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We employ self-consistently coupled opto-electrical simulations to explore the design strategy for a proposed electri-
cally pumped metallic coaxial ring cavity nanolaser. With optical cavity optimized to the physical size of 1.4(A/n)?,
the lasing ability using two gain medium schemes, bulk InGaAs and InGaAs/InP multiple quantum wells (MQWs),
are compared. It is shown that the device with bulk gain medium lases at 1568 nm, while the gain fails to overcome
the optical loss in case of the MQW gain medium due to its lower modal confinement ratio. Variations of material
parameters like carrier mobility and Auger coefficient in the bulk laser or carrier capture time in the MQW laser are
found to hardly change the lasing ability, although they do impact lasing threshold and efficiency in the bulk case. To
study the possibility of further device down-scaling, the lasing feasibility of a smaller cavity with a size of 0.23(A/n)?
is investigated. We demonstrate that neither including the Purcell effect nor using a metallic substrate for better mode

confinement improves the lasing behavior.

. Introduction

Implementing highly integrated optical interconnect sys-
tems for chip-to-chip or board-to-board communication is be-
lieved to fulfill the increasing demand of high-speed data
transfer with high throughput'. However, the miniaturization
of one of the key components, i.e., the laser sources, is re-
stricted by the fundamental diffraction limit. To overcome this
bottleneck, several approaches have been demonstrated”™.
One of the most promising is the metal-based plasmonic
nanolaser®. Compared with conventional lasers designed with
dielectric cavities, metal-based cavity lasers utilize plasmonic
effects at the interface between metal and dielectric to con-
fine light on the sub-wavelength scale and thus break the
diffraction limit. Furthermore, to achieve ultimate compati-
ble on-chip integration, it is necessary to design electrically
pumped lasers that work under continuous operation at room
temperature®. Though the metal cavity can serve as electrical
contact for carrier injection as well as a heat sink for stable
operation, it is notorious for its high ohmic loss in optical de-
vices. Therefore, the design of an electrically pumped metal
cavity based plasmonic laser on the nanoscale still remains
challenging.

This work theoretically verifies the lasing feasibility of
electrically pumped room-temperature plasmonic nanolasers
with a coaxial ring cavity using either bulk InGaAs or In-
GaAs/InP multiple quantum wells (MQWs) as gain medium.
The designed laser structure is depicted in Fig. 1, based on
the reported optically pumped nanolaser from Khajavikhan
et al’. The laser cavity is built on a silicon dioxide sub-
strate. The light is extracted from the top surface along pos-
itive z-direction. Carriers are injected laterally between in-
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ner and outer metal rings, which form the coaxial cavity and
serve as electrical contacts at the same time. Silver is cho-
sen as cavity material because of its small imaginary part of
the permittivity resulting in a lower optical loss compared to
Gold®. Rings of heavily doped (10'° cm™) n-type and p-type
InP are used between active gain medium and metal rings.
The intrinsic gain medium is either bulk Ings3Gag47As that
is lattice-matched to InP, or MQWs composed of 5 nm/10 nm
Ing 53Gag 47 As/InP as wells/barriers. Such a laterally arranged
ring structure of quantum wells integrated on SOI substrate
can be fabricated using the template-assisted selective epitaxy
(TASE) technology developed at IBM Europe Zurich®. Sim-
ilar, hexagonal-shaped, microdisk lasers with optical pump-
ing have been demonstrated there recently by K. Moselund’s
group!®!!. One of the advantages of TASE compared to the
more conventional wafer bonding method is a weaker temper-

ature dependence of the lasers.
(a) (b)
i-InP barrier Bulk
i-InGaAs well i-InGaAs

p+InP n+InP
A
h
o,

Silicon dioxide
FIG. 1. (a) The 3D schematic structure of the coaxial ring cavity
nanolaser simulated in this work, and (b) the schematic cross section
of the cavity. The corresponding materials utilized and the varied
geometry parameters, i.e. cavity height A, inner ring radius rj,, and
gain medium width wgy;y, are labeled.

