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With the ability to design and control the physical structure of nanostructures to tune their electronic

properties, it is increasingly important to measure the electronic structure of single nanostructures.

Here we

describe a number of experimental techniques for measuring the electronic structure of single semiconductor
nanowires. The advantages, disadvantages and limitations of these methods will be described.
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1. Introduction

In recent years, significant efforts have been made to
develop methods of tuning the electronic structure of
materials by controlling their physical structure on the
nanoscale [1-6]. These trends will only accelerate in the
future as hybrid materials come to the forefront where
semiconductor, metallic, organic or biomolecular mate-
rials are combined into nanoscale structures which can
be designed for particular purposes in basic sciences or
in technology [7]. The fundamental problem is that as
the length scale of the control decreases, the sensitivity
to variation between nanostructure to nanostructure be-
comes ever larger and thus there is intense interest in de-
veloping methods for measuring the electronic landscape
in single nanostructures.

This paper will review a number of methods used to
study the electronic structure in single semiconductor
nanowire heterostructures using optical techniques. Pho-
toluminescence, time-resolved photoluminescence, pho-
toluminescence excitation, the Raman scattering, reso-
nant Raman scattering, photocurrent spectroscopy and
photomodulated Rayleigh scattering spectroscopy will be
discussed with an eye to enumerating both their strengths
and weaknesses.

2. Materials

Semiconductor nanowires and nanosheets are impor-
tant examples of nanostructures whose understanding
benefits from these experimental developments. Both
nanosheets and nanowires can be grown using vapor—
liquid-solid growth techniques where a metallic (usually
gold) nanoparticle is used as a catalyst of the quasi-one-
-dimensional or two-dimensional growth [1, 2, 5]. Most
importantly, by changing the source material and the pa-
rameters of the growth it is possible to grow both ra-
dial or axial heterostructures between almost any two
materials, regardless of the degree of lattice mismatch
[8-11]. Many materials systems also exhibit polytypism
between wurtzite (WZ, hexagonal) or zinc blende (ZB,
cubic) symmetries which results in important changes
in both the valence and conduction bands [4, 12-14].
Through the control of all of these processes it is possi-
ble to tune the energy landscape of nanowire heterostruc-

tures through quantum confinement in either the radial
or axial directions, through the relative strain of the core
and shell, and finally through control of the ZB and WZ
polytypes. Studying such structures requires detailed in-
formation on exactly how the energy landscape changes
in particular structures, as is discussed for a number of
specific cases below.

3. Photoluminescence

The technique of photoluminescence (PL) is both pow-
erful and also the standard initial method for charac-
terizing semiconductor nanowires. A laser which emits
photons with energy larger than the energy gap is used
to excite electron—hole pairs high up into the valence and
conduction bands of a semiconductor nanostructure. The
electrons and holes rapidly thermalize within a picosec-
ond to the lowest energy states within the nanostructure,
and may then emit light which is characteristic of this fi-
nal state [15]. Using a high quality microscope objective
one can couple light which is emitted from a single nano-
structure (or even from a small section of a nanowire) to a
spectrometer and imaging detector. Through such tech-
niques one gains information on the ground state energy
of the nanostructure with sub-meV energy resolution and
with micron or sub-micron spatial resolution [16-18].

To obtain information on excited states, one can use
excitation power-dependent measurements so as to satu-
rate the ground states and begin to populate the excited
states. For example, in WZ/ZB InP nanowires power
dependent measurements showed that the confined elec-
tronic states in the ZB sections and hole states in the WZ
sections could be easily saturated so that the emitted PL
spectral energies could be tuned over a hundred milli-
-electron volts [19, 20]. Similar power-dependent mea-
surements by van Kouwen et al. in InAsP quantum dots
confined within InP nanowires showed clear evidence of
the confined excited structure of the dot [21]. Density de-
pendent measurements can also be accomplished through
the use of time-resolved PL (TRPL) where the electron—
hole pair density can be effectively varied over orders of
magnitude by collecting PL spectra as a function of time
after pulsed excitation allowing the electron—hole pairs
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to decay [22]. For example, TRPL measurements were
used to map out the energy structure in mixed-phase
WZ/ZB InP nanowires, and in fact confirmed the type-11
band alignments since the more strongly confined elec-
tron and hole states exhibited dramatically longer life-
times [19]. Similar saturation of the ground states can
be accomplished by doping the nanowire. For example,
Wallentin et al. confirmed using PL in heavily doped WZ
InP nanowires that the conduction band is in fact split
as predicted theoretically by Pryor [14, 23].

