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Abstract: Plasmonics offers a unique opportunity to break
the diffraction limit of light and bring photonic devices to
the nanoscale. As the most prominent example, an inte-
grated nanolaser is a key to truly nanoscale photonic cir-
cuits required for optical communication, sensing
applications and high-density data storage. Here, we
develop a concept of an electrically driven subwavelength
surface-plasmon-polariton nanolaser, which is based on a
novel amplification scheme, with all linear dimensions
smaller than the operational free-space wavelength A and a
mode volume of under A’/30. The proposed pumping
approach is based on a double-heterostructure tunneling
Schottky barrier diode and gives the possibility to reduce
the physical size of the device and ensure in-plane emis-
sion so that the nanolaser output can be naturally coupled
to a plasmonic or nanophotonic waveguide circuitry. With
the high energy efficiency (8% at 300 K and 37% at 150 K),
the output power of up to 100 pW and the ability to operate
at room temperature, the proposed surface plasmon
polariton nanolaser opens up new avenues in diverse
application areas, ranging from ultrawideband optical
communication on a chip to low-power nonlinear
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1 Introduction

Nanophotonics is ubiquitous in many applications ranging
from optical interconnects and sensing to high-density data
storage and information processing [1-6]. Particularly, the
plasmonic approach offers an opportunity to deal with
photonic signals at the nanoscale via coupling to the free-
electron oscillations in a metal. It can provide ultracompact
components for optical interconnects such as modulators,
photodetectors, waveguides and incoherent and coherent
nanoscale optical sources [7-13]. The implementation of the
latter is a great challenge since a significant amount of the
surface plasmon field is concentrated in the metal that re-
sults in high Joule losses. Nevertheless, the idea of SPASER
(from surface plasmon amplification by stimulated emission
radiation) [14, 15] was proposed inspiring further research
for novel truly nanoscale optical sources with efficient
pumping schemes. While incoherent sources of surface
plasmon polaritons (SPPs) can be relatively easily inte-
grated in a nanophotonic circuitry [1, 16, 17], the situation is
more complicated in the case of coherent SPP sources and
amplifiers, since to reach the lasing threshold one has to
compensate not only Joule but also radiation losses, which
can be quite large due to a small mode volume of the plas-
monic cavity [13, 18]. The threshold gain may become very
high, posing a serious challenge for the creation of the
required population inversion. Although full compensation
of the SPP losses at the nanoscale has been demonstrated
[19-24], it was achieved under optical pumping, which is
hardly compatible with on-chip integration [25-28], the
target area of prospective applications. In this regard, an
electrical pumping scheme is undeniably more desired and
must be developed for practical application of plasmonic
components [25, 26, 29, 30].
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The possibility to implement electrical pumping in
plasmonic devices is strongly restrained by a very limited
choice of low-loss plasmonic metals. Gold, silver and
copper form rectifying Schottky contacts to direct-
bandgap semiconductors [31], while low-resistance
ohmic contacts are needed for efficient electron and
hole injection and creation of the population inversion in
the gain medium [25, 32]. Therefore, one has to use ohmic
contacts made of highly absorptive materials (such as ti-
tanium, chromium, palladium, and different alloys [25,
26, 33-35]), place it at a large distance from the active
region of the structure and rely on the refractive index
contrast between semiconductor materials to localize the
optical mode and prevent its overlap with the ohmic
contact [33, 35]. On the other hand, many proposed
nanolaser designs based on low-absorptive structures
(see, for example, Refs. [36—-38]) can hardly be pumped
electrically due to the high-resistance of metal-
semiconductor contacts, which does not allow to inject
a sufficient number of electrons and holes into the gain
medium for the creation of the population inversion and
full compensation of the high optical losses of the lasing
mode. The high-resistance contact limitation greatly
complicates the design of electrically pumped nanolasers
and increases their physical size compared to the optically
pumped counterparts. To overcome this problem, it was
proposed to use the minority carrier injection properties of
Schottky contacts and inject electrons into the gain
semiconductor medium directly from the plasmonic
metal, avoiding the commonly used intermediate semi-
conductor electron injection layer [27, 30]. However, there
is only one binary III-V semiconductor material (InAs)
that forms Schottky contacts to plasmonic metals with a
barrier height greater than the bandgap energy of the
semiconductor [31, 39], which is required for the creation
of the population inversion [27, 30]. This limits the oper-
ation wavelength to around 3 pm and the operation tem-
perature to below 150 K [40]. In addition, the inability of
the Schottky barrier to block the majority carriers under
forward bias leads to a quite high leakage current even in
the presence of a single heterostructure [30], which
greatly limits the energy efficiency of the amplification
scheme.

