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ABSTRACT: We report on the ﬁrst demonstration of metal−insulator−semiconductor-type plasmonic lasers at the telecom
wavelength (∼1.3 μm) using top-down fabricated semiconductor waveguides on single-crystalline metallic platforms formed
using epitaxially grown Ag ﬁlms. The critical role of the Ag ﬁlm thickness in sustaining plasmonic lasing at the telecom
wavelength is investigated systematically. Low-threshold (0.2 MW/cm2) and continuous-wave operation of plasmonic lasing at
cryogenic temperatures can be achieved on a 150 nm Ag platform with minimum radiation leakage into the substrate. Plasmonic
lasing occurs preferentially through higher-order surface-plasmon-polariton modes, which exhibit a higher mode conﬁnement
factor, lower propagation loss, and better ﬁeld−gain coupling. We observed plasmonic lasing up to ∼200 K under pulsed
excitations. The plasmonic lasers on large-area epitaxial Ag ﬁlms open up a scalable platform for on-chip integrations of
plasmonics and optoelectronics at the telecom wavelength.
KEYWORDS: plasmonic nanolaser, epitaxial silver ﬁlm, surface plasmon polariton, semiconductor nanolaser, telecom wavelength,
low threshold
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including metal nanosphere cavities,20 metal-cladded microcavities,21−23 metal−insulator−semiconductor (MIS) nanowaveguides,6−12 and plasmonic crystals.24−26 The MIS
structure6−16 has been used to achieve ultralow-threshold and
continuous-wave (CW) operation of plasmonic lasers with
subdiﬀractional conﬁnement in all three dimensions.9,10 Initial
concerns of high metal losses have also been mitigated by using
a single-crystalline metallic platform, such as chemically
synthesized Au ﬂakes8 and epitaxially grown Ag9,10 ﬁlms, on
which the strong scattering and SPP damping caused by surface
roughness and grain boundaries are minimized. In particular,
the MIS structure based on wafer-scale and atomically smooth

iniaturization of semiconductor lasers has been actively
pursued recently not only in the quest of small device
footprint, low power consumption, and high operation speed
but also for the development of on-chip integration of coherent
light sources.1,2 Conventional semiconductor lasers based on
dielectric cavities have a size limited to half the eﬀective
wavelength (∼λ/2n) in all three dimensions. In the past decade,
tremendous research eﬀorts have been directed toward cavities
comprising noble metals and dielectric media, such as metalcladded semiconductor cavities3−5 and structures that support
surface plasmon polariton (SPP) modes,6−16 to achieve
subdiﬀractional cavity size. Among these approaches, the
plasmonic nanolaser or “spaser”17−19 is particularly attractive
due to its novel concept as well as its potential to achieve a
“deep subdiﬀraction limit”. Indeed, the plasmonic nanolaser has
been successfully demonstrated in various conﬁgurations,
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Figure 1. | Plasmonic laser structure, epitaxial Ag ﬁlms, and emission spectra of SPP modes. (a) Schematic of the MIS structure. Top-down
fabricated InGaAsP waveguides with embedded quantum wells were transferred onto Al2O3-capped single-crystalline metallic platforms. (b) STM
scan of the epitaxially grown, annealed Ag ﬁlm (150 nm). (c) AFM image of the 150 nm epitaxial Ag ﬁlm after Al growth and in situ oxidation (RMS
= 0.42 nm). (d) Emission spectra of two waveguides with similar dimensions lying on glass and Au platforms, respectively. Inset: SEM image of a
typical waveguide. The scale bar is 2 μm. (e) Emission spectra of waveguides on Ag platforms with Ag ﬁlm thickness t = 25, 50, and 150 nm. (f)
Calculated propagation loss coeﬃcient of the SPP mode in the waveguide (λ = 1.3 μm) as a function of Ag ﬁlm thickness.

