 29.1, 28.8, 22.5, 13.9; Anal. Calcd for C 30 H 40 S 2 : C, 77.53; 
H, 8.67. Found: C, 77.20; H, 8.50. 

  Fabrication of SERS Platforms Based on C8-BTBT Thin Films : The 
silicon wafers with (001) crystallographic orientations and 1–10 Ω cm 

resistivity were fi rst cut (1.5 × 1.5 cm 2 ) and washed with deionized 
water, acetone, and piranha solution consecutively. To eliminate any 
contaminants, pre-cleaned wafers were then treated with oxygen plasma 
at low pressure (0.2 mbar) for 30 min before C8-BTBT deposition. In 
a typical experiment, C8-BTBT powder (10–20 mg) was placed onto 
tungsten boat and evaporated at about 250 °C under fi xed base pressure 
(1 ± 0.2 × 10 −6  torr) in a physical vapor deposition (PVD) system 
(NANOVAK HV, Ankara, Turkey) for varying deposition times (1–5 min) 
on cleaned silicon wafers. The distance between C8-BTBT source and 
substrate was also altered ranging from 1 to 5 cm. A simple handmade 
device was utilized to manipulate deposition angle. After fabrication of 
C8-BTBT fi lms, a thin layer gold (32 nm) was deposited in the same 
PVD system at the similar base pressure. For comparison of SERS 
performances, smooth gold fi lms having 32 nm of Au thickness were 
also fabricated in the same manner. The tilt angle (θ) was calculated 
from the computed molecular length (l) and the fi lm d-spacing (d) 
determined from the fi lm XRD ( d  = l × cosθ). 

  SERS Measurements : For all Raman studies, a Delta Nu Examiner 
Raman Microscopy system equipped with a 785 nm laser source, a 
motorized microscope stage sample holder, and a cooled charge-
coupled device (CCD) detector was used in the range of 200–2000 cm −1 . 
Experimental parameters were as follows: 20× objective, 3 µm spot size, 
30 s acquisition time, 150 mW laser power and baseline correction was 
performed for all measurements. To evaluate the SERS enhancement, an 
aqueous solution of MB in different concentrations was prepared and 
3 µL of this solution was dropped onto the gold-coated C8-BTBT thin 
fi lms and kept in a hood until dry. The drying procedure created coin-
shaped Raman samples of size of 4 ± 1 mm onto the substrates. For 
each sample, at least ten Raman spectra were collected from the different 
spots of substrate to determine the reproducibility and homogeneity. 

  Computational Methodology : Geometry optimizations and electronic 
structure calculations for the gas-phase neutral states of C8-BTBT 
were carried out by density functional theory (DFT) calculations at the 
B3LYP/6-31G** level of theory using Spartan PC (Spartan '08, Version 
1.0.0, Wavefunction, Inc.)  
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 Figure 5.    SERS spectra of MB obtained from the a) freshly fabricated sample and stored for b) 30, c) 60, and d) 90 d in ambient air.
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