Here, we propose an efficient electrically driven single-
mode deep-subwavelength coherent optical source
featuring a unique combination of strong nanophotonic
guiding and a novel amplification scheme based on a
double-heterostructure tunneling Schottky barrier diode,
which gives the possibility to naturally implement electrical
pumping by using the SPP supporting interface as a low-
resistance n-type tunneling contact. This approach allows
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dramatic reduction of the physical size of the device, sim-
plifies its design, ensures in-plane emission and increases
the operating temperature to above 300 K. Contrary to the
electrically pumped metal coated nanopillar lasers [26, 33,
35, 41], which radiate photons into free space in a dipole-like
fashion, the proposed SPP source is intrinsically integrable
with nanophotonic circuitry. Unlike nanolasers based on
localized optical modes, which are difficult to pump elec-
trically [42], the subwavelength size of the proposed elec-
trical SPP source is achieved with a propagating plasmonic
mode, and the device can be referred as a SPPASER (surface
plasmon polariton amplification by stimulated emission of
radiation) or an SPP spaser [43]. The proposed approach
enables the SPP to be efficiently out-coupled to a bus plas-
monic or photonic waveguide without losing energy
through the emission into the surrounding space, which is
particularly important in large-scale integrated nano-
photonic circuits, where performance and scalability are
limited by the crosstalk noise.

2 Results and discussion
2.1 Implementation of electrical pumping

The proposed amplification scheme based on the Au/n’-
InAsg 4Po ¢/Ing 72Gag 2gAs/p*-Alg 20Ing 71As  double-hetero-
structure tunneling Schottky barrier diode is shown in
Figure 1 (see Supplementary Information Section 1 for de-
tails). It gives the possibility to use the low-loss SPP sup-
porting interface between gold and the 100-nm-thick
electron injection n'-InAsP layer as a low-resistance
tunneling contact to the n*-InAsP electron injection layer
with nearly ideal ohmic characteristics. Therefore, the
material gain in InGaAs is provided in the near-field
proximity to the gold contact, exactly where the plasmonic
modes are localized, which gives a crucial advantage over
traditional electrical pumpings schemes of plasmonic and
photonic nanolasers based on highly absorptive ohmic
contacts [29, 33, 35, 41, 44]. The n-doped InGaAs layer
sandwiched between the p*-AllnAs and n"-InAsP layers
with bandgap energies exceeding that of InGaAs acts as an
active region of the semiconductor structure. Under high
forward bias, electrons and holes are injected into InGaAs
from the InAsP and AllnAs sides, respectively, while high
potential barriers for electrons at the InGaAs/AllnAs het-
erojunction and for holes at the InAsP/InGaAs hetero-
junction confine excess carriers to the active InGaAs
region, which gives the double-heterostructure tunneling
Schottky barrier diode amplification scheme a significant
advantage over the amplification schemes based on
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Schottky diodes, which suffer from high leakage currents
[27, 30, 40]. Although the Au/n-InP Schottky barrier is as
high as 0.5 eV [31], the Fermi level in Au/InAs contacts is
anomalously pinned to the conduction band of InAs [31,
45]. Therefore, a wide range of InAsP ternary alloys form
contacts to gold with a quite small barrier height. In
particular, the height of the Au/n-InAsg 4Po ¢ barrier does
not exceed 0.2 eV [31, 46]. The barrier width is determined
by the density of donors and is equal to only 13 nm at a
moderate doping level of NI = 3 x 10'8cm>. Electrons
can easily tunnel through this barrier thanks to their
extremely small effective mass (0.057meo) (see Supple-
mentary Information Section 2). The evaluated specific
contact resistance of the tunneling Au/n*-InAsg 4Po ¢ con-
tact is as low as 1.2 x 10”7 Ohm cm’ (Methods). The voltage
drop across the contact does not exceed 7 mV even at a
pump current density of 50 kA/cm’ (Figure 1c), which en-
sures nearly ideal ohmic characteristics of the Au/n-
InAsg 4Pg ¢ contact and efficient injection of electrons into
the InAsq 4Py ¢ layer, which can be further injected into the
active InGaAs region. In comparison, InP, which would be
used as an InGaAs lattice-matched material for the laser
operation at 1.55 pm wavelength, with the same donor
concentration of 3 x 10" cm™ forms a rectifying contact to
gold (see Supplementary Information Section 2). Its contact
resistance is two orders of magnitude higher than that of
the Au/n"-InAsg 4Py ¢ contact, which results in high heat
dissipation, which does not allow to use the Au/InP contact
for electrical pumping of metal-semiconductor nanolasers
at room temperature. In other words, the performance of
the proposed amplification scheme is much better than
that based on compound semiconductors lattice-matched
to InP.
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2.2 Design of the nanolaser cavity

