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We propose and realize a substrate-free metal-cavity surface-emitting microlaser with both top and
sidewall metal and a bottom distributed Bragg reflector as the cavity structure. The transfer-matrix
method is used to design the laser structure based on the round-trip resonance condition inside the
cavity. The laser is 2.0 um in diameter and 2.5 um in height, and operates at room temperature
with continuous-wave mode. Flip-bonding the device to a silicon substrate with a conductive metal
provides efficient heat removal. A high characteristic temperature about 425 K is observed from 10
to 27 °C. © 2010 American Institute of Physics. [doi:10.1063/1.3455316]

Metals, with a negative permittivity at optical frequency,
can be engineered to support a surface-plasmon wave and
confine the optical field w1thm a skinny region near the
metal/dielectric interface."* With possible energy localiza-
tion near the metal/dielectric interface, metal cavities become
a pr0m1s1ng resonance structure in the subwavelength
regime. Desplte its large ohmic loss at optical frequencies,
lasing in metal cavities is realizable even for a moderate
quality factor.* Although these quality factors are not higher
than those of conventional dielectric cavities, the photon life
time becomes shorter, and therefore, a higher modulation
speed is expected. Moreover, an enhanced bandwidth
with the shrinkage of the aperture in oxide-confined
vertical-cavity surface emitting lasers (VCSELs) due to the
smaller mode volume has been reported The mode volume
of the metal-coated devices can be even smaller and poten-
tially leads to a higher modulation bandwidth. Another supe-
rior property originates from the high thermal conductivity
of the metal, which removes the heat that would degrade the
material and device performance, especially for ultrasmall
devices under high-density current injection, like VCSELs.

Room-temperature operation of a metal-coated laser
with bottom emission has recently been demonstrated at
pulsed current mJectlon Several interesting effects have
been discovered, including surface-plasmon-mode lasing and
high group indices due to large metal dispersions. However,
when the device size is comparable or even smaller than the
wavelength, several issues such as the small-aperture effect
and resonance shift due to the change in the effective index
should be taken into consideration.”

In this letter, we propose the design, show our fabrica-
tion, and demonstrate a metal-cavity surface-emitting laser
with metal and distributed Bragg reflector (DBR) as the feed-
back structures, surrounded by a metal cavity as the sidewall.
The emission from the top of devices can be more easily
coupled to fibers or lens. Moreover, the metal serves as a
broadband high-reflectivity mirror, as well as the substrate
and heat sink for these devices. From an application view-
point, this configuration eases the device integration to sili-
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con or other substrates that could potentially be used as the
platform for optical interconnects in the terabit range. In
terms of fabrication, using top metal as the feedback mirror
prevents the deep etching, which is usually challenging for
submicron or nanodevices. Also, by coating the sidewall
with metal, the diffraction loss from the small aperture and
sidewall roughness can be reduced.

The epistructure is composed of a p-type
GaAs(20 nm)/Al,GaygAs(96 nm) cladding and an n-type
17.5-pair alternating Al ¢GayAs/Aly 15GaggsAs quarter-
wavelength DBR. The active medium consists of a
GaAs/ Al ,Gay gAs multiple quantum-well (MQW) structure
(14 wells and 15 barriers). An InGaP etch-stop layer is in-
serted between DBR and GaAs substrate for substrate re-
moval. The thickness of each layer was determined based on
the transfer-matrix method.® To include the metal effect and
modal confinement properties, the modal effective index of
the fundamental HE,; mode is used instead of bulk semicon-
ductor refractive index. Due to the plasma damping in metals
at optical frequencies, the complex permittivity is introduced
in the layer design. 89 The thickness of the 1nsulat0r layer
between metal and sidewall was also optlmlzed and taken
into account in the modal effective index. The total round-
trip phase shift is®