epitaxial Ag ﬁlms with superior plasmonic properties opens up
an unprecedented platform for the development of scalable,
large-area, and monolithic integrations of plasmonics and
optoelectronics.
Thus far, MIS-based plasmonic nanolasers have been
demonstrated in the visible, ultraviolent, and nearinfrared.6−16 For applications in telecom wavelengths (1.3/1.5
μm), plasmonic nanolasers have been demonstrated based on
metal−insulator−metal waveguides21 and metal-cladded nanodisks.22 However, an MIS-based plasmonic nanolaser that
facilitates on-chip integrations of plasmonics and optoelectronics at the telecom wavelength is yet to be demonstrated.
Moreover, all previous demonstrations of MIS-based plasmonic
nanolasers utilized bottom-up self-assembly methods to
incorporate the gain media into plasmonic resonators, a process
with which it is diﬃcult (if not impossible) to create a scalable
technological platform.
In this work, we report on low-threshold and CW operations
of MIS-based plasmonic lasers at the telecom wavelength (∼1.3
μm) using InGaAsP strained quantum wells (QWs) on a singlecrystalline metallic platform formed using epitaxially grown Ag
ﬁlms. Plasmonic waveguide lasers were fabricated by top-down
approaches using electron-beam lithography followed by an alldry transfer process (see Methods) to form MIS structures.
Since the SPP skin depth (1/e decay length) into the metal at
the telecom wavelength is signiﬁcantly larger than that in UV
and visible regions, the critical role of Ag ﬁlm thickness in
preventing radiation leakage into the substrate in the MIS
structure at the telecom wavelength is investigated systematically. Low-threshold and CW plasmonic lasing is demonstrated
up to 125 K. At higher temperature, plasmonic lasing can be
achieved under pulse excitation up to 200 K. At room
temperature, only ampliﬁed spontaneous emission can be

established. The polarization of lasing SPP mode and its
coupling with gain medium is discussed.

■

RESULTS
Plasmonic Laser Structure and SPP Resonance. Figure
1a shows a schematic of the plasmonic laser structure consisting
of InGaAsP waveguides with four embedded QWs lying on top
of Al2O3-capped single-crystalline metallic platforms. To
investigate the impact of metal ﬁlm thickness, we have prepared
two kinds of metallic platform in this study. The ﬁrst one is an
epitaxial Ag ﬁlm with various thicknesses t ranging from 25 to
150 nm grown by molecular beam epitaxy (MBE) on Si
substrates (see Methods). We have developed a new two-step
procedure that can eﬃciently grow smooth and thick epitaxial
Ag ﬁlms in one growth cycle. The resulting Ag ﬁlm is single
crystalline with superior surface ﬂatness, as evident from the
triangular terraces shown in the scanning tunneling microscopy
(STM) image of a 150 nm thick Ag ﬁlm (Figure 1b). An in situ
capping of Al2O3 is achieved by epitaxially growing 5 ML Al,
followed by in situ oxidation with 10−6 Torr of pure oxygen for
10 min. This in situ Al2O3 capping retains the surface
smoothness of the epitaxial Ag ﬁlm as shown by atomic force
microscopy (AFM) with a root-mean-square (RMS) roughness
of 0.42 nm (Figure 1c). The high-quality Ag ﬁlm thus ensures
that the SPP scattering losses caused by surface roughness and
polycrystalline grain boundaries can be minimized. We have
also prepared a second metallic platform using chemically
synthesized Au ﬂakes27 (thickness ∼700 nm; lateral dimension
∼100−200 μm) dispersed on glass substrates. The thick Au
ﬁlm can thus be used as a reference platform for comparing
SPP resonance and plasmonic lasing performance on Ag
platforms. In this work, the fabricated waveguides have a
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Figure 2. Dispersion relations, eﬀective indices, and spatial conﬁnements of SPP and photonic modes. (a) Calculated dispersion curves of waveguide
modes in a plasmonic waveguide (w = 400 nm, h = 140 nm). Only the two lowest order SPP modes, SPP0 (red) and SPP1 (orange), can be
supported in the spectral range of the QW emission band. Light lines in air and Al2O3 and InGaAsP bulk materials are shown by solid lines. The
horizontal dashed line corresponds to a wavelength λ = 1280 nm. The lowest photonic mode EH00 (blue dashed line) is cut oﬀ at λ ≈ 1210 nm. (b)
Schematic of the cross-section of the waveguide structure and the calculated electric ﬁeld distribution |E(x, y)| and direction (arrows) of SPP0 and
SPP1 modes at λ = 1280 nm as well as the photonic EH00 mode in a waveguide with w = 600 nm. (c) Calculated eﬀective refractive index, neff, as a
function of the waveguide width w at λ = 1280 nm.