Coupled 2D opto-electrical simulations are performed to
investigate the gain medium design strategy, where the simu-
lation domain is given by the cross section shown in Fig. 1(b)
(radial symmetry). The simulation flow runs as follows.
First, the optical cavity is designed using Lumerical FDTD
to align its resonance wavelength with the spectrum of the
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gain medium. Each of its supported modes is character-
ized by 5 parameters comprising resonance wavelength, qual-
ity factor (Q), top-surface out-coupling loss quality factor
(Qout) for light extraction, confinement ratio (I'), and modal
optical profile. The obtained mode profile pattern together
with the corresponding modal parameters then serve as in-
put to solve the electrical problem using the Laser module
of Sentaurus Device'?. In this simulator, the quantum well
(QW) is modeled as recombination center in the frame of the
drift-diffusion formalism follows the treatment of Grupen and
Hess'?, and the net characteristic capture time is set to 4 ps for
both electrons and holes'#!3. The gain calculation is based
on Fermi’s golden rule, where the QW subbands and wave
functions are obtained using the analytical solutions of a sim-
ple finite-well model. The band offset at the InP/InGaAs in-
terface is set to 0.105/0.512eV for AE./AE,. Carrier pump-
ing in barrier regions and polarization dependence of the QW
gain are neglected in this model. Refractive index in Lumer-
ical are then updated by an external calculation where free-
carrier absorption'®, band filling'® and band gap narrowing!’
are taken into account. Additional transport-relevant mate-
rial properties are given in the following. The carrier mo-
bilities in InP (InGaAs) are set to 5200 (14000) cm?/Vs for
electrons and 170 (320) cm?/Vs for holes with doping depen-
dence included'®. SRH lifetimes of 2(0.05) ns for electrons
and 2(0.4)ns for holes are used in InP (InGaAs)'*2°. The
Auger recombination coefficients are set to 103! cm®/s in InP
for both electrons and holes and to 1031/1.25x 1072 cm®/s for
electrons/holes in InGaAs?!. The impacts of carrier mobility
and Auger coefficient on the lasing characteristics of the bulk
laser, as well as the influence of the carrier capture time on the
lasing ability of the MQW laser are studied in Sec. III.

During the device design phase in this work the lattice tem-
perature is assumed to equal room temperature (300 K). In or-
der to mimic the temperature rise caused by self-heating and
to further examine its impact on the lasing behavior, we per-
form additional isothermal simulations at elevated tempera-
tures in the range of 400 K to 500 K. This is done for the bulk
device that successfully managed to lase at room temperature.
The upper limit is chosen in virtue of the good thermal man-
agement provided by the metallic cavity. The highest lattice
temperature due to self-heating in such devices has been re-
ported to stay below 400K in Ref. [22]. The thermo-optical
effect is taken into account by using a temperature-dependent
refractive index in the optical simulation, with values re-
ported in Ref. [23] for InP, and linearly interpolated values
for Ing 53Gag 47As based on studies in Ref. [24] for InAs and
Ref. [25] for GaAs. In general, this temperature dependence is
very small for the studied ITI-V materials (1.46 x 10~4/K for
InGaAs and 2.3 x 10~4/K for InP). The thermo-electric im-
pact is included by the temperature dependence of the trans-
port parameters in the electrical simulations. For band gap,
effective density of states, and carrier mobility, available mod-
els in Sentaurus Device are employed. The temperature de-
pendence of the Auger recombination coefficient in the bulk
gain medium is calculated according to Ref. [26], where it
slightly increases from 107 3'em®/s (1.25 x 107>cm®/s) at
300K to 1.51 x 1073 em®/s (1.87 x 1072 cm®/s) at 400K and

1.91 x 1073 emb/s (2.83 x 10~ 2cm®/s) at 500 K for electrons
(holes). The temperature dependence of the SRH lifetimes
is neglected here because in lasers, SRH is much less impor-
tant than Auger recombination. The latter has been identified
as the main heat generation source also in nanoscale lasers?’.

The results are discussed in Sec. IIT A.
Il.  Design of Cavity Geometry

In order to maximize the lasing ability, the geometry of the
optical cavity should be designed to support a high-Q mode
with its resonance wavelength aligned with the gain spectrum
of the active medium. As seen from the gain spectrum in
Fig. 2(a), the targeted resonance wavelength lies in the range
of 1400 to 1600 nm, where the gain of both cases - bulk and
MQWs - is high enough. To start with, a large cavity is
chosen in order to support a sufficient number of modes in
the spectral range of interest, with its height, inner ring ra-
dius, InP contact, and active medium being 300, 100, 30, and
190 nm, respectively. The label [k [ m] is adopted to distin-
guish between different optical modes. The letter k/m denotes
the azimuthal/longitudinal mode number, whereas the letter /
clarifies the type of transverse mode: "i/o" stands for plas-
monic mode bound to inner/outer ring surface, and "w" for
the conventional whispering-gallery-like mode formed due to
high reflectivity of the metallic cavity. In our simulation, only
modes with k equals to O are selected because of the radial
symmetry requirement in our setting in Sentaurus Device. The
profiles of the transverse intensity of three supported modes,
[0 w 0], [0i 1] and [3 o 0], are given in Fig. 2(b)-(d) to illus-
trate the used naming rule.

