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  1. Introduction 

 The synthesis of one-dimensional nanostructures has attracted 
an enormous attention in the last decade because of their out-
standing shape (chemistry, size, and material) dependent prop-
erties. [  1  ]  An important step forward in the fi eld is the growth 
of 1D heterostructures by, for example, synthesizing two-phase 
heterojunctions between metals, semiconductors, carbon, and 
polymers. [  1  ,  2  ]  Simultaneously, the controlled fabrication of core/

shell 1D nanostructures has emerged 
as an important topic in diverse fi elds. [  3  ]  
For instance, combination of different 
metals, metal/metal-oxide, oxide/oxide 
NWs, and nanorods has been intended 
for high-performance supercapacitors, 
solar cells, self-cleaning surfaces, and 
photonic materials. [  4a–e  ]  Lately, organic/
inorganic and inorganic/organic com-
binations have been proposed as high 
capacity anode for lithium batteries [  4f   ]  
and photocatalysis. [  4g  ]  In this context, 
recent molecular electronic developments 
have promoted the fabrication of optic 
and electronic devices [  5  ]  based on organic 
molecules, 1D organic nanostructures 
and, to a much lesser extent, 1D organic 
heterostructures. [  6  ]  The synthesis and 
processing of organic nanowires (ONWs) 
from   π  -conjugated small-molecules have 
been accomplished by several method-
ologies involving the use of inorganic and 
organic templates, liquid and surface crys-
tallization processes, or vapor transport 
methods. [  5  ]  The latter ones [  5  ,  6a–c  ,  e–f  ,  7  ]  pro-
vide a strict control on the composition, 
crystal structure, and morphology of the 

ONWs. In particular, it has been already shown that the vapor 
transport method at low pressure or physical vapor deposition 
(PVD) represents a facile and universal mechanism for the 
formation of supported 1D-nanostructures from   π  -conjugated 
molecules that can be combined with other vacuum techniques 
(e.g., metal sputtering/evaporation, soft plasma etching) for 
the fabrication of a wide variety of heterostructured nanostruc-
tures including hybrid (metal nanoparticles (MNPs)-ONWs) 
and hierarchical ONWs. [  7  ,  8  ]  However, the combination of this 
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the luminescent ONWs with inorganic transparent nanostruc-
tured oxide shells. 

 The oxides thin fi lms forming the nanowires shells are ZnO 
with tunable luminescence, high refractive index TiO 2  and low 
refractive index SiO 2 .  Figure    1   (right) describes the three steps 
process developed for the formation of these hybrid nanostruc-
tures. Step one corresponds to the growth of the nucleation 
centers for the ONWs formation, for example, MNPs (M: Ag, 
Au, Cu, Co), rough oxide substrates (SiO 2 , TiO 2 , ITO, ZnO, 
etc.), [  7  ]  or pretreated ONWs. [  8  ]  Secondly, a high density array of 
supported ONWs is obtained by controlling the substrate tem-
perature around 0.5–0.7 times the sublimation temperature 
of the molecules. In general, the ONWs synthesized by this 
templateless technique are randomly distributed and bended 
depicting a spaghetti-like confi guration (Figure  1 a). In the 
third step, a conformal inorganic shell is fabricated by plasma 
enhanced chemical vapor deposition (PECVD), a technique that 
permits the deposition of thin fi lms at moderate or low tem-
peratures [  12  ,  13  ]  (Figure  1 b–e). It will be shown that, as a conse-
quence of the inorganic shell deposition, the NWs acquire a 
vertical confi guration which might be optimal for their integra-
tion into different top contact electrode devices, still a challenge 
by the manufacturing of ONWs. [  14  ]  Besides the chemical-free, 

method for the formation of 1D organic nanostructures with 
the synthesis by plasma enhance chemical vapor deposition 
of inorganic materials has not been explored so far. Thus, this 
work might suppose the fi rst step in the development of, as it 
will be seen below, a versatile procedure for the synthesis of 
heterostructured nanowires. 

