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INVITED PAPER Special Section on Recent Progress in Active Photonic Device Technologies

Metal-Cavity Nanolasers and NanoLEDs

Shun Lien CHUANG†a), Chi-Yu NI†, Chien-Yao LU†, and Akira MATSUDAIRA†, Nonmembers

SUMMARY We present the theory and experiment of metal-cavity
nanolasers and nanoLEDs flip-chip bonded to silicon under electrical in-
jection at room temperature. We first review the recent progress on micro-
and nanolasers. We then present the design rule and our theoretical model.
We show the experimental results of our metal-cavity surface-emitting mi-
crolasers and compare with our theoretical results showing an excellent
agreement. We found the important contributions of the nonradiative re-
combination currents including Auger recombination, surface recombina-
tion, and leakage currents. Finally, experimental demonstration of electri-
cal injection nanoLEDs toward subwavelength nanoscale lasers is reported.
key words: nanolasers, nanoLEDs, microcavity, plasmonic waveguides,
metal cavity

1. Introduction

There has been intensive research on subwavelength
nanoscale lasers for potential applications in future gener-
ation optical interconnects, optical data storage, and high
resolution biochemical imaging [1]–[3]. Since the invention
of the laser [4] and semiconductor lasers [5]–[8], the size
of lasers has been reduced significantly. The vertical-cavity
surface-emitting lasers (VCSELs) [9], microdisk lasers [10],
and the photonic crystal nanolasers [11] have reduced the
size of the laser toward an ultra small cavity volume al-
though the physical sizes are still a few wavelengths in
three dimensions. To push the size of the lasers below the
diffraction limit (i.e., a size of a half wavelength in all three
directions), a recent work of a naolaser with a diameter
of 210 nm and a height of 1.5 mm has been realized with
electrical injection at 10 K [12]. To achieve operation at
room temperature, a cavity of 300 nm in width and 6 mm
in length [13] has been demonstrated with pulsed operation.
A continuous wave (CW) mode laser with a similar size has
also been realized [14]. A metallo-dielectric pedestal pil-
lar laser with further size reduction was made with thicker
optical buffer layers [15]. Optically pumped metal-cavity
nano-patch lasers at 77 K [16], nano-pan lasers at 8 K [17],
and nanolasers at 300 K [18] further decreased the size to
subwavelength in three dimensions. Hybrid structures in-
corporating photonic crystals and metals are also proposed
and investigated [19], [20]. The advantages of metal-cavity
nanolasers and nanoLEDs are to provide an ultrasmall cav-
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Fig. 1 (a) The proposed metal-cavity surface-emitting laser structure
with top and bottom DBR pairs. The GaAs substrate is removed with a
flip-chip bonding to the receptor (silicon) substrate. Metals (silver) are used
to conformally coat the lithographically defined semiconductor structure to
form a metal cavity. An active region using quantum wells is placed in be-
tween carrier injection layers. The device emits light vertically through the
top surface and is circular in shape. [24]–[27] (b) Proposal of a nanocoin
laser structure using bulk active region surrounded by a metal cavity [30].

ity volume with low power consumption, ultrahigh speed
modulation, and ultra-high density photonic integration for
intrachip optical interconnect. In contrast, microdisk lasers
are restricted by the diffraction limit. Although the pho-
tonic crystal lasers can effectively produce a small effective
modal volume, still, they require an area with a radius of
several micrometers in order to have a significant quality
factor. Therefore, metal-cavity nanolasers and nanoLEDs
provide the potential for true reduction of cavity volume
with potential high performance. The use of metals to in-
crease mirror reflectivity for lasers can be traced back to
the first ruby laser by Maiman [4]. Iga’s invention of VC-
SEL [9] also used a 50-μm metal aperture as a reflector,
while reducing the vertical size greatly. We have recently
developed a fundamental formulation for nanoscale lasers
taking into account the plasmonic dispersion of the metals
and the negative permittivity in metal cavity structures [21]–
[23]. Metal-cavity surface-emitting microlasers have also
been proposed and demonstrated experimentally [24]–[27]
showing continuous-wave (CW) operation at room temper-
ature. Nanoscale LEDs with electrical injection have also
been demonstrated [28], paving the way toward subwave-
length nanolasers.

