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a b s t r a c t

Major progress in the crystal growth of nanowires and related structures places new demands on our

abilities to characterize optical and electronic properties with both an ease and a resolution

commensurate with the materials of interest. In particular, transport properties, such as minority

carrier diffusion length, are important for a range of applications in light emission, sensing and solar

energy conversion. In this paper, a technique to ‘‘image transport’’ in nanostructures by monitoring the

motion of charge via the recombination emission of light is reviewed. Transport imaging combines the

resolution of near-field optics with the charge generation control of a scanning electron microscope.

The technique is related to, but significantly different from standard cathodoluminescence, since it

maintains the spatial information of the emitted light. Light is collected in the near-field from a

scanning fiber in an atomic force microscope/near-field scanning optical microscope system. It is

possible to determine minority carrier or exciton diffusion lengths from a single optical image, without

any electrical contact to the sample. New results are presented for minority carrier hole transport in

ZnO nanowires and nanobelts.

Published by Elsevier B.V.
1. Introduction

The tremendous progress in the growth and synthesis of
nanoscale materials has simultaneously posed new challenges
and placed new demands on characterization capabilities. For
nanowires, nanorods, nanobelts or nanoribbons of interest for
both light emitting devices, such as LEDs and lasers, and light
collection devices, such as solar cells and photodetectors, the
transport of minority carriers plays an important role in device
performance. Conventional means of measuring minority carrier
diffusion lengths, such as electron beam induced current (EBIC)
techniques, or full scale device characterization, generally require
contacts and associated processing. Crystal growers would benefit
from techniques that could provide electronic transport informa-
tion with a spatial scale commensurate with the materials of
interest, but without requiring additional electrical contacting,
which is often challenging and time-consuming for individual
nanostructures.

We describe in this paper an approach to measurement of
minority carrier transport in nanowires, using a technique called
transport imaging. Transport imaging combines scanning electron
microscopy (SEM) and optical microscopy to ‘‘see’’ electronic
transport via imaging of non-equilibrium carrier recombination.
Spatially resolved imaging of resulting luminescence allows
B.V.
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observation 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 some related experiments have
utilized a laser source for generation of charge [1–3], we have
more recently utilized this approach at very high spatial resolu-
tion for the study of transport in nanostructures by integrating
near-field optical microscopy, which provides spatial resolution
beyond the far-field diffraction limit, with the high resolution and
spatial control of an electron beam in an SEM for generation of
charge [4,5].

The approach is related to, but distinct from, cathodolumines-
cence in that it maintains the spatial information of the recombi-
nation light, which is generally lost in traditional scanning
photoluminescence or cathodoluminescence. In these techniques,
spatial resolution comes from moving the source of excitation. In
transport imaging, the source of excitation is fixed and spatial
information comes from the distribution of the associated recom-
bination. In essence, it is an optical form of the famous Haynes–
Shockley experiment [6], but one with very high spatial resolu-
tion that can often be performed without any electrical contact to
the sample. Early work applied this approach to the study of
transport and field dependent mobilities and anisotropies in
ordered materials [7–10].

Transport imaging in an SEM allows for direct measure of the
mobility–lifetime (mt) product of the non-equilibrium carriers
created by the incident electron beam. In the absence of
an electric field (i.e., when the technique is applied in a
contact-free manner), minority carriers (or excitons depending
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on temperature and exciton binding energy) will diffuse from
their point of origin. The subsequent luminescence distribution
reflects the diffusion length, whatever the dominant mechanism
that controls the minority carrier or exciton lifetime. In the
presence of an electric field, both carrier drift and diffusion come
into play.