An essential component of the coherent SPP source is a
cavity. Here, we use a subwavelength ring-resonator
design based on a T-shaped waveguiding geometry
(Figure 1). The InAsP/InGaAs/AlInAs layer stack on AllnAs
is ring-shaped and surrounded by silicon oxide, while a
gold superstrate completes the cavity structure and forms
an SPP supporting interface. The ring width w = 300 nm is
designed to be about 7 times smaller than the source
operating wavelength to provide high lateral confinement
of plasmonic modes propagating along the metal-
semiconductor interface of the ring resonator. The ring
width can be easily decreased below A/10, but this pro-
cedure does not noticeably improve the mode localization
or even deteriorates it, whereas the bending losses are
substantially magnified due to the decrease in the mode
effective index. The ring height of 1 pm is smaller than the
light wavelengths in the targeted spectral region, compel-
ling parasitic photonic modes to leak into the semi-
conductor substrate with a high refractive index. At the
same time, the height is large enough to prevent strongly
localized SPP modes from undesirable radiation losses.
The resulting aspect ratio between the ring height H and
the ring width w is 3.3:1 that should not present any
problem for the device fabrication [47]. The thickness of the
electron injection InAsP layer is chosen to be 50 nm, which
is significantly greater than the depletion layer thickness of
the Au/n'-InAsP contact (13 nm) and allows efficient elec-
tron injection into the active InGaAs region. At the same
time, the InGaAs layer is set to be 350 nm thick to provide
more than 74% confinement of the plasmonic modes to the
active InGaAs region to reduce the threshold gain
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Figure 1: (a) Schematic of the ring resonator of the electrically driven coherent surface plasmon polariton (SPP) source based on a T-shaped
plasmonic waveguide. The simulated electric field intensity (|E|?) distribution of the SPP mode is overlaid on the geometry. (b) Cross-section of
the T-shaped plasmonic waveguide. The relevant geometrical parameters of the device are also indicated: R is the radius of the ring, Hand w
are the height and the width of the waveguide, respectively, s is the thickness of the electron injection layer, and h is the height of the active
region. Doping densities of the lattice-matched n*-InAsg 4P ¢, N-Ing 72Gag.2gAS, and p*-Alg oolng 71As layers are 3 x 10® cm, 3.1x 10” cm?, and
4.4 x 10" cm™, respectively. (c) Current-voltage characteristics of the Au/n*-InAsg 4Po.¢ tunneling Schottky contact at room and low tem-
peratures. Inset: schematic illustration of the barrier for electrons at the metal/semiconductor interface.
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(Methods). The ring radius R = 0.85 pm is selected so that
one of the fundamental plasmonic modes of the ring
resonator is close to the maximum of the gain spectrum of
InGaAs at both room and low temperatures. Finally, we
note that the proposed pumping scheme is universal and
can also be used with other types of resonators.

Figure 2 shows the device mode structure at room
temperature, obtained using the three-dimensional eigen-
mode simulations (Methods). Five types of modes (TMyy,
TEoo, TMo1, TEo;, and TM;p) with the quality factors (Q-
factors) greater than 10 are supported by the resonator
within the spontaneous emission bandwidth of InGaAs.
Here, the Q-factor is defined as a ratio of the energy of the
SPP stored in the resonator to the energy dissipated per
radian of the oscillation. TEy; and TM;q modes having two
maxima in the vertical direction are pushed out of the cross
section of the ring waveguide and radiate into the sub-
strate. Photonic TEqy modes are much better localized in
the ring waveguide, but their mode effective indices are
significantly lower than the refractive index of AllnAs,
which leads to strong coupling to substrate radiation
modes. As a result, the Q-factors of these modes are less
than 50, corresponding to modal losses of more than
3000 cm’, which are too high to be compensated by
InGaAs. It takes TEqgo modes out of the competition for the
gain since the highly localized plasmonic TMyo modes
experience 5 times smaller losses and show a significant
advantage in mode confinement to the active InGaAs re-
gion. Owing to the submicrometer radius of the ring reso-
nator, the spectral spacing between the TMyo modes is of
the order of the material gain bandwidth of InGaAs, which
establishes favorable conditions for the single mode stim-
ulated emission into the eighth order TMyo mode (TM3,
mode) with a frequency of 0.637 eV (A = 1.95 pm in free
space). For the chosen ring radius of 850 nm, the resonator
mode volume is only 0.033A°, where A is the free-space
wavelength, and can be further reduced by decreasing the
ring radius (Methods). However, it will result in the in-
crease of emission into free space, while ideally, this pro-
cess needs to be suppressed. Thus, the chosen ring radius
ensures the ideal trade-off between the device footprint
and performance. Finally, to achieve an integrated
coherent SPP source, the electrically driven plasmonic
resonator is coupled to a bus plasmonic waveguide of the
same type, which serves as a device output (Figure 3a).

