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ABSTRACT: Plasmonic nanolasers break the diffraction limit for an optical oscillator, which brings new capabilities for various
applications ranging from on-chip optical interconnector to biomedical sensing and imaging. However, the inevitably
accompanied metallic absorption loss could convert the input power to heat rather than radiations, leading to undesired low
external quantum efficiency and device degradation. To date, direct characterization of quantum efficiency of plasmonic
nanolasers is still a forbidden task due to its near-field surface plasmon emissions, divergent emission profile, and the limited
emission power. Here, we develop a method to characterize the external quantum efficiency of plasmonic nanolasers by
synergizing experimental measurement and theoretical calculation. With systematical device optimization, we demonstrate high
performance plasmonic nanolasers with external quantum efficiency exceeding 10% at room temperature. This work fills in a
missing yet essential piece of key metrics of plasmonic nanolasers. The demonstrated high external quantum efficiency of
plasmonic nanolasers not only clarifies the long-standing debate, but also endorses the exploration of them in various practical
applications such as near-field spectroscopy and sensing, integrated optical interconnects, solid-state lighting, and free-space

optical communication.
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lasmonic nanolasers are a new class of laser devices with

strong field confinement beyond the diffraction limit of
light. They offer simultaneous light field localization in
frequency, time, and space and are an emergent tool for
many applications, ranging from on-chip optical interconnector
to biomedical sensing and imaging.'~® To date, great progress
has been made in materials research and development of proof-
of-concept devices in numerous configurations includin:
metallic-coated nanolaser,”™* plasmonic nanowire las<er,16_2
metal—insulator—metal gap mode nanolaser,” metallic-nano-
particle laser,* ™33 nanopatch laser,®* nanodisk laser,®® nano-
square laser,”*™** plasmonic crystal nanolaser,”™* coaxial
nanolaser, "’ waveguide embedded plasmonic nanolaser,*®
pseudowedge nanolaser,” hyperbolic metacavity laser,>
metallic particle array laser, etc.”’ ~>” Most recently, plasmonic
nanolasers have been exploited in a variety of applications
including integrated photonic circuits, sensing, and biological
probe.**?73%*145%8 However, the main power consumed by a
plasmonic nanolaser could be converted to heat by the intrinsic
metallic absorption rather than radiations, leading to undesired
low external quantum efliciency and device degradation due to
thermal effect. Despite the rapidly advanced research in
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plasmonic nanolasers, the external quantum efficiency, one of
the most important laser key metrics, of plasmonic nanolasers
remains unrevealed, which shakes the foundation of exploring
them in various practical applications.

The loss of a laser device consists of material loss and
radiation loss. While the total loss determines the threshold
and the power consumption of a laser, it is the material loss
that determines the external quantum efficiency (EQE). EQE
characterizes not only the emission power for practical utility,
but also how much power is converted to heat that degrades
the laser performance. In conventional semiconductor lasers,
the material loss originates from the stimulated absorption and
nonradiative recombination. While the nonradiative recombi-
nation can be mediated by materials optimization, the
stimulated absorption is rather intrinsic: to reach a net gain
for amplification, the gain materials have to be pumped over a
transparency state to achieve population inversion.
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Figure 1. Radiations field of plasmonic nanolasers. (a) Typical three-dimensional radiation pattern of a square shaped plasmonic nanolaser
obtained via three-dimensional full wave simulation. The radiation field of plasmonic nanolasers consists two parts, the photons scattered to the
optical far field and the dark emission of surface plasmons propagating evanescently in the near field. (b) Angle-resolved far field pattern of a square
shaped plasmonic nanolaser. The pink fan area indicates the part that is collected by an objective with a numerical aperture of 0.75.

The introduction of plasmonic confinement in a laser cavity
can lower the total cavity loss by significantly suppressing the
radiation loss.*” However, it inevitably brings another material
loss channel of free carrier absorptions in metal. In a plasmonic
nanolaser cavity, the metallic loss can be dominant over the
radiation loss and the gain material loss, leading to undesired
low external quantum efficiency and device degradation, which
provokes a long-standing debate over the viability of metal
confinement and feedback strategies in laser technology.