 Therefore, our aim is three-fold: fi rst, to present the syn-
thesis of organic/inorganic core/shell supported NWs by a 
full-vacuum methodology; secondly, to demonstrate the for-
mation of the inorganic shell with no damage of the organic 
core single-crystalline structure; and fi nally, to show the 
practical application of these organic-core/inorganic-shell 
nanowires as nano-waveguides. These nanostructures con-
sist of single crystal organic NWs conformally covered by 
an inorganic shell based on two well-known wide band gap 
semiconductors, ZnO and TiO 2 . In our best knowledge, this 
is the fi rst example in the literature of such a type of 1D het-
erostructure. On the other hand, nanostructured materials 
based on inorganic semiconductor oxides are commonly used 
in fi elds ranging from nanosensors to solar light harvesting, 
including their outstanding performance as active photonic 
materials. [  9–11  ]  Thus, the third objective is the study of the par-
ticular optical properties emerging from the combination of 

     Figure  1 .     Left: cross section SEM images of a) the as-grown ONWs and b–e) plasma deposited ZnO and TiO 2  thin fi lms deposited on fl at substrates 
as labeled. ZnO(Vis-II) deposited at room temperature (RT) and 100% O 2  plasma, ZnO(Exc) deposited at 150  ° C with 10% H 2 / 90% O 2  plasma, 
TiO 2 (meso) deposited at RT and 100% O 2  plasma, and TiO 2 (nano) deposited at RT and 10% O 2 / 90% Ar plasma gas. The insets show normal 
view SEM images of these fi lms. Right: illustration describing the vacuum methodology used to obtain the supported core/shell organic/inorganic 
heterostructures: 1) nucleation centers are created on different substrates; 2) a supersaturation regime is reached in the high vacuum chamber and 
single crystal ONWs formed by self-assembly of   π  -conjugated molecules; 3) formation of the inorganic shell by PECVD on the as-grown ONWs at low 
temperature in remote confi guration.  
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conditions gathered herein. The variable refractive index of the 
TiO 2  is a function of the porosity of the shell, ranging mainly 
in the mesopores (porous diameter between 2 and 50 nm) and 
in the nanopores (diameter below 2 nm) for the TiO 2 (meso) 
and TiO 2  (nano) respectively. [  12b–c  ]  SEM images in Figure  1  
show the strong difference in microstructure for the inor-
ganic shells from highly facetted crystal columns (Figure  1 c) 
to smooth and continuous layers (Figure  1 e). Finally, the 
SiO 2  shell has been included as low refractive index system 
( n (550 nm)  ≈ 1.35), showing a continuous and nanoporous 
microstructure. [  12f   ]  For simplicity, we will name the hybrid 
structure as ONW/ZnO, ONW/TiO 2 , or ONW/SiO 2 , addressing 
specifi cally the composition of the small-molecule and labeling 
the inorganic shell when required. 

 Hybrid organic/inorganic core/shell nanowires were fab-
ricated by depositing ZnO, TiO 2 , and SiO 2  on the as-grown 
organic nanowires.  Figure    2  a–h shows characteristics SEM 
images of different hybrid systems deposited on silver NPs 
(Figure  2 a,b), on a SiO 2  nanocolumnar thin fi lm (Figure  2 c–e), 
and PDMS (Figure  2 g,h). Figure S1 in the Supporting Informa-
tion gathers the corresponding UV-Vis transmittance spectra 
of selected hybrid systems on different substrates. Strong 
absorption peaks in the visible and near infrared range in these 
spectra are characteristic of the different small-molecule sys-
tems. Position of the absorption band-edges and total transmit-
tance identifi es substrates and inorganic shells. Figure  2  and 
Figure S1, Supporting Information, highlight fi rst the general 
character of the methodology from the point of view of the 
organic and inorganic counterpart as well as the substrate: 
metal nanoparticles, inorganic thin fi lm oxides, and fl exible 
organic substrates (cf. Figure  2 i) for the photo of a high density 

low energy consuming, and environmental friendly character 
of the method, it deserves stressing that it is fully convertible 
to wafer scale and compatible with other techniques applied in 
microelectronics such as lithography, the use of shadow masks, 
etching, etc.    

