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1. 0 Introduction

Achieving the most compact footprint for photonic components is an important factor in the
design of integrated optical devices. Like most other photonic components, the minimum size for
a laser is ultimately governed by the free space wavelength, 4. For example, as the size of a
conventional Fabry-Perot semiconductor laser is scaled down in all three dimensions towards Ay,
three effects adversely influence the lasing process. First, the roundtrip path of the optical wave
in the gain medium is shortened. Second, radiative losses from the end mirrors are increased.
Third, the lateral field confinement in the resonator waveguide is reduced, resulting in less
overlap of the optical mode with the gain medium. All these effects serve to increase the lasing
threshold, and lasing cannot therefore be achieved below a certain size limit. By allowing the
laser size to increase in one or two dimensions, it is possible to reduce the physical size of the
laser in the remaining dimension(s) to values below this limit. For example, the disk thickness in
whispering-gallery-mode (WGM) lasers [1] can be reduced to a fraction of the free-space
wavelength [2], but to compensate for this thickness reduction the disk diameter should be
increased accordingly. The ultimate challenge in this respect is concurrent reduction of the
resonator size in all three dimensions, while still satisfying the requirements for lasing action.
The size of an optical cavity can be defined using different metrics (for example, the
physical dimensions of the cavity or the size of the optical mode). However, if the goal of size
reduction is to increase the integration density (for example, in a laser array), the effective cavity
size should account for both the overall physical dimensions of the resonator and the spread of
the optical mode beyond the physical boundary of the resonator. By this token, most
conventional dielectric laser cavities are not amenable to dense integration because they either
have a large physical footprint or a large effective mode. For example, distributed Bragg

resonators [3] and photonic-crystal cavities [4] (both of which can be designed to have very



small mode volumes) have physical footprints that are many wavelengths in size, due to the
several Bragg layers or lattice periods that are required for maintaining high finesse. On the other
hand, it has been demonstrated that the diameter of thick (A¢/n) microdisk lasers can be reduced
below their free-space emission wavelength [5]; however, the spatial spread of the resultant
modes (which have low azimuthal numbers owing to the small disk diameters) into the
surrounding space beyond the physical boundaries of the disks may lead to mode coupling and
formation of ‘photonic molecules’ in closely spaced disks [6]. To illustrate the case, the M=4
WGM for a semiconductor disk with radius r;=460 nm and height h.=480 nm (Fig. 1a) is shown
in Fig. 1b, clearly indicating the radiative nature of the mode and its spatial spread, which, as

mentioned, can lead to mode coupling with nearby structures.

(a) .
Disk

0.8

X 0.5

A =1532 nm,Q=183} A = 1555 nm, Q=36

Figurel. The M=4 whispering gallery resonance for a thick semiconductor disk (a) is shown in (b). (»~460nm,
h=480nm, ng,,~=3.4). Note the spatial spread of the mode compared to the actual disk size. (¢) The same disk
encased in an optically thick (d,=100nm) gold shield will have well-confined reflective (d) and plasmonic (e) modes
but with much higher mode losses. |E |is shown in all cases and the section plane is horizontal and through the
middle of the cylinder.

One approach for alleviating these issues is to incorporate metals into the structure of
dielectric cavities, because metals can suppress leaky optical modes and effectively isolate them
from their neighboring environment. The modes in these metallo-dielectric cavities can be
grouped into two main categories: (i) surface bound (that is, surface plasmon polariton (SPP))
resonant modes and (ii) conventional resonant modes, resulting purely from reflections within

the metal cavity. Although they are highly confined, the disadvantage of plasmonic modes is



their high loss, which is caused by the relatively large mode overlap of the optical field with the
metal (compared to the reflective case). Owing to the high Joule loss at telecommunication and
visible wavelengths, the lasing gain threshold for such cavities can be very large. On the other
hand, the negative permittivity of metals not only allows them to support SPP modes, but also
enables them to act as efficient mirrors. This leads to the second class of metallo-dielectric cavity
modes, which can be viewed as lossy approximations of the modes in a perfectly conducting
metal cavity. Because the mode volume overlap with the metal is usually smaller than in the
plasmonic case, in this type of cavity it is possible to achieve higher Q factors and lower lasing
gain thresholds, albeit at the expense of reduced mode confinement (compared to plasmonic
modes). In general, both types of mode can exist in a real metal cavity. Embedding the
aforementioned gain disk in a gold shield (Fig. 1c) effectively confines the resonant modes while
increasing Joule losses. As discussed, the surfacebound plasmonic mode (Fig. le) has both a
higher M number and higher losses (M= 6, Q=36) compared to the non-plasmonic mode (Fig.
1d, M=3, Q =183). It should be noted that even though the metal shield is the source of Joule
loss, the large refractive index of the semiconductor core (nsem; = 3.4) aggravates the problem and
increases both the plasmonic and Fresnel reflection losses. For SPP propagation on a (planar)
semiconductor—metal interface, the threshold gain for lossless propagation is proportional to
n’ semi- This means that, even though high-Q plasmonic modes can exist inside metal cavities with
low-index cores (for example, silica, n =1.48), using this approach to create a purely plasmonic,
room-temperature semiconductor laser at telecommunication wavelengths will be very
challenging, due to the order-of-magnitude increase in gain threshold. However, plasmonic
modes have also an advantage in co-localising the emitters with the resonant mode volume,
thereby, leading to a more efficient emission into the lasing mode. This mode of opearation will
also be further discussed below, but at this point we will focus on novel photonic mode

resonators.

One possible solution for overcoming the metal loss obstacle is to reduce the temperature
of operation. This will have two coinciding benefits, a reduction of the Joule losses in the metal
and an increase in the amount of achievable semiconductor gain. Recently Hill and colleagues
[8] have demonstrated cryogenic lasing from gold-coated semiconductor cores with diameters as
small as 210 nm. However, in this case the metal is directly deposited on the semiconductor core

(with a 10-nm SiN insulation layer between). As a result, owing to the large overlap of the mode



with the metal, the estimated room-temperature cavity Q is quite low. The best case is ~180 for a
silver coating (assuming the best reported value for the permittivity of silver [9]). This
corresponds to an overall gain threshold of ~1,700 cm™ and is quite challenging to achieve at
room temperature. Even though this device lases when cooled to cryogenic temperatures, it
would be challenging to achieve room-temperature lasing with the same approach and a
similarly sized cavity, due to the constraints imposed by the amount of available semiconductor
gain and metal losses. The gain coefficient reported for optically pumped bulk InGaAsP emitting
at 1.55 mm is reported to be ~200 cm™. Electrically pumped multiple quantum wells (MQWs),
on the other hand, have been reported to have higher material gain coefficients of over 1,000 cm
! Also, recent results obtained from Fabry—Perot-type metallic nanolasers at room temperature
indicate that this level of gain is also achievable from bulk InGaAs [10]. However, even if the
required gain is achievable at room temperature, efficient operation of the device would still be a
challenge due to thermal heating and non-radiative recombination processes (for example, Auger
recombination). In particular, to operate a densely packed array of such devices, thermal
management would be a major concern, given the requisite intense pumping levels.
Consequently, it is extremely important to optimize the resonator design such that the gain
threshold is minimized. In the next section we will introduce a novel three-dimensional resonator
design that supports photonic modes and allows optimization of resonator geometry and

constituent materials for operation with gain threshold that can be achieved in practice.

2.0 Metallo-dielectric resonators

Current microscale semiconductor laser resonators may attain small modal volumes but require
structures that are large compared to the wavelength, such as photonic crystals [11] or Bragg
mirrors [12]. Metallic coatings provide stronger confinement of light and consequently higher
device-packing density and therefore have been proposed for reducing the size of semiconductor
nanowire lasers [13, 14]. The drawback of using metals, however, is their high dissipation losses
at optical frequencies. Lasing in three-dimensional (3D) subwavelength metal-coated cavities
operating at cryogenic temperatures to reduce the dissipation losses in the metal and increase the
gain in the semiconductor has been reported [8]. In this section, we show that the losses in metal
coated gain waveguides, as well as 3D laser resonators, can be significantly reduced by

introducing a low index “shield” layer between the gain medium and the metal.



Consider a composite gain waveguide (CGW) having a gain medium cylindrical core, a
shield layer, and a metallic coating, as shown in Fig. 2a. For a given CGW cross section size, the
shield layer thickness is then tuned to maximize the confinement of the electric field in the gain
medium and reduce the field penetration into the metal. By that, we increase the ability of the
device to compensate for the dissipated power with power generated in the gain medium. A
direct measure of that is the threshold gain, i.e., the gain required for lossless propagation [15] in
the CGW. The field attenuation in the shield layer resembles that of Bragg fibers [16]. The layer
adjacent to the core, in particular, is of high importance [17] and is also used to reduce loss in

infrared hollow metallic waveguides [18].

Subsequently, we use the CGW model for the design of subwavelength 3D resonators. To
confine the light in the longitudinal direction, the CGW is terminated from both sides by a low
index “plug” region covered with metal, which forms the closed cylindrical structure shown in

Fig. 2b.

(c) A

Plug
region

Gain
region

Figure 2. (a) Cross section of the metal-coated composite gain waveguide. (b) Cylindrical closed 3D resonator. (c)
Cylindrical open 3D resonator.