Our surface-emitting configuration, Fig. 1(a), for
metal-cavity nanolasers [24]–[27] consists of a few inno-
vations compared to other metal-cavity lasers [29]. Our
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design is based on the HE11 mode of a metal-coated
insulator-semiconductor (core) coaxial structure with a cir-
cular beam shape, top-emitting design, which is ideal for
laser sources compared to the slit or rectangular window
of other nanolasers, which usually introduces optical field
distortion in certain directions. For a detailed comparison
of our design using the propagation mode with others such
as those using a cutoff mode structure for feedback, see
[29]. Our devices require the substrate removal to reduce
the propagation loss of the light output through a thick sub-
strate and to reduce the heating effects [26]. The complete
metal encapsulation and flip-chip bonding to a silicon sub-
strate improve the optical mode confinement, provide effi-
cient heat removal, and most importantly, isolate individual
devices from cross talk for high density photonic integra-
tion. We have demonstrated CW room temperature opera-
tion for both 870 nm and 995 nm lasing wavelengths micro-
lasers, moving toward nanoscale lasers.

Figure 1(b) shows our proposal of a nanocoin laser
for further size reduction by removing the DBR reflectors.
In this paper, we present the progress on our proposed
room temperature metal-cavity surface-emitting microlasers
[27] and nanoLEDs [28], which operate in continuous-wave
(CW) mode with electrical injection. We also show new
theoretical results based on our theoretical model and com-
parison with experimental data with a very good agreement.
We identify the contributions of radiative vs. non-radiative
recombination currents, such as Auger recombination, de-
fect recombination, and leakage current, as a function of the
injection current. We then present our conclusion and future
work.

2. Theory of Nanolasers

2.1 Design Rules

To satisfy the lasing condition for a laser, the phase and the
threshold conditions have to be met simultaneously. Similar
to previous work [31] on our first generation metal-cavity
nanolasers [24], [25], the round trip phase condition Φ(ω)=
2mπ and the net threshold modal gain condition G(g)=0 of
a transverse mode have to be satisfied [31]

Φ(ω)=φbottom DBR(ω)+φtop DBR(ω)+2NQWhQWk(QW)
R

+ 2(NQW + 1)hbk(b)
R +
∑

n∈cladding

2hnk(n)
R = 2mπ (1)

G(g) =
∑

n∈QWs

2hnΓL,n(ω)gM,n −
∑

n

2hnΓL,n(ω)αi,n(�ω)

− ln

⎛⎜⎜⎜⎜⎜⎜⎝
1

|rbottom DBR(ω)|2
∣∣∣rtop DBR(ω)

∣∣∣2
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where ω is optical frequency, hQW , hb, and hn are the thick-
ness of the quantum wells, the barriers, and the segments in
the cladding layers, respectively. k(QW)

R , k(b)
R , and k(n)

R are the
real part of the propagation constant in quantum wells, bar-
riers, and cladding layers, respectively. ΓL,n is the longitudi-

Fig. 2 The layer structure, sandwiched between two DBR regions,
applied to the lasing threshold condition.

Fig. 3 The standing wave pattern calculated from the FDTD method.
The field is confined in MQW’s region and decays into DBR regions.

nal optical confinement factor. NQW is the number of quan-
tum wells. The schematic layer structure is shown in Fig. 2.
The resonant (lasing) wavelength is determined by the phase
condition in Eq. (1). Note that the effective indices for the
top DBRs are simply refractive indices of materials since
there is no waveguide in that region. The threshold material
gain (g) can be obtained through the threshold modal gain
condition, Eq. (2), when the cavity modal gain is balanced
by the sum of the intrinsic and mirror losses. Since the scat-
tering loss in the interface between the pillar and substrate
is ignored in Eq. (2), the calculated gain will be underesti-
mated. Nevertheless, this approach gives almost the same
resonant wavelength as that from the finite-difference time
domain method (FDTD), and is able to show the alignment
of the standing wave pattern with the quantum wells under
the resonance condition. More details can be found in [31].