The basic idea is illustrated in Fig. 1, which shows minority
carrier (hole) diffusion and drift in a high purity sample of thick
(�80 mm) liquid phase epitaxial material on a semi-insulating
GaAs substrate [7]. The carrier generation point, in all cases, is a
single spot, using a 20 keV electron beam. The composite figure
shows the effect of diffusion only (top image) and then combined
drift and diffusion in an alternating electric field (780 V/mm).
The quasi-bulk nature of the transport in this relatively thick film
makes extraction of diffusion length a numerical analysis problem
requiring a multi-parameter least squares fitting approach to a
three-dimensional half-space problem [11]. In nanowires, how-
ever, the analysis for transport in restricted dimensions is rela-
tively straight-forward and transport imaging offers a direct
measure of minority carrier transport properties that can provide
early stage feedback for crystal growers. Section 2 will describe
the experimental approach and a new system for near-field
transport imaging and then Section 3 will present results for
diffusion in ZnO nanowires and nanobelts.
Fig. 1. Spatially resolved luminescence images showing effect of diffusion (upper)

and combined diffusion and drift (center and lower) of minority carrier holes in

an n-type GaAs epitaxial layer. Electron beam energy is 20 keV. Image width is

400 mm and the bias for the drift images is 780 V/mm.

Fig. 2. Schematic diagram showing incident electron beam, NSOM tip and nanowire u
2. Experimental approach—NSOM and SEM integration

An integrated transport imaging facility has recently been
developed at the Naval Postgraduate School that combines an FEI
field emission microscope (Inspect 50) with a Nanonics Multiview
2000 atomic force/near-field optical scanning (AFM/NSOM) micro-
scope. The Multiview 2000 architecture enables integration with
the SEM to provide direct optical axis access to the sample for
electron beam imaging as well as charge carrier generation.
Cantilevered fiber probes are used simultaneously as AFM topo-
graphy probes and near-field collection tips, with apertures ran-
ging from 100 to 500 nm. Aperture size at the tip of the fiber
determines the resolution for the transport images and the
smallest size is desirable for maximum resolution. In practice, this
is limited by the intensity of the luminescence and the strong
dependence of collection efficiency on aperture diameter.

Fig. 2 shows a schematic diagram (A) of the apparatus and a SEM
image (B) 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
Si 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 motion
of the sample relative to the probe tip via pulsed motion of the
sample for a maximum travel of �6 mm. Using this capability, all
the individual structures seen in Fig. 2B could be measured without
the need to externally reposition the sample or the NSOM tip.

The SEM serves two distinct purposes. First, it provides a high
resolution image of the sample, allowing selection of the nanos-
tructures and imaging of their topographic features. During the
actual acquisition of transport imaging data, the SEM is operated
in spot or line mode, for localized generation of free carriers. It is
critical that the beam location remains fixed, relative to the
sample, so we utilize a minimum spot size (probe current) to
minimize charging, while at the same time providing sufficient
carrier generation for a measureable luminescent signal. The
surface of the sample is also grounded via a flexible wire to the
SEM ground. With the beam fixed on the sample, the NSOM probe
is scanned across the material and a map of the luminescence
emission is created. The Multiview 2000 allows for a maximum
scanning range of �100�100 mm2. Typical scans, depending on
diffusion length and nanostructure size, are �2–20 mm on a side.

The NSOM probes have the cantilevered fiber glued to a tuning
fork. Special attention has been paid to minimizing charging of
the glue and to extending the NSOM tips to minimize electron
beam distortion effects associated with proximity of the tuning
fork. Unlike far-field collection of the luminescence with a
microscope and CCD camera, where the full luminescence
distribution can be collected, care must be taken in the near-field
system to avoid direct excitation of the SiO2 probe, which will
nder study (left) and SEM image of NSOM tip in proximity of ZnO nanostructures.



Fig. 3. NSOM image of luminescence distribution from a GaAs double hetero-

structures under spot mode laser excitation, with intensity (arbitrary units) as the

z-axis. Image dimensions are 15�15 mm2.

Fig. 4. Cathodoluminescence spectrum (intensity as a function of wavelength) for

a PVD-grown ZnO nanowire.
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produce direct luminescence in the fiber itself. In addition, the
collecting probe will block the excitation of the sample over part
of the scan.