 2. Results and Discussion  

 2.1. Fabrication of Supported Hybrid Nanowires: Procedure and 
Vertical Alignment 

 Figure  1 a–e gathers selected scanning electron microscopy 
(SEM) images of the starting materials which are combined for 
the fabrication of the hybrid NWs including ONWs (Figure  1 a) 
made of different metal phthalocyanines (MPc), metal porphy-
rins (MOEP) and perylene (MePTCDI), among other small-
mole cules. For the shell materials, ZnO, TiO 2 , and SiO 2  have 
been deposited by plasma enhanced CVD under different exper-
imental conditions (see Experimental Section) intended for the 
fabrication of tunable luminescent (ZnO), meso or nano porous 
(TiO 2 ), and low refractive index (SiO 2 ) layers. According to pre-
vious results, these experimental conditions allow the formation 
of wurtzite ZnO nanocolumnar fi lms with a major luminescent 
emission in the visible for the shells named ZnO(Vis-I) and 
ZnO(Vis-II) and an intense exciton emission around 380 nm for 
the ZnO(Exc) layers. These tunable optical properties are related 
to the different surface composition, crystal structure, and tex-
ture of the thin fi lms deposited on a fl at substrate. [  12a  ]  TiO 2  
amorphous shells of controllable refractive index,  n (550 nm), 
between 1.80 and 2.20 are provided at the experimental 

     Figure  2 .     SEM images of the hybrid systems as labeled: a,b) deposited on Ag/Si(100) substrates; c–f) on a SiO 2  nanocolumnar fi lm; g,h) on PDMS. 
Color photograph in i) was taken for the hybrid system PtOEP/TiO 2 (meso) deposited on the fl exible PDMS substrate. This image is characterized by 
the intense red coloration of the PtOEP NWs.  
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of hybrid nanowires on a PDMS substrate); secondly, the con-
formal deposition of the inorganic oxides along the ONWs 
and fi nally, their vertical alignment. Further confi rmation of 
the second statement is shown in the inset in Figure  2 d) and 
high magnifi cation images in  Figure    3  a,b, where it is clear that 
inorganic shell grows conformally around the ONWs forming 
a smooth coverage in the case of the TiO 2  (nano) and a nano-
columnar shell for the ZnO and TiO 2  (meso) conditions. The 
microstructures of these coating layers are in good agreement 
with the deposition conditions of the inorganic semiconductors, 
and resembles those of the fi lms grown on Si(100) (Figure  1 ). 
Thus, ZnO(Exc) forms highly facetted triangular columns ran-
domly oriented along the ONWs (Figure  3 a,b). Meanwhile, the 
ZnO(Vis-II) layers yield smoother surfaces and more homoge-
neous crystal sizes (Figures  2 b,c, 3 d). The TiO 2  (nano) deposi-
tion conditions lead to the formation of a nanoporous shell char-
acterized by a low roughness surface and continuous coverage 
(Figure  2 d) in contrast with the nanocolumnar TiO 2  (meso) 
growth (Figure  2 e,f). Furthermore, the high resolution cross 
section images of the individual hybrid wires (Figure  3 c) show 

that the conformal inorganic layer grows fol-
lowing the original footprint of the ONW. On 
other hand, Figure  3 a,  4   show that, for rela-
tively long deposition times of the inorganic 
shell, it is produced a preferential accumula-
tion of the coating material at the top of the 
supported free-standing 1D nanostructures. 
This theoretically predicted self-shadowing 
effect [  15  ]  does not hamper, in our case, the 
complete shell conformation of the NWs. In 
fact, the inorganic layer also covers the free 
zones of the substrate as clearly evidenced 
in Figure  2 f, even for a high density array of 
NWs (Figure  2 b,c). Additional experiments 
proved that multi-branched and hierarchical 
ONWs [  8  ]  can be conformally decorated by 
PECVD (Figure S2, Supporting Informa-
tion). It is also clear from Figures  2 , 4  that 
the hybrid nanostructures are vertically 
aligned on the substrate with the tips of the 
wires pointing upwards after the shell for-
mation. This means the plasma-deposited 
inorganic coating transforms the randomly 
oriented and bended distribution of the orig-
inal ONWs in Figure  1 a into a vertical array 
of hybrid NWs. This effect does not depend 
on the NW composition and type of sub-
strate, but was enhanced by the thickness of 
the inorganic shell.  Figure 4    gathers charac-
teristic cross-section and normal view SEM 
images of the formation of TiO 2  on organic 
nanowires for increasing periods of deposi-
tion. These images show the incipient vertical 
alignment of the hybrid wires from the initial 
stage of the shell formation (Figure  4 c,d). The 
effect is evident for thicker shell thicknesses 
(Figure  4 e,f) and reaches saturation above 
a certain value (Figure  4 g,h). Thus, hybrid 
wires in the last two panels (Figure  4 g,h) are 

