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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
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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.

dx.doi.org/10.1021/jp4011907 | J. Phys. Chem. C 2013, 117, 10653—10660


http://pubs.acs.org/action/showImage?doi=10.1021/jp4011907&iName=master.img-002.jpg&w=424&h=142
http://pubs.acs.org/action/showImage?doi=10.1021/jp4011907&iName=master.img-003.jpg&w=342&h=301

The Journal of Physical Chemistry C

A PML

EM S_ource

630 nm

Line Source

760 nm

0.6 08 10
Facet Spacing, d (um)

1020 nm

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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propagating electric field (Figure SA). The radius of the beam
waist at the focus, @, is defined at the 1/¢ width of the electric

A PML

EM Source

({((¢o00nn)))

Figure S. (A) Diagram of the focused Gaussian simulation environment.
The EM source is functionalized according to eq 3 with the x and y
dimensions corresponding to the horizontal and vertical axes and the
origin located at the center of the simulation box. (B) Spatial map of the
optical field (Re(|El))* produced by the Gaussian source in the absence
of the resonator.

field. The functions @ (yg) = @o(1 + (y5/yr))"% R(y) = ys[1 +
(yr/ys)*],and {(yp) = arctan(yg yp) are the beam width, radius of
curvature, and Gouy phase at the boundary, respectively, and y; =
nwy*/A. With this boundary condition, the EM field focuses to a
minimum spot size at the center of the simulation box (y = 0). An
intensity map of the optical field, (Re(lEl))? produced by this
Gaussian source, in the absence of the hexagonal resonator, is
shown in Figure 5B. With @, = 460 nm, the lateral width of the
two-photon volume created by the source, obtained by
examining I* = (IEI*)?, is around 420 nm, which is comparable
to the lateral resolution of two-photon excitation in our
microscope.

The top of Figure 6 shows a simulated two-photon emission
image obtained using this focused Gaussian source. The image
was reconstructed using a procedure analogous to the
experimental image collection. First, the cross-sectional diameter
is determined at a particular position along the rod from the SEM
image. For a given resonator size, a series of simulations are
performed at different displacements between the central axis of
the EM source and the midpoint of the resonator. For each
configuration, the squared-intensity, that s, ( [EI*)?, is integrated
inside the resonator to represent the total two-photon excitation;
this series of integrated intensities is then represented by a
column of pixels in the simulated image. The process is repeated
for a series of resonator sizes to construct the two-dimensional
image.

The simulated image is a reasonable mimic of the two-photon
emission image, reproducing many of its qualitative features,
including the appearance of off-centered spots at larger diameters
that become single, centered spots near the ends of the rod. The
mode patterns that correspond to resonance spots reveal two
distinct progressions. When excited at the center, the smaller
resonators near the tips of the rod show hybrid patterns with
more FP than WG mode character (Figure 6A—D), while
significant WG character is observed in the mode pattern when
excited off-center (Figure 6E—H), especially at the larger
diameters. The simulated image also shows the existence of
modes at facet spacing values below the lowest predicted WG
mode resonance for either 390 or 730 nm light (for 390 nm,
divey = 210 nm) and predicts the intense spot at the tip of the
rod. Slices of the image taken down the center (red) and at S00
nm off-center (blue) are plotted as a function of position at the

Band-Edge Emission Image

B > e

Simulated Image

G
by

805 nm

0 2 4 6 8 10 12 14 16 18
Position Along Rod (um)

Figure 6. (Top) Simulated emission image constructed from a series of
calculations on resonators with sizes corresponding to width measure-
ments taken from the SEM image (horizontal dimension). A series of
calculations are performed for each resonator size in which the center of
the Gaussian source is offset relative to the center of the resonator in the
horizontal dimension. For each simulation, the average squared intensity
((P*y = [IEI*dA/A,.,) inside the resonator is calculated and its value is
displayed as pixel in the image, with blue colors corresponding to zero
intensity; red is maximum intensity. (A—H) Spatial intensity maps (IEI*)
of the corresponding encircled modes from the image. (Bottom) Plot of
average squared intensity per unit area for a slice through the center
(red) and 500 nm from the center (blue).

bottom of Figure 6. The intensity of the centered modes
decreases with increasing the diameter, while the intensity of the
off-centered modes follows the opposite trend.

(iv). Plane-Wave Source. The dependence of the field
patterns on source geometry raises the question: Is the spatial
variation observed with the focused source also present when the
structure is excited by a monochromatic plane-wave? We
addressed this question by replacing the focused Gaussian
beam with a plane wave source (Figure 7). Although the details
differ, many of the features observed with the Gaussian source are
preserved with plane wave excitation (Figure 7A). Both show a
series of broad resonances with considerable FP character at
small diameters (Figure 7B), which become increasingly WG-
mode-like at larger diameters (Figure 7C—E). This suggests that
the spatial heterogeneity observed within these single structures
would also be present when illuminating the entire structure, as is
done for ensemble measurements.

Implications. Transient absorption microscopy experiments
from our group shows that electron—hole recombination in the
tips of these structures occurs primarily through band-edge
states, whereas in the interior locations it is dominated by
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Figure 7. (A) Plot of the average intensity ((I) = [IEPdA/Ay,,) as a
function of facet spacing for the plane wave source (black) and the
Gaussian source (gray, dotted), calculated by integrating each column of
the simulated image in Figure 6. (B—E) Spatial intensity maps (IEI*) of
several of the simulated resonant modes for the plane-wave excitation
source.

trapping.”"** The qualitative difference between the WG and FP
type modes offer a plausible explanation for this spatial
dependence. In the larger diameter sections, the cavity
resonances are almost completely WG in nature, with the largest
intensity being located near the surface of the rod. When the
optical intensity is concentrated in the periphery of the rod,
photoexcited carriers will be produced in the surface depletion
zone. The internal field present in this region (i.e., band bending)
will separate the electrons and holes, resulting in a greater degree
of carrier trapping and longer recombination times. The FP
modes near the tips of the rods have the optical field localized
primarily in the core of the structure. The standing wave patterns
produced in these regions may result in the preferential
production of photoexcited carriers in the core of the structure.
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.

B CONCLUSIONS

Two-photon emission microscopy is used to investigate the
photoluminescence properties of individual ZnO rods. The rods
are 10—20 pm in length with a tapered cross section that varies
from 1 to 2 um at the midpoint to several hundred nanometers at
the ends. This structure, with its tapered ends and hexagonal
cross section, results in a complex series of optical resonator
modes. Two types of modes typically ascribed to hexagonal
resonators are Fabry-Pérot (FP) modes and whispering gallery

(WG) modes. Finite-difference frequency domain methods
suggest that resonator modes of these structures are better
described as hybrid modes that have both standing wave (Fabry-
Pérot) and whispering gallery mode character, whose relative
contributions vary along the rod axis. In particular, at the tips of
the rod the modes have significant standing wave character,
whereas in the larger cross sections, near the rod midpoint, the
modes are dominated by whispering gallery mode features.
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ABSTRACT: Zinc oxide has emerged as an attractive candidate
for a variety of optoelectronic and photonic applications, due in
part to a large second-order nonlinear susceptibility, its wide
band gap, and large exciton binding energy. We have used time-
resolved nonlinear two-photon emission microscopy to char-
acterize the excited-state dynamics of individual ZnO rods.
Photoluminescence images reveal a rich structure in the spatial
distribution of both the band-edge and trap emission, and
spectra recorded following excitation at a specific point in the

structure show the characteristic band-edge and defect emission. Time-resolved emission spectra reveal a dynamic red shift of the
trap emission band in the as-grown structures. Our results suggest that the trap emission is composed of at least two overlapping
emission bands. The higher-energy band is assigned to e—h recombination between a conduction band electron and
photogenerated hole bound to an acceptor defect lying within the band gap. The lower-energy band is attributed to a
donor—acceptor pair (DAP) transition in which an electron localized on a donor defect recombines with a nearby hole-bound
acceptor. The DAP transition energy and recombination rate depend upon the spatial proximity of the two traps, with higher-energy
transitions corresponding to closely spaced pairs and occurring more rapidly, resulting in the dynamic red shift. Reduction in the trap
density following annealing suppresses the DAP emission and its signature time-dependent red shift. The blue shift of the static
photoluminescence spectrum is attributed to the donor defects being preferentially annealed out of the structure, resulting in a larger

contribution of the higher-energy band.

B INTRODUCTION

The ability to manipulate the shape of ZnO structures is
enormous, and through a variety of facile synthetic methods many
different forms, including nanorods with differing end morphol-
ogies, tetrapods, and nanohelices have been created." > The sizes
of these structures, which can vary from tens of nanometers to
many micrometers, are amenable to ultra-small-scale electronic
devices, and the prismatic shapes of the crystalline structures give
rise to optical cavities that can be exploited in optoelectronic and
photonic applications.*”'* Since finite-sized structures can intro-
duce new dynamical phenomena not found in bulk materials,
understanding the relationship between structure and function is
critical to device design. The electronic and photophysical beha-
vior, for example, are strongly influenced by the surfaces and
intrinsic defects, which trap mobile carriers and result in band
bending and internal electric fields."*"'® As a consequence, the
spectroscopy often depends upon the size and shape of the
particle,” and significant variation from one object to the next is
frequently observed.'”'® In addition, the physical confinement of
carriers in the sharp features of high-aspect structures or spatial
variation in defect density across an object can influence carrier
relaxation and result in photophysical behavior that differs from
one point to another within an individual object.

We have characterized the trap recombination dynamics in
needle-like ZnO rods on ultrafast time scales using time-resolved

< ACS Publications © xxxx American Chemical Society

two-photon emission microscopy. Our experiments differ from
previous work on ZnO in that they excite a localized region
(350 nm diameter) of an individual structure and probe the
carrier dynamics between different points in the structure.
Photoexcitation in the UV (or simultaneous two-photon excita-
tion in the near-infrared) promotes an electron from the valence
band to the conduction band to create free carriers that can either
relax into excitonic states that lie just below the conduction band
edge or into trap states associated with defects in the crystal
lattice or the structure’s surface (Figure 1). Exciton recombina-
tion gives rise to UV-blue emission that is centered at ~390 nm,
while defect states localized within the band gap offer additional
pathways for electron—hole recombination and give rise to a
broad visible emission band extending from 500 to 650 nm.
Although the atomic structure of the lattice is (nominally)
uniform, we have observed a clear variation in the optical
properties of different structural regions. Second-harmonic ima-
ging of these structures shows that the frequency—doublin§
efficiency is strongly influenced by optical resonator modes."
Photoluminescence maps also show significant variation in the
band-edge and trap emission across the structure that ultimately
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Figure 1. Illustration of the ZnO band diagram. Two-photon excitation
produces free carriers that can either relax into excitonic states, which
give rise to the band-edge emission centered around 390 nm, or fall into
trap states localized within the band gap giving rise to lower-energy
emission centered around 550 nm. Trap recombination can occur
through variety of mechanisms including (a) recombination between
an electron in the conduction band and a hole localized on an acceptor
trap state and (b) recombination between an electron localized on a
shallow donor trap state and an electron bound to an acceptor trap state.

could be the result of cavity resonances arising from the object’s
shape. In addition, spatial variation of the photophysics can stem
from an inhomogeneous defect distribution. There is a distinct
reduction in the emission at the rod midpoint, for example, which
is attributed to an increase in the defect density arising from a
grain boundary. Luminescence lifetimes measured at different
locations within the structure seem to support this assignment.

This paper focuses particularly on the role that native defects
(such as vacancies and interstitials) play in facilitating electron—
hole recombination. The identity and photophysics of ZnO
defects have been the subject of a vast number of research efforts,
and a number of notable reviews”**° ** exist on the subject.
Nevertheless, the origin of defect emission has remained a
subject of much controversy. Much of the debate has centered
on identifying the chemical nature of the defects’ sites, each of
which can be present in one of several ionization states. Although
there is a wide array of potential defects, they can generally be
categorized as being able to trap either electrons (i.e., donor
states) or holes (i.e., acceptor states). Since ZnO is an intrinsic
n-type material,”” all but the donor sites that lie very close to the
conduction band edge are generally filled and natively exist in
their most negatively charged state, even in the dark.