Notwithstanding the fast development of the research in
plasmonic nanolasers, to date, direct characterization of
quantum efficiency of plasmonic nanolasers is still a forbidden
task. First, a significant of output power of plasmonic
nanolasers is in the form of surface plasmon polaritons,
which is a dark emission not radiating to free space. Second,
the strong beam divergence due to the field confinement
prevents efficient output power collection. Last, the low output
power due to the limited gain volume challenges the direct
measurement using normal quantum efficiency character-
ization tool such as integrating sphere.

Here, for the first time, we quantitatively characterize the
external quantum efficiency of plasmonic nanolasers by
synergizing experimental measurement and theoretical calcu-
lation. We demonstrate that the external quantum efficiency of
a plasmonic nanolaser can exceed 10% with that the optical
mode is confined in a deep-subwavelength scale of 0.048 1*
where A is the lasing emission wavelength of 700 nm.
Furthermore, other key metrics of the demonstrated plasmonic
nanolaser are also with high performance, which include a
record narrow emission line width of 0.28 nm and a low
threshold power consumption of 3.5 mW at room temperature.
The demonstrated high performance plasmonic nanolaser with
external quantum efficiency exceeding 10% clarifies the long-
standing debate and will endorse the exploration of them in
various practical applications.

Results. External Quantum Efficiency of Plasmonic
Nanolasers. In contrast to conventional lasers, the radiation
field of plasmonic nanolasers consists of two parts, the photons
scattered to the optical far field and the dark emission of
surface plasmons propagating evanescently in the near
field.”®*" Consequently, the EQE of plasmonic nanolasers
should contain both of these emission powers and thereby can
_ (Bytoton + Row) / 0
B B/ i
the pump power and pump photon energy, respectively, Pypocon
and Pgpp are the emitted powers of photons and surface
plasmons, respectively, and hv is the energy of the emitted
phonons and surface plasmons.

be defined as Meqe , where Py and hvyy are
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Figure la shows a typical three-dimensional radiation
pattern of a square shaped plasmonic nanolaser obtained via
three-dimensional full wave simulation. Conventional EQE
characterization methods can be hardly employed here to
measure the power of the emission: the small cavity size results
in a limited photon emission power with strong divergence,
which can be hardly measured by either a power meter or an
integrating sphere. The intrinsic surface plasmon emission
propagating along the metal-dielectric interface puts another
hurdle for the direct measurement of the emission power
because it only exists in the near field due to the momentum
mismatch with optical fields in the free space.*®

To characterize the EQE of plasmonic nanolasers, we here
utilized a fundamental feature of the laser emission field of that
any lasing mode must be an eigenmode of the laser cavity. For
a nanoscale laser, only a limited number of eigenmodes exist in
the cavity with spectral overlap with gain spectrum, which gives
the feasibility to identify the lasing eigenmodes. Especially for a
single mode laser, we can reveal the full lasing properties
providing the lasing eigenmode is identified and reconstructed
by three-dimensional full wave simulation. Thereby, we can
extrapolate the full emission power by only measure a certain
part of it (Figure 1b).

External Quantum Efficiency Optimization. A high EQE of
plasmonic nanolasers requires both high internal quantum
efficiency of its gain material and high extraction efficiency of
its cavity, representing the dynamics of photon generation and
radiation processes, respectively. While the internal quantum
efficiency reflects the competition between the radiative and
nonradiative recombination rate of the excited electron—hole
pairs, the extraction efliciency reflects the competition between
the radiation and metallic dissipation rate of the cavity. We
note that both the dynamics of photon generation and
radiation processes will be affected by the small cavity size of a
plasmonic nanolaser.

