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ZnO Nanoribbon Microcavity Lasers**

By Haoquan Yan, Justin Johnson, Matt Law, Rongrui He,
Kelly Knutsen, Juan R. McKinney, Johnny Pham,
Richard Saykally,* and Peidong Yang*

Exploration of one-dimensional semiconductor nanostruc-
tures has led to great progress in the areas of optoelectronics
in the past few years.!! Nanolasers,”™ waveguides”! fre-
quency converters (second or third harmonic generators),[(’]
photoconductive optical switches,[”! and sensors®” have been
developed based on oxide nanowires. The single crystalline
nature of these nanowires makes them ideal candidates for
probing size-dependent and dimensionality-controlled physi-
cal phenomena. In particular, the transverse nanoscale and
longitudinal microscale dimensions (i.e., large aspect ratio) as
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well as well-defined faceting nature of such nanostructures
enable the observation of unique optical confinement and mi-
crocavity effects.” ! Previously, hexagonal cylindrical ZnO
nanowires have been examined as a laser gain medium.?™!
These nanocylinders indeed can serve as miniaturized Fabry—
Perot optical cavities in the ultraviolet (UV) region with high
gain and quality factor.'”) Based on classical waveguide theo-
ry, different transverse optical modes can be sustained within
waveguides of different cross-sections.!"!! It is thus fundamen-
tally interesting to examine the optical cavity effects within
nanowires with cross-sections other than hexagonal. Herein,
we examine the lasing phenomenon from ZnO nanoribbons
with pseudo-rectangular cross-section. Cavity-length depen-
dent optical mode analysis reveals different cavity effects
from those of hexagonal nanocylinders.

ZnO, being environmentally benign and having a large
bandgap (3.37 eV) and exciton binding energy (60 meV), has
been considered as a promising candidate for UV light-emit-
ting diodes and laser diodes. It has also displayed an astonish-
ing series of nanostructures with different morphologies.“z]
Among many others, the hexagonal nanocylinders,[2'4]
ribbons,[5’13] tetrapods,[lz] and comb-like nanowire arraysm
are highly interesting for their fundamental significance in
revealing microcavity effects as well as near-field optical cou-
pling phenomena.

The ZnO nanoribbons in this work were synthesized using
two methodologies. One is a carbon thermal reduction pro-
cess at 900 °C."2 The other is the high temperature (1350 °C)
approach developed by Wang and co-workers.' The two
methods involve different growth mechanisms. The low tem-
perature process utilized Au as the growth initiator. The ob-
servation of Au nanoparticles on the nanoribbon tips in the
transmission electron microscope (TEM, Figure 1B) suggests
that this is a vapor-liquid-solid (VLS) growth process. In con-
trast, the high-temperature approach is a vapor-solid (VS)
growth process without any foreign metal initiation. Regard-
less of these different growth mechanisms, the growth direc-
tions and side facets of the produced nanoribbons are identi-
cal for the two sets of the samples. The length of the ribbons is
about 10-60 um, the width is about 0.1-1 wm, and the thick-
ness is about 10-200 nm (Fig. 1). Electron diffraction (Fig. 1B
inset), cross-sectional scanning electron microscopy (SEM,
Figure 1A inset), and TEM characterization show that these
nanoribbons are single crystalline; they grow along the [0110]
direction, are enclosed by #(2110) and +(0001) facets, and
hence possess pseudo-rectangular cross-sections. Some of
them have the +(2110) facets as the wide surfaces and the
+(0001) facets as the narrow surfaces (Fig. 1B), while the
other ones have the +(0001) facets as the wide side-planes and
the +(2110) facets as the narrow side-planes (Fig. 1C). Impor-
tantly, the observation of Au nanoparticles at the tips of the
ZnO nanoribbons is strong evidence that these ZnO nanorib-
bons can indeed be grown via the VLS mechanism at relative-
ly low temperature.