odes in the MIS waveguides based on the ﬁnite-element
method. Figure 2a shows the dispersion relations of the lowest
three eigenmodes in a waveguide with w = 400 nm and h = 140
nm on Ag spaced by a 5 nm thick Al2O3 layer. These
eigenmodes can be classiﬁed as SPP modes or photonic modes
according to their electric ﬁeld distribution. As shown in Figure
2b, the SPP modes show a tightly conﬁned electric ﬁeld in the
Al2O3 layer, while the electric ﬁelds of photonic modes are
distributed mostly in the semiconductor waveguide. The SPP
modes can be further characterized as SPPq modes with the
subscript q denoting the number of nodes at the metal−oxide
interface along the direction perpendicular to the waveguide
axis. In the spectral range of 1.2−1.5 μm, only the lowest two
SPP modes (labeled as SPP0 and SPP1) can propagate in the
plasmonic waveguide. The lowest photonic mode, characterized
as the EH00 mode, is cut oﬀ for wavelengths longer than 1210
nm. The dispersion curves together with the calculated eﬀective
refractive index neff(w) (Figure 2c and Supporting Figure S1)
can be used as a guideline to determine the optimal waveguide
size. In the QW emission band, the photonic modes are cut oﬀ
for waveguides with w < ∼450 nm, below which only SPP
modes are supported in the MIS structure. Further reduction of
the waveguide width to w < ∼250 nm will cut oﬀ the higherorder SPP1 mode, leaving behind only the fundamental SPP0
mode.
Polarization Properties and Lasing Characteristics.
The SPP0 and the SPP1 modes can be distinguished by the
polarization of waveguide emission.13 In the semiconductor
waveguides, the electric ﬁeld of the SPP0 (SPP1) mode is
perpendicular (parallel) to the metal surface when propagating

thickness h = 140 nm, width w = 300−600 nm, and length L =
3−5 μm. To conﬁrm the subwavelength conﬁnement of SPP
modes, we ﬁrst examined the emission spectra of waveguides
with similar dimensions (w ≈ 400 nm, h ≈ 140 nm, and L ≈ 5
μm) lying on glass and on Au platforms, as shown in Figure 1d.
The weak and featureless emission spectrum from the
waveguide on glass indicates that waveguides of this dimension
cannot support photonic modes in the QW emission band
(1.2−1.5 μm). In strong contrast, clear equally spaced Fabry−
Pérot (FP) modes with 2 orders of magnitude stronger PL
intensity can be observed for the waveguide on Au ﬂakes,
indicative of SPP FP resonance.
We then examined the SPP FP resonance for waveguides on
Ag platforms with various Ag ﬁlm thicknesses t. As shown in
Figure 1e, the featureless emission spectrum for t = 25 nm
indicates that the SPP propagation on the 25 nm thick Ag ﬁlm
is very leaky. Increasing the Ag ﬁlm thickness to t = 50 nm can
mitigate the propagation loss, as evident from the emergence of
SPP FP resonance modes in the emission spectra. For t = 150
nm, the line width of SPP FP resonances becomes even
narrower than that on the Au platform. Although the line width
is also inﬂuenced by the line width narrowing eﬀect under
optical excitations, this result suggests that the 150 nm Ag ﬁlm
is thick enough to prevent radiation leakage into the substrate.
The calculated propagation loss in the MIS structure at 1.3 μm
as a function of Ag ﬁlm thickness (Figure 1f) also supports this
ﬁnding.
Dispersion Relation and SPP Conﬁnements. To gain
further insight into the conﬁned SPP modes, we calculated the
dispersion relations and electric ﬁeld distributions of eigenm1433
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Figure 3. Polarization dependence and lasing characteristics at 4 K. (a) Polarization-resolved emission spectra of a plasmonic waveguide with
polarization parallel (red curve) and perpendicular (blue curve) to the waveguide axis. (b) Polar plot of emissions from SPP0 (red) and SPP1 (blue)
modes. The gray bar indicates the waveguide axis. (c) Lasing spectra of a waveguide with w = 380 nm and L = 4.8 μm. Inset: Measured cavity mode
spacing (blue dots) as a function of the inverse waveguide length. A linear ﬁt suggests a group index of ng = 4.8. (d) L−L curve (blue circle) and the
line width narrowing (green circle) of the lasing peak at 1280 nm shown in (c). The lasing threshold is 0.2 MW/cm2. (e) Photonic lasing spectra for
a wider waveguide with w = 500 nm. (f) L−L curve and the line width narrowing of the photonic lasing peak at 1290 nm shown in (e). Solid lines in
(d) and (f) are ﬁtting curves using the rate equation model. The obtained β factors are β = 0.25 for plasmonic lasing (d) and β = 0.02 for photonic
lasing (f).