The most sensitive and accurate technique using PL to
measure excited states in single nanostructures is to use
photoluminescence excitation (PLE) spectroscopy [15].
Here the emission intensity from a ground state or de-
fect level is monitored as an excitation laser is tuned to
higher energies. High quantum efficiency from the nano-
structure is now often achieved and is vital for PLE as
well as many applications. Thus when the laser is tuned
into resonance with any excited state which is coupled to
the ground or defect state, a strong increase in intensity
will be seen. PLE does not directly measure the strength
of the absorption into the excited state, but is convolved
with the capture efliciency to the emitting state which
is monitored. Indeed, if the excited state is not coupled
to the monitored state at all, no increase in PL intensity
would be observed even though significant excitation of
electron—hole pairs results from the resonant excitation.

A more subtle effect is the fact that since the nano-
structure can strongly couple to the electromagnetic
field with strong polarization effects (particularly for
nanowires), the strength of this coupling is also convolved
in a PLE spectrum. Thus, while PLE spectra can show
the energy position of excited states, making strong con-
clusions with respect to their relative intensities requires
significant analysis.
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Fig. 1. Photoluminescence and photoluminescence ex-
citation spectra from a single 100 nm diameter InP
nanowire at 10 K. PL spectrum is shown in grey with
a peak at 1.47 eV, while the PLE spectrum is to the
right with features at 1.50, 1, 54 and 1.67 eV associ-
ated with excitonic transitions associated with the A-
B- and C-hole bands [13].

In Fig. 1 we show a PLE spectrum from a single-phase
WZ InP nanowire [13]. Because of the hexagonal sym-
metry, crystal field effects and the spin—orbit interaction
split the valence band at zone center into three identi-
fiable energy states, the so-called A, B, and C valence
bands. In addition, the optical selection rules (isotropic
for ZB InP nanowires) are also strongly affected because
the A-valence band to conduction band transition is only
allowed for the electric field polarized perpendicularly to
the (111) axis which lies along the nanowire [12]. Because
the WZ InP nanowire was grown at very high V/III ratio,
arsenic antisite defects resulted in a strong defect emis-
sion about 50 meV below the band edge. Using a sharp
edge filter to remove the specularly scattered laser light,
we monitored the intensity of the defect emission as the
laser was tuned through the A—valence band to conduc-
tion band, B—to conduction band, and C—to conduction
band excitation transitions. Clear intensity resonances
were observed for all of these transitions, through the
A-to conduction band transition was relatively weak as
expected since the excitation is only allowed for perpen-
dicularly polarized laser excitation. Through such mea-
surements one can extract the crystal field and spin—orbit
energies to be 52 meV and 139 meV, respectively [13].

4. Raman scattering

When light interacts with materials in the Raman scat-
tering, photons are scattered with energies associated
with the creation or destruction of excitations of the ma-
terial. These excitations frequently are associated with
phonons, but features associated with electronic or spin
excitations are also possible. In nanostructures the Ra-
man scattering from phonons has been an effective tool
for measuring the intrinsic strain in the nanostructure.
For example, spatially dependent strains have been mea-
sured in CdS nanosheets [24] as well as the intrinsic
strains involved in GaAs/GaP core-shell structures where
the 3.6% lattice mismatch results in a nearly 10% change
in the direct band gap [8].

The Raman scattering with phonons can also be a sen-
sitive measure of the electronic structure in nanostruc-
tures. Normally, the scattering efficiency of phonons is
relatively weak (much weaker than photoluminescence,
for example) but the strength of the scattering can be
significantly enhanced if the incoming or outgoing pho-
ton is resonant with an intrinsic electronic excitation. In
Fig. 2 the Raman scattering spectra from a single CdS
nanowire associated with the creation of one longitudinal
optical (LO) phonon is shown as a function of the incom-
ing laser energy [25]. A clear resonant enhancement of
the 1-LO Raman scattering efficiency is seen as the scat-
tered light comes into resonance with the A-valence band
to conduction band electronic transition. The lineshape
of the enhancement was seen to have a width very simi-
lar to the PL emission linewidth from the same nanowire.
A similar resonance was seen for the 2-LO scattering ef-
ficiency [25].