A more practical nanolaser configuration from a fabrication point of view is the open
structure with a S102 substrate shown in Fig. 2c. The inherent radiation losses into the substrate
provide means for collecting the laser light, in contrast to the closed structure, where extracting
light requires modification of the metal coating, such as making a hole in it. The threshold gain
for the 3D resonators, defined as the gain required to compensate for the metal losses in the
closed structure or to compensate for both the metal and the radiation losses in the open

structure, is shown to be sufficiently low to allow laser action at room temperature.



2.1 Composite gain-dielectric-metal waveguides

Let us first consider the infinite CGW of Fig. 2a, with relative permittivities &, = £/ + j&j, &
and ¢, = &, + je, of the gain medium, the shield layer, and the metal, respectively. Assuming
a time dependence of exp (jwt), we have ¢/, &, > 0. The radius of the gain medium is R, the
shield layer thickness is A= R,,; — Ry, and the metallic coating layer begins at radius R,,;. The

eigenmodes of the CGW may be derived from the general solution of the longitudinal fields in

each layer having the form

U = [A)m(ky1) + BY (k1)1 (me)e /P2, (1)

where U = E, or H,; ], and Y}, are Bessel functions of the first and second kind, respectively;
k, = m, ko=w/c; € is the relative permittivity of the layer; and f(m¢e) may be
expanded by exp (£jm¢), where the integer m is the azimuthal index. The dispersion relation is
found using the transfer matrix method [16]. For the threshold gain &4, the propagation constant

[ is real, and the threshold gain explicitly satisfies

& = &g [fyoray A EV/ I, . dAE|? ()

where the integration in the numerator and denominator is over the cross section of the metal and
the each propagation mode may be found by imposing Im{f} = 0 in the dispersion relation and

then finding the solutions in the plane of (Re{s}, sg’]’), similarly to [19].

0.07 0.02
(a) (b)
0.06 0.015
%0 0.05 S 0.01
0.04 0.005
Rout=300 nm Rout=460 nm
0.03 0
0 50 100 0 50 100 150 200 250
A [nm]| A [nm]

Fig. 3. Threshold gain Sg as a function of the shield thickness A for the TEO1 mode. (a) R,,=300 nm. (b) R,,=460
nm.

The effect of the shield layer on the TEO1 mode threshold gain is demonstrated in Fig. 3,

where &4 is plotted as a function of the shield thickness A for a given radius Ro,=300 nm [Fig.



3a] and R,y =460 nm [Fig. 3b]. In the simulations we assume a wavelength of A=1550 nm,
gg=12.5 corresponding to InGaAsP gain medium, & =2.1 for a SiO, shield layer, and &5, =
—95.9 —j11.0 for a gold coating [20]. The rapid field decay in the gold layer permits us to
assume that the metal extends to infinity, whereas in reality a coating layer of 100 nm would
suffice. As the shield thickness increases, a lower percentage of the field penetrates into the
metal, reducing the losses. On the other hand, the gain material occupies less of the CGW
volume, which means that a higher gain is required to compensate for the dissipation losses in
the metal. The trade-off between these two processes results in an optimal point in which the
threshold gain is minimal. This typical behavior of low-order modes is seen in Fig. 3 for the TE,
mode. For Ry, =300 nm, the improvement of the threshold gain from the A=0 (no shield layer)

case is by a factor of 1.7, and for Ry,—460 nm by a factor of 6.1.

For larger radii a lower threshold gain may be achieved, as shown in Fig. 3 and further
emphasized in Fig. 4, where the minimal threshold gain sg’]’ is depicted as a function of Ry for
four low-order modes: TMy;, TEq;, HE;;, and HE;,. Having the highest confinement around the
gain medium core, the HE;; has the lowest threshold gain among the four modes. Generally, for
small radii, the shield layer is less effective as it quickly gets the mode below cutoff. For large
radii, the threshold gain is low, as the field penetration into the metal is small. The optimal shield
layer thickness increases monotonically as a function of R,y For the TEj mode, it ranges

between 80 and 330 nm, for R,,=250 to 650 nm, respectively.

2.2 Composite gain-dielectric-metal 3D resonators

The role of the metal coating, which is important in the infinite CGW model, becomes even more
crucial for creating a 3D resonator. As explained above, the CGW facets are terminated by plug
regions, which are short metallic waveguides filled with SiO, as seen in Figs. 2b and 2c, in an
approach similar to that of Hill ez al. [8]. The plug ensures strong confinement of the field in the
gain region, provided that the mode residing in it is below cutoff, i.e., decaying exponentially in

the z direction.

For the plug region waveguide, the cutoff is not clearly defined since the modes are
significantly different than those of the perfect conducting cylinder waveguide [21]. A

reasonable definition for the cutoff is the R, whose S is closest to the origin on the complex



plane. That cutoff is shown for each one of the modes of Fig. 4 by the vertical lines, providing a
qualitative tool for choosing an operation mode for the entire 3D structure, as the chosen radius
needs to be to the left of the vertical line corresponding to the operation mode. The smaller the
device radius compared to the cutoff radius, the stronger the decay in the plug; consequently, the
threshold gain is lower. While the HE;; mode achieves the lowest threshold gain for a given
Rout, its cutoff in the plug region is at a small radius; working below this cutoff entails a
relatively high threshold gain. It is therefore seen that the TEy; mode, which has the highest
cutoff of the shown modes, is favorable. The result is having a larger R, but a significantly
lower threshold gain. Another advantage of the TEO1 is that this mode in the gain region couples
only to symmetric TE modes in the plug region, whereas m>0 modes are hybrid and may couple

to all modes with the same azimuthal index.

0

10

10
10
10°
i ; e S
10°F i HEy TMo : HEo, TEOJ.:.H
: plug plug plug plug 1
0 i cutoff cutoff + cutoff c“mff:
250 300 350 400 450 500 550 600 650
Roye [nm]

Fig. 4. Minimal threshold gain as a function of R,. The vertical lines show the cutoff of each mode in the 3D
resonator plug region.

Using the CGW model at the optimal point of Fig. 3b as a starting point, a 3D closed
resonator with Rq,—=460 and 100 nm thick gold coating was designed for the TE(;; mode. 3D
finite element method (FEM) simulation results of the electric field intensity |E|? normalized to
its maximal value are shown in Fig. 5. The overall height of the resonator is 1500 nm, and the
overall diameter is 1120 nm, making it smaller than the vacuum wavelength in all three
dimensions. The resonance was fine-tuned to a wavelength of 1550 nm by setting the gain
cylinder height to be about 480 nm and the shield layer thickness to about 200 nm, which is close
to the 190 nm predicted by the CGW model. The threshold gain, however, is in less agreement



with the CGW model; the value for the 3D resonator is g!’)’ = 0.011, which corresponds to about
130 cm', whereas the CGW model gives about 36 cm . This discrepancy is due to the losses
occurring in the plug region and the mode deformation at the interfaces between the plug and

gain regions, two effects that are not taken into account in the CGW model. Obviously, the
longer the resonator, the more accurately the CGW model describes the behavior in the gain
region. For instance, a longer resonator with the same radius designed for the TE(;3 mode has a

threshold gain of about 95 cm .
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Fig. 5. Cross section of a closed cylindrical 3D subwavelength laser resonator. The electric field intensity |E|?
normalized to its maximal value of the TE,;, modeis shown. The inset shows a similar open structure.

If the structure shown in Fig. 5 is designed with no shield layer in the gain region, but
with the same overall radius and height, then the resulting threshold gain is about 420 cm—1. The
gain that may be achieved at room temperature by optical pumping of bulk InGaAsP is about 200
cm ' [22]. It is therefore evident that the shield layer that lowers the threshold gain from 420 to
130 cm—1 is crucial to enable lasing at room temperature. Slightly modifying the structure for the
open configuration, as shown in the inset of Fig. 5, the field distribution remains nearly
unchanged and the threshold gain increases only to about 145 cm™' owing to the radiation losses.
The quality factor of this open resonator without gain is Q=1125, whereas the values for the
other 3D structures with a shield layer discussed above are even higher. Finally, we note that for
electrical pumping, considerably higher gains may be reached [23], so that the structure, with
appropriate changes, is expected to be even further reduced in size. In the following section we
use the optimized thickness of a low index shield layer between the gain medium and the metal

coating of a 3D laser resonator to experimentally demonstrate a nanolaser.



3.0 Room Temperature Lasing from Sub-wavelength Metallo-Dielectric Lasers

Previously, we have predicted that by incorporating a dielectric shield layer between the metal
and the semiconductor (Fig. 6a, right) and optimizing the dielectric thickness, the gain threshold
of the laser can be substantially reduced so that it is amenable to operation at room temperature
[24]. The benefit stems from the tendency of the low-index shield to push the electromagnetic
mode towards the high-index inner core and away from the metal walls, reducing the mode—
metal overlap and hence the Joule loss. Excessive shield thickness can be detrimental, because
the shield uses up space within the device that would otherwise be filled with the gain. For a
fixed total waveguide radius Ry, and for each waveguide mode, an optimal shield thickness A
(with the corresponding gain core radius r. = Ry - A) exists that minimizes the threshold gain
[24]. This is illustrated in Fig. 6b for the TEOl mode and R {; = 460 nm (the same device
footprint as in Fig. 1), using silica (n = 1.46) as the shield layer. It can be seen that the optimally
sized shield (A = 200 nm) reduces the gain requirement several fold relative to a metal-clad
device of equal diameter but without the shield (A = 0). Furthermore, one can ensure, by proper
design, that the mode of interest is in cutoff in the upper and lower sections of the waveguide,
where the core is only composed of dielectric with no high-index core (Fig. 6a). When this is the

case, the structure acts as a 3D optical resonator [24].

