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Life Beyond Diffraction: Opening New Routes to Materials 
Characterization with Next-Generation Optical Near-Field 
Approaches
 Near-fi eld optical microscopies and spectroscopies seek to investigate mate-
rials by combining the best aspects of optical characterization and scan-probe 
microscopy techniques. In principle, this provides access to chemical, mor-
phological, physical and dynamical information at nanometer length scales 
that is impossible to access by other means. But a number of challenges, 
particularly on the scan-probe front, have limited the widespread application 
of near-fi eld investigations. This work describes how recent probe engi-
neering and technique innovation have addressed many of these challenges. 
This Feature Article begins with a short overview of the fi eld, providing 
perspective and motivation for these developments and highlighting some 
key improvements. This is followed by a more in-depth description of the 
near-fi eld advances developed at the Molecular Foundry, a national nanosci-
ence User Facility–advances that provide groundwork for generally-applicable 
nano-optical studies. Finally, a discussion is provided of what progress is 
still needed in order to realize the ultimate objective of translating all optical 
measurements to the nanoscale. 
  1. Introduction 

 Recent advances in nanoscience, particularly in the design of 
novel nanostructured materials, have highlighted the need for 
spectroscopic characterization techniques that provide chemical 
information along with true nanoscale spatial resolution. Scan-
ning probe microscopy (SPM), starting with the development of 
scanning tunneling microscopy (STM) in the early 1980s, has 
been a transformative tool for understanding surface and inter-
face morphology, electronic structure and chemistry down to 
the sub-atomic scale. However, obtaining molecular-level chem-
ical information and probing dynamics at ultrafast time-scales 
with SPM has remained challenging. While these are precisely 
the strengths of optical methods, optical spatial resolution has 
generally been restricted by the diffraction limit. Thus, a major 
materials science (and nanoscience) goal is to unlock previously 
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inaccessible physics and dynamics at rele-
vant length scales  within materials systems 
by combining the chemical informa-
tion and ultrafast temporal resolution 
(fs) inherent in optical studies with the 
capabilities of modern scanning probe 
techniques. [  1  ,  2  ]  

 Working towards this goal has been the 
primary aim of near-fi eld scanning optical 
microscopy (NSOM). Over the years, a 
number of NSOM approaches have been 
developed. To give proper perspective and 
motivation for our work, we briefl y review 
a few of the key approaches here. We have 
divided NSOM into three general classes 
(though in principle there are many vari-
ations), organized by the type of near-fi eld 
probe employed: nano-aperture-based 
techniques; methods using sharp tips 
acting as optical transducers; and strate-
gies based on advanced tip designs that 
involve more sophisticated optical antenna 
and/or structured apertures (discussed in more detail in Sec-
tion 2.3), incorporating concepts from the fi eld of plasmonics. 

 Before discussing NSOM, we note that a number of non-tip-
based optical “super-resolution” microscopy approaches have 
been developed. These micro(nano)scopies, which include 
photon localization (e.g., photoactivated localization micros-
copy (PALM) [  3  ,  4  ] ) and stimulated emission depletion (STED) [  5  ]  
methods, are complementary to those described in this work. 
Because they are based on more-standard optical microscopy 
instrumentation and allow imaging in three dimensions, they 
have resulted in a recent revolution in bio-imaging. [  6  ]  However, 
these techniques rely on fl uorescent/luminescent labeling of 
the sample, thus restricting the chemical and native-state infor-
mation that can be obtained. NSOM methods, on the other 
hand, are surface techniques and have the ability to spectro-
scopically probe materials at nanometer length scales in their 
native, label-free state. 

 Perhaps still the most common NSOM approach makes use 
of conventional aperture-based probes. [  7  ]  These probes consist 
of metal-coated tapered dielectric waveguide structures with 
a resolution-defi ning sub-wavelength aperture in the metal 
coating at the apex: some of the light traveling down the wave-
guide leaks out the (nanoscale) aperture, creating a light spot 
that, very near the aperture, has a size defi ned by the aperture 
im 2539wileyonlinelibrary.com
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diameter and not by the wavelength of the light. By scanning 
this aperture over a surface, it is possible to build up an optical 
image with resolution determined by the aperture diameter. 
Several review articles and texts have been written on this sub-
ject; readers interested in more details are directed to [  1  ,  7  ]  and 
references therein. The idea for aperture-based sub-diffrac-
tion-limited optical imaging originated with Synge [  8  ]  in 1928, 
though the fi rst experimental results at optical frequencies 
were not published until 1984 by Pohl et al. [  9  ]  and Lewis et al. [  10  ]  
Approximately eight years later, the fi rst fl uorescence images 
of single molecules were acquired using aperture NSOM. [  11  ]  In 
the most widely-adapted approach, a fi ber probe–consisting of 
a metal-coated tapered optical fi ber with the small aperture at 
the apex–is raster-scanned over the sample while maintaining a 
small tip-sample distance. [  12  ]  

 From a practical standpoint, however, this approach pre-
sents many complications. While aperture probes enable 
“background-free” imaging, where sample illumination occurs 
only within the nanoscale light spot created by the aperture 
probe, the boundary conditions for this type of waveguiding tip 
unfortunately demand that all propagating modes within the 
taper get cut off before reaching the aperture. This causes only 
evanescent waves to leak out from the end (see  Figure    1  ). [  13  ]  
Also, there is not signifi cant local electric fi eld enhancement 
at the aperture. These factors ultimately result in low optical 
throughput and signal strength. [  13  ,  14  ]  In addition, because 
throughput is inversely proportional to the fourth power of the 
aperture radius, [  14  ]  signal-to-noise considerations in aperture 
NSOM ultimately constrain aperture size, and resolution, to 
 ≈ 50–100 nm. In typical operation, the sample is either locally 
excited with the aperture tip while the emitted, scattered, or 
transmitted light is collected with a microscope objective, or 
the reverse. Because of the low optical throughput of aperture 
NSOM, it is generally prohibitive to both excite and collect 
through the aperture.  

 In fact, the general challenge for all NSOM methods has 
been in transducing propagating far-fi eld radiation modes to 
evanescent, localized near-fi eld modes at the end of a scan-
probe tip, and vice-versa. Researchers have realized that this 
can at least partially be addressed by exploiting the collective 
response of free electrons in metals, i.e., by using surface 
plasmon polariton (SPP) resonances. In metals, particularly 
nanostructured metals, these resonances can couple with 
electromagnetic radiation to create fi elds that oscillate at 
optical frequencies while also being extremely localized and 
enhanced. [  1  ]  