¢ = 2k0nGaAsdGaAs + 2kOnAlO.ZGaO'sASdAlo.zGaolsAs

+ 2konqwdow + Pmetal + PpBR> (1)

where ng,a, and n Aly,Gag gAs AT€ the effective indices of the
HE;; mode in these two materials; dg,ss and d Al ,Gag gAs Ar€
thicknesses of top p-type GaAs and Alj,Gaj gAs layers; ngw
is the effective index of the HE;; mode calculated for the
metal-cavity waveguide using an average refractive index of
the MQW region; dgyw is the total thickness of the active
region; kg is the free space propagation constant; and ¢, cc
and ¢ppr are the phase shifts in the complex reflection co-
efficients of the top metal mirror and bottom DBR, respec-
tively. The thickness of active region was tuned to match the
round-trip resonance condition (¢p=2mm, m=0,1,2,...) of
the bottom DBR and top metal for the formation of standing
wave inside the cavity. The phase shift from top metal ¢eiy
was estimated by Fresnel formula with complex wavelength-

© 2010 American Institute of Physics
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FIG. 1. (Color) (a) Schematics of the microlaser. The blue line represents
the magnitude of the optical field |E|. The laser cavity is formed with both
top and sidewall metal and a bottom DBR. The laser is 2.0 um in diameter
and 2.5 um in height with the substrate removed. (b) The corresponding
HE,; mode pattern. (c) A scanning electron micrograph of the fabricated
cavity with the SiN, surrounding before metal coating. (d) The field pattern
|E|? of the device simulated by FDTD.

Ag ~ 10 nm

dependent permittivities of metal and semiconductor.”"!

Also, with the additional phase shift ¢ppr from the bottom
DBR, the round-trip resonance condition can be fulfilled in-
side the cavity. In our design, the active region thickness was
chosen to be 426.0 nm, corresponding to a standing-wave
pattern of 3.5 antinodes in the active region. Compared to
designs of conventional VCSELs,"? which consider only the
material dielectric constants without the modal properties,
our design, due to the small device size and high permittivity
contrast between metals and dielectrics, brings about more
flexibility for the resonance tuning by adjusting cavity di-
mensions. Figure 1(a) shows the device structure and stand-
ing wave pattern (magnitude of the electric field |E|) inside
the cavity. The HE; mode has the highest Q factor and clos-
est resonance wavelength to the experimental data. The cor-
responding modal profile at the anitnode is shown in Fig.
1(b). The designed resonance is found to be at 869.2 nm with
a quality factor of 505. The threshold material gain g,, can be
estimated by the following formula:"?

e
1—‘EUgQ ,

where I'j; is the energy confinement factor, Q is the cavity
quality factor, w is the optical angular frequency, and v, is
the material group velocity which can be estimated by the
speed of light divided by the group index of GaAs. The
estimated value of the threshold gain is around 8400 cm™.

The epistructure was grown by industry standard metal-
organic vapor-phase epitaxy using a commercial AIXTRON
200/4 reactor and partly alternative precursors.14 A silicon
nitride (SiN,) layer was deposited and patterned as the mask
for the following dry etching. Reactive ion etching on the
epiwafer was performed with chlorine-based reaction gas. A
thin SiN, layer was conformally deposited after the removal
of the top silicon-nitride mask. Planarization was used to

8ih = (2)
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FIG. 2. (Color online) (a) The I-V and L-I curves measured at room tem-
perature (300 K) under dc current injection. The L-I curve shows a threshold
of 1.66 mA. (b) The corresponding current-dependent spectra. Below thresh-
old, a broad spontaneous emission spectrum was observed. The lasing peak
around 868 nm appeared when the injection current exceeded the threshold
value.

expose the top of the post covered by silicon nitride, which
was then removed to facilitate the following contact forma-
tion. E-beam evaporation was used to uniformly coat the
device with 200 nm silver and 50 nm gold layers for oxida-
tion protection. The sample was then flip-bonded to a gold-
coated silicon receptor wafer. The GaAs substrate was com-
pletely removed by a mixture of citric acid and hydrogen
peroxide. N-type contacts (AuGe/Ni/Au) were formed and
defined on the InGaP etching-stop layer. Figure 1(c) shows
the fabricated 2.0-um-diameter cavity before silver coating.
A full-structure simulation was carried out by finite differ-
ence time domain (FDTD) method with the real device size
and geometry. According to the field pattern in Fig. 1(d),
most of the energy is stored in the active region with an
exponentially decaying tail into the DBR as a consequence
of the successive reflections from DBR periods. The mode
pattern shows that the mode is indeed bouncing back and
forth between top metal and bottom DBRs and confined by
the metal sidewall.