2.3 SPP nanolaser operation

To analyze the device operation, we have developed a
self-consistent steady-state model describing the carrier
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transport within the semiconductor, which comprises the
Poisson equation connecting the electrostatic potential
and the charge carrier densities, the drift-diffusion cur-
rent equations, the electron and hole continuity equations
and the rate equations for the resonator modes (Methods).
These optoelectronic processes are simulated with the
finite difference method combined in a self-consistent
way with the finite element analysis of the excited optical
modes, and hence the simulations take into account the
Purcell effect and coupling to a bus waveguide in the rate
equations (for details, see Supplementary Information
Sections 5 and 6).

Figure 3 shows the results of the self-consistent opto-
electronic simulations. Under a negative voltage applied to
the top gold contact (forward bias), electrons and holes are
injected into the active InGaAs region of the ring resonator
and recombine there both radiatively (spontaneous and
stimulated emission) and non-radiatively (Auger recom-
bination) (Figure 3c). At small forward bias (not shown in
Figure 3c), the recombination for the spontaneous emis-
sion exceeds the Auger recombination, but the high
threshold optical gain requires high concentrations of
nonequilibrium electrons and holes, and non-radiative
processes begin to dominate over radiative ones as the bias
increases. Eventually, more than 90% of the total current
goes into the Auger recombination just below the
threshold. The situation, however, changes dramatically
above the threshold, when recombination due to stimu-
lated emission into the spasing mode surpasses the other
recombination processes (Figure 3c).

Despite the fact that the Q-factors of TM/, ), TMS,,, TM?,,
and TM(., are of the same order of magnitude (Figure 2a),
internal absorption of InGaAs due to band-to-band and
intervalence band transitions leads to a significant differ-
ence in the modal loss at zero bias (see Supplementary
Information Section 4). The TM{,, mode being closer to the
bandgap energy of InGaAs suffers less absorption and
could be the first to reach the threshold, but the material
gain spectrum of InGaAs changes as the electron and hole
concentrations increase and its maximum is blue-shifted,
which gives the TM3, mode an advantage over the other
modes (Figure 3f). At a current density of 8.4 kA/cm?’, the
output power of the TM),, mode becomes smaller than that
of the TM5, mode and does not change appreciably
henceforward (Figure 3b). The TM;,, and TM{$ modes show
behavior very similar to the TMS,, mode but do not reach the
threshold.

In the light-current characteristic of the TM5, mode ata
current density of about 30 kA/cm® there is a well-
pronounced amplified spontaneous (ASE) kink (the
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Figure 2: (a) The modal spectrum of the plasmonic resonator depicted in Figure 1. Modes are labeled so that two numbers in the subscript
show the number of maxima in the radial and vertical directions and the superscript indicates the order of the mode, i.e., the number of
wavelengths around the ring circumference. (b) Spontaneous emission and material gain spectra of bulk Ing 7,Gag ,gAs at room temperature

(see Supplementary Information Section 4). (c—g) Simulated mode profiles of the electric field intensity for the TMZ ,, TM?

00> TMgs, TM3, TEG,, and TEg,

modes, respectively. The spatial profile of the TMﬁo mode is shown in Figure 1.

current at which the derivative of the slope of the curve of
the output power versus injection current in a log-log scale
changes its sign [48]). At this current, the recombination
rate for the stimulated emission exceeds that for the
spontaneous emission into all the resonator modes and
into free space (Figure 3c,g). The pronounced ASE kink is
explained by the fact that the spontaneous emission
spectrum of bulk InGaAs is fairly broad (Figure 2b), which,
combined with a moderate Purcell factor in the considered
waveguiding geometry (see Supplementary Information
Subsection 5.3), results primarily in emission into free
space. The spontaneous emission coupling factor  ranges
from 0.1 at small bias to 0.06 at high forward bias above the
threshold. AtJ =30 kA/cm’, the quality factor of the TM3,
mode is equal to 4700 corresponding to a sub-nanometer
linewidth, which is extremely difficult to achieve at the
nanoscale [35].