characterized by the inverse conical shape related to the self-
shadowing effect. The vertical alignment of the hybrid nanow-
ires is more pronounced for low density of ONWs as depicted 
in Figure  2 e, where all the NWs, independently of their length, 
appear perpendicular to the substrate. Plasma related methods 
have been thoroughly applied by many authors as a nanofabri-
cation tool of vertically aligned carbon nanotubes (CNTs) and 
other organic and inorganic 1D nanostructures. Very often, 
the different reported synthetic strategies takes advantage of 
the localized electric fi eld in the plasma sheath [  13a–c  ]  that is, 
generally speaking, normal to the substrate exposed to a low 
pressure plasma discharge. In the case of the CNTs, [  13b  ]  further 
control on the orientation can be achieved by application of an 
external bias, in order to modulate the direction of the electric 
fi eld. It has been also recently reported the formation of tilted 
ZnO nanorods by variation of the geometrical disposition of 
the substrate during the deposition. [  13d  ]  In that case, the growth 
direction of the ZnO nanorods was a result of the combination 
of the plasma sheath electric fi eld and the arrival direction of 
the ZnO precursor. We have carried out additional experiments 

     Figure  3 .     High resolution SEM of a,b) isolated ONW/ZnO(Exc) and c) cross-section views of 
broken hybrid wires; d) transmission electron microscopy (TEM) and selected area electron 
diffraction (SAED) (inset) of the hybrid NW by bright fi eld mode.  
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provided by the formation of the inorganic 
shell stabilizing the vertical confi guration 
once the plasma discharge is turned off. We 
foresee that a vertical alignment will prompt 
the integration of ONWs/ZnO or/TiO 2  nano-
structures in different top-contact electrode 
devices with a wide range of potential appli-
cation from solar cells to nanosensors.      

 2.2. Study of the Crystal Structure of the 
Hybrid Nanowires: Organic Single Crystal to 
Inorganic Semiconductor Interface 

 For the just mentioned applications, it is 
essential to prove the semiconducting inor-
ganic shell formation does not damage the 
ONWs crystal structure and composition. 
In fact, in a previous publication, we have 
reported the use of a remote oxygen plasma 
etching for the controlled fabrication of 1D 
composite (ONWs decorated by metal nano-
particles) and hierarchical organic nanostruc-
tures. [  8  ]  In this process, the plasma etches the 
wire promoting the arrangement of cations 
in metallic clusters. It is also well established 
the role played by oxygen plasma in the for-
mation and stabilization of different inor-
ganic 1D nanostructures, for instance, in the 
fabrication of metal and metal oxide nanow-
ires by exposition of metal foils to a reactive 
oxygen plasma. [  16  ]  Thus, in the fabrication of 
the core/shell organic/inorganic nanowires, 
the effect of ions and other species coming 
from the plasma discharge might be dra-
matic for the delicate single crystal confi gu-
ration of the organic counterpart. However, 
as it will be demonstrated below, the organic 
structure remains untouchable and the 
interface between the organic and inorganic 
semiconductors is abrupt and well defi ned. 
This can be accounted as one of the major 
achievements of the proposed methodology 
and deserves an in deep look. 

 Characterization of the organic crystal 
structure by electron transmission and dif-

fraction methods is far from being a straightforward task. In 
fact, the ordered structure of the   π  -stacked molecules easily 
becomes amorphous under the electron beam. [  7b  ]  The high con-
trast and thickness of the inorganic shells add further handi-
caps to the full characterization of our hybrid 1D nanostruc-
tures. In order to overcome such diffi culties, images taken for 
high resolution transmission electron microscopy (HRTEM) 
mode in  Figure    5   and Figure S3, Supporting Information, 
were acquired with the samples located at a cryo-holder sup-
plied with liquid nitrogen on broken wires, where the low thick-
ness of the inorganic shell permitted the electron transmission. 
These images unambiguously show that the parallel line pat-
tern, characteristic of ONWs structures, [  5  ,  7  ]  remains unmodifi ed 

