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Organic Nanowires in the Sub-100 nm Regime and Device 
Implications
  π -conjugated molecular organics such as rubrene, Alq 3 , fullerene, and PCBM 
have been used extensively over the last few decades in numerous organic 
electronic devices, including solar cells, thin-fi lm transistors, and large-area, 
low-cost fl exible displays. Rubrene and Alq 3 , have emerged as promising plat-
forms for spin-based classical and quantum information processing, which has 
triggered signifi cant research activity in the relatively new area of organic spin-
tronics. Synthesis of these materials in a nanowire geometry, with feature sizes 
in the sub-100 nm regime, is desirable as it often enhances device performance 
and is essential for development of high-density molecular electronic devices. 
However, fabrication techniques that meet this stringent size constraint are 
still largely underdeveloped. Here, a novel, versatile, and reagentless method 
that enables growth of nanowire arrays of the above-mentioned organics in the 
cylindrical nanopores of anodic aluminum oxide (AAO) templates is demon-
strated. This method 1) allows synthesis of high-density organic nanowire 
arrays on arbitrary substrates, 2) provides electrical access to the nanowire 
arrays, 3) offers tunability of the array geometry in a range overlapping with the 
relevant physical length scales of many organic devices, and 4) can poten-
tially be extended to synthesize axially and radially heterostructured organic 
nanowires. Thus prepared nanowires are characterized extensively with an aim 
to identify their potential applications in diverse areas such as organic opto-
electronics, photovoltaics, molecular nanoelectronics, and spintronics. 
  1. Introduction 

  π -conjugated organic semiconductors, which are broadly 
divided into the classes of macromolecular polymers and small 
molecular weight compounds, have been studied extensively 
over the last few decades due to their unconventional attributes 
such as chemical tunability of optical, electronic and spintronic 
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properties and amenability to roll-to-roll 
processing which leads to large-area, low-
cost printed electronics. [  1,2  ]  Nanowires 
of organic semiconductors are recently 
attracting increasing interest since this 
geometry often offers enhanced device 
performance. For example, in case of 
organic solar cells, a promising method 
of improving effi ciency is to achieve 
nanometer scale interpenetrating net-
works of donor and acceptor materials, 
with an interfacial distance smaller than 
the exciton diffusion length ( ∼ 10–20 nm) 
in the organic. An ideal confi guration that 
has been proposed for these cells consists 
of an array of vertically aligned donor 
organic nanowires attached to an elec-
trode and surrounded by an acceptor type 
organic connected to another electrode. [  3–8  ]  
Similarly, electrical properties of organic 
nanowires can be tuned by varying the 
nanowire geometry [  9  ]  and can potentially 
be exploited to develop high-performance 
transistors that rival the performance of 
amorphous silicon. [  10  ]  Finally, another area 
where organic nanowires have recently 
emerged as a promising candidate is 
the relatively new fi eld of “organic spin-
tronics”. [  11–13  ]  Organic materials, due to their weak spin-orbit 
and hyperfi ne interactions offer an attractive platform in which 
spin memory of a carrier can be preserved for suffi ciently long 
time. [  14,15  ]  This makes organics a suitable host for spin-based 
classical and quantum bits. [  14,15  ]  The chemical composition of 
the organics and molecular packing can be changed to control 
the strengths of these interactions [  16,17  ]  and hence spin life-
time is tunable in such systems. Further, nanowire geometry 
allows identifi cation of the dominant spin relaxation mode in 
organics [  14  ]  and investigation of spin-phonon coupling, [  18  ]  a 
knowledge of which is a crucial ingredient for room-tempera-
ture organic spintronics. [  19  ]  

 Despite all these potentials, fabrication of organic molecular 
semiconductors in nanowire shape with controllable geometry 
and aspect ratio remains a signifi cant challenge. The com-
monly used techniques include submicron lithography, elec-
trospinning, supramolecular self-assembly in solution and at 
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     Scheme  1 .     Chemical structures of the molecular organics considered in 
this study.  
interfaces, physical vapor transport and template assisted syn-
thesis. [  20  ]  For the fabrication of high-density arrays of vertically 
aligned and segmented nanowires, template based approaches 
appear to be more promising. This method offers tight con-
trol over the geometry of the nanowires and inter-nanowire 
spacing and can be easily integrated with additional fabrica-
tion steps to produce functional optical, electronic, optoelec-
tronic and spintronic devices. [  21  ]  In this work we use an anodic 
aluminum oxide (AAO) template for the synthesis of organic 
molecular nanowires. Compared to polymer track etched mem-
branes, anodic alumina templates offer better pore ordering 
and higher pore density. Anodic alumina templates also allow 
wider range of pore length and diameter and higher thermal 
and mechanical stability compared to soft templates such as 
block copolymers. 