Once the resonant wavelength and the location of the
peaks of the standing wave are found, we use FDTD to ob-
tain more accurate parameters such as the quality factor, Q,
wave pattern, and energy confinement factor, ΓE . We place
a dipole source with the wavelength obtained from Eq. (1) at
the proper position to excite HE11 mode. The standing wave
pattern is shown in Fig. 3. Q and ΓE are 1,745 and 0.021, re-
spectively. Thus, the threshold material gain is 7,241 cm−1

according to gth = ω/(ΓEυgQ), where ω. is the resonance
frequency and υg is the group velocity [21]. The light out-
put power versus injection current (L-I) curve can be solved
through the rate equations, as described in Sect. 2(b) next.
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2.2 Rate Equations for Nanolasers

The rate equations for a laser cavity with the presence of
metal have to be dealt with carefully. Metals function as
plasmas in the optical frequency regime, implying that they
are lossy, dispersive, and the real part of the permittivities
can become negative. The issue for modeling a metal-cavity
nanolaser involves how to normalize the optical field such
that the total electromagnetic energy is one photon energy
[21]. The optical field normalization is needed to obtain
physically meaningful spontaneous and stimulated emission
rates. The energy confinement factor should be used instead
of the commonly used power confinement factor since the
Poynting’s vector can be negative in the plasma region when
the permittivity becomes negative and dispersive [22], [23].
The rigorous rate equations used for metal cavity nanolasers
are presented below:

∂n
∂t
=

1
qVa

(ηiI − Il) − Rnr(n) − Rsp(n) − Rst(n)S (n) (3)

∂S
∂t
= − S
τp
+ ΓEβspRsp(n) + ΓERst(n)S (n) (4)

where

n = carrier density (cm−3)
I = injection current (A)
ηi = injection efficiency
q = electron charge (Coulomb)
Va = active material volume (cm−3)
Rnr(n) = nonradiative recombination rate (s−1cm−3)
Rsp(n) = spontaneous emission rate (s−1cm−3)
Rst(n) = stimulated emission coefficient (s−1)
S (n) = photon density (cm−3)
Il = leakage current (A)
τp = photon life time (s)
ΓE = optical energy confinement factor
βsp = spontaneous emission coupling factor

The nonradiative recombination rate accounting for the sur-
face recombination and Auger recombination is:

Rnr(n) = vs
Aa

Va
n + Cn3 (5)

where

vs = surface velocity (cm/s)
Aa = the surface area of the active material (cm2)
C = Auger recombination coefficient (cm6s−1).

The spontaneous emission rate coupling to the continuum
modes and the m-th cavity mode is

Rsp(n) = Rsp,c(n) + Rsp,m(n) (6)

The first term is spontaneous emission rate coupling into the
continuum modes and is defined as:

Rsp,c(n) =
1
τsp,rad

1
Va

∑

k

fc,k(1 − fv,k) (7)

where

τsp,rad = radiative life time (s)
fc,k = Fermi-Dirac occupation probability of electrons in
the conduction band
fv,k = Fermi-Dirac occupation probability of electrons in
the valence band.

The second term is spontaneous emission rate coupling
in a specific (m-th) cavity mode and is defined as:

Rsp,m(n) = βspRsp(n)

= ΓE
Va

2π2q2

ε0(εR,a(ωm)+εg,a(ωm))m2
0ωm

∫
dω 1
π

Δωm

(ω−ωm)2+Δω2
m

(8)

× 1
Va

∑
k |ê · ⇀pk |2 γπ fc,k(1− fv,k)

(Ec,k−Ev,k−�ω)2+γ2

where

εR,a = the real part of the relative permittivity in the active
region
εg,a = the real part of the relative group permittivity in the
active region
|ê·pk |= the optical momentum matrix element (kgcm/s)
γ = the linewidth of optical transition (eV)
vg= the group velocity (cm/s)
Veff = the effective modal volume (cm−3)
neff = the effective index of the mode.