Figure 4. Temperature dependence of plasmonic lasing. (a) Emission spectra of a waveguide at T = 125 K under CW pumping at diﬀerent power
densities. (b) L−L curve (blue circles) and the line width narrowing (green triangles) of the lasing peak near 1300 nm shown in (a). The lasing
threshold is ∼1.4 MW/cm2. (c) L−L curves (upper panel) and line width narrowing (lower panel) for a waveguide under pulsed laser excitations at
various temperatures.

This can be understood from the polarization selection rule of
the gain medium. Since the QW emission is dominantly TE
polarized (i.e., electric ﬁeld along the QW plane) and the QW
plane is parallel to the metal surface, the coupling of QWs to
the SPP0 mode with the electric ﬁeld perpendicular to the metal
surface is prohibited. This explains why most of the optical gain
couples preferentially to the SPP1 mode as observed in the
polarization-resolved measurements. In this regard, further
reduction of the waveguide width to support only the SPP0

along the waveguide axis (see arrows in Figure 2b). As a result,
the polarization of the scattered ﬁeld by the end facets is
parallel (perpendicular) to the waveguide axis for the SPP0
(SPP1) mode.9,13 Figure 3a and b show the polarizationresolved emission spectra of the conﬁned SPP modes in a
waveguide with w ≈ 400 nm, where the SPP0 and SPP1 modes
can be clearly distinguished. For the waveguide dimension
investigated here, the SPP1 mode always shows a narrower line
width and stronger intensity compared with the SPP0 mode.
1434
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Figure 5. Plasmonic and photonic dual-mode lasing. (a) Emission spectra of a waveguide with w = 410 nm at 4 K under pulsed pumping at diﬀerent
powers. (b) L−L curve of the plasmonic lasing at 1290 nm (blue circles) and photonic lasing at 1240 nm (red circles). (c) L−L curves in log−log
scale (solid symbols) and line width narrowing (open symbols) of the plasmonic (blue) and photonic (red) lasing. Solid lines in (b) and (c) are
ﬁtting curves using the rate equation model. The obtained β factors are β = 0.1 and β = 0.025 for plasmonic and photonic lasing, respectively.