For the internal quantum efliciency optimization, high
quality gain materials with suppressed nonradiative recombi-
nation are crucial. Here we employ high quality single
crystalline CdSe nanosquares with smooth surfaces and high
crystal quality as the gain material (see Supporting Information
section 1). The dynamics of photon generation process of
CdSe will be altered after the construction of the plasmonic
nanolaser cavity: because of the strong spatial and spectral
localization of nanocavity modes, the radiation recombination
rate is accelerated by the Purcell effect, which suppresses the
nonradiative recombination and improves the internal
quantum efficiency close to unity.**
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Figure 2. Morphology and spectra of a CdSe nanosquare plasmonic nanolaser. (a) Morphology of a plasmonic nanolaser where CdSe nanosquare
with a size of 98.9 nm X 2.0 ym X 1.37 um. (b) Spontaneous emission spectrum of the device pumped at a peak pump power of ~2.5 mW. There
are five pronounced cavity modes appearing as fringes in the spectrum with a broad spontaneous emission background indicated by the dashed
curve. (c) Spectrum of the device pumped at a peak pump power of 1.7 Py,. With the increased pump power, the line widths and intensities of these
cavity modes become narrower and stronger. (d) Spectrum of the device pumped at a peak pump power of 3.6 Py, single mode lasing behavior is
observed with a line width of 0.28 nm.

£

640 c e
€ -
= 680
B
k3]
< 720 - -
s ——— -

760

0 ) 10 15
Peak Pump Power (mW)

b

ER

< d

3

£

i? 01 g /

= o

§ 0.01 ° /9/

° o ~

g - e N

R '

¥

o
8

1 10
Peak pump power (mW)

Figure 3. Spontaneous emission to stimulated emission phase transition in spectrum, intensity, and emission pattern. (a) Normalized emission
spectra versus peak pump power, showing a clear transition from cavity mode modified spontaneous emissions to lasing emissions. (b) Light—light
curve of the lasing mode of the plasmonic nanolaser. The spontaneous emission coupling factor (f factor) of the lasing cavity mode is obtained to
be about 0.18 from a fitting of the light—light curve using rate equation. (c—e) Images of the plasmonic nanolaser when the pump power is (c)
below threshold, (d) around threshold, and (e) above threshold. When below threshold (~0.3 Py,), the emission pattern is the superposition of the
multiple modes and appears uniformly around the cavity edge. Around threshold (~1.7 Py,), discrete beams become to appear in the emission
pattern. Above threshold (~3.6 Py,), stimulated emission directs more photons to the single lasing mode, leading to the single mode operation and
therefore making the pattern of the lasing mode more pronounced over other cavity modes. (f) Near field |El field distribution of the lasing mode
simulated by three-dimensional full wave simulation.

To have a high extraction efficiency, we have optimized the by Lineuat , where Qe and Q. are the absorption quality
gold thin film in the plasmonic nanolaser cavity being Qipetat T Lraa
polycrystalline structure with grain size larger than S0 nm factor limited by metallic loss and radiation quality factor of a
and a high figure of merit, _IRe[[j"i] , of 16, where ¢, is the plasmonic nanocavity, respectively. We note that although a
complex permittivity of gold* (:ee Supporting Information cavity with low radiation quality factor will increase its external
section 2). Theoretically, extraction efficiency can be calculated quantum efficiency, it will degrade the performance of the
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cavity by increasing the laser threshold and broadening the
lasing emission line width.** Here, we have optimized the
absorption and the radiation quality factor simultaneously to
have an overall high performance by employing total internal
reflection mode in a nanosquare cavity with smooth surfaces.