The conceptual diagram in Fig. 6a implies that the upper and lower waveguide sections,
where the mode is in cutoff, extend to infinity. In practice, we truncate the guide some distance
above and below the gain section (Fig. 6¢), far enough so that the energy leakage resulting from
this truncation is minor. The light escaping from the lower section is used as the laser output, and
the upper section is capped with metal for unidirectional emission and fabrication process
compatibility. Also, owing to a selective etch step in our fabrication process, the lower cutoff
section ends up comprising a composite core with an air column directly underlying the gain
block (instead of a solid silica core). This does not compromise the performance of the resonator;
in fact, it makes the cutoff in the lower section more severe. Figure 6d shows two cross-sections
of |E| for the TEy;; mode of the resonator in Fig. 6¢. The resulting room temperature Q of this
cavity is about 1030 (assuming gold (& =-95.9-11i) for the metal shield), with a resonance at
1.55um and a gain threshold of only 130cm™. Note that both the physical size and modal size of

this cavity are smaller than the wavelength of emission. Assuming a minimum metal shield



thickness of 70 nm (which is twice the skin depth), the diameter and height of this laser are 1.1
and 1.35 mm, respectively. Also, in addition to having a low gain threshold, the laser is optically

isolated from any structure placed next to it.
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Fig. 6. (a, left) Metal coated gain disk with vertical confinement provided by low index waveguide cutoff sections.
(a, right) The same structure but now including a dielectric shield layer with thickness A. (b) Variation of gain
threshold of the composite gain/dielectric/metal waveguide as the dielectric shield thickness 4 is changed, assuming
a fixed total radius R, =460nm. (c) Practical realization of the laser cavity for compatibility with planar fabrication
techniques. The air gap at the bottom of the laser is formed after selective etch of the InP substrate. (d) Cross
sections of |E| for the TE(;, mode of the cavity. In the designed cavity the values for #4;, h,, and h; are 200nm,
550nm and 250nm , respectively.

The shielded laser structure was fabricated from an InGaAsP MQW gain layer grown on

InP. Hydrogen silsesquioxane (HSQ) electron-beam resist was patterned into arrays of dots (Fig.

7a)



(d) (e) (f)

Fig. 7. Various stages of the fabrication process: (a) Array of e-beam patterned HSQ resist dots. (b) RIE etched
pillar after oxygen plasma and BOE cleaning. The faint bump in the middle indicates the boundary between the
InGaAsP and InP layers. (c) Etched pillar after PECVD of silica . The outline of the semiconductor pillar can be
seen through the silica layer. (d) Silica covered pillar after undergoing aluminum sputtering (70nm). (e) Tilted
bottom view of one of the samples after selective InP etch with HCL. The surface is comprised of the PECVD
deposited silica. The hole corresponds to the air hole shown in the diagram of Fig. 6-d. (f) Contrast enhanced normal
bottom view of a cavity. The circular outline around the air hole is due to the dielectric shield and agrees well with
the target dielectric shield thickness of 200nm.

using a Raith 50 electron-beam writer, and the size of the dots was varied by changing the
pattern size and/or the electron-beam dosage. Cylindrical structures were then etched using
CH4/H2/Ar reactive ion etching (RIE) (Fig. 7b). Using an optimized and calibrated plasma-
enhanced chemical vapour deposition (PECVD) process, the silica shield layer was grown to a
thickness of ~200 nm (Fig. 7c) Note that the outline of the embedded gain core is visible through
the silica layer. In practice, the low adhesion of gold to silica caused separation of the dielectric
portion of the structure from the metal layer. Fortunately, aluminum exhibits better adhesion
properties, and at the wavelength of interest its optical properties are very close to gold. (The
cavity Q of the resonator with an aluminum coating (&=-95.9-j11); [20] is 1,004, which compares
with 1,030 for gold. A layer of aluminum with a minimal thickness of 70 nm was sputtered over

the silica covered pillars (Fig. 7d). The sample was then bonded on the upper side to a glass slide



using SU-8, and the InP substrate was subsequently removed in a selective HCI etch, leaving an
air void under the structure. Figure 7e shows the tilted bottom view of an air void, with the lower
face of the gain core visible inside. Figure 7f shows the normal bottom view (with enhanced
contrast levels) of a similar void. The faint outline of the silica shield is discernible in this image,

verifying the 200 nm thickness of the shield.

For optical pumping we used a 1,064-nm pulsed fiber laser operating at a repetition rate
of 300 kHz and a pulse width of 12 ns. The pump beam was delivered to the samples using a x20
or x50 longworking- distance objective, which also collected the emitted light. To estimate the
amount of pump power absorbed by the core, a full three-dimensional finite-element analysis
was carried out over a range of core sizes. Using a double 4-f imaging system in conjunction
with a pump filter (Semrock RazorEdge long wavelength pass), the samples were imaged onto
either an IR InGaAs camera (Indigo Alpha NIR) or a monochromator (Spectral Products DK480)
with a resolution of 0.35 nm and equipped with a cooled InGaAs detector in a lock-in detection
configuration. Owing to the electron-beam writing process, the samples were slightly elliptical.
The major and minor diameters of the gain core for the particular sample under test were
measured to be 490 and 420 nm, respectively. In Fig. 8a, the light-light curve corresponding to a
laser emitting at 1430nm is shown (blue dots), which shows a slope change indicating the onset
of lasing at an external threshold pump intensity of about 700W/mm?”. The same data set is
shown in a log-log plot (Fig. 8a, red inset graph), with the slopes of different regions of operation
indictated on the plot. The S shaped curve clearly shows the transition from the
photoluminescence (PL) to amplified spontaneous emission (ASE) and finally into the lasing
regime. Also shown in Fig. 8a are the emission patterns of the defocused laser image captured
with the IR camera, corresponding to continuous wave (CW) (Fig. 8a-I) and pulsed (Fig. 8a-II)
pumping situations. The average pump intensity in each case was approximately equal to

SW/mm?>.
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Fig. 8. (a) Light-light curve for a nanolaser with major and minor core diameters of 490nm and 420nm (blue dotted
curve). The same data set is shown as a log-log plot (red dotted inset) together with the slopes for the PL, ASE and
lasing regions. Also shown are the images of the defocused emitted beam cross section (taken at about 10 um away
from the nanolaser exit aperture) for I) CW pumping and II) pulsed pumping. The appearance of the higher contrast
fringes indicates increased coherence due to lasing. (b) Evolution of the emission spectra from PL to lasing. (c)
Effective refractive indices (green data points) of the pumped MQW gain medium at lasing wavelengths, back-
calculated from lasing spectra obtained from an array of nanolasers. Error bars were calculated assuming +£5nm error
in measuring the disk diameters from the SEMs. The dashed red curve shows the effective refractive index of the
unpumped MQW layer, as measured by a Filmetrics interferometric analyzer. The blue curve is offset down from
the red by a constant amount (0.102 RIU) which was chosen for best fit to the lasing data. The index reduction is
consistent with the estimated free carrier effects.

Only broad PL emission occurs in the CW case, owing to the low peak intensity.
However, when the pump is switched to pulsed mode, lasing is achieved due to the 278-fold
increase in peak power. At the same time, the defocused image forms a distinct spatial mode
with increased fringe contrast, which is an indication of increased spatial coherency and is
further evidence of lasing. The polarization of the emission has a strong linear component, which
is due to the slight ellipticity of the gain core. Fig. 8b shows the evolution of the emission, from a
broad PL spectrum to a pair of competing ASE peaks and finally into a narrow lasing line at
1430nm. The measured linewidth of this particular laser was 0.9nm, however linewidths as small

as 0.5nm were measured for other samples in the same size range.



Another way to verify the soundness and accuracy of the design and fabrication processes
is to match the lasing wavelength with the target resonance of the cavity. However, owing to the
high pump intensity, the refractive index of the gain core can vary substantially from its
quiescent value and this can considerably shift the lasing line from its target wavelength. Using
the measured results from an array of lasers with slightly different sizes (which were measured
individually using a scanning electron microscope, SEM) and exact three-dimensional finite-
element modelling of each of the gain cores, the refractive index of the gain medium under
pumping conditions was estimated at each lasing point (Fig. 8c, green symbols and error bars).
Assuming a uniform drop over the spectrum of interest and using a least-squares fit of these data
points, the estimated refractive index drop is ~0.102 refractive index units (RIU) (least-squares
fit) lower than that reported by interferometric multilayer measurements of the unpatterned
wafers under low illumination intensity (Fig. 8c, red dashed line). We attribute this shift to be
mainly due to free carrier effects (a combination of bandfilling, bandgap shrinkage and free
carrier absorption) whose net effect at the estimated carrier density (about 1.2x10" ¢cm™ for a
520nm diameter core,) is expected to cause a refractive index drop of about 0.1 RIU. Also a
slight additional contribution (at most -0.004RIU) may also be present due to compressive
pressure on the gain cores, which is exerted by the thermal shrinkage of the aluminum layer after

deposition in the sputtering chamber.