 Conventional aperture probes do not signifi cantly exploit 
plasmon properties, limiting resolution and signal level, which 
has led to the development of other NSOM methods. Before 
discussing these, it is useful to list the properties of an  ideal  
near-fi eld probe: it would provide nanoscale resolution, effi cient 
far-fi eld to near-fi eld (photonic-to-plasmonic) coupling, strong 
local optical fi eld enhancement, and perhaps most importantly, 
it would be reproducible and robust. In addition, it would 
allow for background-free operation, control over near-fi eld 
polarization, and independence from sample and substrate 
requirements–all while operating over a wide range of frequen-
cies without sacrifi cing the fi eld strength or throughput often 
associated with resonant structures (where enhancement and 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag
throughput is signifi cant only for a small wavelength range). 
Compatibility with existing instrumentation would also be con-
venient, though it is not required. Not surprisingly, creating 
NSOM probes and instrumentation combining all these attrib-
utes has proven diffi cult. 
 GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2539–2553
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     Figure  1 .     The cross section through a traditional cone-like aperture-
based NSOM probe and the steady-state electric fi eld normalized to the 
amplitude of the incident fi eld for a linearly polarized  E  x  wave. For this 
simulation,   λ   o   =  667 nm was used.  
 As noted above, obtaining usable signal levels in NSOM 
investigations of materials is constrained by the (in)effi ciency 
of any near-fi eld probe in coupling far-fi eld radiation to/from 
the near-fi eld. There is also a more fundamental problem in 
acquiring satisfactory signal levels in nano-optical imaging and 
spectroscopy studies: as the optical probe volume is reduced 
to the nanoscale, the probe interacts with much less of the 
sample at any given time. It is in this context that apertureless 
NSOM (a-NSOM) approaches were developed. In a-NSOM, 
the nanoscale aperture is replaced by a much smaller particle 
or sharp tip of a scan-probe, which then serves as a  source  of 
locally-enhanced optical fi elds. [  1  ]  The resolution of this tech-
nique is now limited by the radius of curvature of the sharp tip 
or nanoparticle, typically  ≈ 10 nm, as opposed to conventional 
aperture-based NSOM, where resolution is determined by the 
size of the aperture–typically  ≈ 100 nm in most experiments. 
The enhanced fi elds at the end of an a-NSOM probe are used 
to excite signal from a nanoscopic volume in the sample, and 
locally emitted/scattered light is transduced to far-fi eld radia-
tion with the probe and detected directly. The enhanced local 
fi elds at the tip apex originate mostly from two effects: the 
“lightning rod effect”, which is related to the geometric con-
centration of charge/polarization within an object in an elec-
tric fi eld (see, for example, refs. [   15   ] and [   16 ]); and the optical 
excitation of SPPs on a metallic tip. [  17  ]  In the latter case, the tip 
bridges the momentum mismatch between electrons and pho-
tons, enabling coupling to SPPs. Often, it is the existence of 
nanoscale features and roughness on the metal tip that lead to 
this light-SPP coupling. Once created, SPPs over a broad spec-
tral range can propagate toward the tip apex, where they are 
adiabatically compressed and focused by the conical taper into 
the apex region. [  18–22  ]  

 By using a tip apex as a source of local excitation, a-NSOM 
has been employed for a wide range of optical spectro-
scopy measurements including linear [  23–25  ]  and multiphoton 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 2539–2553
fl uorescence, [  26  ]  spontaneous Raman [  27–29  ]  and coherent anti-
Stokes Raman scattering (CARS) [  30  ] —all with resolution of 
 ≈ 10 nm. Using a-NSOM for local vibrational spectroscopy is 
particularly interesting as it provides molecular-level chem-
ical specifi city, as well as other structural information such as 
chemical bond orientation, strain, [  31–33  ]  structural inhomoge-
neities, and sample phase and crystallography. [  34  ]  

 But despite yielding valuable insights into local material and 
chemical properties, results from many a-NSOM experiments 
have proven inconsistent, even when performed on nominally 
similar samples. [  35  ]  One practical cause of this irreproducibility 
is that a single sharp tip or nanoparticle-based tip is actu-
ally a non-ideal optical antenna. Because of the use of these 
somewhat crude antennas, near-fi eld enhancement at the tip 
apex is often relatively small, and depends signifi cantly on 
nanoscale features and details of the tip. Perhaps more impor-
tantly, weak fi eld enhancement greatly limits the samples 
that can be studied to those that provide strong optical signal 
(i.e., those with large, often resonant, absorption or scattering 
cross-sections). 

 Improving the near-fi eld signal-to-noise ratio is the primary 
issue addressed by scattering-type NSOM (s-NSOM), one of 
the more successful nano-optical modalities developed to date. 
This approach, based on a-NSOM instrumentation and con-
cepts, uses a metal nanoparticle or sharp tip of a scan-probe as 
a fi eld-concentrating scattering center: [  36–41  ]  The tip again acts 
as an optical antenna, reporting on local fi elds and light-matter 
interactions near a sample surface by scattering the localized 
modes into the far fi eld for collection. The s-NSOM technique's 
success is rooted in the use and development of modulation 
methods that allow for the effective discrimination and ampli-
fi cation of the near-fi eld signal at the detector. These methods, 
which include homodyne and “pseudoheterodyne” amplifi ca-
tion, greatly increase the signal-to-noise ratio by interferometri-
cally mixing the relatively weak near-fi elds with light from the 
excitation source. [  42–44  ]  Doing so can result not only in strong 
signal amplitudes and effective discrimination of near-fi eld vs. 
far-fi eld signal, but also in the determination of the phase of the 
near-fi eld light. This has led s-NSOM to become a very pow-
erful nano-characterization technique: it not only allows one to 
interrogate and map the vector fi eld distributions surrounding 
optical structures with  ≈ 10 nm resolution, [  45–53  ]  but to obtain 
and map nanoscale chemical information by observing changes 
in scattered light at wavelengths corresponding directly to vibra-
tional or electronic transitions in the sample. [  54–57  ]  Recently, 
researchers have shown that it is possible to obtain full Fourier-
transform infrared (FTIR) spectra at each pixel in an s-NSOM 
image (i.e., to perform nano-FTIR hyperspectral imaging). [  58  ]  In 
fact, microscope systems with this capability are now commer-
cially available. 

 However, there is a major limitation to s-NSOM: only-
 elastically  scattered near-fi eld light can be amplifi ed using the 
modulation methods. This restricts the types of nano-optical 
spectroscopies and imaging that can be performed. More spe-
cifi cally, optical spectroscopies that use e.g., luminescence or 
Raman scattering to obtain important sample information 
are not amenable to this technique. In other words, a wide 
range of important material properties are not accessible with 
s-NSOM. [  42  ]   
2541wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  2 .     Bowtie antenna fabricated on AFM tip apex. The induced deposition mask lithography 
process is shown in (a–c), where a) the FIB-fl attened tip is coated with 20 nm Au, b) bowtie 
masks are placed via E-Beam Induced Deposition and c) the mask is transferred via argon ion 
sputtering, resulting in d) a well defi ned optical Au antenna on an AFM tip apex. e) The tip is 
then placed into a near-fi eld optical microscope where the optical axes of both objectives can be 
aligned with the near-fi eld scanning probe tip. Here the tip was excited and the signal collected 
with the lower 1.4 NA oil objective.  
  2. Results and Discussion 

 Creating probes based on more-optimized 
optical antenna geometries that provide 
much larger enhancements and coupling 
effi ciencies are essential for applying near-
fi eld techniques more generally and for 
expanding them beyond their current niche 
roles in nanoscience. 

