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ABSTRACT: Femtosecond pump—probe microscopy is used to
investigate the charge recombination dynamics at different points
within a single needle-shaped ZnO rod. Recombination in the tips of
the rod occurs through an excitonic or electron—hole plasma state,
taking place on a picosecond time scale. Photoexcitation in the larger
diameter sections of the interior exhibit dramatically slower
recombination that occurs primarily through defects sites, i.e., trap
mediated recombination. Transient absorption imaging shows that
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the spatial variation in the dynamics is also influenced by the cavity

resonances supported within the hexagonal cross section of the rod. Finite element simulations suggest that these optical
resonator modes produce qualitatively different intensity patterns in the two different locations. Near the end of the rod, the
intensity pattern has significant standing-wave character, which leads to the creation of photoexcited carriers in the core of the
structure. The larger diameter regions, on the other hand, exhibit intensity distributions in which the whispering gallery (WG)
mode character dominates. At these locations, the photoexcited carriers are produced in subsurface depletion zone, where the
internal fields separate the electrons and holes and lead to a greater degree of trap recombination on longer time scales.

1. INTRODUCTION

The finite sizes of individual particles introduce new dynamical
phenomena not found in bulk materials. Quantum confinement
of the carrier wave function occurs when the size is smaller than
the exciton Bohr radius. It alters the electronic structure,
resulting in tunable band gaps, tunable spectral properties, and
dynamical phenomena that depend upon the size and shape.'
Because the exciton Bohr radius is typically only a few
nanometers, confinement is important in only the smallest
structures, seemingly suggesting that size effects are unim-
portant beyond the nanoscale. Although different physical
mechanisms are at play, larger structures also exhibit size and
shape dependent phenomena. Surfaces and intrinsic defects
trap mobile carriers resulting in internal electric fields that
influence electronic structure and photophysical behavior.””
Band bending that arises from surface charging, for example,
extends over tens to hundreds of nanometers and can separate
photoexicted electrons and holes. In addition, optical resonator
modes appear as the object dimensions approach the
wavelength of light, impacting steady-state spectral properties
and giving rise to nanostructure lasing.*~

This paper examines the electron—hole recombination
dynamics in needle-shaped ZnO rods using femtosecond
microscopy. Our results suggest that the resonator modes, in
combination with internal fields, give rise to spatially variant
carrier dynamics, revealing a connection between the shape and
dynamical behavior present in larger mesoscale structures. ZnO
is an excellent material for exploring the relationship between
the structure and dynamics in this size range. The ability to
manipulate the structure of ZnO is enormous, and through a
variety of facile synthetic methods many different forms,
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including nanorods with differing end morphologies, tetrapods,
and nanohelices have been produced.”™"" The needle-shaped
rods used in this study are 10—20 pm in length and have
faceted hexagonal cross sections with diameters range from 1 to
3 pm at their widest point, down to 300—400 nm at the ends.

A key observation is that the carrier dynamics vary spatially
along the structure, with the ends showing dramatically faster
electron—hole recombination compared to the interior
locations. Comparison of transient absorption and time-
resolved emission measurements indicate that recombination
at the ends of the structure occurs primarily across the band
gap, through an excitonic or electron—hole plasma (EHP) state,
whereas trap-mediated recombination dominates at the interior
locations. This counterintuitive observation is the result of
optical cavity modes supported by the hexagonal cross-section
of the rod that result in different spatial distributions of the
photoexcited carrier distribution at different points in the
structure.

Cavity resonances become important when the size of the
structure is comparable to the wavelength of light. The faceted
crystalline structures of these ZnO materials give rise to a rich
variety of optical cavity modes. Several groups have described
longitudinal standing-wave modes propagating along the long
axis of the rod.°”® In addition to longitudinal modes, cavity
resonances supported within the hexagonal cross-section of the
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Figure 1. (A) Schematic diagram of a two-photon pump—probe microscope. The frequency-doubled output of an optical parametric oscillator
(OPO) at 730 nm is directed on the back aperture of the microscope objective and focused to a diffraction-limited spot at the sample. Imaging is
achieved by raster scanning the sample stage across the focused laser spot and monitoring the emission collected by the objective with a scanning
monochromator/PMT. Pump—probe microscopy incorporates a second laser beam focused onto the location of the excitation beam. The beam that
emerges from the sample is collected by a condenser lens, and its intensity is monitored by lock-in detection. Two acousto-optic modulators (AOM)
are used to reduce the repetition rate of the laser to 1.6 MHz. Time-resolved emission measurements are performed by monitoring the emission
intensity using a streak camera. (B) Two-photon emission image of a 100 nm nanoparticle with 810 nm excitation. The size of the emission feature
suggests that the lateral resolution is approximately 410 nm. (C) Cross-correlation of the pump and probe pulses in the microscope obtained by

monitoring the sum-frequency signal generated by the ZnO rod.

rod are also present. Previous reports describe these modes
using two classic resonator pictures: Fabry—Pérot (FP) modes
supported between two opposing parallel facets, and whispering
gallery (WG) modes that correspond to the circulation of light
around the 1perighery of rod via total internal reflection at each
crystal face.">™"” For the experiments described here, where the
excitation pulse propagates perpendicular to the rod axis, the
transverse modes dominate the resonance effects.

The resonance conditions for both the FP and WG modes
depend upon the diameter of the structure, and because of the
tapered shape, a fixed excitation wavelength will go in and out
of resonance as one moves along the long axis of the rod. We
observed both types of resonances in second-harmonic and
two-photon emission images,'”™> which appear as periodic
intensity modulation along the long axis of the rod. Although
the classic FP and WG resonator models'>™"® reproduce, at
least qualitatively, the image features, finite-difference fre-
quency-domain (FDFD) calculations indicate these models are
too simplistic. In this size regime (200—1000 nm diameter), the
hexagonal resonator modes actually contain characteristics of
both the FP and WG resonances, whose relative contributions
vary with resonator size. At smaller sizes, the modes have
primarily standing-wave character with much of the optical
intensity located in the core of the structure. As the size is
increased, the intensity distribution shifts to the periphery of
the structure, becoming more WG-like in character.

We attribute the spatial variation in the recombination
pathways (band-edge vs trap) to differences in these optical
intensity distributions. The standing-wave modes existing at the
ends of the rods create photoexcited carriers in the core of the
structure, where they recombine through bulk-like mechanisms
(e.g, exciton or electron—hole plasma recombination). In the
larger cross sections, on the other hand, the WG mode
distributions produce carriers in the space-charge region, and

the internal fields arising from the surface charge result in rapid
charge separation and predominately trap-mediated recombi-
nation. These results point toward a connection between the
shape of the object, and via its optical resonator modes, the
charge carrier dynamics that follow photoexcitation.

2. EXPERIMENTAL SECTION

2.1. Materials. The ZnO rods were grown using hydro-
thermal methods adapted from previously published work.>***
A 0.05 M reaction solution of Zn(NO;), and hexamethylene-
tetramine ((CH,)¢N,) is heated in a closed bomb, to yield
needle-shaped rods ranging from S to 30 ym in length and from
0.3 to 2 ym in diameter. Size control is achieved by varying the
reaction temperature, time, and/or concentration. After
completion, the structures are harvested and sonicated in
ethanol to break up aggregates and form a suspension.
Microscopy samples are prepared by drop-casting ~250 uL
of the suspension onto a microscope slide with an etched
reference grid. The grid facilitates the relocating of the rod for
subsequent experiments in the optical microscope or structural
characterization via SEM imaging. The ability to perform both
optical and electron microscopy on the same structure allows us
to correlate the photophysical observations with detailed
structural information.

2.2. Imaging. The microscope combines an ultrafast laser
source with a home-built far-field optical microscope for
performing both two-photon emission imaging and time-
resolved microscopy, in both pump—probe and emission
configurations (Figure 1A). The femtosecond laser source
consists of a mode-locked Ti:sapphire laser (810 nm, 80 fs, 80
MHz), whose output is split into two beams by an uncoated
glass window. The more intense portion (96%) synchronously
pumps a broad-band optical parametric oscillator (OPO),
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Figure 2. (A) Illustration of ZnO band structure depicting photoexcitation, band-edge emission at 390 nm from an exciton state (EX), and trap-
mediated emission at 550 nm. (B) SEM and two-photon emission images (band-edge and trap) for two different structures. (C) Emission spectra
observed at a point near the end and at a point within the interior of the rod are shown at the lower-left of panel B. Circles on the SEM image

indicate locations of spectroscopic measurements.

whose frequency-doubled output at 730 nm (1 nJ/pulse) is
used to excite the ZnO through a two-photon absorption
process.