lasing temperature is signiﬁcantly higher than that on Au ﬂakes
(∼50 K). This can be attributed to the superior plasmonic
properties of the epitaxial Ag ﬁlm at the telecom wavelength
and the reduced heat accumulation in the waveguides due to
the improved heat dissipation eﬃciency through the large-area
Ag ﬁlm on a Si substrate, in comparison with Au ﬂaks (∼100−
200 μm) on a glass substrate. We have also examined the lasing
performance under pulsed laser excitations (400 ps/40 MHz).
As shown in Figure 4c, pulsed plasmonic lasing is clearly
sustained to 200 K. At room temperature (300 K), the
signature of the line width narrowing and nonlinear power
dependence are also observed. However, they are more likely
corresponding to the signatures of ampliﬁed spontaneous
emission before the full lasing oscillation, primarily limited by
the maximum available power of our excitation laser.
Distinction between Plasmonic and Photonic Lasing
Modes. How to substantiate plasmonic lasing is an important
issue especially when both plasmonic and photonic modes
coexist in the MIS waveguide structures. This issue was often
addressed, as we have shown previously, by shrinking the device
dimensions such that all photonic modes are cut oﬀ in the
waveguide. However, it becomes ambiguous when device
dimensions are around (or not much smaller than) the cutoﬀ
size of the photonic modes, where photonic lasing may be
triggered and could be misinterpreted as plasmonic lasing. In
order to clearly distinguish plasmonic versus photonic lasing,
we have speciﬁcally designed a device structure where both
plasmonic and photonic modes can be supported. The device is
a waveguide with a dimension (w ≈ 410 nm) that is at the
border of the photonic mode cutoﬀ. The calculated cutoﬀ
wavelength of photonic modes is around ∼1250 nm
(Supporting Figure S2), which is very close to the typical
lasing wavelength at ∼1300 nm. As shown in Figure 5, both
plasmonic and photonic lasing can be observed in the
waveguide under pulsed pumping. The plasmonic lasing occurs
at 1290 nm with a low threshold ∼0.3 mW, whereas photonic
lasing occurs at 1240 nm with a higher threshold of ∼1.0 mW.
This higher lasing threshold and the lower output power of the
photonic mode are indicative of its higher modal loss due to the
poor modal conﬁnement. From the L−L curves in log−log
scale and the line width narrowing with increasing pumping
power (Figure 5c), it becomes clear that plasmonic lasing

mode is unfavorable for plasmonic lasing due to the
polarization mismatch between the SPP0 mode and the QW
gain medium. According to the calculated neff(w), the optimal
waveguide width for plasmonic lasers is in the range of w ≈
350−450 nm, in which the SPP1 mode is well conﬁned, while
the photonic modes are cut oﬀ in order to ensure plasmonic
lasing.
Figure 3c shows the emission spectra of a waveguide (w =
380 nm) at 4 K under quasi-CW excitation (see Methods) at
diﬀerent power densities. Longitudinal SPP FP modes
resonating between the waveguide end-facets are observed.
With increasing pumping density, the spectral blue-shift, line
width narrowing, and sharp increase in output intensity of the
peak near 1.3 μm indicate plasmonic lasing oscillation. The Sshaped light-out versus light-in (L−L) curve of the lasing peak
in log−log scale clearly shows a transition from spontaneous
emission to ampliﬁed spontaneous emission and eventually to
full lasing oscillations. From a rate-equation-model ﬁtting, a
lasing threshold of 0.2 MW/cm2 and a spontaneous-emission
coupling factor β ≈ 0.25 are determined. Compared with the
lasing threshold of ∼20 MW/cm2 for the MIS-based plasmonic
lasers on nonepitaxial metal ﬁlms in the visible range,6 the
threshold of our plasmonic lasers on epitaxial Ag ﬁlms is about
2 order of magnitude smaller at low temperatures. For
waveguides with w > 500 nm, the lasing characteristic turns
to photonic lasing instead of plasmonic lasing (Figure 3e,f).
The lasing characteristics of plasmonic and photonic lasers can
be distinguished by the lasing line width and the β factor. The
typical lasing line width of plasmonic lasers is 2−5 nm,
signiﬁcantly larger than the photonic lasing line width of ∼0.2−
1 nm, due to the lower propagation loss of the photonic mode.
In addition, the plasmonic laser typically has a larger β factor
due to the stronger ﬁeld−gain coupling. The extracted β factor
for photonic lasing is in the range of β = 0.01−0.03, which is
much smaller than that of the plasmonic laser with β = 0.1−0.3
(Supporting Figure S3).
Temperature Dependence of Lasing Characteristics.
To examine the performance of our plasmonic lasers at higher
temperatures, we increase the operation temperature from 4 K
to room temperature. Under CW pumping, we observed
plasmonic lasing up to 125 K (Figure 4a,b), albeit at a higher
lasing threshold (∼1.5 MW/cm2). In addition, the maximum
1435
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of ampliﬁed spontaneous emission at ∼1.4 MW/cm2 (timeaveraged power) corresponds to a very low peak pump
intensity of ∼87 MW/cm2 in comparison with those in the
∼GW/cm2 range.
On the other hand, we noted that the emission intensity
decreases substantially with increasing temperature (Figure 4c),
which can be attributed to the increased nonradiative
recombination rate and hence signiﬁcant gain reduction at
elevated temperatures. The nonradiative recombination is
attributed to the surface recombination caused by fabricationinduced defects at the etched sidewalls. The increased metal
absorption losses and reduced gain caused by more
pronounced nonradiative recombination at elevated temperatures thus substantially limit the operation temperature of our
plasmonic waveguide lasers. To achieve plasmonic lasing at
higher temperatures, subwavelength microrings or microdisks
that supports whispering-gallery SPP modes without mirror
reﬂection loss can reduce the modal loss considerably. The
fabrication-induced nonradiative recombination can also be
mitigated by suitable surface passivations. We believe that the
wafer-scale and atomically smooth epitaxial Ag platform with
superior plasmonic properties is very promising to realize
room-temperature plasmonic lasers at the telecom wavelength
for scalable, large-area, and monolithic on-chip integration of
plasmonics with optoelectronics.

