
Nature | Vol 637 | 2 January 2025 | 63

Article

GaAs nano-ridge laser diodes fully fabricated 
in a 300-mm CMOS pilot line
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Huseyin Sar1, Ping-Yi Hsieh1,2, Cenk Ibrahim Özdemir1,3,6, Saroj Kanta Patra1,7, 
Nadezda Kuznetsova1,8, Davide Colucci1,3, Alexey Milenin1, Andualem Ali Yimam3, 
Geert Morthier3, Dries Van Thourhout3, Peter Verheyen1, Marianna Pantouvaki1,9, 
Bernardette Kunert1 ✉ & Joris Van Campenhout1 ✉

Silicon photonics is a rapidly developing technology that promises to revolutionize 
the way we communicate, compute and sense the world1–6. However, the lack of highly 
scalable, native complementary metal–oxide–semiconductor (CMOS)-integrated 
light sources is one of the main factors hampering its widespread adoption. Despite 
considerable progress in hybrid and heterogeneous integration of III–V light sources 
on silicon7–12, monolithic integration by direct epitaxy of III–V materials remains the 
pinnacle of cost-effective on-chip light sources. Here we report the electrically driven 
gallium arsenide (GaAs)-based laser diodes fully fabricated on 300-mm Si wafers in  
a CMOS pilot manufacturing line based on a new integration approach, nano-ridge 
engineering. GaAs nano-ridge waveguides with embedded p–i–n diodes and InGaAs 
quantum wells are grown at high quality on a wafer scale. Room-temperature 
continuous-wave lasing is demonstrated at wavelengths around 1,020 nm in more 
than 300 devices across a wafer, with threshold currents as low as 5 mA, output powers 
beyond 1 mW, laser linewidths down to 46 MHz and laser operation up to 55 °C. These 
results illustrate the potential of the III–V/Si nano-ridge engineering concept for the 
monolithic integration of laser diodes in a Si photonics platform, enabling future 
cost-sensitive high-volume applications in optical sensing, interconnects and beyond.

Silicon photonics enables the miniaturization and mass manufactur-
ing of optical systems for a growing set of applications13–16. However, 
the lack of native, low-cost coherent light sources is a major road-
block for ubiquitous adoption of the technology, especially for future 
high-volume cost-sensitive applications, such as chip-to-chip optical 
interconnects in machine-learning systems17, fibre-to-the-X applica-
tions18 or optical sensors for consumer devices19. In many of today’s 
datacom products, lasers are manufactured and tested separately on 
their native III–V substrates, and subsequently hybrid integrated on 
the silicon photonics wafers in micro-assembled laser packages20 or 
through high-precision flip-chip assembly7–9. Owing to the sequential 
nature and high-precision requirement of such assembly processes, 
the manufacturing throughput of these integration solutions may 
not scale to meet the aggressive density, cost and volume targets for 
future products. To address these challenges, various hybrid and 
heterogeneous III–V integration techniques are being developed 
and commercialized at present, such as micro-transfer printing21 or 
heterogeneous III–V integration, involving die-to-wafer bonding of 
non-patterned III–V layer stacks directly on the silicon photonics wafer 
that has been thoroughly developed over the past several years10–12 and 
is now available in at least two commercial manufacturing lines22,23. 
However, deep cost reductions and wide adoption of this technology 

in mainstream complementary metal-oxide semiconductor (CMOS) 
foundries may be hampered by the remaining need for die-to-wafer 
bonding and expensive III–V donor substrates used for epitaxial 
III–V growth, generating waste during the manufacturing process, 
raising further concerns around health, safety and environmental  
sustainability.

For these reasons, direct epitaxy of high-quality III–V materials selec-
tively at the desired locations on large-size silicon photonics wafers 
remains a highly sought-after objective. Unfortunately, the large mis-
match in crystal lattice parameters and thermal expansion coefficients 
between III–V and Si materials inevitably initiates the formation of 
crystal misfit defects, known to deteriorate laser performance and 
reliability. To reduce the defectivity in the III–V layers, many research 
groups have developed thick buffer layers and strained superlattice 
layers with great success24–26. Gallium arsenide (GaAs)-based stacks fea-
turing indium arsenide (InAs) quantum-dot gain regions have unlocked 
tremendous progress in the performance and reliability of mono-
lithically integrated lasers on Si, leveraging the improved tolerance 
of quantum-dots against residual crystal defects27,28. However, these 
results have been limited to die-level demonstrations only. Thick buffer 
layers are difficult to implement on large-diameter wafers because of 
layer cracking and other defects arising from thermally induced stress. 
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Recently, encouraging extensions of this work have been reported, fea-
turing epitaxy in deep pockets etched in a silicon-oxide masking layer 
on 300- (ref. 29) and 200-mm silicon photonics wafers30. However, the 
molecular-beam epitaxy process for growing the quantum-dot stack is 
intrinsically non-selective, resulting in the deposition of a polycrystal-
line III–V film outside the targeted trenches, potentially hampering 
subsequent wafer-scale integration processes.