Conventional two-photon emission microscopy is achieved
by directing the 730 nm beam onto the back aperture of a
microscope objective (0.8 NA, 50X), which focuses it to a
diffraction limited spot, resulting in two-photon excitation at a
localized region of the ZnO rod. Light emanating from the
structure is collected by the objective, passed through a dichroic
beam splitter, and focused onto the slit of a monochromator
and photomultiplier tube (PMT). Emission images are
collected by raster scanning the sample across the focal point
of the objective with a piezoelectric nanopositioning stage while
monitoring the intensity of the emitted light. Imaging is
performed without a cover slip under ambient conditions.

The spatial resolution of the microscope is determined by the
size of the laser spot at the focus of the objective. Because two-
photon absorption scales with the square of the optical
intensity, efficient excitation occurs only at the focus, resulting
in confocal-like behavior and a lateral excitation dimension that
is smaller than the diffraction limit.*® Emission images of a 100
nm particle (Figure 1B) indicate that the spatial extent of
excitation is 380 nm for the 730 nm excitation, and 410 nm for
810 nm excitation. Both are slightly larger than the theoretical
limits of 350 and 380 nm for the two different wavelengths,
respectively.*®

2.3. Spatially-Resolved Spectroscopies. Spectroscopic
observations are made at specific points within the structure by
using the scanning stage to position the excitation beam.
Emission spectra can be collected using a scanning mono-
chromator. Time resolved photoluminescence measurements
are performed with monochromator/streak camera. The streak
camera separates the emitted photons in both wavelength and
time and is capable of following the evolution of the emission
spectrum with ~15 ps time resolution.

2.4. Pump—Probe Microscopy. Transient absorption
microscopy is achieved by combining the 730 nm excitation
beam (pump pulse) with the weak reflection of the 810 nm
mode-locked oscillator beam and then directing the copropa-
gating pulse pair onto the back aperture of the microscope
objective. Two synchronized acousto-optic modulator (AOM)
pulse pickers reduce the repetition rates of the pump and probe

beams to 1.6 MHz, thus ensuring nearly complete relaxation
before the next pump—probe pulse pair arrives.”> A motorized
linear stage controls the time delay between pump and probe
pulses. Both the pump and probe pulses are focused to
diffraction limited spots that are spatially overlapped within a
single structure. The pump and probe polarizations were
parallel to each other and oriented perpendicular to the long
axis of the rod. The probe beam is collected by a condenser
lens, focused onto the entrance slit of a monochromator, and
detected by a photomultiplier tube and current preamplifier.
The excitation beam is modulated at 4 kHz, and pump induced
changes in the intensity of the probe pulse are monitored by a
digital lock-in amplifier. The time resolution of the pump—
probe measurement was characterized by cross-correlation of
the two laser pulses using the frequency mixing properties of
the ZnO (Figure 1C), which indicates a time-resolution of
~500 fs.

3. RESULTS AND DISCUSSION

Zinc oxide is a wide band gap semiconductor with a large
exciton binding energy (60 meV). Photoexcitation by a single
UV photon, or simultaneous two-photon excitation in the near-
infrared, promotes electrons from the valence band to the
conduction band. These free charge carriers (Figure 2A) can
then either associate into excitons that lie just below the
conduction band edge, resulting in a UV-blue emission at 390
nm or become trapped at defect sites in the crystal lattice,
giving rise to a broad visible emission band centered at 550
nm.’

We have used a combination of two-photon emission and
time-resolved microscopies to investigate the charge carrier
dynamics at specific points within mesoscale ZnO structures.
Two-photon emission images (section 3.1) reveal the presence
of optical resonator modes. Transient absorption and time-
resolved emission measurements (section 3.2) performed at
different points within the same structure show that the charge
carrier recombination is significantly faster at the ends of the
structure, with the slower recombination in the interior regions
being dominated by trap mediated pathways. Spatially
separated pump—probe experiments (section 3.3) indicate
that carrier diffusion out of the excitation volume is
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Figure 3. Pump—probe transients (AI/I) collected from the end (blue) and two different points within the interior (green and red) from three
different rods, R1, R2, and R3. The locations of the collected points for the three transients are indicated in the corresponding SEM images (B),
where the horizontal dimension of each image is 3 ym. (C) Series of transient absorption images (AI) obtained at different pump—probe delays for
the three rods. The series of pump—probe images show the rapid loss of the signal at the rod end, which ultimately decays to zero signal, whereas the

response from the interior persists significantly longer.

insignificant, ruling out physical confinement and other
mechanisms that require expansion of the charge cloud to
explain the observed spatial variation. Finite-element simu-
lations (section 3.4) suggest a connection between the spatially
dependent dynamics and cavity resonator modes. They indicate
that the WG modes, which are prevalent in the larger cross
sections, produce carriers predominately in the surface
depletion zone, where internal fields separate the electrons
and holes, leading to greater trapping events and slower
recombination.

3.1. Emission Imaging and Photoluminescence Spec-
troscopy. Scanning electron microscopy (SEM) and two-
photon emission images acquired while monitoring the band-
edge or the trap emission channels for two different rods are
shown in Figures 2B. A prominent feature in many of the
emission images is the variation in the emission intensity across
the interior of the structure. Though the contrast varies from
rod-to-rod, some structures exhibit a pronounced pattern of
emission “spots” that are evenly spaced along the long axis of
the rod. This intensity variation is a consequence of FP and
WG modes supported within hexagonal cross section (Figure
2B). The tapered shape causes the fixed excitation wavelength
to go in and out of resonance due to the changing diameter
along the length of the rod, giving rise to the periodic emission
pattern. Light couples more efficiently into the structure at the
resonance locations, resulting in a greater number of photo-
excited carriers, and hence a greater emission intensity.'>>**’

Photoluminescence spectra (Figure 2C) obtained from the
rod shown in the lower portion of Figure 2B show both the
narrow exciton and broad trap emission bands that are
characteristic of ZnO photoluminescence. The figure shows
spectra collected following excitation at two different locations,
indicated by the blue and red circles on the SEM image (Figure
2B, lower left). The relative intensities of the two emission

bands vary across the structure, with the end showing a more
intense band-edge emission that suggests a greater propensity
for e-h recombination across the band gap at that location.

3.2. Ultrafast Microscopy. Transient absorption micros-
copy with spatially overlapped pump and probe pulses were
performed on three different rods denoted R1, R2, and R3
(Figure 3). The transient response (Figure 3A) was monitored
at three different points in each rod, the end (blue) and two
interior locations (green and red). The exact positions are
indicated by colored circles on the corresponding SEM images
(Figure 3B). The transients exhibit complex decay kinetics with
fast (<30 ps), intermediate (100—200 ps), and long (>500 ps)
components, whose relative amplitudes depend upon position.
Interior locations exhibit all three components, with the fastest
contributing only 25—50% of the total amplitude. On the other
hand, the ends are dominated by the fastest component, which
accounts for 60—100% of the amplitude.

Two different processes contribute to the magnitude of the
pump—probe signals. The first is induced absorption, which
arises from near-infrared excitation of free-carriers. In addition,
there is a Kerr lens contribution, resulting from a spatial
variation in the index of refraction associated with the localized
photoexcited carrier distribution (vide infra). Although the
absorptive component is negative, corresponding to a decrease
in the probe beam intensity, the lensing contribution can result
in either an increase or decrease in the probe intensity, and give
rise to either a positive or a negative signal. Because the
magnitudes of both the absorptive and lensing contributions
depend upon the concentration of carriers, we attribute the
decay of the pump—probe signal to the decrease in the free
carrier population due to recombination and trapping events.

Pump—Probe Imaging. The carrier dynamics at the end of
the rod differ dramatically from those observed at the interior,
with the ends showing typically faster recombination rates than
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any other point in the structure. Spatial variation is particularly
apparent in images obtained by fixing the pump—probe delay
and monitoring Al as a function of position (Figure 3C). At
early delays, the largest signal is at the end of the rod. Although
the overall signal in the interior regions is less intense compared
to the end, there are localized, periodic regions of greater signal
observed throughout the interior. This spatial modulation in
the pump—probe signal is attributed to cavity modes (FP and
WG modes) supported within the cross section of the
structure.'”*"** At longer delays, the bright spot at the end
diminishes, becoming less intense than the interior and
eventually disappearing altogether. Although differences from
structure to structure are common in nanoscale materials,
spatial variation in the dynamical response of individual objects
has not been reported.