 In the past several groups have reported AAO-based synthesis 
of long chain polymer nanowires. For example, ref.  [  22,23  ]  
synthesized nanorods and nanotubes of poly(p-phenylene 
vinylene) (PPV) within the pores of AAO template. Polypyrrole 
(PPy) nanowires have been grown using electropolymeriza-
tion. [  24,25  ]  Arrays of PEDOT nanowires hosted in AAO template 
have been reported in ref.  [  26  ] . Among other polymers that 
have been grown within AAO are PFO, [  27–31  ]  F8T2 [  30  ]  (solution-
assisted template wetting), Poly(3-hexylthiophene), [  32  ]  regioreg-
ular polythiophene, [  33  ]  P3MT [  34  ]  (electrochemical polymeriza-
tion). The work cited above represents a small cross-section of 
the huge amount of research that has been performed to date 
on polymer nanowire synthesis in AAO template. For a compre-
hensive review of this area the reader is directed to ref.  [  20  ,  35  ] . 

 Synthesis of small molecular weight organic semiconduc-
tors (such as rubrene, Alq 3 , C 60  and PCBM) in AAO templates 
has received limited success in the past [  35  ]  in spite of the huge 
technological potential of such materials. Ref.  [  14  ,  19  ,  36,37  ]  per-
formed evaporation of small molecular weight organics within 
the pores. For small pore diameter ( ∼ 50 nm), only a very thin 
layer ( ∼ 30 nm) of organic can be deposited [  14  ,  19  ,  36  ]  within the 
pore. Prolonged evaporation tends to clog the pores and halts 
the nanowire growth process (Supporting Information section 
IV, Figure S2). For longer nanowires it is necessary to employ 
larger diameter pores ( ∼ 200 nm), [  37  ]  which is unfortunately too 
wide to provide any signifi cant functional advantage for many 
device applications and this method therefore does not offer 
any structural tunability. Ref.  [  38–40  ]  reported fabrication of 
fullerene nanowires within the nanopores via a template wet-
ting method. However, in most cases thick commercial tem-
plates ( ∼ 50  μ m) with both side open pores and large diameter 
( ∼ 200 nm) were used. Such method has not produced nanowires 
in one-side closed pores presumably due to the presence of 
trapped air pockets within the pores (Supporting Information 
section IV, Figure S1). We note that one-side open pores are 
more common in device applications where short nanowires 
are required and hence the template is synthesized on a suit-
able substrate, which provides necessary mechanical stability 
to the fragile template. The ability to fabricate nanowires of 
molecular organics with controllable geometry in sub-100 nm 
regime would be an important advance since it would offer the 
potential to exploit the diverse benefi ts of nanoscale features in 
various optical, electronic, optoelectronic and spintronic applica-
tions where the above-mentioned materials play a pivotal role. 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 3298–3306
 In this work we report synthesis and subsequent charac-
terization of nanowires of four different molecular organics 
( Scheme    1  ) that are commonly used in organic photovoltaics, 
light-emitting diodes, transistors and spin valves: (a) rubrene 
(5,6,11,12-tetraphenylnaphthacene), (b) tris-8 hydroxyquinoline 
aluminum (Alq 3 ), (c) fullerene (C 60 ) and (d) PCBM ([6,6]-phenyl-
C 61 -butyric acid methyl ester). The organic nanowires are 
formed within the cylindrical nanopores (20–80 nm diameter, 
1  μ m long) of an anodic alumina template by a novel “fi xed 
angle centrifugation assisted growth” method ( Scheme    2  ). 
This process is reagentless, one-step, produces large array of 
vertically oriented organic nanowires and does not require spe-
cial apparatus. As we will show below, this method also allows 
fabrication of axially heterostructured metal-organic bilayer 
hybrid nanowires, permits direct electrical contact at the two 
ends of the nanowires and therefore can be used for synthesis 
of various functional organic nanowire devices.     

 2. Results and Discussion 

  2.1. Growth of Organic Nanowire Arrays 

 Preparation of nanoporous anodic alumina templates has been 
performed by a well-established two-step anodization process [  21  ]    
described in the Supporting Information section I. Pore lengths 
3299wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Scheme  2 .     Illustration of the fi xed-angle centrifugation-assisted growth 
method for growth of molecular organic nanowires. The empty AAO tem-
plates are loaded in a standard commercial centrifuge, which is fi lled 
with organic solutions. Centrifugation is performed under the conditions 
specifi ed in the text.  
of several hundred nanometers with diameter and interpore 
spacing tunable in the sub-100 nm range are required for appli-
cations in organic photovoltaics and spintronics since for small-
molecule organics the relevant length scales (exciton diffusion 
length and spin relaxation length respectively) are typically in 
this range. [  11  ,  14  ,  41,42  ]  As mentioned before, nanowire conduc-
tivity can also be controlled by varying nanowire diameter in 
sub-100 nm regime. [  9  ]  The anodization parameters are there-
fore tuned to generate array features lying in this size range.   