This effect is shown in Fig. 3, which illustrates NSOM collection
of luminescence in a thin film GaAs double heterostructure,
excited in this case with above bandgap laser illumination.
Although the laser light itself can be eliminated with a filter,
the NSOM image shows the asymmetry in collection introduced
by the nature of the tip scanning. In a one-dimensional nanowire,
the luminescence distribution is simply collected in one direction,
beginning adjacent to the point of excitation. Since the lumines-
cence, both at the point of excitation and at subsequent positions
along the wire, is emitted in all directions, the light collected by
the fiber represents the relatively small fraction that is emitted in
the upward direction and within the cone determined by the
index of refraction of the material. The remainder will be
waveguided along the wire axis. Detection of the waveguided
light is often possible at the end of the structure.
3. Transport imaging in ZnO nanowires and nanobelts

To illustrate the approach, we present results on ZnO nanos-
tructures. ZnO is a direct bandgap material, with a room tem-
perature bandgap of 3.37 eV [12,13]. This results in strong
luminescence with the band-edge emission around 368 nm and
makes ZnO an excellent candidate material for transport imaging.

The nanowires were grown using either hydrothermal growth
from solution or physical vapor deposition (PVD). In PVD-growth,
the source materials are sublimated in powder form and then
deposited on a substrate in a horizontal tube furnace. Hydro-
thermal growth utilizes crystallization from solution under high
pressures. Growth techniques are described in [14] and the
extensive references within.

A typical room temperature cathodoluminescence spectrum
from the PVD-growth structures is shown in Fig. 4. The defect-
related luminescence varies in relative intensity for various
samples, but the band-edge luminescence is generally dominant.
For transport imaging, the light is detected with a Perkin Elmer
MP-983 photomultiplier detector with a response range from 185
to 650 nm. A UV-optimized fiber is used in the NSOM probe to
maximize ultraviolet transmission.

Fig. 5 shows an example of the NSOM image for carrier
diffusion in a ZnO PVD wire with a relatively large (�1 mm)
cross-sectional dimension. The electron beam is incident at a spot
at the lower left on the wire, not shown in the figure. The incident
electron beam energy is 30 keV. Although the electron beam spot
size on the surface of the wire is approximately 50 nm, the
generation volume produced results in carrier generation over a
volume of �1.0 mm. The NSOM image shows both the lumines-
cence from recombination in the vicinity of the carrier generation
point and the waveguided emission emerging from the end,
reflecting the shape of the nanowire. One also sees the effect of
surface recombination in the spatial variation of the intensity
across the wire and the decreased intensity near the surface.

Intensity information is extracted from the NSOM image, with
data collected on both the trace and retrace of the scan. In Fig. 6,
Intensity is plotted as a function of position, with intensity on a
logarithmic scale. For diffusion in one dimension, the intensity
adjacent to the generation volume should decrease as

IðxÞ ¼ Io expð�x=LdÞ

where I is the intensity, x is the position along the wire and Ld

represents the effective diffusion length of minority carriers and/
or excitons. The effective diffusion length extracted from the data
in Fig. 6 is 1050 nm. Similar measurements have been performed
on hydrothermally grown ZnO wires (Fig. 7a), which are several
microns in length and range from �400 to 800 nm in diameter,
and several PVD-grown nanobelts (Fig. 7b), which are relatively
thin (100–300 nm), two dimensional plate-like structures.

Fig. 8 shows the NSOM image for recombination and wave-
guided emission in a nanobelt, presented in three dimensions,
with intensity as the z-axis. The SEM excitation is incident at a
spot just above the image, but located in the center of the
nanobelt. The background local fluctuations throughout the
image are noise in the NSOM signal. Waveguided emission is
seen along the edges of the structure. In the nanobelt, diffusion is
possible in two dimensions and the diffusion profile is given by

I� Koðr=LdÞ,

where Ko is the zeroth order modified Bessel function of the
second kind. The Bessel function fit to the luminescence profile
along a diameter through the excitation point is shown in Fig. 9.



Fig. 5. SEM image (upper) and NSOM transport image (lower) of a PVD-grown

ZnO nanowire. The excitation point is fixed at the center of the wire, at a point just

below the edge of the NSOM image. Electron beam excitation energy is 30 keV.

Fig. 6. Natural logarithm of the intensity as a function of position, including

intensity measured on both the trace and retrace of the NSOM scan, and the ‘‘best

fit’’ linear regression for determination of diffusion length.