To explore the optical properties of single ZnO nanorib-
bons, the ribbons were removed from the growth substrate by

nano-
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Fig. 1. SEM and TEM images of the ZnO nanoribbons. A) Low magnification
SEM image; inset shows a cross-section of a nanoribbon. B,C) TEM images of
the ZnO nanoribbons grown at 900 and 1400 °C, respectively. Inset shows selec-
tive area diffraction (SAD) pattern from the ribbon shown in (B).

ultrasonication and dispersed onto a sapphire substrate by
drop-casting an isoproponal-nanoribbon suspension. These
well-dispersed ribbons were imaged by a far-field imaging sys-
tem using a femtosecond laser as the excitation source. Fig-
ure 2 shows a typical far-field photoluminescence (PL) image
and the spectra collected on a single nanoribbon with the
length about 15 um, and cross-section of 1 wm x200 nm. As
shown in the far-field image, strong emission was observed
from both ends of the ribbon and almost no signal can be
detected from the side surfaces. This is a clear indication of
waveguiding of UV emission by the nanoribbon itself. A gen-
eral signature of the power-dependent emission is as follows.
With the increase of excitation power, significant peak nar-
rowing was observed with superlinear emission intensity in-
crease, which suggests a transition from spontaneous emission
to stimulated emission. The line width of many of these cavity
modes appears to be in the range of 0.1-0.5 nm, suggesting
microcavities with quality factor ~3x 10° (The quality factor
of a resonant system is a measure of how “sharp” a resonance
is). The finesse can also be estimated to be 1.6 based on the
end facet reflectivity (0.18). As shown in Figure 2B, with
further increase in excitation power, more cavity modes (both
transverse and longitudinal ones) would emerge as a result of
broadened gain profiles. We note here that highly nonlinear
gain combimed with distinct cavity modes at the quoted pump
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Fig. 2. A) Photoluminescence image of a single ZnO nanoribbon dispersed on
a sapphire substrate. The ribbon was pumped by a femtosecond laser with pulse
width about 200 fs and pumping wavelength of 310 nm. B) The emission spec-
tra collected at different pump intensity. From bottom up, the pump fluence (in-
tensity) is 1.0, 1.05, 1.1, and 1.25 uJ cm™.

fluences is a clear indication of the lasing process.>*!% We
have observed passive resonator modes in nanostructures of
other materials, in which gain is minimal (tin dioxide, for
example), and there is an obvious distinction between the be-
haviors in the passive and active media. The sharp threshold
accompanying the lasing behavior clearly distinguishes it from
passive PL waveguiding.

The nanoribbon geometry resembles many microfabricated
laser structures based on strip or slab waveguide geometry.
Either single-transverse mode or multiple modes can be sus-
tained within such microcavities depending on the dimension
of the structures. Based upon classical waveguide theory,!'%]
single-mode operation (TE,, TMy) occurs for an infinite sym-
metric planar waveguide with a thickness less than 90 nm.
The number of guided modes increases roughly proportional
to the thickness of the planar waveguide. Thus, one would ex-
pect a complicated set of transverse modes as the waveguide
thickness increases. Hexagonal (or near-circular) cross-section
wires have similar mode structure (the first few of them being
HE, TEq;, TMy1), with the radius being the critical dimen-
sion.'*!°l However, the axial symmetry of wires is not present
in the ribbons with rectangular cross-sections. The exact trans-
verse mode structures (collections of TE,,,,, and TM,,,,, modes)
will be more complicated and also depend on the ribbon
width/thickness. Preliminary simulation indicates that the
nanoribbon can sustain single mode when the thickness of the
ribbon is about 60-80 nm, and similarly more modes for thick-
er nanoribbons.
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The spacing of the longitudinal modes that accompany each
transverse mode depends critically on the effective path
length of the mode, which for Fabry—Perot resonators would
simply be the ribbon length. However, since high reflectivity
exists in both axial and transverse directions (with respect to
the long axis of the ribbon), one would not expect that all
modes would be of the pure axial Fabry—Perot type, but in-
stead some of them might contain significant non-axial wave
vector. For example, these “bow-tie” shaped modes have been
clearly identified in a layered semiconductor microcavities.!'”
The existence of these “bow-tie” modes is expected to narrow
the effective mode spacing and modify the directional emis-
sion properties.