 It is well-known from surface-enhanced 
Raman spectroscopy (SERS) that plasmonic 
fi elds are strongest in nanogap-like regions 
between plasmonically-coupled struc-
tures. [  59–66  ]  Therefore, some of the largest 
signals in tip-enhanced Raman spectroscopy 
(TERS) originate from tips exhibiting surface 
roughness and a SERS-like “hot-spot” at the 
apex. [  67  ]  But although the surface roughness 
enhances both light-SPP coupling effi ciency 
and local fi elds in hot-spots, the random 
nature of the roughness leads to performance 
that is variable and not reproducible. More-
optimal performance for a-NSOM occurs 
when intentionally exploiting the SERS 
effect through the so-called “tip-substrate 
gap mode” geometry. In the tip-substrate gap 
mode, a sharp metal tip is held  ≈ 1 nm above 
a metallic substrate (with the sample located 
in the gap), effectively forming a vertically-

oriented coupled dipole- or bowtie-like plasmonic antenna. [  68–74  ]  
Recently, researchers have used the large fi eld enhancements 
inherent in this geometry for full hyperspectral imaging of 
molecular and polymer layers, collecting a Raman spectrum at 
each image pixel with sub-second integration times. [  72  ]  

 In practice, however, the operational requirements of tip-
substrate gap mode limit its general applicability. It requires 
both a metallic substrate and a very small tip-substrate gap, 
meaning only very thin samples (e.g., molecular monolayers) 
can be investigated. The highest enhancements result when the 
light is polarized in the “z” direction normal to the sample sur-
face, restricting one of the most useful variable parameters in 
Raman studies - the probed polarization. 

  2.1. Optical Bowtie Antenna-Based Probes for Enhanced 
Nano-Raman Spectroscopy 

 A solution to the problems with tip-substrate gap-mode is to 
engineer coupled optical antenna structures, [  75  ,  76  ]  i.e., optical 
antennas with a small gaps, [  77  ]  directly on the scan-probe 
tip. [  78  ,  79  ]  The antennas may be excited by far-fi eld free-space 
optics, in scattering mode, or by coupling them to waveguides. 
Initial efforts along these lines had been hindered by fabrica-
tion constraints, but recent advances have made it possible to 
reliably create such next-generation probes. [  80–84  ]  Details about 
the innovations and progress in nano-optical scan-probe engi-
neering can be found, for example in ref. [ 85 ]. At the Molec-
ular Foundry, we have recently developed methods allowing us 
to fabricate reproducible optical-antenna-based scan probes. 
2 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag
These probes provide large near-fi eld enhancements without 
the constraints of the tip-substrate gap mode. 

 Our nanoantenna-based tips are fabricated using the 
induced-deposition mask lithography (IDML) technique 
( Figure    2  a–c), the details of which are described in. [  81  ]  This 
method can create high-resolution plasmonic and photonic 
nanostructures on nearly any substrate, including the apexes 
of scan-probe tips, with high yields and reproducible perfor-
mance. An example of a Au bowtie optical antenna on a tip is 
shown in Figure  2 d. The Au nanoantennas are 20-nm thick on 
top of a 3-nm Ti adhesion layer. Their size and geometry were 
chosen such that the dipolar plasmon mode would be reso-
nant with a 785-nm excitation laser. TERS experiments were 
performed by focusing a laser polarized along the bowtie axis 
through the sample and onto the bowtie tip. The antenna then 
creates an enhanced, localized optical fi eld near the bowtie 
gap, where the size of the enhanced fi eld spot is determined 
primarily by the gap width and the radii of curvature of the 
antenna tips nearest the gap. Of the many possible nanoan-
tenna geometries, the bowtie antenna was used here due to 
the relative weakness of the secondary hot-spots that exist 
at the back sides of the antenna (though, using IDML, most 
other types of antennas can be fabricated on the tip depending 
on the specifi c application [  82  ,  86–88  ] ). The TERS signal origi-
nating from within the calculated zeptoliter mode volume of 
the antenna, as well as any background signal excited by the 
larger but weaker diffraction-limited excitation spot, are col-
lected by the excitation objective, then sent to a spectrometer 
and charge-coupled device (CCD) camera (Figure  2 e experi-
mental schematic).  
 GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2539–2553
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silica, imaged with a bowtie antenna scanning probe.  

     Figure  4 .     Determining the tip-induced Raman signal enhancement, 
based on tip-down vs tip-up measurements. With the tip on the sample, 
1  μ W produced clear D and G mode signal. Using the same power with 
the tip retracted resulted in no measureable Raman signal. Only after 
increasing the power 300 times and integration time by a factor of 3, was 
a comparable Raman signal achieved.  
www.MaterialsViews.com

  2.1.1. Evaluating Local Enhancement 

 The local near-fi eld enhancement factor in a given a-NSOM 
measurement has proven notoriously diffi cult to quantify. It 
is a frequency-dependent quantity, and the square of the fi eld 
enhancement is often referred to as the intensity enhancement 
factor. In TERS experiments, the TERS signal should be pro-
portional to the product of the intensity enhancement factor at 
the excitation frequency and the intensity enhancement factor 
at the Raman-scattered frequency. Often, it will be said that 
the TERS signal is proportional to the fourth power of the fi eld 
enhancement factor (the square of the intensity enhancement 
factor), but this is not strictly true since the excitation light is 
at a different wavelength than the outgoing scattered light. Dis-
crepancies between enhancement factor values reported in the 
literature have been discussed in ref.  [  35  ]  where the authors 
note multiple potential sources of variability including differ-
ences in tip material, fabrication, and morphology, as well as 
illumination and detection schemes, nanoscopic sample details, 
and refl ection and confi nement of light between the tip and the 
sample. They suggest a more standardized methodology for 
estimating enhancement factor using a one-dimensional nano-
structure such as a carbon nanotube. 

 Based on the large number of unknowns involved in cal-
culating an exact enhancement factor, we have chosen in our 
work presented in this section to evaluate fi eld enhancement 
using the conservative measure of the “tip-down” vs “tip-up” 
(TDTU) signal enhancement (e.g., the increase in Raman scat-
tering intensity when the tip is brought close to the sample), 
which is dependent on tip near-fi eld enhancement, but also 
on factors such as the size and dimensionality of the sample. 
This method is possible when a non-background-free illumina-
tion scheme is employed, and does not attempt to account for 
assumed differences between the large sample volume illumi-
nated by the (relatively weak) far-fi eld excitation spot and the 
nanoscale volume excited by the enhanced near-fi elds in the 
vicinity of the tip. It is simply an overall measure of how much 
the signal changes when a tip is brought near the sample, and 
is ultimately the factor that directly impacts experimental quan-
tities such as integration times and achievable contrast. 

 In standard (non-gap-mode) a-NSOM TERS experiments, 
TDTU values tend to be  ≈ 10, though numbers as large as 
 ≈ 100 have been reported. [  89  ]  In the tip-substrate gap mode, 
TDTU enhancements exceeding 10 3  have been observed. [  72  ]  The 
primary aim in designing nanoantenna-based probes that effec-
tively put the gap on the tip is to provide similar enhancements 
to tip-substrate gap mode, but without the limitations of that 
modality, thereby increasing both the sensitivity and generality 
of TERS spectroscopy.  

  2.1.2. TERS on Carbon Nanotubes 

 To test our probes, we investigated single-walled CNTs grown 
on a fused silica substrate. CNTs have been investigated exten-
sively via near-fi eld optical spectroscopy and are therefore an 
ideal test sample. [  33  ,  90–92  ]  An atomic force microscope (AFM) 
image taken in contact mode with a bowtie tip is shown in 
 Figure    3  . While the rather fl at geometry of the probe tips puts 
constraints on our lateral resolution (see Figure  2 d), CNTs and 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 2539–2553
catalyst particles are easily seen in the AFM scans. We note that 
the fl at bowtie tip apex leads to increased tip-sample interac-
tion relative to a sharp tip, which in some cases resulted in the 
repositioning or dragging of objects on the sample during AFM 
scans. This is not an issue when investigating strongly bound 
samples, such as those described in, [  93  ]  but it must be consid-
ered when studying softer or more delicate samples. We have 
also used bowtie tips in tapping mode since the antennas can 
be fabricated on any type of cantilever. A large tapping-mode 
oscillation amplitude was required to overcome the substantial 
tip-sample interaction forces, which signifi cantly reduced the 
TERS signal due to the small fraction of time the tip, with its 
localized light spot, spends near the sample surface (i.e. the 
small duty cycle).  

