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ABSTRACT: Next generation on-chip light sources require high modulation bandwidth, compact footprint, and efficient power
consumption. Plasmon-based sources are able to address the footprint challenge set by both the diffraction limited of light and
internal laser physics such as plasmon utilization. However, the high losses, large plasmonic-momentum of these sources hinder
efficient light coupling to on-chip waveguides, thus, questioning their usefulness. Here we show that plasmon light sources can be
useful devices; they can deliver efficient outcoupling power to on-chip waveguides and are able to surpass modulation speeds set
by gain-compression. We find that waveguide-integrated plasmon nanocavity sources allow to transfer about ~60% of their
emission into planar on-chip waveguides, while sustaining a physical small footprint of ~0.06 um>. These sources are able to
provide output powers of tens of microwatts for microamp-low injection currents and reach milliwatts for higher pump rates.
Moreover, the direct modulation bandwidth exceeds that of classical, gain compression-limited on-chip sources by more than
200%. Furthermore, these novel sources feature high power efficiencies (~1 fJ/bit) enabled by both minuscule electrical
capacitance and efficient internal photon utilization. Such strong light—matter interaction devices might allow redesigning
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photonic circuits that only demand microwatts of signal power in the future.
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n the past decade, photonic technologies have become

I

photonic communication links has potential to deliver both

universal in data communications. The dense integration of

high data throughput and bit-densities, while minimizing power
consumption and energy dissipation.”” In particular, solutions
are needed to address both the increasing power density and
data rate bottleneck between computation and communica-
tion.” However, the required on-chip light sources for the
photonic links are challenged by (1) large footprints due to the
diffraction limit of light, (2) low threshold efficiencies owing to
small spontaneous emission coupling factors, 3, leading to high
power consumption (i.e., energy-per-bit), (3) temperature
sensibilities when high-quality cavities are deployed, and (4)
slow modulation speeds because of gain compression effects
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and parasitic electrical capacitances. As a result, network-on-
chip light sources are therefore often considered off-chip.”
The emerging field of plasmonics, coherent electromagneti-
cally driven electronic oscillations at metal-dielectric interfaces,
has demonstrated on-chip laser devices that address some of
the above challenges; these include compact light sources
below the diffraction limit,"™® operating at cryo”'’ and room
temperature, *'> and pulsed'® and continuous wave oper-
ation.'"* However, these laboratory demonstrations are often
unsuitable for chip integration due to a variety of limitations
such as incompatibilities to telecom frequencies of the gain
medium, photonic platform integration, and inability to deliver
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Figure 1. Three-dimensional (3D) schematic structures of plasmon-cavity based nanolasers: (a) Square cavity. (b) Square cavity with bus waveguide,
lis the coupling distance between the cavity and the bus waveguide. (c) Inline cavity, g is the coupling distance away from the cavity edge along the
inline waveguide. (d) Inline cavity with long metal, s is the coupling distance in the metal strip layer. The aforementioned four structures are all on a
SiO, layer. (e) Cross-sectional view of the metal—semiconductor square plasmon resonator in the xz plane. The cavity in the z direction consists of a
20 nm Aly3Gag,As top layer, a GaAs quantum-well (QW) gain medium layer, and a 20 nm Aly;Gay;As bottom layer, where the GaAs QW gain
medium involves a periodic structure with undoped Al,;Ga,,As barrier (i.e., 10 nm) and GaAs well (i.e., 7 nm) layers. The thickness of the top and
bottom Al,;Ga,,As layers is equal and kept constant to 20 nm each, and the total cavity height H is varied from 60 to 340 nm for the design
optimization, while the Au thickness (100 nm) is unchanged for each cavity structure. The cavity size, W, is varied from SO to 700 nm wide for
determining the resonant wavelength, and only the thickness of the gain material layer is varied in the simulations. The color of each rectangular

frame in (a2)—(d) represents one nanolaser cavity structure.

sufficient power levels into on-chip waveguides. The latter bears
both fundamental and practical challenges for plasmon
nanolasers, in particular; the large wave vectors of sub-
diffraction-limited modes add profound challenges to couple
the emission into a non-diffraction-limited waveguide or free
space efficiently. In the limit of zero-dimensional sources, the
radiation pattern spreads into a 4z solid angle and bears a high
source impedance of about 50 kQ.” While not part of the scope
of this work, we note that the latter will introduce significant
losses due to impedance mismatches when coupling to free-
space is desired. In addition, practical challenges exist to
efficiently utilize the emission on-chip, for instance, the
approach to cover the gain material with a metal to increase
modal confinement blocks and absorbs emissions, thus,
exacerbating the outcoupling chall<enge.6’13_19 As such, nano-
lasers can often only be accessed through the device’s
substrate®**?! or side wall,"® thus, limiting its use as a source
for planar circuits. While heterointegration (i.e,, III—V/silicon
wafer bonding) has demonstrated partial success,””>> mono-
lithic integration is the more desirable fabrication process.
However, the coupling efficiency is still just about 18% for a
monolithically integrated nanoscale light-emitting diode (LED)
to a plasmonic waveguide.”* As such the design of a compact
and monolithically integrated plasmon sources for efficient
power delivery on-chip is still standing.

