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Germanium is an attractive material for silicon-compatible optoelectronics, but in its bulk form it does not emit light
efficiently because of its indirect bandgap. Applying tensile strain to germanium modifies its band structure such that
radiative recombination is enhanced, leading to improved light emission. Here, we introduce the ‘suspension platform for
optoelectronics under tension’, a micromachining-based technology that applies large, locally tunable tensile strains to
suspended device layers. Using this approach, we demonstrate dramatically enhanced light emission from uniaxially and
biaxially tensile-strained germanium-on-insulator device layers. Photoluminescence enhanced by a factor of 130 at a
wavelength of 1,550 nm and integrated enhancement by greater than a factor of 260 over bulk germanium are described.
The emission exhibits a superlinear dependence on optical pump power. We also report preliminary evidence for enhanced
electroluminescence from suspended germanium-on-insulator light-emitting diodes.

C
ommercial high-performance communications systems use
optoelectronic devices based on III–V direct-bandgap semi-
conductors. In an E–k diagram plotting electron energy E

against wave vector k, which describes the momentum of an electron
along different crystal directions and at certain symmetry points,
these materials have their global valence band maximum and
conduction band minimum at the same k (usually at k¼ 0,
the G valley).

Although III–V semiconductors function as useful optoelectro-
nic materials, they are incompatible with standard silicon
processing and require expensive substrates processed by low-
throughput manufacturing. With the goal of achieving higher
performance, greater energy efficiency and lower cost, many
researchers are exploring alternatives to the III–V semiconductors
to develop a fully silicon-compatible photonics technology for
monolithic integration1–5.

Germanium is a promising material for silicon-compatible
optoelectronics. Its absorption coefficient in the 1,300–1,475 nm
range is comparable to those of III–V semiconductors, and photo-
detectors based on germanium have been demonstrated6–8. In
addition, the germanium direct G valley is only 136 meV higher
in energy than the indirect L valley (the ,111. point in E–k
space where k = 0) and lies within the communications C band,
suggesting that germanium also has potential as an efficient, practi-
cal light emitter9. Unfortunately, the detection and emission of
light by bulk germanium suffers from limitations imposed by its
band structure. Although bulk germanium represents an attractive
alternative to the III–V semiconductors for photodetection in the
shorter wavelength range, its absorption is inadequate for wave-
lengths longer than �1,500 nm. For example, its absorption coeffi-
cient at 1,550 nm is �1/20th that of InGaAs, requiring thick layers,
longer waveguides or optically resonant designs to enable compar-
able absorption6,10. In terms of light emission, the energy difference
between the G and L conduction-band valleys results in preferential
carrier occupation of the L valley and correspondingly weak
radiative recombination.

Applying tensile strain to germanium reduces the energy offset
between the G and L valleys, increasing electron occupancy in the
G valley and improving photon absorption and emission9. This
expands the effective spectral range achievable by germanium-
based photodetectors to include the C (1,530–1,565 nm) and L
(1,565–1,625 nm) communication bands and enables stronger
radiative recombination for light emission. Here, we introduce a
micromachining-based technology that uses methods from micro-
electro-mechanical systems (MEMS) manufacturing to dramatically
enhance the optical performance of germanium through the appli-
cation of large, locally tunable uniaxial and biaxial tensile strains to
suspended germanium-on-insulator (GOI) device layers. Compared
to bulk germanium, the strained GOI films exhibit large photolumi-
nescence enhancements in excess of 130× at 1,550 nm and inte-
grated emission enhancements in excess of 260×. We also observe
that the emission has a superlinear dependence on optical pump
power. The fabrication process uses silicon-compatible materials
and techniques, facilitating future integration into standard
chip architectures.

‘Suspension platform for optoelectronics under tension’
The deposition of stressed liner films has long been used to impart
strain to device layers, whereby the intrinsic liner stress is trans-
ferred to the underlying materials and alters the local band struc-
ture11,12. For electronics applications, the use of strain can yield
large improvements in transistor performance13,14. However, the
simple deposited-film approach does not induce large enough
strains to achieve significant optoelectronic enhancement, where
linear relationships govern the changes in band structure. The
reason for this limitation is the stress distribution between the
deposited film and underlying materials.