In summary, we have demonstrated room-temperature lasing from subwavelength
metallo-dielectric resonators. In addition to reducing the size below the emission wavelength in
all three dimensions, the metal layer isolates the cavity from its outer environment. Extending the
current design approach to an electrically pumped structure may have practical applications such
as dense optical interconnects [25] and laser arrays for optical trapping and manipulation of
particles18, both of which are currently limited by the larger size and lateral coupling effects in
vertical-cavity surface-emitting laser (VCSEL) arrays. It should be noted that a characteristic of
this laser design is that it allows the placement of two coherent sources in very close proximity
while allowing them to operate independently with no cros-coupling. According to the Rayleigh

criterion, two point sources that are placed closer thanType equation here. (¢;4  cannot be
NA

resolved into separate spots in the image plane (where A and NA are the wavelength and the

numerical aperture of the imaging system, respectively). This places an upper bound on the



maximum packing density of a free space optical interconnect system. For an imaging system
with N4=0.8 and operating at 1.55um, the Rayleigh distance is about 1.2um. which is slightly
larger than the minimum spacing achievable with this nanolaser (which is about 1.1 um).
Crossing the Rayleigh limit implies that arrays of this type of nanolaser can potentially reach the
diffraction-imposed maximum bound on interconnect density. It should be stressed that passing
this limit might also be advantageous for potential near-field applications that may benefit from
further reduction in the nanolaser size. However, it should also be noted that due to the physical
limits imposed on the size of resonators employing conventional reflective resonances (such as
the current nanolaser design), using this approach to reduce the resonator dimensions to sizes far

below % (about 200nm, assuming A=1550nm and n=3.4) is not feasible and the solution will
n

most probably lie in the realm of plasmonic resonant devices, assuming that the high room
temperature loss in such cavities can be efficiently surmounted. The small size of the cavity may
also enable the implementation of high-speed directly modulated lasers through spontaneous
emission enhancement by means of the Purcell effect [26]. Using silver instead of aluminium is
expected to improve the threshold characteristics of these lasers because of its superior optical
properties. In addition, given that the current resonator design is readily scalable to longer
wavelengths (due to the improved optical properties of metals in the infrared), it may also be
applied to develop planar arrays of metallo-dielectric quantum-cascade lasers that are integrated
with metallic beam-forming elements [27] and can be used for high-resolution imaging in the

mid- and far-infrared regions of the spectrum.

3.0 Electrically pumped sub-wavelength metallo-dielectric lasers

Dense integration of optoelectronic circuit and systems [28] will rely on construction of 3-D
nanolaser devices with electrical injection to allow chip-level integration with existing electronic
circuitry, ans at the same time provide minimal footprint and higher energy efficiency. The
demonstrated nano-pillar laser design [8] had a high mode overlap with the metal coating and the
high ohmic loss in the metal at optical frequencies limiting its operation only at cryogenic
temperatures. Room temperature operation was reported when one of the cavity dimensions was
expanded to a few wavelengths and gold was substituted with silver [29]. The demonstrated
optically pumped subwavelength shielded metallo-dielectric cavity lasers discussed above[30]

have the potential to exploit electrical injection and increase their operating temperature. The



high reflectivity of the metal in this design allows 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 [24]. As a result, the threshold gain can be
significantly reduced, potentially enabling lasing at room temperature. The challenge is to design
a composite metal-dielectric-semiconductor 3-D resonators with electrodes which

simultaneously act as low effective index plugs of the 3-D laser cavity.

3. 1. Cavity Design and Modeling of Electrically pumped sub-wavelength metallo-dielectric

lasers

The platform for our devices is based on an InGaAs/InP double heterostructure grown on an InP
substrate similar to the structure reported in [8]. The schematic of the laser structure is shown in
Fig. 9a. 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 [30,24].
COMSOL multiphysics was used for 3D FEM modeling of our structure. The dielectric constant
of bulk silver at room temperature (e, = —120.43—i3.073 at 1.55 pm) was used for the metal
coating [9]. We first designed the wavelength scale cavity in which the gain core radius (7;y) 1S
750 nm (27¢ore ~ A), the cladding radius (7./,4) 1s 690 nm (47 = 60 nm) and Si0O, shield thickness
(dshiera) 18 150 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. 9b. 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 (/.o =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. 9b. 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.

Metal
N-InGaAs

ndnP Si0,

InP substrate

(a) (b) ()

Fig. 9. A schematic of subwavelength pedestal pillar laser shown in (a) where .. is the radius of InGaAs gain
layer, 7., is the radius of InP cladding. 4r is the difference between r.,,. and 7. dge 1S 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 7., is 750 nm, 7., is 690 nm (4r=60 nm), and d,p.;y is 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. 7. 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 (nsjp;=1.45) without a metal coating. The electric field intensity of the
resonant mode of this dielectric cavity is shown in Fig. 9c. 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. 9b)
is 0.39 compared to 0.19 in the pure dielectric cavity case (Fig. 9¢). The Q factor of metallo-
dielectric cavity is 726 which is a factor of 5 enhancement from the Q factor of the 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 [31,32]. Figure 10a shows the resonant mode of a pure dielectric cavity
where 7.0 = 350 nm and 7.;,s = 310 nm (4r=40 nm) with the low index dielectric (Si0;) 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).



Fig. 10. The electric field intensity at the horizontal cross section of the active layer. (a) pure dielectric cavity with
Peore = 350 nm, 7,y = 290 nm (4r=60 nm), and SiO, coating. (b) metallo-dielectric cavity with 7., = 350 nm, 7,4 =
290 nm (4r=60 nm), dy;e.s = 150 nm, and Ag coating. The gain structure sizes, 7., and r.44, in (a) 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, 74
= 160 nm, d;;.;y = 150 nm, and Ag coating. The resonant mode is axially symmetric TE;.

However, by incorporation of the metallo-dielectric cavity (150 nm thick SiO; and Ag
coating) as shown in Fig. 10b, 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 7., = 220 nm, 7¢,; = 160 nm (4r = 60 nm) and dspie;s = 150 nm.
As shown in Fig. 10c, for this case, the resonant mode is an axially symmetric mode (TEg;;) 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 [33]. The pedestal geometry is adopted in our metallo-dielectric cavity
pillar laser structure to enhance the optical confinement in vertical direction while maintaining a
conduit for carrier flow of both electrons and holes. To quantitatively analyze the effect of the

pedestal in our laser structure, we calculated the Q factor and the threshold gain by varying 7.
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Fig. 11. Numerical simulation results of the cavity Q factor and threshold gain for various pedestal sizes. 47 (= 7¢ope -
T'e1aq) 18 pedestal undercut depth. (a) 7., = 750 nm, dg;p;e = 150 nm, and . is 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) r.... = 220 nm, d,;.s = 150
nm, and 7, is varied from 220 nm to 70 nm (4r = 0 ~ 150 nm). (c) Vertical cross section of the resonant mode field
(TEg;) intensity when 7y, Feiqq = 220 nm (4r =0 nm, cylinder type), and dj;.;; = 150 nm. (d) The resonant mode
field (TEyy;) intensity when r.,,, = 220 nm, r,; = 100 nm (4r =120 nm, pedestal type), and d;.;; = 150 nm.

The calculated Q factor and threshold gain for 750 nm core radius with various r., is presented
in Fig. 11a. Shield thickness (ds;..s) and the metal coating were kept constant. When .4 1s the
same as .. (cylinder type), the Q factor is 163 and the threshold gain is 1505 cm’l. As Velad 18
reduced to 600 nm (pedestal type, 4 = 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 7., = 220 nm with changing the
pedestal size which is shown in Fig. 11b. The Q factor is enhanced from 152 (cylinder type, Ar =
0 nm) to 1572 (pedestal type, 47 = 150 nm) which is an order of magnitude improvement. The
resonant mode is strongly confined inside the gain layer with pedestal structure as shown in Fig.
11d where 7.4 = 220 nm and A7 = 120 nm compared to the cylinder type structure shown in Fig.
11c. 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 A7 =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™
[33]. 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 [34,35].



3. 2. Fabrication of electrically pumped sub-wavelength metallo-dielectric lasers

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
CH4:H,:Ar gas chemistry to form the subwavelength scale pillar structure (the scanning electron
microscopy (SEM) micrograph is shown in Fig.12a). The selective etching of the cladding InP
layers was performed using HCI:H3;PO4 (1:3) wet etching and the result of which is shown in
Fig. 12b. 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 both provides the low index shield minimizing the mode-

metal overlap and passivates the InGaAs surface.

TilPd/Au

Fig. 12. SEM micrographs of subwavelength pillar laser structure during fabrication procedure. (a) Subwavelength
pillar (7.,,,= 395 nm) structure after dry etching. (b) Pedestal pillar is formed by selective InP wet etching. (c) Thin
Si0O, 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.

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. 12d). 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. 12e). 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 InGaAsP layer. The sample was then annealed to 400 °C for 60 s to reduce the
contact resistance. Finally, the sample was mounted on the device package (TO 8) and wire-

bonded.

3. 3. Measurements and Discussion of electrically pumped sub-wavelength metallo-

dielectric lasers

The devices were forward biased and the continuous wave (CW) emission from the device was
collected through a 20x 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 um 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 13a
shows a SEM micrograph of the pedestal pillar in which 7., = 750 nm, 7.j,s = 710 nm with 1.3
um pillar height. The shield thickness (dsners ) 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. 13b. 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 um which is very
close to the calculated resonant wavelength of 1.50 um. The light output-injection current (L-/)
curve (Fig. 13¢) 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.
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-/ curve at 140 K is shown in Fig. 13e. 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. 13e) which is 5 times higher than the
threshold current at 77 K. At 160 K, spectral narrowing at 1.49 um 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. 13. Lasing characteristics of 750 nm r,,,. pedestal pillar laser device. (a) An SEM micrograph of 750 nm 7.
pedestal pillar structure. (b) Spectral evolution graphs with increasing the injection current. (c) L-/ curve of this
device. (d) Linewidth measurement by a monochromator with 0.35 nm resolution. (¢) Lasing spectrum measured at
140 K. Inset shows L-/ curve at 140 K.