Selective-area growth of III–V materials on patterned Si wafers by 
metal-organic vapour-phase epitaxy (MOVPE) represents a compel-
ling integration approach, arguably with better scalability potential 
than molecular-beam epitaxy. Selectivity can be easily achieved in 
vapour-phase epitaxy and, as such, the III–V material can be deposited 
only where needed. The confinement of misfit defects is achieved by 
starting the growth of the III–V layers in deep and narrow trenches 
etched in a dielectric masking layer on the Si wafer, a technique referred 
to as aspect-ratio trapping (ART)31–33. Various ART architectures are 
being explored at present and efficient defect reduction has been 
reported without the need for thick buffer layers34–36, consequently 
alleviating issues with wafer warpage and crack formation in the 
wafer-scale deposited III–V layers. Over recent years, we have devel-
oped the concept of nano-ridge (NR) engineering (NRE), a selective-area 
growth-based integration approach applying ART for defect reduc-
tion, followed by the growth of low-defectivity III–V NRs outside the 
trenches. By careful tuning of the MOVPE process parameters, the NR 
dimensions, shapes and composition can be accurately engineered. 
Optimized NR structures typically feature threading dislocation den-
sity (TDD) well below 105 cm−2, up to 100 times lower than for opti-
mized blanket buffer layers (Methods). Previously, we successfully 
applied NRE to realize a variety of heterostructures, in situ doping 
profiles and surface passivation layers in III–V material systems such 
as GaAs, InAs, GaSb and InGaAs37–43, leading to some of the first device 

demonstrations including optically pumped lasers44, heterojunction 
bipolar transistors45 and wafer-scale GaAs-on-Si photodetectors with 
record-low dark currents46.

Here we leverage the NRE concept to demonstrate full wafer-scale 
growth and fabrication of electrically pumped GaAs-based lasers on 
standard 300-mm Si (001) wafers, entirely on a CMOS pilot manu-
facturing line. Leveraging the low defectivity in GaAs NR structures, 
the NR lasers (NRLs) use an optical gain region based on In0.2Ga0.8As 
multiple quantum wells, embedded in an in situ doped p–i–n diode 
and effectively passivated with an InGaP capping layer, all monolithi-
cally grown on 300-mm Si wafers. Using on-wafer GaAs NR photode-
tectors (NRPDs) for wafer-level measurements, more than 300 NRLs 
showed continuous-wave lasing around 1,020 nm at room temperature, 
with threshold currents as low as 5 mA, slope efficiencies as high as 
0.5 W A−1 and up to 1.76 mW total emitted optical power. Furthermore, 
an early reliability test revealed continuous-wave lasing during at least 
500 h of room-temperature operation, with only a mild increase in 
threshold current and constant slope efficiency. We believe that these 
proof-of-concept results based on a new integration concept represent 
a major milestone towards the manufacturing of interconnects, optical 
sensors and beyond.

Laser structure and fabrication
Leveraging wafer-scale processes, several thousands of GaAs NR devices 
including lasers, photodetectors and test structures are fabricated on 
a standard 300-mm silicon wafer, as shown in Fig. 1a–c. Each GaAs NR 
structure is formed by NRE, initiated with the growth of n-type doped 
GaAs in a high aspect-ratio trench patterned in the n-doped silicon sub-
strate (Fig. 1c). NRE allows to form fully relaxed box-shaped NR struc-
tures with embedded p–i–n heterojunction outside the trench. The gain 
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Fig. 1 | Wafer-scale integration of GaAs NR lasers on Si. a, Photograph of a 
fabricated 300-mm Si wafer containing thousands of GaAs devices. b, Close-up 
view of a fabricated 300-mm wafer showing several dies. c, Cross-sectional 
scanning electron micrograph of a GaAs NR array after epitaxy and before 
encapsulation in oxide. d, Sketch of the cross-section of a GaAs NR device 
highlighting the various layers, including the InGaAs quantum wells, p–i–n 
diode, InGaP passivation layer and metal contacts. e, Energy-dispersive X-ray 
spectroscopy image of a NR cross-section highlighting the In-containing layers 

