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Abstract: FElectrically driven subwavelength scale metallo-dielectric
pedestal pillar lasers are designed and experimentally demonstrated. The
metallo-dielectric cavity significantly enhances the quality factor (Q >
1500) of the wavelength and subwavelength scale lasers and the pedestal
structure significantly reduces the threshold gain (< 400 cm™') which can
potentially enable laser operation at room temperature. We observed
continuous wave lasing in 750 nm gain core radius laser at temperatures
between 77 K and 140 K with a threshold current of 50 pA (at 77 K). We
also observed lasing from a 355 nm gain core radius laser at temperatures
between 77 K and 100 K.
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1. Introduction

Demonstrating the smallest possible laser structure has been of great interest not only for
fundamental science but as a practical component for highly integrated photonic circuits [1—
12]. Minimizing the footprint of an optical device allows a dense integration in the
optoelectronic circuit and higher efficiency in energy consumption [13]. In addition, reducing
the laser size can result in the modification of the spontaneous emission rate through the
Purcell effect [11,14]. During the past two decades, remarkable progress in minimizing lasers
to micro and nano-scale has been reported. There have been successful demonstration of
reducing the laser size in one or two dimensions in the form of micro-disks [1,2] and photonic
crystals [3,4]. However, the realization of the subwavelength cavity structure in all three
dimensions has been challenging. The challenge comes from achieving the efficient
confinement of the optical mode in all three dimensions inside the subwavelength cavity
without severe radiation loss. Hybrid plasmonic mode lasers have been demonstrated in the
form of nano-wire [5], nano-disk [6,7], and nano-ring [8]. However, the high optical loss
associated with the plasmonic cavity was compensated by a cryogenic cooling and only the
optical pumping configuration was demonstrated. Hill et al. reported a metallic
subwavelength nano-pillar laser which opened a new route to creating electrically driven
subwavelength-scale 3D cavities [9]. The high aspect ratio of the pillar structure and gold
coated cavity form a highly confined mode in the gain core. However, the high mode overlap
with the metal coating and the high ohmic loss in the metal at optical frequencies also limited
the laser operation only to cryogenic environment. Room temperature operation was reported
when one of the cavity dimensions was expanded to a few wavelengths and gold was
substituted with silver [15]. Recently, we reported optically pumped subwavelength metallo-
dielectric cavity lasers operating at room temperature, which was achieved by optimizing the
cavity design [11]. The high index contrast in the vertical direction between the
semiconductor gain core (InGaAsP MQW) and low refractive index claddings (air and SiO,)
strongly enhanced the vertical mode confinement. The high reflectivity of the metal allowed
for efficient mode confinement while a thin low refractive index dielectric shield (SiO,)
between the gain and metal coating layer minimized the optical mode overlap with the metal
coating [16]. As a result, the threshold gain was significantly reduced, enabling lasing at room
temperature. However, it is always desirable to have the optical device operated by the
electrical injection which allows chip-level integration with existing electronic circuitry.

In this paper we present electrically pumped metallo-dielectric subwavelength pedestal
pillar lasers. Our cavity designs predict high Q factors and low threshold gains and have the
potential to operate at room temperature. Experimentally, we demonstrate electrically pumped
subwavelength scale laser structures with metal coatings and optimized dielectric shields. We
also investigate the dependence of the lasing characteristics of our devices on temperature and
size.
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2. Cavity design and modeling

