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ABSTRACT: A silicon-compatible light source is the ﬁnal
missing piece for completing high-speed, low-power on-chip
optical interconnects. In this paper, we present a germanium
nanowire light emitter that encompasses all the aspects of
potential low-threshold lasers: highly strained germanium gain
medium, strain-induced pseudoheterostructure, and high-Q
nanophotonic cavity. Our nanowire structure presents greatly
enhanced photoluminescence into cavity modes with measured quality factors of up to 2000. By varying the dimensions
of the germanium nanowire, we tune the emission wavelength
over more than 400 nm with a single lithography step. We ﬁnd reduced optical loss in optical cavities formed with germanium
under high (>2.3%) tensile strain. Our compact, high-strain cavities open up new possibilities for low-threshold germaniumbased lasers for on-chip optical interconnects.
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the threshold of a GeSn laser with 5% tin content by almost 2
orders of magnitude.19 The reported Ge lasers exhibited only
very slight (∼0.2%) strains8,9 and could at best provide a ∼3×
reduction in threshold relative to unstrained Ge.16,18 Devices
with higher tensile strains have been successfully demonstrated,20−22 but either did not include optical cavities or had
optical cavities with low quality (Q) factors.21,23,24 Similarly,
carrier conﬁnement in a double-heterostructure has been
explored as an avenue for achieving lasing, but requires
complex material growth and is often incompatible with tensile
strain.25,26
In this work, we propose a novel structure that addresses all
three issues jointly: high tensile strain for improved material
gain, a compact and high-Q optical nanocavity, and a
pseudoheterostructure. We present a new nanocavity design
capable of conﬁning both light and excited carriers in a >2.3%
tensile-strained active region while maintaining quality factors
up to 2000, making radiative losses negligible toward the net
gain in our devices. The amount of tensile strain can be
conveniently tuned by varying the nanowire geometry as ﬁrst
demonstrated by Minamisawa et al.,27 enabling tunable
emission over a wavelength range of more than 400 nm with
a fabrication process which requires only a single lithography
step. We envision that our compact optical resonator with

group IV light source is the long-standing holy grail of
integrated photonics, promising to enable monolithic
integration of silicon (Si) CMOS electronics with high-speed
and low-power optical systems.1−4 Previously demonstrated Sicompatible sources have included emission from Si nanowires,5
Si Raman lasers,6,7 as well as germanium (Ge)8,9 and
germanium−tin (GeSn)10 lasers. Of these sources, Ge and
GeSn oﬀer the prospect of electrically pumped lasers, a crucial
component of a fully integrated optoelectronic system.
Both optically and electrically pumped Ge lasers have been
reported in the literature,8,9,11 using a combination of 0.2%
tensile strain and heavy n-type doping to achieve optical gain.12
However, the high thresholds (30 kW/cm2, 280 kA/cm2) and
very large sizes of these lasers make them impractical for most
on-chip applications. In addition, a recent report contradicts
these ﬁndings,13 noting that the pump-induced absorption in
0.2% strained Ge is too high to permit lasing at the reported
pump powers, indicating that it is imperative to reduce the
lasing threshold. More recently, a GeSn laser was demonstrated;10 however, it also suﬀered from similarly high threshold
power (325 kW/cm2) and only operated at cryogenic
temperatures (<90 K).
Mechanical tensile strain can address the problems of both
Ge and GeSn lasers by altering the bandstructure and
increasing the electron population in the direct valley and
thus the optical gain.14−17 Theoretical modeling predicts that
applying 2% biaxial tensile strain to Ge can reduce the lasing
threshold by 200× compared to the reported Ge lasers.18
Similarly, applying the same amount of tensile strain can reduce
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step, followed by a HBr/Cl2 dry etch for pattern transfer to the
Ge layer. The structure is then undercut by a KOH wet etch to
selectively remove the Al2O3 layer, releasing the very slightly
(0.2%) strained Ge layer from the substrate. This step allows
the large pads to contract, amplifying the strain in the
nanowire.20,28,29
While crucial for inducing strain in the nanowire, the
undercut creates an air gap between the Ge layer and the
substrate, severely limiting thermal conduction out from the
nanowire and resulting in the destruction of devices under
optical pump powers of ∼5 mW. To address this limitation, we
make use of capillary forces to pull the Ge nanowire down and
bring it into contact with the SiO2 layer when drying the device
after the undercut step. The nanowire is then held in contact
with the SiO2 layer by van der Waals forces. The SiO2 layer
enables optical conﬁnement in the Ge while also serving as an
additional heat conduction path, permitting a > 10× increase in
pump power. Thermal conduction simulation results are
included in the SI (ﬁgure S2). Figure 2a,b present heightmaps of several devices, gathered using white-light interferometry. Figure 2c presents a line-scan across the single device
indicated in Figure 2b. A depression of ∼25 nm can be seen in
the vicinity of each device, equal to the thickness of the
sacriﬁcial Al2O3 layer. Finally, the reattached Ge nanowire is
coated with a thin (∼10 nm) conformal Al2O3 layer using
atomic layer deposition (ALD), passivating the surface and
further improving thermal characteristics. Figure 2d presents a
side-view schematic of the ﬁnal device.
Using a combination of ﬁnite diﬀerence time domain
(FDTD) optical simulations (Figure 3a) and ﬁnite element
method (FEM) mechanical modeling (Figure 3b), we designed
a device that supports optical modes with radiative quality
factors of over 104 while retaining very high (>2%) mechanical
strain along the nanowire. The straight 8 μm long × 700 nm
wide active region is expanded to a maximum width of 13.7 μm
and then connected to 20 μm wide side pads. The total
distance between mirrors is ∼30 μm. 10-period DBR mirrors
with a period of 380 nm and a nominal duty cycle of 21% are
matched to the shape of the optical mode. Due to the small
dimensions of the nanowire, the structure supports no higherorder transverse modes. We provide additional details about the
mirror design in the SI.