The lasing characteristics of 355 nm core radius subwavelength pillar laser were also
investigated as shown in Fig. 14. An SEM micrograph of the pedestal pillar structure is shown in
Fig. 14a. The pillar structure had r... = 355 nm, 7.,s = 310 nm, dgiers = 140 nm with 1.36 um
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 pm. As shown in Fig. 14b, the
spectral narrowing was observed as injection current was increased and the lasing peak occurred
at 1.41 um. The threshold current was estimated around 540 pA 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 um is a dual peak with 1.5 nm splitting (Fig. 14d, 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. 14e, 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 1s 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
(7core= 220 nm) device should be able to be lase with a low threshold gain (< 100 cm'l).
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 [30,36].
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Fig. 14. 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. (¢) L-/ curve of this
device. (d) Linewidth measurement by a monochromator. (e) Lasing spectrum with difference injection currents
measured at 100 K.

In summary, we have demonstrated a new design and fabrication of 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 present 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 pA and 540 pA, respectively. For the 7. =750 nm laser device, the CW lasing
operation at 1.49 um was observed up to 140 K. The 7., =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.

4. 0. Wafer Bonded Silicon-I1I-V Sub-Wavelength Metallo-Dielectric Laser

Realization of silicon photonics compatible active optical components is critical for creating
integrated silicon photonic circuits, and a major step towards integration with CMOS-compatible
platforms. Silicon has good thermoconductive properties, high quality oxide, low cost, and is
available in high quality wafers, making it invaluable for integrated electrical circuits and
waveguides. Unfortunately, the indirect bandgap of silicon poses a fundamental barrier to
enabling light amplification and stimulated emission in this material. Successful advances toward
overcoming this limitation include demonstration of silicon Raman lasers [37] and light emission
in silicon-based nanoengineered materials [38]. However, Raman laser operation is based on
optical scattering, which makes it essentially limited to operation under external optical

pumping. Silicon nanostructures, in turn, suffer from low gain, and therefore, low efficiency.

An alternative solution is to build hybrid optical devices through integration of III-V gain
with silicon [39] using wafer bonding. III-V semiconductor compounds offer the benefits of a
direct energy bandgap with wide achievable range, and high carrier mobility. This makes the III-
V material system optimal for active optical elements and logical devices such as lasers,
switches, and modulators. In addition to integration with silicon, another major goal of current
photonics research is to reduce device footprints. Miniaturization is of great importance for the
realization of compact photonic circuits for optical interconnects on-chip optical communication,
and sensing. Many applications often require high density packaging of laser structures, and

therefore three dimensional minimization of the lasers is ultimately desired. To date, several



different subwavelength lasing structures were demonstrated by a few research groups [8,40-43],

but integration of sub-wavelength lasers with passive silicon photonics still remains a challenge.

Earlier we demonstrated room-temperature sub-wavelength metallo-dielectric lasers [30],
where the dielectric shield between metal cavity and gain core allows us to achieve lasing at
room temperature through metal loss reduction [24]. However, building a practical ultra-compact
on-chip device prompts us to address a few issues that include integration of the optical gain
material with a silicon—on-insulator (SOI) wafer, assembly of an electrically injected laser cavity
and laser-to-waveguide mode coupling. In the original design, the nanolaser is optically pumped
and mounted on a glass slide with the output light propagating in free space (Figure 15a). The
wafer bonding approach offers a path to realization of an electrically pumped sub-wavelength
laser with vertical mode coupling to a silicon photonic waveguide by means of a slanted mirror,

for example [35].
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Fig. 15. (a) Scheme of the original sub-wavelength metallo-dielectric laser setup; (b) scheme of a wafer bonded
metallo-dielectric laser.

In order to exclusively investigate wafer bonding problems, we choose to keep the
original cavity mode of the optically pumped nanolaser [30] intact. Thus, the III-V-to-silicon
wafer bonding has to be mediated by low refractive index material, such as SiO2, to achieve
vertical mode confinement (Figure 15b). The mediator layer has to be thick enough to reproduce
the 500nm air plug in the original design. Next, we need to select a reliable and versatile wafer

bonding method, which could be used for both I1I-V-to-Si and I1I-V-to-SiO2/Si integration.



The wide variety of available wafer bonding techniques includes fusion bonding, anodic
bonding, solder bonding, eutectic bonding, thermocompression bonding, direct metal-to-metal
bonding, ultrasonic bonding, low-temperature melting glass bonding, and adhesive bonding [44].
Our choice was determined by the cavity design, which required a direct low temperature (below
400°C) bond of an InGaAsP multiple quantum well (MQW) active layer to a silicon base.
Conventional high temperature direct wafer bonding (fusion bonding) is known to have an
adverse effect on the III-V layer quality due to a thermal expansion constant mismatch of the
bonded materials. Some of the available low temperature wafer bonding methods may be useful,
but would require additional studies of the bonding mediator’s optical and material properties
(adhesive wafer bonding), its possible chemical interaction with the gain layer (anodic wafer

bonding) and incorporation of these new layers into the original nanolaser model.

Recently, Liang at al reported a plasma assisted wafer bonding method,[45, 46] which
they successfully used for realization SOI-compatible optoelectronic devices [39]. Hence, in this
work we demonstrate a silicon-compatible metallo-dielectric nanolaser and investigate the
feasibility of this fabrication approach for integration of the nanolasers with silicon photonics

platform.

4.1. Design and Simulations of Wafer Bonded Silicon-I1I-V Sub-Wavelength Metallo-

Dielectric Laser

Microdisk resonators with conventional whispering gallery mode (WGM) designs can be
reduced to subwavelength scale [5], but the corresponding mode for the small structure is loosely
bound, such that its evanescent tail is spread far beyond the physical resonator boundaries. This
creates two problems. First, it increases the threshold requirements since the mode/gain overlap
is reduced. Second, coupling between the modes of neighboring resonators makes the WGM
resonators unsuitable for densely packed laser arrays. These issues can be solved by enclosing
the semiconductor resonator in a metal cavity [8]. While the metal cavity introduces strong mode
confinement and thereby increases the mode/gain overlap, it also introduces high Joule losses.
The last circumstance poses a difficulty on the way to room temperature lasing in subwavelength
metallic resonators. Our approach to overcoming the metal losses is to incorporate a dielectric
shield layer between the metal and semiconductor [24]. The shield thickness can be optimized

for a fixed outer diameter of the laser. For an optimum shield thickness the losses reduce such



that threshold gain is small enough for room temperature operation. In this case, we are still
benefiting from the metal confinement, but the dielectric shield separates the largest portion of
the mode, concentrated in the high index gain core (~ 3.5 for bulk InGaAsP), from direct
interaction with the metal. Excessive shield thickness is detrimental, because the dielectric layer
takes space that could otherwise be filled with the gain medium. Here we attempt to adapt this
approach for an InGaAsP MQW gain layer, wafer bonded to SiO2/Si (silicon wafer with
thermally grown silicon dioxide layer), using our original design for the InGaAsP/InP material
system. Figure 16a shows a schematic of a sample metallo-dielectric nanolaser, optimized for
minimum lasing threshold at a nominal wavelength of 1550nm and outer radius of the resonator
Rout=460nm. For a structure for these dimensions, the optimized shield thickness (A) and gain
core radius (Rcore) are 200nm and 250nm, respectively [24]. The gain core of the laser consists

of InGaAsP with MQW (the actual composition of the gain layer is summarized in Table 1).

Name Material Thickness(A) Number of layers
Capping layer InP 100 1
Active region 1.3 Q In,Gaj AsyPyy 200 16
1.6 Q InyGay« AsyP.y | 100 16
1.3 Q InyGaj« AsyP.y | 200 1
Substrate InP ~325 micron

Table 1. Multiple quantum well InGaAsP/InP epitaxial structure.

A layer of metal (silver) confines the electromagnetic fields within the cavity. The gain is
separated from the metal by a shield layer of low-index dielectric (Si02). The dielectric regions
with low effective index above and below the gain cylinder ("plugs") provide vertical
confinement of the resonator mode, as the lasing mode is in cutoff there. The lower plug is
comprised of thermal SiO2, in contrast to the original air plug from our previous work. This
setup does not introduce any significant changes in the design, since the refractive index of Si02
is only slightly higher (1.46 versus unity for air). Finite element method (FEM) simulation of the
laser resonator is shown in Figure 16b. The dielectric layer has been optimized for the TE012
mode, which has higher wavelength cutoff compared to the other lower order modes, but has the

lowest achievable threshold gain of 36 cm-1 for the designed structure [24].
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Fig. 16. Schematic drawing of the wafer bonded metallo-dielectric resonator design; b) FEM simulation of TE021
mode in metallo-dielectric resonator with Rout=460nm, optimized for 1550nm wavelength.