 Figure 1  a shows fi eld emission scanning electron micro-
scopic (FESEM) images of a pristine (unfi lled) oxalic acid ano-
dized AAO template used for synthesizing organic nanowires. 
In this case, nominal pore diameter is 50 nm, pore length is 
1  μ m, and wall thickness between neighboring pores is 50 nm. 
In spite of the short duration of the second step anodization 
(Supporting Information section I), the pores are straight 
with no signature of branching (Figure  1 a, main image), have 
narrow size distribution and exhibit a hexagonal ordering 
(Figure  1 a, bottom inset). There exists a uniform alumina bar-
rier layer of thickness 30 nm at the pore bottom (Figure  1 a, 
main image), which needs to be removed for transport experi-
ments. This can be achieved by a pore-side etching technique 
(Supporting Information section I), which removes the barrier 
layer with simultaneous widening of the pores (Figure  1 a, top 
inset). For transport characterization, organic nanowires are 
grown within such pores and the nanowires are therefore in 
direct contact with the aluminum substrate, which acts as the 
bottom electrode. It is important to note that this pore growth 
process can be executed on arbitrary substrates like glass, 
indium tin oxide (ITO), silicon etc. [  43–45  ]  and a recent work has 
also shown independent control over pore diameter and inter-
pore spacing. [  46  ]  Therefore, using the growth mode described 
in this work it is possible to synthesize organic nanowire 
arrays with controllable geometry on arbitrary substrates as 
required by a specifi c application. In this work we demonstrate 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
the growth method of organic nanowires using aluminum foil 
as the substrate.  

 Standard template wetting techniques typically involve 
placing few drops of the organic solution on the nanoporous 
template. [  25  ,  27  ,  30  ,  35  ,  38–40  ]  The solution enters the pores via capil-
lary action and after evaporation of the solvent, organic material 
remains inside the nanopores and forms nanowires. As men-
tioned above, many groups have used this method successfully 
in the past to fabricate nanowire arrays of long chain polymers. 
This method, however, is not effective for small molecular 
weight organic solutions and negligible amount of organic 
enters the pores, irrespective of pore diameter (see Supporting 
Information section IV for details). 

 To drive the organic material within the nanopores we 
coupled the traditional template wetting technique with a 
simultaneous fi xed angle centrifugation process. The cen-
trifugal force on the solvent thrusts the organic solution 
within the pores and after evaporation of the solvent, the 
trapped organic forms nanowire within the cylindrical nano-
pores. The experimental setup for organic growth is shown in 
Scheme  2 . The nanoporous templates are loaded in the cen-
trifugation tubes and are completely immersed in a saturated 
solution of the organic (Supporting Information section II). 
The centrifugation is carried out at 4000 rpm for 5 min. The 
samples are not removed from the solution prior to the com-
plete evaporation (room temperature) of the organic solvent. 
The top surface of the template is repeatedly cleaned by the 
same organic solvent. This cleaning step does not affect the 
nanowires hosted within the pores. To confi rm the penetra-
tion of organic within the nanopores we have exposed the 
nanowire tips from the backside of the template by sequen-
tial etching of aluminum and the barrier layer (Supporting 
Information section III). The cleaned top surface was covered 
with a sacrifi cial polymer for mechanical stability of the sub-
micron-thick templates.  

Figure  1 b shows the oblique cross-sectional FESEM images 
of the rubrene nanowires synthesized within the template (main 
image). The nanowire tips are clearly visible from the backside 
of the template (top insets). Some of these tips have merged 
together due to prolonged removal of the supporting AAO host 
matrix (top left inset). The top right inset shows the nanowire 
tips after short-time etching of alumina from the backside. In 
this case no merging has occurred. In general, we fi nd that 
after short time etching of the template, the nanowires match 
perfectly to the contours of the host anodic alumina template. 
However, after long time etching, the exposed tips tend to have 
slightly larger diameter than the nanopores. This “swelling” 
occurs because during the etching process the aqueous solvents 
expand the organic nanowires and the expanded shape does not 
return to its original form even after drying. Similar effect has 
been reported before in the context of template grown polymer 
nanowires. [  22  ,  24  ]   