The platform for our devices is based on an InGaAs/InP double heterostructure grown on an
InP substrate similar to the structure reported in [9]. The schematic of the laser structure is
shown in Fig. 1(a). The intrinsic 300 nm thick (%.,,.) InGaAs bulk layer is the active layer and
the upper (470 nm thick) and lower (450 nm thick) InP layers are the cladding layers through
which the injected carriers are flowing into the active layer. Highly doped n-InGaAs on the
top and p-InGaAsP in the lower cladding layer form the n and p contact layers, respectively.
The top and bottom InP cladding width is intentionally reduced using selective wet etching to
form a pedestal structure for enhancing the vertical optical confinement. Thin dielectric and
metal layers are coated on the pillar structure which forms a metallo-dielectric cavity. We
have previously reported that the metallo-dielectric cavity is able to achieve efficient lateral
mode confinement in the subwavelength scale due to the high reflectivity of the metal while
reducing the optical ohmic loss by minimizing the mode overlap with the metal using a thin
dielectric shield [11,16]. COMSOL multiphysics was used for 3D FEM modeling of our
structure. The dielectric constant of bulk silver at room temperature (g5, = —120.43—i3.073 at
1.55 um) was used for the metal coating [17]. We first designed the wavelength scale cavity
in which the gain core radius (r.,,.) is 750 nm (2r,,,. ~A), the cladding radius (r,y) is 690 nm
(4r = 60 nm) and SiO, shield thickness (d ) is 150 nm. The electric field intensity of the
resonant cavity mode was calculated and the field intensity (horizontal cross-section) in the
gain medium is shown in Fig. 1(b). The whispering gallery mode (WGM) with the azimuthal
mode number (M) of 7 is supported and the electric field is strongly confined inside the metal
cavity (TE mode). The thin active layer (%, = 300 nm) allows only the lowest order mode in
the vertical direction. The mode overlap with the metal coating is minimized by the dielectric
shield as shown in Fig. 1(b). As the dielectric shield becomes thinner, the field penetration
into the metal coating is increased which results in a higher loss. In contrast, a thick dielectric
shield could reduce the field penetration into the metal, however, the relative ratio of gain in
the whole structure is decreased which eventually results in a lower gain. Therefore, there
should be an optimum thickness of the dielectric shield for given gain core radius. Details of
the optimization of the dielectric shield thickness were discussed in our previous work [16].

Metal
N-InGaAs

ninP SjO,

InGaAs

o Cshield
Ar
Rad
Tefad
pnP

InP substrate

(a) (b) (c)
Fig. 1. A schematic of subwavelength pedestal pillar laser shown in (a) where 7. is the radius
of InGaAs gain layer, r.q is the radius of InP cladding. 4r is the difference between r,,, and
Telad- dsnieta 15 the thickness of SiO, shield layer. A, is the height of InGaAs gain medium. (b)
The horizontal cross section of the electric field intensity when r.. = 750 nm, rgeq = 690 nm
(4r = 60 nm), and dgee = 150 nm with silver coating. (c) The horizontal cross section of the
electric field intensity in the same structure with only low index dielectric (SiO,) coating. reore
in (b) and (c) are the same as 750 nm.

For comparison, we numerically modeled the same pedestal structure coated only by a low
index dielectric (ngio, = 1.45) without a metal coating. The electric field intensity of the
resonant mode of this dielectric cavity is shown in Fig. 1(c). It shows significant mode
spreading outside the gain medium which results in low mode overlap with the gain medium.
In our calculation, the confinement factor in the gain medium of the metallo-dielectric cavity
(Fig. 1(b)) is 0.39 compared to 0.19 in the pure dielectric cavity case (Fig. 1(c)). The Q factor
of metallo-dielectric cavity is 726 which is a factor of 5 enhancement from the Q factor of the
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dielectric cavity (Q = 151). When the gain core size is decreased below the wavelength scale,
the confinement factor is significantly degraded due to the radiation loss which was studied in
the micro-disk resonators [18,19]. Figure 2(a) shows the resonant mode of a pure dielectric
cavity where ., = 350 nm and r.,; = 310 nm (4r = 40 nm) with the low index dielectric
(8i0,) coating. This structure supports WGM with M = 3 exhibiting a significant mode
spreading outside the gain medium and a low confinement factor in the gain medium (0.38).

(a) (b)

Fig. 2. The electric field intensity at the horizontal cross section of the active layer. (a) pure
dielectric cavity with re = 350 nm, rgee = 290 nm (4r = 60 nm), and SiO, coating. (b)
metallo-dielectric cavity with 7. = 350 nm, rges = 290 nm (4r = 60 nm), dgpieis = 150 nm, and
Ag coating. The gain structure sizes, 7. and rqq, in (2) and (b) are the same and the resonant
mode is WGM with M = 3 for both cases. (c) metallo-dielectric cavity with 7. = 220 nm, 7
= 160 nm, dpie1s = 150 nm, and Ag coating. The resonant mode is axially symmetric TEq;;.