Following photoexcitation, there are several different transi-
tions that can give rise to trap emission including donor
recombination with a hole in the valence band (D — h™),
acceptor recombination with an electron in the conduction band
(A—e"), and recombination between an electron localized on a
donor with a hole localized on an acceptor. The latter mechanism
is known as donor—acceptor pair (DAP) recombination® and
occurs between donor and acceptor defects that are in close
proximity within the crystal lattice. The experiments discussed
here indicate that the broad trap emission spectrum is composed
of two different bands with the lower-energy transition (4. =
550 nm) corresponding to DAP emission and the higher-energy
band (4. = 525 nm) arising from acceptor recombination with
free carriers in the conduction band.

By performing measurements on individual structures, we can
focus our attention on objects with known morphology. We have

developed protocols that enable a series of experiments to be
performed on the same object. These methods allow us to
correlate the emission images with detailed structural informa-
tion from scanning electron microscopy (SEM) images, as well as
compare spectroscopic observations at the same point in the same
structure before and after postprocessing procedures such as
annealing. We show that different regions of the same structure
can exhibit different trapping behaviors and, thus, provide a novel
perspective on the role that native defects play in the photo-
physical properties of ZnO nanostructures.

B EXPERIMENTAL SECTION

Materials. The ZnO rods were grown using a hydrothermal
method adapted from work conducted by Cheng et al.”* and Li
et al.>® The procedure, which involves heating a 0.05 M reaction
solution of Zn(NOj), and hexamethylenetetramine ((CH,)¢N,)
in a closed bomb, typically yields needle-shaped rods ranging from
S to 30 um in length and 0.5 to 2 um in width. The size is
controlled by varying reaction temperature, time, and/or concen-
tration. After completion of the reaction, structures are harvested
and sonicated in ethanol (200 proof) 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 reference grid facilitated the
relocating of the rod for subsequent experiments in the optical
microscope or structural characterization via SEM imaging. Once
the ethanol evaporates, the slide is placed on the scanning stage
with the ZnO rods facing the objective lens. Imaging is performed
without a coverslip under ambient conditions.

Two-Photon Microscopy. The microscope consists of a mode-
locked Ti:Sapphire laser (Spectra-Physics Tsunami) pumped by a
S W frequency-doubled continuous-wave diode laser (Spectra-
Physics Millenia). The system produces pulses with an 80 fs width
at a repetition rate of 76 MHz and a tuning range between 720 and
850 nm with a maximum power output of approximately 1 W. The
output is sent through a Faraday isolator and then directed
through a prism-pair compressor operated in a double-pass
configuration (Figure 2). The pulse energy entering the micro-
scope is reduced to between 0 and 1 nJ/pulse using a variable
attenuator constructed from a half-wave plate and polarizing cube.

The microscope employs an inverted design with its objective
located below the sample plane. The femtosecond laser beam
is expanded by a lens pair, reflected off a dichroic mirror
(R, 680—1000 nm; T, 360—650 nm), and then directed into
the objective (Olympus MSPlan S0x, NA 0.8), overfilling its
input aperture. The sample is raster-scanned across the focal
point of the objective using a piezoelectric x—y translation stage
(Queensgate NPS3330 controller/stage system) with a step-size
and reproducibility that are both less than 20 nm. Two-photon
emission emanating from the sample is collected by the objective.
Light transmitted through the dichroic beam splitter is focused
onto the entrance slit of a monochromator and detected by a
photomultiplier tube (PMT) operated in a photon-counting
mode. Under typical experimental conditions, the sample emits
or generates a signal photon every S00—1000 laser pulses. The
PMT output is sent to a discriminator and a counter located on a
data acquisition card (model PCI 6602, National Instruments).
In addition to the photon counting detection used for imaging,
the emitted light can be directed into a time-correlated single-
photon counting instrument to obtain time-resolved emission
data with an approximately 100 ps instrument response or a
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Figure 2. Schematic overview of our nonlinear microscope system.
Excitation light is generated by a mode-locked Ti:Sapphire laser that is
pumped by a 5 W frequency-doubled, continuous-wave diode laser
(532 nm). The system generates pulses with an 80 fs width ata 76 MHz
repetition rate and a tuning range between 720 and 850 nm with a
maximum power output of ~1 W. A prism compressor, operated in a
double-pass configuration, is used to correct for pulse dispersion. For
time-resolved experiments the pulse repetition rate is reduced by a
factor of 10 using an acousto-optic modulator (not shown). For
imaging, the detector is a photomultiplier tube operated in a single-
photon counting mode. Detection for time-resolved experiments is
either time-correlated single-photon counting instrumentation or a
streak camera. The power entering the microscope is controlled with a
variable attenuator that consists of a wave plate and polarization beam
splitter cube. Light is expanded 2 x to overfill the input aperture of the
objective. The sample is raster-scanned across the objective focal point,
and the resulting fluorescence/SHG is collected back through the
objective, focused into the slit of a monochromator, and detected by a
photomultiplier tube.

streak camera with approximately 20 ps time resolution. The
pulse repetition rate is reduced for time-resolved emission
measurements by a factor of 10 using an acousto-optic modulator.

The lateral resolution of the microscope is determined by the
size of the laser beam at the focal point of the objective. Since the
probability of two-photon excitation and second-harmonic gen-
eration scales with the square of the laser intensity, efficient
excitation occurs only at the focal point, resulting in confocal-like
behavior and a lateral resolution that is smaller than the diffrac-
tion limit of the near-infrared laser spot. The diameter of the
excitation region is estimated to be approximately 350 nm.
Images obtained from 100 nm fluorescent beads yield a point
spread function width of ~400 nm. Samples are placed on a glass
substrate with an etched grid so that individual objects examined
in the optical microscope can also be located in an SEM to obtain
high-resolution structural images.

B RESULTS AND DISCUSSION

This paper investigates the carrier recombination dynamics in
photoexcited ZnO rods using steady-state and time-resolved
two-photon emission microscopy. The discussion of the experi-
mental results is divided into two sections. The first section
describes the two-photon imaging of individual structures and
the spatial variation of the photoluminescence. The next section
presents time-resolved measurements that probe the trap-
mediated recombination dynamics and photoluminescence

spectroscopy measurements performed at a specific point in
the structure. We have performed experiments on both as-grown
and annealed structures, which have enabled us to interpret the
spectra in terms of particular defect mechanisms.

Spatially Resolved Photophysics of Individual ZnO Struc-
tures. ZnO is a wide band gap semiconductor that can be
photoexcited by the absorption of a single UV photon or by
simultaneous two-photon absorption in the near-infrared. The
resulting free carriers (electron and holes) either relax into
excitonic states that lie about 60 meV below the conduction
band edge or into trap states associated with defects in the crystal
lattice or the structure’s surface. The near-UV band originates
from a combination of excitonic and electron—hole plasma
emission. The excitonic state is most stable at low excitation
intensities (i.e., low carrier density) and emits around 390 nm. At
higher excitation intensities the ghotoproduced carriers can
exceed the Mott density threshold,*® at which point the distance
between the electron—hole pairs is comparable to the exciton
Bohr radius, leading to the formation of an electron—hole
plasma, whose emission is shifted to lower energy due to band
gap renormalization.'”**~>® Our observation of band-edge emis-
sion centered around 390 nm indicates our experiments are
within the low-density regime. Trap recombination in ZnO gives
rise to a broad green emission band, whose position and shape
depend upon the structure’s underlying shape and the synthetic
method, signifying the presence of a rich defect chemistry in this
material.>> This project focuses particularly on the trapping
dynamics in individual needle-shaped ZnO rods.

Here needle-shaped rods are excited with a 730 nm femto-
second laser pulse focused to a diffraction-limited spot by a
microscope objective. Because the resulting two-photon excita-
tion region is small (350 nm) compared to the rod’s size (5—10
um in length), only a portion of the rod is excited, allowing us to
perform spatially resolved measurements by positioning the
excitation spot over a specific part of the structure (e.g., middle
or end of the rod) and monitoring the photoluminescence in
either a time-integrated or time-resolved fashion. Emission
images of individual structures can be obtained raster scanning
the sample stage while monitoring either band-edge (390 nm) or
trap (550 nm) emission channels.

Care was taken to ensure that experiments were performed at
low excitation intensities. Although we find that the images are
not sensitive to the pulse energy, other spectroscopic measures
(e.g., emission spectra and lifetimes) are intensity-dependent,
indicating that the photophysics of these materials depend upon
carrier concentration, consistent with observations made by
other groups.’**" Photoluminescence decays were collected at
successively lower pulse energies until a limiting value of the trap
emission lifetime was obtained to avoid intensity-dependent
effects. This was typically less than 0.3 nJ/pulse.

Two-Photon Imaging. Photoluminescence images obtained
via collection of the band-edge (390 nm) and trap emission
(550 nm) following two-photon excitation of a single ZnO
needle-shaped structure at 730 nm are shown in the right two
panels of Figure 3, along with a detailed structural image obtained
in an SEM shown at the left. The SEM image of this rod, which is
typical of the size and shape of the ZnO rods used in this
experiment, shows it to be a crystalline structure ~10 ym in
length (~1.5 um at its widest point), with a hexagonal cross
section that tapers to approximately 300 nm at the ends. The
two-photon emission images in the exciton and trap emission
channels show significant variation in the emission intensity
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Figure 3. (Left) Scanning electron microscopy image of a typical ZnO
rod used in our experiments. The structure is ~10 #m in length and ~1.5
um in the center, tapering down to ~500 nm at the end. (Middle) Band-
edge emission (detected at 390 nm) and (right) trap (detected at S50 nm)
emission images observed following two-photon excitation at 730 nm of
the rod depicted in the SEM image. Each image shows enhanced intensity
at the ends of the structure. The dark area in the center is attributed to the
presence of a grain boundary. The enhanced intensity at the vertices may
be due to light coupling into whisper gallery modes.

across the structure. Evident in both images are areas of low
intensity in the middle of the rod, enhanced emission along the
hexagonal corners adjoining each facet, and high intensity at the
ends of the structure.

The enhanced intensity at the vertices and periodic modula-
tion along the long axis of the rod suggest that the emission
images are influenced by a complex optical mode structure.
Similar intensity variation is observed in second-harmonic
images,'” where it is linked to the presence of optical cavity
modes oriented transverse to the rod axis. The rod’s cross section
supports both Fabry—Perot (FP) modes between the parallel
facets and ringlike cavity modes arising from total internal
reflection off each of the six facets, called whispering gallery
modes (WGM). Because the cross-sectional diameter of the
needle-like structures changes along the long axis of the rod,
optical resonances will appear at distinct locations. It is this
periodic variation that suggests the intensity modulation is the
result of optical cavity modes and not simple prism effects that
redirect light back toward the objective. In principle either
resonance type (FP or WGM) could influence the emission
images; however, the enhanced intensity at the vertices suggests
that it is the WGM that give rise to the intensity modulation
observed in these images.

Single-Point Spectroscopy. Spectroscopic information from
different points within a single structure can be collected through
precise positioning of the focused laser spot and directing the
emission into a scanning monochromator/PMT, streak camera,
or time-correlated single-photon counting instrumentation, for
time-integrated and time-dependent measurements, respectively.