Combined Pump—Probe and Ultrafast Emission. Transient
photoluminescence provides a direct view of the band-edge and
trap mediated e—h recombination processes. A spectral-
temporal intensity map (Figure 4A) of the time-resolved
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Figure 4. (A) Spectral-temporal intensity map of the emission
collected from the end of the rod (R4) and detected using a streak
camera. The main feature is the band-edge emission; the narrow peak
at 365 nm is the second-harmonic of the excitation pulse and provides
the instrument response (17 ps). The inset shows the SEM image and
locations of spectroscopic measurements (end versus interior). The
vertical dimension of the SEM image is 3 um. (B) Time-resolved
spectra obtained at 0 (red) and 50 ps (blue) from the end of the rod
(upper set) and interior (lower set). (C, D) Comparison of the band-
edge (BE), trap emission, and pump—probe (PP) data collected at the
two points.

emission data collected from the end of a third rod, R3, shows a
rich evolution of the band-edge emission, which shifts to the
blue as it decays during the first 15—20 ps. Horizontal slices
through the map correspond to snapshots of the emission
spectrum at different times. The emission band initially appears
with 4,,,~400 nm, and then narrows as it blue shifts to a
limiting position of 390 nm.

Spectral shifts of this type are one signature of the electron—
hole plasma (EHP) emission that occurs at high carrier

densities in II-VI semiconductors.”® > When the carrier
density exceeds the Mott threshold, Coulombic and exchange
interactions weaken the exciton binding and reduce the band
gap (ie., band gap renormalization). This phenomenon gives
rise to a collective EHP state with an intense, red-shifted
emission relative to the exciton, as well as an enhanced
recombination rate due to a greater degree of overlap between
electron and hole wave functions. As electrons and holes
recombine, the charge carrier density decreases, resulting in the
time-dependent blue shift that reflects transition back to the
excitonic state. Our time-resolved emission data indicate that
the EHP to exciton transition in these structures occurs during
the first 15—20 ps, consistent with observations in bulk and
nanostructured Zn0O.***' Photoexcitation of the interior shows
a significantly smaller spectral shift (Figure 4B) and decreased
propensity for EHP formation compared to the end. We
estimate, on the basis of the two-photon cross-section,>* that
~10% carriers/cm® are produced by the pump pulse. This is
well above the EHP threshold reported for ZnO,** consistent
with our observations.

A comparison of the pump—probe and photoluminescence
decays (Figure 4C,D) shows qualitatively different behavior at
the end of the rod compared to the interior. At the end of the
rod, the decays of the pump—probe, band edge, and trap
emission are similar to each other (Figure 4C), indicating that a
major fraction of the electron—hole recombination events occur
through the EHP state. At the interior location (Figure 4D),
the pump—probe signal decays slowly, on the same time scale
as the trap emission, suggestive of a carrier population that
recombines primarily through defect states. These observations
suggest that the overlap of the electron and hole wave functions
persists in the tips of the rods, whereas at interior sites the two
become spatially separated, suppressing band-edge recombina-
tion and resulting in a greater degree of trap mediated
recombination. Given that the tips of the rods should possess
the greatest concentration of defects, the conclusion that trap-
mediated recombination is less important there is counter-
intuitive.

The spatial variation in the dynamics could stem from several
factors. A greater degree of physical confinement in the tips of
the rod is one possible explanation. With no room for the
charge cloud to expand in the narrow tips, the high carrier
density formed upon photoexcitation persists, leading to a
prolonged overlap of the electron and hole wave functions, and
a propensity for EHP formation. In the interior of the structure,
on the other hand, carriers can migrate away from the
excitation region through simple diffusion, or perhaps driven by
internal fields that separate the electrons and holes, resulting in
a decrease in the charge density that makes it more difficult to
form and sustain the EHP. Spatially separated pump—probe
experiments (described below) probe the expansion of the
charge cloud and test this hypothesis. A second possibility is
that the spatial variation arises from a difference in where
carriers are created (i.e., the core versus surface region). FDFD
calculations are used to gain insight into distribution of the
optical field within the structures. Overall, our analysis suggests
that the spatial variation in the carrier dynamics arises not from
carrier diffusion, but rather from different spatial distributions
in where the charge carriers are created.

3.3. Spatially-Separated Pump—Probe Microscopy.
The spatially separated pump—probe configuration excites
structures in one location and probes them in another by
incorporating two separate positioning mechanisms for the
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Figure S. (A) Illustration of spatially separated pump—probe configuration via angle scanning of the probe beam. (B) Bright-field image of the ZnO
rod showing locations of pump—probe separation scans. (C) Pump—probe signal as a function of the separation of the pump and probe spots at an
early delay time. The red and blue scans correspond to data collected from the left and right locations, respectively. (D) Pump—probe separation
scans obtained at a series of delays. Note: data in panels C and D were obtained from different rods.

pump and probe beams. One laser spot is positioned over a
particular point in the structure via adjustment of the x—y
sample stage. The position of the other beam is controlled by
directing it through an x—y scanner that alters the angle it
makes relative to the fixed beam as it enters the objective,
causing it to be focused at point that is laterally separated from
fixed beam by an amount A, (Figure SA).

Contributions to Pump—Probe Signal. Figure S shows the
transient absorption signal collected as a function of the
separation between the pump and probe spots following
excitation at two different locations within a single rod. These
data were obtained with the probe beam fixed (scanned pump
beam); however, similar observations are made with the pump
beam fixed and probe beam scanned. Excitation toward either
end of the rod results in derivative-like signals, with positive
signals observed when the probe beam is placed between the
pump spot and the rod tip. Because ZnO does not absorb in
the near-infrared, the positive going signals cannot be the result
of photobleaching. The derivative like signal results from
interaction of the probe beam with the localized carrier
distribution, resulting in a spatial variation in the index of
refraction (i.e, a lens) that alters the direction of the probe
beam as it passes through the rod. When the focused probe
spot is positioned between the pump and the tip, it is deflected
toward the middle of the rod. As the probe pulse exits the
needle-shaped structure, it experiences a larger facet and greater
clear aperture, and as a result, its intensity increases. When the
probe is positioned on the other side of the pump spot, it is
deflected toward the tip, experiences a smaller clear aperture
and its intensity is reduced. Scans obtained at intermediate
locations show that the negative lobe increases in magnitude as
the pair is moved toward the center, becoming entirely negative
at the midpoint (Figure 6). These results suggest that the
pump—probe signals include contributions from both an
induced absorption, arising from near-infrared excitation of

Transient Absorption Signal

Ayp (wm)

Figure 6. (Left) Transient absorption signal vs pump—probe
separation (A,,) at 1 ps pump—probe delay for nine different
locations. (Right) Transmission image at 810 nm with nine different
locations depicting positions of the A, scans along the c-axis.

free-carriers,** and a lensing component originating from a
spatial variation in the index of refraction due to the localized
excitation.**3 7%’

The transient lens created by photoexcitation could result
from either a photoinduced electronic response (ie., a Kerr
lens) or local heating of the structure (ie., a thermal lens). The
relative magnitude of these two contributions can be estimated
from the optical properties of ZnO. The Kerr lens results from
intensity dependent, nonlinear polarization of the lattice due to
optical excitation, and it includes both a nonresonant

dx.doi.org/10.1021/jp30708%h | J. Phys. Chem. B XXXX, XXX, XXX—XXX



The Journal of Physical Chemistry B

contribution from the bound electrons and a resonant
contribution from photoexcited charge carriers. The change
in index of refraction of the ZnO due to the electronic

excitation is given by*>**

An™ = y® + 6Ny, (1)

where the first term corresponds to the instantaneous response
of the bound electrons, whereas the second term arises from
charge carriers produced through two-photon excitation. In this
expression y (2.51 X 107" cm*/W at 730 nm) is the bound-
electron nonlinear refractive index, and 6, (3.02 X 1072° cm® at
730 nm) is the change in the index of refraction due to
photoexcited charge-carriers, both of which have been
measured using traditional Z-scan methods.** N, is the
photoexcited charge carrier density produced by two-photon
excitation, which we estimate, on the basis of the two-photon
Cross section,32 to be 10Y—10*' carriers/cm® under our
experimental conditions. Pump—probe separation scans
collected at a series of delays (Figure SD) show that the lens
persists at longer times indicating that the instantaneous
response (y®) is a minor component of the overall signal, i..,
An®' % 6,N,,. The thermal lens arises from local heating, which
also alters the refractive index, i.e.

2E
AnT = = (ﬂ)Nzhv
p,Cp\dT

)

where C, is the heat capacity (40.17 J mol™" K™'), p, is the
density 50.069 mol/cm?®), and (dn/dT) is the thermal-optical
coefficient (0.7 X 10™* K™1)** for ZnO. The relative magnitude
of the two effects is then

AnEl p()cpo-r

AnT 2Ehv(j_;)

©)

Using known materials properties of ZnO suggests that the
change in refractive index due to the electronic response is
approximately 2000 times greater than the thermal affect,
implying that the transient lens is the result of the photoexcited
carrier distribution and not local heating.