shows a broader lasing line width and exhibits a less
pronounced “kink” feature near the threshold. The former
can be attributed to the higher dissipative loss and the latter to
the stronger electromagnetic ﬁeld conﬁnement of the SPP
modes, which gives rise to a higher β factor. Since both
plasmonic and photonic modes in this waveguide lase through
the same gain material, the dual-mode lasing thus unambiguously clariﬁes the very distinct lasing behaviors of plasmonic
and photonic modes.

■

DISCUSSION
Here we discuss the factors that impact the highest operation
temperature of the plasmonic laser. Thus far, our MIS
waveguide structure has not yet allowed us to achieve full
plasmonic lasing at room temperature in the telecom
wavelength. The high mirror reﬂection loss and the increased
nonradiative recombination considerably hinder plasmonic
lasing operations at high temperatures. According to rateequation-model ﬁttings to the lasing characteristics, the
deduced cavity photon decay rate corresponds to a total
modal loss coeﬃcient of about αT ≈ 8000 cm−1. In the MIS
waveguide structure, the modal loss comprises the metal
absorption loss αM, the scattering loss αS, and the radiation loss
αR. The radiation loss arises predominantly from mirror
reﬂection loss, αR = −(1/L) ln R, where L is the waveguide
length and R is the average reﬂectivity at the waveguide end
facets. The reﬂectivity R can be estimated to be |(neff − 1)/(neff
+ 1)|2 ≈ 8.2%, where neff ≈ 1.8 is the eﬀective index of the SPP1
mode in the waveguide with w ≈ 400 nm. The corresponding
mirror reﬂection loss for waveguide length L = 3−5 μm is about
αR ≈ 5011−8352 cm−1, which is already comparable with the
estimated total modal loss αT, indicating that the end-facet
reﬂection is the dominating loss channel in the waveguide
structure. This is particularly true for our waveguides formed by
wet chemical etching, where the end facets are less well-deﬁned
as compared with cleaved facets of nanorods or nanowires.6,9,11−15 Indeed, according to the material parameters
from Johnson and Christy’s data,28 the estimated metal
absorption loss for a Ag ﬁlm at the telecom wavelength is
about αM ≈ 650 cm−1. The metal absorption loss and the
scattering loss caused by metal surface roughness have been
suppressed by the use of an epitaxial Ag ﬁlm. However, we
noted the lasing threshold at low temperature is still
signiﬁcantly higher than that of nanolasers based on InGaN/
GaN core−shell nanorods on epitaxial Ag ﬁlms,9,10 where a
larger β factor (β ≈ 0.73) and a signiﬁcant gain enhancement
due to the high group index (ng ≈ 9) caused by the gainmedium-loading eﬀect have been reported. For the plasmonic
waveguides in this study, the group index deduced from the
longitudinal mode spacing is ng ≈ 4.8 (inset in Figure 3b),
which is very close to the calculated group index of the SPP1
mode (ng = 4.9) in a bare waveguide without the gain-mediumloading eﬀect. Further optimizing the spectral matching
between the gain medium (∼1.4 μm) and the lasing mode
(∼1.3 μm) to take advantages of gain enhancement by the
slowing down of group velocity may further reduce the
plasmonic lasing threshold at low temperature.
Room-temperature MIS-based plasmonic lasers have been
reported on nonepitaxial metal ﬁlms in visible and UV
ranges,7,11,12 but with very high lasing thresholds in the range
of a few ∼GW/cm2 (peak pump intensity). While our MIS
waveguides have not yet achieved full plasmonic lasing at room
temperature within the limitation our excitation laser, the onset