Given the localized nature of the excitation, we anticipate that
emission should only emanate from the region excited by the

2um : . Excitation

o Spot

Figure 4. Bright-field and corresponding fluorescence image (390 nm)
collected using a CCD camera. The bright spot in the fluorescence image
represents emission from the excitation region and represents the
dominant source of emission in our experiments. Fluorescence emanat-
ing from the ends of the structure is probably due to light coupling into
wave-guiding modes.

laser pulse. However, because our microscope does not employ
an aperture in the detection path, it collects all of the emission in
the objective’s field of view and cannot distinguish between light
emitted from the excitation region versus light emitted from
other parts of the structure, perhaps due to carrier transport and/
or wave guiding from the excitation spot. To evaluate the spatial
locations giving rise to the detected emission, the light collected
by the objective was imaged on a charge-coupled device (CCD)
detector (Figure 4). The bright spot in the middle of the rod is
due to the intense emission created by the focused laser beam,
whereas the two dimmer spots on either side represent photo-
luminescence that is emanating remotelgf from the rod ends.
Given the low carrier mobilities in ZnO,” it is unlikely that this
emission from these remote locations is the result of carrier
transport. It is more likely the result of a wave guiding of light
emitted along the rod axis to the ends of the structure. Enhanced
emission at the rod ends has been observed in the emission
images of ZnO wires and rods obtained by other groups'**® and
attributed to wave guiding along the longitudinal axis of the
structure. However, in those images the emission from the ends
was more intense than that from the rod’s interior, perhaps due to
an experimental arrangement in which the entire rod is excited,
thus allowing wave-guided light to stimulate emission as it
propagates along the rod. Despite the presence of wave guiding
in these images, the majority of the emission collected by the
objective emanates from the location of the laser excitation,
indicating that coupling into the wave-guiding modes is relatively
weak and contributes negligibly to the observed emission at any
given region of the structure.

Through the course of these experiments we monitored the
emission in ~20 different structures. Although there is some
variation from structure to structure, the spectra and lifetimes
observed across the ensemble show some common features.
Figure 5 shows the photoluminescence spectrum obtained
following localized 730 nm two-photon excitation in the mid-
point of the rod depicted in Figure 3, which is typical of the
structures studied. The two most prominent features in the
spectrum are the narrow band-edge emission around 390 nm that
is characteristic of exciton fluorescence at low excitation intensity
and the much broader visible emission (500—650 nm) that arises
from the trapping of charge carriers at defect sites. The sharp
feature centered at ~365 nm corresponds to the second harmo-
nic that is generated by the ZnO."” The relative intensity of the
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Figure 5. ZnO emission spectrum observed following a two-photon
excitation (730 nm) in the center of the rod shown in Figure 3. The
sharp feature centered at 365 nm corresponds to second-harmonic
generation. The emission band at 390 nm arises from exciton recombi-
nation. The broad emission centered at 560 nm corresponds to trap
recombination events. The relative intensity of the trap to band-edge
emission is suggestive of a high defect density.

trap emission compared with the band-edge emission at lower
pulse energies is suggestive of a high defect density.

The electron—hole recombination dynamics in individual
structures were characterized using ultrafast emission methods.
Figure 6 shows the decay of the band-edge (390 nm) and trap
emission (550 nm) following the excitation of a localized spot in a
single ZnO structure. The band-edge emission decays with an
approximately 30 ps lifetime (Figure 6), consistent with experi-
ments conducted on bulk or thin-film ZnO by other groups that
show a band-edge emission lifetime of S0—100 ps resulting from
free exciton recombination.** *° The trap emission rises within
the instrument response, and the absence of a delayed rise
(Figure 6) suggests that the initial trapping events occur within
the first 20 ps following excitation. The decay is multiexponential
with time components ranging from subnanosecond (~100—
250 ps) to tens to hundreds of nanoseconds (Fi%ure 6), the longer
of which are consistent with previous reports.”>>°

Spatial Variation in Defect Density. One of the most striking
features in the two-photon emission images is the dark region
that bisects the rod at its midpoint. Shown in the top of Figure 7
are defect emission transients collected at 550 nm from three
different locations (middle, interior, and end) in a single ZnO
rod, whose trap emission image is shown as the inset. The three
different spots exhibit different decay kinetics, indicative of a
spatial heterogeneity in the trap recombination dynamics. Inter-
estingly, the trap recombination is faster at the rod midpoint
compared to the two other locations, which is consistent with an
increase in the nonradiative rate and a greater defect density at
that location. One possible cause of an increase in the trap density
is a grain or twinning boundary that is not apparent in the SEM
image. Although the majority of rods (60—70%) show the
decreased intensity in the trap emission image at the rod
midpoint, in the rest the dark region is less apparent or absent
altogether. The lower panel shows a similar set of transients
obtained from one such rod. In these rods the emission decay
occurs slowest in the middle of the structure and more rapidly at
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Figure 6. Time-resolved photoluminescence measurements collected
following 730 nm two-photon excitation of an individual ZnO rod. The
band-edge emission has an ~30 ps lifetime; the streak camera time
instrument response (shown in the inset) is ~20 ps. The trap emission
bands are multiexponential, displaying a fast subnanosecond compo-
nent, followed by slower components that decay in tens to hundreds of
nanoseconds. The instantaneous rise in the trap emission suggests that
the initial trapping events occur within the first 20 ps following
photoexcitation.

the end, suggesting a lower defect density at the rod midpoint.
Although it is unclear why the remaining 30—40% of the rods do
not show this dark region, it could be a consequence of a
difference in the nature of the grain boundary that was formed
as the crystal was grown in solution. Together, these observations
point toward the potential for an inhomogeneous distribution of
defect sites and for different regions of the same structure to
show different dynamical signatures.

Trap-Mediated Recombination. The precise mechanisms
that give rise to the broad defect emission in ZnO remain highly
controversial. This is exacerbated by the dependence of visible
emission on particle shape, size,'” and synthetic procedure."***"
In principle, the trap emission could originate from either surface
defects (i.e, dangling bonds) or imperfections in the crystal
lattice, which include extrinsic impurities and intrinsic lattice
defects.”*"** Surface emission has been implicated in smaller
structures with large surface-to-volume ratios," 3773 and
larger structures excited with UV light,13’l7’37’40 where the
photogenerated carriers are likely produced near the surface of
the structure as a consequence of the shallow penetration depth
(~100 nm). However, given the size of our structures and the
likelihood that the near-infrared two-photon excitation produces
carriers throughout the structure, we anticipate that the majority
of the defect emission in our experiments originates from lattice
defects within the crystal interior.

Our discussion of the trap recombination involves compar-
isons between as-grown and annealed structures. A combination
of steady-state and time-resolved observations indicates that the
trap emission band is composed of two overlapping transitions
with different spectral characteristics. The lower-energy band,
which has a greater contribution in the spectrum of the as-grown
structures, has A,,,, & 560 nm and is characterized by a time-
dependent red shift and a photoluminescence lifetime that
increases with decreasing defect density. It is attributed to
DAP emission. The higher-energy band (4. ~ 520 nm) is
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Figure 7. Trap emission decays collected from the middle, interior, and
end of structures with the darkened region at the rod midpoint (top) and
without (bottom). Structures that show a darkened region have emission
decays that are faster in the center of the rod compared to other points,
consistent with an increase in the nonradiative rate due to the increased
defect density around the grain boundary. The structure without the
darkened region shows the emission decay at the end to be faster than
the middle.

unaffected by annealing and is the major contributor to the
photoluminescence spectrum in the annealed structures. It is
characterized by a shorter lifetime that does not depend upon
defect density and is attributed to recombination of electrons in
the conduction band with holes trapped at deep acceptor sites.
Our discussion below first compares the photoluminescence
spectra obtained before and after annealing and then describes
the time-dependent spectral evolution.

Photoluminescence Spectra. Shown in Figure 8 are emission
spectra acquired from the same location in the same ZnO rod
before and after annealing at 550 °C for 4 h. There is a clear
decrease in the trap emission intensity from 130% of the band-
edge emission before annealing to 15% afterward, consistent with
an overall reduction in the defect density. In addition, the
spectrum shifts from about 560 nm in the as-grown structures
to 520 nm after annealing. Although the ~40 nm (~0.15 eV)
shift occurs with little change in the width of the spectrum, there
appears to be a slight distortion of the spectrum with a tail
extending toward longer wavelengths. The observations shown
in Figure 8 were not isolated to this particular structure, and a
similar (10—40 nm) blue shift was observed in a majority of the
52 rods we analyzed, with a minority displaying a shift of lesser
magnitude (~S nm). The shift of the band suggests that the trap
emission is actually composed of overlapping emission bands

As Grown

Intensity
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Figure 8. Steady-state spectra observed before and after annealing. The
spectra were collected from the center of the rod shown in Figure 3
following two-photon excitation at 730 nm. The first spectrum was
collected from the as-grown structure; then, following annealing at
550 °C for 4 h, the emission spectrum was recollected from the same
position in the same rod. The spectra, which are normalized to the
maximum of the band-edge emission, show a drastic reduction in the
overall defect density. In addition, an ~40 nm blue shift in the spectrum
following annealing is observed, which is attributed to the presence of
two overlapping emission bands, with the high-energy band less affected
by annealing.

involving different defect types, of which at least one is mobile at
the 550 °C annealing temperature.

Time-Resolved Emission. The decay kinetics vary across the
trap emission band. Shown in Figure 9A are three transients
obtained at different emission wavelengths for the as-grown
structures. Each was fit to a triexponential decay function of
the form I(t) = a; exp(—t/7;) + a, exp(—t/75) + as exp(—t/73),
and the fit parameters for these and two other decays are
presented in Table 1. All exhibit ultrafast (0.2 ns), intermediate
(0.5—1 ns), and slow decay (3.0—6.5 ns) components, with
the ultrafast contribution accounting for about 50% of the
amplitude at early times and the two slower components
accounting for the other half. A systematic trend is observed in
the two slower components (7, and 7,), which exhibit generally
longer decay times and greater amplitudes at the redder emission
wavelengths, suggestive of a dynamic shift in the emission band.

The magnitude and temporal evolution of this shift is apparent
in the emission spectra reconstructed at different times from
decays obtained at a series of detection wavelengths collected
between 470 and 600 nm (Figure 9B). The individual points in
the figure correspond to the intensity observed at specific times
after photoexcitation for each of the detection wavelengths. The
solid lines represent fits of each spectrum to a stretched Gaussian
function, f(4) = ¢; exp[—1/2( — 40)*/(c2 + s(A — 20))],
which accounts for the asymmetric line shape. The emission
spectra show a time-dependent red shift of ~10 nm during the
first 15 ns after photoexcitation, as depicted by the bold line
connecting the maximum of each of the spectra in the figure.
We consistently observe the red shift in all the structures, and
the magnitude generally ranges from 3 to 12 nm, with the
majority shifting between 4 and 8 nm. Figure 9C depicts the
kinetics of the spectral shift by showing the magnitude of the shift
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Figure 9. Time-resolved emission data obtained from two-photon
photoexcitation at 730 nm of an as-grown structure. The location of
the excitation is indicated by the circle on the trap emission image shown
in the inset (the scale bar corresponds to 2 um). The top panel (A)
shows the emission decay at three different detection wavelengths, with
shorter lifetimes observed at higher emission energies. The emission
spectra shown in the middle panel (B) were reconstructed from decays
obtained at a series of detection wavelengths and correspond to spectra
at 0.2, 1,2, 5, and 15 ns. They reveal an 8 —10 nm time-dependent red
shift in the trap emission band. The shift of the maximum from 16 rods is
displayed in the bottom panel (C). The red shift varies in magnitude
between 4 and 10 nm and occurs within the first 10—15 ns following
photoexcitation. An example from an average structure is shown in blue
to highlight the trend.

(AL = A, — 4,) as a function of time for 16 different rods. The
shift exhibits multiple kinetic components, with a rapid shift of
the band occurring at early times (~2—4 ns), followed by a
slower shift (~5—15 ns) to its asymptotic wavelength.

The results from a similar set of experiments performed at the
same point in this rod following a 4 h anneal at S50 °C are shown
in Figures 10 and 11. Figure 10 compares the trap emission decay
at 550 nm before and after annealing. While the as-grown
structure decays completely to zero during the 50 ns detection
window, after annealing it does not, indicating the emergence of a
long-lived decay component. Each transient was fit to a decay
function of the form I(t) = a; exp(—t/7,) + a,exp(—t/75) + a3
exp(—t/73) + a,. The addition of the constant (a,) accounts for
the amplitude of this ultraslow decay component, which was
measured in other experiments to be in the range of 1—2 us.
While the lifetime of the fastest decay component (~0.2 ns) is
unchanged by annealing (Table 1), the slower components
exhibit significant increases in their decay times to 1.5 and 12 ns
for 7, and T3, respectively (Table 1), as well as the appearance
of a 1—2 us component. In addition, the relative contribution of
the slow components (a, + a3 + a,) to the overall decay
decreases from 50% in the as-grown structures to about
30—40% in the annealed rods. Together, these observations
indicate that the physical processes giving rise to the emission at
early times (t < 0.2 ns) and later times (¢ > 0.5 ns) are different.