The measurements were performed at 300 K with a
thermoelectrically-cooled heat sink on which the devices
were mounted. The emission was collected by an objective
lens, dispersed by a 1.25 m monocromator, and detected by a
liquid-nitrogen-cooled germanium detector. The current ver-
sus voltage (I-V) and light output power versus current (L-I)
curves under CW operation shown in Fig. 2(a) indicate a
turn-on threshold at around 1.66 mA, beyond which a lasing
peak emerges at 868 nm with a gradual redshift as the driv-
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FIG. 3. (Color online) (a) The polarization-resolved L-I curves indicate two
modes due to the splitting of two degenerate HE;; modes. A clear onset of
the second mode around 3.30 mA was observed. (b) The spectral evolution
of the two lasing peaks with increasing current. The second peak emerged
above its threshold. A clear redshift due to heat was observed when the
current increased. All data were taken with CW operation at 300 K.

ing current increases [Fig. 2(b)]. The output power increases
from 0.5 wW near threshold to over 7 uW at 4.5 mA. We
also observed a second mode emerging at a wavelength 0.4
nm shorter than the first lasing peak. This additional mode
comes from the splitting of HE;; mode into two orthogonal
and quasilinearly polarized modes, most likely due to a small
anisotropy of the waveguide structure.”> As shown in Fig.
2(a), the kink in the L-I curve around 3.2 mA corresponds to
the onset of the second peak. To identify the origin of the
second peak, we show the polarization-resolved L-I curves
of individual modes in Fig. 3(a). From Fig. 3(b), the onset of
the second lasing peak reflects the kink in the L-I curve
shown in Fig. 2(a). Near threshold, the linewidth of the las-
ing peak is estimated to be around 1.5 nm (@ 1.45 mA),
which gives a Q factor of 580 and agrees quantitatively with
that of our transfer-matrix estimation for a cold cavity. The
narrowest setup-resolvable linewidth is 67 pm at 2.73 mA,
obtained just below the threshold of the second peak. The
threshold current density was estimated to be 52.8 kA/cm?.
With the lossy metal coating and high radiation loss from the
moderate reflectivity (about 0.93) of the silver mirror, the
threshold current density is high. The detuning of the cavity
resonance wavelength from the band-edge wavelength (845
nm) of the MQW active region and a nonuniform distribu-
tion of carriers in the 14 quantum wells may be additional
reasons for the high threshold. Further improvements, such
as reducing threshold by tuning the resonance toward the
peak gain wavelength and size reduction to submicron diam-
eter, are in progress.

Appl. Phys. Lett. 96, 251101 (2010)

From the measured L-I curves and the threshold currents
for temperature from 10 to 27 °C, we obtained a character-
istic temperature T, of 425 K. This characteristic temperature
is considerably higher than the reported values'® for semi-
conductor quantum-well lasers with bulk substrates. In con-
trast to conventional top-and-bottom-DBR lasers in which
the resonance shifts due to the effect of temperature on DBR
phase and reﬂectivity,17 the stability of our laser may be due
to the broadband high-reflectivity window provided by top
metallic mirror, which makes the resonance less sensitive to
temperature. Also, we believe that the surrounding metal and
flip bonding remove heat more efficiently and keep the op-
eration temperature more stable.

In summary, we have demonstrated the design and
implementation of room-temperature CW substrate-free
metal-cavity surface-emitting microlasers with a top and
sidewall metal and a bottom DBR as feedback structures.
The modal properties of the guided modes have been incor-
porated into the design. The devices showed good thermal
stability due to metal coating and flip bonding to silicon.
These metal-cavity microlasers provide a great potential for
next generation massively parallel optical interconnects
without crosstalk among laser elements.
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