However, by incorporation of the metallo-dielectric cavity (150 nm thick SiO, and Ag
coating) as shown in Fig. 2(b), the resonant mode is strongly confined inside the
subwavelength scale cavity and the mode overlap with the gain is also significantly enhanced.
In our calculation, the confinement factor in the gain medium in metallo-dielectric cavity is
0.57. Thus for such small size resonators, this results in a factor of 22 improvement in the Q
factor of metallo-dielectric cavity (Q = 468) compared to the Q factor of the pure dielectric
cavity (Q = 21). Metallo-dielectric cavity enables further reduction of the gain core size while
keeping efficient mode confinement in the gain medium. We numerically calculated the
resonant mode of the metallo-dielectric cavity with r,,, = 220 nm, 7, = 160 nm (4r = 60
nm) and dg,;.;o = 150 nm. As shown in Fig. 2(c), for this case, the resonant mode is an axially
symmetric mode (TEy;;) for which the electric field is circulating around the gain core and is
well-confined in the gain medium. The electric field intensity is mostly contained inside the
gain medium with minimal mode overlap with the metal region. The Q factor of this resonator
is calculated to be 707 with the threshold gain of 236 cm™ which is lower than InGaAs bulk
gain (400 cm™") at room temperature at 1.5 um [20].

The pedestal geometry is adopted in our metallo-dielectric cavity pillar laser structure to
enhance the optical confinement in vertical direction while keeping the pillar height less than
the lasing wavelength for achieving a subwavelength scale device. To quantitatively analyze
the effect of the pedestal in our laser structure, we calculated the Q factor and the threshold
gain by varying r.,,. The calculated Q factor and threshold gain for 750 nm core radius with
various r.,, is presented in Fig. 3(a). Shield thickness (d,.s) and the metal coating were kept
constant. When r,, is the same as r,,,. (cylinder type), the Q factor is 163 and the threshold
gain is 1505 cm . As Teiaq 18 reduced to 600 nm (pedestal type, Ar = 150 nm), the Q factor is
enhanced to 1731 which is about an order of magnitude improvement and the threshold gain
is decreased to 99 cm™" which is 93% reduction. As the pedestal undercut is made deeper (4r
is larger), the threshold gain is flattened and the resonant wavelength is shifted out of the
optimal gain spectrum which is not desirable. We also calculated the Q factor and threshold
gain when r.,,, = 220 nm with changing the pedestal size which is shown in Fig. 3(b). The Q
factor is enhanced from 152 (cylinder type, Ar = 0 nm) to 1572 (pedestal type, Ar = 150 nm)
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which is an order of magnitude improvement. The resonant mode is strongly confined inside
the gain layer with pedestal structure as shown in Fig. 3(d) where r.,,, = 220 nm and 4r = 120
nm compared to the cylinder type structure shown in Fig. 3(c). The threshold gain is reduced
from 1473 cm™' to 89 cm™' which is 94% reduction. The threshold gain of 89 cm™ is a
promising result for possible room temperature operation of this laser structure. As shown in
both cases, the threshold gain is significantly suppressed with minimal pedestal undercut. At
Ar = 60 nm, the threshold gain of 750 nm and 220 nm r,,, are 338 cm™' and 236 cm™,
respectively, which are still lower than our target threshold gain of 400 cm™ [20]. This is
another advantage since heat dissipation and carrier diffusion in the active layer have been
critical issues for most pedestal type micro-disk lasers [21,22].
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Fig. 3. Numerical simulation results of the cavity Q factor and threshold gain for various
pedestal sizes. A7 ( = Feore - Feiaa) 18 pedestal undercut depth. (2) r.ore = 750 nm, dyjieis = 150 nm,
and rqq 1s varied from 750 nm to 600 nm (4r = 0 ~150 nm). Blue curve represents the cavity Q
and red curve for the threshold gain. (b) 7. = 220 nm, dpiers = 150 nm, and r4q is varied from
220 nm to 70 nm (4r = 0 ~150 nm). (c¢) Vertical cross section of the resonant mode field
(TEo) intensity when rcore, Feiaa = 220 nm (4r = 0 nm, cylinder type), and dgieis = 150 nm. (d)
The resonant mode field (TEo;;) intensity when re.. = 220 nm, rgeq = 100 nm (4r = 120 nm,
pedestal type), and dguies = 150 nm.

