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Integrating electron and near-field optics: dual 
vision for the nanoworld

Abstract: The integration of near-field scanning opti-
cal microscopy (NSOM) with the imaging and localized 
excitation capabilities of electrons in a scanning electron 
microscope (SEM) offers new capabilities for the observa-
tion of highly resolved transport phenomena in the areas 
of electronic and optical materials characterization, semi-
conductor nanodevices, plasmonics and integrated nano-
photonics. While combined capabilities for atomic force 
microscopy (AFM) and SEM are of obvious interest to pro-
vide localized surface topography in concert with the ease 
and large spatial dynamic range of SEM and dual beam 
imaging (e.g., in-situ AFM following focused ion beam 
modification), integration with near-field optical imaging 
capability can also provide access to localized transport 
phenomena beyond the reach of far-field systems. In par-
ticular, the flexibility that is achieved with the capability 
for independent, high resolution placement of an electron 
source, providing localized excitation in the form of free 
carriers, photons or plasmons, with scanning of the opti-
cal collecting tip allows for unique types of “dual-probe” 
experiments that directly image energy transfer. We 
review integrated near-field and electron optics systems 
to date, highlight applications in a variety of fields and 
suggest future directions.
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1  Introduction
Two approaches have been pursued historically to improve 
optical resolution in order to observe and characterize 
smaller and smaller phenomena: 1) decrease the wave-
length of the imaging radiation, as in electron microscopy, 

or 2) circumvent the far-field diffraction limit through the 
use of near-field imaging. Edward Hutchison Synge intro-
duced the concept of near-field imaging in 1928 [1]. It has 
been reported that in the same year, Leo Szilard suggested 
the basic concept of a scanning electron microscope in 
conversations with colleagues; Szilard filed a German 
patent application for such a device on July 4th, 1931 [2].

Ernst Ruska is credited with building the first elec-
tron microscope in 1933. Cambridge Instruments and JEOL 
began making commercial instruments widely available in 
1965 and Ruska was awarded a much delayed Nobel Prize 
in Physics in 1986. For near-field imaging, the time from 
conception to demonstration was longer. Ash and Nicholls 
published the first experimental demonstration in 1972 
using millimeter waves [3], with work at visible wavelengths 
appearing a decade later. The first commercial NSOM, the 
Topometrix Aurora, went on the market in 1994. In 2004 
Nanonics Imaging Ltd. introduced a commercial AFM/
NSOM system allowing for optical access to the collecting 
tip and, also importantly, the option for independent scan-
ning of the NSOM probe, as well as the sample. While the 
scanning tunneling microscope had a very short interim 
between the first demonstration of its new imaging capa-
bility and a Nobel Prize for its inventors (1981–1986, sharing 
the Nobel Prize in Physics with Ernst Ruska), a duration of 
53 years similar to that experienced by Ruska might project 
a Nobel Prize related to scanning probe optical imaging for 
sometime in the period from 2025 to 2035.

Eighty-five years after the SEM and NSOM were inde-
pendently envisioned, we now see the integration of these 
two approaches. An increasingly localized electron beam 
probe can be combined with near-field optical collection 
to reach new resolution limits and image phenomena 
associated with the generation of light and the transport 
of energy in nanostructured materials and devices.

2  Early systems
The earliest integrations of SEM and AFM/SPM (scan-
ning probe microscopy) were focused on providing high 
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resolution surface topography associated with AFM with 
the wide dynamic imaging range of SEM. In introducing a 
“universal SPM-based hybrid system” for incorporation into 
an SEM chamber in 2003, Joachimsthaler et  al. [4] review 
some of the earliest systems and point out the challenges of 
integration while maintaining optimum capability for both 
types of imaging. This is particularly true with respect to 
the working distance of the SEM, which plays a key role in 
obtaining optimum SEM imaging at high magnification. The 
growing importance of focused ion beam for in-situ modifi-
cation of materials and devices may well drive further AFM/
SEM commercial development of integrated systems and 
will be discussed briefly at the end of the review.

Integration for the primary purpose of collecting 
luminescence generated by an electron beam with a near-
field probe [near-field cathodoluminescence (CL)] was 
first presented in 1998 [5, 6]. Troyon et al. used a home-
built scanning force microscope (SFM), with a laser-based 
cantilever deflection system and a four-quadrant photo-
detector. The SFM was mounted inside the chamber of a 
Gemini 982 field emission Leo SEM (LEO, Oberkochen, 
Germany). An optical multimode fiber was placed above 
a Si3N4 pyramidal tip to locally diffract the light and cause 
the signal to propagate to the collecting fiber. High resolu-
tion imaging of Er-doped CaF2 was demonstrated with a 
reported resolution on the order of 100 nm [5].

Cramer et  al. designed a system with interchange-
able probe mounts for STM, SFM or NSOM, with the probe 
and sample tilted at 60° with respect to the electron beam 
[6]. The SPM was based on a prototype of the TopoMetrix 
Observer SPM integrated with a CamScan S2. Their NSOM 
probe was a metal-coated optical fiber on a piezoelectric 
tuning fork. In order to increase detection sensitivity, a 
beam-blanker was used to modulate the electron beam 
excitation, allowing for lock-in detection of the optical 
signal. They observed CL emission in bulk yttrium alu-
minum garnet (YAG) with a reported resolution, based on 
intensity variations, of 50 nm.