(data not shown) in order to elucidate whether the direction 
of the precursor fl ux determines the alignment direction of 
the hybrid nanowires. Thus, the geometry between the sub-
strates, precursor dispenser, and plasma source was systemati-
cally modifi ed. The results of these experiments were always in 
good concordance with those shown in Figure  4 , that is, vertical 
alignment of the hybrid nanowires along plasma sheath elec-
tric fi eld. In addition, the electrostatic force might produce the 
repulsion between the ONWs that become negatively charge 
with respect to the plasma and their vertical alignment because 
the densifi cation of the electric fi eld lines on the tips during 
the inorganic shell growth. [  13e  ]  Another important factor in our 
case would also be the increment in the rigidity of the system 

     Figure  4 .     a,c,e,g) Cross-section and b,d,f,h) normal view SEM images of ONW/TiO 2  system 
fabricated on Ag/Si(100) substrates for increasing thicknesses of the TiO 2  shell as indicated.  

Adv. Funct. Mater. 2013, 23, 5981–5989
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beneath the ZnO shell. Surprisingly, this characteristic pattern 
of single crystal ONWs appears unaffected till the interface with 
the ZnO layer. This is also true for thicker layers of the inor-
ganic shells (Figure  5 b) and even for the most aggressive con-
ditions that we have tested, that is, formation of the ZnO(Exc) 
shell at 150  ° C (Figure S3, Supporting Information). The pat-
tern also defi nes the interline distance (Figure  5 a, inset) in this 
case corresponding to MePTCDI ONWs. [  7b  ]  These results prove 
that the formation of the inorganic shell protects the organic 
structure from oxygen and other reactive species coming from 
the plasma discharge that might cause damage of the organic 
crystal or fragmentation of the organic molecules. [  8  ,  16  ]  It is 
worth remarking here that a critical step in the formation of the 
protective layer is the ignition of the plasma discharge once the 
metal-organic precursors for the inorganic shell formation have 
fl own into the chamber. We attributed the formation of the 
well-defi ned organic–inorganic interface to the effectiveness of 
the nascent inorganic shell to shield from the start the organic 
nanowire from the highly reactive ionic and neutral species of 
the plasma. This aspect clearly deserves future investigations 
to fully determine the shielding mechanism. Moreover, the 
use of remote microwave electron cyclotron resonance (ECR) 
confi gurations has proven to be a very effective strategy to limit 
and control the molecular fragmentation of complex molecules 
interacting with a plasma. [  17  ]  For this work, we have deposited 
the TiO 2  shell at room temperature which yields an amor-
phous layer formation. Substrate temperatures about 250  ° C 
are required in order to develop the anatase structure. [  12b  ]  We 
have succeeded in the formation of ONW/anatase system based 
in metal-phthalocyanines (data no shown). Unfortunately, 
the application of this substrate conditions to molecules with 
lower sublimation temperature such as perylenes has eventu-
ally resulted in slimming of the organic core. In the case of the 
ZnO, the crystal structure is more easily tunable at low tem-
perature by combination of different plasma gases as already 
cited. [  12a  ]  Structure of the ZnO shells, once the hybrid structure 
is formed, has been analyzed by grazing angle X-ray diffraction 
(GAXRD). Figure S4, in the Supporting Information, gathers 
the comparison between the hybrid PtOEP/ZnO systems and 

the reference samples, and demonstrates 
that the crystal structure of the ZnO layers 
on the ONWs is similar to that presented by 
the ZnO thin fi lms (see also the selected area 
electron diffraction (SAED) in Figure  3 d). 
This result is of crucial importance as one 
of the fi rst examples in the literature of an 
organic single crystal to semiconducting inor-
ganic crystal interface in a 1D nanostructure. 
These results can be of signifi cant interest in 
the design of p(organic)–n(inorganic) inter-
faces when selecting adequately the chemical 
structure of the organic counterpart.    