near the Lα X-ray peaks. f, HAADF-STEM image of a transverse cut of a GaAs  
NR device. g, DF-STEM close-up view of the InGaAs quantum wells embedded  
in the non-intentionally-doped GaAs. h, DF-STEM close-up view of the 
n-GaAs–n-Si interface confirming ART of threading dislocation (TD) defects.  
i, HAADF-STEM image of a longitudinal cut of a NR device, showing an isolated 
W plug contacting the p-GaAs layer. Scale bars: 2.5 cm (a); 1 cm (b); 1 μm (c); 
200 nm (f,i); 100 nm (g,h).
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region consists of three compressively strained (ε = −0.014) In0.2Ga0.8As 
quantum wells in the non-intentionally doped GaAs layer (Fig. 1d), and 
the NR is capped by an InGaP passivation layer lattice-matched to GaAs. 
The n-contacts of the GaAs p–i–n diodes are formed by standard CMOS 
Cu metallization and W plugs landing on the n++-doped top surface of 
the silicon wafer electrically connected to the n-GaAs epitaxial layer. 
The p-contact is formed by a second row of W plugs, punching through 
the InGaP passivation layer and landing in the p+-GaAs top contact layer. 
Fabrication details are reported in the Methods. To minimize loading 
effects and improve uniformity during epitaxy, the NR structures are 
grown in 1-μm pitch arrays (Fig. 1c).

A cross-sectional high-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM) image with energy disper-
sive X-ray spectroscopy of a fabricated device is shown in Fig. 1e, and 
highlights the In-containing layers, the full passivation of the NRs out-
side the trenches by the InGaP layer, as well as the embedded InGaAs 
quantum wells. The HAADF-STEM image in Fig. 1f shows the full extent 
of the NR cross-section, revealing a well-controlled geometry from 
the Si-substrate to the top Cu electrode, as well as the top W contact 
plug piercing through the InGaP layer and landing in the p+-GaAs layer. 
A close-up view of the active region dark-field (DF)-STEM in Fig. 1g 
shows defect-free InGaAs quantum wells and GaAs barriers, whereas a 
close-up view of the high aspect-ratio trench (DF-STEM, Fig. 1h) shows 
efficient trapping of threading dislocations at the bottom of the n-GaAs 
region near the silicon interface. Finally, the longitudinal HAADF-STEM 

image in Fig. 1i further illustrates the effective trapping of threading 
dislocations, which remain confined to the bottom of the ART trench. 
To highlight the very low TDD in NRE, we compare it with other studies 
on III–V-on-Si heteroepitaxy in Extended Data Table 1.

As part of the wafer-scale fabrication process, laser cavities are 
formed in the GaAs NRs by dry etching two facets with an angle of 12°, 
yielding roughly 5% facet reflectivity (Fig. 2a and Methods). On one side 
of the laser cavities, on-chip monitor photodetectors are formed in 
the same epitaxial ridges as the NRLs, whereas the other facet adjoins 
a larger etched area enabling out-of-plane optical emission.

A key aspect to achieve lasing in the NRs resides in optimizing the 
pitch of the W plugs contacting the p-GaAs layer. Efficient lasing 
operation is obtained for designs with a relatively large W plug pitch 
(pcon35 = 4.8 μm). In these designs, mode beating of the fundamental TE00 
and the higher-order TE01 mode results in a periodic interference pat-
tern that minimizes the optical intensity locally underneath the W plugs 
(Fig. 2c,d). On the contrary, the optical field decays quickly (Fig. 2e) in 
the case of a tight W pitch (pcon35 = 0.3 μm) because of strong absorp-
tion from the W contacts (see Methods for further discussion about 
p-contact optimization). Furthermore, the strong optical confinement 
in the NR, inferred from the two-dimensional (2D) finite-difference 
calculations, yields a confinement factor Γ between the three quan-
tum wells and the optical mode as large as 8%, which is instrumental 
for compensating the large intracavity total optical loss at threshold 
(Methods).
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Fig. 2 | GaAs NR laser test cell with on-wafer photodetectors for wafer-scale 
characterization. a, Bird’s-eye view of a NR structure, showing the Fabry–Pérot 
laser formed by two etched facets, the in-line photodetector on the bottom 
right and the common ground electrode on the bottom left. The non-functional 
GaAs NRs needed for fabrication and the encapsulating oxide are omitted in 
the drawing for clarity. Inset, cross-section HAADF-STEM image of an etched 
GaAs facet. b, 3D drawing of the wafer-scale test configuration depicting light 
radiated upwards by the left facet and collected by an MMF and three electrical 
probes driving the NR laser and monitoring the NRPD. c, 3D FDTD simulated 
electric-field intensity plot at wavelength of 1,030 nm, projected in the y–z plane, 

for a device with a W top contact pitch of 4.8 μm. Multimode beating is observed 
with a period of 4.8 μm, minimizing the optical-field intensity at the W contacts 
and enabling low optical propagation losses. d, Electric-field mode profiles  
at and in between the W plug locations. e, 3D FDTD simulation of a NR device 
with a dense W contact pitch of 0.3 μm, showing a rapid field decay induced  
by strong optical absorption loss, as in the NRPD. f, 3D drawing similar to b, 
showing the measurement configuration for a cleaved-facet device, with  
a single-mode fibre collecting the laser output and three electrical probes. 
Scale bar: 200 nm (a).
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The test configuration used for the wafer-scale characterization of 
the devices is shown in Fig. 2b: three electrical probes are deployed to 
simultaneously bias the NRLs and the NRPDs, while a multimode fibre 
(MMF) optical probe is used to collect part of the upwards radiated 
laser emission, for subsequent power and spectral analysis. Alterna-
tively, as depicted in Fig. 2f, one facet can be cleaved to form a mirror 
with roughly 40% reflectivity, while the other facet remains facing the 
NRPD. This configuration enables more efficient collection of the laser 
emission, using an edge-coupled lensed single-mode fibre, allowing for 
in-depth analysis of the laser performance at the die level.