Three most crucial geometry parameters of the coaxial cav-
ity, namely its height, its inner ring radius, and the width of the
gain medium, are varied to study their impact on resonance
wavelength and Q-factor of the supported modes. The results
are shown in Fig. 2(e)-(g), where only modes with a resonance
wavelength in our targeted spectral range are plotted, and the
spectral range of the MQW s gain medium is highlighted in the
green area. First, it can be seen that the resonance wavelength
generally decreases when these three geometrical parameters
are scaled down. Second, the dependence of the Q-factor on
the geometry varies from mode to mode. The observed fluc-
tuation of the Q-factor as function of geometry parameters
results from the mode overlapping in the FDTD simulation
which prevents a more accurate determination of Q. Third, it
is clear that the number of modes reduces when the cavity size
decreases or the MQWs gain medium is used.

I1l. Design of gain medium: Bulk versus MQWs

Given the design principle for the cavity outlined in the last
section, we choose a cavity with height/inner ring radius/gain
width of 300nm/100nm/190nm and mode [0 w 0] for the fol-
lowing design study of the gain medium. The physical cavity
size is equal to 1.4(A4 /n)3. The laser performance for the two
cases - bulk InGaAs and InGaAs/InP MQWs (12 well/barrier
pairs) as gain medium - is simulated to find out the better de-
sign by comparison. The modal parameters and the results
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FIG. 2. (a) Normalized gain spectrum of bulk and MQWs gain medium. The transverse intensity profiles of three supported modes (b) [0 w
0], (¢) [0i 1], and (d) [3 0 0]. Modal resonance wavelength (solid line) and Q-factor (dashed line) shift over (e) cavity height, (f) cavity inner

ring radius, and (g) cavity gain width.

of the laser simulation at a forward bias of 3V are listed in
Table I. As can be seen, the nanolaser is able to lase only
in the first case (bulk InGaAs gain medium). In the second
case (MQWs gain medium), the insertion of the InP barriers
shrinks the active region, which reduces the confinement ra-
tio. As a result, the modal gain of the MQWs medium is lower
than the one for bulk gain medium, and lasing becomes more
difficult.

TABLE I. The modal parameters and the results of laser simulation
at a forward bias of 3 V.

Bulk InGaAs InP/InGaAs MQW

Resonance wavelength [nm] 1568 1493
(0] 73 62
Oour 606 516
r 64% 21%
Modal gain [1/ps] 0.824 0.313
Cavity loss [1/ps] 0.415 0.515
A. Bulk laser

LI-curve and differential quantum efficiency (diff. QE) for
bulk laser are shown as red-colored curves in Fig. 3 (a). Its
lasing threshold current is ~ 3.5 mA with an external quan-
tum efficiency of ~ 0.47 %. This high threshold current is a
consequence of the low Q-factor, which demands a higher in-
jection level to obtain a larger modal gain. The low quantum
efficiency is related to the high optical loss. Considering the
possible variations of material parameters, the lasing proper-
ties with lower carrier mobilities (Fig. 3 (a)) or a higher Auger
recombination coefficient (Fig. 3 (c)) are studied additionally.