Here we investigate different plasmon source configurations
for their performance and chip integration potential. Of interest
is to relate the internal physical processes characterized by the
cavity quality (Q) factor and the light—matter interaction
(LMI) enhancement quantified by the Purcell factor™ to
external performance values such as the achievable source
output power and the 3-dB role-off modulation bandwidth, as
derived from the rate equations. Moreover, understanding
nanofabrication-induced performance deviations are of signifi-
cance and considered toward gaining a practical sense of the
reliability of this class of sources. Our results show that a
waveguide-embedded nanoscale plasmon source configuration
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delivers high coupling efficiency (~60%), a small (~0.06 ym?®)
footprint enabling dense integration and a modulation potential
of 100 GHz for near-lasing threshold pump rates. Relating the
internal device processes to external performances (i.e., output
power), we find that future on-chip sources do not have to
provide milliwatts of power any more. That is, the obtainable
power levels from plasmon sources as discussed here seem to
be sufficient to drive future photonic integrated circuits (PIC)
that comprise of highly sensitive nanoscale optoelectronic
building blocks due to low electrical capacitances, thus, paving
the way for a technological paradigm shift to nanoscale PICs
(see discussion below).

B NANOLASER PERFORMANCE

The optical cavity is a major component of the laser design as it
encompasses the gain medium and provides feedback for the
lasing mode. In order to explore and compare the nanolaser
performance and usefulness, we investigated a variety of
plasmon-cavity based nanolaser structures (Figure 1); (a)
square cavity, (b) square cavity with bus waveguide, (c) inline
cavity, and (d) inline cavity with an extended metal strip (i.e.,
simulating an electrical contact or via). Each cavity is formed by
both the optical confinement of the dielectric loaded surface
plasmon polariton waveguide,”® and the high index contrast of
the gain and cavity material relative to its surrounding. The
corresponding cross-section of this cavity geometry is at the xz
direction (Figure 1le). Analyzing the laser-to-waveguide
coupling efficiency of these laser resonators, two waveguide
coupling cases are utilized. Case one assumes a bus optical
waveguide with a distance [ to the square cavity (Figure 1b),
whereas in case two the square cavity is inserted into a photonic
waveguide forming a waveguide-integrated plasmon laser with
different metal strip length (Figure lc,d).

An initial step in the design is to determine the resonance
wavelength of the plasmon cavity, since pumping the gain
material requires the cavity to be resonant at the wavelength
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within the gain bandwidth for efficient light amplification. Since
the cavity’s resonance wavelength scales with the cavity
dimensions, we obtain a cavity width of 250 nm for the
desired emission wavelength of ~850 nm, that is, gain peak of
the GaAs QW medium (Figure 2a). The fundamental
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Figure 2. (a) Resonant wavelengths evolution of the square cavity with
various cavity sizes (ie, W = 50—700 nm), while keeping a fixed
aspect ratio of 0.6 (i.e, H/W = 0.6). The E,, plane mode is labeled as
TM (p, p, ), where p and q represent the mode numbers associated
with the width (W) and height (H) of the cavity, respectively.”” The
inset shows a typical fundamental TM (1, 1, 1) mode recorded in the
xy plane at a distance of 20 nm away from the Au—Al,;Ga,,As
interface in the z-direction for the square cavity with W = 250 nm. (b)
Q-factor and Purcell factor dependence on the cavity size for the
square cavity with a fixed aspect ratio of 0.6 (ie., H/W = 0.6).

transverse-magnetic (TM) (1,1,1) mode profile is indicative
of providing the subdiffraction-limited mode confinement
through total internal reflection of surface plasmons at the
cavity boundaries (inset, Figure 2a).

Cross-referencing the evolution between the Q-factor and F,
allows generating insights with respect to the mode confine-
ment via eq 6 (refer to the subsection of Resonant Wavelength,
Quality Factor, and Purcell Factor in Methods; Figure 2b).
Varying the cavity dimensions while keeping the width-to-
height ratio fixed, that is, H/W = 0.6, a constant Q value of ~20
is observed for a small physical size (e.g, W = 50—100 nm),
which reaches 120 for larger cavities (W = [600, 700] nm).
However, since Q is relatively low, the strong optical
confinement becomes apparent through the reasonably high
Purcell factors (F, ... = 34). The Purcell factors” inverse trend
relative to the Q factors indicates that the mode volume is
expanding with increasing cavity size. In other words, the
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increased rate of the mode volume for each cavity size is
beyond the enhancement of the corresponding of Q-factor
value, which leads to a reduced F,,.