Schematics from these two systems are presented in 
Figure 1. Electron beam access to the point of contact of 
the optical probe was achieved by tilting of the sample rel-
ative to the incident electron beam. Both systems allowed 
for scanning of the electron probe in standard SEM opera-
tion and for scanning of the sample, but the position of 
the collecting probe tip was fixed. While this works fine 
for high resolution CL imaging, it limits some other capa-
bilities that are of interest for integrated electron beam/
near-field systems.

Several challenges were quickly apparent in the early 
work. First, electrical charging associated with both the 
specimen and the probe tip needed to be eliminated or 

minimized. In the absence of attention to appropriate 
grounding and coating, significant local drift and even tip 
deformation were observed. Second, limited optical col-
lection as determined by the throughput of NSOM optical 
fiber tips or the efficiency of scattering and absorption 
in the presence of another type of dielectric tip required 
dealing with the reality of small signals. Finally, ques-
tions about the role of background luminescence associ-
ated with far-field effects, whether due to the extent of the 
generation volume from the incident electron beam, or 
local transport of the generated free carriers or photons, 
needed to be understood.

The combination of an NSOM with an SEM effectively 
provides an alternate approach to the dual-probe capabil-
ity that is increasingly desired in NSOM and other SPM 
systems [7, 8]. Multi-probe systems for highly localized 
electrical measurements have been operated inside of 
SEMs in order to directly image probe-to-probe distances 
that could not be optically resolved. In the case of NSOM 
integrated into an SEM, the electron beam can be utilized 
both for imaging the localization of the collecting probe 
(e.g., somewhere on a particular nanostructure) and 
simultaneously as a localized probe/generation source 
when operated in spot or line mode. While it can be chal-
lenging in dual-probe NSOM systems to position and scan 
the two probes with nanometer proximity, the SEM makes 
it easy to position the electron beam anywhere in relation-
ship to an NSOM probe on a sample.

There are multiple approaches then for imaging and 
data acquisition, based on three possible scanning options: 
A) the sample, with electron beam and collecting probe fixed 
in relative proximity to each other; B) the electron beam, 
with the collecting probe fixed at a spot on the sample; and 
C) the collecting probe, with electron beam excitation fixed 
at a spot on the sample. A system that allows for all three 
scanning modes provides the highest flexibility for various 
types of experiments and, in particular, for the high spatial 
mapping of excitations generated by the electron beam 
that result in carrier transport, waveguiding or plasmon-
assisted CL. Figure 2 summarizes the range of options.

In NSOM systems with excitation via laser sources, 
it is common to refer to illumination mode (I – near-field 
excitation through the NSOM tip, far-field detection via an 
optical microscope), collection mode (C – near-field col-
lection via the NSOM tip, far-field excitation with a laser 
through the objective of an optical microscope), combined 
I-C mode (I/C - excitation and collection via the same 
NSOM probe tip) and dual-probe (independent excitation 
I and collection C NSOM probes). Using the electron beam 
for highly localized excitation with a near-field imaging 
probe potentially creates a dual-probe experiment using 
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only one actual NSOM probe. The exact nature and extent 
of the excitation in this case, however, depend strongly on 
the particular electron beam/sample interaction.

In the remainder of the review, we highlight work per-
formed in integrated SEM/NSOM instruments in the areas 
of near-field CL and transport imaging and conclude with 
a discussion of future directions for research and devel-
opment. For broader recent reviews of NSOM and scan-
ning probe microscopies for high resolution spectroscopy, 
readers are referred to Refs. [9] and [10].

SEM
chamber

Objective lens

Piezo
scanner

AFM base

SEM X-Y stage

Monitor

MAC Q-650
MacAdios

Oscillator

Ref
LIA

In

Out

Dither
piezo

Scan
coils

Topography
data

Personal
computer

Fiber

PMT

Sample

NF-CL
data

InOscillator

Beam
blanking

OutRef
LIA

e-beam

AFM image
signal

Current amplifier

Cathodoluminescent
signal

Notch filter

P
M
T

Photodiode
abcd AFM control

electronics

AFM  XYZ coarse
motion control
electronics

z
x-y

Mirrors

CantileverLa
se

r

SEM

Optical fiber

Figure 1 Schematic diagram of earliest systems to integrate near-field optical scanning microscopy into scanning electron microscopes. 
Upper: System of Troyon et al. [5]. Lower: System of Cramer et al. [6]. Both systems were used to demonstrate imaging of CL emission in the 
near-field by scanning the sample with the electron beam fixed adjacent to the collecting probe. Figures reprinted with permission from Ref. 
[5] and Ref. [6]. Copyright 1998 AIP Publishing LLC.
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Figure 2 Schematic illustrating scanning options and associated 
experiments.
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3  Near-field cathodoluminescence
Conventional cathodoluminescence uses an electron 
beam to excite luminescence which is then collected in 
the far-field, generally with a parabolic mirror that directs 
the photons to a photodiode, photomultiplier or CCD 
array. CL has played an important role in the characteri-
zation of semiconductors, minerals and other fluorescent 
materials [11]. The electron beam is generally scanned 
over the sample to create a luminescent map of the mate-
rial, assuming that the light emitted can be mapped back 
to the point of excitation. The resolution of conventional 
CL is limited by a complex combination of the generation 
volume of the electron beam in the particular sample and 
energy transport from the source in the form of either 
excess carrier diffusion, waveguiding or photon recycling. 
In photon recycling, photons that are locally generated by 
recombination in the generation region can propagate in 
the material and then be reabsorbed and re-emitted.