For certain nanoribbons, we were able to distinguish differ-
ent sets of transverse modes when we increased the pump in-
tensity. Figure 3A shows a far-field emission image of another
nanoribbon with ~550 nm x 110 nm x 35 um (width x thick-
ness x length). The power dependent (Fig. 3B) study indicates
a lasing threshold of 3.2 uJ cm™ for this single ribbon. If we
assume these nanoribbons serve as Farby—Perot optical cav-
ities like their hexagonal nanocylinder counterparts, the longi-
tudinal modes spacing is expected to be determined by the
equation below:

2

AL = L (1)
where n is the group refractive index and L is the effective
cavity length. For a ZnO nanoribbon with length about
35 um, the mode spacing for the longitudinal modes is ex-
pected to be ~0.85 nm. This is consistent with what we ob-
served just above the lasing threshold, where the observed
mode spacing is about 0.8 nm (Fig. 3C lower curve). We be-
lieve this set of longitudinal modes is associated with the fun-
damental transverse mode supported within the nanoribbon
cavity. As the nanoribbon has a fairly large cross-section, it
can support additional transverse modes. Consequently, when
the excitation power is increased, the gain profiles can be
broadened so that higher-order modes would emerge. As
shown in Figure 3C (upper curve), another set of transverse
modes appears in the spectrum. The mode spacing for this set
of peaks also agrees well with the Fabry—Perot cavity assump-
tion. Note, however, there is a blue shift for this higher mode
when compared with lower order transverse modes. At this
point, the exact relationship between these different trans-
verse modes is not clear, nor the evolution of gain profiles as
we increase the pump intensity. We note that for most nano-
ribbons, the lasing thresholds are higher than those of nano-
wires,>*1%18] which could be a result of the completely differ-
ent geometry and end facet quality.

In order to gain in-depth understanding of the lasing phe-
nomenon in these nanoribbon microcavities, we carried out
length-dependent lasing studies on single nanoribbons. Fo-
cused ion beam (FIB) etching was used to obtain different rib-
bon lengths."*! FIB etching is ideal for this purpose in order
to uniformly reduce the ribbon length by known increments
without significantly affecting the quality of the ribbon cavity.
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Fig. 3. A) Photoluminescence far-field image of a single ZnO nanoribbon dis-
persed on a sapphire substrate. B) Power-dependent integrated emission inten-
sity on this ZnO nanoribbon. C) Emission spectra taken on the ribbon at two

excitation powers above the lasing threshold (5.5 and 6.8 pJ cm™). The second
set of transverse modes is marked as “H”.

Between etches, the individual ribbons are studied optically to
characterize their lasing thresholds and the mode spacings.
The results of these length-dependent lasing studies on
ZnO nanoribbons are shown in Figure 4. As shown in Fig-
ure 4A, the FIB etched through the ribbon in a well-defined
region at the desired position, with surface roughness to be
less than 100 nm. The potential issue of end facet erosion was
minimized by confining the ion beam to a small region
(<200 nm) at the end of the ribbon. With this method, Ga*
ion implantation can be effectively avoided, and the change in
length of the ribbon is not significant enough to affect the las-
ing threshold. Several such etches were performed, and no
change in the lasing threshold was observed within the experi-
mental uncertainty (5 % change). It is interesting that the end
facet distortion that appears after some etches does not signif-
icantly affect the lasing threshold or spectrum, which suggests
that the etched ribbons could lase via a morphology-depen-
dent or “bow-tie” resonance. In any case, it appears as though
controlled etching in this manner sidesteps any detrimental
effects of FIB etching on the optical waveguide properties.
Series of lasing spectra from a single ribbon were collected
at several ribbon lengths. One clear trend is that the mode
spacing increases with decreasing nanoribbon length
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Also, the reflection losses are expected

Intensity | a. u.)