Die-level laser results
First, we discuss die-level measurements to unambiguously demon-
strate laser operation in the cleaved-facet GaAs NRLs. In a first meas-
urement, we drive the NRL with a continuous-wave current at room 
temperature and collect the laser output from the cleaved facet by a 
large-area photodetector. Figure 3a shows the measured optical out-
put power and diode voltage as a function of laser current, that is, the 
L–I–V (length, current and voltage) plot for a cleaved device with a 
cavity length of 1.16 mm. The L–I curve reveals a threshold current 
Ith as low as 4.5 mA, and a single-facet output power of up to 0.7 mW 
at a bias current of 20 mA. The dashed line represents the calculated 
L–I response, obtained by solving the laser rate equations (Methods). 
The model accurately predicts the measured Ith and is in reasonable 
agreement with the measured slope efficiency. The V–I curve shows a 
diode characteristic with turn-on voltage of 1.4 V. Above the turn-on 
voltage, a nonlinear V–I response can be observed, originating from the 
non-ohmic and relatively high contact resistance in the widely spaced 
contact plugs to the p-GaAs layer (Methods).

To gain extra insights into the NRLs properties, we measured a simi-
lar, 1.4-mm-long laser in a different test configuration (Fig. 2f), where 
the large-area photodetector is replaced with a lensed single-mode 
fibre connected to an optical spectrum analyser. The optical spec-
tra recorded as a function of currents are shown in Fig. 3b, showing 
single-mode laser emission around 1,023 nm across a wavelength 
span of 50 nm. An enlargement of the same spectra (Fig. 3c) shows an 
Ith of 6 mA and a redshift of the laser wavelength up to 0.4 nm without 
any mode hopping with increasing drive current. To confirm that the 
device is indeed operating as a laser, we also carried out a linewidth 

measurement using a self-homodyne setup (see Methods for further 
reading). From the measured radiofrequency beat note depicted 
in Fig. 3d, we infer a linewidth of 46 MHz at a current Ibias = 15 mA 
(Ibias > 2Ith). Finally, the inset in Fig. 3d illustrates a side-mode sup-
pression ratio (SMSR) exceeding 30 dB at this current, ensuring that 
the radiofrequency beat note originates from a single longitudinal 
mode of the NRL.

Wafer-level laser results
Next, we discuss the fully wafer-scale fabricated lasers with two etched 
facets. As a first example, a NRL with a 2-mm-long cavity was probed 
on the wafer and the optical emission was measured using an on-wafer 
NRPD on one side and an MMF on the other side (Fig. 2b). The I–I plot 
depicted in Fig. 4a shows Ith = 7.5 mA and a maximum photocurrent 
of 71.5 μA at I = 17.5 mA. By considering the measured photodiode 
responsivity of 0.65 A.W−1 (ref. 46) and the simulated LD-to-PD cou-
pling efficiency of 12.5% (Methods), we infer a total emitted power of 
up to 1.76 mW and a 1.33% wall-plug efficiency, which agrees well with 
the laser model.

As an early investigation into the reliability of the NRLs, we carried out 
an on-wafer stress test on one of the best performing 2-mm-long lasers. 
We biased the laser at 1.5Ith at room temperature and monitored the out-
put power, slope efficiency and threshold current (Fig. 4c, see Methods 
for more information about the stress conditions). While Ith increased 
from 6.1 to 7.3 mA, the degradation showed a decelerating trend and the 
slope efficiency stayed largely constant. The NRL remained operational 
during at least 500 h of stress time, exceeding the previously reported 
record lifetime of 200 h for GaAs-based quantum-well lasers directly 
grown on silicon47. This device lifetime is still lower than that reported 
for quantum-dot lasers28 but our current device failure is caused by 
the high current densities at the sparse plugs and not induced by the 
presence of threading dislocations.

The temperature dependence of the NRLs was investigated by mount-
ing the tested wafer on a stage with a temperature controller and record-
ing the L–I curves (Fig. 4b). For a 2-mm-long NRL, single-mode operation 
was observed at a temperature up to 55 °C, with Ith = 30 mA at 55 °C, 
compared to Ith = 7.5 mA at 25 °C.