Near-field cathodoluminescence was introduced with 
the goal of improving the spatial resolution by restricting 
the measured luminescent area via the use of the near-
field collecting tip. With the collecting probe fixed at a 
spot immediately adjacent to the point of electron beam 
excitation, the sample can be scanned underneath to 
produce a map of the spatial variations of the lumines-
cence where the region from which the light is collected 
can be more restricted than in traditional far-field CL. 
Two different collecting approaches were initially demon-
strated: 1) a high resolution SPM dielectric probe convert-
ing the local field into propagating waves which were then 
collected in the far-field by a fiber suspended about 50 μm 
above the sample [5] and 2) small diameter aperture fiber 
tips directly in SPM feedback just nanometers above the 
sample surface [6].

Since the primary motivation is generally presented 
as improved resolution, it is important to understand the 
relevant limiting factors, placing them in context of the 
near-field photoluminescence work that is more familiar 
to most users. One significant factor is whether the source 
of the potential luminescence is extended or geometrically 
isolated. An example of an extended source would be any 
bulk material, thin film or even micron scale particles 
that are significantly larger than the excitation dimen-
sions. Geometrically confined and isolated luminescent 
sources might include quantum wells, quantum dots, or 
single molecules. There are multiple length scales in the 
problem that need to be identified. These include:
1. the dimensions of the luminescent structure (extended 

or confined in x and/or y and/or z), Χ(x, y, z)
2. the dimension of the collecting tip ϕ

3. in many materials, the diffusion length for free 
carriers created by the excitation beam, or other 

relevant energy transfer mechanisms, d

kTL
e

µτ=

4. the excitation region/volume. For laser excitation, 
this is effectively the area of illumination, either in the 
far-field or via the NSOM probe, with a characteristic 
depth given by α-1, where α is the absorption coefficient 
for the wavelength of the incident light.

It is helpful to differentiate here between resolution, as 
typically understood, and the volume of sampled mate-
rial that contributes to a luminescent signal derived from 
a particular spot or region. The focus here is on materials 
in which luminescence is being generated in the material 
by the incident electron beam (as opposed, for example, 
to imaging of reflected light from small structures or 
apertureless NSOM fluorescence of particles on a surface 
excited by evanescent waves in a supporting substrate 
[12]). Although the light may be obtained from a near-
field measurement in a highly restricted region (e.g., the 
area immediately under the near-field probe), it is possi-
ble that light generated at more remote locations in the 
sample is coupled into that localized measurement. This 
is particularly true in the case of semiconductors, which 
have a relatively high index of refraction and therefore a 
significant amount of internally reflected luminescence 
that can be converted to propagating waves by the NSOM 
measurement. Correspondingly, carriers generated in 
a highly localized fashion can diffuse and recombine at 
more remote locations, extending the sampled volume 
observed in the far-field even with localized near-field 
excitation [13].

When the luminescent structure is geometrically con-
fined, however, these effects become less critical, either 
because the surrounding material does not luminesce, or 
its luminescence occurs at a different wavelength. In this 
case, the sampled region just depends on the structure 
size and spatial imaging is determined by convolution 
of the structure and the collecting or exciting probe [14]. 
The range of possibilities is summarized in Table 1 for the 
NSOM photoluminescence case.

Electron beam excitation in the SEM combined with 
collection via a near-field probe is most appropriately 
compared to the collection mode in optical NSOM if 
the region of excitation, though still highly localized, is 
broadened beyond the dimensions of the collecting probe 
by either the excitation volume of the electrons or subse-
quent energy transfer via carrier diffusion. The generation 
volume is determined by the size of the electron beam, 
its energy and associated penetration depth in a given 
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material (the equivalent of α-1 for optical excitation). For 
extended luminescence, then, the collection of light from 
the probe area, as discussed, includes both direct emis-
sion from the region immediately under the probe, as well 
as potential contribution from the coupling of the evanes-
cent waves from this larger excited region.

This “background” contribution has been identified 
and modeled by Pastre et al. [15, 16]. They investigated the 
role of the surface recombination and the effect of varia-
tion of the absorption coefficient/depth of electron beam 
penetration. However, as they point out, and as the images 
obtained in [5, 6] and [17] indicate, the resolution that can 
be obtained from near-field CL even on extended sources is 
still a significant improvement over conventional CL and, 
in many cases, over near-field collection mode photolumi-
nescence. This is because of the ability to highly localize 
the generation region and the overall improvement when 
this localized generation is convoluted with the energy 
transport and collection geometry. Use of low energy elec-
trons can minimize the generation region further, though 
often with corresponding loss in signal intensity.

For geometrically isolated sources, resolution can be 
obtained that is limited by a convolution of the dimen-
sion of the near-field probe and the luminescent source. 

For this type of sample, the ability of the electron beam 
to excite very small regions can be fully utilized, without 
concern for bulk energy transport. This capability is uti-
lized in transmission electron microscopy to generate 
very high resolution CL images [18]. This will be discussed 
further in the concluding section.