■

METHODS
Fabrication of MIS Structures. The plasmonic laser
devices consist of semiconductor waveguides lying on top of
Al2O3-capped single-crystalline metallic platforms formed using
either chemically synthesized Au ﬂakes or an epitaxially grown
Ag ﬁlm. The chemically synthesized Au ﬂakes have a typical
thickness in the range of 0.7−1.2 μm, with a lateral dimension
of ∼100−200 μm and a smooth surface with a typical RMS
roughness less than 1 nm (Supporting Figure S5). The 5 nm
thick Al2O3 capping layer was deposited by atomic layer
deposition. The waveguides were fabricated from an epitaxial
InGaAsP structure on an InP substrate containing four layers of
1.2% compressively strained QWs as the gain medium.29 The
four QWs have a well width of 10 nm, separated by 15 nm
barrier layers. InGaAsP waveguides were fabricated using
electron-beam lithography followed by wet chemical etching
using HBr-based solution. The resulting InGaAsP waveguides
on top of the InP sacriﬁcial layer have a width in the range of
300−600 nm and length in the range of 3−5 μm. The distance
from the bottommost QW to the bottom surface of the
waveguide layer is 15 nm. Then the fabricated waveguides were
transferred onto the surface of metallic platforms using an alldry transfer process with polydimethylsiloxane (PDMS) ﬁlms.30
The sample containing waveguides was ﬁrst upside down
attached to a PDMS ﬁlm. Then, a selective wet-etching process
using HCl solution was utilized to remove the InP sacriﬁcial
layer underneath the InGaAsP waveguide layer. Once the
sacriﬁcial layer was completely removed, the waveguides
attaching on the PDMS ﬁlm can be lifted up from the
substrate. The transfer process is carried out under an optical
microscope. The PDMS ﬁlm with attached waveguides was
mounted on a three-axis translational stage and gradually
brought into contact with the surface of the metallic platforms.
In this way, the fabricated waveguides can be positioned
precisely at desired locations. By slowly peeling oﬀ the PDMS
ﬁlm, the waveguides can be detached from the PDMS ﬁlm and
1436
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Numerical Simulations. The ﬁnite-element method was
used to investigate the waveguide mode properties of the MIS
structures. A 2D mode analysis was performed to ﬁnd
eigenmodes of the hybrid waveguide structure and calculate
the complex eﬀective indices of each transverse waveguide
modes.31 The propagation loss of each mode was calculated
from the imaginary part of the eﬀective index. The conﬁnement
factor Γ0 was calculated as the ratio of the electric energy in the
QW regions and the total electric energy of the mode. Perfectly
matched layers were used to simulate the open boundary
conditions. The dielectric constants of Au and Ag at telecom
wavelengths were obtained from the Johnson and Christy
data.28
Rate Equation Model Fitting. A simpliﬁed rate equation
model considering the photon density s and exciton density n
with a pumping rate p is used to analyze the lasing
behavior:6,13,32