Figure  1 c shows Alq 3  nanowires grown in 50 nm pores. The 
nanowires tend to coalesce after removal of the host template. 
The inset shows the Alq 3  nanowire tips imaged from the back-
side of the template. Figure  1 d shows PCBM nanowires (main 
image and top inset) and C 60  nanowires (bottom inset) grown 
within the anodic alumina template. These materials typically 
tend to form hollow nanowires with a closed tip at the bottom 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3298–3306
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     Figure  1 .     Templated synthesis of molecular organic nanowires. a) (main image) Cross-sectional 
view of an as-prepared pristine AAO template, synthesized by oxalic acid anodization. The nom-
inal pore diameter is 50 nm. An insulating non-porous barrier layer (30 nm thick) is visible at 
the pore bottom. (bottom inset) Top view of the template, illustrating hexagonal arrangement of 
the nanopores. The arrow indicates wall thickness of 50 nm. (top inset) Cross-sectional view of 
the template after pore-side etching. The arrow indicates removal of the barrier layer. b) (main 
image) Oblique, cross-sectional view of the rubrene nanowires (70 nm diameters) grown within 
the AAO template. (top right inset) Rubrene nanowire tips exposed from the backside of the 
template after slight removal of alumina matrix. (top left inset) Rubrene nanowire tips merge 
together (shown by circle) after continued removal of the host matrix. c) (main image) Alq 3  
nanowire tips exposed from the backside of the template. Wire diameter is 70 nm and some 
merging (circle) is visible. (top inset) Alq 3  nanowire tips (arrow) after slight removal of the 
alumina. d) (main image) Oblique view of PCBM nanowire (50 nm diameter) tips exposed from 
the backside of the template. (top inset) Plan view of the PCBM nanowire tips. (bottom inset) 
A collection of fullerene (C 60 ) nanowires (50 nm diameter) on the surface of the AAO template. 
All images were taken using a fi eld emission scanning electron microscope.  
(i.e. at the interface with aluminum). This occurs because the 
centrifugation process thrusts the solution to the pore bottom 
and therefore high concentration of organic is expected at the 
     Figure  2 .     a) (inset) Empty AAO template with nominal pore diameter of 20 nm and wall thick-
ness of 20 nm. (main image) Rubrene nanowires released from the template. b) Alq 3  nanowires 
released from the template. In (a,b), the nanowires coalesce together due to the removal of the 
host AAO matrix, as shown by the circles.  
pore bottom. In all cases the FESEM images 
indicate near complete fi lling of most of the 
pores and demonstrate the effi ciency of this 
process for high yield production of well-
ordered array of vertically oriented organic 
molecular nanowires. 

   Figure 2    shows narrower diameter (20 nm) 
organic nanowires synthesized in sulphuric 
acid anodized AAO templates. In this case 
both pore diameter and wall thickness are 
smaller ( ∼ 20 nm, inset of Figure  2 a) than 
before. Organic nanowires can still be grown 
within such narrow pores via the same method 
described above. Figures  2 a (main image) and 
b show released and bunched nanowires of 
rubrene and Alq 3  respectively after (near com-
plete) removal of the host AAO matrix.  
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2012, 22, 3298–3306
 This method of organic growth can easily 
be coupled with traditional electrodeposition 
process to synthesize axially heterostruc-
tured metal-organic bilayer nanowires. We 
fi rst deposit metal at the pore bottom from 
a slightly acidic solution of an appropriate 
metal-salt using standard dc (or ac) elec-
trodeposition. [  21  ]  Next organic nanowires are 
grown on top of the metal nanowire segments 
using the process described above. We note 
that a wide range of metals (Au, Ag, Cu, Ni, 
Co and many others) can be deposited within 
the pores of an AAO template and hence in 
this method organic nanowires can be easily 
interfaced with a metal electrode with an 
appropriate work function suitable for device 
applications. Later in this work we will dis-
cuss the transport properties of Co-organic 
axially heterostructured bilayer nanowires.   

 2.2. XRD Characterization 

 To investigate the crystallinity of the as-grown 
nanowires, low angle XRD data has been 
acquired for the organic nanowire arrays 
hosted in the anodic alumina matrix. For this 
study the top surface of the sample is repeat-
edly cleaned by an appropriate organic solvent 
(as described before) to remove any residual 
thin fi lm layer and then the nanowire tips are 
exposed by partial etching of the template in 
5% phosphoric acid.  Figure    3   shows the typ-
ical LAXRD diffractograms observed for the 
following samples: (i) as grown (unannealed) 
rubrene nanowires, (ii) annealed rubrene 
and Alq 3  nanowires and (iii) blank alumina 
template with same thermal history as of (ii). 
Absence of any diffraction peaks indicates 
amorphous nature of the as-grown rubrene nanowires. The 
host alumina matrix does not exhibit any observable peak either 
in the scan range employed (Figure  3 ). This is in agreement 
3301wileyonlinelibrary.comheim
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     Figure  3 .     Low-angle X-ray diffractogram of organic nanowires and the 
host AAO template. The fi gure illustrates the effect of the annealing 
process on the crystallinity of the organic nanowires. Unannealed sam-
ples do not exhibit any peak, whereas annealed samples show signs of 
crystallinity and presence of new peaks.  
with prior studies such as ref. [   29–31   ]. However, the crystallinity 
of rubrene nanowires is signifi cantly improved even after short 
time ( ∼ 15 min) annealing at moderate temperature of  ∼ 200  ° C. 
Similar behavior has been observed for other organic nanowires 
as well. Further optimization of the annealing parameters may 
result in better crystallinity of the organic nanowires.  