Shown in Figure 11A are transients obtained at three different
detection wavelengths. Whereas the transients obtained from the
as-grown structures show slower decays at longer detection
wavelengths, after annealing this trend is reversed. The time-
resolved spectra reconstructed from the individual transients
show an apparent shift to higher energy over time for the
annealed structures at early time (0—2 ns) (Figure 11B). How-
ever, in contrast to the systematic variation of the lifetimes across
the emission band observed in the as-grown structures, the 7, and
T, lifetimes observed in the annealed structure show no systema-
tic variation across the spectrum (73 shows a slight increase from
12.0 to 12.6 ns at longer detection wavelengths) (Table 1). The
consistency in 7; and 7, across the band suggests that the net blue
shift observed in the emission spectrum at early times is due to a
variation in the relative amplitudes of the ultrafast and slow
components and not a dynamic shift of the spectrum.

The steady-state and time-resolved photoluminescence spec-
tra are consistent with the presence of at least two overlapping
bands within the static trap emission spectrum of the as-grown
structures. The defect emission in the as-grown structures is
composed largely of a low-energy band (4, = 560 nm) that
exhibits a time-dependent red shift in the first 10—15 ns after
photoexcitation and has a lifetime that increases with decreasing
defect density. Upon heating at high temperature, the defects
associated with this band are preferentially annealed out of the
lattice, leaving behind a spectrum that is dominated by a higher-
energy band (4,,,, = 520 nm). This band is characterized by an
ultrafast lifetime (0.2 ns) that is unaffected by the decrease in
defect density. The question thus arises: what is the physical
origin of these two emission bands?

Recombination Mechanisms. With the potential for a variety
of different defect types, the trap emission band in ZnO is likely
composed of multiple components. Generally speaking, defects
can be classified as either donors, which trap electrons, or
acceptors, which trap holes. The transitions that can give rise
to the trap photoluminescence can include donor recombination
with a hole in the valence band (D — h™), acceptor recombina-
tion with an electron in the conduction band (A — e~), and
recombination between an electron localized on a donor with a
hole localized on an acceptor. The latter mechanism is known as
DAP recombination® and occurs between donor and acceptor
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Table 1. Summary of Nonlinear Least-Squares Fits of Emission Decays for the As-Grown and Annealed Structures at Different

Detection Wavelengths*

ultrafast intermediate slow ultraslow
detection wavelength (nm) 7, (ns) (ay) 7, (ns) (a2) 75 (ns) (as) (a4)

As-Grown Rods
480 0.10 (0.50) 0.56 (0.41) 3.77 (0.09)
510 0.15 (0.51) 0.77 (0.41) 4.88 (0.08)
550 0.16 (0.47) 0.82 (0.44) 537 (0.09)
600 0.19 (0.45) 092 (0.45) 5.99 (0.10)
650 022 (0.45) 1.01 (0.45) 6.54 (0.10)

Annealed Rods
480 0.17 (0.68) 1.53 (0.18) 12.01 (0.11) (0.03)
510 022 (0.59) 1.66 (0.24) 1227 (0.14) (0.03)
550 022 (0.58) 1.66 (0.25) 1225 (0.14) (0.03)
600 021 (0.67) 1.52 (021) 12.48 (0.10) (0.02)
650 024 (0.73) 1.59 (0.18) 12.56 (0.07) (0.02)

“ Decays for the as-grown rods were fit to a six-parameter triexponential decay function, whereas a seven-parameter form was used for the annealed rods.
Uncertainties in the amplitudes are ~23%. For each component the lifetime and relative amplitude (in parentheses) are displayed. Uncertainties in the
intermediate and slow lifetimes are also ~23%. Since the lifetime of the ultrafast component is close to the instrument response of the time-correlated
single-photon counting apparatus (100 ps) its uncertainty is probably closer to 10%.

defects that are in close proximity within the crystal lattice.
Because the ionized acceptors are negatively charged, they tend
to attract and capture the photogenerated holes, making the
probability for donor recombination with the valence band
unlikely.>*' At the same time, this suggests the dominant transi-
tions are between electrons in the conduction band, or localized in
shallow defects, with holes trapped at acceptor sites (Figure 1).
The time-dependent red shift associated with the lower-energy
feature suggests that it corresponds to DAP emission resulting
from a high defect density in the as-grown structures. When the
donor and acceptor defects are well-separated from each other,
the primary transitions correspond to recombination of the
trapped electron (or hole) with its free carrier counterpart in
the valence (or conduction) band. If the donors and acceptors are
in close spatial proximity, the electron bound to the donor can
recombine with the acceptor-bound hole, resulting in DAP
emission. The emission energy from such a transition is given by**
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(1)

where E, is the band gap energy and E; is the energy needed to
ionize both the electron and hole into their respective bands, Ep
and E, are the ionization energies of the isolated donors and
acceptors, respectively, ¢ is the dielectric constant, and d is the
distance between them in the lattice. Pairing of the defects
perturbs the donor and acceptor levels toward their respective
band edges,”® and as a consequence, the pairs that are closer
together will emit at higher energy. Pairs that are in close spatial
proximity will also experience a greater wave function overlap and
recombine faster than those that are further apart, and it is this
distribution of recombination rates that gives rise to the multi-
exponential form of the photoluminescence decay. The result is
an initially blue photoemission that shifts to the red as time
progresses.

Donor—acceptor pair emission has been implicated in a
number of experiments investigating the origin of the ZnO
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Figure 10. Emission decays collected at S50 nm from the same position
in the same structure, before and after annealing. The decay lifetime from
the as-grown structure is characterized by an ultrafast (0.2 ns), inter-
mediate (1 ns), and slow (7 ns) component. The slower components,
which decay almost completely by 50 ns in the as-grown structure, are
much longer following annealing, where emission is still observed at 50 ns.
Data collected on other annealed structures suggest the photolumines-
cence decays completely after 2 us. The fastest decay observed at early
times is attributed to recombination between the conduction band and
the hole-bound acceptor with kinetics that are independent of annealing
(~0.2 ns lifetime before and after annealing). The longer decay
components are attributed to donor—acceptor pair (DAP) emission
and are highly dependent on temperature. The increased lifetime
following annealing is consistent with reduced donor defect density.

photoluminescence, and transitions between a variety of defect
types have been observed.****' These include recombination
involving shallow donors and shallow acceptors that give rise to a
blue emission at 7400 nm,”"** as well as pairs involving deep tra

levels, which contribute to the yellow-green emission.'”*%*!
Because carriers undergo trapping and detrapping due to thermal
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Figure 11. Time-resolved emission data taken after annealing the rod
shown in Figure 9 (the scale bar corresponds to 2 m). The location of
the excitation is indicated by the circle on the trap emission image shown
in the inset. The top panel (A) shows the emission kinetics have a faster
decay at lower energies in contrast to our observations before annealing.
The lower panel (B) shows emission spectra reconstructed from
transients obtained at a series of detection wavelengths and correspond
to spectra at 0.2, 1,2, 5, and 15 ns. They show an apparent blue shift of
the emission band with increasing time. The consistency of 7, and 7,
(Table 1) across the band suggests the apparent blue shift is due to
variation in the relative amplitudes of the ultrafast and slow components
and not a dynamic shift of the spectrum.

activation, DAP emission is sensitive to temperature. This is
particularly true for the higher-energy DAP emission involving
shallow defects, which is observed at low temperatures (5 K);
however, deeper traps are much less susceptible to thermal
detrapping and DAP recombination has been implicated in the
visible emission at much higher temperatures.*"

It is this sensitivity to thermal detrapping that makes the
temperature dependence a particularly useful method of assign-
ing DAP recombination. With respect to the time-dependent
spectral shifts observed here, we would expect that carrier
trapping and detrapping processes at higher temperatures would
allow carrier migration through the bands and mute the red shift;
that is, measurements at lower temperatures should show greater
spectral shifts. Such observations have already been made in
polycrystalline ZnO films. In those experiments, Egelhaaf and
Oelkrug observed a red shift of ~2000 cm ™" within 600 ns after
excitation of ZnO at 77 K; however, at room temperature almost
no shift was observed.** Since our experiments are conducted at
room temperature, the red shift we observe is comparatively

small (~300 cm™ ') compared to Egelhaaf and Oelkrug’s ob-
servations at 77 K, and we would expect a much larger shift at
lower temperature. Although such observations would provide
strong evidence to support DAP recombination, low-tempera-
ture measurements are currently not feasible in our two-photon
emission microscope.

However, in addition to a distinctive dependence on tempera-
ture, DAP recombination will also show a characteristic depen-
dence on the defect density. Annealing crystalline materials at
high temperatures is a well-established method of reducing the
defect density in semiconductor systems, and comparisons
between the as-grown and annealed structures provides support
for the DAP assignment.

As the defect density decreases, the average spacing between
donors and acceptors increases, which alters both the emission
lifetime and the magnitude of the spectral shift. Because the
reduced wave function overlap at larger separations will lead to an
increase in the DAP recombination time, the increase in the
photoluminescence lifetime from tens of nanoseconds in the as-
grown structures to several microseconds in the annealed rods
(Figure 10) supports the DAP assignment. The magnitude of the
spectral shift is given by

&2 1 1 &%
AAE) ”?(<d>t_w‘<d>t_o> ¥ w2

where (d), is the average separation between a donor and the
nearest acceptor at t = 0. As the average separation increases, the
interaction between the donor and acceptor states diminishes,
and the magnitude of the spectral shift decreases. The time-
dependent shift in the low-energy band is masked at early times
in the annealed structures by the apparent net blue shift of the
spectrum. That being said, there is a slight increase in 75 at longer
wavelengths, which is consistent with a significantly reduced red
shift and the DAP assignment.

Defect Types. Because of the differing reports in the literature,
precise assignment of the donor and acceptors to particular trap
types is difficult. The trap emission originates from imperfections
in the crystal lattice that include extrinsic impurities and intrinsic
lattice defects.”” >* There have been numerous experimental
reports in the literature that systematically probe the defect
chemistry in ZnO and relate it to specific spectroscopic
signatures.'”?"*#74 Perhaps just as numerous are the theore-
tical models that attempt to make similar assignments.”*"~*’
While this research has been conducted for decades the exact
assignments still remain inconclusive and controversial. This is
exacerbated by the dependence of visible emission on particle
shape, size,' and synthetic procedure.”***' For example, a
survey of particles grown by different synthetic methods shows
significant variation in their trap emission spectra,2 underscoring
the difficulties in making such assignments.

