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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.1 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.3�10

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

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 ZnO6�9,11,12

and the diverse set of synthetically available crystalline structures
with complex geometrical architectures13�15 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.16�19 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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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
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.
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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.18 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 (OlympusMSPlan 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 μm in length and are 1�2 μm 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).13,15 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,17 andWGmodes have been implicated in a number
of other spectroscopic measurements of ZnO structures.20�25

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, λ, the resonance condition dictates

that modes will be supported for specific cross-sectional dia-
meters of the rod, i.e.

dm ¼ λ

3n
m þ 6

π
tan�1ðβ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3n2 � 4

p
Þ

� �
ð1Þ

where dm is the separation between two parallel facets andm is an
integer that specifies the mode number.22,26 In this expression n
is the refractive index and β depends upon the polarization of the
light. The spacing between adjacent modes, Δd = dm+1 � dm is
then λ/3n.
The periodic nature of the emission pattern in the tapered

structure arises because the facet spacing changes along the
length of the rod.17 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

ΔL ¼ Δd
α

¼ λ

3nα
ð2Þ

where α is the change in the facet spacing per unit length along
the rod. For the rod shown in Figure 1, α = 120 nm/μm in the
vicinity of the resonances.

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.
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The WG modes can influence the emission either through
spatial modulation of the excitation or enhancement of the
photoluminescence through constructive interference. Using
λ = 730 nm and n = 2 in the above expression yields a predicted
spacing, ΔL, between optical resonances of approximately
0.9�1.0 μm, which is close to the observed spacing of 1.0�
1.1 μm. 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 μm,
too small to account for the observed pattern, the spacing
between alternating resonances (m,m + 2) would also be around

1.0 μm. 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

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 toR2; panels D�F and right-hand image correspond
to R1. The scale bar in both images is 1 μm. 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 (P0), as were the red (3P0) and blue (5P0). The same is true for panels D�F, but green, red, and blue correspond to P0, 2P0,
and 3P0. In both cases, P0 = 5 mW.
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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 ∼5:1). 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 λmax ≈ 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.8�10,27 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 1017 and 1019 cm�3.1 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
≈1021 cm�3.28

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.1 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.1 These differences indicate that the photophysics at

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,

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 (5 mW), show no shift.
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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 (5 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 cm2 s�1),29,30 we
estimate a field-free diffusion length of≈300 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.2 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≈12�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,7�9,11,12,25,31�35 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.

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 labeledD, 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 5mW image wasmultiplied by a
factor of 5.
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In the rod’s interior, the BE/T ratio grows by a factor of 30�40
as the laser power is increased from 5 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 5. 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 5.
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 WGmode results in an enhancement in the optical field,
which in turn leads to a greater carrier density and a more intense

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 theWG resonance into two spotsmay
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

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 μm 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 WGmode
pattern becomes more pronounced at higher powers.

Figure 6. (A) Expanded image of the WGmode in R1 indicated by the
red rectangle in Figure 5. The horizontal dimension of the image is 3 μm.
The profile at the right corresponds to a horizontal cut along the dotted
line in the image for both the low (5 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 (5 mW) and high (17 mW) power.



21442 dx.doi.org/10.1021/jp207830h |J. Phys. Chem. C 2011, 115, 21436–21442

The Journal of Physical Chemistry C ARTICLE

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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