More recently, resonant Raman scattering was used
as a sensitive probe of the band structure of wurtzite
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Fig. 2. Raman scattering spectra from a single CdS
nanowire as a function of laser excitation energy. The
peak results from creation of a single LO phonon. The
underlying PL has been subtracted for clarity. Clear
resonant enhancement of the 1-LO Raman spectra is
seen when the outgoing scattered photon is in resonance
with the CdS band edge [25].
GaAs nanowires which were grown by MBE using Ga-
-catalyzed growth [26]. As is seen in wurtzite InP (see
Sect. 2 above), in WZ GaAs the valence band should split
into A-, B- and C-levels with energies determined by the
crystal field and spin-orbit energies. Resonant Raman
scattering showed that the A—to conduction band energy
for WZ GaAs is, surprisingly, the same as the valence
band to conduction band energy for ZB GaAs [26]. The
B- and C-valence band energies imply that the crystal
field splitting was 189 meV and the spin—orbit energy
was 379 meV in WZ GaAs [26].

5. Photocurrent spectroscopy

An extremely sensitive technique for measuring excited
state energies in nanostructures is to measure the pho-
tocurrent as a function of optical excitation energy [27].
Since nanowires are nanoscaled only along two dimen-
sions (the diameter of the nanowire) and the length of the
wire is typically several pm, it is straightforward to use
lithographic methods to create metallic contacts at the
end of the nanowires [28, 29]. Frequently this is done us-
ing extremely high-resolution writing techniques like elec-
tron beam lithography, or even focused ion beam (FIB)
deposition, but it is also possible to use standard pho-
tolithographic techniques using a shadow mask to create
metallic contacts [28, 29].

Figure 3a shows optical and scanning electron mi-
croscopy (SEM) micrographs of a single InP nanowire
which is contacted between two titanium-aluminum
metal contacts. The pads are typically large enough
to easily wire bond leads when the nanowire-device is
mounted into a ceramic package. Most frequently with-
out special preparation the metal contacts create back-
-to-back Schottky barriers across the nanowire, but with
some effort, it is possible to make good ohmic contacts
to nanowires. In either case (ohmic or Schottky) such a
nanoscale device makes an extremely sensitive detector
for incoming light. When the incoming light has an en-
ergy above the gap energy it is possible to measure pho-

tocurrents with sub-puW laser excitation powers. With
a tunable laser the magnitude of the photocurrent as a
function of laser energy provides a direct measure of the
excited state structure within the nanowire. Unlike PLE
(see the discussion above) as long as the optical exci-
tation creates electron—hole pairs and any radiative or
nonradiative recombination time is larger than the sep-
aration time of the electron—hole pair, the photocurrent
is a good representation of the absorption strength. Let
us note that photocurrent spectroscopy is still subject to
the possibly strong interactions of the nanowire with the
optical electromagnetic field which can create resonances
and polarization effects.
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Fig. 3. (a) Top part shows optical and SEM image of a

single InP nanowire two-terminal device with titanium-
aluminum metallic contacts. (b) Photocurrent spectra
from a CdS nanosheet device excited using a white light
source filtered by a 1/8 m single grating spectrometer.
Clear peaks associated with band-to-band transitions
between the A-, B- and C-valence bands and the con-
duction band are seen [29].

Recently, photocurrent, spectra obtained from ZB and
WZ InP single nanowire devices excited by a CW Ti-
-sapphire laser at room temperature showed distinct sig-
natures at the band edges characteristic for these poly-
types with the WZ band edge 80 meV higher in energy
than the corresponding ZB band edge [28]. The sensi-
tivity of such nanodevices is so high that it is possible
to excite measureable photocurrents even with a white-
-light source which is filtered by a spectrometer [29]. In
Fig. 3b we show such a photocurrent spectrum at both
room temperature (inset) and 10 K for a CdS nanosheet
device. The average power for the filtered white light was
in the several nanowatt range, yet structures for band-
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-to-band transitions between the A-, B- and C-valence
bands to the conduction band were easily seen [29]. Res-
onant peaks at these transitions result from excitonic en-
hancements to the oscillator strength for absorption. Ku-
mar et al. also were able to observe nonlinear two-photon
excitation in these structures by exciting with very low
power Ti-sapphire infrared laser pulses [29]. Because the
selection rules for nonlinear two-photon excitation are
sensitive to the symmetry of the electronic bands, it is ex-
pected that two-photon excited spectral currents should
also provide significant information on nanostructure ex-
citations.

Photocurrent spectra from single nanostructures can
provide significant information, particularly when the
nanomaterial does not show strong PL or when the emis-
sion is in the infrared where both laser sources and pho-
todetectors are lacking. Photocurrent spectroscopy can
also provide information on more complicated structures
such as for an InAsP quantum dot embedded within an
InP nanowire as recently shown by van Kouwen et al. [21].
Extremely narrow resonances were seen which were char-
acteristic of the quasi-zero-dimensional density of states
expected for the quantum dot.

