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Summary 
 
This chapter presents an overview of femtosecond near-field optical microscopy (or 
femtosecond (ultrafast) NSOM) – an experimental method combining pump-probe 
femtosecond spectroscopy with spatial resolution capabilities of the near-field imaging. 
Near-field microscopy, which appeared in 1980s, allows achieving spatial resolution 
lying below the diffraction limit using a miniature tip to probe optical properties of the 
sample. Its combination with femtosecond technique gives an experimental tool 
providing simultaneously ultrahigh time and spatial resolution. Such a tool is extremely 
promising in studies of charge carrier dynamics and relaxation in nanostructured metal 
or semiconductor systems. However, in application of ultrafast NSOM several issues 
must be taken into account. The most important are a proper choice of experimental 
configuration must be made, an improvement of signal/noise ratio to a level allowing 
measuring realistic signals, and a control on the length of laser pulses to realize a high 
time resolution. Technical complexity of ultrafast NSOM is a reason of limited 
applications of this technique. Still beginning from late 1990s a number of research 
groups managed to use femtosecond NSOM for studying the dynamics of ultrafast 
processes in mesoscopic systems, such as single nanostructures, single metallic 
nanoparticles etc. A few examples of such investigations are presented in this article. 
Thus, ultrafast NSOM proved to be a viable instrument for characterization of nanoscale 
systems with resolution of the order of 100 fs in time and 100 nm in space. With the 
improvements of the NSOM resolution and signal to noise ratio, the femtosecond 
NSOM will widely spread in the field of ultrafast nano-optics.  
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1. Introduction 
   
Space and time resolved measurements are of crucial importance in experimental 
physics. The recent interest to mesoscopic systems and their applications in electronics 
and nanomaterials brought about the need to characterize ultrafast (i.e. picosecond or 
nanosecond) physical processes in systems of nanometer-scale size. Examples of such 
processes include charge carriers transport in the bands of semiconductors and electron 
dynamics in metals. Usually dynamics of these physical processes are studied with 
ultrafast laser spectroscopy. However, in most experiments involving methods of laser 
spectroscopy, the information about the dynamic processes is specially averaged over 
the area of the laser beam. This averaging precludes from resolving inhomogeneities of 
nanostructured systems. Hence in study of such systems spectroscopic methods with 
high spatial resolution are essential. Moreover, space and time for small-scale systems 
are interrelated, since e.g. for small-sized systems carrier charge transport occurs in 
short times: in one femtosecond an electron moves over a distance on the order of 
nanometer. Therefore it is desirable to achieve high spatial and temporal resolution 
simultaneously, the latter being on femtosecond timescale. 
 
A combination of optical microscopy with time-resolved methods looks an extremely 
promising tool for solving the task described above and offers a possibility of studying 
dynamics of physical and chemical processes with sub-micrometer spatial resolution.  
An important obstacle is that conventional optical microscopes have a spatial resolution 
limited by so-called diffraction limit. The Rayleigh criterion gives the following 
expression for the smallest distance between two neighboring points which can be 
resolved: 0.61 /r NAλΔ = , where NA  is a numeric aperture of the objective and λ  is 
the wavelength used. Even for oil-immersion objectives NA  is usually smaller than 1.5, 
therefore the resolution limit can be taken approximately equal to / 2λ . In the visible 
range it corresponds to 200-400 nm, thus the resolution of conventional microscopes 
does not suffice to spatially resolve inhomogeneities in nanometer-scale structures. 
However, the resolution limit can be circumvented using so-called near-field scanning 
optical microscopy (NSOM or SNOM) - a new branch of optical microscopy technique. 
A characteristic feature of the NSOM is a probe, creating a highly localized light source, 
which is placed in close proximity to the sample. In the most common aperture NSOM, 
the probe is a tapered optical fiber covered with a layer of metal (usually aluminum) so 
that on the very its tip an uncovered aperture remains. Light coupled to the fiber passes 
through the aperture, illuminating the sample. If the sample is within a small distance 
from the probe (in the near-field zone), then the divergence of light can be neglected 
and the illuminated spot on the sample will have the same size as the probe’s aperture. 
The same holds true, if the probe is used to collect light emitted or passing through the 
sample, only the sample area located right under the probe gives significant contribution 
to collected signal. Thus, the spatial resolution of the NSOM is determined by the 
aperture diameter, which can be made of nanometric size, although there are additional 
factors that limit resolution, such as the penetration of light into the metal screen (skin-
effect). In practice the typical resolution of aperture SNOM is from 50 nm and higher. 
By scanning the probe across the sample surface one can obtain a super-resolution 
image, an additional advantage being availability of information on sample’s 
topographic structure. Although, NSOM has a number of disadvantages compared with 
conventional optical microscopes, such as complexity of probe production and its low 
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lifetime, a need in complex setup in maintain sample-to-probe distance and low 
throughput of the probe’s aperture, it is still an efficient instrument for obtaining a 
subwavelength spatial resolution. 
  

 
 

Figure 1. Schematic representation of the NSOM aperture probe 
 
Thus, the near-field scanning optical microscopy is the technique, providing the highest 
achievable optical resolution, and its combination with femtosecond laser technique 
promises the best tool for studies of ultrafast processes on nanoscale. Several ways of 
such a combination can be conceived. 
 
One possible method involves time-counting electronic devices for time-correlating 
photon measurement and was successfully applied for measuring lifetime of excited 
states of fluorescent molecules. The technical realization includes a time-to-amplitude 
converter (TAC) which is started by a laser impulse and stopped by a signal from a 
fluorescence detector registering photons emitting by a studied systems, so that the time 
span between the events of laser excitation and photon emission is measured. 
Accumulating necessary statistics one can obtain a number of emitted photons 
depending on time passed after the excitation and build a decay curve. However, the 
responding speed of electronics limits the temporal resolution of this method to a 
picosecond range, which is enough for measuring fluorescence decay, occurring in 
molecular systems within nanoseconds, but not sufficient for studying faster processes, 
e.g. carrier dynamics in semiconductors or electronic states dynamics in photoexcited 
molecular systems. 
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Far more promising for achieving ultrahigh temporal resolution is a combination of 
optical microscopy with femtosecond pump-probe method, in which optical response is 
measured as a function of time delay between the pump pulse exciting the researched 
system and the probe pulse. In this case the available temporal resolution is limited by 
the laser pulse duration, nowadays researchers routinely working in a range of tens of 
femtoseconds. The idea of combining near-field optical microscope with femtosecond 
spectroscopy methods was first proposed by A. Lewis et al. in 1995, the same authors 
discussed possible ways of experimental realization of this idea and demonstrated the 
feasibility of coupling femtosecond laser pulses to the near-field optical probe. 
However, thus far a limited number of groups managed to implement such a 
combination. This fact should be attributed to complexity of experimental arrangement 
and the need to resolve technical issues, aspects of which are considered below.  
 

- 

- 
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