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ABSTRACT Nanolasers with an ultracompact footprint can provide high-intensity coherent
light, which can be potentially applied to high-capacity signal processing, biosensing, and
subwavelength imaging. Among various nanolasers, those with cavities surrounded by metals
have been shown to have superior light emission properties because of the surface plasmon
effect that provides enhanced field confinement capability and enables exotic light—matter
interaction. In this study, we demonstrated a robust ultraviolet Zn0 nanolaser that can operate
at room temperature by using silver to dramatically shrink the mode volume. The nanolaser
shows several distinct features including an extremely small mode volume, a large Purcell
factor, and a slow group velocity, which ensures strong interaction with the exciton in the

nanowire.
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he quest for small coherent light

sources has never been stopped, as

these micro- to nanoscale light sources
not only are essential for small-footprint,
low power consumption, high-density, and
parallel signal processing applications' "
but also provide an insightful way to inves-
tigate the interaction between light and
matter.>~ 72191215 Sayeral designs have
been developed to scale down the optical
cavity volume to contain only a few photon
modes, such as photonic crystal defect type
lasers,>'® microdisk lasers,'” and nanowire
lasers.”'" These lasers, however, require a
cavity size on the order of a few (4/n)® to
sustain a proper mode profile with a reason-
able cavity Q value. Recently, optical cavities
surrounded by metal claddings have been
developed to reduce the cavity volume
because the optical field penetrating into
the metal claddings decays so rapidly that
the optical mode can be further shrunk at
the cost of a lower cavity Q value because of
the strong absorption of the metal 388
However, the metal can provide a method
for drastically diminishing the cavity mode
beyond the diffraction limit by forming a
surface plasmon at the interface of the
metal and dielectric layers.'® The ultrasmall
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electromagnetic field distribution of the
surface plasmon mode can substantially
facilitate the interaction between light and
matter by enhancing the Purcell factor.22?
Furthermore, a novel type of surface plasmon-
based amplification of stimulated emission
of radiation (spaser) has been proposed'” and
demonstrated.® A group of Au nanospheres®
and Au nanorods®® coated with a gain medi-
um and a two-dimensional array of protruding
Au bowtie nanostructures'® sitting on the
active medium facilitates the spasing action
based particularly on the localized surface
plasmon mode. Additionally, an unambiguous
demonstration of a single nanolaser has been
performed using the nanowire gain medium
lying on the metal separated by a thin di-
electric layer to form a Fabry—Perot-type sur-
face plasmon (or surface plasmon polariton)
cavity.>'° Because the emitted photons have
one-to-one corresponding characteristics to
the cavity surface plasmons, these photons
also show a coherent signature. A higher
cavity Q value can be realized using a nano-
square to form a whispering gallery surface
plasmon mode facilitated by the total inter-
nal reflection.” With the improvement of a
cavity Q value, nanolaser operation can be
performed at room temperature.
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Figure 1. Dispersion curves and mode profiles of a ZnO nanowire with a hexagonal cross section. (a) The inset to the left
shows the schematic cross section of a ZnO nanolaser. The side length (d) of the hexagon and the thickness (h) of the SiO,
spacer are 28 and 7 nm, respectively. The azure blue solid line represents the light line, and the purple dashed line represents
the surface plasmon mode dispersion when only considering the air—SiO,—Ag slab. The black solid line shows the
fundamental surface plasmon (F) mode dispersion in the ZnO nanolaser structure on the SiO,—Ag slab. The rapid increase
of the effective index in the gray-shaded wavelength range for the Ag case is due to the background polarization of Ag
provided by the interband absorption, which can be observed in the gray-shaded area, shown in the inset to the right. (b)
When d is smaller than 29 nm, only surface plasmon F mode can exist, as shown in the upper left mode profile. The surface
plasmon first and second modes appear when d is larger than 29 and 63 nm, as shown in the upper right and lower left mode
profiles, respectively. The dielectric-like mode can appear only when d is larger than 67 nm, as shown in the lower right mode profile.