Due to the high B-factors, the emission properties of
nanolasers are remarkably different from that of macro-
scopic lasers [49, 50], the ASE kink by itself does not
guarantee that the output radiation is coherent right above
it [49], while coherence is the most important and distinct
feature of laser radiation. Also, it has been shown that the
ASE kink in the light-current characteristic cannot be a
measure of the threshold [48, 49]. To find the spasing
threshold of the TM§, mode, one should use the definition
of the threshold based on the degree of the second-order
coherence of the output radiation [49]. The calculations
show that the threshold current density is equal to 47 kA/
cm’, which is slightly higher than the current density of the
ASE kink (Methods). The output power of the TM3, mode at
the threshold is 29 pW, while the output powers of the TM},,

and TMJ, modes are 100 and 300 times lower, respectively.
The powers of TEqg, TMg1, TEq;, and TM;g modes are even
smaller than that of the spurious TMJ, mode. Thus, single-
mode spasing is achieved.

At low temperatures, the device performance is greatly
improved due to the decrease in the non-radiative recom-
bination rate, since the threshold gain is achieved at a
significantly smaller carrier concentration, and the Auger
recombination coefficient in InGaAs is reduced from
3.8x10*cm’s”at300 Kto 1.2 x 10 cm®s™ at 150 K and to
about 2 x 10 cm® s™ at 77 K [51]. In addition, the electron-
phonon scattering rate in gold y,, decreases as the tem-
perature decreases [30, 52]. Accordingly, the imaginary
part of the permittivity of the 100-nm-thick gold film at a
frequency of 0.65 eV is reduced by a factor of 1.35 and 1.6
and equals €x, = 9.5 and €3, = 8.0 at 150 K and 77 K,
respectively (see Supplementary Information Subsection
3.2). This leads to the increase of the Q-factor of the TM},
mode to 260 at 150 K and 290 at 77 K, compared to Q = 210 at
room temperature. The temperature decrease induces
broadening of the semiconductor bandgap and, conse-
quently, the corresponding shift of the material gain
spectrum (Figure 4a). As a result, at 150 K, the TM(7)0 mode
with a frequency of 0.582 eV is now outside the amplifi-
cation bandwidth of InGaAs. The Auger recombination rate
dramatically decreases, and, below the threshold, most of
the current contributes to spontaneous emission. The
spontaneous emission spectrum is narrower than at 300 K,
and the B-factor is twice larger (from 0.16 to 0.20 depending
on the bias voltage). The current at which the ASE kink is
observed, is equal to Jasg = 1.1 kA/cm’. However, the light-
current characteristic demonstrates a very smooth
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Figure 3: (a) Schematic of the coherent SPP source consisting of the subwavelength ring resonator shown in Figure 1, coupled to the straight
plasmonic waveguide having the same width as the ring waveguide. The field map shows the simulated electric field distribution of the
spasing TM&, mode, which is doubly degenerated, and therefore the source emits SPPs with the same amplitude in both directions of the bus
waveguide. The 200 nm gap between the waveguide and ring resonator corresponds to an intensity coupling coefficient of 5.6% for the TMg0
mode (see Supplementary Information Section 6.2). (b) Output power at the waveguide and Q-factor of the TMgO mode versus injection current
at room temperature. Note that the Q-factor is directly connected to the linewidth of the SPP source only below the threshold. Inset: a linear
plot of the output power as a function of the injection current near the threshold region. (c) Contribution of different recombination processes
(Auger recombination, spontaneous emission and stimulated emission) to the total current. (d) Energy band diagram of the double-
heterostructure tunneling Schottky barrier diode along the z (vertical) direction in equilibrium. (e-g) Energy band diagram, material gain and
recombination rate profiles along the z direction at a current density of 30 kA/cm’.

transition from spontaneous to stimulated emission,
which is typical for high-p lasers [48, 53]. At the same
time, the stimulated emission rate exceeds the rate of the
spontaneous emission into the spasing TMgo mode at
Jsesp = 660 A/c’, which is 45 times lower than at room
temperature. Interestingly, the threshold current does not
decrease dramatically as temperature decreases, since the
coherence of the nanolaser radiation is determined by the
fluctuations in the free carrier densities in the gain

medium, which cannot be reduced by orders of magnitude
[49]. At 150 K, the threshold current density is equal to
Jin = 26 kKA/cm’. At 77 K, the light-current characteristic is
even smoother than at 150 K and the amplified sponta-
neous emission kink in the curve for the TMS, mode
is shifted to lower values of the injection current
(Jase = 115 A/cm’). The Auger recombination rate becomes
negligibly small and does not have any impact on the
output characteristics. The B-factor increases to 0.36. The
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rate of stimulated emission exceeds the rate of sponta-
neous emission at Js.sp = 290 A/cm’, which is only twice
lower than at 150 K. At the same time, the threshold current
density is almost the same as at 150 K and is equal to 20 kA/
cm’, which is typical for nearly thresholdless nanolasers [49].