The total Q factor is generally limited by intrinsic losses (i.e.,
metal loss for plasmonics) and radiation losses for a plasmon
cavity, thus generally low Q’s are expected, and the observed
values match those of similar cavity designs.'”® It is interesting
to compare the resonant qualities of the four different device
geometries from Figure 1; the square cavity shows the highest
Q factors relative to the other cavity geometry tested due to
both a higher mode confinement and reduced radiative losses
(Figure 3a). On the other hand, Q is inversely proportional to
the radiation efficiency of the cavity, which decreases the
cavity’s photon density. In order to keep the intrinsic loss
constant, increasing the radiation loss (i.e., reducing radiative
Q-factor) can therefore lead to higher outcoupling efficiencies
of a plasmon laser and defines a trade-off between Q-factor and
coupling efficiency. Toward optimizing the cavity height, this
trade-off Q-factor is obtained at H = 260 nm (i.e.,, maximum
power coupling) for each cavity type investigated (Figure 3a). A
similar case is obtained for the coupling efficiency of a polymer-
on-gold dielectric-loaded plasmonic waveguide butt-coupled to
silicon-on-insulator (SOI) photonic waveguides,” which also
depends on the Si—Au offset distance, where the plasmonic
mode need overlap with a TM SOI-waveguide mode at an
optimized distance of ~300 nm for the maximized transmission
efficiency. For thicker devices beyond H = 260 nm Q increases
again, which can be attributed to resonant mode-switching and
to a difference in the mode confinement and, hence, radiative
loss. For example, the electric field profiles of resonant modes
(ie, E,, and E,,) for the square cavity change its modal shape
clearly when the resonance switches from a TM (1,1,1) to a
TM (2,2,1) mode. For the latter, the profile displays the
fundamental corner-bound mode, which is quite lossy ((ii)
Figure 3a), whereas the TM (3,3,1) is a higher order mode with
a larger modal profile and higher Q ((iii) Figure 3a).

Toward verifying the existence of a plasmonic cavity mode,
we compare the group index of the laser with a photonic
control design. In detail we test the fundamental cavity modes
and further investigate the sensitivity to geometrical parameters
such as cavity height. A range of group indices between 7.5 and
6.6 is observed at each corresponding resonant wavelength
from H = 60—340 nm, which may be considered as the
independency of height versus width for our cavity. The average
group index for these plasmonic modes is about 7.0, which is
higher than that of a photonic mode for the same cavity
(without any metal) resulting in a group index of about 3.7.
While higher group indices were observed for previous plasmon
lasers, the results here suggest a plasmonic mode character.

The Purcell factor exhibits a descending trend with cavity
height for the four cavity cases (Figure 3b, see Supporting
Information). Here, the square cavity exhibits the highest F,,
which can be understood by the highest optical confinement
due to the strongest index difference between the cavity and its
surroundings. Note, comparable F, values are observed for
nanowire-based plasmon lasers before.” For the inline cavity, eq
6 (refer to the subsection of Resonant Wavelength, Quality
Factor, and Purcell Factor in Methods) predicts V, to be ~0.9
(4/2n,)* at the cavity height of H = 260 nm, just a sub-
diffraction-limited mode. The importance of the mode volume
is that it affects the light intensity inside the resonator, and
therefore determines the LMI strength. Rather than to extract
V, from eq 6, we directly calculate the normalized mode
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Figure 3. (a) Comparison of the total cavity Q factors as a function of
the cavity height at a fixed cavity size of 250 nm for four plasmon
nanolasers. For the case of square cavity as an example, the normalized
mode volumes, V,, are also included. The inset shows the electric field
profiles of resonant modes (i.e., i, ii, iii labeled at the Q—H curve for
the square cavity) in the xy plane and xz plane for the square cavity at
a particular cavity height at H = 140, 260, and 340 nm, respectively.
Dashed black lines are outlining the cavity. The E,, plane modes are
recorded at a distance of 20 nm away from the Au—Al);Ga,,As
interface in the z-direction, and the E,, plane modes are recorded at
the center (i.e,, y = 0 nm) of the square cavity. (b) Comparison of the
Purcell factor as a function of the cavity height, H, at a fixed cavity size
of W = 250 nm for the four plasmon cavities. In particular, the
coupling distance is zero nanometer (i.e, [ = 0 nm) for the case of
square cavity with bus waveguide (WG). The solid square lines show
Q and Purcell factors for the square cavity with Cu metal atop,
respectively.
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volumes for the square plasmonic cavity using Lumerical
FDTD Solutions (Figure 3a). The mode volumes are close to
sub diffraction-limited modes for the thinner devices within H
= 260 nm, and the larger mode volumes of the devices beyond
H =260 nm are due to the resonant mode-switching.