Among the different types of intrinsic defects (vacancies,
interstitials, and substitutions), perhaps the two most heavily
cited for giving rise to the defect emission are oxygen (V) and
zinc vacancies (Vy,), each of which can exist in either neutral,
single-, or doubly ionized states.”*" In n-type ZnO these defects
exist in their most negatively charged state, making the oxygen
vacancy a neutrally charged donor (Vo) and the Zn vacancy a
doubly charged acceptor (ie., Vanf). There have been numer-
ous reports that attribute the defect emission to single-ionized
oxygen vacancies (Vo™),%°7° which, in principle, could also act
as an acceptor; however, it is uncertain that Vo would exist in a
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singly ionized state under n-type conditions and several recent
reports have suggested that it is thermodynamically unstable.***"
If the trap emission observed in our structures originates entirely
from native defects, then one potential assignment would involve
Zn vacancies in their doubly ionized state, V.2, serving as
acceptor defects.”>** Upon photoexcitation, a hole in the valence
band (h™)yp can localize on one of these sites and subsequently
recombine with an electron in the conduction band, or a shallow
donor, to result in the emission of a photon (i.e,, Vz, + (e )cs
— V2.2~ + hv). The emission energy of such a transition would
be approximately E, — E,, where E, is the band gap and E, is the
hole ionization energy. There are discrepancies in the literature for
the hole ionization energy from V, (ie, V7, — V..l 4
(h")yp), with reports placing it between 0.9°°* and 2.8 eV.>** A
value closer to the lower limit would correspond to the emission of
an ~500 nm photon, consistent with the higher-energy emission
band. There are several candidates for the shallow defects involved
in the DAP emission. If both the DAP emission and the higher-
energy emission observed in annealed structures involve the same
acceptor defect, namely, V,,~, then the shallow defects involved in
the DAP emission must lie within 150—200 meV of the conduc-
tion band edge. Although neutral oxygen vacancies, Vi, are one
possibility, it is unclear whether they would be annealed out of the
lattice at the temperature used here. Zinc and hydrogen interstitials
are more likely candidates. They lie within 150 meV of the
conduction band edge, and since they have low migration barriers,
they are likely to be annealed from the structure, disrupting the
DAP transition. The invoking of native defects in the DAP
emission is consistent with assignments made by other groups.*"**
Although our structures are not intentionally doped, we cannot
completely rule out extrinsic defects arising from a variety of
impurities, which have also been implicated in ZnO DAP
emission.””**"*>5¢ In particular, defects created by Li and Cu
inclusion have been implicated, with Li-doped materials giving rise
to yellow luminescence centered around 570 nm and Cu giving
rise to the green emission centered around 500 nm.>*"*°%%

Il CONCLUSION

We utilize nonlinear microscopy methods to study the trap
emission dynamics in single needle-shaped ZnO rods. Analysis of
trap emission decays obtained using two-photon emission micro-
scopy for both as-grown and annealed structures suggest that the
trap emission band is composed of two overlapping emission
bands. The lower-energy band, which is more prominent in the as-
grown rods, contributes to the emission on longer time scales (¢ >
0.5 ns), exhibits a time-dependent spectral red shift during the first
10— 15 ns after photoexcitation, and has a lifetime that depends on
defect density. We attribute these observations to DAP emission.
The higher-energy band is characterized by an ultrafast (0.2 ns)
lifetime and is attributed to recombination between electrons in
the conduction band and holes trapped at deep defect sites.
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ABSTRACT: We have used two-photon emission microscopy
to characterize the charge carrier dynamics at different locations
within a single ZnO rod. Photoexcitation by a focused laser
produces carriers (electrons and holes) in a localized region.
Emission is detected using both time-integrated and time-
resolved methods. Results show that the electron—hole plasma
(EHP) state plays a larger role at the end of the rod compared to
other points within the structure, where electron—hole recom-
bination proceeds through an excitonic state. The origin of this
spatial dependence is attributed to the physical confinement at

Zn0
Single-point
Spectroscopy

the end of the structure that prevents an expansion of the photoexcited electron—hole cloud through processes such as carrier
diffusion. Whispering gallery modes are identified as contributing to a periodic emission pattern along the length of the structure.

1. INTRODUCTION

At low excitation intensities the optical properties of semi-
conductors are determined by single electron—hole pairs that
exist either in excitonic states or as free carriers in the continuum.
As the excitation intensity and corresponding carrier density
increase, the separation between excitons becomes comparable
to, or smaller than, the Bohr radius. The charge carrier interac-
tions that emerge in this high-density regime give rise to a host of
nonlinear optical effects, including a weakening of the exciton
binding due to Coulombic screening, and ultimately the forma-
tion of a collective electron—hole plasma (EHP) phase. The
many-body exchange and correlation interactions that are pre-
sent in the EHP stabilize the photoexcited state, resulting in a
narrowing of the band gap that is often referred to as band gap
renormalization. Furthermore, the oscillator strength is en-
hanced in the EHP, and electron—hole recombination in this
high density limit is characterized by an intense, red-shifted
emission compared to its excitonic counterpart.2

Finite-sized structures offer an additional layer of complexity
and opportunity. When an object’s dimensions are comparable
to the wavelength, its size and shape play a central role in
determining its optical properties. The shape of the object can
give rise to complex cavity resonances that concentrate the
optical field in specific locations, becoming an intrinsic part of
the optical response. While most examples of cavity resonances
have come from engineered systems, similar effects are possible
in nanoscale and mesoscale structures.’” "

Electron—hole plasma formation has been observed in bulk
materials and single nanostructured objects. However, the po-
tential for EHP variation across different regions within a single

v ACS Publications ©2011 american chemical Society

structure, and the relation between EHP formation and local
optical cavity modes, has not been explored. Here we describe
the use of two-photon emission microscopy to examine the
spatial variation in EHP formation in individual needle-shaped
ZnO rods and relate EHP formation with local optical cavity
modes. The combination of facile EHP formation in ZnQ®~>'!?
and the diverse set of synthetically available crystalline structures
with complex geometrical architectures™ "> make this an ideal
material for investigating shape dependent EHP formation.
Previous work in our lab investigated the excited state dynamics
of needle-shaped ZnO rods with spatial specificity.'®”"® This
report builds upon that work by examining the EHP dynamics in
different regions of individual rods (e.g, end vs middle) using
both time-integrated and time-resolved methods. Experiments
using a focused laser beam to excite a spatially localized region of
the rod show a greater propensity for EHP formation in the
narrow tips compared to the interior regions where the rod’s
cross section is larger. We attribute this spatial variation to a
physical confinement of carriers that inhibits expansion of the
charge cloud at the end the structure, maintaining the density of
electron—hole pairs and the EHP state. In addition to the spatial
variation in EHP formation, the optical properties are strongly
influenced by whispering gallery (WG) modes supported within
the rod’s hexagonal cross section. It is the combination of
spatially varying EHP and optical cavity modes that give rise
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Figure 1. Band-edge (BE) and trap (T) emission images of the rod
shown in the SEM image. The rods are needle-shaped and symmetric,
although in this image only the left-hand side of the structure is shown.
The fluorescence images were obtained at a laser power of 10 mW and
show increased intensity at the end of the rod and modulated intensity
throughout the interior. Emission spectra collected by positioning the
excitation spot at the end (red) and interior (blue) of the structure show
two bands arising from band-edge emission (BE) at 400 nm and trap
recombination at 550 nm. The locations of the spectra are indicated by
the colored circles in the SEM image.

to the complex emission images and spatially heterogeneous
behavior.

2. EXPERIMENTAL SECTION

Studying the carrier dynamics at different points within a single
structure necessitates a technique with high temporal resolution and
spatially localized excitation. The microscope used here combines an
ultrafast laser source with a home-built inverted microscope."® Two
photon excitation is achieved using the 730 nm output of a mode-locked
(80 MHz) Ti:sapphire laser. Light from the laser is directed through
a prism-pair compressor and reflected off a dichroic beam splitter
(R, 680—1000 nm; T, 360—650 nm) onto the back aperture of the
objective (Olympus MSPlan 50, 0.8 NA), which focuses the beam to a
diffraction limited spot. Because two-photon excitation scales with the
square of the laser intensity, the lateral dimension of the excitation is
approximately 350 nm. Photoluminescence collected by the objective
passes through the beam splitter and is directed into a monochromator
and detected by a photomultiplier tube for time integrated measure-
ments or a streak camera for time-resolved detection (~10 ps time
resolution). Imaging is achieved by raster-scanning the sample across the
focal point of the objective using a piezoelectric stage (Queensgate
NPS3330 Controller/Stage System).

The structures were synthesized using hydrothermal techniques, drop-
cast onto a glass microscope slide, and annealed at 550 °C prior to study.
Through the course of this study we examined approximately 10 needle-
shaped rods. The scanning electron microscopy (SEM) image of a typical
structure is shown in the top right of Figure 1. While there is some variation in
size, the structures are all crystalline, with faceted, hexagonal cross sections.
They generally vary between 10 and 20 y#m in length and are 1—2 um in
diameter at the middle, tapering down to ~300—500 nm at the ends.

3. RESULTS AND DISCUSSION

Zinc oxide is a wide band gap semiconductor (3.37 eV) with a
strong exciton binding energy (60 meV).'*!S Photoexcitation in

the ultraviolet, or two-photon excitation in the near-infrared,
promotes electrons from the valence band to the conduction
band. The free carriers that are produced can relax into excitons
(at low excitation intensities), resulting in a near-UV emission at
390 nm, or become trapped at defect sites, giving rise to a broad
visible emission centered at 550 nm.

Imaging. Two-photon microscopy images obtained by mon-
itoring the band edge (390 nm) and trap (550 nm) emission
channels following two-photon excitation at 730 nm of a typical
rod (denoted R1) are shown along with the SEM image in
Figure 1. The increased areas of intensity at the ends of the
structure are a particularly prominent feature in both the band-
edge and trap emission images. A closer comparison of the two
images, however, shows that the bright spots are slightly offset,
with the trap image showing its most intense emission slightly to
the left of the band edge. This shift is likely a consequence of the
roughness observed at the tip of this rod, which would result in a
greater defect density and brighter trap emission.

Optical Cavity Modes. In addition to the bright ends, the
emission from the interior of the rod is periodically modulated
and appears to coincide with the facets in both the trap and band-
edge emission images, with greater contrast in the band edge.
Not every rod exhibits a pattern of this nature, but most do, and
the contrast in the band-edge image is generally always greater.
This spatial variation most likely results from the influence of
optical cavity modes (supported by the rod’s hexagonal cross
section) on the emission intensity. Generally, there are two types
of modes—standing wave (Fabry—Perot, FP) resonances, which
are supported between two parallel facets, and whispering gallery
(WG) modes, which correspond to propagation of light around
the periphery of the hexagonal cross section through total
internal reflection off each facet. We previously identified the
influence of FP and WG modes on second-harmonic generation
in ZnO rods,"” and WG modes have been implicated in a number
of other spectroscopic measurements of ZnO structures.”® >°
The coincidence of the bright spots in the emission images with
the vertices of the hexagonal facets suggests that it is the WG
modes that influence photoluminescence in these structures.

For a given wavelength, 4, the resonance condition dictates
that modes will be supported for specific cross-sectional dia-
meters of the rod, i.e.

dy = % "+ % tan ! (/30 — 4) (1)

where d,,, is the separation between two parallel facets and m is an
integer that specifies the mode number.””*¢ In this expression n
is the refractive index and 3 depends upon the polarization of the
light. The spacing between adjacent modes, Ad = d,,.,; — d,, is
then 1/3n.

The periodic nature of the emission pattern in the tapered
structure arises because the facet spacing changes along the
length of the rod."” Analysis of the SEM images for this rod shows
that the facet separation varies nearly linearly with distance along
the rod, resulting in a series of resonances observed along the
structure that are spaced by

A2

AL = —
[0} 3na

(2)
where a is the change in the facet spacing per unit length along
the rod. For the rod shown in Figure 1, = 120 nm/um in the
vicinity of the resonances.
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Figure 2. Band-edge emission spectra collected at a series of laser powers at three different points within two different structures, R1 and R2. Emission
images for the two structures are shown at the top. Panels A—C and the left-hand image correspond to R2; panels D —F and right-hand image correspond
to R1. The scale bar in both images is 1 #m. The locations marked A—F indicate the points at which the spectra shown in panels A—F were collected.
Each panel shows three spectra collected using low (green), intermediate (red), and high (blue) laser power. The green spectra in panels A—C were
collected at the same power (Py), as were the red (3P,) and blue (SPy). The same is true for panels D—F, but green, red, and blue correspond to Py, 2P,,

and 3P,. In both cases, Py = S mW.