As for the carrier mobilities, it can be seen from Fig. 3 (a) that
the threshold current increases and the diff. QE decreases with
a lower hole mobility (reduced by a factor of 5) as expected,
while the opposite trend is observed for electrons. The rea-
son for the lower threshold current with a reduced electron
mobility is qualitatively explained in Fig. 3 (b). First, at a
given voltage below the lasing threshold, reducing the elec-
tron mobility results in a much lower current compared with
reducing that of holes (dashed curves in Fig. 3 (b)) due to the
much higher mobility of electrons. In other words, to reach
the same current level, the bias has to be higher with a lower
electron mobility. On the other hand, a higher bias means a
larger energy splitting between the Fermi levels of electrons
and holes, which results in a higher stimulated emission rate
and, thus, a higher modal gain, as seen from the solid curves in
Fig. 3 (b). Therefore, less current is needed to reach the lasing
threshold. Since a higher gain is equivalent to a higher output
optical power at the same current level, the diff. QE is then
higher due to its proportionality to the slope of the LI-curve.
As for the Auger recombination coefficient, it is increased by
factors of 10, 100 and 1000 to study its impact on the lasing
properties. Fig. 3 (c) shows that the lasing ability is still ro-
bust and the diff. QE remains almost the same even when the
Auger coefficient is upscaled by 3 orders of magnitude. How-
ever, the threshold current increases by orders of magnitude,
which is also well known for conventional large lasers>®2°.
The device temperature not only affects the material param-
eters, but has also a strong influence on the lasing proper-
ties in both, traditional large lasers®*3! and recently reported
nanolasers>>33. Here, we study the thermal effect on lasing
threshold and diff. QE of the bulk laser by comparing simu-
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FIG. 3. Bulk laser with a cavity height/inner ring radius/gain width of 300/100/190nm: (a) LI-curves (solid lines) in log-log scale
and diff. QE vs. current curves (dashed lines) with unscaled (red) and reduced electron(blue)/hole(green) mobility by a factor of 5.
(b) Modal gain vs. current curves (solid lines) and VI-curves (dashed lines) corresponding to the 3 cases in (a). (c) LI-curves (solid
lines) in log-log scale and diff. QE vs. current curves (dashed lines) with upscaled Auger recombination coefficients by factor of
1(red)/10(green)/100(blue)/1000(magenta). (d) LI-curves (solid lines) in log-log scale and diff. QE vs. current curves (dashed lines) with

uniform device temperature of 300 K(red)/400 K(green)/500 K(blue).

lations at 300 K, 400 K and 500 K, respectively. The results
are depicted in Fig. 3 (d). As can be seen, its lasing ability is
quite robust up to 500 K, but the threshold current increases by
roughly a factor of 3 when a uniform temperature increase of
200K is assumed. The diff. QE starts to drop at 500 K due to
the stronger Auger recombination at higher temperature. The
higher threshold current caused by the lattice heating leads to
an increased power consumption of the device. It also indi-
cates that the device could potentially fail to lase when further
scaled down. All these negative impacts impose additional ob-
stacles to achieving monolithically integrated low-power op-
tical links.

B. MQW laser

A MQWs gain medium has been widely used in conven-
tional laser design for large structures to reduce the lasing
threshold because of its higher differential material gain com-
pared to a bulk gain medium®*3>. In fact, we can see in our
results that the modal gain per 1% confinement ratio is in-
deed higher for MQWs (0.0149ps~—! per 1% T) than bulk
(0.0129 ps~! per 1% I') gain medium at 3 V, implying a higher
carrier recombination efficiency for the MQWs gain medium.
But due to the high optical loss in small cavities, the confine-
ment ratio becomes more sensitive to the gain medium, and

therefore, turns out to be an important factor in determining
the lasing ability of nanoscale lasers. As seen in Table I, the
modal gain scales down with approximately the same factor
as the confinement factor, making it difficult to overcome the
loss. Taking into account possible variations of the carrier
capture time used in the quantum well laser model, we also
checked the lasing ability with a 10-times shorter capture time
(0.4 ps). Though the faster carrier capture process results in
a bit higher modal gain, 0.381/ps compared with the original
0.313/ps at 3V listed in Table 1, it is still far from sufficient
to compensate the reduction of modal gain caused by the low
confinement ratio of the MQW laser.

IV. Effect of further down-scaling

An even smaller nanolaser boosts the possibility of opto-
electrical integration. In principle, small cavities could benefit
more from the Purcell effect, where the spontaneous and stim-
ulated emission might be enhanced due to the increased opti-
cal density of state’®. Furthermore, the small cavity increases
the possibility for single-mode lasing, where the spontaneous
emission coupling factor § is close to unity and potentially
reduces the threshold®’. Here we study the lasing feasibil-
ity of a smaller nanolaser with both bulk and MQWs gain
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medium by evaluating the Purcell effect and implementing a
metal substrate. A cavity size of height/inner ring radius/InP
contact width/gain width of 165/100/20/55 nm and mode [0 i
1] is chosen for this study. The physical cavity size equals
0.23(A/n)’.