4.2. Fabrication of Wafer Bonded Silicon-III-V Sub-Wavelength Metallo-Dielectric

Laser

The wafer bonded sub-wavelength metallo-dielectric structures are fabricated from an InGaAsP
multiple quantum well gain layer, bonded to a silicon wafer with a SiO2 layer on top. The
complete fabrication scheme is outlined Figure 17. The silicon wafers have a 6um thermally
grown oxide layer on the surface. The MQW InGaAsP/InP wafer was ordered from OEpic
Semiconductor, Inc. This gain layer is comprised of 16, 10nm thick, wells (1.6Q InxGal-
xAsyP1-y , x=0.56, y=0.938) embedded in 17, 20nm thick, barriers (1.3Q InxGal-xAsyP1-y,
x=0.734, y=0.571), epitaxially grown on an InP substrate, ~500nm thickness in total (Table 1).
InGaAsP MQW active layer bonding to the SiO2/Si was accomplished through low temperature
plasma assisted wafer bonding (Figure 17 a-c). The process is adapted from the III-V-to-Si
bonding procedure recently developed by Liang et al [45, 46] and is described below.

The wafer bonding is performed for an InGaAsP/InP chip of ~ 1cm2 area and a SiO2/Si
chip of ~ 2cm2 area. The low temperature bonding starts with ultrasonication of the cleaved
wafers in solvents to remove all particles that would inhibit interaction between the surfaces.
InGaAsP/InP is dipped in HCI for 10s prior to the wafer bonding to remove the InP capping
layer. Ultrasonication in acetone and isopropanol (IPA), followed by thorough DI water rinse are
necessary to eliminate particles from the bonding surfaces. This is a crucial step, since a single
1 um size particle results in an unbonded area of 1cm2 [47]. Next, the surfaces are to be stripped

of native oxides, organic, and ionic contaminations. The chemical treatment is performed using



standard RCA clean (NH40OH:H202:H20=1:2:10) for 10 minutes at 65-75°C on the
InGaAsP/InP chip, and modified RCA clean (HCI: H202:H20 =0.2:1:5) for 10 minutes at 80°C
on the Si02/Si chip. Then, the InGaAsP/InP chip is immersed into NH4OH to remove any native
oxides and small contaminations left from the previous step, while SiO2/Si is treated in
H2S04:H20 (3:1) for 10 minutes to strip any traces of organic contaminants.
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Fig. 17. Fabrication steps of a wafer bonded metallo-dielectric laser: a) wafer bonding of InGaAsP to SiO2/SI, b)
resultant InP/InGaAsP/Si02/Si structure, ¢) wet etching of InP substrate and the optical microscope image of 500nm
InGaAsP MQW layer bonded to SiO2 /Si chip; d) e-beam lithography patterning; e) laser pillar after two step RIE of
InGaAsP and SiO2 ; g) PECVD of SiO2 shield; h) metal sputtering (silver).

The chemical clean is followed by ultrasonication in acetone, IPA, careful DI water rinse and
drying in N2 flow. After cleaning, both chips undergo O2 plasma surface activation in a Trion
reactive ion etch (RIE) chamber with 20mTorr pressure, 30sccm O2 flux and 50W RF power for
45 seconds. The oxygen plasma treatment is immediately followed by a brief rinse in DI water to
passivate the active surfaces with hydroxyl (—OH) groups. The water flow also takes away any
new particles that may have accumulated during the plasma activation. Next, nitrogen flow-dried
chips are manually mated. The Van der Waals force between the —OH groups promotes
spontaneous mating of activated surfaces. The pair is annealed for 17 hours at 300°C in an oven
to form strong covalent bonding and encourage out-diffusion of the H20 and H2 byproducts

through the thick SiO2 layer from the InGaAsP/SiO2 interface. Lastly, the InP carrier substrate is



selectively etched by HCI from the bonded sample to obtain the composite InGaAs/Si102/Si
structure (Figure 17c¢).

The next step is to perform a double step reactive ion etch (RIE), which has to be carried
out on the gain layer and SiO2 using appropriate etching chemistry for each of the two materials.
E-beam lithographic processing was performed on hydrogen silsesquioxane (HSQ) negative
resist to create a mask (Figure 17d). This is followed by the two-step RIE to form the cylindrical
gain core and bottom SiO2 plug. First, the 500nm thick InGaAsP MQW layer is dry etched in
CH4/H2/Ar (4:40:20sccm) chemistry. Then the SiO2 layer undergoes CHF3/Ar (25/25sccm)
RIE to obtain a 500nm tall SiO2 post (Figire 17e depicts a schematic drawing of the structure
after both these steps are performed). The HSQ mask is removed during the last fabrication step
along with Si02, since its chemical composition is quite similar to that of Si02. Next the sample
is treated in microwave oxygen plasma (Tepla 100) to eliminate polymer buildup. An SEM
image of a sample laser after the cleaning is presented in Figure 18a. Next, PECVD of 200nm
thick SiO2 1is carried out to form the low index shield around the InGaAsP core (Figure 17f).
Corresponding SEM image is shown on Figure 18b. In the final step we sputtered silver using a

Denton Discovery 18 sputterer on the sample to complete a laser cavity (Figure 17g).
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Fig. 18. SEM pictures of: a) a laser pillar after two step RIE b) the same pillar after PECVD of 200nm thick SiO2
layer.

4.3. Measurements of Wafer Bonded Silicon-III-V Sub-Wavelength Metallo-Dielectric

Laser

We use standard micro-photoluminescence setup for optical characterization of the wafer bonded
nanolasers. Samples are excited by pumping them through a x20 microscope objective with a

1064nm pulsed fiber laser which has a repetition rate of 300kHz and 12ns pulse width. The light



emitted by a nanolaser is collected with the same objective and passed to the detection system.
Using a double 4-f imaging system in conjunction with a pump filter (Semrock RazorEdge long
wavelength pass), the samples are imaged onto either an IR InGaAs camera (Indigo Alpha NIR),
an electrically cooled InGaAs detector or a monochromator (Spectral Products DK480) with a
resolution of 0.35nm, equipped with a cooled InGaAs detector in a lock-in detection
configuration. Total power measurements for the light-light curves are performed using a single
InGaAs detector. The monochromator is utilized for high resolution measurements in lasing
mode to obtain the stimulated emission peak linewidth. Optical measurements at 77K are

performed, using Janis ST-500 cryogenic chamber.

We observed room temperature lasing from a sample with approximate gain core radius
Rg~450nm and peak wavelength of 1496nm. A kink in the linear scale light-light curve (Figure
19) indicates the onset of lasing at the external threshold pump intensity of 1100W/mm2. The
same data set is shown in a log-log plot in the inset graph. For an ideal laser the S-shaped curve
represents the transition from photoluminescence (PL) mode (the lower linear section with slope
1) through amplified spontaneous emission (ASE) mode (linear section with a slope steeper than
1) into stimulated emission mode (also slope 1). The unity slope describes a linear dependence of

output power to input pump power.
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Fig. 19. Room temperature light-light curve for a nanolaser with gain core radius of Rg=450nm. The same data set
is shown in the inset as a log-log plot.

Room temperature lasing from smaller samples (Rg =250nm) exhibited severe drop of

the stimulated emission peak intensity over time, especially after the samples had been subjected



to high pump powers. That prevented reliable light-light curve measurements of small (sub-
wavelength) samples. We speculate that high pump powers cause damage to the gain core. To
achieve lasing at lower pumping levels, we also performed optical measurements at 77K, with
samples placed in a cryogenic chamber. The light-light curves for both Rg =450nm (Figure 20)

and 250nm (Figure 21) are presented, with the corresponding log-log curves on the inset graphs.
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Fig. 20. The light-light curve for a nanolaser with gain core radius of Rg=450nm at 77K. The same data set is
shown in the bottom inset graph as a log-log plot. The upper inset is the lasing spectrum taken with monochrometer;
measured linewidth is 0.5nm
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Fig. 21. Light-light curve for a laser with Rg =250nm at 77K with the corresponding log-log plot in the inset graph.
For the nanolaser with Rg~450nm and peak wavelength of 1508nm, the threshold at 77K

is reduced to 100W/mm?2, which is approximately 10 times lower compared to the RT results for



a sample of the same geometry. The linewidth is measured to be 0.5nm, from the high-resolution
spectrum shown on the upper inset of Figure 20. The smooth ASE transition region and reduced
threshold pump density of the S-curve at 77K are determined by increased material gain,
suppressed spectral broadening, enhanced cavity Q and much lower non-radiative recombination

rates at cryogenic temperatures [48, 49].

For the 250nm sample the lasing wavelength is 1527nm and the threshold is about
12W/mm2, as shown in Figure 21. The slope of the PL-related linear part of the log-log curve
(inset of Figure 21) is around 1.2, in contrast to the samples with Rg =450nm, for which the
slope is close to unity. The PL region slope larger than unity indicates that significant fraction of
recombination events is by single-particle non-radiative processes, such as surface recombination
[50]. In the smaller nanolasers, surface recombination is likely to be responsible for the high PL
slope, since the ratio of the gain core surface area to it’s volume for the sample with
Rcore=250nm is much greater compared to one for the sample with Rcore=450nm and thereby,
must introduce many more non-radiative recombination centers. Along with the problem of
dramatic drop in stimulated emission intensity under optical pumping, this is an interesting issue

to be further investigated.