2.4 Efficiency of the SPP ring nanolaser

Power consumption plays a decisive role in the viability of
nanolasers [42]. Generally, high Joule losses in a plasmonic
resonator present a serious challenge for obtaining a large
efficiency of electro-optical conversion since a significant
portion of the generated SPP quanta is absorbed by the
metal rather than emitted into the waveguide. In addition,
at room temperature, due to the high threshold carrier
concentration, non-radiative Auger recombination still
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Figure 4: (a) Light-current characteristics of the SPP source at 150 K.
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total current is negative under small forward bias, since absorption
in the semiconductor dominates over stimulated emission. (c)
Relation between the stimulated (UTM8) and spontaneous (U8

stim spont.
emission rates into the TMS, mode.

)
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gives a significant contribution to the total current above
the threshold (Figure 3c). Nevertheless, in the proposed
scheme, the energy efficiency (the ratio of the output power
to the input electrical power) above the threshold is be-
tween 7% and 9% depending on the pump current, which
is higher than for the state-of-the-art electrically pumped
photonic-crystal nanocavity lasers [54, 55]. Decreasing
the operating temperature dramatically improves charac-
teristics of the proposed SPP nanolaser. At 150 K, the
electro-optical conversion efficiency exceeds 16%, which is
comparable with the best semiconductor lasers integrated
on a chip [56, 57]. At cryogenic temperatures, the efficiency
is improved to about 20%. This is mainly the result of the
fundamental relation between spontaneous and stimu-
lated emission into the spasing mode.

The energy efficiency can be further enhanced by
optimizing the geometry of the SPP nanolaser. Particularly,
by changing the separation distance d between the ring
resonator and the bus waveguide, one can significantly
increase the ratio of the output power at the bus waveguide
to the power flow in the ring. As the separation distance d is
decreased to 100 nm, the efficiency of electro-optical con-
version at 150 K rises to 37% and is even higher at lower
temperatures. With the further decrease of the separation
distance, the coupling efficiency can be even higher [36].
However, at room temperature, this does not provide any
real advantages, since a higher coupling coefficient cor-
responds to higher modal loss, which substantially in-
creases the threshold current.

3 Conclusion

The scheme proposed here for SPP amplification in deep-
subwavelength plasmonic waveguides with integrated
electrical pumping, based on a double heterostructure
tunneling Schottky barrier diode, provides a realistic
design of an electrically driven subwavelength coherent
SPP source with dimensions orders of magnitude smaller
than the typical size of in-plane coherent optical sources
integrated on a chip [25, 56, 58], which are hardly
compatible with nanophotonic circuitry. At the same time,
unlike electrically pumped metal-coated nanolasers [26,
33, 35], the presented device does not merely emit light into
free space in a dipole-like fashion, but efficiently couples
the radiation into an in-plane plasmonic waveguide. It can
also be directly coupled to a bus photonic semiconductor
waveguide, which provides the compatibility with a stan-
dard low-loss photonic circuitry. The latter, however,
comes at a price of smaller output power due to the
increased scattering losses underlined by the spatial modal
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mismatch between the plasmonic (ring) and the photonic
waveguides (see Supplementary Information Section 7).
The gold/semiconductor contact plays a dual role of the
SPP supporting interface and the electron injection elec-
trode, which eliminates the need for any additional elec-
trical contacts, minimizing the device footprint and greatly
facilitating the design of large-scale circuits. The vertical
injection scheme, large band-edge offsets at the hetero-
junctions, and very low resistivity of the tunneling Au/n"-
InAsP Schottky contact provide favorable conditions for
efficient carrier injection into the active layer and minimize
the leakage current, which is limited to the trap-assisted
recombination at the interfaces. In contrast to most of light-
emitting nanophotonic devices, the surface recombination
does not play a significant role in the lattice matched
InAsq 4P ¢/Ing 75Gag 2gAs/Alg »oIng 71As system thanks to a
very small surface recombination velocity (2 x 10’ cm/s)
[59] combined with the low surface-to-volume ratio of the
active region. At room temperature, the threshold current is
determined by the non-radiative Auger recombination (for
details on the effect of surface recombination, see Sup-
plementary Information Section 7). Above the threshold,
the contribution of surface recombination to the total cur-
rent does not exceed 1.5%. In this aspect, the proposed
configuration of the active region and the proper material
choice provide a remarkable advantage over the tensile
strained multiple quantum wells, which, in principle, can
also serve as a gain medium [44], but are characterized by
much greater area of the interfaces, substantially higher
surface recombination velocities due to the increased
density of surface defects and poorer confinement of the
SPP field to the active region. Here, we should note that
poor-quality interfaces may give rise to the surface density
of trapping centers and increase the surface recombination
velocity up to ~1 x 10* cm/s. Nevertheless, our simulations
demonstrate that even in this case, at room temperature,
the contribution of surface recombination will not exceed
3 kA/cm’ at the threshold, which is only about 10% of the
total current.