A. Purcell effect

The Purcell enhancement factor is proportional to the full
width at half maximum of the gain spectrum and inversely
proportional to the effective model volume (V) when the
gain spectrum is broader than the modal spectrum>®. This ef-
fect is included in the simulation framework by multiplying
the original modal gain, i.e. emission rates, with a modified
Purcell factor (F},), which is estimated by

30
3 (l) anln (1)

P74 \n) Vg’

where A is the resonance wavelength, n the refractive index of
the gain medium, and Qg the Q-factor of the gain spectrum
calculated as the full width at half maximum of the gain spec-
trum divided by the modal resonance frequency. The original
Q-factor of the cavity is replaced by Qg,iy in this estimation
due to the fact that the emitter line width is generally wider
than the cavity line width in the case of bulk or MQW gain
medium?®®. Modal parameters, Purcell factor, and results of
the laser simulation at a bias of 3 V are listed in Table II.
For bulk gain medium, the Purcell factors are smaller than 1,
meaning no emission is enhanced. For MQWs gain medium,
the emission is enhanced by a factor of 3.71, but the modal
gain still can not overcome the cavity loss due to the inher-
ently low confinement ratio. This indicates the difficulty of
designing true nanoscale lasers after including the commonly
neglected Purcell effect for bulk or MQW gain medium.

TABLE II. Simulation results for the smaller cavity at a bias of 3 V.

Bulk InGaAs InP/InGaAs MQW

Resonance wavelength [nm] 1494 1488
(0] 41 37

Oout 446 403

r 45% 12%

Ogain 2.55 11.23

F 0.84 3.71

Modal gain [1/ps] 0.165 0.141

Cavity loss [1/ps] 0.789 0.876

B. Effect of metal substrate

Using a metal substrate is able to block the out-coupling
into the substrate and theoretically increases the cavity Q-
factor, thus enhancing the lasing ability of the nanolaser. A
modified design with a Silver substrate is depicted in Fig. 4.
The inner metal ring directly contacts the metal substrate,
whereas the outer metal ring is separated from the metal sub-
strate by a 5 nm thick silicon dioxide layer to avoid short cir-
cuiting of the device.

The modal parameters of the [ 0 i 1 ] mode in the small
cavity with and without metal substrate are listed in Table III.

Bulk
InGaAs

FIG. 4. Cross section of the coaxial ring cavity on a metal substrate
separated by a thin silicon dioxide layer and the materials utilized.

The modal optical profile is pushed upward by the metal sub-
strate and the resonance wavelength is blue-shifted. The Q-
factor of the cavity with metal substrate increases as desired,
but only by 15.3 % due to additional plasmonic loss, which
on the other hand leads to a decrease of the confinement ratio
by 7 %. Thus, the overall enhancement of the modal parame-
ters and the implied lasing ability for the studied mode of the
chosen cavity size is small.

TABLE III. The mode parameters of the [ 0 i 1 ] mode in the small
cavity with and without metal substrate.

Without With
metal substrate

metal substrate

Top view
Side view
Resonance
wavelength [nm] 1487 1088
(0] 40.08 46.21
Oout 442.8 386.5
r 45 % 38 %

V. Conclusion

We theoretically demonstrated the lasing ability of a coaxial
ring nanolaser with bulk InGaAs gain medium at room tem-
perature using electrical pumping. With cavity height/inner
ring radius/gain region width designed as 300/100/190 nm, a
whispering-gallery-like mode [0 w O] with a wavelength of
about 1550 nm could lase. It has also been shown that owing
to the low confinement ratio, a cavity of the same size but with
an InGaAs(5nm)/InP(10nm) MQWs gain medium is rather
inadequate to lase. This conclusion remains unaltered when
lowering the carrier mobilites by a factor of 5, increasing the
Auger coefficient by up to 3 orders of magnitude or increas-
ing the device temperature uniformly to 500 K in the bulk laser
and using a 10-times shorter carrier capture time in the MQW
laser. We further explored the lasing ability of a true nanoscale
laser with physical cavity size of 0.23(A /n)? by evaluating the
Purcell effect and implementing a metal substrate. We found
that for the studied [0 i 1] mode a Purcell enhancement is
achieved only in the case of MQWSs gain medium, and that
the modal gain can still hardly overcome the cavity loss for
both bulk and MQWs gain media. When using a metallic sub-
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strate, an additional plasmonic loss is induced which reduces
the confinement ratio and limits the improvement of the Q-
factor. Therefore, the overall improvement might be insuffi-
cient to leverage lasing in the studied nanoscale cavity.

Data Availability

The data that support the findings of this study are avail-
ablefrom the corresponding author upon reasonable request.
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