In summary, we demonstrated a wafer bonded subwavelength scale laser that can be
integrated onto a silicon platform. We observe room temperature lasing from near-
subwavelength structures with gain core radius Rg =450nm and cryogenic temperature operation
for sub-wavelength structures with Rg of 250nm. The results for the optically pumped lasers are
expected to improve through further optimization of the fabrication process. We believe that
our approach to realization of sub-wavelength scale coherent sources, combined with the latest
III-V-to-Si wafer bonding solutions, is a promising path for the realization of highly integrated
and miniaturized room temperature silicon photonic devices. In addition, our unique metal-
dielectric resonator design is of interest for a number of applications, such as on-chip

communication, optical interconnects, sensing and storage.

5. 0. Thresholdless Nanoscale Coaxial Lasers

Development of manufacturable technology for compact, ultrasmall volume, highly efficient and

ultrafast sources of coherent radiation that operate without gain threshold will enable efficient



conversion of information from electrical to optical domain at Terahertz frequencies (i.e., above
300 GHz). Such new sources will open up a new paradigm in design and manufacturing
nanoscale systems that will revolutionize numerous applications, including: ultralow energy
communication and switching for future computing platforms; ultrafast switching for future
computing; and biomedical and chemical sensors with ultrahigh sensitivity and specificity. A
schematic comparison of conventional and a thresholdless laser (see Fig. 22) clearly show that
for low-energy on-chip interconnection applications, the conventional lasers will need to be

replaces by thresholdless nanolasers.
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Fig. 22. Schematic comparison showing emitted power vs the pump power for a conventional and a threshold less
lasers.

In the emerging field of nano-scale laser sources, with a high spontaneous emission 3
factor and pronounced Purcell effect (enhancement or inhibition of spontaneous emission into
the lasing mode compared to emission into free space, characterized by Purcell factor), the kink
in the log-scale light-light curve gets smoothed out and becomes less recognizable. Thresholdless
laser behavior would imply a smooth curve throughout the entire pumping region, until
saturation is reached. Much attention has been paid on better differentiating the various regions
of the light-light curve at low pump powers, which would serve as a useful tool to characterize
coherent emission of multimode large scale lasers. Consequently, accurate model of sub-
threshold behavior, which is not of crucial importance for large-scale lasers, has not been

investigated and understood for single mode nanoscale emitters.

The cavity quantum electrodynamic (QED) effects caused by the interaction of the matter
and electromagnetic field in sub-wavelength structures have been the subject of intense research
in recent years [51]. The generation of coherent radiation in nanostructures has attracted

considerable interest, owing both to the QED effects that emerge in small volumes, and the



potential of these devices for future applications, ranging from on-chip optical communication to
ultrahigh resolution and high throughput imaging/sensing/spectroscopy. Research efforts are
directed at developingthe "ultimate nanolaser": a scalable, low threshold, efficient source of
radiation that operates at room-temperature, and occupies a small volume on a chip [52].
Different have been proposed for the realization of this ultimate nanolaser, namely micro-disk
[1], photonic bandgap [11], and more recently metallic [8, 53], metallo-dielectric [24, 30, 40, 54],
and plasmonic [55, 41] resonators. However, so far progress toward the ultimate nanolaser has
been hindered by the lack of a systematic approach to scale down the size of the laser cavity
without significantly increasing the threshold power required for lasing. Here we present a new
family of nano-cavities, coaxial nanostructure that solve the resonator scalability challenge due
to its unique geometry and metal composition. Using these new nano-cavities, we demonstrate
the smallest room temperature, continuous-wave, telecom laser to date. More importantly, for the
first time, we demonstrate thresholdless lasing with a broadband gain medium. Besides their
applications in the realization of deep sub-wavelength lasers, the nanoscale coaxial resonators
are the first step toward unveiling the potential of QED objects and meta-materials in which

atom-field interactions generate new functionalities [56, 57].

5. 1. Design and Fabrication of Thresholdless Nanoscale Coaxial Lasers

The miniaturization of laser resonators using dielectric or metallic material structures, faces two
challenges: (i) the (eigen-) mode scalability, implying the existence of self-sustained
electromagnetic field regardless of the cavity size, and (ii) the unbalanced rate of decrease in
optical gain vs. cavity loss which results in large and/or unattainable lasing threshold as the
volume of the resonator is reduced [20]. In this section, we describe and demonstrate a new
approach to nano-cavity design that resolves both challenges: Firstly, sub-wavelength size nano-
cavities with modes far smaller than the operating wavelength are realized by designing a
plasmonic coaxial resonator that supports the cutoff-free transverse electromagnetic (TEM)
mode. Secondly, the high lasing threshold for small resonators is reduced by utilizing cavity
QED effects, causing high coupling of spontaneous emission into the lasing mode.'®'” When
fully exploited, this approach can completely eliminate threshold constraint by reaching so-called
thresholdless lasing, which occurs when every photon emitted by the gain medium is funneled

into the lasing mode 58, 59].
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Fig. 23. Nanoscale coaxial laser cavity. (a) Schematic of a coaxial laser cavity. (b) and (c) SEM micrographs of the
constituent rings in Structure A and Structure B, respectively. The side view of the rings comprising the coaxial
structures is seen. The rings consist of SiO, on top, and quantum wells gain region underneath.

The coaxial laser cavity is portrayed in Figure 23a. At the heart of the cavity lies a
coaxial waveguide that supports plasmonic modes and is composed of a metallic rod enclosed by
a metal coated semiconductor ring [60, 61]. The impedance mismatch between a freestanding
coaxial waveguide and free space creates a resonator. However, our design uses an additional
metal coverage on top of the device and thin, low-index dielectric plugs of silicon dioxide at the
top end and air at the bottom end of the coaxial waveguide to improve the mode confinement.
The role of the top SiO, plug is to prevent the formation of undesirable plasmonic modes at the
top metal-gain interface. The lower, air plug is used to allow to couple pump into the cavity and
also couple out the light generated in the coaxial resonator. The metal in the sidewalls of the
coaxial cavity is placed in direct contact with the semiconductor to ensure the support of
plasmonic modes, providing a large overlap between the modes of the resonator and the emitters
distributed in the volume of the gain medium. In addition, the metallic coating serves as a heat

sink that facilitates room temperature and CW operation.

To reduce the lasing threshold, the coaxial structures are designed to maximize the
benefits from the modification of the spontaneous emission due to the cavity QED effects [58,
59]. Because of their small size, the modal content of the nanoscale coaxial cavities is sparse,
which is a key requirement to obtain high spontaneous emission coupling into the lasing mode of
the resonator. Their modal content can be further modified by tailoring the geometry, i.e. the
radius of the core, the width of the ring, and the height of the gain and low index plugs. Note that
the number of modes supported by the resonator which can participate in the lasing process is
ultimately limited to those that occur at frequencies that coincide with the gain bandwidth of the

semiconductor gain material. In this work we use a semiconductor gain medium composed of six



quantum wells of In,—9 56Gai_xAsy=0.933P1-y (10 nm thick)/ Iny- 734Ga;_Asy= 57P1_y (20 nm thick),
resulting in a gain bandwidth that spans frequencies corresponding to the wavelengths in vacuum

from 1.26 um to 1.59 um at room temperature, and from 1.27 um to 1.53 um at 4.5 K [62].

We consider two different geometries shown in Figure 23a, the first, referred to as
Structure A, has an inner core radius of R.o.=175 nm, gain medium ring with the thickness of
A=75 nm, lower plug height of #;= 20 nm, quantum wells height of 200 nm covered by 10 nm
overlayer of InP, resulting in the total gain height of /#,=210 nm, and upper plug height of /#;=30
nm. The second, Structure B is smaller in diameter, having R¢oe=100 nm, and A=100 nm. The
heights of the plugs and gain medium are identical to those of Structure A. Figure 23b and 23c
show the SEM micrographs of the constituent rings in Structure A and Structure B, respectively.

The two structures are fabricated using standard nanofabrication techniques.
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Fig. 24. Electromagnetic simulation of nanoscale coaxial cavities. (a) The modal spectrum of the cavity of Structure
A at a temperature of 4.5 K. This cavity supports a pair of HE|; degenerate modes and the fundamental TEM-like
mode in the gain bandwidth. (b) The modal spectrum of the cavity of Structure B. This cavity only supports the
fundamental TEM-like mode in the gain bandwidth of the quantum wells. In the figures, Q is the quality factor of
the mode, T" is the energy confinement factor to the semiconductor region,21 and V. is the effective modal
volume.” The color bar shows normalized |E*. Nominal permittivity values are used in this simulation.

Figure 24 shows the modal content of the two structures at 4.5 K, modeled using the 3D
Finite Element Method (FEM) eigenfrequency solver in the RF package of COMSOL
Multiphysics. Figure 24a shows that for Structure A the fundamental TEM-like mode and the




two degenerate HE|; modes are supported by the resonator and fall within the gain bandwidth of
the gain material. This simulation is also repeated for Structure A with room temperature
material parameters, showing that for Structure A at room temperature, the two degenerate HE;;
modes are red shifted to 1400 nm, and exhibit a reduced quality factor of Q =35, compared to Q
~47 at 4.5 K. The TEM-like mode is red shifted to 1520 nm with O=53, compared to 0=120 at
4.5 K.