 Once a CNT was located, we investigated the TERS charac-
teristics of our bowtie tips by positioning the tip on the CNT, 
then measuring the TDTU enhancement. An example of our 
TDTU data is shown in  Figure    4  . With the bowtie tip in contact 
with the sample, a TERS spectrum was collected using an inci-
dent power of 1  μ W and a 100 s integration time (Figure  4 , blue 
2543wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  5 .     Raman spectra over SWNTs. The green and blue spectra represent TERS spectra 
at two positions 50 nm apart, but within the same diffraction-limited spot area. The orange 
spectrum is a TERS spectrum where the polarization of the laser is turned 90 degrees from 
the main bowtie antenna axis. The red spectrum is the confocal Raman spectrum taken in 
the same region. Breathing modes between 100 and 300 cm  − 1  can be observed as well as D 
and G-modes between 1200 and 1600 cm  − 1 . Additionally, intermediate Raman modes can be 
observed between 350 and 1000 cm  − 1 .  
curve). The tip was then retracted approximately 5  μ m from the 
sample and another spectrum was acquired with the same exci-
tation power and integration time. Under these conditions, no 
signifi cant CNT signal was detected (Figure  4 , orange curve). In 
order to achieve a spectrum comparable to the tip-down case, 
we had to increase the excitation power by a factor of 300 and 
integration time by a factor of 3 (Figure  4 , green curve), dem-
onstrating at TDTU enhancement of  ≈ 900. Another advantage 
of these tips is that the enhanced fi elds are polarized primarily 
in-plane rather than normal to the surface. In fact, both x- and 
y-polarization can be equally addressed by fabricating nanoan-
tennas with a cross geometry on the tip. The tips also proved 
to be rather robust under experimental conditions, with most 
surviving several hours of contact-mode TERS measurements 
before changes in tip behavior were observed.  

   Figure 5   shows four Raman spectra, each vertically offset 
by 80 counts for clarity. Increasing the laser power to 150  μ W 
produced clear TERS spectra in 0.2 seconds. The green and 
blue spectra are TERS spectra, labeled a and b, were taken 
50 nm apart. The G-mode at 1580 cm  − 1  is visible for both TERS 
spectra, and the D-mode is less pronounced but can be identi-
fi ed at 1275 cm  − 1 . Differences between the two positions appear 
in the region between 100 and 600 wavenumbers. Both posi-
tions (a) and (b) exhibit a strong Raman peak at 230 cm  − 1 , dif-
fering in intensity by a factor of 3. This peak we identifi ed as 
the breathing mode of a zigzag (13, 0) single wall CNT. [  94  ]   

 Using TERS, we also fi nd Raman active modes in the 
spectral region between 350 cm  − 1  and 1000 cm  − 1 . Peaks 
in this region have been identifi ed as intermediate Raman 
modes, [  95–101  ]  which are typically very weak or absent in conven-
tional Raman spectroscopy of CNTs but enhanced in SERS [  102  ]  
and TERS measurments. [  103  ]  We observe at position (a) (green 
spectrum) Raman peaks at 375, 413, and 840 cm  − 1 , and a 
4 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
double peak at 463 and 480 cm  − 1 . Position 
(b) (blue spectrum) features only two peaks 
in this intermediate region: 413 cm  − 1  and 
480 cm  − 1 . The modes in the spectral region 
between 600 and 1200 cm  − 1  for CNTs have 
been described as intermediate Raman fre-
quency modes by Dresselhaus et al. [  95  ,  96  ]  and 
Fantini et al. [  97  ,  98  ]  The peak we observed at 
840 cm  − 1  falls in this intermediate region 
where Fantini et al. observed a weak but 
clearly identifi able Raman peak at 860 cm  − 1  
in the case of SWNT bundles. The intensity 
of the intermediate Raman modes measured 
by Fantini was 30 times weaker than the 
breathing mode. The intermediate Raman 
peaks we observe here via TERS show inten-
sities just a factor of 3 less then the breathing 
modes and comparable to the D-mode. The 
modes between 600 and 1200 cm  − 1  have 
been predicted to be active only in very short 
CNTs, less then 50 nm in length. For longer 
armchair or zigzag nanotubes only a weak 
860 cm  − 1  mode survives. [  99  ,  100  ,  104  ]  Mitra et al. 
simulated Raman modes for fi nite length 
CNTs and described the 840 cm  − 1  as a lon-
gitudinal mode. [  101  ]  Based on this simultaion, 
the peaks at 375, 413, 463, and 480 cm  − 1  can be interpreted 
as longitudinal-radial coupled modes. Hence, we are able to 
strongly enhance both the radial-longitudinal and longitudinal 
CNT Raman modes using the bowtie antenna tips. 

 Changing the tip excitation laser polarization 90 degrees 
at position (b) resulted in a featureless spectrum, also shown 
in Figure  5 , with only the Au photoluminescence background 
from the antenna still visible. This is consistent with the proper 
functioning of the antenna: turning the excitation polarization 
90 degrees to the bowtie antenna's main axis should reduce the 
near fi eld enhancement considerably, resulting in little or no 
observable TERS signal. 

 To compare TERS data with conventional Raman spectra, 
a confocal Raman spectrum (red) was collected in the same 
region using the same polarization as the fi rst two TERS spectra 
(integration 10 s). The 230 cm  − 1  breathing mode, the 413 cm  − 1  
radial-longitudinal mode and the 1580 cm  − 1  G-mode were con-
sistent with TERS. Additionally, the confocal spectrum displays 
a breathing mode at 176 cm  − 1  and a mode at 1480 cm  − 1 , but is 
lacking the radial-longitudinal modes at 375, 463, and 480 cm  − 1  
and longitudinal mode at 840 cm  − 1 . Since these modes were 
mainly predicted for fi nite-length CNTs, we believe that the differ-
ences between TERS and confocal Raman signal originate from 
a combination of mechanical deformation of the CNTs by the tip 
and differences in near-fi eld vs far-fi eld excitation conditions and 
selection rules. This phenomena is being investigated further.   