To assess the reproducibility of our NR laser results, we carried out 
full 300-mm wafer-scale measurements using the on-wafer NRPD.  
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We measured three sets of NRLs with different lengths (Fig. 5a L = 1 mm, 
Fig. 5b L = 1.5 mm and Fig. 5c L = 2 mm) across a full wafer, gathering 
statistics about process variability and length dependence of the laser 
threshold, output power and slope efficiency (see Extended Data Fig. 6 
for a full wafer map). The performance metrics of more than 300 func-
tional NRLs were extracted and are shown in Fig. 5a–c. The calibration 
previously performed on single cleaved-facet NRL is used to estimate 
the total optical power radiated by the two facets of the lasers. Mean Ith 
values of 5.9, 8.1 and 9.3 mA were measured for 1-, 1.5- and 2-mm-long 
lasers, respectively (Fig. 5d). The mean slope efficiencies are 8.3, 6.1 
and 4.9 μA mA−1, or 0.33, 0.22 and 0.19 W A−1, respectively (Fig. 5e). 
These measured values are in good agreement with predicted values 
using the laser model. The laser statistics are summarized in Extended 
Data Table 2.

The relatively large spread in measured threshold current, slope 
efficiency and output power across the wafer originates from variability 
in the wafer-scale processes, which have not yet been optimized for 
uniformity (see Methods for more information).

Discussion
This work demonstrates monolithic III–V laser diode integration 
on 300-mm Si wafers entirely carried out in a CMOS manufacturing 
pilot line, without the need for any III–V substrates or bonding steps. 
High-quality active GaAs waveguides are grown by MOVPE applying 
NRE, mitigating any major issues related to wafer bow or crack forma-
tion as typically encountered in blanket III–V layers epitaxially grown on 
silicon. Despite their submicrometre-scale cross-sectional dimensions, 
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continuous room-temperature laser operation up to 500 h at a bias current of 
9.17 (1.5Ith) mA, with a 20% increase in threshold current, 40% relative power 
change at fixed bias and no significant change in the slope efficiency.
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Fig. 5 | Full wafer-scale measurements of etched-facet GaAs NR lasers.  
a–c, I–I and L–I plots from 300 functional NR lasers using the on-wafer 
photodetectors for measuring laser output for 1-mm-long lasers (a), 1.5-mm- 
long lasers (b) and 2-mm-long lasers (c). The right y axis indicates the total 
output power radiated by the two laser facets. d, Measured threshold-current 
distribution across the measured lasers. e, Extracted slope efficiencies across 
the measured lasers. In d and e, each grey dot represents a value extracted from 

a single device. The red dots represent the threshold current and slope 
efficiency for different laser lengths as predicted by the laser rate-equation 
model. In the boxplots, the boxes represent the interquartile range for 
threshold currents and slopes efficiencies, the top and bottom edges of the 
boxes the first and third quartiles. The central line in the boxes represents the 
mean value, while the whiskers indicate the minimum and maximum values.
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the GaAs–Si NR structures feature efficient carrier injection and gener-
ate strong optical gain at 1 μm wavelengths, enabled by the record-low 
crystal defectivity in epitaxially grown GaAs on Si and effective passi-
vation by the InGaP capping layer. These attributes are instrumental 
for robust continuous-wave laser operation at room temperature and 
above, as demonstrated in this paper with threshold-current densities 
comparable with conventional laser designs and below 1 kA cm−2, and 
continuous-wave operation up to 55 °C. In the demonstrated NRLs, an 
optical multimode beating effect mitigates part of the optical losses 
induced by the top metal contacts, which is equally essential to achiev-
ing low threshold currents and high slope efficiencies. Furthermore, 
the wavelength dependency of this phenomenon (Methods), together 
with the multi-peak spectrum originating from the Fabry–Pérot cavity 
formed by the etched facets, results in single-mode laser operation 
for most of the laser devices, with linewidths comparable or smaller 
than those realized in typical vertical-cavity surface-emitting lasers 
(Methods).

A key remaining challenge is to demonstrate the long-term reliabil-
ity of the monolithic GaAs-on-Si NRLs. It is well known that quantum 
well-based lasers on silicon are particularly sensitive to the presence 
of threading dislocations, and a reliable quantum-well laser essentially 
needs to have a dislocation-free active region48. As discussed in the 
Methods, we estimate the TDD in our GaAs NRs to be below 6 × 104 cm−2 
or, equivalently, on average one dislocation per 4 mm of NR length. As 
such, many of the tested lasers are expected to be dislocation-free, pro-
viding a positive outlook for achieving long reliability lifetimes. Several 
devices have indeed shown encouraging room-temperature operating 
lifetimes beyond 100 h, and the dominant failure mode observed so far 
is related to the high current density (more than 150 kA cm−2) in the top 
metal plugs, which need to be sparsely populated to realize low optical 
loss in the current laser designs. An in-depth reliability analysis is con-
tinuing and will be reported elsewhere. Wafer-level uniformity of the 
NRs for high yield is crucial towards manufacturing. In that prospect, 
we have seen improvements by migrating the growth to an industrial 
MOVPE tool. Etching III–V materials in a CMOS foundry is another 
important point. Minimizing III–V material to be etched in dedicated 
tools is critical for waste management and redeposition during etch, 
and as such, our NRE enables a notable reduction of both aspects.