The optical energy confinement factor should be used
for dispersive media:

ΓE =

∫
Va

dr ε0
4

[
εg(r, ωm) + εR(r, ωm)

]
|E(r)|2

∫
V

dr ε0

4

[
εg(r, ωm) + εR(r, ωm)

]
|E(r)|2

(9)

where the relative “group permittivity,” εg(r, ωm), is

εg(r, ωm) =
∂[ωεR(r, ω)]
∂ω

∣∣∣ω=ωm (10)

and E(r) is the optical electric field at ω = ωm.
Finally, the stimulated emission coefficient is

Rst(n) = vgg(n) (11)

where

vg = group velocity (cm/s)
g(n) = gain coefficient (cm−1)

In addition, we take into account the leakage current Il,
which can be approximated as [32]:

Il = I0 exp[−(Econf ,g − ΔF)/kbT ] (12)

where Econf ,g and ΔF are the band gap energy of the elec-
tron confinement layer in the active region of the laser and
the separation of quasi-Fermi levels in the conduction and
valence bands, respectively [32]. I0 is a fitting parame-
ter. Clearly, Il is proportional to thermionic emission rate
in the gain medium and it increases with carrier density, i.e.
a larger ΔF, and temperature. Due to the current leakage,
the carrier density is not completely pinned with increasing
bias current even after the threshold condition is reached.
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In addition, we use the 4 × 4 Luttinger-Kohn Hamilto-
nian under the axial approximation [33] to calculate the op-
tical gain spectra of the active region consisting of 5 pairs of
In0.21Ga0.79As (4.2 nm)/Ga0.12As0.88P (6 nm) quantum wells
at various carrier densities. Due to the thin barrier thickness,
the wave function coupling among quantum wells occurs
and this effect is taken into account in our gain model.

3. Metal Cavity Surface-Emitting Microlasers

For our metal-cavity surface-emitting microlaser [27],
as illustrated in Fig. 1, optical feedback is provided by
a bottom 23-pair and a top (emission side) 33-pair
Al0.9Ga0.1As/Al0.12Ga0.88As quarter-wavelength DBR lay-
ers. Multiple quantum wells composed of 5 pairs of
In0.21Ga0.79As (4.2 nm) quantum wells and GaAs0.88P0.12

(6 nm) barriers under the strain balance condition are used
in the active region. The fundamental HE11 mode preserves
the circular beam shape and a null-free emission pattern
[27]. The round-trip phase shift is tuned to match the res-
onance condition according to Eq. (1) through the introduc-
tion of metal dispersion and modal characteristics into the
effective index. Phase shifts from the imperfect reflection
of metal/semiconductor interface are included for the reso-
nance wavelength prediction. The threshold material gain
gth is estimated as described in Sect. 2.

Lithography and dry etching are used to create the mi-
cropost structure. A silver coating is performed by e-beam
evaporation after the sidewall passivation of SiNx. The mi-
cropost has a radius of ∼1.0 μm and a height of ∼4.0 μm just
through the active region. A complete removal of the origi-
nal GaAs substrate by wet etching and flip-chip bonding to
silicon are used to transfer the devices. The etching stops
right at the exposure of the DBR layers where an n-contact
was deposited. In Figs. 4(a) and (b), the device shows a las-
ing wavelength of 995 nm and a clear threshold of 2.6 mA in
the light output power vs. injection current (L-I curve) with
CW operation at room temperature. The output power goes
to 8 μW at a bias current of 4 mA.

Fig. 4 (a) The L-I curve under CW current injection with a threshold
around 2.6 mA at room temperature. The emission power can go up to
more than 8 μW. (Inset: A SEM micrograph of a 2 μm-diameter cavity be-
fore insulator encapsulation.) (b) The corresponding spectra under different
biases. A clear lasing peak at 995 nm was observed. (Inset: The cross-
section electric field squared |E|2 inside the active region calculated by the
finite element method and the infrared camera image while operating [27].)