The WG modes can influence the emission either through
spatial modulation of the excitation or enhancement of the
photoluminescence through constructive interference. Using
A =730 nm and n = 2 in the above expression yields a predicted
spacing, AL, between optical resonances of approximately
0.9—1.0 um, which is close to the observed spacing of 1.0—
1.1 um. This suggests that the periodic variation observed in the
emission images arises (at least in part) from excitation light
coupling into the WG modes, resulting in a concentration of the
optical field at specific locations within the rod and regions of
localized excitation. In addition to the excitation light, a coupling
of the 390 nm emission into the WG resonator may also play
a role. While the predicted spacing for adjacent resonances
(m, m + 1) in the band-edge emission (390 nm) is only 0.5 ym,
too small to account for the observed pattern, the spacing
between alternating resonances (1, m + 2) would also be around

1.0 um. Thus, the periodic pattern observed in the band-edge
emission image may stem from a situation in which both the
excitation and emission light are quasi-resonant. This double
resonance condition is not expected to be present in the trap
image, where the resonance condition cannot be simultaneously
satisfied by the 730 nm excitation light and the 550 nm defect
emission, accounting for the lesser degree of contrast observed in
the defect emission image.

Spatially Dependent EHP Formation. Spectroscopic mea-
surements are performed by positioning the excitation spot at
specific points in the structure. The photoluminescence spectra
shown in Figure 1B were collected from the end of the rod and at
a point located between the end and middle, denoted interior.
(Note, throughout this manuscript the “end of the rod” refers to
the location of the bright point in the band-edge emission
image.) Emission spectra observed at different locations have
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the same spectral features, namely a narrow transition centered at
~390 nm that corresponds to electron—hole recombination
from the band-edge (BE) and a broad trap emission band at
~550 nm (T). While the spectra have the same basic form, the
intensity of the band-edge emission relative to the trap depends
on the position in the structure, with the spectrum obtained from
the end exhibiting a greater BE/T intensity ratio than the interior
(~20:1 vs ~S5:1). The spatial variation in the BE/T ratio is one
indicator that the photophysics at the end of the structure differ
markedly from those in the interior.

The band-edge emission spectrum at the end of the rod also
shows a significant dependence on excitation intensity relative to
other points. Band-edge emission spectra collected at different
excitation intensities are shown in Figure 2 for three different
locations in two different rods, R1 and R2. Dashed circles on
two-photon emission images that accompany each set of spectra
indicate the locations where the spectra were collected. At the
middle of the rod, the spectra are independent of excitation
intensity, with A, & 390 nm. On the other hand, at the end of
the rod, the spectra systematically shift to lower energy with
increasing excitation energy. In the case of R2, a broadening of
the spectrum is also observed; however, the degree to which this
happens varies from rod to rod. Similar, but less dramatic
changes, are observed in the interior. We have observed this
phenomenon to differing degrees in multiple structures. A
systematic examination of nine rods shows that on average there
is an 8 nm shift at the end, a 4 nm shift in the interior, and a 2 nm
shift in the middle of the structure.

The red shift in the emission band is consistent with the
formation of an EHP at higher excitation intensities.” '**” At
low excitation intensity the band-edge (BE) emission arises
predominantly from exciton recombination. As the carrier den-
sity increases, Coulombic screening weakens the exciton binding
energy, resulting in dissociation of the electron—hole pairs and
the transition to the EHP state. Experimental gain spectra suggest
the transition to the EHP in ZnO occurs at carrier densities
between 10'” and 10" cm™>." On the basis of the two-photon
cross section for ZnO and excitation intensities used here, we
estimate that each laser pulse produces a charge carrier density of
~10% o328

The many-body correlation and exchange interactions be-
tween carriers that are present in the high density EHP regime
alter the electronic structure of the semiconductor. Because the
Pauli principle forbids electrons with parallel spin to occupy the
same unit cell, the distance between electrons increases, reducing
the Coulombic repulsion. There is also a greater probability of
finding an electron near a hole (and vice versa) than finding two
like charges in the same vicinity, and the two effects combined
lower the total energy of the system.' The net result of this
stabilization of the plasma is a monotonic decrease of the band
gap with increasing electron—hole pair density. As a conse-
quence, the emission spectrum resembles the exciton emission at
low laser power but shifts to the red as the excitation intensity
increases and the system transitions to an EHP state.

Closer inspection of the spectra shows that at the lowest
excitation intensity the spectra at the end of the structure exhibit
some differences relative to their counterparts in the interior. The
R1 spectrum is slightly blue-shifted and the R2 spectrum is
broadened. While the broadening is suggestive of the beginnings
of plasma formation, the blue shift is consistent with the
weakening of the exciton that occurs as their Bohr orbits begin
to overlap.' These differences indicate that the photophysics at
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Figure 3. Time-resolved emission data collected from the end of
structure R3. (A) Intensity map depicting emission as a function of
time and wavelength (blue corresponds to low intensity, red high
intensity) obtained under high laser power conditions (17 mW). The
inset shows the emission image. (B) Emission spectra obtained by taking
horizontal slices through this emission map at 0 ps (gold), 80 ps (red),
and 200 ps (green) after excitation show a time-dependent blue shift of
the band. (C) Emission spectra collected from the same point, but at a
lower laser power (S mW), show no shift.

the end of the structure are influenced by carrier—carrier
interactions, even at the lowest excitation intensities.

The dependence of the spectrum on carrier density implies
that the EHP emission should have a distinct temporal signature,
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Figure 4. Intensities of the band-edge and trap emission bands in R1 as
a function of laser power at the end (blue), interior (red), and middle
(green). The three locations are indicated by the points labeled D, E, and
F, respectively, in the right-hand image of Figure 2. Images represent
the BE/T ratios obtained by dividing the band-edge image by the trap
image at two different laser powers. The S mW image was multiplied by a
factor of 5.

showing an emission spectrum that appears initially to the red of
the exciton band and shifts to the blue with time as electrons and
holes recombine and the carrier density drops. The spectral—
temporal intensity map in Figure 3A depicts the evolution of the
BE emission following 17 mW excitation at the end of the rod
labeled R3. The fluorescence image of this rod is shown in the
inset of Figure 3A. Spectra at specific times can be obtained by
taking horizontal slices across the intensity map. A comparison of
spectra extracted at 0, 80, and 200 ps shows that the spectra shift
to higher energy over the first 200 ps following photoexcitation
(Figure 3B), consistent with the instantaneous appearance of an
EHP and a subsequent transition to an excitonic state. When the
experiment is conducted in the same region of the rod with a
lower power (S mW), the shift in the spectrum disappears
(Figure 3C), in line with the formation of an excitonic state.

In the smaller regions at the ends of the structure, we observe
an increase in the magnitude of the spectral red shift (Figure 2),
consistent with the formation of an EHP. The implication is that
the photogenerated carriers in these locations must have a
density that is high enough to support transition of the nascent
charge distribution to the EHP. This is greatly facilitated at the
end of the structure, where physical confinement of the charge
carriers will help to maintain the close interaction. In the middle
of the structure, carriers can migrate away from the excitation
region, either through simple diffusion or perhaps driven by
internal fields that separate the electrons and holes. On the basis

of the carrier diffusion constant in ZnO (~10 cm®s™"),***° we

estimate a field-free diffusion length of 2300 nm during the first
100 ps after excitation. Band-bending in ZnO is anticipated to
result in electric fields and a depletion zone that extends a
hundred nanometers or more into the bulk, which could increase
this even further. The net result is a decrease in the charge density
that makes it more difficult to form and sustain the EHP. As a
result, the emission observed at the interior locations arises
predominantly from excitonic recombination.

The transition from the excitonic state to the EHP is also
accompanied by characteristic changes in the emission intensity.
A decrease in the oscillator strength of the exciton emission is
expected as the carrier density increases. In this intermediate
regime, the exciton—exciton interactions result in a weakening of
the exciton binding energy that is accompanied by an increase in
the excitonic radius and a corresponding decrease in the overlap
of the electron and hole wave functions. This trend reverses as
the system transitions from this intermediate regime to the
EHP, where an increased correlation between the electrons and
holes results in a greater oscillator strength (i.e, excitonic
enhancement) and a brighter emission than those of its exciton
counterpart.” This increase in oscillator strength could explain
the more intense band-edge emission observed both in the
images and in the spectra collected at the ends of the structure.

Shown in Figure 4 is the intensity of the band-edge and trap
emission as a function of the square of the laser power at three
different points located along the central axis of R1. The trap
emission exhibits a linear increase in this representation, indicat-
ing that it is simply proportional to the carrier density produced
by two-photon excitation. The band-edge emission, on the other
hand, shows upward curvature, signifying that its intensity in-
creases superlinearly with the carrier density. This upward
curvature is more pronounced at the end of the rod, where the
red shift in the emission spectrum shows the contribution from
the EHP is the greatest. The intensity dependence of the BE
emission (both its intensity and spectral position) indicates a
spatially dependent propensity for EHP formation, with the
degree of correlation and exchange interactions increasing
(i.e., greater degree of EHP) as the excitation is moved from
the middle to the end of the rod.

Whispering Gallery Mode Stimulated Emission. One sig-
nature of stimulated emission in ZnO is an increase in the ratio of
the band-edge to trap emission intensities with increasing laser
power. Shown below the plot in Figure 4 are images of the BE/T
ratio at two different laser powers. At low laser powers there is a
generally uniform BE/T ratio of &2 observed throughout the
interior of this rod and a localized region of 2212—13 at the end.
Given the small excitation volume at this location, we anticipate
that spontaneous EHP emission is the main contributor to the
total emission and that the increase in the BE/T ratio is due
primarily to the EHP oscillator strength. However, because of its
large oscillator strength, EHP emission in ZnO is often asso-
ciated with stimulated emission and lasing in finite sized
structures,” 2'V122531735 and as a result it is difficult based on
our data alone to rule out contributions from stimulated emission
at the end of the rod. It is interesting to note that the BE/T ratio is
~0.5—0.7 at the very tip of the rod, where the most intense spot
in the trap emission image occurs, highlighting the greater
influence of the trap emission where the structure terminates.
Our focus, however, is not on the end of the structure but on the
changes that occur in the interior.
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Figure 5. Band-edge emission images of R1 obtained under low power
(5 mW) and high power (17 mW) conditions. The images are scaled to
have the same intensity at the end of the rod. The images are 8 #m in the
vertical dimension. The right-hand panel shows the emission intensity
(obtained by summing the intensity across a row of pixels) along the
longitudinal axis of the rod for the two different powers. The WG mode
pattern becomes more pronounced at higher powers.

In the rod’s interior, the BE/T ratio grows by a factor of 30—40
as the laser power is increased from S to 17 mW; however,
the growth is not uniform across the structure. The WG mode
pattern is more pronounced in the BE/T ratio image at the
higher power, indicating that resonance locations exhibit a dis-
proportionate increase in the band-edge emission intensity. This
is evident in the band-edge images themselves, which are shown
at low and high excitation intensities in Figure S. The emission
intensity along the length of the rod is displayed in the right-hand
panel, which shows the integrated signal across a row of pixels as a
function of longitudinal position. As the laser power is increased,
the brightness of the interior WG modes exceeds even that
observed at the end of the rod.

These observations must arise from a situation in which the
rod’s cross-sectional diameter also supports a WG resonance at
390 nm. Under these circumstances, emission (exciton or EHP)
from the excitation region would travel around the periphery of
the rod undergoing total-internal reflection at each facet, result-
ing in stimulated emission. Because we do not see a narrowing
of the emission spectrum (Figure 2D—F), which would be an
indicator of WG mode lasing, the enhancement of the mode
pattern observed here is probably better described by amplified
spontaneous emission.

Closer inspection of the images shows that, for a given WG
mode, the emission intensity depends upon the lateral position of
the excitation. Figure 6 shows this variation for one of the WG
resonances in R1, where the expanded view in the figure
corresponds to the area indicated by the red rectangle in Figure S.
The intensity profile across the rod (right-hand side of panel)
shows two peaks that coincide with the outer facets of the
structure. Comparison of lateral profiles taken at different powers
shows that the contrast depends upon laser intensity, with the
peaks increasing more than the interior. Intensity dependence
measurements performed at the “bright” and “dim” spots marked
on the image are displayed in Figure 6B. The brighter spot shows
a steeper increase in the emission intensity with increasing pulse
energy.