  2.2. Hyperspectral Nano-Imaging with Coaxial Optical Antenna 
Scan Probes 

 The results shown above demonstrate reproducible TERS capa-
bilities for plasmonic-bowtie scan probes, revealing TDTU 
heim Adv. Funct. Mater. 2013, 23, 2539–2553
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     Figure  6 .     Coaxial optical antennae: A model and an actual coaxial antenna incorporated on the 
end of a Scanning Probe Tip are shown in (a) and the cross section of the coaxial scan probe 
is represented in (b). Reproduced with permission. [  82  ]  Copyright 2011, American Chemical 
Society.  
enhancements as large as those created in 
gap-mode TERS—but without the limitations 
of gap-mode operation. The bowtie-based 
scan probes also have a downside: namely, the 
relatively fl at structure of the tip apex results 
in comparatively poor topographic images 
and large tip-sample interaction forces. This 
led us to create a new class of probes built 
on the coaxial (coax) plasmonic antenna 
concept. [  82  ]  A coax aperture can be thought 
of as a metal-insulator-metal slit or antenna 
aperture wrapped back onto itself, allowing 
low-loss polarization-preserving propaga-
tion of optical-frequency modes. [  105–108  ]  
Recent simulations have suggested that the 
optical coax geometry can be relatively broad-
band and effi cient at coupling to far-fi eld 

radiation. [  105  ,  106  ,  109  ]  By fabricating the center conductor with a 
tapered end, a coax-based probe combines the advantages of 
plasmonically-coupled antennae (polarization fl exibility; larger 
fi elds) with sharp tips, and with the additional option of back-
illumination (transmission mode) operation for nearly-back-
ground-free imaging. [  93  ,  110  ]  

 Coax tips were fabricated by depositing a 2-nm Ti adhesion 
layer followed by 120 nm of Au onto commercial (NanoSensors) 
SiN contact-mode atomic force microscope (AFM) cantile-
vers. A Focused Ion Beam (FIB) lithography system (Zeiss 
XB1540) operating at 1-pA beam current and  ≈ 12-nm resolu-
tion was used to mill an annular gap around a 65-nm central 
pin to create the coax structure. To ensure maximum coupling 
between outer and inner parts of the coaxial structure, we kept 
the insulating gap constant and as small as possible (15 to 
18 nm, i.e., signifi cantly sub-wavelength). It is important to 
note that the FIB fabrication process induces some curvature 
and tapering of the central pin ( Figure    6  a), which is desirable 
for AFM imaging.  

 The coax probe was fabricated with a 65 nm coax pin dia-
meter, giving it a resonance that matches the 633 nm HeNe 
laser line used for the Raman imaging experiments. Further-
more, we also demonstrated that the coaxial antennas maintain 
far-fi eld polarization in transmission. Optical coax properties 
are strongly dependent on structure. De Waele et al. determined 
the coaxial waveguide's transmission as a function of the length 
and gap of the coaxial structure, [  109  ,  111  ]  showing super-enhanced 
resonant transmission. Others have simulated coaxial openings 
for a variety of fi lm thicknesses and determined the dependence 
on inner pin diameter in the visible regime for perfect electrical 
conductor (PEC) thicknesses on the order of 100 nm. [  105  ]  

 It is important to note that linearly polarized light excites 
the fi rst order mode for a symmetric coax with a perfectly 
cylindrical center pin (fl at top and bottom surfaces), as the 
lowest order mode is not dipole active due to symmetry. This 
is expected to create two localized hot spots at the end of the 
coax along the polarization direction. [  106  ,  109  ]  The lowest order 
mode could alternatively be excited by radially polarized or 
z-polarized light. We have attempted to create a more singular 
primary localized fi eld volume by tapering [  22  ]  and rounding the 
ends of our coax center pins, which also aids AFM imaging per-
formance. In practice, our Raman images are consistent with 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 2539–2553
a single (vs double) near-fi eld spot signature as shown below. 
This may result from one hot spot being closer to the sample 
when the AFM tip contacts the surface, or to eccentricity or 
asymmetry in the coax structure resulting from the nanofabri-
cation process, leading to one dominant hot spot. 

 The coax tips were excited through the fused silica substrate 
using a linearly-polarized HeNe laser focused by a 100 ×  1.4NA 
oil objective. The scattered Raman light was collected through 
the same objective and directed onto either a grating spectrom-
eter with a thermoelectrically-cooled CCD camera or a photo 
multiplier tube (PMT) using a dichroic mirror and long-pass 
fi lter. The dichroic rejected scattered light within 400 cm  − 1  of 
the laser line, preventing the observation of the carbon nano-
tube (CNT) radial breathing modes. To obtain a near-fi eld 
signal, the laser (100  μ W) was focused on the sample surface, 
then the tip was moved into the laser focus. The signal was 
optimized by scanning the laser over the tip apex with a 2D 
galvanometer (Thorlabs) while recording the Au photolumines-
cence (PL) signal on the PMT, then placing the laser focus at 
the position of maximum PL. 

 We demonstrated the spectroscopic imaging capabilities of 
our coaxial tips by imaging carbon nanotubes that were grown 
directly on fused silica cover slips.  Figure    7  a shows a topo-
graphic AFM scan acquired with a coax antenna probe. The 
lateral resolution is on the order of 20 nm, consistent with the 
radius of curvature of the central coax pin and the coax gap 
size. Based on several line scans over the sample, many of the 
CNT structures appear to be either multiwall CNTs or single 
wall CNT bundles.  

 The sample was then positioned so that the tip was placed 
on a CNT (marker in Figure  7 a) and the Raman spectrum was 
recorded (Figure  7 b). The 10-s-long spectrum clearly shows 
the D and G modes at 1308 and 1586 wave numbers along 
with a PL background originating from the Au antenna. The 
D- to G-mode intensity ratio was  ≈ 4.5. The AFM tip was then 
retracted to take a far-fi eld confocal spectrum (Figure  7 c) of 
the same area. The spectrum was integrated 12 times longer 
to achieve a comparable G-mode signal. In confocal mode, the 
D/G mode ratio was  ≈ 1. The increase in the D/G mode ratio for 
the tip-enhanced spectrum could be caused by localized strain 
on the CNT induced by the tip in contact mode. Yano et al. 
observed an intensity increase and position shift of the G-mode 
2545wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  7 .     Tip Enhanced Raman Spectroscopy on CNTs using a coax probe. a) Topographic error-signal image of CNTs grown on a fused silica cover 
slip acquired with the coaxial antenna scanning probe. b) Tip-enhanced Raman spectrum of the CNT taken at the marked position in a), integrated 
over 10 s. c) confocal Raman spectrum at the equivalent position. An integration time of 120 s was necessary to achieve a similar G-mode signal. 
Reproduced with permission. [  82  ]  Copyright 2011, American Chemical Society.  
when applying pressure using a sharp metal tip as their near-
fi eld probe. [  33  ]  In contrast we observed variations in the D-mode 
intensity and no detectable peak shifts. We tested various tips 
and exerted different tip forces on the sample but the intensity 
of the G-mode was not affected within our experimental resolu-
     Figure  8 .     Raman spectral mapping of CNTs. a) topography of mapped region (error signal). 
b) example of 0.1 s Raman spectrum which was taken at each pixel. D and G peaks are shown 
with a blue and green circle, respectively. c,d) Corresponding intensity maps of the D and G 
peaks. The inset in (c) is a line-scan demonstrating the optical resolution along the CNT struc-
ture. We additionally observed polarization dependence for the imaging performance, which 
we will report on in a following publication. Reproduced with permission. [  82  ]  Copyright 2011, 
American Chemical Society.  
tion. This discrepancy may be related to the 
different polarizations of the excitation light 
for the two types of tips (mostly in-plane 
vs z-polarized), though further studies are 
required for better understanding. 