 The peak positions and relative intensities of rubrene 
nanowires (Figure  3 , post annealing) have close resemblance 
with those observed for single crystal rubrene and wide rubrene 
nanowires ( ∼ 200 nm diameter) grown by physical vapor trans-
port. [  37  ]  For single crystal rubrene a very sharp crystalline peak 
occurs at 2  θ    ≈  6.7º which originates from the (002) plane. This 
agrees well with Figure  3  and indicates strong  π – π  stacking 
along the  b  axis and high degree of crystallinity along the  a -
 b  plane for the rubrene nanowires. [  37  ]  We note that rubrene 
nanowires grown by physical vapor transport exhibit much 
weaker response at this angle and indicates lower degree of 
crystallinity. [  37  ]  

 The rest of the peaks for single crystal rubrene occur at 2  θ   
values 12 ° , 14 ° , 20 °  and 27 ° , which correspond to (010), (004), 
(006) and (008) planes respectively. [  37  ]  These peaks are also 
present in the XRD spectrum of our nanowire structures. 

 Two additional peaks in the nanowire XRD spectrum 
(Figure  3 ) occur at 2  θ   values 17 °  and 24 ° , which represent (300) 
and (020) planes, respectively. Similar peaks (albeit weaker) 
have been reported earlier [  37  ]  and was attributed to constrained 
growth of the organic nanowire within limited space of the 
pore. The presence of these additional peaks provides strong 
evidence of nanowire formation. 

 In our pattern we observe another new peak at  ∼ 18 °  (2  θ  ) 
which may originate from enhanced space constraints imposed 
by smaller diameter pores. We note that there are two major 
differences between our rubrene nanowire and the vapor phase 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
grown nanowires. [  37  ]  First, the former is essentially a solution-
based method whereas the latter employs physical vapor trans-
port as the growth mode. The second difference lies in the 
geometry of the nanowires. As discussed before, our nanowires 
are approximately 1  μ m long with 50-70 nm diameter whereas 
the nanowires reported in ref.  [  37  ]  are 50  μ m in length with 
200 nm diameter. These factors can lead to different molecular 
packing within the pores and hence different diffraction peaks. 
Nevertheless the presence of the characteristic peaks in the 
LAXRD pattern confi rms the growth and high degree of crystal-
linity of rubrene nanowires within the AAO templates. 

 Similarly for Alq 3  nanowires we observe characteristic 
peaks at 2  θ    ≈  10 ° , 21 ° , 22 °  and 27 °  (Figure  3 ), which are con-
sistent with previously reported data. [  47  ]  No peaks have been 
observed in the 2  θ   range 13 ° –18 ° . Further optimization of the 
annealing parameters is expected to improve the molecular 
arrangements.   

 2.3. FTIR and PL Characterization 

 The tips of the organic nanowires near the top-surface of the 
template are exposed to ambient air and are therefore prone to 
oxidation. [  48  ]  The nanowire tips at the bottom surface are how-
ever protected by the host alumina matrix, if the barrier layer 
is not removed. To examine the bonds in as-grown unoxidized 
organic nanowires, we have therefore performed attenuated 
total refl ection (ATR) Fourier transform infrared (FTIR) meas-
urements on the nanowire/barrier layer interface (to a depth  >  
50 nm, much larger than barrier layer thickness of 10–30 nm) 
in the mid-infrared regime and have compared the data with 
bulk organic powder. To prepare such samples we protected the 
top surface of the nanowires by a polymer coating and then the 
aluminum substrate was dissolved in a mercuric chloride solu-
tion. The organic nanowires were never in direct contact with 
this etchant and effect of such contaminants is therefore mini-
mized in the FTIR response.   

 Figure 4  a,b show the representative results obtained from 
rubrene and Alq 3  nanowires at room temperature. The data 
has been acquired after subtracting the background response 
originating from ambient air and host alumina template. For 
rubrene nanowires (Figure  4 a), the characteristic peaks have 
close resemblance with rubrene crystal and powder reported 
before. [  49,50  ]  The three closely spaced peaks at  ∼ 3000 cm  − 1  are 
typically associated with C-H bond stretching [  49  ]  (Scheme  1 ) 
and are present in both powder and nanowire spectra. The 
remaining peaks originate from the skeletal vibration of ring 
(Scheme  1 ) and are also present in both spectra.   