6. Photomodulated Rayleigh scattering

With macro-materials (even 2D epilayers or quantum
wells) absorption or reflection of light can be a very sensi-
tive technique for probing electronic structure. However,
nanostructures are usually nanoscaled along at least two
dimensions and so this creates several significant difficul-
ties. Chief among these challenges is that the diffrac-
tion limit of light means that light can be focused at
best only to a um or so, and so the nanostructure may
only be a small fraction of the focused spot. As a result,
reflected or transmitted light is completely dominated
by light which does not interact with the nanostructure.
However, many nanostructures do interact strongly light
which can strongly affect both the scattering efficiency
and also the polarization of the scattered light.

Semiconductor nanowires strongly interact with the
electromagnetic field. A number of papers illuminate the
effect on the excitation and emission of PL which can
have a dramatic effect on polarization [30-32]. In addi-
tion, the polarization of the light scattered by semicon-
ductor nanostructures is also strongly affected [33] and
was described mathematically in the late nineteenth cen-
tury by lord Rayleigh [34]. For nanowires of diameter less
than 90 nm the scattered light for nearly all energies is
strongly polarized parallel to the nanowire long axis. For
larger diameter nanowires, it is possible to have strong
scattered light polarized either parallel or perpendicular
to the long axis, or it can be unpolarized. Because the
scattered light is so strongly polarized, one can use this to
detect only the light which interacts with the nanostruc-
ture. Using a photoelastic modulator the polarization of
a tunable probe beam can be modulated between parallel
and perpendicular to the nanowire axis at 100 kHz (see
the schematic diagram in Fig. 4a) [35]. By using a bal-
anced detector and a lock-in amplifier one can monitor
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Fig. 4. (a) Schematic diagram showing the photomod-

ulated Rayleigh scattering experimental technique. A
532 nm pump laser excites carriers into a single semi-
conductor nanowire. A tunable Ti-sapphire probe laser
is focused onto the nanowire while the polarization is os-
cillated between parallel and perpendicular to the NW
axis at 100 kHz and the scattered light is detected by a
balanced detector. (b) Typical PMRS spectrum from a
100 nm diameter WZ InP nanowire. Derivative features
are seen corresponding to optical transitions associated
with the A-, B- and C-valence bands [35].

directly the light which interacts with the nanowire since
the substrate does not exhibit strong polarization effects.

Because the scattered light efficiency and relative po-
larization depends only on the radius of the nanowire
and the dielectric mismatch between the nanowire and
its surroundings, the spectral dependence of the scatter-
ing efficiency is fairly featureless (particularly for small
diameter wires) [35]. To bring out the electronic struc-
ture of single nanowires, one can use a pump laser which
excites electron—hole pairs high up into the bands which
modulates the band gap slightly. Using an optical chop-
per at several hundred Hz to modulate the pump beam,
one is able to detect the change in the scattered light in-
tensity and polarization using a second lock-in amplifier
tuned to the chopper frequency. Recently, we have shown
that by such photomodulation of the Rayleigh scattering
(PMRS) one can get derivative spectra which display di-
rectly the energies of the fundamental excitations in the
nanowires [35]. In Fig. 4b we show a typical photomod-
ulated Rayleigh scattering spectrum from a 100 nm WZ
InP nanowire [35]. Narrow derivative features are seen for
optical transitions from the A-, B- and C-valence bands
to the conduction band. Montazeri et al. have shown that
PMRS spectra can resolve all of the major band-to-band
excitations for ZB and WZ InP as well as ZB GaAs with
excellent signal to noise at both 300 K and 10 K [35].
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Because PMRS spectroscopy involves the interaction
of a single nanostructure with both a pump and probe
laser, it is possible to extend the technique to measure
the dynamics of electron—hole pairs photoexcited by a
fast pump pulse using the scattered light from a delayed
fast probe pulse. The spatial resolution of the technique
is only limited by the ability to focus the pump and probe
beams which could be significantly enhanced using a solid
immersion lens.

7. Summary

With the ever increasing ability to tune the physical
structure and confined electronic states within a nano-
structure, the ability to sensitively measure these states
within a single nanostructure will also become increas-
ingly important. Here, we have reviewed a number of
optical techniques that can illuminate the electronic ex-
citations within such single nanostructures.
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