highly strained Ge nanowire gain medium will pave the way
toward practical integrated light sources for optical interconnects.
Figure 1a presents a scanning electron micrograph (SEM) of
a fabricated device, consisting of an 8 μm long highly strained

Figure 1. Strained Ge nanowire. (a) Scanning electron micrograph
(SEM) of a fabricated device, showing the etched Ge nanowire and
adjacent distributed Bragg-reﬂector (DBR) mirrors (detail view). (b)
Side-view SEM of the initial Ge-on-insulator material stack.

Ge nanowire surrounded by two large pads containing
distributed Bragg reﬂector (DBR) mirrors which form the
optical cavity. The device is fabricated in a material stack
consisting of four layers: 200 nm Ge, 25 nm Al2O3, 850 nm
SiO2, and Si wafer (Figure 1b). Fabrication details for creating
the material stack are provided in the Supporting Information
(SI). The Ge layer is n-type doped with 1 × 1019 cm−3
phosphorus atoms using in situ doping during growth. The
device is patterned using a single electron beam lithography

Figure 2. Substrate stiction. (a) Wide-area and (b) detailed height-maps of the wafer surface, gathered using white-light interferometry. The boxed
area from a is shown in b. The devices and nearby undercut regions are lower than the wafer surface. Height values below −100 nm are clamped for
clarity. (c) Line-scan of the region in b, showing a step height of ∼25 nm at the edge of the undercut region, corresponding to the thickness of the
sacriﬁcial Al2O3 layer. (d) Side-view schematic of the ﬁnal material stack. Layer thicknesses are 20 nm Al2O3, 200 nm Ge, 25 nm Al2O3, 850 nm SiO2,
Si substrate.
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strained Ge along the length of the nanowire. Additionally,
because tensile strain reduces the bandgap of Ge, the spatial
variation in the strain proﬁle creates a pseudohetereostructure
which conﬁnes carriers to the nanowire region, greatly
improving carrier concentrations in the gain medium.28
Figure 4a shows photoluminescence spectra from unstrained,
1.95%, and 2.37% strained nanowires with identical optical
cavities. The devices were pumped with 2.5 mW of power from
a continuous-wave (CW) 980 nm diode laser. The emission
peak can be seen to redshift from ∼1560 nm to at least 1980
nm as the strain in the nanowire increases and the bandgap
narrows.16 The position of the emission peak for the 2.37%
strained nanowire artiﬁcially appears at a shorter wavelength
than expected (>2000 nm) due to a gradual reduction in signal
intensity caused by the detection limit of the extended InGaAs
photodiode array used to collect the spectra. Optical
resonances with a free spectral range of 24.6 nm are visible
in the strained wire spectra but are obscured by noise in the
unstrained wire spectrum due to low signal intensity. Figure 4b
presents a Lorentzian ﬁt to a single optical mode under
identical pump conditions. A Q-factor of 2020 is observed,
limited by sidewall roughness along the nanowire and material
absorption.
Figure 4c presents spectra from a 1.95% strained nanowire
under pulsed excitation with various average powers. The
pulsed pumping source was a 1550 nm laser with 2 μs pulse
period and 200 ns pulse length, chosen to minimize heating.
Figure 4d displays a series of spectra taken with varying pump
powers, with the intensity in each row normalized to its
maximum value. Resonances at all wavelengths are seen to shift
to shorter wavelengths and broaden as the pump power is
increased; both eﬀects are readily explained by increased free
carrier densities in the active region. Contrary to previous