Figure  4 b shows the FTIR spectra for Alq 3  nanowires 
(annealed and unannealed) and bulk powder. Interestingly, the 
bulk vibrational modes (in the range  ∼ 1250–1750 cm  − 1 , com-
monly associated with ring stretching, CH bending vibrations 
of the ligands, CN stretching and CO stretching, [  51  ]  and in the 
range  ∼ 2800–3000 cm  − 1 , associated with CH stretching, see 
scheme  1 ) are greatly suppressed in unannealed nanowires, 
although a band at  ∼ 1000 cm  − 1  is observed which is related to 
Al-N stretching. Similar observation has been made before [  18  ]  
where Alq 3  nanoclusters show signifi cantly less motional 
modes compared to bulk. 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3298–3306
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     Figure  4 .     a,b) FTIR transmission spectra for rubrene and Alq 3  powder and nanowires in the 
mid-infrared regime. c) Photoluminescence spectra for rubrene powder and nanowires. All data 
were acquired at room temperature.  
 To investigate if the disordered nature of the organic is con-
tributing to the observed difference, we have performed FTIR 
measurements on annealed Alq 3  nanowire samples. Annealing 
condition is the same as in the XRD experiments discussed 
before. Annealing has been found to modify the FTIR response 
(Figure  4 b) and after annealing the peaks coincide with the Alq 3  
powder sample. This indicates that there is some correlation 
between local disorder (which is reduced after annealing) and 
the FTIR spectrum. Also, annealing may remove some volatile 
organic impurities, which can also be a reason for this improve-
ment. This also indicates that the FTIR signal is unlikely to 
originate from any foreign entities (e.g. contamination from 
oxygen/moisture/mercuric chloride) in the nanowire since 
such states are generally immune to annealing. We note that 
similar effects have been reported in other studies such as ref. 
 [  52,53  ] . 

 However, even after annealing, the spectrum does not match 
perfectly with the powder, especially in the lower wavenumber 
regime where a monotonically decreasing trend is superim-
posed on the peaks. Such differences can originate from the 
substrate-effect due to the presence of the alumina host or dif-
ferent structural organization of the organic molecules within 
the nanopores. [  54  ]   

Figure  4 c shows the photoluminescence (PL) spectrum (exci-
tation wavelength 532 nm) obtained from rubrene nanowires 
and bulk powder at room temperature. For nanowire samples, 
the main peak appears at  ∼ 570 nm (which corresponds to photon 
energy of  ∼ 2.1 eV and the HOMO-LUMO gap of rubrene) and 
a shoulder peak occurs at  ∼ 600 nm. This agrees well with the 
PL spectra of single crystal rubrene [  37  ,  48  ,  50  ]  and organic vapor 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2012, 22, 3298–3306
transport grown nanowire rubrene [  37  ]  reported 
before. For bulk powder, the main peak shifts 
at a higher wavelength ( ∼ 600 nm) due to oxi-
dation of rubrene powder. [  48  ,  50  ]    

 2.4. Charge Transport Measurements 

 To investigate the nature of charge trans-
port in the nanowire organic, we have con-
ducted variable temperature current-voltage 
( I–V ) measurements in a vertical geometry. 
 Figure    5   shows measurement results from 
PCBM and rubrene nanowires. Data from 
other organics exhibit qualitatively similar 
behavior. The measurements have been per-
formed in the dark with sample temperature 
varying from 8 K to 300 K. Figure  5 a shows 
the device schematic and FESEM image of 
axially heterostructured bilayer Co-rubrene 
nanowires. In vertical geometry, multiple 
nanowires are connected in parallel between 
the top and bottom contacts. Since the top 
contact area is  ∼ 1 mm 2  we estimate  ∼ 10 8  
nanowires are connected in parallel (pore 
density estimated from Figure  1 a, bottom 
inset). The equivalent circuit for the measure-
ment set up is shown in Figure  5 a. We note 
that some “averaging effect” is unavoidable in the vertical con-
fi guration. Nevertheless, previous studies on vertical confi gura-
tions have shown that if the nanowires are nominally identical 
then multi-nanowire devices exhibit qualitatively same behavior 
as planar single nanowire devices. [  55,56  ]  Further, vertical geom-
etry avoids any chemical doping of the organic nanowires that 
invariably occurs during the chemical treatment steps required 
for releasing the nanowires from the AAO host matrix. Parallel 
array of nanowires are also desirable from a device perspective 
where large drive current is required.  

 The blank template (not bearing any organic) exhibits 
extremely high resistance for same contact area, which is 
beyond the measurement capability of our equipment. As 
determined from the control experiments, the resistance of 
the contacts (bottom cobalt nanowire and top nickel fi lm) 
is much less than that of the organic nanowires and shows 
Ohmic  I–V  characteristics with a temperature-dependence 
same as metals. Thus the characteristics discussed below orig-
inate from the organic nanowires (see the equivalent circuit in 
Figure  5 a).  