We see many opportunities to go beyond the current demonstra-
tion. First, the NR cross-section can be improved to decouple the opti-
cal modes from the metal contacts, enabling a much higher density 
of p-contact plugs while retaining low optical loss. This will lower the 
operating voltage and improve wall-plug efficiencies, while also reduc-
ing current density and electrical resistance in the top metal contacts, 
leading to improved reliability. Next, the operating wavelength can be 
extended towards the O-band by growing NRLs with higher In-content49 
or alternatively using InAs quantum-dots as gain material. Last, the NRLs 
can be optically coupled to (amorphous) silicon waveguides50. Coupling 
the GaAs NRs to silicon and silicon nitride waveguides will enable the 
implementation of external-cavity diode lasers, with better controlled 
laser wavelengths and reduced laser noise. Such a GaAs–Si–SiN inte-
grated photonics platform is expected to enable future cost-sensitive 
applications in optical interconnects, optical sensing and beyond.
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Methods

Device fabrication
The devices are processed on 300-mm silicon wafers with a {001} 
orientation, starting with the formation of 300-nm tall Si ridges and 
subsequent oxide deposition and planarization following a standard 
shallow trench isolation process typical in CMOS foundries, and n-type 
ion implantation of Si. The Si ridges are subsequently wet etched using 
tetramethylammonium hydroxide to form V-shaped trenches in the 
shallow trench isolation oxide, with two {111} facets used as the starting 
surface for subsequent III–V epitaxy. GaAs p–i–n NRs containing three 
In0.2Ga0.8As quantum wells and capped by an In0.5Ga0.5P passivation 
layer are grown in one process step using MOVPE. The Si wafers are 
then coated with oxide and planarized. Laser mirrors and photodiode 
facets are subsequently patterned using deep-ultraviolet lithography 
and III–V dry etch. Next, the wafers are again coated with oxide and 
planarized. Subsequently, the fabrication steps move to back-end of 
line processing to form W contact plugs to the p-GaAs and n-Si contact 
layers. Final metallization is done using a standard CMOS Cu Damascene 
process. The high-level process flow of the wafer-level manufacturing 
of the GaAs NR lasers on Si is depicted in Extended Data Fig. 1.

Epitaxy and crystal defects
NR engineering of the III–V NRs on trench-patterned Si was carried out 
by MOVPE in a 300-mm deposition chamber applying tertiarybutyl 
arsine (TBAs), tertiarybutyl phosphine (TBP), trimethyl arsine (TMAs), 
triethylgallium (TEGa), trimethylgallium (TMGa) and trimethylindium 
(TMIn) as group-V and -III precursors, respectively. Silane (SiH4) and 
carbon tetrabromide (CBr4) were used to achieve n- and p-doped layers. 
Before the III–V deposition, the patterned Si wafers were loaded into 
an Siconi chamber from Applied Materials for the native oxide removal 
from the {111} Si surfaces at the trench bottom at temperatures below 
200 °C. The GaAs nucleation was done at 360 °C applying TEGa before 
the growth temperature was raised to 590 °C for the n-doped GaAs 
(roughly 5 × 1018 cm−3) trench filling and first n-doped box formation 
using TMGa. The undoped InGaAs–GaAs multi-quantum well stack 
was deposited at 570 °C and the TMIn/TMGa+TMIn ratio was adjusted 
to achieve an In concentration of about 21% inside the quantum wells. 
The p- and p+-doped GaAs layers (roughly 1 × 1019 and 5 × 1019 cm−3) 
were grown at 580 and 550 °C, respectively, and the InGaP layer added 
at high growth temperature again. The TBAs/III, TMAs/III and TBP/
III ratios were varied between 4 and 60 as a function of the material,  
doping and growth temperature.

The threading dislocation and planar defect densities of the GaAs 
NR were investigated before and reported in refs. 40,51 by electron 
channelling contrast imaging. Especially for narrow trenches (less 
than 120 nm), the misfit defect density was so low that our electron 
channelling contrast imaging investigation did not provide sufficient 
defect statistics. To explore a larger sample area, we applied cathodolu-
minescence on a cleaved wafer piece at 77 K to reduce carrier mobility. 
The inspected die area was chosen at a wafer radius of about 75 mm. 
Ten images were acquired in which each image covered about 60 NRs 
with a length of 64 μm to achieve good defect statistics. Extended Data 
Fig. 2 shows a representative image pair: Extended Data Fig. 2a is the 
standard top-view scanning electron microscopy image to identify 
any NR line cuts and/or surface particles and Extended Data Fig. 2b 
the corresponding cathodoluminescence image integrated over the 
complete emission spectra. A dark spot in cathodoluminescence can 
be caused by the presence of a threading dislocation but also by any 
NR line cut or particle. In this investigation, the defect character could 
not be distinguished, but every indication of a dark spot was consid-
ered as a defect. This led to a final defect density based on this first 
cathodoluminescence investigation of 6 × 104 cm−2. Planar defects 
such as micro-twins and stacking faults lie in a crystallographic plane 
perpendicular to the trench line. They penetrate the complete NR 