Equations (1) to (3) describe the stress distribution for a liner
deposited on a device layer, where s, t, E, v, 10 and 1 represent
material stress, thickness, Young’s modulus, Poisson’s ratio, initial
liner strain and final strain, respectively. We ignore bending
moments and associated strain gradients by treating the material
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stack as if held flat on a compliant substrate with only in-plane
deformations allowed.

sfilmtfilm + sactivetactive = 0 (1)

1film = 10
(1 − vfilm)Eactivetactive

(1 − vactive)Efilmtfilm + (1 − vfilm)Eactivetactive
(2)

1active = −10
(1 − vactive)Efilmtfilm

(1 − vactive)Efilmtfilm + (1 − vfilm)Eactivetactive

(3)

Supplementary Fig. S1 plots the different stress magnitudes in the
material stack, where sx¼ 1xEx , for the case of a silicon nitride
(Si3N4) liner (thickness, 1 mm; intrinsic tensile stress, 1 GPa) depos-
ited on silicon, as a function of device layer thickness. For thinner
silicon device layers, the nitride liner relaxes by transferring more
of its initial intrinsic stress to the silicon. Applying this principle
to a GOI stack on a silicon substrate, selectively removing part of
the substrate would leave a suspended GOI film. Large tensile stres-
ses can thus be applied directly to the germanium device layer, sig-
nificantly altering its band structure and improving the performance
of germanium-based optoelectronic devices.

Figure 1 illustrates this approach, which we term the ‘suspension
platform for optoelectronics under tension’ (SPOT), for inducing
large tensile strains in suspended GOI device layers. Figure 1a pre-
sents a schematic illustration of an idealized structure used to apply
uniaxial strain, and Figure 1b,c presents finite-element simulations
of GOI device layers under uniaxial and biaxial tensile strains,
respectively. Lengths are defined along the x-axis ([100]), widths
along the y-axis ([010]) and thicknesses perpendicular to the film
surfaces along the z-axis ([001]). Si3N4 (1-mm-thick) under 1 GPa
intrinsic tensile stress is simulated on top of 1-mm-thick silicon
dioxide (SiO2) and patterned into stressor bars that are connected

by patterned 100-nm-thick GOI islands. The GOI islands and
part of the Si3N4 stressors are released by selective partial removal
of the underlying silicon substrate. The suspended stressor regions
relax through contraction, transferring much of their intrinsic
tensile stress to the germanium, which has a smaller elastic modulus.

The uniaxial structure shown in Fig. 1b has a 25 mm × 25 mm
GOI island and 100 mm × 200 mm Si3N4 stressors with 100-mm-
long released lengths. The released Si3N4 regions relax and
undergo compression relative to their initial state, applying uniaxial
tensile stress to the GOI device layer. The magnified view of the GOI
layer indicates the presence of tensile strain in excess of 1.35% at the
centre. Variation across its width indicates the presence of shear
stress near the edges, and is due to the mechanics involved in strain-
ing a film with finite volume.

The biaxial structure shown in Fig. 1c has a GOI region that is
patterned into a cross formed by intersecting 10 mm × 100 mm
ribbons. The 100 mm × 300 mm Si3N4 stressors have 200-mm-long
released lengths. As in the uniaxial structure, the released Si3N4
regions relax, applying stress to the GOI film. To highlight sym-
metry, the colour bar for the biaxial structure presents the sum of
the strain tensor components in the x and y directions (1xþ 1y).
The magnified view of the central GOI region shows that a large
amount of tensile strain can also be achieved in this configuration,
with maxima at the corners of the cross due to shear stresses.

In the SPOT method, there is a strong dependence of achievable
strain on the geometries and material properties of the device layer
and stressors. For example, by reducing the germanium width rela-
tive to the Si3N4, the transferred stress can be increased. Reducing
the germanium thickness can also be used to further increase
the stress transfer. Other films, such as silicon carbide (SiC),
diamond-like carbon and even germanides, can be used in place
of Si3N4 to serve as stressor materials, as well as electrical contacts
in some cases. In contrast to current methods, the SPOT approach
provides various means to control the material strain, facilitating
tunability of its band structure and optical device performance.
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Figure 1 | Finite-element simulations of tensile-strained suspended (100) GOI device layers with 100-nm-thick germanium on 1-mm-thick SiO2 and 1-mm-