An additional concern is the effect of topography on 
the efficiency of the near-field collection. Nogales et  al. 
demonstrate the ability of near-field CL to image defects 
that are not seen in conventional CL [19], but also observed 
the challenge in interpreting topography effects superim-
posed on the near-field CL image because of the extremely 
high sensitivity of collection to the probe-specimen dis-
tance. Detailed quantitative image analysis that correlates 
topography changes to NSOM intensity changes, coupled 
to the transport imaging experiments that will be dis-
cussed in the next section, could be helpful in this regard 
for further isolating material luminescence variations.

Examples of near-field CL imaging include work on 
bulk YAG, Er doped CaF2, GaAsP, GaN, AlGaN/GaN and 
MgO [5–6, 17, 19]. Figure 3 shows an example from near-
field CL on a “hillock” structure in GaN, allowing for 
observation of CL contrast within a 200 nm thick defect 
structure that is not observed in standard CL.

Table 1 Factors determining the optically sampled volume for different types of illumination and collection in near-field systems, for both 
extended and localized sources.

Luminescent 
source

  I
Near-field illumination, 
far-field collection

  C
Near-field collection,  
far-field illumination

  IC
Coupled near-field illumination, near-field 
collection

Extended  
Χ(x, y, z)  >  >  ϕ

  Convolution of ϕ, Ld   Convolution of ϕ and 
evanescent signal from 
region dependent on Ld, α-1

  Convolution of ϕ and Ld and resulting evanescent 
signal from region dependent on Ld and α-1;
Smallest sampled volume but highly limited signal

Localized  
X(x, y, z) ~ ϕ

  Convolution of X, ϕ   Convolution of X, ϕ   Convolution of X, ϕ

Χ represents the sample size/geometry and φ is the dimension of the NSOM probe aperture. Ld is the carrier diffusion length and α is the 
absorption coefficient for the incident illumination.

A B

2 µm
2 µm

Figure 3 Topography (left) and panchromatic near-field CL image (right) from a GaN structure. Figure reprinted with permission from Ref. 
[19]. Copyright 2002 AIP Publishing LLC.

Brought to you by | Arthur Lakes Library
Authenticated | 10.248.254.158

Download Date | 8/24/14 1:24 PM



80      N.M. Haegel: Integrating electron and near-field optics: dual vision

The near-field CL work to date using optical fiber 
probes has been accomplished with NSOM probe diam-
eters that are significantly larger than those used to 
achieve the highest reported resolutions in other types of 
optical studies. Classical diffraction theory shows that the 
throughput for a sub-wavelength aperture varies as (d/λ)4 
[20]. This strong dependence on diameter has limited the 
aperture sizes used to date in near-field CL. As the fiber is 
tapered to its final aperture, there is also a cut-off diameter 
for single mode transmission, given by d~0.6λ/n, where n 
is the index of refraction [9].

The metal coatings on the fiber play an important role 
at this point in reducing optical loss below the cut-off diam-
eter. Aluminum is the most common metal coating, since it 
has the smallest skin depth for visible light, but Au and Cr 
are also used. Various attempts have been made to increase 
optical throughput for small diameter apertures, including 
optimizing the nature of the taper geometry and controlling 
the final aperture using focused ion beam milling of evapo-
rated metal films [21]. This 2011 work demonstrated a factor 
of 100 × improvement for transmission through a 100  nm 
diameter aperture, leading to a throughput of 10-3, compared 
to 10-5. Dissemination of these state-of-the-art approaches 
throughout the NSOM community will open the resolution/
intensity limitation for near-field CL and other experiments.

Growing availability of commercial systems designed 
to be integrated into SEMs without loss of SEM imaging 
capability will also play a significant role in expanding the 
use of near-field CL. In addition, detailed studies of signal 
intensity and spatial variation comparing contact, tapping, 
and far-field modes of collection would further clarify 
issues of limiting resolution and information volume. The 
trajectory of smaller and smaller devices of interest, which 
magnifies the importance of spatial material variations at 
the same small length scales, coupled with the growing 
requirement for electron beam imaging to observe and 
manipulate these structures, suggests that near-field CL 
will also grow in importance and impact as the capability 
becomes more widespread and more fully understood.

4  Transport imaging
Transport imaging, as we use the term here, combines 
scanning electron microscopy (SEM) and optical micros-
copy to “see” electronic transport via imaging of non-
equilibrium carrier recombination. Spatially resolved 
imaging of the resulting luminescence allows observa-
tion of the motion of that charge, acquiring steady-state 
images of the light emitted as some fraction of carriers 
recombine along their path of travel. While a number of 

related spatially-resolved experiments have utilized a 
laser source for generation of charge and collected light 
in the far-field, (see, for example, Refs. [22–25]), the high 
degree of localization and the ease of spatial control of the 
electron beam in the SEM for carrier generation, combined 
with the near-field mapping of the resulting luminescence 
pattern, makes this a powerful approach for the study of 
transport in very small structures and in a wide range of 
luminescent materials, independent of bandgap.

The approach is related to, but distinct from cathodo-
luminescence in that it maintains the spatial information 
of the recombination light, which is lost in traditional 
scanning photoluminescence or cathodoluminescence. 
In those techniques, including the near-field CL discussed 
in the previous section, spatial resolution comes from 
moving either the source of excitation or the sample. In 
transport imaging, the source of excitation is fixed and 
spatial information comes from the distribution of the 
associated recombination. It is, in essence, a steady-state 
spatially resolved form of the famous Haynes-Shockley 
experiment [26], but one with very high spatial resolution 
that can be performed anywhere on the sample, inde-
pendent of electrical contact, to observe carrier motion.