 2.3. Organic/Inorganic Core/Shell 1D Nano-
structures as Optical Waveguides 

 Hetero-organic nanostructures have been 
proposed as white light emitters and wave-

guide modulators by integrating different organic molecules 
into binary NWs and nanotubes. [  6  ]  Stimulated by these results, 
we have studied the luminescence properties of the hybrid 
systems looking for new optical phenomena prompted by 
the singular luminescent core/shell confi guration of the sup-
ported nanowires. Luminescence emissions of the hybrid sys-
tems comprising MePTCDI as organic NWs are gathered in 
 Figure    6  a–c). Figure  6 a shows the emission spectra obtained 
for the   λ   exc  of the organic molecule (i.e.,   λ   exc   =  540 nm). It is 
important to address the spectra corresponding to the hybrid 
systems resembles the one acquired for the reference sample 
which means that there is no appreciable absorption of light 
coming out of the organic core by any of the inorganic shells. 
As shown below, this result allows the use of these structures 
as nanoscale waveguides in the visible and NIR region. On the 
other hand, Figure  6 b,c presents the luminescence emissions 
of the MePTCDI/ZnO(Vis-II) and MePTCDI@ZnO(Exc) sys-
tems when excited at 280 nm, that is, at the edge of the excita-
tion band for the ZnO layer. In the spectra of the two ZnO thin 
fi lms (Figure  6 d) and hybrid samples, the typical near band-
edge emission at  ≈ 380 nm and the broad deep level emission 
of this material in the visible region are neatly observed. The 
main differences between the emission spectra of ONWs/ZnO 
and the corresponding to the ZnO reference thin fi lms are: 
i) the features at  ≈ 550 nm which can be very likely attributed to 
partial light absorption from the inner perylene core, and ii) the 
extended NIR emission due to perylene excitation. The limited 
absorption of light coming from the emission of the ZnO shell 
and consumed in the excitation of the organic nanowire is inde-
pendent of the composition of the organic molecule (Figure S5, 
Supporting Information) and, therefore, inherent to the core/
shell confi guration. It is also interesting to highlight the ample 
range of emission depicting by the hybrid systems from the 
UV to the NIR regions (see, for instance, the broad emission 
from 400 to 750 nm in Figure  6 b). Besides this singular spec-
troscopic behavior, the hybrid NWs presented striking light 
guiding properties as illustrated in Figure  6 e–i. Figure  6 e 
shows a fl uorescence image of an array of MePTCDI NWs sup-
ported on quartz. This image depicts a homogenous distribution 

     Figure  5 .     HRTEM images showing that the crystalline arrangement of planes of the organic 
core remains unaltered after the inorganic component deposition. In both cases, the small mol-
ecule forming the ONW was MePTCDI and the shell fabricated in conditions for ZnO(Vis) at 
two different thicknesses; inset in a) is the Fast Fourier Transform (FFT) from the selected area.  

Adv. Funct. Mater. 2013, 23, 5981–5989
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is clearly observed in the fl uorescence images of the scratched 
composite NWs in Figure  6 h,i. In these examples, the emission 
of each wire is much more intense in their two tips than in 
the rest of the wire and, for some of them, only a bright dot 
in the tip is visible in the fl uorescence image (see, for com-
parison, the bright fi eld image in the inset). This means that 
the hybrid wires absorb the excitation light and propagate the 
photoluminescence (PL) emission towards the tips, working as 

of luminescent structures where the individual nanowires 
are hardly distinguishable at this level of magnifi cation. The 
higher magnifi cation image in Figure  6 g of perylene NWs 
scratched from the previous surface shows a uniform light 
emission coming from the entire NW. In contrast, the emis-
sion of the MePTCDI/ZnO(Vis-II) supported NWs (Figure  6 f) 
defi nes a distribution of bright luminescence dots corre-
sponding to the individual supported wire tips. Such an effect 

     Figure  6 .     a–c) Normalized photoluminescence spectra of the hybrid systems (MePTCDI/ZnO) as labeled for a)   λ   exc   =  540 nm and b,c) 280 nm; 
d) spectra for the reference samples excited at 280 nm. e–g) Fluorescence microscopy images of the organic MePTCDI NWs and f–i) the MePTCDI/
ZnO(Vis-II) system. These images were recorded by using an excitation wavelength of 550 nm. In the case of panels (e,f), the nanowires were charac-
terized directly on fused silica substrates. Images (g–i) correspond to nanowires scratched out of the original substrate and emplaced in a microscope 
slide. The insets in (g,h) show the equivalent bright fi eld images.  