Figure 3. Optical mode and strain distribution. Insets on right show a
magniﬁed view of the right side of the wire and adjacent tapered
region. (a) Ey ﬁeld distribution for the optical mode with a free-space
wavelength of 2.0 μm, obtained with FDTD simulation. (b) Tensile
strain distribution in an identical structure, obtained with FEM
simulation. A uniform strain of ∼2.4% is present along the narrow
central segment of the nanowire. (c) Strain map for a fabricated device,
experimentally obtained using Raman spectroscopy.

From simulations, we ﬁnd that the strain is very uniform
along the straight central region of the nanowire as well as in
the out-of-plane direction throughout the device. We calculate
an optical conﬁnement factor of 0.37 in the maximally strained
region for the mode pictured in Figure 3a. Figure 3c shows an
experimentally measured strain distribution in a fabricated
device, collected using Raman spectroscopy (details in SI). The
result matches our FEM simulations and reveals uniform highly

Figure 4. Photoluminescence (PL). (a) PL spectra for devices with 0%, 1.95%, and 2.37% tensile strain. The direct-gap emission intensity increases
greatly at higher strain and exhibits high-Q resonances with a free spectral range of 24.6 nm. The detection limit of the spectrometer is denoted with
a gray background. (b) Lorentzian ﬁt to a single resonance peak with ﬁtted quality factor of 2020. (c) High resolution PL spectra for a 1.95% strained
nanowire pumped with increasing average power from a pulsed laser source. Results at wavelengths below ∼1950 nm include atmospheric
absorption lines. (d) Spectral dependence of the emission on the pump power. Each spectrum (row) is normalized to its peak value. A large freecarrier-induced blue shift and signiﬁcant broadening are observed for all modes.
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Figure 5. Analysis of net optical gain. (a) Plot of net optical gain versus incident pump power (980 nm CW) for 2.37% (black, λ = 2010 nm) and
1.95% (red, λ = 1961 nm) strained nanowires. A clear improvement in net gain is seen in the more strained device. (b) Net optical gain versus
injected carrier density for the 2.37% strained device. Black dots indicate experimental data, and the dashed gray line indicates values from EPM
calculations. Carrier densities are obtained through calculation of the absorbed laser power and a ﬁt to theory; calculation details are presented in the
SI. (c) Plot of optical losses included in the curve presented in b. Losses from valence-band transitions in the highly strained nanowire dominate. At
high pump powers, the contribution from the pad regions is negligible due to strong carrier conﬁnement in the pseudoheterostructure.