To date gold or silver are the preferred materials used in
plasmonics due to their relatively low ohmic loss (ie., low
extinction coefficient) at visible and near-infrared frequencies.
However, both metals are not compatible with the CMOS
technology limiting the production options of the laser. In
order to allow for a CMOS option, we also investigate the
performance of Q and Purcell factor for copper (Cu) as a
plasmonic pad. We find a drop of Q (F,) of about 15% (10%)
to be relatively modest (Figure 3a,b). This positive result can be
attributed to the extinction coefficient (ie, k) of Cu being
higher than that of Au at the laser design frequency (~850 nm)
leading to slightly larger intrinsic loss in the cavity. Coupling
light efficiently out of the device and into a neighboring
photonic waveguide is particularly challenging for a plasmon
source with a diffraction-limited mode size due to the
impedance mismatch between the sources and the on-chip
waveguide. For the inline cavity case discussed here, a
maximum coupling efficiency of ~60% can be obtained for
both cases of the inline cavity and inline cavity with the long
metal (Figure 4). Here the waveguide (or metal strip) coupling
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Figure 4. Comparison of coupling efficiency for four-nanolaser
plasmon cavities to the neighboring Al;;Ga,;As waveguides as a
function of the cavity height as W = 250 nm for the square cavity with
bus waveguide, inline cavity, and inline cavity with long metal. For the
case of inline cavity with long metal, the coupling efficiency to the
metal strip atop is also included. The coupling powers are recorded on
both sides along the waveguide by power monitors, at I = 0 nm for the
square cavity with bus waveguide, g = 250 nm for the inline cavity and
inline cavity with long metal, respectively, and s = 250 nm for the
metal strip of the inline cavity with long metal.

efficiency is defined by the ratio of the total power coupled to a
waveguide (i.e,, cavity mode power to a waveguide) and the
total radiated power from the cavity.”' A sensitivity analysis on
the coupling efficiency with respect to the laser-to-waveguide
coupling distance, g, for the inline cavity shows a relatively
constant coupling efficiency of ~60% (see Supporting
Information). This indicates that the plasmonic mode excited
by a dipole source in the cavity successfully converts to
propagating waveguide modes. The coupling efficiency as a
fanction of laser height (Figure 4) exhibits a maximum, and
scales inversely to the Q-factor (i.e, Figure 3a). With optical
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interconnect applications in mind, the goal is to couple the
emission into a low-loss, photonic waveguide on-chip and not
utilize the emission in a plasmonic strip where propagation
lengths are limited to just tens of micrometers. In this regard,
we test the inline cavity’s capability to enable the emission to
pass into the butt-coupled photonic waveguide. Here, we
extended the long metal strip above the active gain region as to
allow surface plasmons coupling, which simulates a biasing
contact (Figure 1d). Indeed the inline cavity only loses 1—2%
of the emission into this plasmonic strip. This is signiﬁcantly
lower compared to designs with very thin dielectrics.”” We note
that, when the square cavity is touching the waveguide (I = 0
nm), the maximum coupling efficiency is only about half of that
of the inline case. A possible reason for this low coupling
efficiency might be related to the sharp (90°) angle, where the
emission enters the waveguide, which leads to back reflection. A
waveguide side-wall grating to facilitate coupling might be a
solution if this case is desired. Furthermore, the coupling from
the plasmonic square cavity to the photonic waveguide does
not behave like a scaled-down version of an optical fiber
coupling to a high-Q ring;’' the power transfer declines
monotonically with wider distance, I, and no critical, under, or
over coupling phenomenon is observed, which could be due to
the localized, subwavelength nature of the cavity mode.
Furthermore, we monitored the radiated power from the
bottom of the square cavity, since metal capped or cladded
cavities have been found to often emit into the substrate (see
Supporting Information). The results show that a maximum
power coupling of about a quarter can be achieved using this
method due to the cavity mode (E,, field) tightly confined at
the interface between metal and dielectric (inset Figure 3a).

Nanofabrication processing can be a major challenge for the
realization of nanolaser devices. A MQW GaAs wafer is
transferred to SiO,/Si substrate first through a conventional
molecular bonding technique,” and then followed by the
fabrication of the device. Precise fabrication steps are usually
needed to minimize extra cavity losses, including scattering due
to surface roughness and radiative loss due to tilted side walls.*®
We tested the nanolasers of this work in relation to both loss
factors (Figure S). We find that the total cavity Q-factor is
relatively stable (AQ ~ 10%) to both roughness (1—5 nm
route-mean-square, a typical range of surface roughness for
GaAs with plasma etching) and nonvertical sides walls (up to
37° displacement; Figure Sb). The reason for both cases is
linked to the tight optical confinement; that is most of the
electric field is well concentrated within the cavity and not
much field reaches the side wall (inset Figure Sa). In addition,
the field confined around the interface between the metal and
the dielectric (inset Figure Sb) is not much related to the side-
wall angles. Such stable design criteria for plasmon lasers are
promising indicators for device integration into on-chip
networks.