thick Si3N4 stressors with 1 GPa initial intrinsic tensile stress. a, Schematic illustration of an idealized structure for inducing uniaxial tensile strain. b, Uniaxial

simulation of a 25mm × 25mm GOI device layer with 100mm × 200mm Si3N4 stressors with 100-mm-long released lengths. Colour bar shows the [100]

strain tensor component (1x). c, Biaxial simulation of a GOI cross formed by intersecting 10mm × 100mm ribbons and 100mm × 300mm Si3N4 stressors

with 200-mm-long released lengths. Colour bar shows the sum of the in-plane (001) strain tensor components (1xþ 1y).
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Photoluminescence measurements
Tensile-strained germanium device layers were fabricated on (100)
GOI substrates with 250-nm-thick germanium on 1-mm-thick
buried SiO2. Si3N4 stressor films (1-mm-thick) were deposited
with þ450 MPa intrinsic tensile stress. Supplementary Fig. S2 pre-
sents a strain analyses comparison for a uniaxially tensile-strained
suspended 40 mm × 100 mm (100) GOI device layer with 60-mm-
wide Si3N4 stressors. Strain transfer was accomplished by the
release of 40-mm-long lengths at the end of each stressor.
Supplementary Fig. S2a shows the finite-element strain simulation
result, predicting 0.8% uniaxial tensile strain along [100], and
Supplementary Fig. S2b presents a micro-Raman spectroscopy
analysis of the fabricated device, indicating the presence of 0.84%
uniaxial tensile strain, in good agreement with the simulation.

Photoluminescence measurements were performed on tensile-
strained GOI device layers using a 532 nm excitation source with
a spot size of �5.6 mm. The germanium absorption coefficient
at 532 nm is �0.5 × 106 cm21, corresponding to a penetration
depth of �20 nm (ref. 15). Supplementary Fig. S3 presents the
photoluminescence spectra and optical pump power-dependent
emission at 1,550 nm (standard reference wavelength for germa-
nium-based optoelectronics) obtained from an unstrained bulk
(100) germanium wafer (Supplementary Fig. S3a,b) and an unre-
leased (100) GOI film (Supplementary Fig. S3c,d; 0.16% biaxial
tensile strain)16. Supplementary Fig. S4 summarizes the photolumi-
nescence measurements from (100) GOI device layers that have
been released from the underlying silicon substrate but without
undergoing significant stress transfer. Supplementary Fig. S4a,b pre-
sents a scanning electron microscope (SEM) image of a uniaxial
structure (Si3N4 width, 60 mm; germanium (width × length),
40 mm × 20 mm; 0.15% uniaxial tensile strain along [100]) and the
photoluminescence emission at 1,550 nm for increasing optical
pump power, respectively. Supplementary Fig. S4c,d presents an
SEM image of a biaxial structure (Si3N4 width, 60 mm; germanium
(width × length), 40 mm × 100 mm; 0.12% biaxial tensile strain in
the (001) plane) and the photoluminescence spectra obtained
under 10 mW optical pump power, respectively. These films do
not experience significant stress transfer because the release
process is halted before the etch front propagates along the Si3N4
stressors. Consequently, there is negligible photoluminescence
emission enhancement compared to bulk germanium.

Figure 2 summarizes the photoluminescence spectral analysis of
a suspended 20 mm × 100 mm (100) GOI device layer under 0.98%

uniaxial tensile strain along [100] with 60-mm-wide Si3N4 stressors.
Figure 2a shows the SEM image of the device, and Fig. 2b presents
the photoluminescence spectrum obtained under 10 mW optical
pump power. Compared to bulk germanium, which has an emission
peak at �1,550 nm, the uniaxially strained germanium photolumi-
nescence peak is redshifted by �315 nm to �1,860 nm. At 1,550
nm, the strained device has an emission enhancement over bulk ger-
manium in excess of 75×, and exhibits an enhancement of 190× at
its 1,860 nm peak photoluminescence wavelength. Additionally, the
integrated photoluminescence emission obtained from the tensile
GOI device layer is 260 times higher than that measured from
bulk germanium. Supplementary Fig. S5 presents more information
on the photoluminescence emission obtained from this uniaxial
device. Similar results obtained from a suspended 10 mm × 60 mm
(100) GOI device layer under 0.57% biaxial tensile strain in the
(001) plane with 20-mm-wide Si3N4 stressors are presented in
Supplementary Fig. S6. Compared to bulk germanium, the peak
emission from this sample is redshifted by �290 nm to �1,835
nm. Under 10 mW optical pump power, the device has an emission
enhancement over bulk germanium of nearly 65× at 1,550 nm and
215× at its 1,835 nm peak photoluminescence wavelength. The
integrated photoluminescence emission is 215 times higher than
that measured from bulk germanium.