Figure  5 b shows the  I–V  characteristics of PCBM nanowires. 
The characteristics are symmetric in the bias range [ − 0.5, 0.5 V] 
and do not show any rectifi cation effect. This can be attributed 
to similar coupling with the top and bottom contacts (Ni and 
Co). For PCBM nanowires,  I–V  characteristics are non-linear at 
low temperature ( < 50 K) and become increasingly linear with 
concomitant reduction in resistance (obtained from  

(
d I/

dV

)−1

 ) as 
the temperature is increased (50–200 K). This indicates that the 
organic nanowire has a non-metallic behavior and, combined 
with the disordered nature of these systems as observed previ-
ously from the XRD data, suggests hopping as the dominant 
3303wileyonlinelibrary.comheim
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     Figure  5 .     a) (left) Device schematic in the vertical geometry and (bottom 
right) FESEM image of Co-Rubrene bilayerd nanowire. The arrow indi-
cates the heterointerface. (top right) Corresponding equivalent circuit. 
b) Temperature-dependent current-voltage characteristics of PCBM 
nanowires. c)  ln  R vs. inverse temperature (1/ T ) for PCBM nanowires at 
low bias (0.1 V). The inset shows  ln  I versus  

√
V    as a function of tempera-

ture. d)  ln  R versus  T −1
4   for same bias as in (c). The straight line shows 

a linear fi t to the data. The insets show  ln  ( I / T  2 ) as a function of inverse 
temperature (1/ T ) for two different bias values (top inset: 0.1 V, bottom 
inset: 0.5 V). e)  ln  R vs. 1/ T  plot for rubrene nanowires at low bias (0.5 V). 
The inset shows  ln I  versus  

√
V    at various temperatures. f)  ln  R versus 

 T − 1
4   for same bias as in (e). The insets show  ln  ( I / T  2 ) as a function of 

inverse temperature (1/ T ) for two different bias values (top inset: 0.5 V, 
bottom inset: 1 V).  
transport mechanism. [  55  ,  57,58  ]  Using the FESEM data we esti-
mate wire diameter  ∼ 70 nm, wire length  ∼ 500 nm, and calcu-
late the resistivity ( ρ ) of the PCBM nanowire to be  ∼ 8 M Ω -m at 
200 K. The extracted resistivity data indicates that the nanowires 
are most likely unintentionally doped due to exposure of the 
top surface to air. Non-linearity in the  I-V  characteristics at low 
temperature and high bias (Figure  5 b) often occurs in organic 
systems and is a signature of electric fi eld induced hopping. [  55  ]  
Figure  5 c shows  ln  R vs. inverse temperature plot. At lower 
temperature ( < 50 K), thermal energy fails to sustain hopping 
and the resistance tends to saturate in this temperature regime. 
Tunneling between impurity states is most likely the dominant 
conduction mechanism in this range. [  55  ,  58  ]  

 Temperature dependent transport in disordered organic is 
usually understood in the framework of Mott’s variable range 
hopping theory (instead of band transport that is applicable 
for ordered solids). [  57  ]  According to Mott’s theory, resistance 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
 R(T ) ∝ exp
[(

T0/T

)γ ]
   where the parameter  γ  is related to the 

dimen  sionality ( d ) of the conducting medium by the relation 
 γ   =  1/(1  +   d ) ( d   =  1, 2 and 3 for one, two and three dimensional 
system, respectively). [  55  ,  57  ]  In this model  T  0  is the Mott tempera-
ture that depends on the electronic structure of the conducting 
medium. [  55  ]  The best linear fi t to our  ln  (R) vs.  1/Tγ    data has 
been obtained for  γ = 1/4    (or,  d   =  3) as shown in Figure  5 d. This 
indicates that three-dimensional ( d   =  3) variable range hopping 
is the appropriate transport model for the PCBM nanowires. To 
investigate the contribution of the metal/PCBM nanowire inter-
face in the total device resistance, we have plotted  ln  ( I ) versus 
 V  1/2  for different temperatures (Figure  5 c inset) and  ln  ( I / T  2 ) 
versus 1/ T  for two different bias values (Figure  5 d, insets). [  55  ,  58  ]  
Absence of linearity in these plots indicates that tunnel injection 
at the interface or thermionic emission over Schottky barrier is 
not the dominant process in our samples. [  55  ,  58  ]  

 For rubrene nanowires, the  I–V  characteristics remain non-
linear and symmetric at all temperatures (not shown). Figure  5 e 
shows typical  ln  R vs 1/ T  data for rubrene nanowire samples. 
Again, as observed before, the resistance saturates in the lower 
temperature regime. The  ln  (R) vs. 1/ T  1/4  plot (Figure  5 f) is 
quasi-linear, indicating that transport mechanism cannot be 
fully captured within the framework of three-dimensional 
variable range hopping. This indicates inapplicability of the 
assumptions that are inherent in Mott’s variable range hop-
ping theory for these systems. For example, the assumption 
of constant density of states near the Fermi energy may not be 
valid in a highly disordered system. [  59  ]  It is possible to have a 
Gaussian or exponential distribution of the hopping states or 
a Coulomb gap near the Fermi level, which will signifi cantly 
affect transport properties and introduce deviations from the 
Mott’s model. [  59  ]  A detailed investigation of the trap states is 
however beyond the scope of this paper. Other factors that can 
potentially affect the concentration of mobile carriers and the 
transport characteristics include incomplete ionization, for-
mation of complexes and presence of trap states in the host 
alumina. The insets of Figure 5e,f confi rm that transport in 
rubrene nanowire devices is not limited by charge injection at 
the interfaces. [  55  ,  58  ]  