B OUTPUT POWER AND MODULATION
BANDWIDTH

Plasmon nanolasers may operate at elevated cavity losses
because of their high spontaneous emission factor, ff, compared
to a conventional diffraction-limited laser. A high f results from
the increased LMI strength, accelerating both spontaneous and
stimulated emission rates beyond those available to emitters in
diffraction-limited cavities. This opens the possibility to achieve
lasing action of plasmons with realistic pump rates despite high
cavity losses.”* Here, f is defined by the ratio of the
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Figure S. Total cavity Q factor dependence on (a) side-wall roughness
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square cavity. The cavity height, 80 nm, is fixed as an example. The
TM (1,1,1) modes at the cavity with S nm RMS roughness and with a
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Au—Al);Gay,As interface in the z-direction, respectively. The other
inset for each figure shows the schematic of the device covered with
rough side-wall and with tilted side-wall, respectively. Surface
roughness is added from the “Surface” category in the structure
group of Lumerical finite-difference-time-domain (FDTD) software.

spontaneous emission rate into the lasing modes and the
spontaneous emission rate into all the modes, and can be
calculated via™

ﬁ — cav

PIW (1)
where the lasing mode is indicated by the index k = 1, and the
summation is over all the modes k, including the cavity modes
and the modes radiating out of the cavity into free space. To
compute the B-factor, the total spontaneous emission rates into
all the modes is calculated by the averaged Purcell factor using a
vertically z-oriented electric dipole excitation source placed in a
random position in the cavity, whereas the spontaneous
emission rate into the lasing mode is evaluated by the Purcell
factor using the same electric dipole excitation source purposely
located the position where a cavity lasing mode exist (ie, a
highest Q value for the mode).

Toward achieving a theoretical understanding of the
nanolaser characteristics through the Purcell effect, the steady
state rate equations are adopted for a subwavelength mode
volume laser device under continuous pumping,”*
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dn
dt

ds

" PAn + PTAS(n — ny) — ¥S 3)
where P is the pump rate, S is the photon number of a single
lasing mode, n is the excited state population density, A is the
spontaneous emission rate, which can be modified by the
Purcell effect via A = F A, where A, is the natural spontaneous
emission rate of the material, and Ay = 1/70, 7y is the
spontaneous emission lifetime of gain medium. I" quantifies the
overlap between the spatial distribution of gain medium relative
to a lasing mode, and is about 50% for the square cavity case as
evaluated by calculating the spatial-overlap of the cavity mode
profile with the physical dimensions of the GaAs QW region. S,
and V, are the exposed surface area (i.e. side walls of the
nanolaser) and the gain material’s volume, respectively. v is the
surface recombination velocity, and here, v, = 4500 cm/s is

=P — An — TAS(n — ny) — (1S,/V)n @)

s
used for GaAs surface passivation using an oxide deposition

method.* n, is the excited state population at transparency, 7 is
the total cavity loss rate per unit volume (ie., total loss
coefficient per unit length X modal speed/V,,.4.), and y = 7. +
Yy where . is the loss rate due to cavity mirror loss and
intrinsic loss, and 7, is the absorption loss rate due to the gain
medium that is related to the GaAs absorption coefficient, that
is, ~9.0 X 10°> cm™.*” In order to relate the rate equations to
the power output, P, can be written as”’

_ (e sph he
out — mode
‘a,+a; 1, A (4)

where 7, is the collection efficiency representing the ratio of the
coupling power to the total radiated power (ie., waveguide
coupling efficiency in Figure 4), o; (a,) is the cavity intrinsic
(mirror) losses per unit length, that is, 1.7 X 10* em™ (2.1 X
10° cm™) for the inline cavity, 2.4 X 10* cm™ (1.5 X 10* cm™)
for the inline cavity with long metal, and 1.8 X 10> cm™ (1.3 X
10° cm™') for the square cavity with bus waveguide,
respectively. S, is the photon density, 7, is the photon
lifetime, and is proportional to the cavity Q (i, 7, = Q/(27f), f
is the cavity resonant frequency), h the Planck constant, c is the
light speed in vacuum, and A is the lasing wavelength.

The inline cavity laser with a f-factor of ~0.5S5 exhibits the
highest output power compared to the other two structures
(Figure 6a), which approaches 80 yW at threshold (i.e., P/Py, =
1) and even 1 mW at P/Py, = 10, respectively, where Py, is the
threshold pump rate, and Py, = [y(A + 1,S,/V,) + 7, ((1 = p)A
+1,S,/V,)]1/PT'A. However, the injection current density at the
threshold pump rate is calculated to be ~3 X 10° kA/cm? for a
W = 250 nm size cavity. In practice the high power output at
the high current density might have to operate with a proper
thermal management design, and similar order of magnitude
threshold pump intensity is observed for the nanowire plasmon
lasers.” When pumping far below the threshold pump at room
temperature, these plasmon nanolasers behave as an amplified
spontaneous emission light source. For instance, an output
power of 20 W corresponds to an acceptable injection current
of ~800 uA for the inline cavity, where the device operates as a
nanocavity LED source (Figure 6b).