This conclusion is further supported by the pump—probe
separation profiles collected at a series of delay times. The
shape of the profile is independent of delay, and its amplitude
decay coincides with decay of the photoluminescence. If the
lens were thermal in nature, the decay of the pump—probe
separation profile would reflect the return of the lattice to its
initial temperature, which would most likely not coincide with
charge carrier recombination. This observation implies that the
lens owes it origin to the photoexcited carrier distribution.

Carrier Diffusion. The pump—probe separation profile
reflects the spatial extent of the carrier distribution, and the
observation that it does not change as the carriers recombine
suggests that there is not significant expansion of the initial
charge cloud produced by localized excitation, at least on a
length scale detectable with our spatial resolution. This further
implies that physical confinement of the carriers is not the
origin of the spatial variation observed in the charge carrier
dynamics.

3.4. Role of Cavity Resonator Modes. The spatial
variation observed in the pump—probe images is also observed
in the band-edge and trap emission images. > > It is attributed
to optical cavity modes supported by the rod’s hexagonal cross
section, which becomes visible when the structure’s dimensions

are comparable to the wavelength of light. Both the FP and WG
resonances have resonance conditions that depend upon the
excitation wavelength and the cross-sectional diameter of the
rod.">™"” Due to the needle shaped structure, the diameter
changes along the length of the rod, causing the excitation light
to go in and out of resonance, giving rise to the observed
patterns.u’22

We have used FDFD methods to simulate the distribution of
the optical intensity within the structure.'” The simulation
model (Figure 7A) consists of a Gaussian EM source that is

—

20 nm

.
-
I

l—10

Figure 7. (A) Ilustration of FDFD simulation cell. The two-
dimensional model includes a hexagonal region representing the
ZnO (n = 2.2), surrounded by air (n = 1). The EM source is placed at
the top boundary and is parametrized to produce a focused spot at the
center of box. The source is E-field polarized parallel to the top
boundary (i.e, perpendicular to the rod axis, which is normal to the
page). (B) Magnitude of the optical electric field, IEl, produced by the
EM source in the absence of the ZnO rod. Red is maximum field and
blue is zero field. The dashed hexagon in the center shows the size of a
d = 410 nm resonator for reference. Distribution of the optical
intensity (ie., |E) for resonators with (C) d = 410 nm, which is
commensurate with the cross sectional diameter near the rod tip, and
(D) d = 1020 nm. For the smaller resonator, the EM source is
centered over the top facet. For the larger resonator, the source is
laterally displaced to the left of the resonator. Illustration of where
carriers are created in the smaller (E) and larger (F) resonators.

focused onto a two-dimensional hexagonal slab of ZnO
surrounded by air. The Gaussian source is placed at the
boundary of the simulation box and is parametrized (i.e.,
frequency, numerical aperture, spatial extent at the boundary,
etc.) to mimic the size and focus of the laser beam in the
experimental arrangement and is polarized parallel to the top
edge of the box. Figure 7B shows the optical field of the source
in the absence of ZnO, with the hexagon depicting the cross-
sectional size of the rod near the tip for comparison. The source
is directed toward the ZnO from the top, and its center can be
laterally offset relative to the center of the hexagonal slab. The
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simulations suggest the intensity patterns in the tip differ from
those observed in larger interior sections.

The maximum integrated intensity for larger resonator sizes,
similar to the interior sections, occurs when the source is offset
to one side or the other. These patterns have clear WG mode
characteristics, with the largest intensity being located near the
surface of the rod. This could be the origin of the increased trap
recombination contribution observed in those regions. If the
optical intensity is concentrated in the periphery of the rod,
photoexcited carriers will be produced in the surface depletion
zone (Figure 7F). The internal field present in this region (ie.,
band bending) would separate the electrons and holes, resulting
in a greater degree of carrier trapping and longer recombination
times.

Near the tips of the rod, photoexcited carriers may be
preferentially produced in the cores of the structure. This may
simply result from a greater degree of scattering off the rough
surfaces at the tip, resulting in a more spatially homogeneous
intensity distribution. Another possibility suggested by the
simulations is that for smaller resonator sizes, the intensity
distribution has significant standing wave character, consistent
with FP modes (Figure 7C), suggesting a greater density of
photoexcited carriers will be produced in the core of the
structure (Figure 7E). Regardless of the relative contributions
of these two effects, both suggest that carriers in the tips will be
produced in the central region of the rod. Because of the low
carrier mobility, electrons and holes created in this zone would
remain there, and experience a lattice environment similar to
that of the bulk, accounting for the greater degree of
recombination observed at the band edge.

Our experiments suggest that in this mesoscale size regime,
light can couple into resonator modes, resulting in nonuniform
excitation and spatially dependent dynamics. Although such
modes have been discussed extensively,'”~"” the role they play
in shaping dynamical behavior has remained largely unexplored.

4. CONCLUSIONS

We have used femtosecond pump—probe microscopy to
investigate the charge recombination dynamics at different
points within a single needle-shaped ZnO rod. We find
dramatically faster recombination in the tips of the rod that
occurs through excitonic or electron—hole plasma states.
Photoexcitation in the larger diameter sections of the interior
exhibit much slower recombination, which proceeds primarily
through defects sites, i.e., trap mediated recombination. Direct
imaging of the excitation cloud using a spatially separated
pump—probe method indicates that carrier diffusion in the
excitation volume is not important in these experiments. Finite
element simulations suggest that the spatial variation observed
in the carrier recombination dynamics is the result of optical
resonator modes, which produce qualitatively different intensity
patterns in the two different locations. The intensity pattern
near the end of the rod has significant standing-wave character,
which leads to the creation of photoexcited carriers in the core
of the structure. The larger diameter regions, on the other
hand, exhibit intensity distributions in which the WG mode
character dominates. At these locations, the photoexcited
carriers are produced in subsurface depletion zones, where the
internal fields separate the electrons and holes and lead to a
greater degree of trap recombination on longer time scales.
Although cavity resonator modes are known to alter steady-
state optical properties, their impact on the carrier dynamics
has not been extensively discussed.
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ABSTRACT: Pump—probe transient absorption microscopy was used to follow the
electron—hole (e—h) recombination dynamics at different points within individual needle-
shaped ZnO rods to characterize spatial differences in dynamical behavior. The results from
pump—probe experiments are correlated with spatially resolved ultrafast emission measure-
ments, and scanning electron microscopy provides structural details. Dramatically different
e—h recombination dynamics are observed in the narrow tips compared to the interior, with
the ends exhibiting a greater propensity for electron—hole plasma (EHP) formation and faster
recombination of carriers across the band gap that stem from a physical confinement of the
charge carriers. In the interior of the rod, a greater fraction of the e—h recombination is trap-

mediated and occurs on a significantly longer time scale.

SECTION: Kinetics, Spectroscopy

he polydispersity intrinsic to nanoscale and microscale

semiconductor materials poses a major challenge to using
individual objects as building blocks for device applications. Early
work showed that surfaces, which trap mobile carriers, result in band
bending and internal electric fields that give rise to significant
variation in the electronic and photophysical behavior from one
object to the next. Modern nanomaterials have moved beyond simple
particles, and the complex geometrical architectures that are available
(e.g, needles, ribbons, tetrapods) have both expanded the range of
potential applications and raised new questions regarding the con-
nection between shape and function. This report addresses a fairly
simple one: Can different locations within a single structure exhibit
different dynamical signatures? Do the ends of a rod behave differ-
ently than the middle? Spatial differences can arise from a variety of
physical sources and mechanisms. Carrier confinement in the sharp
features of high-aspect structures and variation in defect density are
two examples. Both would influence carrier relaxation and could
result in behavior that differs from one location to another. While
such effects are easy to envision, experimental observation requires
techniques with combined spatial and temporal resolution.

The pursuit of such methods is not new, and time-resolved
optical microscopies have been applied to the study of a wide
variety of problems. The most common are luminescence-based
approaches, which are the simplest to implement but are limited
to the study of phenomena on the picosecond time scale.”
Pump—probe methods can follow dynamics on faster time
scales; however, incorporation into microscopy is more difficult,
and far fewer examples exist. While near-field and scanning probe
microscopies offer the greatest spatial resolution, their combina-
tion with pump—probe methods significantly increases the
experimental complexity.” > In this respect, far-field methods
are more attractive, and a few examples have begun to appear
on a variety of systems and materials.”~'* While several studies

v ACS Publications ©2011 american chemical Society

of carrier dynamics in semiconductor particles achieved femto-
second time resolution, their spatial resolution was lower than
the diffraction limit, and the excitation of whole structures
generated carriers throughout the object.®®

Exposing dynamical differences from point to point requires
localized excitation with high lateral resolution. Spatially localized
excitation in pump—probe microscopy has been reported in just a
few cases, including the study of graphene sheets,'® semiconductor
nanowires,' molecular crystals,'> and composite materials.*~** The
greatest spatial variation was observed in composites, which stemmed
from distinct chemical domains, while the nanomaterials exhibited
only slight differences from one point to the next. Here, we combine
pump—probe methods with far-field microscopy to study the spatial
variation of the electron—hole (e—h) recombination dynamics in
needle-shaped ZnO rods on a femtosecond time scale with high
lateral resolution (350 nm). Time-resolved images show significant
variation in the dynamical response, with the ends of the rods
exhibiting dramatically faster e—h recombination than at points in
the interior.