4. Comparison between Theory and Experiment

To calculate the light output power vs. current (L-I curve)
and compare it with the experimental data, the thermal ef-
fect has to be considered in the rate equations. Thus, a self-
consistent model has to be used, i.e., the power difference
between the electrical and optical power contributes to heat
dissipation and leads to increase of temperature inside the
device. Therefore, leakage current, spontaneous emission
and stimulated emission not only vary with carrier density
but also temperature. Moreover, the high carrier density
and temperature increase redshift the optical transition en-
ergy due to two mechanisms: one is band gap renormaliza-
tion from many-body effects and the second is the band gap
change from material lattice constant change with tempera-
ture.

To take these two affects into account, the reduction of
energy difference for each optical transition (5 transitions
due to coupling among 5 MQW’s), ΔEg, is modeled as:

ΔEg = −a(T − Tsink) − ΔEBRñc (13)

where T and Tsink are the temperature inside the active re-
gion and the temperature set in the heat sink, which is 300 K
in the case, respectively, and ñ is surface carrier density nor-
malized to 1 × 1012 cm−2. Note that the carrier density is
the total carrier density within 5 quantum wells. The first
term represents the effect of material band gap change with
temperature and the second term is due to band gap renor-
malization. a can be extracted from Hamiltonian calcula-
tion. As for the band gap renormalization, it is widely be-
lieved that ΔEg approximately depends on the carrier den-
sity n with power of third order. However, the screening
effect in InxGa1−xAs/InGaAsP latticed matched to GaAs for
980 nm laser system can alleviate the band gap shrinkage
from band gap renormalization at high carrier density [34],
which means that with the consideration of the screening ef-
fect, the band gap shrinkage is not as significant as expected.
Based on the above discussions, we use: a = 0.43 meV/K,
ΔEBR = 9.759 meV, and c = 0.52. The dependence of elec-
tron confinement layer, Al0.35Ga0.65As, on temperature [35]
is also considered in the leakage current. Figure 5 shows
the comparison between theory and experiment of the L-I
curve, and an excellent agreement is demonstrated.

In our calculation, the surface velocity is set as 1.01 ×
105 cm/s, τsp,rad = 2.8 ns, C = 1.31 × 10−29 cm6/s, and ηi =

0.58. The collection efficiency is used to match the theoret-
ical optical output power with the experiment data.

Furthermore, the power from the spontaneous emission
is also included in our theoretical L-I curve. A concave
curve below the threshold current can be observed in Fig. 5.
The reason is that in the long wavelength, Auger recombina-
tion can be significant and dominate in the injection current
at high bias. Thus, the current is proportional to n3 at high
current injection. On the other hand, the light power be-
low the threshold condition is from spontaneous emission,
which is approximately proportional to n2. Thus, the light
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Fig. 5 The comparison between theoretical L-I curve (blue dot curve)
and experimental curve (red curve). The threshold current Ith is around
2.5 mA.

Fig. 6 (a) The surface recombination rate (black curve) and Auger re-
combination rate (red dot curve). (b) The stimulated emission (RstS) and
spontaneous emission (Rsp) rates. The former surpasses the latter at around
2.75 mA.

output power below threshold condition is proportional to
current with the dependence of I2/3.

To further verify this concept, the surface and Auger
recombination rates are shown in Fig. 6(a). At low current
injection, the surface recombination rate is larger than the
Auger recombination rate. With increase of current, Auger
recombination rate dominates the nonradiative recombina-
tion process and results in the concave curve below thresh-
old. In addition, the stimulated emission and spontaneous
emission rates are plotted in Fig. 6(b). An intentional de-
tuning of 15 nm is designed in this layer structure with the
consideration that the gain peak alignment with the cavity
resonant wavelength at high bias.

The stimulated emission surpasses the spontaneous
emission around 2.75 mA. Furthermore, the different scales

Fig. 7 The leakage current increases versus injection current. Due to
increase of carrier density and temperature, leakage current increases ex-
ponentially in high bias.

in Figs. 6(a) and 6(b) show the nonradiative recombination
rate dominates the injection current. The surface recombi-
nation rate depends on the ratio of active material area to
volume, which is two over radius for cylinder, and the sur-
face velocity. The large ratio of the surface area to volume
is inevitable in nanolasers and thus, the reduction of sur-
face velocity is necessary for decreasing threshold current.
This can be improved either by using a better passivation or
making devices work at lower temperatures. To reduce the
Auger recombination, one method is to use a wide band gap
material or to reduce the threshold material gain, and hence,
the carrier density to alleviate Auger recombination rate.