The lateral variation in the intensity dependence is indicative
of a nonlinear optical effect, either in the degree of excitation or in
the enhancement of the stimulated emission. One possibility is
that the WG mode results in an enhancement in the optical field,
which in turn leads to a greater carrier density and a more intense
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Figure 6. (A) Expanded image of the WG mode in R1 indicated by the
red rectangle in Figure S. The horizontal dimension of the image is 3 ym.
The profile at the right corresponds to a horizontal cut along the dotted
line in the image for both the low (S mW) and high (17 mW) power
cases. (B) The intensities of the band-edge emission at the two points
along this line that are labeled “bright” and “dim” in the image. Parts C
and D are the band-edge emission spectra collected from these two
points at low (§ mW) and high (17 mW) power.

EHP. This does not appear to be the case, however, as the two
locations (Figure 6C and D) show similar power-dependent
spectral shifts, implying similar EHP characteristics. A more
likely possibility for its origin lies in the positional differences
of the excitation. When the rod is excited near its edge, light
emitted by the electron—hole recombination event will be better
positioned to undergo total internal reflection and travel around
the periphery of the rod, stimulating emission on each successive
round trip. The splitting of the WG resonance into two spots may
be a consequence of a better coupling of the emission into the
WG mode at those locations.

4. CONCLUSIONS

We have implemented two-photon emission microscopy to
locally excite different regions of individual ZnO rods at steadily
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increasing excitation intensities. Results from steady-state spec-
tral analyses show that the BE emission band shifts to lower
energy with increasing excitation power at the end of the rod.
The magnitude of the shift is greatly diminished in the rod
interior (by a factor of 2 on average) and disappears almost
completely in the middle. These observations are consistent with
the preferential formation of an EHP at the end of the rod. Time-
resolved emission data confirms this notion, showing a time-
dependent spectral blue shift in the band edge emission when the
end of the rod is excited with high power. This corresponds to
disappearance of the EHP and subsequent recovery of the band
gap. No shift is observed at low excitation intensities. Images
obtained under high power conditions show a pronounced
whispering gallery (WG) mode pattern that enhances the
stimulated emission. Collectively, our results show that different
regions of a single structure can exhibit distinctly different photo-
physical behaviors.
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Images of second harmonic generation (SHG) in needle-shaped ZnO rods obtained from individual structures
show areas of enhanced second harmonic intensity along the longitudinal axis of the rod that are periodically
distributed and symmetrically situated relative to the rod midpoint. The spatial modulation is a direct
consequence of the fundamental optical field coupling into standing wave resonator modes of the ZnO structure,
leading to an enhanced backscattered second harmonic condition that cannot be achieved in bulk ZnO. A
more complicated second harmonic image is observed when excitation is below the band gap, which is attributed
to whispering gallery modes. This physical phenomenon, which extends beyond just ZnO to many other
optical materials, could pave the way to new applications that exploit the nonlinear optical properties of

individual structures.

I. Introduction

The increasing demand for miniature optoelectronic and
photonic devices that access new spectral regions has fueled
intense interest in a variety of wide band gap semiconductors
that assume complex geometrical architectures.'> Exciton emis-
sion is ideal for many applications but restricts operating
wavelengths, limiting device applications. Second harmonic
generation (SHG) and other nonlinear mixing processes have
the potential to circumvent this limitation. Efficient SHG
requires a large second-order susceptibility (y*) and a mech-
anism to maintain phase coherence between the fundamental
and second harmonic optical waves, i.e., phase matching. In
many common bulk SHG materials, with large ¥® values, phase-
matching is achieved by exploiting an intrinsic birefringence.
However, the formation of these materials into nanostructures
is limited.> On the other hand, there are many semiconductors
that have large ¥® values and can also adopt intricate forms,
but they often lack the capacity to achieve phase matching
through conventional means.*>

Cavity modes in microstructured materials can play an
important role in the nonlinear mixing processes, resulting in
new phenomena not present in macroscopic systems. For
example, microresonators formed from second-order materials
can circumvent phase matching and exhibit efficient SHG when
the fundamental and/or second harmonic optical fields are
resonant with cavity eigenmodes.*”'> Experimental observations
of this phenomenon date back to the 1960s when Ashkin et al.®
explored the enhancement of SHG in KDP though optical cavity
resonance. More recent efforts used electrochemical, photo-
lithographic, and molecular beam epitaxy techniques to develop
complex high-finesse cavities in order to achieve a quasi-phase-
matching condition with increased conversion efficiency. In
addition to efficiency enhancement, microcavity resonances can
result in phase matching conditions that yield second harmonic
intensity propagating in new directions. The second harmonic
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produced in conventional frequency doubling emerges collinear
with the fundamental, in the forward scattered direction;
however, microcavities can produce a counterpropagating beam
as well. This backscattered radiation, which could be thought
of as arising from a standing polarization wave, cannot be
achieved in bulk materials and is one signature of the optical
cavity’s influence on the SHG process. While most examples
of cavity effects in nonlinear mixing have come from engineered
systems, similar effects should be visible in nanoscale structures
that have well-defined cavity eigenmodes. Here the shape of
the object (e.g., rods, ribbons, tetrapods, etc.) can lead to more
complex cavity modes and is expected to play an even greater
role in the nonlinear mixing process.

Zinc oxide has emerged as an ideal material for exploring
structurally dependent optical phenomena.'?® The diverse set of
synthetically available crystalline structures that include wires,
rods, and tetrapods provide an array of complex geometrical
architectures to investigate.'* Its wide band gap (3.37 €V, 368
nm) and strong exciton binding energy (60 meV)" lead to an
intense violet-blue emission under UV excitation that is targeted
for many next generation optical device applications. When an
object’s dimensions are comparable to the wavelength, its size
and shape play a central role in determining its optical properties.
The hexagonal cross section of the ZnO structure can support
both Fabry—Pérot (i.e., standing wave) and whispering gallery
modes, and several groups have studied the affects of these
optical resonator modes on the ZnO photoluminescence.'¢~2!
Optical waveguiding and photon confinement are observed in
a variety of structures, resulting in modulated spectral properties.
These processes, which are integral to the function of many
devices including nanowire lasers,? are present even when the
transverse dimension is smaller than the emission wavelength.
While cavity effects on the emission properties of nanostructured
materials have been studied, their influence on second-order
nonlinear optical processes has remained largely unexplored.

This paper examines the effect of cavity modes on the SHG
process in individual needle-like ZnO rods using second
harmonic microscopy. The images show areas of cavity-

10.1021/jp9009614  © 2010 American Chemical Society
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Figure 1. Schematic representation of the nonlinear microscope.
Individual rods are excited by a femtosecond laser pulse from a mode-
locked Ti:sapphire laser that is focused to a diffraction limited spot by
a microscope objective placed below the sample plane. Two-photon
photoluminescence and second harmonic light emanating from the rod
is collected by the objective, transmitted through a dichroic beamsplitter,
focused onto the entrance slit of a monochromator and detected by a
photomultiplier tube. Imaging is achieved by raster scanning the sample
across the focal point of the objective.

enhanced second harmonic intensity along the longitudinal axis
(c-axis) of the rod that are periodically distributed, symmetrically
situated relative to the rod midpoint, and have positions that
vary with the fundamental frequency. The spatial modulation
is a direct consequence of the fundamental (w) coupling into
cavity modes of the ZnO resonator that are oriented transverse
to the rod axis, resulting in enhanced backscattered second
harmonic light. Second harmonic generation in bulk materials
propagates in a forward direction due to phase matching,
whereas the presence of backward propagating SHG is a direct
consequence of nonlinear mixing in a microcavity. Our results
point to the potential for exploiting the resonator properties of
individual objects, possibly paving the way for the development
of novel nonlinear optical devices.

II. Experimental Section

The nonlinear microscope consists of an ultrafast laser source
coupled to a far-field microscope (Figure 1). A mode-locked
Ti:sapphire laser (Spectra Physics Tsunami) pumped by a 5 W
frequency-doubled continuous-wave diode laser (Spectra Physics
Millenia) is used as the excitation source. The system produces
80 fs pulses at a 76 MHz repetition rate and can be tuned
between 720 and 850 nm with a maximum power output of
approximately 1 W. The laser output is sent through a Faraday
isolator and prism-pair compressor operated in a double pass
configuration. A half-wave plate and polarizing cube serve as
a variable attenuator, reducing the average power entering the
microscope to about 10 mW. The beam diameter is expanded
by a factor of 4 and directed, by reflection off a dichroic mirror
(R, 680—1000 nm; T, 360—650 nm), into the objective
(Olympus MSPIlan 50x, NA 0.8) of an inverted microscope,
overfilling its back aperture. Light focused by the objective onto
the sample results in two-photon emission and/or second
harmonic generation. Light collected by the objective is
transmitted through the beamsplitter, focused onto the entrance
slit of a monochromator, and detected by a photomultiplier tube
operated in a photon-counting mode. Under typical experimental
conditions, a signal photon is detected for every 500—1000 laser
pulses. Images are compiled by raster-scanning the excitation
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spot over the sample using a piezoelectric x—y translation stage
with a step-size and reproducibility that are both less than 20
nm. The spatial resolution of the microscope is determined by
the size of the laser beam at the focus of the objective. Since
the probability of two-photon excitation and second harmonic
generation scales with the square of the laser intensity, efficient
excitation occurs only at the focal point, resulting in confocal-
like behavior and a lateral dimension that is smaller than the
diffraction limit. The diameter () of the excitation region is
estimated”® from 6 = 2(In 2)"%(0.3251)/2"> NA%’! to be
approximately 350 nm. Images obtained from 100 nm fluores-
cent beads yielded a point spread function with a width of ~400
nm.

Synthesis. ZnO structures were grown using hydrothermal
and solution phase techniques adapted from Cheng et al.>* and
Li et al.®® Rods analyzed in this work are synthesized by
incubating a 0.05 M solution of Zn(NO;), and methenamine
((CH,)6N4) under hydrothermal conditions for 3 h at 150 °C.
The needle-like rods, which range in length from 1 to 30 um,
are collected on glass slides placed at the bottom of the reaction
container. After completion of the reaction, the slide is removed
from the container and sonicated in ethanol (200 proof) to
harvest the rods. Microscopy samples are prepared by drop-
casting ~250 uL of the ZnO/ethanol suspension onto a
microscope slide. Once the ethanol evaporates, the slide is placed
on the scanning stage with the ZnO rods directly facing the
objective lens. Imaging is performed without a coverslip under
ambient conditions.

III. Results and Discussion

A scanning electron microscopy (SEM) image of a typical
ZnO rod is displayed in Figure 2a. The SEM image shows a
faceted ZnO rod that is ~9 um in length with a hexagonal cross
section whose c-axis is directed along the primary growth
direction. The diameter varies along the length of the rod from
about 500 nm at the ends to approximately 1.5 um at its widest
point. Figure 2e shows the emission spectrum following two-
photon excitation at 730 nm (1.70 eV) of the ZnO rod shown
in Figure 2a. Since the spatial extent of the excitation (400 nm)
is smaller than the rod (9 um), the emission collected by the
objective originates from a localized region of the structure,
which in this case is the midpoint of the rod. The spectrum
contains a sharp SHG peak at 365 nm (3.40 eV), a band edge
emission peak at 390 nm (3.18 eV), and a broad peak centered
at 550 nm (2.25 eV) that is commonly assigned to trap states
arising from defects in the crystal structure.! Panels b—d of
Figure 2 show the images obtained at the second harmonic, band
edge, and trap state emission wavelengths, respectively. The
band edge and trap state emission images show increased
intensity at the ends of the rod, and a reduction in emission
intensity at the midpoint that could be evidence of a grain
boundary not observed in the SEM.