The ability to manipulate the shape of ZnO structures is
enormous, and through a variety of synthetic methods, many
different structural forms have been demonstrated, making it an
ideal material for studying shape-dependent phenomena. The
rods used in this work were grown using solution-based methods
by incubating a 0.05 M solution of Zn(NO3), and methenamine
((CH,)¢N,) under hydrothermal conditions for 3 h at 150 °C.te
The resulting structures were sonicated in ethanol to disperse
aggregates, drop-cast onto a microscope slide, and then annealed
at 550 °C to reduce the overall defect density.'”
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Figure 1. (A) Illustration of ZnO band structure depicting two-photon
excitation, band-edge emission at 390 nm from an exciton state (EX),
and trap-mediated emission at S50 nm. (B) SEM image of a typical
structure; circles indicate locations of spectroscopic measurements. (C)
Band-edge emission image obtained by raster scanning the focused
excitation laser across the rod. (D) Emission spectra observed at a point
near the end of the rod (blue circle in (B)) and within the interior (red
circle in (B)). Spectra show the band-edge, trap emission and second-
harmonic generation (SHG).

Photoexcitation of ZnO by a single UV photon (or simulta-
neous two-photon excitation in the near-infrared) promotes
electrons from the valence band to the conduction band, result-
ing in free charge carriers (Figure 1A). These free carriers can
either associate into excitons that lie just below the conduction
band edge or become trapped at defect sites in the crystal lattice.
Exciton recombination results in a UV—blue emission that is
centered at 390 nm, while defect emission §ives rise to a broad
visible emission band centered at 550 nm."

A schematic diagram of the nonlinear microscope used in this
work is displayed in Figure 2. Individual rods are excited by a
730 nm femtosecond laser pulse (1 nJ/pulse) generated by the
frequency-doubled output of an optical parametric oscillator
(OPO). The excitation pulse is focused to a diffraction-limited
spot by a microscope objective, resulting in a two-photon
absorption that creates charge carriers in a localized region of
the structure. On the basis of the magnitude of the two-photon
cross section,'’ we estimate that the pump pulse produces ~10>°
carriers/cm>. Emission is then collected in the backward-scat-
tered direction by the objective and focused onto the slit of a
scanning monochromator and photomultiplier tube. Two-
photon emission imaging is achieved by raster scanning the
sample across the focal point of the objective with a piezoelectric
nanopositioning stage. The spatial resolution of the two-photon
microscope is determined by the size of the laser spot at the focus
of the objective. Because two-photon absorption scales with the
square of the optical intensity, efficient excitation occurs only at
the focus, resulting in confocal-like behavior and a lateral
excitation dimension that is smaller than the diffraction limit.
For our microscope, the spatial extent of the excitation is
approximately 350 nm.

Shown in Figure 1B is the scanning electron microscopy (SEM)
image of a typical rod used in this work. The structures vary in
length from 185 to 20 #m and have faceted hexagonal cross sections
with tapered ends (Figure 1B). We have developed the protocols
for locating objects found in the SEM in the optical microscope,
which enable us to correlate the photophysical observations with
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Figure 2. Schematic diagram of a two-photon pump—probe micro-
scope. The frequency-doubled output of an optical parametric oscillator
(OPO) at 730 nm is directed on the back aperture of the microscope
objective and focused to a diffraction-limited spot at the sample. Imaging
is achieved by raster scanning the sample stage across the focused laser
spot and monitoring the emission collected by the objective. The lateral
resolution is approximately 350 nm. Pump—probe microscopy incor-
porates a second laser beam focused onto the location of the excitation
beam. The beam that emerges from the sample is collected by a
condenser lens, and its intensity is monitored by lock-in detection.
Two acousto-optic modulators (AOM) are used to reduce the repetition
rate of the laser to 1.6 MHz. Time-resolved emission measurements are
performed by monitoring the emission intensity using a streak camera.

detailed structural information. The two-photon emission image
shown in Figure 1C depicts the 390 nm band-edge emission from
the same rod. The image shows significant variation in the intensity
across the structure, with the most prominent features being bright
emission from the rod ends and enhanced emission along the
vertices and outer facets. The modulated intensity within the
interior of the rod is attributed to the influence of Fabry—Perot
and whispering gallery cavity modes supported within the hex-
agonal cross section of the rod that concentrate the optical field at
certain points within the structure.”*>*

Spectroscopic measurements are performed by positioning
the excitation spot at specific points. Photoluminescence spectra
obtained at two different locations (Figure 1D) show both the
characteristic narrow exciton and broad trap emission bands. The
relative intensities of the two emission bands vary across the
structure, with the end showing a more intense band-edge
emission that suggests a greater propensity for e—h recombina-
tion across the band gap at that location.

Transient absorption microscopy incorporates a second laser
pulse (810 nm, 50 pJ) focused onto the position of the excitation
spot by the objective (Figure 2). The probe beam is collected by a
condenser lens and focused onto the entrance slit of a mono-
chromator and detected by a photomultiplier tube. A long-pass
filter placed before the monochromator rejects unwanted pump
light. An optical chopper modulates the excitation beam at 4 kHz,
and pump-induced changes in the intensity of the probe pulse are
monitored by a digital lock-in amplifier. The pump and probe
polarizations were parallel to each other and oriented perpendi-
cular to the long axis of the rod. The time resolution of the
microscope is ~500 fs.

Pump—probe microscopy data are shown in Figure 3 for two
different rods, denoted R1 and R2. Transient absorption (AI/I)

1778 dx.doi.org/10.1021/jz200809c |J. Phys. Chem. Lett. 2011, 2, 17771781
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Figure 3. (A) Pump—probe transients (AI/I,) collected from the end (blue) and two different points within the interior (green and red) from two
different rods, R1 and R2. The locations of the collected points for the three transients are indicated in the corresponding SEM images (B), where the
horizontal dimension of each image is 3 um. The transients exhibit complex decay kinetics with fast (<30 ps), intermediate (100—200 ps), and long
(>500 ps) components, whose relative amplitudes depend on position. While the interior exhibits all three components, with the fastest contributing
only 25—50% of the total amplitude, the ends are dominated by this component, which accounts for 60—100% of the amplitude. (C) A series of transient
absorption images (AI) obtained at different pump—probe delays for the two rods. The series of pump—probe images show the rapid loss of the signal at
the rod end, which ultimately decays to zero signal, while response from the interior persists significantly longer.

data for three different points in each rod are displayed
(Figure 3A), and colored circles on the corresponding SEM
images (Figure 3B) indicate their locations. The negative-going
signal signifies a pump-induced decrease in probe intensity. The
pump—probe signals include contributions from an induced
absorption arising from near-infrared excitation of free carriers”
and a Kerr lensing contribution stemming from a spatial variation
in the index of refraction due to the localized charge carrier
distribution produced by excitation.'” The magnitude of both
contributions depends on the presence of free carriers, and the
decay of the pump—probe signal is attributed to a decrease in
their concentration due to recombination and trapping events.

The electronic dynamics at the end of the rod differ drama-
tically from those observed at the interior, with the ends showing
typically more intense signals with generally faster recombination
rates than any other point in the structure. Spatial variation in the
e—h recombination is particularly apparent in images obtained
by fixing the pump —probe delay and monitoring Al as a function
of position (Figure 3C). At early delays, the largest signal appears
at the end of the rod. Less intense but localized regions of
increased signal that coincide with the vertices are also observed.
This modulation in the signal intensity is likely the result of cavity
modes supported within the cross section of the structure.”*”**
At longer delays, the bright spot at the end diminishes, becoming
less intense than the interior and eventually disappearing.
Although there are examples of pump—probe microscopy that
reveal differences from structure to structure, this is the first time
that significant spatial variation in the dynamical response of an
individual object has been observed.