In addition, the increase of carrier density even after
threshold current is clearly seen in Fig. 6(a). The clear turn-
ing point after threshold current is apparent for Auger re-
combination rate since it is proportional to cube of n. The
smaller slope in the Auger recombination rate after thresh-
old implies the slow increase in carrier injection and the lin-
earity also means Auger recombination rate dominates the
current at higher bias. The reason that the carrier density is
not pinned is that with increase of temperature, the quasi-
Fermi distribution starts to broaden and reduces the electron
and hole occupation probabilities in the transition energies.
Therefore, a larger carrier density is needed to maintain the
modal gain to overcome the total loss. However, this mech-
anism leads to a larger Fermi energy separation, ΔF. In
conjunction with the increase of temperature, these two ef-
fects enhance the increase of leakage current, which results
in the rollover of the L-I curve at high bias. Figure 7 shows
the trend and the leakage current increases from a negligible
scale to 0.25 mA as injection current increases. According
to our model, the temperature inside the laser increases from
300 K to 335 K during the operation.

The extraction of spontaneous emission coupling factor
β can be carried out from the ratio of βRsp(n) over Rsp(n);
and it obviously depends on the carrier density. Figure 8
shows β as a function of the injection current. Since both
βRsp(n) and Rsp(n) increase with current, there is a maxi-
mum value of β before threshold, which is around 0.65 mA
in this case. It increases when the βRsp(n) starts to increase
while Rsp(n) increases gradually. After the threshold, Rsp(n)
keeps increasing due to thermal effect but βRsp(n) is saturat-
ing, which makes β gradually decrease. The β value around
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Fig. 8 The spontaneous emission coupling factor β as a function of
current. Around the threshold at 2.75 mA, β is around 0.45%.

threshold current is 0.45%. This number can be further im-
proved by increasing the energy confinement factor.

5. Further Size Reduction: Metal-Cavity Surface-
Emitting Nanolasers and NanoLEDs

Toward nanoscale lasers with further reduction in the cavity
volume, we have fabricated metal encapsulated nano-cavity
light emitting diodes, which operate with electrical injec-
tion at room temperature. Figure 9(a) shows a schematic
diagram of our fabricated nanoLED [28], where the active
region is a bulk InGaAs layer with InP cladding. The cav-
ity height of this device is designed as 200 nm, leading to
a fundamental HE111 mode. Figures 9(b)–(d) show SEM
images of the key steps in device fabrication. The metal-
defined nanocavity has a total layer thickness of 200 nm and
a radius with the smallest of 750 nm. The sidewall of the
disk is passivated with SiNx before metallization. This layer
serves as a sidewall passivation, electrical isolation, and op-
tical cladding layer between the active region and the sur-
rounding metal. The smallest cavity volume encapsulated
by silver is about 0.45 μm3, which corresponds to 0.11 λ3

0 in
terms of the free space wavelength.

The I-V curve, Fig. 10(a), indicates good electrical iso-
lation between anode and cathode by the thin 100 nm sili-
con nitride layer. It shows an excellent diode turn-on volt-
age at 1.06 V. The L-I curves show a slope efficiency of
0.27 mW/A at 28◦C and 0.31 mW/A at 15◦C. The electrical
injection spectra, Fig. 10(b), show no degradation compared
with photoluminescence (PL) spectrum from wafer before
processing, but we could not observe cavity mode or spec-
trum narrowing from this device. This is because a subwave-
length metal cavity suffers too large radiation loss as well as
metal loss at room temperature.