transferred onto the metallic platform, forming the MIS
structure.
Epitaxial Growth of Ag Films. Successful development of
epitaxial growth of an atomically smooth, single-crystalline Ag
ﬁlm had played a central role in the realization of ultralowthreshold nanolasing in the visible range.9 The growth
procedure reported previously, however, is rather complicated
and time-consuming. In particular, the low growth rate, the
lengthy annealing process, and the requirement of several
growth cycles to achieve the desired ﬁlm thickness all make it
challenging to grow much thicker ﬁlms (>150 nm) for
nanolasing applications at the telecom wavelength. To
overcome such a diﬃculty, we have developed a new twostep procedure combining a high-rate growth and a hightemperature-anneal process, which enables us to grow smooth
epitaxial Ag ﬁlms in one growth cycle. In addition, an in situ
passivation using an ultrathin aluminum oxide (∼2 nm) layer is
also developed to protect the Ag ﬁlms for subsequent
processes. The result pertinent to plasmonic lasing in the
telecom wavelength is discussed here, although technical details
of this new growth method will be reported elsewhere. As
shown in Figure 1b, the STM image of a 150 nm thick epitaxial
ﬁlm exhibits triangular terraces. A ﬂuctuation of 5 ML is
typically observed for a ﬁlm thickness of >150 nm (∼600 ML).
The in situ capping is achieved by ﬁrst growing a 5 ML epitaxial
layer of Al, which is lattice matched to the Ag ﬁlm, followed by
oxidizing in situ in the load lock with high purity oxygen
(99.999%) for 10 min at 1.5 × 10−6 Torr. This procedure leads
to a densiﬁed, uniform aluminum oxide (AlOx). This in situ
oxidation of Al is superior to previously reported capping
methods, where a low-band-gap semiconductor material, such
as germanium (Ge), was employed. The AFM image of the 150
nm thick Ag ﬁlm after Al growth and in situ oxidation (Figure
1c) presents a smooth surface with an RMS roughness of ∼0.42
nm. X-ray diﬀraction analysis also conﬁrms that the epitaxial Ag
ﬁlm is single crystalline without residual Al on top of the Ag
ﬁlm after in situ oxidation of the capping Al. After the Ag ﬁlm
growth and in situ oxidization, we further deposited an ex situ
capping layer of 3 nm of aluminum oxide by atomic layer
deposition, resulting in an aluminum oxide layer with a total
thickness of ∼5 nm on the Ag ﬁlm for plasmonic studies.
Optical Measurements. The optical emissions from the
fabricated waveguides were measured by a microphotoluminescence (μ-PL) setup integrated in a cryogen-free cryostat
(Attocube) at a base temperature of about ∼3.8 K. The samples
were mounted on a low-temperature three-axis piezostage for
precise positioning of the target waveguide with the excitation
laser spot. The waveguides were pumped by a TTL-modulated
785 nm diode laser operating in quasi-CW mode with a 10 kHz
repetition rate and a 1 μs pulse duration (duty cycle = 0.01).
The excitation powers referred to in this work are the peak
power of the excitation pulse duration. An aspheric lens with a
numerical aperture of 0.5 was used for focusing the laser beam.
The pumping spot of about ∼5 μm in diameter ensures that
each waveguide was illuminated completely. The emission
signals were collected by the same lens and analyzed by a 0.5 m
spectrometer using a liquid-nitrogen-cooled InGaAs diode
array. For pulsed excitation measurements, the excitation
source was replaced by a 635 nm picosecond pulsed diode
laser (PicoQuant LDH-P-635) with a 40 MHz repetition rate
and a pulse duration of ∼400 ps. The referenced excitation
power is the time-averaged power.

dn
= ηp − An − ΓAs(n − n0) − A nr n
dt

ds
= βAn + ΓAs(n − n0) − γs
dt

where n0 is the exciton density at transparency,33 γ is the cavity
photon decay rate, η is the pump photon to exciton conversion
eﬃciency, β is the spontaneous emission factor, A and Anr are
the radiative and nonradiative recombination rates of excitons,
and Γ = (ng/neff)Γ0 is the eﬀective conﬁnement factor, where Γ0
≈ 0.21 is the mode overlap between the SPP1 mode and the
QW region according to ﬁnite-element simulations (Supporting
Figure S1). The exciton radiative recombination rate is given by
A = FA0, where F is the Purcell factor and A0 is the spontaneous
emission rate into free space modes. For simplicity, we assume
A0 = (1 ns)−1 and F = 1. The main ﬁtting parameters are the
spontaneous emission factor β and the cavity photon decay rate
γ, which is the sum of propagation loss and mirror reﬂection
loss of the plasmonic waveguide. The monomolecular rate
constant, Anr, is further included to account for the increased
nonradiative recombination in the gain medium at high
temperatures.34 The nonradiative recombination rate Anr is
assumed to be zero at 4 K.35
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