Transient photoluminescence provides a direct view of the
band-edge and trap-mediated e—h recombination processes. A
spectral—temporal intensity map (Figure 4A) of the time-
resolved emission data collected from the end of a third rod,
R3, shows a rich evolution of the band-edge emission, which
shifts to the blue as it decays during the first 15—20 ps.
Horizontal slices through the map correspond to snapshots of

the emission spectrum at different times. The emission band
appears with A, & 400 nm and then narrows as it blue shifts to a
limiting position of 390 nm.

Spectral shifts of this type are one signature of the electron—
hole plasma (EHP) emission that occurs at high excitation
intensities in II—IV semiconductors.”* When the carrier density
exceeds the Mott threshold, Coulombic and exchange interac-
tions weaken the exciton binding and reduce the band gap (i.e.,
band gap renormalization). This phenomenon gives rise to a
collective EHP state with an intense, red-shifted emission relative
to the exciton. As electrons and holes recombine, the charge
carrier density decreases, and the excitonic state resumes, result-
ing in the time-dependent blue shift in the emission spectrum.
The EHP to exciton transition that occurs during the first 15—20
ps is consistent with observations in bulk and nanostructured
Zn0.>>* Similar measurements performed at the interior show a
significantly smaller spectral shift (Figure 4B) and decreased
propensity for EHP formation compared to the end.

Vertical slices through this surface provide the photolumines-
cence decay (Figure 4C,D). The band-edge emission at the end
of the rod decays with 22 and 88 ps components (7, = 30 ps).
The faster component is assigned to EHP recombination. The
slower component is attributed to exciton emission, which
emerges as the carrier density decreases and the exciton becomes
most stable. The presence of the fast component in the interior is
less obvious, and the slightly slower (7., = 55 ps) decay is
consistent with a smaller contribution from EHP recombination.

The decays of the pump—probe and trap emission are similar
to each other at two locations (Figure 4C,D) but differ in their
relationship to the band-edge emission. At the end of the rod,
they match the decay of the band-edge emission at early times,
suggesting that band-edge recombination is the primary cause of
the decay in the free carrier population. In the tips of the
rods, where the diameter is comparable to the size of the
excitation spot (~350 nm), physical confinement of the charge
carriers leads to a prolonged overlap of the electron and hole

1779 dx.doi.org/10.1021/jz200809c |J. Phys. Chem. Lett. 2011, 2, 17771781
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Figure 4. (A) Spectral—temporal intensity map of the emission col-
lected from the end of the rod (R3) and detected using a streak camera.
The main feature is the band-edge emission; the narrow peak at 365 nm
is the second harmonic of the excitation pulse and provides the
instrument response (17 ps). The inset shows the SEM image and
locations of spectroscopic measurements (end versus interior). The
vertical dimension of the SEM image is 3 #m. (B) Time-resolved spectra
obtained at 0 (red) and S0 ps (blue) from the end of the rod (upper set)
and interior (lower set). (C,D) Comparison of the band-edge (BE), trap
emission, and pump—probe (PP) data collected at the two points.

wave functions, increasing the propensity for EHP formation and
band-edge recombination. The interior is qualitatively different,
however. Here, the band-edge emission decays more quickly
compared to the pump—probe and trap emission, indicating that
a significant free carrier population persists following the initial
band-edge recombination events. At interior sites, carriers can
migrate out of the excitation volume, either due to diffusion or
internal fields arising from depletion zones. Expansion of the
charge cloud and the spatial separation of electrons and
holes would make EHP formation more difficult, suppress
band-edge recombination (consistent with the emission spectra,
Figure 1D), and lead to slower recombination.

The spatial dependence in the e—h dynamics correlates with
the structure’s size in the vicinity of the excitation. Transient
absorption data collected across a series of structures show
recombination rates that depend on the size of the rod, with
smaller ends showing faster decays. The three structures depicted
in Figures 2 and 3 represent a range of taper sizes found in our
samples. With a 406 nm diameter at the end, R1 has a sharper
taper than R2 (690 nm) or R3 (518 nm). The trend in
recombination times is clearly evident for the three rods, where
the 3 ps recombination in the sharper tip of R1 is significantly
faster than that observed in R2 (10 ps) or R3 (9 ps).

While heterogeneous behavior in nanomaterials is often
ascribed to polydispersity and variation between structures is
observed here too, the presence of different dynamical behaviors
from different parts of the same object cannot be overlooked.

B EXPERIMENTAL METHODS

A schematic diagram of the nonlinear microscope is displayed
in Figure 2. The excitation pulse at 730 nm is generated from the
frequency-doubled output of an optical parametric oscillator
(Spectra-Physics: OPAL) pumped from a femtosecond mode-
locked Ti:Sapphire laser (Spectra-Physics: Tsunami) at 810 nm.
Imaging is achieved by raster scanning the sample across the focal
point of the objective with a piezoelectric nanopositioning stage
(Queensgate Instruments: NPS-XY-100A). The spatial resolu-
tion of the two-photon microscope is approximately 350 nm.

Pump—probe microscopy is achieved by picking off a small
portion of the Ti:Sapphire output with a beam sampler for use as
the probe pulse. Two acousto-optic modulator pulse pickers
(Gooch and Housego) reduce the repetition rates of the pump
and probe beams to 1.6 MHz to ensure complete relaxation
before the next pump—probe pulse pair arrives. A motorized
linear stage (Newport: ILS2S0CCHA) is inserted into the path
of the probe beam to control the time delay between excitation
and probe pulses. Both beams are focused to a diffraction-limited
spot by an objective (Olympus MSPlan S0%, NA 0.8) placed
below the sample plane. The probe beam is collected by a
condenser lens and focused onto the entrance slit of a mono-
chromator (Spectral Products: CM110) and detected by a
photomultiplier tube (Hamamatsu: R928) and current pream-
plifier (Stanford Research System: SR570). A long-pass filter
(Semrock: LP02-78SRS) placed before the monochromator
rejects unwanted pump light. An optical chopper modulates
the excitation beam at 4 kHz, and pump-induced changes in the
intensity of the probe pulse are monitored by a digital lock-in
amplifier (Stanford Research Systems: SR830). Analog data
acquisition (National Instruments PCI-6221) is handled in
conjunction with MATLAB. The microscope can measure AI/
Taslowas 10~ *, The pump and probe polarizations are parallel to
each other and oriented perpendicular to the long axis of the rod.

A convenient measure of the transient absorption experimen-
tal time resolution involves monitoring the sum frequency
generated within ZnO from the overlap of the pump and probe
beams. The cross correlation of the pump and probe beams
monitored at the 384 nm is measured to have a full width at half-
maximum of 520 fs.

In the time-resolved fluorescence measurements, light ema-
nating from the sample is re-collected by the objective, trans-
mitted through a dichroic beam splitter (Semrock: FF670), and
focused onto the entrance slit of a streak camera (Hamamatsu:
Streakscope). The instrument response of the streak camera is
approximately 17 ps.
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ABSTRACT: Two-photon emission microscopy is used to investigate the photo-
luminescence properties of individual ZnO rods. The rods are 10—20 um in length with
a tapered cross section that varies from 1 to 2 ym at the midpoint to several hundred
nanometers at the ends. The tapered shape and hexagonal cross section result in complex
optical resonator modes that lead to periodic patterns in the two-photon emission image.
Finite-difference frequency domain methods using a series of excitation sources, including
focused Gaussian, point dipole, and plane wave, suggest that resonator modes have both
standing wave (Fabry-Pérot) and whispering gallery mode character, whose relative

contributions vary along the rod axis.

B INTRODUCTION

Optical resonator modes appear as the dimensions approach the
wavelength of light, impacting steady-state spectral properties.
The ability to manipulate the structure of ZnO makes it an ideal
material for shape dependent optical studies, and through a
variety of facile synthetic methods many different forms have
been produced, including nanorods with differing end
morphologies, tetrapods, and nanohelices.' > The simplest
cavity resonances are longitudinal, standing-wave modes
propagating along the long axis of ZnO nanorods, which have
been described by several groups.*”® The size of the resonator
determines the optical frequencies that are supported, which are
often observed spectroscopically as a series of narrow resonances
superimposed on the broader band-edge and trap emission
bands.”” "

While longitudinal modes are clearly important to our
understanding of the light—matter interactions of these
structures, this work focuses on the cavity-modes supported
within the hexagonal cross section and lie transverse to the rod
axis. The faceted crystalline structures of these ZnO materials
give rise to a rich variety of optical cavity modes. Previous reports
describe these modes using two classic resonator pictures: Fabry-
Pérot (FP) modes supported between two opposing parallel
facets, and whispering gallery (WG) modes arising from the
circulation of light around the periphery of rod through total
internal reflection at each crystal face.””'¥'%7

We observed both types of resonances in second-harmonic
and two-photon emission images obtained from tapered ZnO
rods."®7>* The rods are 10—20 ym in length and have faceted
hexagonal cross sections with diameters that range from 1 to 3