Figure 3 presents the photoluminescence emission measured at
1,550 nm with optical pump power from suspended (100) GOI
device layers under uniaxial and biaxial tensile strain. Figure 3a pre-
sents an SEM image of a 40 mm × 100 mm GOI device layer under
0.96% uniaxial tensile strain along [100] with 100-mm-wide Si3N4
stressors. Figure 3b presents an SEM image of a 10 mm × 60 mm
GOI device layer under 0.82% biaxial tensile strain in the (001)
plane with 100-mm-wide Si3N4 stressors. The measured photolumi-
nescence emission at 1,550 nm (Fig. 3c, log–log scale) from the uni-
axial and biaxial devices exhibits superlinear dependencies on
optical pump power with slopes of m¼ 7.49 and m¼ 6.86, respect-
ively. For the uniaxial device, the onset of superlinearity occurs at a
threshold of 7 mW. This change in the emission at 1,550 nm is con-
sistent with a band-filling effect and optical amplification17. The
uniaxially tensile-strained germanium device layer, although
having a smaller direct bandgap compared to bulk germanium,
still has a finite energy difference between the G and L conduc-
tion-band valleys. Once the electronic states in the L valley lying
below the G-valley minimum are occupied, additional electrons
will start to significantly fill the G valley and direct-bandgap
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Figure 2 | Spectral photoluminescence analysis of a suspended 20mm 3 100mm (100) GOI device layer under 0.98% uniaxial tensile strain along [100]

with 60-mm-wide Si3N4 stressors. a, SEM image. b, Comparison of photoluminescence spectra under 10 mW optical pump power from the device shown in

a and bulk germanium. A complete set of photoluminescence spectra is provided in Supplementary Fig. S5.
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transitions can therefore occur at higher carrier injection levels
according to population statistics and the distribution of electronic
states. Comparison of the photoluminescence emission from the
uniaxial device and bulk germanium indicates an enhancement at
1,550 nm of 70× at 15.5 mW optical pump power. Supplementary
Fig. S7 presents additional information on the photoluminescence
emission obtained from this device.

As from the uniaxially strained GOI sample, a superlinear
increase in photoluminescence emission is evident from the biaxi-
ally strained device. However, the onset of superlinearity occurs at

a lower threshold of 3.55 mW. This earlier onset is expected
because of the difference in germanium volume being strained as
well as biaxial strain being more effective than uniaxial strain at
reducing the energy difference between the G and L conduction-
band valleys9. Owing to this latter effect, there is a smaller energy
separation between the direct G and indirect L valleys for the
biaxial device, resulting in fewer lower-lying L-valley states that
must be occupied before direct transitions can occur. A relative
enhancement in excess of 130× over bulk germanium at 8.5 mW
optical pump power is achieved. Supplementary Fig. S7 presents
additional information on the photoluminescence emission
obtained from this device.

Theoretical modelling and analysis
Figure 4 illustrates schematically the band structures for bulk ger-
manium (Fig. 4a) and tensile-strained germanium under low
carrier injection (Fig. 4b) and high carrier injection (Fig. 4c). The
total light emission is determined by the number of excited carriers
in the G and L valleys, respectively NG and NL, radiatively recombin-
ing according to their respective rates, RG and RL. Phonon-mediated
radiative transitions from the L valley are relatively infrequent,
leading to small values for RL (refs 18–20).