The SHG image differs considerably from the two emission
images, displaying a periodic pattern of enhanced intensity along
the rod axis. Although not apparent in this particular rod,
periodic variations are occasionally observed in band edge and
trap state emission images; however, the contrast is much lower
and exists in only a very small portion of analyzed rods. While
the periodic SHG pattern is a general phenomenon that is
reproduced in a large number of needle-like rods, it is not
observed in all rod shapes. SHG images of ZnO nanowires
obtained by other groups using near-field and far-field methods
do not show periodic variation of the type observed here.?!26
The pattern is also not observed in rods with parallel sides, i.e.,
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Figure 2. Nonlinear second harmonic and two-photon emission
microscopy of an individual ZnO rod. (a) Scanning electron microscopy
image of a needle-like ZnO rod that is approximately 9 um in length
with its c-axis as the primary growth direction. (b) Second harmonic
microscopy image (365 nm) and two-photon photoluminescence images
corresponding to (c) band-edge (BE) emission (390 nm) and (d) trap
state emission (550 nm) observed following excitation at 730 nm (1.7
eV). Periodic variation is clear in the second harmonic image, whereas
the photoluminescence images show no such variation. (e) The steady-
state emission spectrum observed following excitation at the midpoint
of the rod.

rectangular profiles (data not shown), suggesting that the
phenomenon is associated with the variation in diameter that
occurs along the length of the rod in the needle-shaped structure.

These observations invoke the question: What is the physical
explanation for the periodic pattern? The periodic nature suggests
that the phenomenon is linked to optical cavity modes supported
by the ZnO resonator. Such an assertion is not without precedence.
A variety of ZnO structures are observed to support optical cavity
modes, and because of the short cavity lengths, the spacing between
adjacent resonances is oftentimes large enough that they can be
resolved in the emission spectrum.'~?2?"28 The image in Figure
2b is a direct manifestation of the cavity and its affect on the
SHG process. In principle the active modes could either lie lon-
gitudinal or transverse to the rod axis; however, the geometry
of our experiment (Figure 1) suggests that it is modes supported
by the cross section of the rod that are giving rise to the periodic
pattern.

The simplest cavity that can be supported by the hexagonal
cross section of a ZnO rod is a Fabry—Pérot resonator formed
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from two plane-parallel facets (Figure 3f). For the needle-like
structures, excitation at different points along the rod axis
corresponds to interaction with resonators of varying cavity
lengths. The intensity of the fundamental stored within a
Fabry—Pérot resonator of cavity length d is given by*

1

1,(d) =1, (0

n,d
1+ Fsin2(2n/1i)

[

where the finesse F = 4R/(1 — R)? can be determined from the
indices of refraction inside (n,) and outside (7;) the resonator
with the reflection at the boundaries given by R = (n; — ny)¥
(n; + n,)? at normal incidence. 1,,(d) is a periodic function with
maximum coupling into the cavity occurring for values of d
equal to an integer number of half-wavelengths, i.e., d = m(4,/
2ny) with m = 1, 2, 3, etc. Depicted in Figure 3b is 1,(d)
obtained with n; = 1.0 (air), n, = 2.3 (ZnO), and 4, = 746
nm. The intensity stored in the cavity exhibits a series of broad
resonances spaced at multiples of 162 nm. The widths of the
resonances are a result of the low reflectivity at the interfaces
(~15%). It is the periodic nature of I,(d) combined with a
varying facet separation along the rod axis that is the qualitative
origin of the second harmonic generated images.

We have taken this qualitative idea one step further and used
the resonance function, /,(d) shown in Figure 3b to simulate
the second harmonic patterns observed in our images. Displayed
in panels d and e of Figure 3 are the SHG and SEM images of
a 9 um long ZnO rod. The procedure involves first using the
SEM image to measure the diameter of the rod, d, (Figure 4f)
as a function of distance along the rod axis. The facet separation
is then estimated from the diameter assuming that the cross
section is a perfect hexagon (dgp = 3 "2d,/2); the result is
displayed in Figure 3a. The SHG intensity along the rod axis is
obtained by mapping the square of the intensity values (I, =
1,,%) in Figure 3b onto the facet separation in Figure 3a. Since
the plane-parallel plates of the hexagon do not extend toward
infinity but only span the length of a facet (s Figure 3f), the
spatial intensity variation perpendicular to the rod axis is
approximated as a Gaussian with a full width at half-maximum
of s. The result is a matrix of intensity values displayed in Figure
3c. Despite the simplicity of the model the simulated image is
in remarkable agreement with the experimental image. The
relatively minor differences between the experimental and
simulated images may be due to an uncertainty in the refractive
index for ZnO since a range of values between 2.2 and 2.4 have
been reported for the wavelengths of interest,' or they reflect
an imperfect hexagonal cross section (i.e., not all facets are of
equal length implying that dgp = 3'2d,/2 is only approximate).
Furthermore, the simulation models the needle-like structure of
the rod as a series of hexagonal slabs calculating the energy
stored in the cavity assuming the facets are parallel and using
that to determine the intensity of the second harmonic. The facets
are not quite parallel, and in this respect our model is only
approximate. The tapered shape introduces walk-off that would
decrease the finesse of the cavity relative to the parallel geometry
assumed in the model. Since ZnO has low reflectivity at the
interfaces (~15%), it already has a low finesse and walk-off
would just reduce this further. Despite this limitation, the
similarity between the simulated and experimental images
suggests that the additional reduction in the cavity finesse
introduced by nonparallel facets is a relatively minor effect.

The resonance condition (d = m(4,/2n,)) predicts that for a
given mode number (), the resonant cavity length will increase
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Figure 3. Cavity mode analysis of the second harmonic images. (a) A plot of facet separation (drp) as a function of distance along the rod axis
measured from the SEM image of the needle-like ZnO rod shown in panel (e). (b) Intensity of the fundamental (/,) stored inside a Fabry—Pérot

resonator as a function of cavity length. Obtained using eq 1 with n; = 1.0 (air), n, =

2.3 (Zn0O) and 4, = 746 nm. The intensity stored in the cavity

exhibits a series of broad resonances spaced at multiples of 162 nm. The widths of the resonances are a result of the low reflectivity at the interfaces
(~15%). The solid lines represent the fwhm (/,,) of integer m = 6 half-wavelengths which fit inside the resonator. (c) Simulated second harmonic
generated microscopy image using (a) and (b). (d) Experimentally collected second harmonic generated microscopy image. (e) Scanning electron
microscopy image of a needle-like ZnO rod used to generate (a). (f) Illustration of the hexagonal cross section of a ZnO rod with facet separation

(dpp), diameter (d,), and facet length (s).

linearly with the fundamental wavelength. Figure 4 displays a
series of SHG images collected over a range of excitation
wavelengths. The images obtained from 726 to 750 nm (A,, =
363—375 nm) are relatively similar, each displaying the clear
periodic pattern that was also present in Figure 2b. Inspection
of multiple rods confirms that in general each resonance spot
moves toward the midpoint of the rod (in the direction of larger
drp) as A, is tuned to the red. This general trend is apparent in
Figure 5, which represents data obtained from four different
rods. The figure shows the facet separation (dgp) at three SHG
resonances, which correspond to m = 5, 6, and 7 standing wave
modes, as a function of excitation wavelength. The shaded areas
depict the resonant cavity lengths predicted by d = m(4,/2n,)
for n, between 2.2 and 2.4.

The absence of the same modulation in the two-photon
emission images (Figure 2c¢,d) indicates that the physical origin
of the pattern is not simply a consequence of the spatial variation
in light intensity along the rod due to the coupling of fun-
damental optical field into the Fabry—Pérot modes of the ZnO
resonator. The pattern instead stems from the standing wave
that is created between the two parallel facets. This standing
wave, which can be thought of as a superposition of two
propagating waves traveling in opposite directions, in turn
produces a second-order polarization wave with zero phase
velocity that extends throughout the rod. The standing-wave
nature of this polarization leads to the generation of second
harmonic photons that propagate in both forward and back
directions. The backscattered second harmonic is not produced
in bulk ZnO and is a direct consequence of second harmonic
generation in an optical resonator. When the near-infrared

photon energy is larger than half the ZnO band gap, the second
harmonic will likely travel only 100 nm before it is reabsorbed
by the ZnO. Under these conditions it is unlikely that the second
harmonic couples into a resonator mode. It is the nonlinear
polarization standing wave that is responsible for the observed
enhanced backscattered SHG; when the facet separation is such
that the fundamental is off resonance, the standing wave is not
formed and the backscattered second harmonic generation is
suppressed.

Excitation above the ZnO band gap (726—750 nm) results
in SHG images that are dominated by the standing wave pattern
with the most intense second harmonic along the center of the
rod. When the fundamental wavelength is tuned below the band
gap, from 750 to 810 nm, a qualitatively different SHG behavior
is observed (Figure 4). At the lowest energies (4, = 775—810
nm) the second harmonic intensity shifts to the outside of the
rod to coincide with the rod vertices and angled facets giving
rise to a complicated intensity pattern. The images obtained at
intermediate excitation wavelengths (755 and 762 nm) appear
to be a combination of these two extremes. The origin of this
shift is not entirely clear but may reflect a competition between
different types of cavity modes supported by the rod cross
section.

While a Fabry—Pérot cavity is the simplest cavity that could
be formed inside a hexagon cross section, it is not the only one
available. Whispering gallery modes (WGM) correspond to the
circulation of light around the perimeter of the rod due to total
internal reflection off each of the six facets, resulting in larger
Q-factors when compared to standing wave Fabry—Pérot modes,
where the reflectivity is only ~15%. The main cavity loss for
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Figure 4. Second harmonic images as function of excitation wave-
length. An array of second harmonic generation microscopy images of
a needle-like ZnO rod after photoexcitation over a range of fundamental
wavelengths (726—810 nm). The images show periodic areas of
enhanced SHG intensity. The SHG intensity pattern qualitatively
changes around 377 nm, correlating with excitations falling below the
band gap. Each SHG image is scaled individually, masking the variation
in the absolute intensity that is observed across this range. In particular,
as the second harmonic photon energy is tuned toward the exciton
resonance (380 nm), we observe an increase in the SHG efficiency
due to resonance enhancement.
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Figure 5. Facet separations measured from the SEM image at the
positions of the m = 5, 6, 7 SHG resonances for a series of different
laser excitation wavelengths. The figure is a compilation of data from
four different needle-like ZnO rods (O, @, A, %). The error bars
represent the average uncertainty associated with measuring the facet
separation. The shaded regions highlight the resonance conditions, d
= m(4,/2n,) for m = 5, 6, 7, with n, between 2.2 and 2.4.

WGM occurs at the vertices,* which is in qualitative agreement
with the increased SHG intensity observed at the edges of the
facets. The primary evidence for the presence of these modes
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in ZnO structures has come from modulation in their emission
spectra,'®18720.27.28 with far fewer observations resulting from
direct imaging. One recent exception to this is the report of
periodic modulation in SHG images of ZnO tetrapods,*' con-
sistent with our results; however, the resolution of those images
precluded the direct observation of preferential emission from
the vertices and the assignment was made on the basis of
geometrical arguments. The competition between the WGM and
Fabry—Pérot modes may stem from the reabsorption of the
second harmonic at the blue end of the excitation range, giving
rise to a path-length-dependent loss that would favor the shorter
Fabry—Pérot cavity. We are currently employing the finite-
difference time-domain (FDTD) method,?? using a freely avail-
able software package,* to further explore this competition.

IV. Conclusion

Spatial imaging of single needle-shaped ZnO structures using
second harmonic generation microscopy exhibit cavity-enhanced
second-order mixing. Images obtained from individual structures
show areas of enhanced second harmonic intensity along the
longitudinal axis of the rod that are periodically distributed and
symmetrically situated relative to the rod midpoint while both
band-edge and trap state emissions do not. It is the periodic
nature of the intensity of the fundamental contained inside the
cavity 7,(d) combined with a varying facet separation along the
rod axis that is the qualitative origin of the second harmonic
generated images. The spatial modulation is a direct consequence
of the fundamental optical field coupling into standing wave
resonator modes of the ZnO structure, leading to an enhanced
backscattered second harmonic condition that cannot be achieved
in bulk ZnO. As the fundamental wavelength is tuned below
the band gap, a qualitative change in the SHG image is observed.
The complicated image is most likely due to the competition
between Fabry—Pérot and whispering gallery modes.
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