- ACS Publications  ©2013 American Chemical Society

pum at their widest point, down to 100—200 nm at the ends.
Because the resonance conditions for both modes depend upon
the diameter of the structure, and because of the tapered shape, a
fixed excitation wavelength will go in and out of resonance as the
source moves along the rod and the resonator diameter changes,
resulting in a periodic intensity modulation along the long axis of
the rod. This paper shows that while the classic FP and WG
resonator models’'>'® reproduce the image features in a
qualitative sense, finite-difference frequency-domain (FDFD)
simulations indicate that the classical resonator models are overly
simplistic. In this size regime (200—1000 nm diameter), the
hexagonal resonator modes actually contain characteristics of
both the FP and WG resonances, whose relative contributions
vary with resonator size. At smaller sizes, the modes have
primarily standing-wave character with much of the optical
intensity located in the core of the structure. As the size is
increased, the intensity distribution shifts to the periphery of the
structure, becoming more WG-like in character. These two
different mode types may explain the spatial variations in
electron—hole recombination that are observed these structures.
Pump—probe microscopy experiments from our lab*"** indicate
that recombination in the tips of the rod proceeds through an
electron—hole plasma state, suggesting that carriers are created in
a bulk-like region of the rod, that is, the core. In the larger
sections of the rod, electron—hole recombination is trap
mediated, consistent with carriers being produced in the
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depletion zone near the surface and undergoing rapid charge
separation.

B EXPERIMENTAL SECTION

Materials. ZnO rods were grown using hydrothermal
methods adapted from previously published work.**** An
aqueous solution of Zn(NOj;), (50 mM) and hexamethylenetetr-
amine ((CH,)¢N,) (50 mM) was heated in a closed bomb to
yield needle-shaped rods ranging from 5 to 30 #m in length and
0.3 to 2 pm in diameter. Size control was achieved by varying
reaction temperature, time, and/or concentration. After cooling
the reaction to room temperature, the structures were harvested
and suspended in ethanol using ultrasonication to break up
aggregates. Microscopy samples were prepared by drop-casting a
250 uL of the suspension onto a microscope slide with an etched
reference grid. The grid facilitated the locating of the rod
observed in the optical microscope in a scanning electron
microscope for structural characterization. The ability to perform
both optical and electron microscopy on the same structure
allows photophysical observations to be correlated with detailed
structural information.

Emission Imaging. Two-photon emission imaging was
accomplished by combining an ultrafast laser source with a
home-built far-field optical microscope (Figure 1A). The
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Figure 1. (A) Diagram of the two-photon emission microscope. The
730 nm output of a mode-locked Ti:Sapphire laser is directed onto the
back aperture of the microscope objective (50X, 0.8 NA) and focused to
a diffraction-limited spot at the sample. Imaging is achieved by raster
scanning the sample stage across the focused laser spot and monitoring
the emission collected by the objective with a scanning monochroma-
tor/PMT. (B) Two-photon emission image of a 100 nm quantum dot
with 810 nm excitation. The size of the emission feature suggests that the
lateral resolution at this wavelength is approximately 410 nm.

femtosecond laser source consisted of a mode-locked Ti:Sap-
phire laser (730 nm, 80 fs, 80 MHz) pumped by a solid-state
diode-pumped Nd:YVO, laser. The laser output was directed
onto the back aperture of a SOX microscope objective (0.8 NA),
which focused it to a diffraction limited spot, resulting in two-
photon excitation at a localized region of the ZnO rod. Light
emanating from the structure was collected by the objective,
passed through a dichroic beam splitter, and focused onto the slit
of a monochromator and photomultiplier tube (PMT). Emission
images were collected by raster scanning the sample across the
focal point of the objective with a piezoelectric nanopositioning
stage while monitoring the intensity of the emitted light. Imaging
was performed without a coverslip under ambient conditions.
The spatial resolution of the microscope is determined by the
size of the laser spot at the focus of the objective. Since two-

photon absorption scales with the square of the optical intensity,
efficient excitation occurs only at the focus, resulting in confocal-
like behavior and a lateral excitation dimension that is smaller
than the diffraction limit.** Emission images of a 100 nm
quantum dot (Figure 1B) indicate that the spatial extent of
excitation is 410 nm for the 810 nm excitation, which is slightly
larger than the theoretical limits of 380 nm for this wavelength.”
The spatial extent for 730 nm excitation is slightly less, about 380
nm.

B RESULTS AND DISCUSSION

Two-Photon Emission Imaging. Characterization of the
optical modes combines two-photon emission imaging with
detailed structural information garnered from scanning electron
microscopy (SEM). The SEM image of a typical needle-shaped
structure is shown in Figure 2A. The rod has an overall length of
17 yum and a hexagonal cross section diameter (distance between
parallel facets, d) that increases from 150 nm at the end to about
1 pm at the midpoint.

An individual structure is excited by a focused near-infrared
laser pulse polarized parallel to the long-axis of the rod, resulting
in a two-photon absorption that promotes carriers from the
valence band to the conduction band in a localized region of the
structure. Because ZnO is transparent in the near-infrared, two-
photon absorption will occur throughout the excitation volume.
Single UV photon absorption at 365 nm, by comparison, would
occur within 100 nm of the surface. Free carriers produced by
photoexcitation will either relax into excitons, resulting in the
intense near-UV emission, or become trapped in defect sites,
giving rise to the broad visible emission (Figure 2B).

Emission imaging is achieved by monitoring the photo-
luminescence intensity at a particular wavelength as a function of
two-photon excitation position. Previous work in our lab showed
that the majority of the emission detected emanates from the
location of laser excitation, indicating that while coupling of light
(either the excitation or emission) into wave-guiding modes
propagating along the long axis of the rod does occur, it is
relatively weak and contributes little to the observed emission at a
given point.'” A striking feature of images compiled from either
band edge emission (4, = 390 nm) or trap emission (4., = S60
nm) is the axially symmetric intensity modulation along the
length of the rod (Figure 2C, D). The emission spots appear
along the middle of the rod at smaller diameters (labeled a—c and
a’—c’ in Figure 2C), becoming two separate spots at larger
diameters (f—h and f'—h’). We have observed similar patterns in
both second-harmonic and two-photon emission images of other
needle-shaped rods,"**° and reports of spatially periodic patterns
in cathodoluminescence images of tapered wires have been
shown previously.”® Qualitatively, the patterns arise from optical
resonator modes associated with a hexagonal cavity formed by
the cross section of the rod. Because of the tapered structure, the
cavity size changes along the long axis of the rod, causing the
excitation wavelength to go in and out of resonance as the
focused laser spot is moved along the rod. While in principle
either the excitation or the emission wavelength could be
resonant with the cavity, the qualitative similarity between the
two images suggests that the excitation wavelength is largely
responsible for the observed patterns.

Standing-Wave and Whispering Gallery Mode De-
scriptions. Generally, there are two types of optical modes:
standing wave (Fabry-Pérot, FP) resonances that are supported
between two parallel facets, and whispering gallery (WG) modes
that correspond to propagation of light around the periphery of
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Figure 2. (A) SEM image and (B) emission spectrum of a tapered zinc oxide nanorod. The red circle and double-headed arrow indicate the location at
which the spectrum was acquired and the direction of the excitation polarization vector, respectively. (C, D) Photoluminescence images taken at 390 and
550 nm, respectively, show a modulated emission pattern along the structure. The lower case letters in (C) indicate the resonance spots discussed in the

text.
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Figure 3. (A) Facet spacing determined from the SEM image in Figure 2A plotted as a function of position along the rod. (B) Intensity profiles obtained
by integrating a column of pixels at each longitudinal position along the images for both the band-edge and trap emission images (Figure 2C and D). The
calculated whispering gallery mode locations for 730 and 390 nm light are indicted by the two brackets positioned between (A) and (B). The lower-case
letters in the band-edge profile correspond to the resonance spots indicated in Figure 2B.

the hexagonal cross-section through total internal reflection off
each facet. Both are characterized by resonance conditions that
depend upon the resonator size and wavelength, that is,

w2
P (1a)
m i é an—l 2 _

we = - (m + ﬂt (B 3n 4)) (1b)

where dpp and dyy are the facet separations for the mth mode in
the FP and WG resonances, respectively, 4 is the wavelength, and

n is the index of refraction. The value of f is based on the
polarization of the excitation source, being f# = n for TM (Ellc)
and 8 = n~! for TE (ELc).