Transport imaging in the SEM in thin films and bulk 
materials has been used to study minority carrier drift in 
heavily doped materials, anisotropy of minority carrier 
mobility in solar cell materials, diffusion length variations 
associated with dislocation networks in mismatched semi-
conductors and spatial non-uniformities in bulk materials 
for nuclear radiation detectors [27–31]. In measuring char-
acteristic transport distances, far-field spatial imaging of 
the luminescent distribution is sufficient (and provides 
much higher collection efficiency) when the lengths are 
large. However, for small diffusion lengths and for very 
small individual structures, the diffraction limitations on 
the far-field imaging require the use of near-field lumines-
cence mapping.

In 2005, Haegel et al. integrated a Nanonics Multiview 
2000 AFM/NSOM (Nanonics Imaging, Ltd.,  Jerusalem, 
Israel) into a JEOL 840 SEM (JEOL, Tokyo, Japan) [32]. This 
AFM/NSOM architecture provides direct optical axis access 
to the sample for electron beam imaging as well as charge 
carrier generation. Cantilevered fiber probes are used simul-
taneously as AFM topography probes and near-field col-
lection tips, with apertures ranging from ~100 to 500 nm. 
Although the smallest size is desirable for maximum reso-
lution, the d4 dependence on aperture diameter means a 
reduction of a factor of 625 in moving from a 500 to a 100 nm 
tip, without including the effect of lower sampled volume. 
The minimum aperture that can be used in practice depends 
greatly on the luminescence of the particular sample.
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The Multiview 2000 allows for independent scan-
ning of the probe, as well as the sample. At the time of 
system integration, this was the first commercially avail-
able system allowing for independent probe scanning that 
could be integrated in an SEM. This capability is critical 
for transport imaging because it allows the electron beam 
to be fixed at any particular point for carrier generation, 
while the collecting tip is scanned to image carrier trans-
port from that single point of interest. Near-field CL can 
be performed with sample scanning, but then localized 
transport can be studied to fully investigate the intensity 
variations by measuring the diffusion length and associ-
ated carrier lifetime, at any point within a specific struc-
ture such as a nanowire.

More recently, the system has been integrated with an 
FEI Inspect 50 SEM (FEI Hillsboro, OR, USA) [33]. Figure 
4 summarizes the concept of the integrated system and 
Figure 5 shows a photograph of the AFM/NSOM inside the 
SEM chamber. A minimum working distance of ~10  mm 
can be obtained by limiting large scale stage translation 
and allowing the pole piece to approach the sample within 
the open region in the top plate of the NSOM instrument.

Figure 6 shows an SEM image of an NSOM probe 
above a sample with a mixture of ZnO nanowires and 
nanobelts. The light collected via the NSOM tip exits 
through a vacuum fiber feedthrough and is detected 
by an external photodiode or photomultiplier tube, 
depending on the desired wavelength detection range. 
Positioning of the tip with respect to the nanostructure 
of interest is accomplished via the “inertial motion” 
feature of the Multiview 2000, which allows for move-
ment of the sample relative to the probe tip via pulsed 
motion for a maximum travel of ~6 mm. Using this 
capability, a large number of the individual structures 
seen in Figure 6 could be measured without the need to 
externally reposition the sample or the NSOM tip. Then 
finer spatial control of the tip is obtained via positioning 
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Figure 4 Transport imaging via integrated operation of three scan-
ning microscope capabilities.

Figure 5 Photograph of AFM/NSOM inside SEM chamber. Electron 
beam is incident perpendicular to the sample.

Figure 6 SEM image of NSOM collecting probe in a region of multi-
ple ZnO nanowires.

through the piezo controls. The maximum scan range is 
~70 × 70 μm.

A variety of transport phenomena can be observed 
and quantified, including carrier diffusion, carrier drift 
and photon waveguiding. Figure 7 shows an NSOM image 
of a luminescence profile from excess carrier diffusion 
and recombination in a GaAs thin film double heterostruc-
ture. The luminescence distribution reflects the minority 
carrier diffusion length in the material and the associated 
mobility lifetime (μτ) product:

d

kTL
e

µτ=
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Carrier diffusion lengths can be extracted from the 
intensity variation for a range of sample and excitation 
geometries, assuming one applies the appropriate model 
for diffusion. If the surface recombination is small (S~0 
cm/s, as in the case of a thin film double heterostructure), 
then the diffusion equations are relatively straight-for-
ward and are summarized in Figure 8 for a variety of cases. 
The ability to operate the SEM in a line mode, in addition 
to spot mode, brings added symmetry to the problem 
and provides a way to measure submicron spatial varia-
tions in thin film and bulk materials from a single image. 
When surface recombination plays a significant role, then 
its effect on the diffusion profiles must be included and 

3 µm

Figure 7 NSOM image showing distribution of carrier recombination 
in a GaAs double heterostructures. Minority carrier diffusion is sym-
metric about the generation point, but blocked along one axis by the 
presence of the NSOM probe.

Figure 8 Sample and excitation geometries and corresponding 
diffusion profiles.