The presented SPP source demonstrates remarkable
characteristics, which can be further improved by structural
and material optimization. Under room temperature condi-
tions, the threshold is achieved at a moderate current density
of 47 kA/cm’, ensuring continuous-wave operation. The
output power of up to 100 pW at the energy efficiency of 8%
is high enough to be used in future on-chip optical in-
terconnects [60]. This makes the proposed SPP nanolaser
superior to electrically driven photonic-crystal nanocavity
lasers, which are much more complicated in fabrication and
are characterized by a significantly smaller output power
despite the lower threshold currents [54, 55]. As temperature
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decreases, the device performance is dramatically enhanced.
At temperatures below 150 K, the energy efficiency increases
to above 17% and can be further improved to more than 35%
by decreasing the separation distance between the output
waveguide and the resonator to 100 nm, which makes it
comparable with the energy efficiency of the best external
semiconductor lasers. The proposed pumping scheme pro-
vides a strong basis for the design and development of
electrically pumped active plasmonic waveguides that
ensure lossless SPP guiding at the nanoscale, subdiffraction-
limited electrically-driven SPP nanolasers for on-chip optical
interconnects or large-scale nanophotonic and plasmonic
circuits. Using heterogeneous integration (either hybrid
integration based die-to-wafer bonding [25] or direct mono-
lithic integration based on heteroepitaxy [61, 62]), these
nanolasers can also be integrated with silicon waveguides,
providing highly efficient electrically-driven on-chip
coherent sources for various nanophotonic applications.

4 Methods

4.1 Self-consistent optoelectronic simulations

The proposed SPP source is simulated using the developed compre-
hensive self-consistent steady-state hybrid electronic/photonic
model, which comprises six first order nonlinear differential equations
describing the carrier behavior within the semiconductor (see Equa-
tion (S35) in Supplementary Information) and M integral rate equa-
tions for M optical modes of the plasmonic resonator (see
Equation (S51) in Supplementary Information), coupled with the
eigenmode FEM optical simulations (see Supplementary Information
Subsection 6.2). The carrier transport equations include the Poisson
equation (treated as two first order differential equations) connecting
the electrostatic potential and the carrier densities, the drift-diffusion
current equations and the electron and hole continuity equations. The
carrier continuity equations cover processes of carrier generation and
recombination, namely non-radiative Auger recombination, sponta-
neous emission into free space and into the resonator modes enhanced
by the Purcell effect and stimulated emission. The latter connects the
differential equation for carrier transport with the integral rate equa-
tions for the resonator modes. At the same time, the rate equations
include the material gain and spontaneous emission into the resonator
modes, which are obtained by integrating the transition probabilities
between electron states in the conduction and valence bands over the
states’ energies. This introduces implicitly the electron and hole
densities into M integral equations for the resonator modes.

Providing 18 boundary conditions at the material interfaces and
using the electromagnetic field distributions of the resonator modes
from the eigenmode optical simulations and the Purcell factor distri-
bution from the 3D frequency domain FEM simulations (see Supple-
mentary Information Subsection 5.3), the SPP source is self-
consistently modeled using the finite difference method. The details
on the optoelectronic model and simulations are described in Sup-
plementary Information Section 6.
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4.2 Electron transport through the tunneling Schottky
contact

Tunneling and an over-barrier current across the metal-semiconductor
contact is calculated using the exact solutions of the Schrodinger
equation. The current density is given by

J=Tut [ GEIf (E - qv))

n/2 5

% [ V2(E = qV)Mes = (Mentinsin6)’| T s (6, E)’sinéde, (1)
0

where q is the electron charge, V is the voltage across the contact, mes
and m., are the effective electron masses in the semiconductor and
metal, respectively, f (E) is the Fermi distribution function, vy, is the
Fermi velocity in the metal, p,; is density of states in the metal at the
Fermi energy, and T, (6, E) is the barrier transmission coefficient
calculated from an electron wave function (for details, see Supple-
mentary Information Section 2).