High Performance Plasmonic Nanolaser. Figure 2a shows
the morphology of a plasmonic nanolaser where CdSe
nanosquare with a size of 98.9 nm X 2.0 ym X 1.37 pum
serves as gain material. With the strong plasmonic field
confinement, the mode volume of the device is only about
0.048 2%, much smaller than its physical volume. We pumped
the device by a nanosecond laser with a pulse width of 5 ns and
a repetition rate of 12 kHz. Figure 2b shows the spontaneous
emission spectrum of the device pumped at a peak pump
power of ~2.5 mW (~0.7 Py, where Py, = 3.5 mW is the peak
pump power at lasing threshold). There are five pronounced
cavity modes appearing as fringes in the spectrum (see
Supporting Information section 3) and a broad spontaneous
emission background. The mode centered at 710 nm is with
the highest quality factor of 178. We note that cavity modified
spontaneous emissions are usually observed in cavities with
high quality factor such as photonic crystals and dielectric
microdisc cavities where there is limited radiation and material
losses. In plasmonic laser cavities, they were rarely observed.*®
Such pronounced cavity mode fringes not only indicate that
our plasmonic cavity is with a high quality factor, but also show
the emission of the gain material is efficiently coupled to the
cavity modes.

The high quality of the cavity has a direct impact on the
lasing performance. With the increased pump power (~1.7
Py), the line widths and intensities of these cavity modes
become narrower and stronger (Figure 2c). When the device is
pumped at a peak input power of 12.7 mW (~3.6 Py,), single
mode lasing behavior is observed with a line width of 0.28 nm
(Figure 2d), which is, to our knowledge, a record value among
all the reported plasmonic nanolasers. The single mode lasing
with a side mode suppression ratio of 12 dB leads to an
emission pattern distinct to that of the spontaneous emission
one as discussed below.

Figure 3a shows the normalized emission spectra versus peak
pump power, where we can see a clear transition from cavity
mode modified spontaneous emissions to lasing emissions.
The blue shift of the resonant cavity modes is due to the
increased carrier concentration with the increased pump
intensity, which saturates above the laser threshold due to
the gain clamping. The strong coupled gain and cavity is also
shown in light—light curve. As shown in Figure 3b, the light—
light curve of the lasing cavity mode is in an “S” shape in log—
log scale, identifying the phase transition from spontaneous to
stimulated emission (the light—light curve of integrated power
from all modes is shown in Supporting Information section 4).
The transition can also be verified by line width narrowing of
the lasing cavity mode as pump power increases (see
Supporting Information section $). The spontaneous emission
coupling factor (f factor) of the device is obtained to be about
0.18 from a fitting of the light—light curve of the lasing cavity
mode using rate equation.

Any lasing mode has to be an eigenmode of a laser cavity.
Consequently, a cavity defined emission pattern supplies an
important evidence for verifying lasing behavior and can be
used to identify the exact lasing eigenmode.”*’ Figure 3c
shows the spontaneous emission image below threshold. It is
the superposition of the multiple cavity modes, and because of
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that, the emission appears uniformly around the cavity edge.
Around threshold, discrete beams begin to appear in the
emission patterns (Figure 3d). Above threshold, stimulated
emission directs more photons to the lasing mode, leading to
the single mode operation and therefore making the pattern of
the lasing mode more pronounced over other cavity modes
(Figure 3e). In the lasing regime, the emission pattern remains
unchanged under varied pump power (see Supporting
Information section 6). We have used three-dimensional full
wave simulation to identify the lasing mode. The simulated
near field |E| field distribution of the lasing mode is shown in
the Figure 3f, which shares the same main feature with the
experimental pattern (see Supporting Information section 7).
The simulated near field [El distribution also remains
unchanged under various gain (see Supporting Information
section 8). All the emission features of the lasing mode can be
extracted from the simulation.

Determining External Quantum Efficiency. In the
following, we discuss the method to determine the input and
output power of the plasmonic nanolaser for EQE calculation.
For the input power of the device, we develop a method to
determine it via measuring the reflected power of the pump
laser beam. In the experiment, we first measure the absolute
reflected power of the pump laser beam at the Au/air interface
and then move the pump beam onto a CdSe nanosquare to get
the absolute reflected power of the pump laser beam with the
device being excited (see Supporting Information section 9).
Because of the absorption of the CdSe nanosquare, the power
of the reflected pump laser beam will decrease. Such a contrast
P_,, between the absolute power reflected at the Au/air
interface and device interface approximately equals to the input
power absorbed by CdSe gain materials. To obtain a more
precise value, we further consider the reflectivity of each
material interface and the absorptions of both Au and CdSe
(see Methods). After these calibrations, the absolute
absorption power of the device should be ~1.10 P, (see
Supporting Information section 10). Note that edges and
corners of the nanocavity will result in scattering that cannot
be collected by the objective due to the limited numerical
aperture. Thereby, the EQE can be underestimated here due to
the overestimation of the input pump power.