3. Fabrication procedure

The wavelength scale (750 nm radius) and sub-wavelength scale (355 nm radius) circular
masks on InGaAs/InP heterostructure wafer were patterned by the e-beam lithography on the
spin-coated hydrogen silsesquioxane (HSQ) resist. Subsequent dry etching was performed
using CH,:H,: Ar gas chemistry to form the subwavelength scale pillar structure (the scanning
electron microscopy (SEM) micrograph is shown in Fig. 4(a)). The selective etching of the
cladding InP layers was performed using HCI:H;PO, (1:3) wet etching and the result of which
is shown in Fig. 4(b). 160 nm of InP was etched on both sides through the wet etching process
while the gain layer was preserved. 150 nm of SiO, layer was conformally deposited on the
pedestal pillar surface by PECVD process which provides the low index shield minimizing
the mode-metal overlap and passivates the InGaAs surface. The SiO, layer on the top of the
subwavelength pillar structure was removed through the photoresist planarization and SiO,
dry etching to access the n-side contact layer (n-InGaAs). Metal contacts (Ti/Pd/Au) were
formed on the top of the pillar structure by the e-beam evaporation and lift-off (Fig. 4(d)).
After n contact formation, a 200 nm thick silver layer was deposited to cover the whole pillar
structure including the top and side wall of the pillar and n contact pad (Fig. 4(e)). A 20 nm
thin Chromium (Cr) layer was deposited prior to the silver deposition for better adhesion.
Since a high optical loss of Cr could degrade the Q factor of the cavity and therefore increase
the threshold gain, the unintentionally deposited Cr on the side wall of the pillar structure was
subsequently removed by Cr wet-etching while protecting the adhesion layer on the substrate
by the photoresist masking. P-contact was separately processed by the photolithographic
patterning and wet-etching of SiO, and InP layer to access the underlying highly doped
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InGaAsP layer. The sample was then annealed to 400 °C to reduce the contact resistance.
Finally, the sample was mounted on the device package (TO 8) and wire-bonded.

e —
[ R

Ti/PdiAu
v ;

Fig. 4. SEM micrographs of subwavelength pillar laser structure during fabrication procedure.
(a) Subwavelength pillar (r. = 395 nm) structure after dry etching. (b) Pedestal pillar is
formed by selective InP wet etching. (c) Thin SiO, layer (140 nm) is deposited on the pillar
structure by PECVD. (d) N-contact metal (Ti/Pd/Au) layer deposited on the top of
subwavelength pillar. (e) Silver is deposited on whole pillar structure. Scale bar in each image
represents 500 nm.

4. Measurement and discussion

The devices were forward biased and the continuous wave (CW) emission from the device
was collected through a 20 x objective lens and then imaged by the CCD camera. The spectral
characteristics were analyzed by the monochromator with a maximum spectral resolution of
0.35 nm (with a 100 pm slit opening). The lasing characteristics of electrically pumped
pedestal pillar lasers with two gain core radii (750 nm and 355 nm) were measured and
analyzed. Figure 5(a) shows a SEM micrograph of the pedestal pillar in which r.,,, = 750 nm,
Tewa = 710 nm with 1.3 pm pillar height. The shield thickness (dy..q) Was 140 nm and silver
was coated as a metal cavity. In the numerical simulation, the Q factor was estimated to be
458 and the threshold gain was 534 cm™' at the resonant wavelength of 1.50 um. The lasing
characteristics of this device at 77 K are shown in Fig. 5(b). Electroluminescence (EL) around
1.55 pm was observed when the injected current was higher than 20 pA. As the injected
current was increased, the emission spectrum showed a spectral narrowing and the lasing peak
appeared at 1.49 pum which is very close to the calculated resonant wavelength of 1.50 pm.
The light output-injection current (L-I) curve (Fig. 5(c)) shows the kink around the threshold
current (50 pA) which is also an indication of the onset of lasing. The linewidth narrowed to
0.9 nm with the injection current of 300 pA. The measured Q below threshold was 271 which
is 60% of the simulation result. It should be noted that the fabricated pedestal pillar (Fig. 5(a))
showed some deviations from the ideal model used in the simulation including the tapered
side wall and surface roughness in InP layers which could cause this degradation of the Q
factor. We also investigated the temperature dependence of the lasing characteristics of this
device. A local heater inside the cryostat kept the target temperature constant during the
measurement. Lasing behavior was observed at 100 K, 120 K and 140 K with constant current
pump. The spectral evolution and L-I curve at 140 K is shown in Fig. 5(e). The lasing
wavelength remains in the vicinity of 1.49 um and the linewidth was also less than 1 nm at
140 K. However, the threshold current increased to 240 pA (inset in Fig. 5(e)) which is 5
times higher than the threshold current at 77 K. At 160 K, spectral narrowing at 1.49 pum is
still observed but failed to reach lasing primarily due to the heat generation inside the cavity
and the higher optical loss in metal cavity.
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Fig. 5. Lasing characteristics of 750 nm r., pedestal pillar laser device. (a) An SEM
micrograph of 750 nm r.. pedestal pillar structure. (b) Spectral evolution graphs with
increasing the injection current at 77 K. (c¢) L-I curve of this device. (d) Linewidth
measurement by a monochromator with 0.35 nm resolution. (e) Lasing spectrum measured at
140 K. Inset shows L-I curve at 140 K.