Figure 9 NSOM image of minority carrier diffusion and wave-
guiding in GaN nanowire. Top image shows NSOM image. Lower 
image, NSOM signal superimposed on nanowire topography. The 
color scale shows increasing intensity bottom to top and indicates 
photon counts in arbitrary units. Adapted from Ref. [37].

additional relevant length scales come into play. Exam-
ples addressing 1D, 2D and 3D diffusion with finite S are 
presented in Refs. [34–36].

Baird et al. used transport imaging in the SEM to study 
the diffusion of excess carriers in GaN nanowires, for 
nanowires with both AlGaN (larger bandgap) and InGaN 
(smaller bandgap) “shells”, as well as unpassivated sur-
faces [37]. Figure 9 shows a representative near-field lumi-
nescent map, which reflects both carrier diffusion and 
resulting recombination along the wire, as well as wave-
guiding of light generated primarily at the spot of excita-
tion to the end of the wire. This image was acquired with 
a 250 nm collecting probe, with excitation from a 20 keV 
electron beam, with the beam in spot mode and located at 
a fixed point on the wire just above the image.

Treating the problem as one-dimensional diffusion 
from a quasi-point source, estimates of diffusion length 
for the excess carriers can be extracted from the lumines-
cence profile. However, the clear evidence for a significant 
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amount of waveguided light that is observed when scan-
ning the collection tip at the end of the wire also makes this 
a good test case for the detection of the evanescent signal 
from light that is totally internally reflected at the surfaces. 
In Figure 10, we have enhanced the contrast along the back-
bone of the wire to bring out this additional component. 
Further studies for collection as a function of distance from 
the surface (ranging from “in contact” to the far-field, with 
sufficient resolution of the intermediate region) would be 
of interest to further quantify the contributions.

One important challenge in this configuration is being 
able to demonstrate that any contribution to the lumi-
nescence signal from electron beam interaction with the 
NSOM tip, whether direct or scattered, is negligible. Glass 
fibers under electron beam excitation can produce broad 
visible luminescence associated with defect and other 
emission. A CL spectrum for common SiO2 fiber material 
under 20 keV excitation is shown in Figure 11.

For measuring luminescence associated with trans-
port in a material like GaN, with primary emission in the 
UV part of the spectrum, filtering can be used to basically 
eliminate any contribution from luminescence created 
directly by the electron beam in the probe, as evidenced by 
the series of scans in Figure 12. These were obtained as the 
electron beam was fixed at a point on the sample surface 
(a Si sample without any significant luminescent emission) 
and the collecting probe was scanned in a raster pattern 
that placed it initially under the incident electron beam and 
then scanned away, as occurs in a transport imaging scan. 
One sees that with a combination of 450 nm and 400 nm 
short pass filters, this background signal can be eliminated. 
The problem remains, however, for studies of luminescent 
materials with very short diffusion lengths and emission 

4 µm

Figure 10 Enhanced constrast NSOM image along a GaN nanowire 
excited at a single point at the upper edge of the structure.

Figure 11 Cathodoluminescence spectrum of SiO2 fiber under 
20 keV excitation.
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Figure 12 Effect of filtering on optical signal resulting from scan-
ning NSOM probe under direct electron beam excitation. NSOM 
tip is initially scanned directly under the electron beam and then 
translated with the slow scan axis in the x direction.

in the range from 400 to 500 nm. In this case, one must 
demonstrate that the intensity of the luminescence from 
the material of interest exceeds background signal from 
the electron beam/tip interaction, especially in determin-
ing the slope of the luminescent distribution immediately 
adjacent to the point of excitation.

Several recent studies have focused on the behavior of 
effective carrier diffusion length and lifetime in ZnO nanow-
ires as a function of nanowire diameter. Soudi et al. used 
near-field scanning photocurrent to measure the carrier 
diffusion length for nanowires with diameters ranging 
from ~28 to 60 nm [38]. They used near-field illumination 
probes of aperture size 100–150 nm to locally create carri-
ers which were then collected after diffusing to a reverse-
biased Schottky contact. By measuring the photocurrent 
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in the absence and presence of above bandgap light illumi-
nating the entire structure, they differentiate between bulk 
diffusion length and a surface-dependent diffusion length 
affected by acceptor-type surface states [39].

We have recently performed transport imaging meas-
urements with NSOM in the SEM to measure 300 K carrier 
diffusion lengths in ZnO nanowires of larger dimensions. 
Our results are shown in Figure 13, combined with the 
NSOM photocurrent results and widely ranging reports 
(as indicated by the far-right vertical line) on bulk or thin 
film ZnO from electron beam induced current and TRPL 
measurements [40–42].

For the development of detailed models for transport 
in smaller structures with real effects from surfaces and 
materials variations, multiple measurements as a function 
of the dimensions of the structures will be required. Trans-
port imaging in the SEM can provide this information, 
because of its ability to easily access and measure multi-
ple structures without the need for contacts. In principle, 
the whole range of individual structures seen in Figure 6 
could be measured on a single substrate and with ease of 
motion of the electron beam to measure both the physical 
dimension and the transport properties of interest.

Localized transport of energy can occur optically as 
well as via carrier diffusion. Figure 14 shows an example 
of carrier diffusion and waveguided emission from both 
ends of a GaN nanowire as well as NSOM mapping in a 
ZnO nanobelt. Integrated electron-beam/NSOM is a useful 
approach for the study of the optical behavior of nanostruc-
tures; the highly localized nature of the excitation allows 
for measurement of the attenuation coefficient of a single 
nanowire. The experiment was structured as shown in 
Figure 15, where the electron beam is placed in spot mode 
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Figure 13 Excess carrier diffusion lengths measured in ZnO 
nanowires of varying dimensions with NSOM photocurrent and 
optical transport imaging. All measurements are reported for room 
temperature.