volume and always reach the NR surface. However, they do not cause 
any dark spot in cathodoluminescence of NRs. This is caused by the 
fact that no partial dislocation, always present at the end of a planar 
defect, remains inside the NR volume as it would be the case for a 
planar defect in a blanket two-dimensional layer. This conclusion is 
also supported by the observation that the planar defect density of 
the GaAs NRs, which is in the range of 0.1–0.5 μm−1 (defect per micro-
metre NR length) (ref. 40), is much higher than the extracted dark 
spot density in CL.

We compare our work to other publications in Extended Data Table 1, 
and we show more than two orders of magnitude reduction in defect 
density on a 300-mm wafer, while enabling a significant decrease in 
III–V thickness thanks to the suppression of the need for III–V buffer 
layers. The record-low TDD value is crucial in enabling continuous-wave 
operation in an electrically pumped quantum-well laser on silicon.

W plug pitch optimization and confinement factor
For dense contact pitch designs, the strong spatial overlap between the 
optical mode propagating in the GaAs NR waveguide and the W plugs 
induces very large optical losses that prohibit lasing. Yet, efficient 
lasing operation is obtained for laser designs with a relatively large 
W plug pitch (pcon35 = 4.8 μm). In these designs, mode beating of the 
fundamental TE00 and the higher-order TE01 mode results in a periodic 
interference pattern that minimizes the optical intensity locally under-
neath the W plugs, as illustrated by the simulated mode profiles shown 
in Fig. 2c,d. This mode-beating behaviour enables low-loss optical 
propagation through the NRL structure (Fig. 2c), whereas in the case 
of a tighter W pitch (Fig. 2e) (pcon35 = 0.3 μm), the optical field decays 
quickly because of the strong absorption from the W contacts. The 
reduction of the optical loss through mode-beating engineering is 
detailed in the next section.

The strong optical confinement in the NR, inferred from the 2D 
finite-difference simulations using Ansys Lumerical software (Extended 
Data Table 3 and Extended Data Fig. 3d,e), yields a confinement factor 
Γ between the three quantum wells and the optical mode as large as 
8%, which is instrumental for compensating the large intracavity total 
optical loss at threshold:

Γg α α= + (1)th i m

where gth is threshold gain, αi is the laser internal and αm is the total 
mirror loss.

Optical loss
The intracavity photon loss rate γp is a key attribute driving laser perfor-
mance. A high mirror loss rate vgαm is desired to maximize the output 
power and wall-plug efficiency through a large slope efficiency ηd but 
competes with the need to have a small intracavity photon loss rate γp 
to minimize the threshold current, as the total intracavity loss can in 
some cases exceeds the maximum achievable modal gain, preventing 
lasing operation. In the demonstrated NR lasers, the presence of W 
vias in the vicinity of the active region induces optical scattering and 
absorption. These vias pierce through the InGaP passivation layer and 
land on the p-doped GaAs layer to form the anode. The arrangement 
of these W plugs with respect to the NR waveguide has been carefully 
optimized.

Extended Data Fig.  6a shows the optical loss spectrum for a 
one-dimensional array of W contact plugs with 105 nm plug diameter 
and 300 nm plug pitch (35% fill factor) in blue, similarly to the case 
depicted in Fig. 2e in the main text. The loss spectrum is calculated using 
three-dimensional (3D) finite-difference time-domain (FDTD) simula-
tions (Ansys Lumerical software) by launching the fundamental TE 
mode into the laser waveguide and observing the transmission through 
a segment of fixed length with tungsten plugs. The resulting optical loss 
is relatively flat across wavelength and is as high as 1,200 cm−1. Such a 



high loss number cannot be compensated by the gain from the quantum 
wells and therefore prevents the device from lasing. We observe that 
the propagating light quicky decays as shown in Extended Data Fig. 6b 
(also shown in Fig. 2e from the main text). The absorption loss can be 
minimized by reducing the plug density. By increasing the pitch from 
0.3 to 4.8 μm while keeping the plug diameter fixed at 105 nm, the plug 
density is reduced by a factor of 16, which should result in a similar 
decrease in optical loss. Extended Data Fig. 6a shows the simulated loss 
spectrum by 3D FDTD for this configuration in orange. As expected, 
the baseline loss decreases by roughly a factor of 16 from 1,200 down 
to 75 cm−1 (dashed blue line). However, the loss spectrum is no longer 
flat but shows several dips where the optical loss reaches values as low 
as 19 cm−1 at a dip wavelength near 1,045 nm, where the peak gain value 
of the InGaAs quantum wells is located.