 Due to the load-dependent D-mode inten-
sity variations, we choose to use the G-mode 
intensity to compare tip-enhanced and con-
focal Raman intensity. The data shown here 
give a TDTU G-mode enhancement of 17 
(D-mode enhancement of 64). We stress 
that the nanofabricated tip yield approaches 
100%—all of the tips that look good in post-
FIB SEM images demonstrated signifi cant 
Raman enhancement. The coax tips were 
also suffi ciently durable to support many 
hours of contact-mode imaging. 

 Increasing the focused laser power to 
150  μ W led to satisfactory signal-to-noise ratios 
in the Raman spectra for integration times as 
low as 50 ms, enabling practical  hyperspectral  
Raman mapping on dielectric substrates–i.e. 
we were able to take a full Raman Spectrum at 
each pixel of a near-fi eld imaging scan. While 
performing a slow 1.5  μ m by 1.5  μ m AFM 
scan over our sample (see  Figure    8  a topog-
raphy image), spectra were acquired at each of 
the 256 by 256 pixels, allowing the detection of 
small variations in the sample chemistry and 
composition, refl ected by small changes in 
peak positions and intensities. A typical 0.1 s 
spectrum over the CNTs is shown in Figure  8 b.  
6 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
 Spectral maps were generated by subtracting the PL back-
ground and integrating the Raman peaks from 1250 to 
1350 cm  − 1  for the D-band (see Figure  8 c) and from 1550 to 
1650 cm  − 1  for the G-band (see Figure  8 d). The D-mode map, 
related to the CNT defect density, shows rich detail and strong 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2539–2553
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local variation in intensity, in principle enabling us to map CNT 
defects with a resolution below 20 nm. These variations do not 
originate from topographic effects since the height over the 
CNT structure was fairly constant. In this particular case, we 
also observed G-band intensity variations due to the presence of 
a bundle of SWCNTs. 

 Lateral optical resolution was determined from a line scan of 
the D-mode intensity variation along the top of a CNT structure 
(inset Figure  8 c). This approach avoids optical artifacts arising 
from convolution of optical response with the sample topo-
graphy. There were no signifi cant changes in CNT topography 
along this line, demonstrating that the observed optical signal 
changes arise from the intrinsic properties of the sample. 
Here, the D-mode line-scan shows a sharp decrease as well as 
an increase (inset Figure  8 c) with transition widths of 23 and 
18 nm, respectively, leading us to estimate a lateral optical reso-
lution  ≤ 23 nm. Line scans over apparent catalyst particles that 
showed a D-mode signal due to initial growth of CNTs had an 
optical width of around 22 nm, comparable to the line scan 
along the CNT. 

 These results show that the coax probe geometry combines 
the spectroscopic advantages of coupled resonant optical 
antennas with the good AFM imaging properties of sharp 
tips. In fact, they were the fi rst demonstration of hyperspectral 
nanoimaging in the  non -tip-substrate gap mode–an important 
step towards the generalized use of nano-optics in the study of 
materials. [  82  ]  But similar to other resonant antenna tips, these 
truncated coaxial plasmonic probes still possess limitations, 
which we have recently been able to address.  

  2.3. Pushing Towards the Ideal Nano-Optical Probe: 
Hyperspectral Nanoimaging with “Campanile” Tips 

 The advanced probes described above greatly increase both 
the sensitivity and generality of TERS imaging and spectro-
scopy. However, because of their antenna designs, such probe 
geometries have relied on resonant structures and excitation 
modes that are not background-free, i.e., the excitation beam 
illuminates at least a diffraction-limited region on the sample 
along with the plasmonic tip structure. In these cases, excita-
tion can be through the (transparent) sample substrate or from 
the side. This results in a competition between the enhanced 
signal originating from within the zeptoliter mode volume of 
the optical antenna, and background photons from the more 
weakly-excited but much larger illumination spot. [  35  ]  It is worth 
noting that background signal depends on the dimensionality 
of the sample; point, line, or surface Raman-active samples 
have better ratios of enhanced signal to unenhanced back-
ground than do bulk samples. [  35  ]  

 Illumination of the sample outside the nano-region of 
interest has been recognized as a signifi cant problem by the 
nano-optics community. Therefore, a number of next-gener-
ation near-fi eld tip geometries based on extraordinary optical 
transmission (EOT) structures - and the related plasmonic 
antenna apertures - have been realized. [  112–115  ]  Here, light 
incident on the back of the structure is transmitted through 
a nanoscale aperture with much higher effi ciency than that 
achieved by conventional aperture-based probes, illuminating 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 2539–2553
only the nanoscale volume of interest. However, while trans-
mission effi ciency is high, overall fi eld enhancement is gener-
ally lower than what has been realized by the plasmonically-
coupled antenna probes described above. And perhaps just as 
importantly, both plasmonically-coupled antenna (e.g., bowtie) 
probes and EOT-type probes are, by design, resonant structures. 
As mentioned above, enhancement would ideally be large over 
a wide spectral range for optimized nanoscale spectroscopic 
measurements. 

 The desire to achieve large, broadband near-fi eld enhance-
ment while operating in a background-free excitation mode has 
led researchers to adopt novel nanofocusing strategies based on 
the broadband adiabatic propagation and compression of SPP 
modes on a conically tapered tip. These strategies combine ele-
ments of the previously-mentioned a-NSOM tips, which also 
utilized an adiabatic taper for near-fi eld enhancement, with 
effi cient photon-to-plasmon coupling structures that can be 
illuminated far from the sample, launching a plasmon wave 
towards the tip apex and avoiding most unwanted background 
excitation. For example, grating couplers were fabricated a few 
microns up the conical adiabatic taper (CAT) tip shaft, [  110  ,  116  ,  117  ]  
leading to far-fi eld to near-fi eld coupling effi ciencies of  ≈ 2–4%. 
Though grating couplers are narrow-band by design, Raschke 
and coworkers have cleverly “chirped” the grating spacing 
within the far-fi eld illumination area to enable SPP coupling 
over a relatively broad wavelength range. Another example is 
the probe geometry described in, [  93  ]  where a photonic crystal 
fabricated on a cantilever is used to capture and convert light to 
plasmons propagating adiabatically along a sharp cone located 
at the center of the photonic crystal cavity. Of course, these pho-
tonic crystals are also narrowband couplers, but it is conceiv-
able that more complex designs (e.g., fractal-based structures) 
could allow for excitation coupling at many wavelengths. Also 
promising are geometries based on novel ultrasmooth and 
sharp cone and pyramid tips. [  83  ,  84  ,  118  ,  119  ]  

 These types of probes represent a signifi cant step forward, 
as they effi ciently integrate the advantages of broadband 
photon-to-plasmon couplers, plasmonic waveguides, and 
optical antennas. They have recently demonstrated large TERS 
enhancements from a number of different samples including 
single molecules and silicon nanocrystals. However, there is 
one primary drawback to these CAT tips: maximum enhance-
ment is still only achieved in the tip-substrate gap mode. Thus, 
the question remains: is it possible to realize the best proper-
ties of these CAT tips in a structure that moves beyond this 
limitation? 