As shown in Fig. 4a, most of the carriers injected into bulk ger-
manium reside in the L valley. Owing to the G 2 L energy offset,
very few carriers occupy states in the G valley, and the light emission
is weak as a result of the small RL. In a strained germanium device
layer under similar carrier injection (Fig. 4b), some excited carriers
can occupy states in the G valley due to the reduced energy offset.
These carriers near k¼ 0 undergo radiative recombination at RG ,
leading to an increase in the light emission. As more carriers are
injected into the strained germanium (Fig. 4c), G-valley states
become heavily populated according to Fermi–Dirac distribution
statistics, and light emission increases further. Larger tensile
strains lead to greater reductions in the energy offset between the
G and L valleys, which increases the proportion of injected carriers
in states near k¼ 0 and causes stronger increases in light emission.

Recombination rate equation (4) quantitatively describes the
effects of strain and excitation on the carrier dynamics:

d(DN)
dt

= G − DN
tNR

− RGDP(xGDN) − RLDP(xLDN)

− CN(DN + ni)2
DP − CP(DN + ni)(DP)2

(4)

where G is the carrier generation rate due to optical excitation, DN
and DP are the injected electron and hole carrier concentrations,
tNR¼ 1 ns is the non-radiative recombination time constant
(extracted from lifetime measurements), RG¼ 1.3 × 10210 cm3 s21

and RL¼ 5.1 × 10215 cm3 s21 are the direct- and indirect-
gap recombination coefficients, CN¼ 3 × 10232 cm6 s21 and
CP¼ 7 × 10232 cm6 s21 are the electron and hole Auger recombi-
nation rates, xG and xL¼ 1 2 xG are the fraction of total carrier
concentration resident in the G and L valley states (NG¼ xGDN,
NL¼ xLDN), and ni is the intrinsic carrier concentration18,20–23.
Equation (4) is solved under steady-state conditions, with the
injected carrier concentrations (DN and DP) and the occupation
factors (xG and xL) calculated from Fermi–Dirac statistics. The
effects of strain on the band energies are calculated using linear
deformation potential theory, which predicts the conversion of
germanium into a direct-bandgap material with EG ≈ 0.5 eV at 2%
biaxial tensile strain24. Supplementary Fig. S8 presents room-
temperature steady-state recombination modelling results for
germanium device layers under various levels of biaxial tensile
strain. The model also includes bandgap renormalization and
changes in carrier distribution in the G valley due to the injected
carrier concentration.
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Figure 5 presents the steady-state recombination analysis for the
0.82% biaxially tensile-strained device shown in Fig. 3b, including
the maximum calculated (finite-element) steady-state germanium
surface temperature due to the photoluminescence pump laser
(Fig. 5a), the conduction band energies (Fig. 5b), the G-valley
carrier occupation term (xG) (Fig. 5c) and the calculated photo-
luminescence emission (log–log scale, showing a superlinearity of

m¼ 2.4; Fig. 5d). Although the calculated emission trend generally
agrees with the measured photoluminescence–optical pump power
dependence, we observe a faster increase in the measured emission
from the biaxial device, which has a superlinearity of m¼ 6.86,
suggesting the presence of optical amplification.

Recombination modelling also explains the photoluminescence
peak shift results in the measured devices. As can be seen in the
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spectra from the 0.98% uniaxially strained device (Fig. 2,
Supplementary Fig. S5) and the 0.57% biaxially strained device
(Supplementary Fig. S6), we observe larger-than-expected redshifts
in the photoluminescence peaks. Standard deformation potential
theory predicts G-valley minima for the uniaxial and biaxial
devices at 1,710 nm and 1,730 nm, respectively24,25. However, the
peak wavelength for real devices is determined by a number of phys-
ical mechanisms taking place simultaneously during photolumines-
cence measurement. In particular, released devices experience heat
generation due to the pump laser, inducing further changes in the
band structure. Nominally, this leads to a linear reduction in the
G-valley energy and continued redshifts with increasing optical exci-
tation. However, several other mechanisms limit the observed peak
shift. The high-level injection of carriers through increasing optical
excitation results in occupation of higher-energy states in the G

valley (due to the limited density of states), shifting the carrier dis-
tribution ‘centre of mass’ towards higher energies and introducing a
blueshift component. In addition, although thermal energy leads to
bandgap narrowing, it also induces carrier redistribution towards
higher-energy states in the G valley via Fermi–Dirac statistics.
The latter process introduces a second blueshift component in
the photoluminescence peak wavelength that scales linearly with
thermal energy kBT, where kB is the Boltzmann constant.
Combined with the injection of high levels of carriers, the thermally
induced carrier redistribution counteracts a further photolumines-
cence peak shift for higher optical pump powers. For the biaxial
device presented in Supplementary Fig. S6, these carrier distribution
phenomena fully cancel bandgap-narrowing effects and even
result in a slight overall blueshift of the photoluminescence peak
under 10 mW optical pump power.