The successful demonstration of a plasmon nanola-
ser typically relies on its enhanced Purcell factor, which
is inversely proportional to the mode volume. In addi-
tion, the slower propagating speed of plasmons can
raise the Purcell factor by increasing opportunities for
interaction between the gain medium and surface
plasmons. Slow group velocity can be achieved at the
band edge provided by the distributed feedback me-
chanism in the two-dimensional periodic structure.''3
However, the distributed feedback mechanism requires
a relatively large area, which violates the small dimen-
sion requirement of nanolasers. The refractive index of
silver (Ag) exhibits high variation in the ultraviolet (UV)
wavelength range because of the interband absorp-
tion,>* as shown in the inset on the right in Figure 1a.
This index variation can directly influence the dispersion
of the surface plasmon to achieve a large group index,
resulting in a small mode volume and large Purcell
factor. To demonstrate this effect, we used a zinc oxide
(ZnO) nanowire as the gain medium to match the UV
wavelength range. The large exciton binding energy
and oscillator strength of ZnO are also beneficial to the
coupling between the ZnO exciton and surface plas-
mon. In this study, we reported the UV nanolaser
operation based on the exciton—surface-plasmon cou-
pling at room temperature. A large group index and
small mode volume, accompanied by an enhanced
Purcell factor, a reasonable Q value, and a large con-
finement factor, ensured that our ZnO surface plasmon
nanolasers were operated below the exciton Mott
density and at room temperature. Such UV plasmon
nanolasers have numerous potential applications such
as in biosensing,?> optical storage,® subwavelength
imaging, and photolithography.?’”
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RESULTS AND DISCUSSION

Figure 1a shows the dispersion curves of fundamen-
tal surface plasmon modes for the ZnO nanocavity
calculated by a finite-element method from the com-
mercial package Comsol Multiphysics,?® in which the
refractive indices of metals and ZnO were taken from
previous studies.?*3° The side length of the cross-
sectional ZnO hexagon and the thickness of the SiO,
film were 28 and 7 nm, respectively. The effective indices
of fundamental surface plasmon modes increased ra-
pidly as the wavelength entered the UV band within the
gray-shaded area as shown in Figure 1a. The surface
plasmon could be confined at a wavelength of 373 nm
for the fundamental mode. The effective mode volume
for the fundamental surface plasmon mode is calculated
as 4.2 x 10373 with a group index of 79 (Supporting
Information section 1.2). The effective mode volume (V,,,)
of our ZnO plasmonic nanolaser is defined as

We  [fW() dr
max(W()] ~—  max[W(r)]

where W, is the total mode energy, W(r) is the mode
energy density, and max[W(r)] is the maximum energy
density. Our plasmonic nanolaser is operated in the UV
regime, in which the Ag-based plasmonic cavity has a
strong material dispersion behavior; therefore, to acquire
precise simulation results, the material dispersive proper-
ties of Ag and ZnO nanowires were taken into account
during the simulation. The mode energy density is
defined as follows:

Wi = 1{Re [d(‘”g)} E0)? +/t|H(r)|2]

2 dw
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Figure 2. Structure and crystalline characterization of the ZnO surface plasmon nanolaser. (a) Schematic bird's eye view
diagram of a ZnO nanowire lying on top of the high-quality Ag film with a thin SiO, spacer layer. (b) Scanning electron
microscope image of the ZnO nanolaser device. The inset figure is the cross-sectional view of a ZnO nanowire. (c) High-
resolution transmission electron microscopy (HRTEM) image of a ZnO nanowire taken from the [2110] direction. The lattice
fringe spacing in the HRTEM image is 0.52 nm, which corresponds to the lattice constant of the hexagonal wurtzite structure
of ZnO and indicates that the nanowire's growth is along the [0001] direction. (d) 5 um x 5 um AFM images of the 7 nm thick

SiO, grown on single-crystalline Ag film.

where ¢ is the permittivity and u is the permeability. The
effective mode volume is 1 order of magnitude smaller
compared with previously reported surface plasmon
nanowire lasers®'%332 mainly because of the close
contact between the hexagonal side and the metal
and the lower effective plasmon frequency of Ag modu-
lated by the interband absorption at the UV band.
Because the side length of the ZnO hexagon was smaller
than 67 nm, only the surface plasmon modes could exist
in the nanocavity, as shown in Figure 1b.