Adv. Funct. Mater. 2013, 23, 5981–5989
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 4. Experimental Section 

  ONWs Formation by PVD : The PVD procedure for the supported 
formation of single crystal ONWs has been fully described in previous 
references. [  7  ,  8  ]  Perylenediimide (2,9-dimethyl-anthra[2,1-def:6,5,10-d ′ e ′ f ′ ]
diisoquinoline-1,3,8,10-tetrone (Me-PTCDI) from Sensient Imaging 
Technologies), Pt, and Pd Octaethylporphyrin (Frontier Sci.), and Metal 
phthalocyanine (Aldrich) were used as purchased (see Scheme S1, 
Supporting Information, for their molecular structures). ONWs were 
grown simultaneously on different substrates: Si(100), fused silica, 
and Au TEM grids previously coated with silver nanoparticles by 
dc-sputtering, and SiO 2  and TiO 2  thin fi lms deposited by vacuum 
methodologies. Substrates temperature ( T  S ) for the ONWs formation 
depended on the organic molecule: a) for the Me-PTCDI  T  S   ≈ 175  ±  5  ° C; 
b) for the M-OEP  T  S  approximately between 130 to 140  ° C; c) for the 
MPc  T  S  approximately between 240 and 260  ° C. These temperatures 
correspond to the standard working conditions and depend strongly 
on different experimental parameters such as Argon pressure in the 
chamber, substrate to Knudsen cell distance, and growth rate of the 
nanowires. 

  ZnO, TiO 2  and SiO 2  by PECVD : ZnO and TiO 2  thin fi lms were grown 
onto the ONWs and reference substrates (Si(100), fused silica slices, 
and these substrates previously decorated with silver nanoparticles) by 
plasma enhanced chemical vapor deposition in a microwave (2.45 MHz) 
ECR reactor with a down-stream confi guration using diethyl zinc (ZnEt2) 
as zinc oxide precursor, titanium tetraixopropoxide (TTIP) as titanium 
dioxide precursor, and chlorotrimethylsilane (ClTMS) as silicon oxide 
precursor. All the precursors were purchase from Sigma Aldrich and 
used as delivery. [  12  ]  The dosed precursor was brought into the chamber 
by a dosing line equipped with a mass fl ow controller and sent onto 
the substrates through a shower-type dispenser located 5 cm above the 
sample holder. The dosing line and dispenser were heated about 100  ° C, 
and the mass fl ow controller at 40  ° C, to prevent any condensation in the 
tube line walls. A thermocouple was used to monitor the temperature 
of the sample holder that could be heated during the deposition using 
a halogen lamp. The microwave plasma source (SLAN, Plasma Consult 
GMbh) is coupled to the reaction chamber and separated from it by a 
grounded grid located 10 cm above the sample holder and operated 
at 400 W for TiO 2  and 600 W for ZnO and SiO 2 . Total pressure during 
deposition was 4  ×  10  − 3  Torr for ZnO and TiO 2  and 1  ×  10  − 2  for SiO 2 . 
Particular experimental conditions for the deposition of the different 
inorganic shells: i) ZnO(Vis-I) and ZnO(Vis-II) deposited at room 
temperature (RT) with a 100% O 2  plasma and two nominal thickness 
of 50 and 100 nm (Figure  1 b); ii) ZnO(Exc) deposited at 150  ° C with a 
10% H 2 / 90% O 2  plasma and 150 nm nominal thickness (Figure  1 c); 
iii) TiO 2 (meso) deposited at RT with 100% O 2  plasma and nominal 
thickness ranging from 40 to 140 nm and (Figure  1 d), iv) TiO 2 (nano) 
fabricated at RT with a 10% O 2 / 90% Ar plasma and nominal thickness 
of 100 nm (Figure  1 e); v) SiO 2  fabricated at RT with a 100% O 2  plasma 
and nominal thickness of 100 nm. 

  Substrates : Columnar SiO 2  thin fi lms were deposited on fused silica 
slides and Si(100) by glancing angle vapor deposition as described 
elsewhere. [  18  ]  PDMS preparation is done using the Sylgard 184 Silicone 
Elastomer Kit from Dow Corning. Silver was deposited by DC sputtering 
in Ar at  ≈ 0.35 mbar applying a voltage of 450 V to a silver thread sited 
3 cm above the substrates. Si (100) wafers, copper grids and fused silica 
slides were used as substrates. All the substrates were pretreated with 
plasma before the ONWs deposition in the microwave-ECR remote 
system. A mixture of gases (25% Ar and 75% O 2 ) was dosed to the 
chamber whereas the substrates were heated up to 80  ° C. This oxygen 
plasma treatment was carried out for 45 min, at 0.020 mbar of pressure 
and 240 W microwave-power. 