2.0 µm

5 µm

Figure 14 NSOM panchromatic transport imaging of carrier 
 diffusion and waveguiding in ZnO nanobelt (~100 nm thick) (upper) 
and GaN nanowire (~300 nm diameter) (lower). The dashed grey 
lines in the nanobelt (upper) figure have been added to aid the eye 
and mark the physical edge of the nanobelt.

Figure 15 Use of dual probe capability for measurement of absorp-
tion coefficient in individual ZnO nanowire. Reprinted from Ref. 
[43]. The red arrow indicates the point of incidence (spot mode) of 
the electron beam and x represents the distance from the point of 
incident to the end of the wire.

at varying distances from the end of the wire and measure-
ments made of the intensity and distribution of the emitted 
light that is waveguided down the structure. Emission has 
been detected for waveguiding at distances up to 60 μm. By 
measuring the intensity as a function of distance, a Beer’s 
law analysis has been performed, allowing effective attenu-
ation coefficients to be measured as a function of nanowire 
diameter [43]. This type of approach could be applied to 
measure localized absorption/transmission across bound-
aries, defects or interfaces, or within very small structures 
designed for the local control and transport of light.

Experimental challenges in this form of dual beam 
transport imaging are similar to those with the near-field 
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CL: the relatively low throughput for collection through 
the NSOM probe, topography-related artifacts, limitations 
on resolution associated with the electron-beam genera-
tion volume, and associated trade-offs between lumines-
cent intensity and the electron beam excitation energy. In 
addition, charging and associated drift of the sample and 
the NSOM probe must always be addressed, particularly 
for non-metallic samples. However, we have found that 
careful grounding for the metal-coated probes, coupled 
with sample grounding and the use of the lowest possible 
probe current can significantly minimize these effects.

The integration of a commercially available system, with 
the capacity for independent scanning of the tip, has been 
a significant step forward for near-field transport imaging 
in the SEM. Although diffusion lengths can in principle be 
estimated by scanning the electron beam with the collect-
ing tip fixed at a point on the sample, as was discussed in 
[6] and [19], any variation in the generation location does 
change the nature of the experiment in a non-uniform mate-
rial. The ability to scan the collecting tip enables the study 
of transport from a given point. It also allows the type of 
optical mapping shown in Figures 9 and 14.

Future applications will likely include very high reso-
lution of transport parameter mapping around defects, 
interfaces and in the interior of increasingly small struc-
tures. Modulation of the electron beam will be required 
to apply lock-in techniques to increase the detection sen-
sitivity so that smaller probe apertures can be used. For 
structures to which an external bias can be applied, drift 
of free carriers could be observed, similar to observations 
of far-field carrier drift using transport imaging in the SEM 
for thin films [27, 30]. Finally, one can envision a variety of 
time-resolved measurements that would expand the range 
of observed phenomena.

5   Future applications and 
directions

Future applications and directions that integrate electron 
beam and near-field optics will encompass a wider range 
of energy-transfer phenomena and likely take significant 
steps forward as commercial capability advances. Devel-
opments to watch include the following:

1.  Near-field mapping of electron beam generated near-
surface plasmons

The growing field of plasmonics shares two important 
characteristic behaviors that have been addressed here: 
the ability to generate light with an electron beam and the 

ability to transport energy. Electron beams have proven 
to be an effective means for very high resolution genera-
tion of plasmonic resonances [18] and NSOM has played 
an important role in local excitation and mapping of plas-
monic emission [7, 44]. More recently, CL has been used 
to image the angular distribution of emitted light from 
planar nanometallic parabolic antennas with subwave-
length optical resolution [45] and dual probe NSOM has 
been applied to visualize nanoscale behavior of propaga-
tion of locally excited surface plasmon polaritons [46].

Extremely high resolution CL images can be produced 
in a scanning transmission microscope, where the very thin 
nature of the sample limits interaction volume. Figure 16 
shows an example of polarized CL images produced in a 
TEM using 200 keV electrons, with optical collection via 
an ellipsoidal mirror directing light to an external mono-
chromator [18, 47]. For this type of excitation mapping, 
the resolution exceeds what can be achieved with NSOM 
probe collection, given the various practical limitations 
on the smallest tip apertures. Although experimentally 
challenging, one could envision near-field collection to 
enable transport imaging in related structures, which 
would require a second near-field imaging probe.

Finally, single photon state generation and detec-
tion have been very recently demonstrated using 60–100 
keV electrons in a scanning transmission electron micro-
scope, utilizing the properties of nitrogen-vacancy (NV) 
centers in diamond [48]. In addition to the implications 
for quantum nano-optics, this represents the observation 
of individual point defects with cathodoluminescence. 
At the same time, the resolution for studying interaction 
between neighboring systems remains limited by diffu-
sion, indicating the remaining importance of imaging 
transport, in addition to excitation.

2. Near-field EBIC and device reliability
Other SPM probe systems that have been integrated into 
scanning electron microscopes have been primarily for 
electron-beam-induced current measurements. Since 
resolution of feature sizes of modern electronic devices 
now requires SEM imaging, techniques that allow for 
local probing and in-situ operation and observation are of 
growing interest.