to dominate the overall loss term since
the reflectivity for normal incidence at
the ZnO-air interface is only about
0.19.1%1 The gain coefficient for the rib-
bon depends directly on the population
inversion within the Ilattice, which
monotonically increases with pumping
intensity above the lasing threshold in
the region of stimulated emission. How-

ever, this inversion saturates at high
pumping intensities, as is shown in Fig-

ure 4C (region IIT). With an incremen-
m tal decrease in the ribbon length, the
gain must be increased by a similar
] amount in order for the lasing threshold
to be reached. This additional gain is
provided by pumping the ribbon with
1 higher intensity in order to increase the
material inversion. As a result, the
threshold pump fluence and the ribbon
length are inversely proportional

L 1 Ll
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Pump Fluence (nJ/cm z]

(Fig. 4D). In region mr (Fig. 4C), the
gain is pinned, and thus increased
pumping intensity cannot compensate

for the loss of ribbon length. Therefore,
3 most ribbons with L <6 pm cannot sup-
port lasing.

* : In some cases, ribbons with very low
losses can support lasing with L <5 um
(Fig. 4D). The thresholds in this regime,
however, no longer follow the 1/L de-
pendence and instead show a nearly
constant dependence on length. This is
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Fig. 4. A) SEM images demonstrating the successive FIB etching method on single ZnO ribbons. The
images were captured at constant magnification and field of view after 30 s of 30 keV gallium ion beam irra-
diation. Scale bar =2 pum. The etching also results in a depression in the Si substrate, as can be seen in the
images. B) Series of lasing spectra from a single ribbon taken at several ribbon lengths (from bottom up, 18,
13, 10, 4.5 pm). C) Pump fluence dependence of the overall lasing intensity for a typical ribbon laser show-
ing the saturation region. D) Length dependence of the lasing threshold. E) Dependence of the spectral
mode spacing on the length of the ribbon. Mode spacing is measured without deconvolution of multiple

transverse modes.

(Fig. 4B). The data in Figures 4D,E are a compilation taken
from six separate structures. The lasing threshold shows an ap-
proximately linear increase with the reciprocal length for
lengths down to 7 um. This behavior is expected, considering
the dependence of the lasing threshold on the gain and length
of the nanowire. The threshold can be determined by consider-
ing the condition for lasing (i.e., round-trip loss equals gain),

gn=0a+1/2 LIn[RR;] 2)
where R is the end facet reflection and a is the loss along the

ribbon length. The a term is expected to be minimally af-
fected by the etching and will be considered as a constant.
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a5 - 926 possibly due to a change in the lasing

characteristics that accompanies the al-
tered aspect ratio after FIB etching.
When primarily axial modes may not
experience sufficient gain to sustain
lasing, “bow-tie” modes with large
transverse wavevector and larger effec-
tive cavity lengths could dominate. This
effect is also observed in the lasing spec-
trum, as the mode spacing for L <5 um does not follow the
typical 1/L dependence that is observed for single set of trans-
verse modes when L>10 um (Figs. 4E). The geometry of
these short ribbons brings the structure to a distinct regime
from that studied with typical 1D structures, and further in-
vestigation of the nature of lasing in this regime is required
for a better understanding of the underlying optical physics.
In summary, ZnO nanoribbons with pseudo-rectangular
cross-sections were demonstrated here as excellent microcav-
ities with a high quality factor (~3000). The length-dependent
lasing threshold studies were carried out on single ribbon
structures using a novel FIB etching method. It is found that
the lasing threshold is inversely proportional to the length of
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the ribbon before the pumping intensity reaches the satura-
tion region. Analysis of the emission points to the possibility
of the existence of both pure axial modes and “bow-tie” cavity
modes depending on the length of the nanoribbon cavity.