The distance between resonance spots in the emission images,
AL, depends upon the taper angle of the structure, with smaller
cone angles giving rise to larger separations, that is,

_Ad

AL =7 )

where Ad is the mode spacing, that is, (4"*' — d™), and « is the
change in facet spacing per unit length along the structure.
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Figure 4. (A) Diagram of the simulation environment depicting the point source configuration. The line source (not shown) is placed in the same
location and is 440 nm wide. (B) Plot of the average intensity ({I) = f |EPdA/Ay,) as a function of the facet spacing (d) for both the point source (black)
and line source (red). (C—J) Spatial intensity maps (IEI*) for resonators with facet spacing d = 370, 630, 760, and 1020 nm for the point source (C—F)
and line source (G—]J). Blue corresponds to zero intensity, and red is max intensity.

The value of @ varies from one rod to the next, but its value for
a particular rod can be estimated from the SEM image. Moreover,
for this rod, the overall width (w) is twice the facet width (wy)
over most of the length, indicating that the cross section is nearly
a perfect hexagon (Figure 3, inset). The facet spacing (d) is
determined from w using d = (1/3/2)w and is depicted as a
function of position along the rod in Figure 3A. The a-values
extracted from the slopes on the right and left side are 101 and
103 nm/pm, respectively, indicating that the rod is nearly
symmetric with a consistent taper throughout the much of the
structure.

The predicted spacing between resonance spots along the rod
are ALgp = 1/2na and ALy = A/3na for the two different optical
mode types. Using an average a-value of 102 nm/ym and n =2
for the index of refraction of ZnO at 730 nm>® leads to predicted
separations of ALgp = 1.8 ym and ALyg = 1.2 ym.

Intensity profiles along the long axis for the band-edge and trap
emission images (Figure 3B) show the resonances to be nearly
equally spaced with an average AL of 1.0—1.2 ym. This spacing is

10656

qualitatively consistent with the WG mode description and
significantly smaller than the spacing predicted by the FP
resonance condition. The locations of the WG resonances for the
first five modes (4 = 730 nm), indicated by the bracket placed
above the emission profile, coincide with the locations of the
emission maxima.

If the modulated emission intensities were due solely to cavity
resonance involving the excitation light, then the patterns
observed in the band-edge and trap emission images should be
the same. This is not the case. While the modulated pattern is
present in both, the band-edge image exhibits a higher contrast
compared to the trap, suggesting that the intensity pattern is
influenced, to some degree, by the emission. We estimate that in
this structure the resonance spacing, AL, for 390 nm light (n =
2.33)*® would be 0.54 ym. This is approximately half the spacing
for the 730 nm resonances, leading to a possible double-
resonance scenario in which the 730 nm modes coincide with
every other 390 nm mode (see 390 nm bracket, Figure 3).
Amplified spontaneous emission, and even lasing, of the band-
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edge photoluminescence has been observed in ZnO nanostruc-
tures. While we do not observe evidence of actual lasing, previous
work in our lab®® showed that the band-edge emission has a
greater than quadratic power dependence on pulse intensity.
This is particularlg true when the rod is excited at one of the
resonance spots,”’ suggesting that the emission is likely
reinforced by the cavity modes as the 390 nm emitted light is
reflected off the facets and returns to the excitation region. The
trap emission, on the other hand, shows simple quadratic
dependence. The larger scaling factor for the band-edge emission
effectively results in a higher spatial resolution, accounting for the
greater contrast difference between the band-edge and trap
emission images.

These WG mode descriptions qualitatively account for many
of the features observed in the emission images, but they do not
explain the existence of the spots at the ends of the rod (denoted
aand a’). At this point, d = 160 nm. This is far below the 450 nm
predicted by the WG resonance condition (eq 1b) for the m = 1
resonance with 4 = 730 nm, and also smaller than the 210 nm
spacing obtained with 4 = 390 nm. Interestingly, it is close to the
spacing calculated using the FP resonance condition (eq 1a) for
the m = 1 mode at 730 nm, underscoring the idea that neither
picture adequately describes the resonance properties of these
structures.

Finite Difference Frequency Domain (FDFD) Simula-
tions. We have used finite element methods to map the optical
intensity distribution created in the rod upon photoexcitation.
We treat the 3D tapered rod as a stack of hexagonal resonators of
different diameters, enabling the overall structure to be modeled
using a series of two-dimensional calculations. The 2D model of
each individual resonator (see Figure 44, for example) consists of
a square box (air) with a hexagonal slab (ZnO) placed at the
center. The box is surrounded by a perfectly matched layer
(PML) that eliminates electromagnetic reflections at simulation
boundaries. The mesh spacing used in the simulations, defined as
the size of the largest cell, was 30 nm, which is approximately 10
times smaller than the wavelength inside the ZnO material.
Simulations performed with a smaller mesh size (15 nm) yielded
identical results, confirming the appropriateness of this choice.
FDFD methods, which were implemented using the COMSOL
Multiphysics software package (version 4.3), solve for the
electromagnetic field in response to a single-frequency source,
resulting in a steady-state map of the optical intensity distribution
inside the resonator. We have examined four different sources:
(i) point-source, (ii) line source, (iii) focused Gaussian beam,
and (iv) plane-wave. The first two provide a crude approximation
of the localized laser excitation; the third is realistic
representation of the focused laser beam used in the experiment,
while the last provides a comparison with far-field excitation
configurations. In each case, the source is polarized with the
electric field perpendicular to the simulation plane and the
output of the simulation is the EM field inside the simulation
area.

(i). Point Source. The simplest localized excitation scheme is
an oscillating (v = 411 THz, A = 730 nm) current density point
source positioned 25 nm above the center of the topmost facet.
Figure 4B shows the average optical intensity inside the resonator
(e, (I) = [IEPdA/Ay,) as a function of its size. The plot shows a
series of sharp resonances for the larger cavity sizes that become
increasingly broad for the smaller diameters. The intensity
distribution inside the hexagonal cavity is depicted for four of the
resonances in Figure 4C—F. The largest resonators show the
characteristic WG mode pattern in which the optical field is

located near the periphery of the structure. The width of the
resonances reflects the quality of the cavity. For the larger sizes,
total internal reflection at each facet minimizes loss, resulting in
multiple round trips and narrow resonances. The broadening of
the resonances as the cavity size decreases suggests an increased
loss per round trip. This most likely occurs at the vertices, which
become a dominant feature at the smaller sizes.

The spacing between modes is not constant across this size
range. The Ad spacing between the sharp peaks at larger cavity
size is 130 nm, similar to that predicted by the WG mode
resonance condition (eq 1b). Interestingly, for the broader
resonances, at smaller cavity sizes, Ad is about 160 nm, which
matches the FP spacing (eq la) Although the presence of
standing-wave character is not obvious from the mode patterns,
the EM sources described below suggest that the modes best
described as hybrid resonance with both WG and FP character.

(ii). Line Source. While the point source is qualitatively
appealing, it is not a good representation of the experimental
configuration, where the spatial extent of excitation is several
hundred nanometers. A similar calculation in which the point
source is replaced by a line 400 nm long and centered at 25 nm
above the top facet addresses this shortcoming. The results from
this simulation, which are shown alongside those for the point
source in Figure 4, highlight the role that the source plays in
shaping the field patterns.

A key factor appears to be the size of the source in relation to
that of the resonator. The resonances for the larger cavity sizes
are unaffected by the increase in the size of the source. They have
similar magnitude and width, and are located at the same
diameters (Figure 4B). Furthermore, the field distributions
(Figure 4]) are nearly identical to those obtained from the point
source, with a small, but notable difference being a slight increase
in the intensity present in the center of the resonator. While the
results for the larger diameter are unaffected by the change in
source, there are significant differences at smaller sizes (d < 600
nm). First, the broad resonances at smaller diameters have
drastically higher average intensities in the line source model
than the point source (Figure 4B). Moreover, the field
distributions are also affected. Whereas the point source
produces a mode pattern in the 370 nm resonator that is largely
WG in nature, the patterns obtained with the line source takes on
more standing-wave character (Figure 4G). As the cavity size
increases (630 and 760 nm), the modes are neither completely
WG- nor FP-like in character (Figure 4H—I), but rather a
combination of the two. The simulations point to the presence of
two modes progressions, where at large cavity sizes the
resonances are dominated by WG modes, and at small cavity
sizes they are dominated by FP character. Hybrid resonances that
contain elements of both are observed where the two
progressions overlap, which appears to occur when the source
and top facet are of similar sizes. These results underscore the
need for adequately modeling the EM source in simulating the
emission patterns of these structures.

(iii). Gaussian Source. An optical source that mimics the
focused Gaussian beam used in the experiment is implemented
by specifying the EM field along the boundary, that is,

E(x) = E,—20 =
x) = exp —i
Yol @y FRGy)

+i¢(y,)

©)

where yj is the distance from beam waist to the boundary, x is the
coordinate along the boundary, and k is the wave vector for the
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