Electron-beam-induced current (EBIC) uses an elec-
tron beam to create free charge in semiconductors and 
then measures current collection at a contact to locate 
p-n junctions, measure carrier diffusion and study 
surface and recombination effects. Like standard CL, its 
resolution has been limited by the interaction volume. 
The use of a small scanning probe to collect the current 
has been demonstrated to increase the resolution of EBIC 
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[49–51]. The integration of AFM/SPM systems into SEMs 
will allow for a range of experiments, with variations in 
the type of scanning probe, that could couple electrical 
characterization with optical transport imaging, includ-
ing for devices under bias. With the use of dual probe 
systems, electrical probes could be used for application 
of fields or creation of highly localized collecting junc-
tions, followed by optical transport imaging via the 
NSOM tip for a structure under bias. Not only diffusion 
but also drift and other types of high field transport 
could be directly observed.

3. Energy transfer in biological systems
Energy transfer through charge motion observed via dis-
tributed luminescence is of interest in a growing number 
of biological systems. Transport imaging experiments 

can measure this energy transport since many of the 
systems of interest can be luminescent in some form [52]. 
Near-field transport imaging in the SEM would allow for 
imaging of the structure and the type of dual beam and 
highly localized transport experiments that are difficult 
to do with far-field optical excitation, given the relatively 
small lengths associated with the charge transport. Chal-
lenges to be anticipated are low levels of luminescence 
from very thin structures and damage or bleaching effects 
associated with the electron beam.

One approach to avoid the damage effects associated 
with direct interaction in biological samples would be to 
use remote nanoscale excitation, generated by an elec-
tron beam in an adjacent luminescent material. Kaz et al. 
have demonstrated the generation of nanoscale optical 
emission in very thin layers of a cerium-doped yttrium 

A

B C

D E

Figure 16 Polarized CL emission from excitation of 140 nm diameter Ag particle. Reprinted Figure 3 from Ref. [47]. Copyright 2001 by the 
American Physical Society.
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aluminum perovskite in a Zeiss Gemini Supra 55 scan-
ning electron microscope (Zeiss, Oberkochen, Germany) 
[53]. They propose utilizing free standing films in contact 
with biological or soft matter samples to enable a scanna-
ble nanoscale optical source for high resolution CL. While 
challenges will exist to optimize scintillator film thickness, 
sample thickness and electron excitation energy for high 
resolution optical coupling while limiting any electron 
beam interaction, this approach holds promise for effec-
tive near-field scanning optical microscopy without the 
need for mechanical NSOM scanning for biological films.

4.  Variable temperature capability and commercial 
integration of NSOM with SEM

All systems described to date that integrated SEM and 
NSOM have operated with the sample at room tempera-
ture. However, low temperature NSOM has been demon-
strated, both for systems with the entire NSOM immersed 
in liquid helium [14] and for a cold-finger approach where 
the NSOM scanning system operates in vacuum [54]. This 
latter approach would be feasible for independent incor-
poration into SEMs or for development of NSOM systems 
in SEM with existing cold stages. The interest in nanoscale 
transport in low temperature systems would justify the 
complexity and open a range of otherwise inaccessible 
transport studies.

In 2010, the major SEM manufacturer FEI announced 
a collaborative agreement with Nanonics Imaging to 
explore the feasibility of integrating an AFM into an SEM/
FIB (focused ion beam) dual beam systems. A prototype 
demonstration system was described at the 2012 Micros-
copy and Microanalysis meeting [55]. The scanning probe 
microscope was integrated with a Dual Beam SEM/FIB 
system that allowed for imaging of the exposed probe tip 
with immersion objectives at a working distance as low as 
4 mm. The goal is a system in which a variety of probes 
(NSOM as well as AFM, thermal, magnetic or electrical) 
could be implemented within a single system framework. 
Although the initial driving force may be nanometric 
height profiling to monitor FIB modifications in-situ, com-
mercial capability in this regard could lead to increased 
use and performance of NSOM systems for the study of 
spatial variations and energy transport.

6  Conclusion
The integration of electron beam, AFM and near-field 
optical imaging offers exciting capabilities for combining 

high resolution topography and optical imaging for the 
nanoworld. Instruments to date have been used for near-
field CL, imaging of spatially resolved carrier transport 
and optical measurements in individual nanowires. The 
power of electron beams to generate highly localized 
electronic and optical excitation enables application of 
this combined capability to studies of semiconductor 
devices, nano-based laser structures and a wide range of 
emerging plasmonic structures and devices for integrated 
nano-optics.

Challenges exist in the areas of throughput, stability 
of sample and NSOM probes under electron beam exci-
tation and the characterization of complex interactions 
between the electron beam, the near-field radiation and 
the scanning probe. However, the potential for unique 
experiments that provide direct insight into energy trans-
port and nanoscale materials variations and defect struc-
tures will drive the development of improved systems. 
While the electron beam already provides one highly 
localized and highly versatile probe in a dual probe con-
figuration, future developments will include applications 
with multi-probe systems to allow application of bias and 
in-situ imaging of transport in operating devices. Growing 
commercial interest in combining in-situ AFM imaging 
with focused-ion-beam capability is likely to accelerate 
the growth of the community of users and the range of sci-
entific applications.
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