Figure 2a shows a bird's eye view of the schematic
semiconductor—insulator—metal (SIM) structure, in-
cluding a ZnO nanowire on a high-quality Ag thin
film33 with a thin SiO, spacer layer. Figure 2b shows
the top view of a ZnO nanowire on the Ag film, and
the inset shows the end facet with a hexagonal shape.
The typical side length of the ZnO nanowires ranges
from 25 to 50 nm, the length of the ZnO nanowires
ranges from approximately 1 to 2 um, and the grow-
ing direction is the c-axis of the wurtzite structure
(Figure 2c). A single ZnO nanowire with a length of
1.24 um on a Ag film with a 7 nm thick SiO, spacer was
pumped at 77 K with a pumping laser wavelength of
355 nm. The measured emission spectra at different
pumping densities are shown in Figure 3a. Broad
spontaneous emission spectra were observed until
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the threshold at 60 MW/cm? was achieved with an
obvious line width narrowing to 0.4 nm, as shown in
the inset of Figure 3a, demonstrating a clear lasing
transition. A well-known two-slope light—light curve
for the lasing peak can be obtained, as shown in the
inset of Figure 3a. The light—light curve was fitted by
using modified rate equations (Supporting Information
section 4), and the spontaneous emission factor was
determined to be 0.5. At a higher pumping density,
multiple lasing peaks appear and dominate the spec-
tra. These multiple lasing peaks are the signature of
longitudinal modes along the nanowire. We measured
the degree of polarization for three strong lasing
modes and found that they were highly polarized
along the nanowire direction, as shown in the inset
of Figure 3a. The consistent polarization direction en-
sures that these longitudinal lasing modes all belong to
the fundamental surface plasmon mode (Supporting
Information section 1.3). Furthermore, a small mode
spacing value (A4 ~ 0.7 nm) resulted in a large group
index of approximately 80, as shown in Figure 3b,c,
which is consistent with our calculation. The large
group index in our nanowire cavity resulted from the
highly dispersive surface plasmon mode, which not
only caused an extremely small mode volume that
enlarged the Purcell factor but also equipped the
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Figure 3. Lasing characteristics of a ZnO surface plasmon nanolaser at 77 K. The physical dimensions of the measured device
are as follows: the length of the nanowire is 1.24 um; the side length of the cross-sectional hexagon is 28 nm; and the thickness
of the spacer is 7 nm. (a) Measured spectra at the laser pumping power density from 32 to 179 MW/cm?. The solid red sphere
line in the inset is the light—light curve of the emission peak at 373 nm. The black solid line is the fitted curve calculated using
the modified rate equations. The solid blue sphere line in the inset shows the line width of the emission peak versus the
pumping power density. The solid black sphere line in the inset shows the corresponding polar plot of the emission intensity.
The polarization direction of the lasing modes is along the nanowire length with a degree of polarization of 52%. (b) Peak
positions extracted from the emission spectra in (a) at the laser pumping power density from 32 to 300 MW/cm?. (c) The group
index above the threshold is calculated using ng = A2/2AAL, where A/ is extracted from (b) and L is the length of the nanowire.
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Figure 4. Temperature-dependent lasing spectra and time-resolved PL signals of the ZnO surface plasmon nanolaser. (a)
Emission spectra measured at temperatures from 77 to 300 K with a pumping power density of 1262 MW/cm?. The length of
the ZnO nanowire is 1.73 um. Distinct lasing spectra with narrow lasing line widths were observed at temperatures from 77 to
300 K. The details of the mode spacing affected by temperature are discussed in Supporting Information section 3. Inset: Solid
red and blue sphere lines are the light—light curve and line width of the emission peak at 300 K, and the black solid line is the
fitted curve calculated using the modified rate equations. (b) Time-resolved PL signals (dots) and fitted curves (solid lines) at
77 K show a decay time of 265 ps for ZnO bulk (black square dots and line), a decay time of 13 ps (red circle dots and line) for a
ZnO nanowire lying on a Ag film with a 7 nm thick SiO, spacer, and a system response of 6.4 ps (blue triangular dots and line).
The time-resolved spectra were recorded at an excitation power of 12 mW.

surface plasmon with higher momentum to interact
with the ZnO exciton. The strong interaction between
the exciton and surface plasmon is evidenced by the
obvious blue-shift tendency of the lasing peaks above
the threshold, as shown in Figure 3b. Unlike the ordinary
photon laser, the blue-shifted peak above the threshold
has been commonly observed in strongly coupled
microcavity exciton-polariton lasers***> and the nano-
cavity spasers.”'® In this study, we developed a novel
class of hybridized coherence states through coupling
the exciton and surface plasmon.

To test the robustness of our ZnO plasmon nano-
laser, we increased the operation temperature from 77 K

CHOU ET AL.