To model the net gain present in our structures, we ﬁrst use
the empirical pseudopotential method (EPM) to evaluate the
band structure of strained Ge. EPM is known to capture the
eﬀects of strain on band structure, including the valence band
splitting, particularly well.31 Once the band structure of strained
Ge is found, it is used to calculate the joint density of states
(JDOS) and momentum matrix elements (MME) for band-toband transitions. Having calculated the JDOS and MME, the
absorption (or gain) coeﬃcient for direct transitions between
any two bands can be computed using the Fermi’s Golden Rule
as a function of carrier injection. The transitions considered in
this model are the transitions between conduction and valence
bands (i.e., the gain), between the valence bands (intervalenceband absorption), and within the conduction band. By ﬁtting
this model (Figure 5b, dashed line) to our calculated
experimental net gain, we extract a minority carrier lifetime of
2.9 ns, in good agreement with previous measurements.32
To clarify the dominant loss mechanisms in our modeling,
we present them individually in Figure 5c. From this plot, we
attribute the Q reduction we observe in our structure primarily
to transitions between the valence bands. This is supported by
the pump-induced absorption reported by Carroll et al.,13
though it is contradictory to existing reports of lasing in Ge.8,9
By increasing strain from 1.95% to 2.37%, we observed a
signiﬁcant reduction in net optical loss, in agreement with the
predictions of our model. Extension of our model to higher
strain values suggests that net positive gain can be achieved in
∼4% strained Ge at room temperature for a doping of 1 × 1019
cm−3 and carrier injection of approximately 2 × 1019 cm−3. This
is a consequence of complex valence band splitting in the very
high strain regime, and details of the modeling results will be
published elsewhere. As strain values in excess of 5% have been
observed experimentally,29 we expect that extension of this

reports,8,9 we did not observe signs of lasing, such as line width
narrowing, although our material is highly strained and has a
similar doping level to the reported optically pumped Ge-on-Si
laser. We estimate that radiative optical losses under 5 mW
pump power are 2× lower than the net material loss in the
nanowire (10× lower at 20 mW). As gross material loss is likely
signiﬁcantly higher, we expect that any further increases in
radiative Q-factor would be detrimental to the slope eﬃciency
of a strained Ge laser, which is optimal when radiative and gross
material losses are simlar in magnitude.
To understand the gain/loss mechanisms in our highly
strained Ge resonator, we quantitatively calculate the change in
net material gain necessary to cause the Q reduction we observe
experimentally. We express the net loss α = (ω21/2/c){[1 +
(σeff/ϵω)2]1/2}1/2, in terms of the material dielectric constant ϵ,
the angular frequency of the emitted light ω, and an eﬀective
conductivity σeff.30 We then relate σeff to the pump-dependent
quality factor Qabs = ωE/Pabs, where E is the energy in the
resonator and Pabs is the instantaneous absorbed power. Pabs is
expressed as Pabs = ∫ ∬wire σeff |,|2 dV , where , is the electric
ﬁeld distribution; self-consistent values of , and E were taken
from FDTD simulation. Finally, we ﬁnd Qabs by decomposing
the experimentally measured quality factor Qexp into two
components, a constant cold-cavity quality factor Qcold and a
−1
−1
power-dependent component Qabs, with Q−1
exp = Qcold + Qabs and
−1
assuming Qabs ∝ Ppump (SI, Figure S4).
We plot the net optical gain for 2.37% (λ = 2010 nm) and
1.95% (λ = 1923 nm) strained nanowires in Figure 5a. The net
gain is seen to decrease with increasing pump power, indicating
that increasing free-carrier losses overwhelm any optical gain
from the direct-band transition. Nevertheless, we ﬁnd a
signiﬁcant improvement in net gain as the strain is increased
from 1.95% to 2.37%, likely due to an increase in the available
optical gain.
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work to devices capable of sustaining 4% or higher tensile strain
will enable low-threshold room temperature lasing in Ge.
In summary, we demonstrated greatly enhanced directbandgap light emission from a nanowire-based optical
resonator. Our device lays the groundwork for a practical
group IV nanolaser by integrating high tensile strain, a
pseudoheterostructure, and a low-loss optical cavity. We
presented resonances with Q factors of up to 2000 and
emission tunable over a >400 nm range in devices fabricated
with a single lithography step. By performing a quantitative
analysis of the pump-dependent net optical gain in our
resonators, we found reduced net optical loss from our highly
strained devices. At the strain levels achieved in our devices, we
determined that losses from valence band transitions dominate
any optical gain in our material. We found good agreement
between measured net optical gain and EPM modeling, and
extracted a minority carrier lifetime of 2.9 ns. We expect that
application of further mechanical strain16,18 or translation of
our work to a GeSn material system19 will enable practical Sicompatible lasers with order-of-magnitude improvements in
threshold over the state of the art.
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