For the output power, notably, the value we obtained in
Figure 3e is the absolute far field emission power that is
collected by the objective. At a pump power of 12.7 mW (~3.6
Py), the collection efficiency (the ratio between objective
collected power and pump power) by the objective is 2.0%. To
obtain the ratio of the collected power over total far field
radiation power, we have calculated the far field emission
pattern of the nanolaser from the near field pattern using the
Stratton-Chu formula.”® Considering the nanolaser being
placed in the vicinity of the origin, the electric field at far
field point p defined by an angular position (6, ¢) can be
calculated by

ik
E -
Ly

1y X f[n X E — nry X (n X H)] ™ dS )

where E and H are near field electric and magnetic fields of the
lasing cavity eigenmode on the “aperture”, the surface S
enclosing the device, r is the radius vector on the surface S, n is
the unit normal to the surface, 7 is the wave impedance in
vacuum, k is the wavenumber corresponding to the frequency
of the eigenmode, and r, is the unit vector pointing from the
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Figure 4. Determining the external quantum efficiency of plasmonic nanolaser. (a) Calculated far field radiation pattern of the lasing cavity mode.
The ratio of the energy collected by the objective to the total energy radiated to the free space is about 38.2%. (b) Angle-resolved field distribution
of the lasing cavity mode. Radiation with 0<48.6° (beneath the black dotted line) can be collected by the lens. (c) External differential quantum
efficiency versus peak pump power above the lasing threshold. (d) Collection efficiency of plamonic nanolasers with varied physical volume. 4 is the

emission wavelength of 700 nm.

origin to the field point p, which is taken at infinity but with a
well-defined angular position (6, ¢).

Figure 4 shows the calculated far field radiation pattern of
the lasing cavity mode. Because the power flow of the far field
is proportion to |EP|2, the ratio of the power collected by the
objective to the total power radiated to the free space can then
be calculated from the far field radiation pattern, which is to be
about 38.2%. The peak emission power of this directly
collected radiation is about 0.26 mW. Thereby, we can get the
full radiated photon power to be about 0.68 mW. We further
calculate the ratio of the total far field radiation over the
total radiation power from the full wave simulated lasing
eigenmode, which is 60%. Then we get the total radiation
power of the plasmonic nanolaser to be 1.13 mW, which
corresponds to an external quantum efficiency, #7pqg of 11.9%
(at 3.6 Py,). Figure 4c shows the external differential quantum
efficiency versus peak pump power above the lasing threshold.
The external differential quantum efficiency is about 13.4% in
the measured pump power range.

We have measured more than 20 plasmonic nanolasers with
various physical size as shown in Figure 4d. There is a general
trend that smaller device has a higher collection efficiency.
Such a trend is because that a smaller cavity has a lower
radiation quality factor and thus a higher extraction efficiency.

The high EQE of the plasmonic nanolaser secures a high
enough emission power for its practical application. For
instance, in integrated optical interconnects, there is a lower
bound of the emission power for its driving laser set by the
sensitivity of the optical receiver in optical interconnects. The
photon number in a bit needs to be larger than ~1000 for an
error free data communication (bit error rate equaling to
10_12) due to the thermal noise. At a bit rate of 10 Gb/s, it
requires the laser emission power to be over 2.8 yW (at 700
nm here). We can see that the emission power of the
plasmonic nanolaser reported here satisfies such a requirement.