to room temperature. The temperature-dependent
emission spectra are shown in Figure 4a. The inset of
Figure 4a shows 300 K experimental results for the
line width variation and light—light curve fitted using
modified rate equations with a spontaneous emission
factor of 0.15. The lasing action can be sustained up to
300 K, outperforming previous plasmonic Fabry—
Perot-type nanolasers.®' This is because of the well-
confined mode profile and high momentum of the
surface plasmon that efficiently couples to the ZnO
exciton, in which the large exciton binding energy
of ZnO can provide enough excitonic gain to over-
come the loss of the nanocavity at room temperature.
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We believe that the refined nanocavity geometry
and fabrication process can allow the ZnO plasmon
laser to be operated at a higher temperature. In
terms of carrier dynamics, the ZnO exciton originally
had high oscillator strength, corresponding to a
relatively fast exciton decay. The exciton decay time
of ZnO bulk at 77 K was measured to be 265 ps by
using the streak camera detection, as shown in
Figure 4b. However, the exciton decay time of a
ZnO nanowire on an Ag film with a 7 nm thick SiO,
spacer was further reduced to 13 ps, corresponding
to an average Purcell factor of 20.4. Although the
Purcell factor and group velocity are linked quanti-
ties, the difference between these values in our
experiment was caused by homogeneous, inhomo-
geneous broadening®® and the average lifetime
collected by the entire nanowire. This large Purcell
factor originated from the tightly confined surface
plasmon mode, which strongly interacted with the
exciton. This manifests not only a robust laser opera-
tion up to room temperature but also the extremely
fast energy transfer between excitons and surface

METHODS

The UV ZnO surface plasmon nanolasers were developed
by placing ZnO nanowires on a high-quality Ag film with a thin
Si0, spacer layer based on the SIM structure®'® (inset on the left
in Figure 1a), in which the thin SiO, spacer greatly reduced
the metal loss. The lateral nanocavity dimension was defined by
the nanowire length and one side of the hexagon. We used the
electron-gun evaporator to deposit a 200 nm thick Ag thin film
on the (100) intrinsic silicon substrate and then annealed the Ag
film at 340 °C. The root-mean-square roughness of the Ag film
was approximately 0.5 nm (Supporting Information section 5.1),
followed by the SiO, layer evaporated on the Ag film. Metal
patterned squares of 10 um by 10 um were produced on the
SiO, layer to identify the exact position of a single ZnO
nanowire. The single-crystalline ZnO nanowires were fabricated
using a hydrothermal method in powder form.3’ We then
dispersed ZnO nanowire powders with an isopropyl alcohol
(IPA) solution and drop-casted the solution on the patterned
substrate. After the evaporation of the IPA solution, ZnO
nanowires were then attached to the patterned SiO,/Ag sub-
strate. To confirm that the optical signals were emitted from a
single ZnO nanowire with no other nanowires nearby, we used a
scanning electron microscope and a charge-coupled device
(CCD) camera to search for the locations of the patterned
squares with only a single ZnO nanowire. The ZnO nanowire
was then optically pumped using a third-harmonic generation
of a Nd:YVO, 355 nm pulse laser with a 0.5 ns pulse duration
and a 1 kHz repetition rate. By using a 100x near-UV infinity-
corrected objective lens with a numerical aperture (NA) of 0.55
(Mitutoyo), the pumping beam was normally incident onto the
patterned square and the diameter of the pumping beam was
15 um. The reflected light was collected using a 600 um core UV
optical fiber and detected using a CCD attached to a 320 mm
single monochromator (HR320, Jobin-Yvon) with a spectral
resolution of approximately 0.2 nm. Two emission spots from
the end points of a ZnO nanowire were observed using the CCD
camera (Supporting Information section 6.1). A polarizer was
placed in front of the fiber to measure the degree of polariza-
tion, defined by (Imax — Imin)/Umax + min) Where lax and I are
the maximum and the minimum intensities of the lasing peak.
For time-resolved PL experiments, a 266 nm laser pulse was
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plasmons, implying that an ultrafast modulation
speed can be expected.3?

CONCLUSIONS

We demonstrated a room-temperature UV ZnO sur-
face plasmon nanolaser with an effective mode volume
1000 times smaller than the cubic vacuum wavelength,
which is by far the smallest single coherent light source
reported. By utilizing the large dispersive surface plas-
mon characteristics in Ag, we can further shrink the
surface plasmon mode volume to efficiently enhance
the Purcell factor and simultaneously raise the momen-
tum of the surface plasmon to strongly interact with the
ZnO exciton. The measured average Purcell factor can
be larger than 20, and the group velocity of the surface
plasmon can be reduced to 1/80 of the speed of light.
Our demonstration of a UV nanolaser operated at room
temperature can be applied to biosensing, subwave-
length imaging, and nanoscale photolithography. More-
over, the ultrafast and strong interaction between
surface plasmons and excitons provides a new class of
coherent sources for the quantum plasmonic test bed.

generated by tripling the frequency of a Ti:sapphire laser (Mira
900, Coherent) with a 76 MHz repetition rate, and a 200 fs pulse
duration was used as the probe beam. The PL signal emitted
from the sample was collected using a 50x plane UV infinity-
corrected objective lens and fed into a streak camera (Hamamtsu,
C5680) with a temporal resolution of approximately 6 ps in the
single-shot mode.
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