Experimental

ZnO nanoribbons are synthesized using a ZnO/C (1:1) mixture as the Zn va-
por source. The substrates were coated with 20 A Au, and they were put on top
of the alumina boat, which is located at the center of a quartz tube in a tube fur-
nace. Pure argon was used as the carrier gas at about 10 sccm (standard cubic
centimeters per minute). The reaction was carried out at 900 °C for 10 min.
Normally, after the reaction the substrate was coated with a layer of gray pow-
der. The thickness of the gray coating is generally about 5-10 wm. For the high
temperature approach, ZnO powder was heated to 1350 °C in a flow of argon at
300 torr in an alumina tube. The single-crystalline ZnO ribbons were collected
on ceramic Al,Oj3 substrates, suspended in the isoproponal solution by ultrason-
ication and then dispersed onto Si (100) substrates for optical measurements.
The crystal structures were analyzed using X-ray diffraction (XRD, Siemens
D5000 apparatus). Morphology and size distribution of the crystals were char-
acterized using SEM (JOEL6400 or JSM-6430 apparatus operated at 5 keV).
TEM studies of the crystals were carried out on Philips CM200 apparatus oper-
ated at 200 keV.

Individual nanoribbons were sputter-etched in a FEI xPDB FIB/SEM system
with a 1000 pA gallium ion beam at 30 keV. A typical etch took 10-20 s. Care
was taken to minimize sample exposure to the ion beam by searching and imag-
ing in electron beam mode.

The optical measurements were performed using regeneratively amplified
pulses from a homebuilt Ti:sapphire oscillator. The pulses were converted using
a commercial optical parametric amplifier (OPA, Quantronix, TOPAS appara-
tus), resulting in ~200 fs pulses at 310 nm. The excitation laser was focused on
the sample obliquely (spot size ~ 100 um x 200 um), and single nanoribbons were
identified using a homebuilt microscope with 500-1000 nm resolution. The PL
and lasing light were collected using an objective (numerical aperture 0.7),
coupled into an optical fiber, and dispersed onto a liquid nitrogen cooled charge
coupled device (CCD) with a 0.3 m spectrograph, while the scattered light was
filtered. Typical spectral resolution was 0.1 nm, although a 0.5 m spectrograph
(0.05 nm resolution) was also used to test the narrowest spectral features.

The lasing threshold measurement was internally calibrated (i.e., a reference
was used to normalize all of the data presented in Fig. 4D) so that variations in
pumping intensity and geometry after successive etchings would not contribute
to the trend. Analysis of the modes in the lasing spectrum was done consistently
near 385 nm after each etch, in order to avoid dispersion effects.
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Soft Solution Route to Directionally Grown ZnO
Nanorod Arrays on Si Wafer; Room-Temperature
Ultraviolet Laser**

By Jin-Ho Choy,* Eue-Soon Jang, Jung-Hee Won,
Jae-Hun Chung, Du-Jeon Jang, and Young-Woon Kim

High-density semiconductor nanorod arrays (NRAs) with
one-dimensional (1D) structures have been extensively stud-
ied for their application in photonic and electronic devices."?!
Especially, 1D periodic NRAs of GaN, ZnO, and ZnS have
attracted considerable interest in application to ultraviolet
(UV) laser devices due to their direct wide bandgaps of
AE,23.0 eVI# Among them, ZnO (AE,=337¢V) is
thought to be the most suitable material for UV laser devices
because of its large exciton binding energy of 60 meV com-
pared to the thermal energy (26 meV) of room temperature.[sl
Recently, the room-temperature UV lasing emission from a
directionally grown ZnO nanoarray was demonstrated with a
threshold power density below 100 kW cm™=."¢! Such NRAs
with high-quality UV lasing properties were fabricated only
by physical techniques like molecular beam epitaxy (MBE),
metal-organic chemical vapor deposition (MOCVD), and
gold-catalyzed vapor-phase transport (VPT) techniques; those
are, however, expensive and energy consuming processes
since they are operated under extreme conditions.>”#! For ex-
ample, the high-quality ZnO NRA with the best UV-lasing
properties was realized by a gold-catalyzed VPT process at
925°C.®l At this high temperature, however, one can hardly
use a silicon (Si) wafer as a substrate, and it is necessary to
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