Structure B, shown in Figure 24b, supports only the fundamental TEM-like mode at a
temperature of 4.5 K. The quality factor Q=265 for this mode is higher than that of Structure A.
In general, the metal coating and the small aperture of the nanoscale coaxial cavity inhibit the
gain emitters from coupling into the continuum of the free-space radiation modes [63]. Hence,
the single mode cavity of Structure B exhibits very high spontaneous emission coupling factor
(B=0.99), approaching the condition for an ideal thresholdless laser [58, 59]. The spontaneous
emission factor is calculated by placing randomly oriented and randomly positioned dipoles in
the active area of the cavity, and then computing their emitted power at different wavelengths.
The B-factor is given by the emitted power that spectrally coincides with the lasing mode,

divided by the total emitted power [64].
5. 2. Characterization and Discussion of Thresholdless Nanoscale Coaxial Lasers

Characterization of the nanoscale coaxial lasers was performed under optical pumping with a
A=1064 nm laser pump beam in continuous wave and pulsed regime. Excitation of the cavity

modes is confirmed by measurements of the far-field emission from the devices.

Figure 25 shows the emission characteristics of the nanoscale coaxial laser of Structure A
operating at 4.5 K (light-light curve in frame (a), and spectral evolution in frame (b), linewidth in
frame (c)), and at room temperature (light-light curve in frame (d), and spectral evolution in
frame (e), linewidth in frame (f)). The light-light curves of Figure 25a and 25d show standard
laser action behavior, where spontaneous emission dominates at lower pump powers (referred to
as the photoluminescence (PL) region), and stimulated emission is dominant at higher pump
powers (referred to as the Lasing region). The PL and Lasing region are connected through a
pronounced transient region, referred to as amplified spontaneous emission (ASE). The evolution

of the spectrum shown in Figures 25b and 25e also confirms the three regimes of operation, PL,



ASE, and Lasing. The spectral profiles at low pump powers reflect the modification of
spontaneous emission spectrum by the cavity resonances depicted in Figure 24a. The linewidth
of the lasers shown in Figures 25cand 25f narrows with the inverse of the output power at lower
pump levels (the solid trend line). This is in agreement with the well-known Schawlow-Townes
formula for lasers operating below threshold [65]. Around threshold, the rapid increase of the
gain-index coupling in semiconductor lasers slows down the narrowing of the linewidth, until
carrier pinning resumes the modified Schawlow-Townes inverse power narrowing rate [66, 67].
In practice, only a few semiconductor lasers are shown to have above-threshold linewidth
behavior that follows the modified Schawlow-Townes formula. In most reported lasers, the
linewidth behavior distinctly differs from the inverse power narrowing rate. The mechanisms
affecting the above-threshold linewidth, especially for lasers with high spontaneous emission

coupling to the lasing mode, are still a subject of research [68-70].
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Fig. 25. Optical characterization of nanoscale coaxial cavities, light-light curve, linewidth vs. pump power,
and spectral evolution diagram for lasers with threshold. Lasing in Structure A. (a) Light-light curve, (b) Spectral
evolution and (c) Linewidth evolution at 4.5 K, (d) Light-light curve, (e) Spectral evolution and (f) Linewidth at
room temperature. The pump power is calculated as the fraction of the power incident on the laser aperture. The
solid curves in (a) and (d) are the best fit of the rate equation model. The resolution of the monochromator was set to
3.3 nm.



A rate-equation model is adopted to study the dynamics of the photon-carriers interaction
in the laser cavities. The light-light curves obtained from the rate equation model for the laser of
Structure A are shown as solid blue lines in Figures 25a and 25d. For the laser operating at 4.5 K,
by fitting the rate equation model to the experimental data, we found that almost 20 percent of
the spontaneous emission is coupled to the lasing mode, which is assumed to be the mode with
the highest quality factor (TEM-like mode). This assumption is validated by examining the far-
field radiation pattern and the polarization state of the output beam. At room temperature, the
surface and Auger non-radiative recombination processes dominate. As the carriers are lost
through non-radiative channels, the ASE kink of the laser is more pronounced, and, as expected,

the laser threshold shifts to higher pump powers.

Structure Bat T=45 K

= 10° 10
":E —
S 10° gg 0 E
‘:’ = — by .-'-n-l-q..'
© s 8 = *
Z 10% LS 05 2 [
o 3 E 3
E 10710 3 2 oo 5 .
8 1,300 05
O g We, 137 s 82, SO
100 106 10°  10¢ 102 E’/e,;,g% 1450 2, 240ty w 10¢  10¢ 107 108 10°
v
Pump Power (Watt) r’?fa ) '{"f”’?umg?@“e Pump Power (Watt)
(a) (b) (c)

Fig. 26. Optical characterization of nanoscale coaxial cavities, light-light curve, linewidth vs. pump power, and
spectral evolution diagram for thresholdless lasers. Thresholdless lasing in Structure B. (a) Light-light curve, (b)
Spectral evolution, and (c¢) Linewidth evolution at 4.5 K. The pump power is calculated as the fraction of the power
incident on the laser aperture. The solid curve in (a) is the best fit of the rate equation model. The resolution of the
monochromator was set to 1.6 nm.

Next, we examine the emission characteristics of Structure B. According to the
electromagnetic analysis (Figure 24b), this structure is expected to operate as a thresholdless
laser, as only one non-degenerate mode resides within the gain medium’s emission bandwidth.
The emission characteristics of Structure B at 4.5 K are shown in Figure 26. The light-light curve
of Figure 26a, that follows a straight line with no pronounced kink, agrees with the thresholdless
lasing hypothesis. The thresholdless behavior is further manifested in the spectral evolution, seen
in Figure 26b, where a single narrow, Lorentzian-like emission is obtained over the entire five-
orders-of-magnitude range of pump power. This range spans from the first signal detected above

the detection system noise floor at 720 pW pump power, to the highest pump power of more than



100 uW. Since the homogenously broadened linewidth of the gain medium is larger than the
linewidth of the observed emission, the emission profile is attributed to the cavity mode. The
measured linewidth at low pump power (AApwpv=5 nm) that agrees with the transparency cavity
Q-factor of the TEM-like mode, as well as the radiation pattern, confirms the electromagnetic
simulation given in Figure 24b. The proof that the device indeed reaches lasing is further
substantiated by the careful study of the linewidth behavior. At low pump levels, the linewidth
depicted in Figure 26c is almost constant, and does not narrow with output power, implying that
the linewidth shows no subthreshold behavior [65,67]. The lack of variation of linewidth with
pump power is most likely the result of the increasing gain-index coupling, that is a well-known
around-threshold behavior in semiconductor lasers [66, 67].Another indication, and more
decisive proof, that Structure B does not exhibit sub-threshold behavior is that the linewidth
narrowing above the 100 nW pump power level does not follow the inverse power narrowing
rate that is clearly identified in Structure A. This narrowing corresponds to the carrier-pinning
effect, as further corroborated by the results of the rate-equations model for the carrier density.
To the best of our knowledge, this linewidth behavior, though predicted in theory [68-70], has
never been reported in any laser, and is unique to our thresholdless laser. The light-light curve
obtained from the rate equation model for the laser of Structure B at 4.5 K is shown by the solid
blue line in Figure 26a. Best fit of our rate equation model to the experimental data is achieved if
95 percent of the spontaneous emission is coupled to the lasing mode (f=0.95). The deviation
from the B=0.99 predicted by the electromagnetic simulation can be attributed to other non-
radiative recombination processes that have not been considered in the rate equation model, and
to the spectral shift of the mode at higher pump levels that causes variations in the available gain
for the mode. In summary, all the experimental observations, including output spectrum and
beam profile, electromagnetic simulations, rate equation model, and comparison with the non-
thresholdless lasers, suggest thresholdless lasing as the only plausible hypothesis that
satisfactorily explains all aspects of the emission of the light emitting device, based on Structure

Bat4.5 K.

The thresholdless lasing in nanoscale coaxial cavities clearly differs from the state-of-
the-art, high quality factor, photonic bandgap structures [71]. In the latter, near-thresholdless
lasing is achieved in a quantum dot gain medium system with spectrally narrow band emission,

and relies extensively on tuning of the cavity mode to the center of the quantum dot emission



spectrum [71]. In the former, thresholdless lasing in a broadband gain medium is achieved with a
low quality factor, single-mode metal cavity. Smaller size, straightforward fabrication procedure,
and better thermal properties are just a few of the advantages of nanoscale coaxial cavities for the

realization of thresholdless lasing.

In summary, with nanoscale coaxial structures, we have successfully demonstrated room
temperature, continuous-wave lasing, as well as low temperature thresholdless lasing in a
spectrally broadband semiconductor gain medium. Owing to the fundamental TEM-like mode
with no cutoff, these cavities show ultra-small mode confinement, offer large mode-emitter
overlap that results in optimal utilization of the pump power, and provide multifold scalability.
Further developments toward electrical pumping of thresholdless nanoscale coaxial lasers that
can operate at room temperature are in progress. The implication of our work is threefold.
Firstly, the demonstrated nanoscale coaxial lasers have a great potential for future nano-photonic
circuits on a chip. Secondly, thresholdless operation and scalability provide the first systematic
approach toward the realization of QED objects and functionalities, specifically the realization of
quantum meta-materials. Finally, this new family of resonators paves the way to in-depth study

of the unexplored physics of emitter-field interaction,

6. 0. Future Research Directions Lasers

Although the NACHOS program has concluded on March 31, 2013, the research team is
continuing its work on metallo-dielectric and thresholdless nanolasers. Current research
directions include electrically pumped coaxial geometry devices, integration of nanolasers with
silicon-on-insulator chip-scale waveguides, and gain material grown radially around a nanowire

core. Theoretical analysis of nanolaser rate equations and linewidth behavior is also ongoing.
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