Discussion. While a plasmonic nanolaser with small
physical volume of gain material can lower the overall power
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consumption, its feasibility in many applications replies on its
performance in EQE. A high EQE not only secures enough
output power, but also avoids severe device degradation due to
thermal effect. In this work, we develop a method to
characterize the EQE of a plasmonic nanolasers and
demonstrate that it can exceed 10% at room temperature.
The constructed plasmonic nanolaser is also with high
performance in other laser key metrics including a record
narrow emission line width of 0.28 nm and a lower power
consumption of 3.5 mW. Our work solves the challenges in
characterizing the last yet essential key metric of plasmonic
nanolasers. The demonstrated high EQE will endorse the
exploration of them in various practical applications. We note
that the EQE of plasmonic nanolasers can be further increased
by accelerating their radiation rate via employing a smaller
cavity with lower radiation quality factor, where cavity
configuration engineering, metal quality improvements are
crucial for loss compensation by gain materials. A higher EQE
can also be realized by coupling a plasmonic nanolaser to an
embedded waveguide, where not only the radiation efficiency
can be enhanced, but also the emission directionality can be
recovered.®

Methods. Material Growth. The gain material of CdSe is
synthesized via a chemical vapor deposition method. CdSe
powders with a purity of 99.99% were used as the source. A 10
nm thick Au film coated on silicon substrate was used as
catalyst, which was deposited by thermal evaporation. During
the growth process, high-purity argon was used as the carrier
gas with a flow-rate of 100 standard-state cubic centimeter per
minute. The temperature and duration were set to be 700 °C
and 0.5 h.

Device Fabrication. The as fabricated CdSe nanosquares by
chemical vapor deposition method were dry transferred to
substrates of MgF,/Au (5 nm/200 nm) to form plasmonic
nanocavities. The plasmonic substrates was deposited by
electron-beam evaporation, where the grain size of the Au
polycrystalline film is larger than 50 nm. Under optical
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pumping, CdSe nanosquares supply optical gain as well as the
teedback cavity for a plasmnonic lasing behavior.

Mode Volume Calculation. The optical mode volume of
plasmonic nanolaser cavities is calculated by
~ / i[&[@j B + IH(r)IZ] &r

\%4 ], where @ is optical fre-

mode ™ max[%[Re[d;l:f)} IE(r)” +p IH(r)IZ]

quency, € is the material permittivity, and E(r) and H(r) are
the electrical field and magnetic field, respectively.

Determining Input Power. The contrast between the
absolute power reflected at the Au/air and device interfaces
(P.y) can be expresses as P, = Rywair X P — (Rausar X Py +
Ryevice X P,), where P, and P, are the pump laser powers
incident on Au and CdSe, respectively, P (= P; + P,) is the
total incident pump laser power, and Ry, /i and Ry, are the
reflectivity at the Au/air interface and at the device interface,
respectively. By substituting P = P, + P, into the expression of
Bo

————_ The input power

u/air ~ Reevice

absorbed by CdSe P;, can be obtained by P, = Acgse X P,
where Acgs. is the absorptance of CdSe nanosquare. When
considering the multireflection at the interfaces of air/CdSe/
Au three layer structure with an incident angle of 6, both
Ryevice and Acgs. can be calculated by the interference effects at

the interfaces analytically. Ry can be calculated
2

P, we can deduce that P, =

2i2m/Aicdseh cos 2

_ ry+ e
bdeevice T |1 4 g2/ Aicdseh cos Oy | ACdSe can be calculated by
o"
b .2/ iCdSCh 05 0 2
— _ ofy
ACdSe =1- Rdevice - AAuJ where AAu = May 1 4 o2/ Hicdseh cos 0
01

is the absorptance of Au film, 8, = sin™'(sin 0, /ficgs.), 1o and 1
are the reflection coefficient at the interface of air/CdSe and
CdSe/Au, respectively, t, and ¢, are the transmission coefficient
at the interface of air/CdSe and CdSe/Au, respectively, and
here both r and t have already taken the incident angle 6, into
consideration. h is the thickness of CdSe nanosquare, ¢4, is
the refractive index of CdSe, and n,, is the real part of
refractive index of Au.
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