The inline cavity laser features a sub diffraction-limited mode
volume, which significantly increases S-factor by 2—4 orders of
magnitude compared to a conventional laser (ie, f =
1073~107%). This subsequently reduces the threshold pump
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Figure 6. (a) Laser output power as a function of normalized pump
rate (ie., P/Py,) for the three plasmon nanolasers. The corresponding
B factors calculated for each structure are also shown. (b) Practical
light output power dependence on the injection current for the various
plasmon nanolasers. (c) Modulation bandwidth of the inline cavity
nanolaser/LED at the different pump rates with below and equal
threshold pump rate. A ~80 GHz modulation frequency is calculated
at a 3 dB bandwidth with the pump rate of P/Py, = 1.0.

rate and increases the photon utilization thus providing a higher
relative output power. In addition, the photon density
represents the extent of LMI, and is directly proportional to
the output power of the laser, and is estimated to be in the
range of 10°—10' em™ for this laser device, which is 1-2
orders higher than a conventional diffraction-limited laser (e.g.,
~10%—10% cm™3).%°

Another important measure for the performance of plasmon
nanolasers is the modulation bandwidth (i.e., 3-dB role-off
speed). Here we estimate the small signal response of the
plasmon laser by observing the spectral response function, "’
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BTr(1 + So)
\/(a)z - o) + a)za)p2 (s)

where @ is the optical cavity angular frequency, I'; is the
transition rate of excited state population, which is equal to the
spontaneous emission rate, A. @, = y. + ['t(1 — N, + fS,),
and ; = Tply(1 + fS,) — p(1 — P)T'1N), S, and Ny are the
steady-state photon number and population inversion number,
respectively, and y. = 1/7,. The time response of a nanolaser is
characterized by the modulation bandwidth, f;4p, defined as the
frequency at which the response function decays to half of its
zero-frequency value (ie, H(w)/H(0)). When the nanolaser
device is operated below the threshold current (ie, ~2 mA
calculated for our case), it effectively operates as a nanocavity
LED. The frequency response of the device below lasing
threshold is calculated using the spontaneous emission lifetime,
which is equal to carrier lifetime but neglecting the nonradiative
recombination lifetime. In this type of nanocavity LED, the
spontaneous emission lifetime is inversely proportional to the
Purcell factor. As a result, the nanocavity LED can operate at a
much higher modulation speed than a conventional LED. For
example, the modulation frequency of the inline cavity LED
increases with the pump rate (Figure 6¢), resulting in a 3-dB
bandwidth of more than 40 (80) GHz at 0.5 (1.0) of the
threshold pump rate.

B LASER INTEGRATION

For an electrically pumped nanolaser, self-heating may lead to
temperature instabilities in the semiconductor due to joule
heating of the small device volume. A proper desifgn for
improving the temperature distribution in nanolasers*' is an
important aspect, particularly when device bonding on a SOI
platform is considered, since the thermal conductivity of silica is
about 2 orders of magnitude lower compared to a bulk silicon
substrate, thus, contributing to heat dissipation lockage.
Therefore, we investigate the ability of the inline cavity
nanolaser to operate below CMOS temperature budgets (<350
K) and consider an electrically pumped device (Figure 7a)
analyzing the temperature profile (Figure 7b,c). Here the
plasmon cavity metal pad (i.e, Cu) synergistically serves as an
electrical contact, and we hypothesize that it also acts as a
dissipative heat sink. Our results show that this nanolaser is able
to operate at ~65 °C at pump threshold (~2000 yA), which is
about 15 °C below the operation temperature of a typical
CMOS integrated circuit. It is intriguing to ask whether the
plasmonic metal provides for a better heat sink than a low-
resistive dielectric. In order to test this, we replaced the metal
cavity/contact with highly doped poly-silicon (see Supporting
Information) and repeated the experiment. The resulting heat
maps indicate a maximum device temperature increase to ~95
°C at threshold, thus, highlighting the importance of the metal
pad toward realizing nanoscale lasers that are able to adhere to
thermal budgets. Such thermal management solution using
passive and synergistic designs are important to ensuring
temperature stability of nanoscale devices without adding
footprint, additional material, or process overhead. These
results are encouraging, and future research should map out the
limits of this technological option. Another desired yet
challenging task is to integrate optical components monolithi-
cally on-chip. Here, new circuit design opportunities can be
envisioned, enabled by heterointegration of active nanoscale
III-V-based devices into silicon CMOS. A successful
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Figure 7. (a) Schematic of an electric-pumping scheme for the inline
cavity nanolaser bonded on a SiO,/Si substrate. Here copper is used
for the metal electrodes to ensure CMOS compatibility. Surface
temperature distribution profiles at threshold (P, = Iy, = 2000 pA)
at the (b) A plane and the (c) B plane, respectively. The results
indicate a temperature of about 65 °C for the laser cavity, leaving 15°
C of thermal budget to typical CMOS limits (80 °C). Thermal
conductivity (in W/m-K) of each material at room temperature: k, =

400, kSioz = 1.38, ksiintrinsic = 130, and kSi—pon = 45).