4.3 Mode structure simulations

The set of modes supported by the plasmonic resonator is found via
the 3D finite element method (FEM) numerical simulations using
COMSOL Multiphysics software. The outer domain boundaries are
placed at a large distance from the structure to ensure their position
in the radiation zone, so that the radiative components of the fields
escaped from the resonator are efficiently absorbed using perfectly
matched layers. For each resonator mode, a complex eigenfre-
quency Q = w + 6 - iis determined, the real part of which defines the
actual resonant frequency, while the imaginary part is responsible
for losses. From these values, the resonator quality factor and the
modal loss a = 26/vg are calculated. Here, v, is the group velocity of
the corresponding optical mode of the waveguide of the ring reso-
nator, which is found in the designated 2D FEM eigenmode
simulations.

The dielectric function of gold used in the simulations is
calculated taking into account electron-phonon, electron-electron,
grain boundary and surface scattering, and verified by the exper-
imental data. The temperature dependence of the dielectric func-
tion was determined considering the proper temperature variations
of each scattering component. The dielectric functions of the
compound semiconductors used in the simulations are calculated
using the Clausius—Mossotti relation and their temperature de-
pendences are obtained using an empirical model by Herve and
Vandamme.

For details on the eigenmode simulations and the dielectric
constants evaluation, see Supplementary Information Section 3.

4.4 Quality factor

The quality factor of the resonator is defined as a ratio of the energy
stored in the resonator to the energy loss per radian of the oscillation
[63]. To evaluate the Q-factor under electrical pumping, we use the
results from 3D eigenmode simulations of the passive structure and
self-consistent optoelectronic simulations, which give the modal loss
of each mode of the resonator under applied bias (for details, see
Supplementary Information Section 6).
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4.5 Mode volume

The mode volume of the resonator mode is calculated using the data
retrieved from the 3D eigenmode simulations [64]

_ [emIEm®Pdr

- max[e(nEM]’ @

eff
where E (r) is the complex amplitude of the electric field of the optical
mode and the integration in the numerator is performed over the entire
domain occupied by the mode.

4.6 Mode confinement to the active region

The confinement factor of the mode to the active region of the wave-
guide of the plasmonic ring resonator is determined as [65]:

Re (Mingass) [[ 1E(x, 2)’dxdz

InGaAs
oo o0 ; 3
|7 [T Wx, z)dxdz ©

Iﬂa\ctive = Fl}g
where W (x, z) is the energy density of the optical mode, nygaas is the
refractive index of Ing 7,Gao 2sAs, and vy is the mode group velocity.
The integral in the numerator is taken over the active Ing ;7,Gag »sAs
region, while the integration in the denominator is performed over the
whole 2D domain occupied by the mode.

4.7 Purcell factor

The Purcell factor, defining the change in the spontaneous decay rate
of an emitter located in the active region of the waveguide of the
plasmonic ring resonator from its value in the corresponding uniform
semiconductor, is calculated as a ratio of the power flows emitted
by a dipolar emitter placed in the respective electromagnetic
environments:

Im[pEE (1, hw))
Im[pEy (hw)]
where p is the dipole moment, and E}'S (r, iw) and E™ (hw) are the
total electric fields at the dipole position. To find the electric field
values, a dedicated set of 3D frequency domain numerical simulations
of the dipole emission was performed. Varying the dipole position and
averaging the results over all its orientations, the full Purcell factor
map of the active region is obtained (for details, see Supplementary

Information Subsection 5.3).

P(r,hw) = 4)

4.8 Threshold current

The spasing threshold was found using its definition through the
second-order coherence properties of the emission as the transition
from the emission in the thermal state of light to the emission in the
coherent state of light. The threshold current density is obtained by
solving the following transcendental equation [49]:

NinGaas Vw?
Jon=q\|—""—, ®)
\ aG(J) CQ3
dnD J = Jy, ot

where V is the volume of the InGaAs active region, G (J) is the modal
gain of the spasing mode in the ring resonator, (n )(J) is the averaged
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electron density in the InGaAs active region, w is the angular fre-
quency of the spasing mode, Q. is the quality factor of the spasing
mode that includes losses due to coupling to a bus waveguide and q is
the elementary charge.
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