 Another fabrication step that can introduce additional traps 
and affect transport results is the e-beam deposition of the top 
metallic contact on organic. It is known that during deposition of 
the top contact in a vertical geometry (as shown in Figure  5 a), fer-
romagnetic atoms or clusters tend to penetrate “soft” organic and 
create a disordered and ill-defi ned interface. [  60–62  ]  These atoms 
and clusters form complexes with the organic and introduce 
additional trap levels within the HOMO-LUMO gap. In our XRD 
and FTIR samples no top contact was present so those results 
are not affected by this effect. To improve the top metal/organic 
interface, a buffer layer can be deposited on top of the organic 
before metal deposition. This layer could be a tunnel barrier 
made of alumina or lithium fl uoride. [  63  ]  Another option is to use 
substrate-cooling during deposition of the top metal contact. [  64  ]    

 2.5. Magnetotransport Measurements 

 We also investigate the magnetotransport properties of the 
as-synthesized organic nanowires since organic systems often 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3298–3306
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     Figure  6 .     Low temperature negative magnetoresistance response of a) PCBM nanowires and 
b) rubrene nanowires, measured in vertical geometry.  
exhibit “organic magnetoresistance” (OMAR) effect, which 
has recently attracted signifi cant attention due to both funda-
mental physics [  65,66  ]  and sensor applications. [  67  ]  As discussed 
above, carrier transport in disordered organic nanowires occurs 
via hopping. It is well-known that in presence of an external 
magnetic fi eld variable range hopping results in a positive mag-
netoresistance. [  55  ]  This mechanism, commonly known as the 
“wavefunction shrinkage model,” [  55  ]  is due to the fact that spa-
tial extent of the electron wavefunction “shrinks” in presence of 
a magnetic fi eld. This lowers the wavefunction overlap between 
the localized states and reduces the hopping probability. As a 
result, device resistance increases with increasing magnetic 
fi eld.  Figure    6   shows representative magnetoresistance plots for 
rubrene and PCBM nanowires. We note that in our samples, a 
negative magnetoresistance is observed. This effect cannot be 
explained within the framework of the wavefunction-shrinkage 
model [  55  ]  as described above. Such negative magnetoresistance 
is however consistent with the OMAR effect, which has been 
recently discovered in planar organic devices. [  65–67  ]   

 The origin of OMAR is still a scientifi c puzzle. [  65,66  ]  However, 
experimental data indicate that hyperfi ne interaction (mainly 
originating from the hydrogen atoms in the organic) play a cru-
cial role. [  65,66  ]  Spin-orbit interaction is weak in organics unless 
they are intentionally doped by heavy atoms [  65  ]  and hence spin-
orbit interaction does not affect OMAR. Organics with weaker 
hyperfi ne interaction (fewer hydrogen atoms) have been found 
to exhibit weaker OMAR. [  65,66  ]  This is consistent with Figure  6 , 
which shows that compared to PCBM nanowires, rubrene 
nanowires exhibit almost two orders of magnitude stronger 
OMAR response. This is expected since hydrogen atoms are 
more abundant in rubrene molecules compared to PCBM 
(Scheme  1 ), and hence stronger hyperfi ne interaction is expected 
in rubrene. 

 However, compared to previously reported thin fi lm devices, 
nanowire samples show a much wider linewidth (or zero-fi eld 
cone) in their magnetoresistance response and do not show any 
sign of saturation in the fi eld range [-5, 5] kGauss. This indicates 
that the strength of the “characteristic magnetic fi eld” ( B  0 ), [  65  ]  
responsible for the OMAR effect, is signifi cantly different in 
nanowire samples compared to thin fi lm devices. One possible 
origin of this effect is the three-dimensional molecular packing 
in the nanowire geometry, [  17  ]  which differs signifi cantly from 
thin fi lm or bulk, as observed from the structural characteriza-
tions described before.    
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2012, 22, 3298–3306
 3. Conclusion 

 In summary, we have developed a unique 
fi xed-angle centrifugation-assisted growth 
process for high yield synthesis of organic 
molecular nanowires and have performed 
extensive material and device charac-
terization. We demonstrate fabrication of 
nanowires of four different materials, which 
are commonly used in organic light emit-
ting diodes, solar cells, thin fi lm transistors 
and organic spin valve devices. The mate-
rial set can be expanded to include other 
molecular organics, which can be dissolved 
in common organic solvents. We have also 
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