implementation can increase the degree of freedom in an
interconnect design architecture and might reduce processing
cost while maintaining a high density of interconnects, which
potentially improves the performance of the optical link and
network-on-chip architectures. Current nanolaser designs can
be integrated onto a SOI platform through the latest III—V-to-
Si wafer bonding solutions.*”

With the possibilities for on-chip subwavelength-scale laser
sources the question of viability and utilization must be raised.
Here, we briefly discuss the electrical power consumption as a
function of the devices’ power efficiency (i.e., energy per bit),
operating data rate (ie, in Gbps), and power dissipation
density (i.e.,, in W/cm?) of these novel sources in the context of
next generation PICs. From the power efficiency of the source
the average number of photons per bit defines three
technological regimes (Table 1); diffraction limited devices
have a relatively high power consumption prohibiting scaling
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Table 1. Parametric Source Scaling and PIC Device Road Mapping Defining Three Technological Regimes”

data rate (Gbps)

regime footprint (um?) efficiency (~J/bit) photons per bit 10 100 1000 required” Q/V,
classical 100 1p 107 0.01 0.1 1 none
nano 0.25 1f 10* 0.01m 0.1m Im <10?
quantum 107 la 10 0.01pu 0.1y 1u >10*

average power (W)

“Assuming typical regime-dependent device footprints define a capacitive-limited intrinsic device efficiency (assumptions: ¢, = 10, capacitive distance
= 10 nm, bias voltage = 1.5 V) and a required number of photons per bit given for a given operating wavelength (4 = 1.55 ym). The capacitive
modulation bandwidth (in gigabits per second = Gbps, assuming on—off keying) is inverse proportional to the electrical capacitance (i.e. f 3355w ~ 1/
RC, R = resistance, C = capacitance). Diffraction-limited “classical” devices have prohibitively high power consumption and limit integration to tens
of devices on-chip, however, requiring no LMI enhancement factor (Q/V,). The next technological steps are nanoscale devices, can not only be
more compact, but are also more power efficient, thus allowing for higher integration, yet require moderate LMI enhancement. Quantum devices,
while potentially very efficient and fast, require demanding LMI enhancements. bQ-factors top to bottom: 10% 10?, and 1.

beyond ten’s of devices on-chip. This effect is well-known since
PIC designers usually demand 10s of milliwatts of optical
power per wavelength channel. However, if active optoelec-
tronic components are miniaturized into the nanoscale regime,
their wall-plug power consumption should decrease from being
capacitive limited (ie., E/bit =1/ 2CV2* where C is the device
capacitance and V is the driving voltage), to device intrinsically
limited (i.e., carrier lifetime, cavity response function, etc.), if
the same drive voltage can be used. This also leads to an
increased operational bandwidth of the device due to a lower
RC delay time, provided the device and contact resistance can
be kept low. For the nanolasers, for instance, the direct
modulation speed also increases due to the Purcell effect. Thus,
at reasonably low data rates (ie., 10 Gbps) just ten’s of
microwatts of power per device are required, making the case
for the nano regime to be the next generation building blocks
for on-chip networks and integrating thousands of photonic
devices on-chip. The quantum regime would be the next-
technology regime, where only a few photons per bit are
needed. The requirements for the nano and quantum regime,
however, are very strong LMI enhancements, which can be
quantified by a factor proportional to Q/V,. This optical
concentration factor can be derived from Fermi’s Golden Rule,
resulting in two fundamental options to enhance the LMIs: (a)
through strengthening the optical field intensity at the emitter
or (b) by increasing the number of available optical modes to
radiate into.”® While the former relates to increasing the optical
confinement (e.g., surpassing the diffraction limit, as demon-
strated in plasmonics or slot-waveguides), the latter relates to
the optical density of states (DOS) per unit frequency (e.g.,
cavities, or emission selection rules). Starting from Fermi’s
Golden Rule, we can thus write the interaction rate as ¥;yeraction

= |E(r )% ier X DOS(®), where E is the electric field at the
emitter location, DOS depends on the dimensionality of the
optical system, and k is an optical effect-order integer.
Physically speaking, this means that one can enhance the
LMIs by optically storing energy inside the cavity (ie, Q = @/
Yo where y, is the cavity loss rate) or by reducing the optical
mode volume beyond the diffraction limit of light, which
increases the modal electric field. The latter places a
fundamental boundary for classical photonics devices due to
diffraction-limited modes. These limitations become profound
in the modulation performance of lasers and LEDs, as discussed
here, but also in electro-optic modulators.** However, the
ultimate PIC scaling might not actually depend on the source,
but on the receiver sensitivity, which is limited by shot- and
Johnson noise. However, for plasmonic-based nanoscale
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photodetectors the area and capacitance can be reduced on
the basis of enhanced light absorption.** Their scaled-down
capacitance demands a greatly reduced optical power input to
provide the same photodetector output voltage.