  Characterization : Samples were characterized by SEM as deposited on 
Ag/Si(100) wafers in a S-4800 microscope from Hitachi. For operation 
in STEM mode, the nanowires were scratched out of the Si(100) over 
a Lacey TEM grid. GAXRD studies were performed in an X’Pert Pro 
from Panalytical for X-ray angles  < 1 ° . Steady-state luminescence 
measurements were carried out at room temperature in the front face 

a nanoscale waveguide. As expected, the waveguide conditions 
are a function of the refractive index contrast between the inner 
organic wire and the inorganic shell. A similar behavior is 
observed in the MePTCDI/TiO 2  (meso and nano) system with 
refractive index above 1.85 meanwhile the PL emission for low 
refractive hybrid core systems as MePTCDI/SiO 2  is analogue 
to that founded for the original ONWs (Figure S6, Supporting 
Information).     

 3. Conclusions 

 We have shown the formation of supported hybrid core/
shell NWs formed by a single crystalline organic core and a 
conformal inorganic oxide shell. We have demonstrated the 
ample generality of this methodology from the points of view 
of the material compositions and type of supports: i) organic 
nanowire composition, since the PVD of ONWs works effec-
tively for different   π  -conjugated small-molecules and the inor-
ganic shell formation is independent of the chemical structure 
of the ONWs. Thus, the growth by PECVD of the inorganic 
shell is not constrained by the chemical reaction between the 
organic molecule and the metal-organic precursor of the shell. 
In fact, the main restriction for the application of the method-
ology is the substrates temperature during the plasma activated 
deposition of the shell. In this article, we have presented the 
fabrication of wide band gap inorganic semiconductors with no 
damage of the inner single crystal structure of the ONWs from 
room temperature to 150  ° C. Nevertheless, higher tempera-
tures are sustainable depending, obviously, on the sublimation 
temperature of the small-molecule forming the ONW. ii) Inor-
ganic shell composition, although we have focused herein in 
the growth of two key wide band gap semiconductors (ZnO and 
TiO 2 ), the formation of the inorganic shell is straightforward 
applicable to other materials available by PECVD at low and 
mild temperatures. In fact, results on the formation of ONW/
SiO 2  nanostructures have been also included in order to fully 
describe the optical properties of the hybrid systems. iii) Sub-
strate, both protocols involved in the formation of the organic/
inorganic nanowires are fully compatible with the use of silicon 
and optical substrates as well as polymeric fl exible supports. We 
have demonstrated the formation of a high density of hybrid 
nanowires on metal nanoparticles, inorganic thin fi lms and 
polymers such as PDMS. 

 It is also shown that, in the course of the plasma deposition 
of the semiconductor oxide, the NWs acquire a straight confi g-
uration likely due to the infl uence of the electrical fi eld of the 
plasma sheath. The mild temperature and low plasma power 
conditions permit the formation of the ZnO and TiO 2  shells with 
no damaging of the ONWs. Among the wide set of potential 
applications of this vertically aligned array of hybrid nanostruc-
tures, we have examined their performance as waveguide sys-
tems at the nanoscale, demonstrating that the fl uorescence light 
produced by the perylene inner core is effectively guided by the 
semiconducting shell towards the NWs tips. Moreover, we trust 
exciting results will arise from the generalization of the meth-
odology to other vacuum deposited shells for the fabrication of 
advanced architectures profi ting of the combination of electri-
cally and optically tailored organic and inorganic materials.   
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confi guration using a Horiba JobinYvon Fluorolog3 fl uorimeter equipped 
with a 450 W Xe lamp and two monochromators for excitation and 
one for emission. The excitation monochromators, located between 
the source and the sample, were used to select the wavelength of the 
pumping beam. The light emitted by the sample was collected by a 
photomultiplier (PMT) detector through the emission monochromator. 
Photoluminescence measurements were performed by scanning 
the emission wavelength between 300 and 800 nm. The system was 
equipped with fi lters in order to remove stray light effects. The measured 
spectra were corrected from variations of the lamp intensity during 
the measurements. To compare their luminescence intensities, all 
the samples deposited were measured under identical experimental 
conditions. UV-Vis spectra were recorded in a CARY 100 set up for 
samples handled in air.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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