 We have recently demonstrated a revolutionary tip concept 
based on a unique geometry capable of effi ciently coupling far-
fi eld light to the near-fi eld and  vice-versa  without background 
illumination, and more signifi cantly, doing so over a wide 
range of wavelengths. [  120  ]  The probe geometry is based on a 
3D tapered metal-insulator-metal (MIM) structure ending in 
a nanogap ( Figure    9  a–c), with a shape resembling that of the 
“campanile” bell tower of Venice, which is reproduced at the 
Berkeley campus (hereafter referred to as campanile). Our 
simulations show that this geometry provides effi cient cou-
pling between far- and near-fi elds (Figure  9 d) since the funda-
mental mode in the MIM structure is supported without any 
cut-off frequency no matter how thin the insulating layer. [  121  ]  
2547wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  9 .     Structure and optical properties of the 3D-tapered (campanile) far-fi eld to near-fi eld 
transformer. The campanile geometry (A) is comprised of a tapered metal-insulator-metal 
waveguide fabricated at the end of a tapered glass fi ber (B) by focused ion beam milling. Its 
shape resembles a bell tower of the same name (inset: photo of the Berkeley campanile), with 
a 39 nm ( ± 2 nm) gap between the 3D-tapered Au plates (C). D) Finite Element simulations 
reveal the highly effi cient bi-directional coupling between macro and nanometer length scales 
(the color-scale contrast of electric fi eld strength is saturated to show the much weaker pho-
tonic and weakly-confi ned plasmonic modes). Extending the contrast over the full color scale 
shows the nearly-background-free near-fi eld enhancement at the tip apex (E) while maintaining 
the linear polarization of the far fi eld (F) (gap size  =  10 nm;  λ   =  667 nm). (G) The ultra-large 
fi eld enhancement for a campanile with a 2-nm gap extends over an enormous band-width (red 
curve) compared to a coupled optical bowtie antenna (blue curve) with a 2 nm gap or a sharp 
Au tip with a 20-nm radius of curvature (grey curve; assuming 100% light-coupling effi ciency 
to the Au tip). The campanile structure, with its broadband fi eld enhancement and highly 
effi cient, nearly-background-free bi-directional coupling between far- and near-fi elds, is ideal 
to bring optical techniques to the nanoscale. Reproduced with permission. [  120  ]  Copyright 2012, 
American Association for the Advancement of Science.  
In the optical regime, where plasmonic effects become impor-
tant at small length scales, it has been shown that effi cient 
delivery of far-fi eld light to an ultra-small region is possible in 
two dimensions using a tapered planar MIM structure ( > 70% 
conversion effi ciency), [  122–124  ]  and in three dimensions with a 
dimple lens structure. [  125  ]  Equally important, the bi-directional 
coupling of the campanile probe is effi cient over a large band-
width (Figure  9 g), similar to the adiabatically-tapered [  22  ,  121  ]  
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
geometries utilized in the microwave and 
terahertz regimes. [  126  ]  This is one of the sim-
plest broadband methods for effectively over-
coming the diffraction limit. The bandwidth 
is limited only by metal absorption at short 
wavelengths, and can be extended well into 
the infrared region. Other metals can be used 
to access the blue or ultraviolet (UV) regions. 
The plasmonic mode in the campanile is adi-
abatically squeezed into the nanogap region. 
Therefore, as shown in Figure  9 e–f, the 
size of the campanile gap primarily defi nes 
the spatial resolution as well as the fi eld 
enhancement, which is greater than that 
from a bowtie antenna with the same size 
gap (Figure  9 g).  

 Figure  9 e shows that the campanile opera-
tion is also nearly-background-free. Within 
the taper region, only a few photons escape 
due to edge scattering and leakage before 
reaching the tip apex. We operate the cam-
panile probe in a mode where signal is col-
lected back through the nanogap, so the col-
lected background from the sample arising 
from the edge-scattered light is expected 
to be insignifi cant and was below the noise 
threshold in the PL images shown here. In 
addition, as with all near-fi eld probes, the 
campanile tips interrogate only surface/inter-
face material located within a few nm of the 
tip apex (Figure  9 f), eliminating most back-
ground spectroscopic signal arising from 
bulk material or surrounding fl uid. 

 Using standard nanofabrication tech-
niques, the campanile design can be inte-
grated into the apex of a number of scan 
probes including atomic force microscope 
(AFM) cantilevers and tapered optical fi bers 
such as those used in conventional aperture-
based NSOM. Representative images of a 
campanile tip are shown in Figure  9 b,c. For 
a linearly tapered 3D MIM structure, the 
optimal taper angle is around 20 o –40 o , over 
which range the transfer effi ciency shows 
only minor changes. [  121  ]  Note that since 
a tapered coaxial structure is a cylindrical 
analog to the MIM, it should have similar 
properties to the campanile. 

 Before discussing the experimental results 
from the campanile tips, a couple comments 
on coupling effi ciency and loss are in order, 
particularly in relation to CAT tips. In terms of coupling far-
fi eld excitation light to plasmon modes on a tip (and vice versa), 
extremely high coupling effi ciencies are possible ( ≈ 95–100% in 
the visible and IR) if the transducer is optimized for operating 
at a specifi c wavelength rather than over a broad spectrum. 
This is achieved by engineering geometric resonances into 
the tip design, both for CAT tips and campanile structures. [  127  ]  
Such high effi ciencies are important for single-photon and 
heim Adv. Funct. Mater. 2013, 23, 2539–2553
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related quantum optics applications. For broadband coupling, 
effi ciencies appear to be somewhat lower, likely approaching 
 ≈ 70%. [  122  ,  127  ]  However, for campanile-type structures, 3D broad-
band designs are still being optimized, making this a current 
area of study. 

 From an energy loss point of view, both the campanile and 
CAT tips can perform well, where the limitations are primarily 
propagation loss and radiation. [  121  ,  127  ]  That said, there may be 
some practical/technical advantages for using a 3D tapered-
MIM geometry like the campanile or a coaxial structure. For 
one, CAT tips require a coupler of some sort for converting 
photonic modes to plasmonic modes, whereas the tapered 
MIM itself acts both as the coupler and, further down the adi-
abatic taper, as the mode compressor. Also, plasmon propaga-
tion occurs along the relatively smooth metal-dielectric sur-
faces of the tapered MIM structures, whereas plasmons travel 
along the outer surface of the CAT tips, which is often more 
rough (when fabricated using chemical etching or standard 
metal deposition techniques), resulting in more scattering and 
radiation. This problem, though, has been recently addressed 
using template-stripping methods for creating CAT and other 
similar probe tips. [  84  ]  In addition, there may also be some 
advantages to operating in a MIM geometry vs the IMI geom-
etry of the CAT tip in terms of mode propagation distances 
within the taper, though this is diffi cult to say without further 
study. 

 To demonstrate the utility of the tapered-MIM probe concept, 
campanile tips with  ≈ 40 nm-wide apertures were used to map 
out the inhomogeneous radiative recombination in individual 
InP NWs, chosen because of their PL emission properties and 
© 2013 WILEY-VCH Verlag Gm

     Figure  10 .     Nano-optical hyperspectral photoluminescence mapping of InP 
B) with the campanile tip (100  μ W excitation power, 100 msec/spectrum, 
802 nm). The near-fi eld map (B) has considerably higher spatial resolution
strong local PL variations along the wire. E) A line scan along the wire in (
size) while the same line scan along the topography image shows no variatio
for the Advancement of Science.  
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their potential for light harvesting due to their 1.4 eV bandgap 
and assumed low surface recombination rates. [  128–130  ]  Trap 
states are believed to be responsible for many optical phe-
nomena in nanocrystals and wires, [  131  ,  132  ]  including surface-
state-mediated luminescence modifi cation in InP NWs, [  133  ]  but 
are not well-understood due to diffi culty of doing optical meas-
urements at the relevant length scales. We gain crucial insights 
into nanostructure properties by performing both local optical 
excitation  and  local luminescence collection. 