The lasing characteristics of 355 nm core radius subwavelength pillar laser were also
investigated as shown in Fig. 6. An SEM micrograph of the pedestal pillar structure is shown
in Fig. 6(a). The pillar structure had r,,,, = 355 nm, .,y = 310 nm, dg;.;s = 140 nm with 1.36
pm pillar height and silver coating. As discussed in the numerical simulation, this cavity
structure supports the WGM with M = 3. From the simulation, the Q factor was estimated at
352 and the threshold gain was 692 cm™" at the resonant wavelength of 1.38 um. As shown in
Fig. 6(b), the spectral narrowing was observed as injection current was increased and the
lasing peak occurred at 1.41 pm. The threshold current was estimated around 540 uA which is
10 times higher than for the 750 nm r,,,, device due to the lower material gain at shorter
wavelengths and higher threshold gain. The resonant wavelength from the simulation (1.38
pm) matches the measurement results quite well. Higher resolution analysis of the lasing peak
spectrum showed that the lasing peak at 1.41 ym is a dual peak with 1.5 nm splitting
(Fig. 6(d)), which indicates the imperfect circular symmetry of the pillar structure due to
fabrication. When the temperature is increased, the CW lasing operation was observed up to
100 K. As shown in Fig. 6(e), the onset of the lasing peak is clearly observed and the
linewidth is about 6 nm at 100 K. At 120 K, the output spectrum showed clear spectral
narrowing with 8 nm linewidth which indicates the cavity mode, but failed to reach lasing
which could be due to the heating from the high driving current. It is expected that pulsed
operation could reduce the heating issue so that the device could operate at even higher
temperatures. Based on our numerical simulation above, a smaller size (r.,,, = 220 nm) device
should be able to be lase with a low threshold gain (< 100 cm’"). However, the fabrication
difficulties such as forming pedestal structure on 200 nm width InP cladding with the wet
etching process are still challenging and the thermal management becomes even more critical
with subwavelength scale pillar widths. We are currently working on resolving these issues by
optimizing our fabrication process and developing a low resistance contact design which
could reduce the electrical power dissipation and self-heating in the device. Incorporation of
quantum well or quantum dot gain structures in our laser devices could also allow for building
highly efficient subwavelength-scale lasers [11,23].
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Fig. 6. Lasing characteristics of 355 nm r., pedestal pillar laser device. (a) An SEM
micrograph of 355 nm r.,. pedestal pillar structure. (b) Spectral evolution graphs with
increasing the injection current at 77 K. (c¢) L-I curve of this device. (d) Linewidth
measurement by a monochromator. (e) Lasing spectrum with difference injection currents
measured at 100 K.

5. Conclusion

We demonstrated a new design and fabrication wavelength and sub-wavelength scale
electrically driven lasers using metallo-dielectric cavities. In the design, the metal cavity
combined with thin low index dielectric layer enabled a significant enhancement in mode
confinement for both wavelength and subwavelength scale cavities. Using a pedestal
geometry improved the vertical mode confinement and showed a huge reduction in the
threshold gain with increasing undercut in pedestal cladding. To lower the threshold gain
below the target 400 cm™, it requires a minimal undercut (< 60 nm) in the pedestal for 750
nm and 350 nm core radius laser. This is a clear advantage for efficient heat transfer and
carrier diffusion in the active region. In the experiment, we presented the fabrication process
for our designed structure based on InGaAs/InP double heterostructure. Laser devices were
fabricated for 750 nm and 355 nm gain core radii. We observed a clear lasing operation at 77
K for both laser devices with low threshold current of 50 uA and 540 pA, respectively. For
the r.,. = 750 nm laser device, the CW lasing operation at 1.49 um was observed up to 140
K. The r.,,. = 355 nm laser device showed the CW lasing operation up to 100 K. Numerical
studies suggest that even smaller laser structures (core radius = 220 nm) could exhibit low
threshold gain which is also feasible for room temperature operation.
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