Tensile-strained GOI light-emitting diodes
Tensile-strained GOI light-emitting diodes (LEDs) have also been
fabricated using the SPOT method and are undergoing characteriz-
ation. Figure 6 presents preliminary data obtained from LEDs with
p-i-n doping configurations. Figure 6a presents an SEM image of a
uniaxially tensile-strained 50 mm × 100 mm GOI p-i-n–LED with
75-mm-wide Si3N4 stressors, and Fig. 6b presents an SEM image
of a biaxially tensile-strained 25 mm × 100 mm GOI p-i-n–LED
with 75-mm-wide Si3N4 stressors. Figure 6c presents time-resolved
electroluminescence measurements from a reference p-i-n–LED
fabricated on an unpatterned �1.5-mm-thick epitaxial germanium
film on silicon under �0.2% biaxial tensile strain. An 894 mA
current was measured under 1 V applied d.c. bias. No discernible
light emission above the background noise level was observed
from this device. Figure 6d shows time-resolved electrolumines-
cence from a uniaxially tensile-strained 25 mm × 75 mm GOI p-i-
n–LED with 75-mm-wide Si3N4 stressors. Before the release etch,
a 195 mA current was measured under 1 V applied d.c. bias. A
length of �80 mm was then released at the end of each stressor
bar to induce �0.99% uniaxial tensile strain along [100] in the
GOI device layer. The peak at �2.6 ms indicates the presence of elec-
trically driven light emission. The time-resolved peak is narrow due
to the small pulse duty cycle used in the measurement (see
Methods). According to standard deformation potential theory,
an �0.99% uniaxial tensile strain should induce a shift in the germa-
nium direct-bandgap emission to �1,712 nm. Because of detector
limitations, the available time-resolved measurement set-up
was unable to collect photons with wavelengths longer than
�1,600 nm (see Methods). Consequently, although we observed
enhanced electrically driven light emission, the preliminary LED
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Figure 6 | Preliminary electroluminescence results from tensile-strained suspended (100) GOI LEDs. a, SEM image of a 50mm × 100mm GOI p-i-n–LED

under uniaxial tensile strain along [100] with 75-mm-wide Si3N4 stressors. b, SEM image of a 25mm × 100mm GOI p-i-n–LED under biaxial tensile strain

in the (001) plane with 75-mm-wide Si3N4 stressors. c, Time-resolved electroluminescence from a reference p-i-n–LED fabricated on a 1.5-mm-thick epitaxial

germanium layer on silicon. d, Time-resolved electroluminescence from a 25mm × 75mm GOI p-i-n–LED under 0.99% uniaxial tensile strain along [100]

with 75-mm-wide Si3N4 stressors. An 80-mm-long length of each stressor is released from the substrate to facilitate stress transfer to the LED.
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measurements presented here do not include photon counts near
the peak emission wavelength and therefore significantly underesti-
mate the total emission achieved from our strained devices. We are
confident that our tensile-strained GOI LEDs produce light emis-
sion at least two orders of magnitude higher than that from bulk
germanium, consistent with the reported photoluminescence
results. Further device characterization is in progress, but these
initial results demonstrate that electrically driven light-emitting
devices are feasible and also illustrate the potential of the SPOT
technology to enable monolithically integrated optoelectronics
that may be able to compete with conventional III–V devices.

Conclusions
The micromachining-based SPOT technology introduced here
achieves large, locally tunable tensile strains in germanium device
layers via a silicon-compatible fabrication process that makes use
of methods from MEMS manufacturing. Photoluminescence
measurements indicate the presence of a strong superlinearity in
the optical emission, leading to record enhancements over bulk ger-
manium in excess of 130× at 1,550 nm and integrated enhance-
ments in excess of 260×. Greater light emission should be feasible
through straightforward modifications of the various design par-
ameters in the platform to further increase tensile strain.