Fig. 7. SEM images of hydrothermally grown ZnO nanowires (upper) and PVD-

grown ZnO nanobelts (lower). The scale bars are 1 mm for the upper image and

20 mm for the lower image.
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Minority carrier diffusion lengths measured for these various
samples are summarized in Table 1. The binding energy of
excitons in ZnO is 60 meV [15], and excitons have been shown
to be stable in ZnO at room temperature. The diffusion length,
therefore, represents the combined motion of minority carriers,
whether as free carriers or as excitons, occurring in the wire.
Surface recombination will also play a role. Models for the effect
of surface recombination on effective lifetime in nanowires are
still in development, with some evidence that band bending at
the surface [16] may play an important role in some materials.
The transport imaging data, therefore, should be interpreted as
effective overall diffusion lengths that show the combined effect
of bulk and surface recombination effects, in the same way that
the effective lifetime in any semiconductor is a combination of
the various contributions from radiative and non-radiative
recombination arising from multiple sources.

Although we expect variations with diameter and particulars
of the crystal growth, the diffusion lengths in the PVD-grown
material are consistently longer than in comparison with the
diameter of the hydrothermally grown structures. Effective diffu-
sion length also depends on nanowire diameter, consistent with
the TRPL studies in GaN [17] and near-field scanning photocur-
rent measurements in very small diameter ZnO nanowires [18].

We note that the diffusion lengths reported for the nanobelts
are as long or longer than the best reported lengths from electron
beam induced current (EBIC) measurements for bulk n-type ZnO,
which range from 0.4 to 2.4 mm [19,20]. Time resolved photo-
luminescence measurements on bulk ZnO show multiple expo-
nential behavior, which has been interpreted as potentially



Fig. 8. NSOM transport image showing carrier diffusion and photon waveguiding

in a ZnO nanobelt. The excitation point is fixed at a point in the center of the

nanobelt, at a position just above the edge of the NSOM image.

Fig. 9. Intensity distribution along a diameter extending out from the point of

carrier generation and the least squares regression fit to a zeroth order modified

Bessel function of the second kind.

Table 1
Diffusion lengths measured via transport imaging.

Nanostructure (diameter) Diffusion length (nm)

Hydrothermal nanowire (600 nm) 150

PVD nanowire (800 nm) 640

PVD nanowire (2000 nm) 1050

Nanobelt (250–350 nm thick) 2080
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indicating both free carrier and excitonic recombination. Koida
et al. [21] reported that times ranging from 1 to 14 ns, which
when combined with the maximum reported mobility to date of
�50 cm2/V s for holes in ZnO [12], would result in diffusion
lengths of 0.36–1.4 mm. Mobility measurements on holes in ZnO,
however, have been limited by the challenges associated with
p-type doping in this material. Recent EBIC measurements [22] on
the collective response of a layer of nanowires in Sb-doped
material indicated a room temperature value of �2.7 mm for Ld,
but it would be for minority carrier electrons if a high level of
p-type doping has been achieved and therefore is not a direct
comparison.

It has been demonstrated, via polarized Raman spectroscopy
and TEM, that defect densities in ZnO nanobelts can be very low
[23], with regard to both line and point defects, and the diffusion
lengths in the ZnO nanobelts measured to date may reflect these
low defect densities. Further studies, as a result of nanobelt
thickness and growth conditions, will be required.
4. Conclusion

In summary, we present an approach to imaging carrier
transport in nanowires using near-field detection of the distribu-
tion of the recombination luminescence. The technique provides a
contact-free method for investigating minority carrier and/or
excitonic transport. This transport imaging capability is enabled
by the combination of a near-field scanning optical microscope in
a field emission SEM. Results for ZnO nanostructures grown by
physical vapor deposition and hydrothermal growth from solu-
tion indicate carrier diffusion lengths ranging from 0.15 to
2.8 mm, depending on growth technique and material geometry.
Transport imaging should be useful to provide direct feedback to
crystal growers on the key transport parameters of interest in a
variety of materials with luminescent signatures, without requir-
ing additional device processing.
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