In order to improve the quality factor, we have also de-
signed a larger cavity metal encapsulated device in an at-
tempt to fabricate a laser. The device structure is similar
to Fig. 11(a) except that the height is 1.599 μm, which is
about six times of the previous design. This is designed
such that the fundamental HE11 mode has six standing wave
peaks along the vertical direction (HE116). The cavity di-
mension is designed in the same way as Eq. (1) with special
attention on the phase shift and magnitude with the metal

Fig. 9 (a) Schematic diagram of the metal-cavity surface-emitting
nanoLED. The whole InP(p)-InGaAs(i)-InP (n) is encapsulated by metal
with a thin SiNx interface layer to avoid short circuit [28]. (b) SEM de-
vice picture after SiNx deposition for isolator between anode and cathode
together with sidewall passivation, (c) conformal Ag covering, and (d) fin-
ished device after flip-chip bonding and substrate removal.

Fig. 10 (a) The light output and voltage vs. current curves [28], and (b)
electroluminescence and photoluminescence spectra for nano-LED with ra-
dius of 1.0 μm (cavity volume of 0.76 μm3 or 0.19 λ3

0) at room temperature.

Fig. 11 (a) The structure of the device with InGaAs as the active material
and the corresponding FDTD calculation showing the electric field distri-
bution inside the cavity. (b) Current-dependent spectra for a device height
of 1.599 μm. (c) The spectra compared with the epi-wafer photolumines-
cence (PL), 200 nm height device, and 1.599 μm height device, showing
spectral narrowing from Δλ = 190 nm to 8.3 nm.

reflector, which is a function of the metal thickness. Fig-
ure 11(a) shows the device structure and the corresponding
FDTD calculation showing the electric field distribution in-
side the cavity for the HE116 mode. The resonant wave-
length of our numerical FDTD result agrees well with the
simple Fabry-Perot design result in Sect. 2. Figure 11(b)
shows the optical spectra of the metal-cavity electrical in-
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jection emitters at room temperature. The cavity was fabri-
cated with a radius of 1 μm and a height of 1.599 μm, cor-
responding to a volume of 1.23 λ3

0. Room temperature spec-
trum narrowing was observed with this device. Spectral nar-
rowing from Δλ = 190 nm (wafer PL spectrum) to 8.3 nm
was observed with the increase of the current injection. So
far, the room-temperature performance of 3D-confined sub-
wavelength lasers was achieved mostly by optical pumping
[16], [17] with a recent electrical injection laser at low tem-
perature [15]. Our preliminary successful demonstration of
a metal-encapsulated nano-cavity emitter at room tempera-
ture paves the way toward the realization of electrical injec-
tion nanolasers.

6. Conclusion and Future Work

In conclusion, we have presented a rigorous model
and demonstrated experimentally room-temperature metal-
cavity surface-emitting microlasers and nanoLEDs. Our
theory explains the measured light output power vs. injec-
tion current (L-I curve) of the microlasers very well and
identifies the relative contributions of radiative and non-
radiative (Auger and defect) recombination rates as well
as leakage current. Our smaller nano-coin structures [30],
shown in Fig. 1(b), exhibit LED performance as described
in Sect. 5. The metal reflectors are designed to replace or
integrate with the reduced number of DBR pairs based on
our strategy. A pure metal mirror without the DBR can be
used, provided that special care is taken with the design
of its thickness. To have a good laser output power, the
thickness of metal reflector should be optimized. We have
demonstrated the successful coating of a thin metal layer as
an output coupling mirror in the nano-LED, moving toward
the realization of a nano-coin laser [30].

Nanolasers pose challenges for researchers in photon-
ics, both intellectually and technologically. Due to their
compactness in size and substrate-free, silicon compatibil-
ity, it is promising to bridge the gap between photonics
and silicon electronics. They have potential applications for
ultra-high density photonic integrated circuits with ultralow
power consumption and ultra-small footprint and ultrafast
switching speed. The prototype of our design, with its
transferability, metal-shielding, and energy efficiency, com-
bined with existing technology, would bring a new appli-
cation platform. The process is scalable down to subwave-
length fabrication. Further research is necessary to reduce
the metal losses in the cavity and to overcome the techno-
logical challenges of nanofabrication.
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