 The glass fi ber with the campanile tip was mounted in a 
shear-force scanner and coupled to a 633 nm laser. The near-
fi eld spot was scanned over the sample to locally excite and col-
lect the PL from the InP NWs. Because of the huge broadband 
enhancement, only 100  μ W of pre-fi ber-coupled laser excitation 
power ( < 1/10th of a basic laser pointer) was needed to acquire a 
full emission spectrum in 100 ms with a signal-to-noise ratio  >  
60:1. 

 A full spectrum was recorded at each topography image 
pixel, and PL maps were built by taking slices from the hyper-
spectral data.  Figure    10   shows a 95-nm-wide InP NW imaged 
with a scanning electron microscope (SEM) (Figure  10 a), the 
campanile tip (Figure  10 b), and a far-fi eld confocal micro-
scope (Figure  10 c). The confocal excitation power was equiva-
lent to that used for the campanile tip and achieved a com-
parable signal to noise ratio. The campanile tip clearly pro-
vides resolution approximately equal to the gap size and 
much higher than the confocal resolution (Figure  10 d) (see 
linescan in Figure  10 e, taken along the smooth NW in order 
to rule out topographical artifacts in our estimate of measured 
resolution).  
2549wileyonlinelibrary.combH & Co. KGaA, Weinheim

nanowires. A) SEM image of an InP NW that was hyperspectrally mapped 
map at 802 nm), and C) confocally (900  μ W, 10 msec/spectrum, map at 
 then the confocal map, as shown by line scans across the wire (D), and 
B) reveals a spatial resolution of  ≈ 40 nm (approximately equal to the gap 
n. Reproduced with permission. [  120  ]  Copyright 2012, American Association 
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     Figure  11 .     a) InP NWs displayed one or two PL intensity hot spots typically 250–300 nm from 
the wire ends compared to b) topography and e) SEM images of the same NW. A waterfall plot 
of near-fi eld spectra taken at the positions 1–11 (emission intensity normalized to one) shows 
strong local spectral variations, with the PL hot spots showing a band edge blue shift as well 
as stronger contributions from trap-related above-bandgap spectral components (c). In con-
trast, the same wire imaged confocally (d) also displays two maxima but no spectral variations 
along the NW (f). Reproduced with permission. [  120  ]  Copyright 2012, American Association for 
the Advancement of Science.  
 PL spectra acquired using the campanile tip and a far-
fi eld confocal microscope can be seen in  Figure    11  . The band 
edge emission peak at 889 nm (1.47 eV), corresponds to the 
expected 100 meV blue shift relative to bulk InP NWs, inde-
pendent of quantum confi nement. [  133  ]  Moreover, we observe 
various shoulders 40-100 meV above the band edge emission 
that broaden the spectra considerably. With the campanile 
tip, we now directly observe spectral intensity and linewidth 
variations along individual NWs. In addition, for some of the 
studied wires we observed PL hotspots located approximately 
250 to 300 nm from one or both of the wire ends (compare 
Figure  11 a,b). The PL hotspots correspond to a spectral broad-
ening toward the blue associated with additional luminescence 
contributions from 40–100 meV above the band edge, as seen 
in the waterfall plot of PL spectra from various points along 
the wire (Figure  11 c; PL peak intensity normalized to one for 
clarity). In contrast, confocal PL measurements of the same 
wire (Figure  11 d) also displayed two maxima, but could not 
resolve spectral variations along the NW (Figure  11 f) in agree-
ment with previous confocal studies. In other words, with the 
campanile probe we gain access to a new level of information. 
In this case, we reveal photoluminescence (PL) heterogeneity 
along individual nanowires by mapping local charge recombi-
nation originating from trap states–critical optoelectronic infor-
mation unobtainable using previous methods.  

 We emphasize that the increased density of optical states at 
the tip apex will change the balance between various recom-
bination pathways and may enable otherwise dark states to 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
radiatively recombine. [  24  ,  134  ,  135  ]  We also note 
that measurements on these NWs (and any 
sample thicker than  ≈ 2 nm) are not possible 
with a-NSOM in tip-substrate gap mode. No 
other near-fi eld/tip-enhanced techniques 
demonstrated to date have the resolution 
and sensitivity shown here, which is critical 
for investigating most nanoscale samples. 
Based on these results, the campanile geom-
etry appears to be quite promising for future 
near-fi eld studies, though more direct experi-
mental comparisons between the campanile 
and other tips are ultimately required before 
quantitative statements can be made about 
the potential advantages. These studies are 
currently underway in our lab.   

  3. Conclusions and Outlook 

 Carrying out local optical spectroscopy at the 
nanoscale is an ongoing challenge for nano-
science. On a fundamental level, this should 
be possible by squeezing light beyond the dif-
fraction limit. Various optical-antenna-based 
scan-probe geometries had been designed 
to address this ‘nanospectroscopy imaging’ 
challenge by transforming light from the 
far-fi eld to the near-fi eld, but unfortunately 
with serious limitations on sensitivity, band-
width, resolution, and/or sample types. Sig-
nifi cant efforts have been made in the design, fabrication, and 
implementation of more advanced near-fi eld probes to address 
these limitations. In our case, the unique collaborative environ-
ment at the Molecular Foundry, a Department of Energy (DOE) 
Nanoscale Science Research Center (NSRC), has resulted in the 
development of a set of probes that offer novel solutions to the 
nanospectroscopy imaging problem and constitute new para-
digms in plasmonics, non-linear optics, and especially near-
fi eld investigations. In addition, as a DOE User Facility, the new 
nano-optical capabilities at the Foundry enabled by these new 
tools are now accessible to the larger scientifi c community, with 
current users already investigating a wide range of materials 
including graphene, battery interfaces, and DNA. 

 Since these innovations are rather recent, it is also worth 
remembering that there is still much work to be done. For 
example, realizing the full potential of these probes will require 
advances in reproducible mass-fabrication of tips; fast and 
robust chemometric data analysis; in-situ scanning capabilities 
and tip properties amenable to in-situ studies; and better scan 
algorithms for fast, effi cient multidimensional imaging at mul-
tiple length scales. And of course pushing optical studies to the 
near-atomic regime will require an increase in spatial resolu-
tion. Already, the work reported here demonstrates the impact 
of these novel geometries (particularly the campanile geometry) 
on a wide range of nano-optical measurements, since virtu-
ally all possible categories of optical imaging and spectros-
copy can now be brought to the nanoscale, including Raman 
and IR/FTIR hyperspectral imaging, as well as white-light 
heim Adv. Funct. Mater. 2013, 23, 2539–2553



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

FEA
TU

R
E A

R
TIC

LE
nanoellipsometry and interferometric mapping of dielectric 
functions. Additionally, the combination of large bandwidth 
and enhancement make them ideal for ultrafast, pump-probe 
and/or nonlinear experiments down to molecular length scales, 
where they would be used for ultrasensitive medical detection, 
(photo)catalysis and quantum-optics investigations, as plas-
monic optomechanics and circuitry elements, and as the cor-
nerstone of tabletop high-harmonic/X-ray and photoemission 
sources. In short, these new scan-probe tools and techniques 
provide access to a new world of physics and dynamics within 
materials that has yet to be studied.  
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