Furthermore, the SPOT technology can be applied to a variety of
material systems, because it relies not on pseudomorphic epitaxial
growth or differences in thermal expansion, but on the mechanical
stress distribution between a device layer and an independent
microfabricated stressor structure. The approach will also benefit
future studies of the effects of varying strain on silicon nanowires,
graphene sheets and other materials.

Methods
Photoluminescence device fabrication. GOI substrates ((100) surface orientation)
with 250-nm-thick germanium layers on 1-mm-thick buried SiO2 were prepared as
starting materials using a cyclical epitaxial growth/anneal process and layer-transfer
techniques16. Approximately 300 nm of low-temperature oxide was deposited by
low-pressure chemical vapour deposition (LPCVD) to serve for germanium surface
passivation and etch-stop. The germanium device layers were then patterned into
structures suitable for applying either uniaxial or biaxial stress. Stressed Si3N4 films
(1-mm-thick) were then deposited by plasma-enhanced chemical vapour deposition
(PECVD). Separately, wafer curvature measurements on test wafers indicated an
intrinsic nitride film stress of �þ450 MPa (tension). The nitride layers were then
patterned and etched into different configurations in connection with the defined
GOI islands. After patterning and etching of the buried oxide to provide access to the
underlying silicon substrate, the GOI device layers and nitride regions were released
from the substrate by means of an isotropic silicon etch (XeF2) to facilitate
stress transfer.

Photoluminescence measurements. Photoluminescence measurements were
performed using the second harmonic of a continuous-wave Nd:VO4 laser for
excitation at 532 nm, focused on the sample surface to a spot size of �5.6 mm
(diameter) by a near-infrared objective with a numerical aperture of 0.26. The
germanium absorption coefficient at 532 nm is �0.5 × 106 cm21, corresponding
to a penetration depth of �20 nm (ref. 15). Because the thickness of the strained
GOI device layers was �250 nm, we probed a similar volume across all samples
(including bulk germanium). A longer-wavelength excitation source was not used so
as to maintain a consistent probe volume. The emitted photoluminescence was
collected through the objective and analysed using a spectrophotometer equipped
with a liquid-nitrogen-cooled strained linear InGaAs photodetector array kept stable
at 2100 8C. To minimize artefacts introduced by non-uniformities in the
illumination of the photodetector array, spectral scans were acquired by operating
the system as a single-channel detector. Specifically, the 1,000–2,200 nm scan range
used for photoluminescence measurements was subdivided into 250 points, with the
photoluminescence emission reported for a given wavelength being the average of
the signal measured by the centre 103 pixels of the detector array. Artefacts due to
noise variations during a full spectral scan were minimized by retaking the system
background signal after every tenth acquisition, for a total of 25 background
acquisitions per spectrum. Finally, the spectral response of the optical system itself
was corrected for using a blackbody emitter at 3,100 K. All of the photoluminescence
results reported here have been successfully repeated and reproduced across
multiple devices.

LED device fabrication. Tensile-strained germanium LEDs were fabricated on (100)
GOI substrates with 250-nm-thick germanium layers on 1-mm-thick buried SiO2

(ref. 16). Film doping was carried out by ion implantation, and devices with both p-n
and p-i-n doping configurations were fabricated. Sheet resistance measurements
carried out on test wafers indicated p- and n-type dopant concentrations of
�3.45 × 1019 cm23 and �5.7 × 1019 cm23, respectively. Following dopant
activation anneal, the germanium device layers were patterned into structures
suitable for applying either uniaxial or biaxial stress. Surface passivation was
performed using a two-step process. First, a 5-nm-thick GeO2 passivating film was
grown via radical oxidation of the germanium surface, followed by LPCVD
deposition of a 300-nm-thick low-temperature oxide to serve as additional surface
passivation and help reduce device leakage current. Following stressor deposition
and patterning, electrodes of 100 nm aluminium/20 nm titanium were evaporated
and defined. The devices were then released from the substrate using an isotropic
silicon etch (XeF2) to facilitate stress transfer.

LED measurements. Preliminary LED measurements were performed using a
function generator to produce a 1–VPP pulse train with 200 ms period and 0.01%
duty cycle. A low duty cycle was used to mitigate thermal runaway effects during
measurement. Device light emission was measured using a photomultiplier detector
with an upper wavelength detection cutoff of �1,600 nm and connected to time-
resolved, single-photon counting electronics.
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