H CONCLUSION

In conclusion, we investigated monolithically integrated
plasmon nanocavity-based lasers as viable light sources on-
chip utilizing III-V gain materials. Our results show that more
than ~60% of the laser emission can be coupled into
neighboring on-chip waveguides. This contrasts metal clad or
square cavities whose the waveguide collection efficiency is as
low as ~24%. Furthermore, such nanoscale cavities allow for
dense integration due to the optical mode caused by dielectric
loaded surface plasmon polaritons confinement to subdiffrac-
tion limited mode volume with ~0.9 (1/2n,)*. This increases
the light—matter-interaction rate of the emitter leading to
preferred emission channels and high spontaneous emission
coupling factors exceeding 0.5. These light sources produce
about 20 yW of optical power for medium injection currents of
about 800 yA, and are able to be faster modulated than gain
compression-limited devices due to the Purcell effect of strong
light—matter interaction with 3 dB role-off frequencies
exceeding 80 GHz at threshold. In addition to the high
performance, seamless PIC integration, these lasers are benign
with temperate and fabrication process constrains such as
monolithic growth on III-V substrates or bonding to SOI
platforms. Furthermore, we show that the plasmonic metal pad
also helps to cool the laser by about 30° C. With such new on-
chip sources, it is interesting to note that future communication
links might only require microwatts of optical power due to the
fundamental limits set by new efficiency standards determined
by both the optical modal confinement and the device as shown
here. This next technological step is important since
inefficiencies of current diffraction-limited photonics appear
prohibitive to enable dense photonic integration densities. As
such, the presented sources might facilitate integrating
thousands of photonics devices on-chip.

B METHODS

Cavity Model. The design analysis is performed using
commercially available 3D FDTD software (Lumerical
Solutions, Inc.). The input of complex refractive indices (i.e.,
n and k) of gold, GaAs, and SiO, are taken from the solver’s
built-in material database. For the alloys of the utilized III-V
material (Al,Ga,_,As) data from ref 4S5 is used for the
dispersion relation according to the Kramers—Kronig relations,
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where an analytic fitting function (multicoefficient material
model, termed by “FDTD model”) generates the required
index data in the bandwidth of interest (0.75—1.0 um).
Optically, the dispersion of quantum wells versus bulk for the
gain material GaAs/AlGaAs are rather close and show a
maximum difference of about 0.04 at the cavity wavelengths.*’
In order to provide a plasmon excitation, a vertically oriented
(ie, z-direction) electric dipole source is placed inside each
cavity to excite the cavity resonance. Key to excite the cavity’s
resonance homogeneously, which is achieved by placing a
dipole source closely to the cavity edge (i.e, W/8) in the xy
plane 20 nm away from the gold—semiconductor interface.
This ensures exciting the TM-polarized cavity modes.

Resonant Wavelength, Quality Factor, and Purcell
Factor. The Q-factor being a measure of the time electro-
magnetic energy stored inside a cavity is influenced by both the
optical feedback mechanism (e.g., mirror reflectivity) and the
internal loss and varies for different modes. The lasing mode
that lies perpendicular to the cavity’s boundary surfaces forms a
standing-wave pattern (inset, Figure 3a). Here, the Q-factor is
calculated from the Fourier transform of the electromagnetic
field by finding the resonance frequencies (fg) of the signal and
measuring the full width at half-maximum (Af) of the resonant
peaks Af, that is, Q = fz/Af. A Q-factor analysis of the solver is
utilized and determining the corresponding resonant wave-
length (i.e., fr) for each resonant mode. The cavity mode with
the maximum Q value is used to determine the cavity’s resonant
wavelength, since it bears the highest potential to overcome the
cavity losses first.

As indicated above, the Purcell factor indicates the
interaction strength between photons in the cavity and the
laser gain medium by quantifying the spontaneous emission
rate enhancement of an emitter inside a cavity. The dipole
excitation source deployed allows for direct visualization of the
Purcell factor, F,, where the procedure is equivalent to dividing
the power emitted by a dipole source in the cavity environment
by that of a homogeneous bulk material.”” A formula widely
used for the evaluation of F, is given by™

R=5(Y
=V,
where V, is V4 normalized to (1/2n,)° (ie, typically
referred to as the diffraction-limited volume in a cubic half-
wavelength in material), that is, V, = V4./[(4/2n,)*], 1 is
the resonant free space wavelength of the cavity, and n,, is the
cavity material index. V,, 4. is the effective mode volume, which
is estimated from a commonly used definition,
JelE()P dv
Vinode = e ]
where ¢ is the dielectric constant, E(r) is the electric field
strength, and V is a quantization volume encompassing the
resonator and with a boundary in the radiation zone of the
cavity. Equation 6 states F, to be proportional to the ratio of
the cavity’s Q-factor divided by the normalized mode volume. If
the cavity line shape is much wider than the gain medium
inhomogeneous broadening line shape, eq 6 is valid.*
Otherwise, F, follows the trend of mode volume with a
negligible effect of cavity Q factor. For our low Q plasmonic
cavity, the aforementioned case exists, and eq 6 can be used.

(6)

through Lumerical FDTD Solutions,
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