To understand the nature of these low-loss dips, we have investi-
gated light propagation through the NR waveguide structure. First, 
we consider the NR waveguide without the tungsten contact plugs. 
This waveguide supports several eigenmodes as shown in Extended 
Data Table 3 at a wavelength of 1,050 nm. When we inspect the field 
profile from the 3D FDTD simulation with 4.8 μm plug pitch at 815 and 
1,045 nm, we observe beating patterns with periods of 4.8 and 2.4 μm 
for the TE00 + TE01 (Extended Data Fig. 3c) and TE00 + TE02 (Extended 
Data Fig. 3f) modes, respectively. The CON35 pitch (pcon35) is a multiple 
of the beating period and the field profile is aligned in such a way that 
there is minimal interaction between the optical field and the tungsten 
plug, resulting in low optical loss. A cross-section of the field profile at 
two locations (at the W plug, Extended Data Fig. 3d,g, and between two 
W plugs, Extended Data Fig. 3e,h) reveals that the field is pushed down 
below the W plug for these two wavelengths. These two wavelengths 
correspond to dips in the loss spectrum.

The engineering of the interference patterns between these two 
modes through the optimization of the p-contact pitch is crucial to 
reduce the internal loss to a level that enables to reach threshold. As 
we have seen, setting the pcon35 to 4.8 μm in our case allows reducing 
the optical loss down to 19 cm−1.

Mirror reflectivity
The mirror reflectivity at the cleaved facet is calculated with 3D FDTD 
(Ansys Lumerical software). We consider normal incidence of the fun-
damental TE00 mode at the NR–air interface (Extended Data Fig. 4a). 
We get the transmission and reflection spectra shown in Extended 
Data Fig. 4b, yielding 45 and 35% at the wavelength range of interest 
(near 1,020 nm). Finally, the far-field radiation pattern is depicted in 
Extended Data Fig. 4c, showing a strong beam divergence along the 
horizontal axis.

To assess the impact of the etched-facet angle, 3D FDTD simulations 
were also carried out. As this etched facet forms the second mirror of 
the NR laser cavity, it is essential to evaluate the influence of the sidewall 
angle on the mirror reflection and transmission. This is also important 
for estimating the amount of power coupled to the in-line photodiode 
(PD) and radiated vertically for light collection with a MMF. We consider 
an etched area filled with oxide along the NR axis characterized by its 
sidewall angle φ, its depth D and its length L (Extended Data Fig. 4d). 
In the simulation cell, three monitors are placed such as to detect the 
reflected power by the etched facet, the transmitted power through 
the in-line photodiode facet and the power scattered upwards and 
collected by an MMF. An inset showing a cross-sectional HAADF-STEM 
image of the etched facet (Extended Data Fig. 4d) indicates that for our 
fabricated devices, the sidewall angle is 12° whereas the etch depth 
is 1,000 nm. The simulation results are depicted in Extended Data 
Fig. 5e–h.

We estimate from the laser rate-equation model that a minimum 
reflection of 2.5% is required to reach threshold (dashed line in 
Extended Data Fig. 4e,f). We observe that for our etched facets, the 
reflection is roughly 5% when L is 4 μm (Extended Data Fig. 4e) and 1 μm 

(Extended Data Fig. 4f). The transmission into the in-line photodiode is 
estimated to be around roughly 12.5% (Extended Data Fig. 4g), whereas 
roughly 1% of the power is scattered upwards (Extended Data Fig. 4h). 
This estimation enables to correlate the collected photocurrent with 
the total emitted power from the NR laser.

Laser modelling
The mode profile, field overlap with the quantum wells and total inter-
nal loss were simulated considering the dimensions of fabricated NR 
devices, using the 2D finite-difference method with Ansys Lumerical 
software. Optimization of the W plug pitch to minimize propagation 
loss, and estimation of etched mirror reflectivity and fibre collec-
tion efficiency was carried out using 3D FDTD simulations in Ansys 
Lumerical software. The electrical injection efficiency and carrier 
loss rates were simulated using the technology computer-assisted 
design (TCAD) Poisson solver in the Synopsis Sentaurus software. 
Finally, the laser threshold current and slope efficiency were com-
puted using Python-based codes solving the standard laser rate equa-
tions, enabling us to correlate the simulated parameters with the 
measured data. We express the general form of these equations as  
in ref. 52:
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where N and Np are the carrier and photon densities, ηi is the carrier 
injection efficiency extracted from the TCAD simulation, I is the injected 
current, q is the electron charge and Va is the active volume. A, B and C 
are the Schockley–Read–Hall recombination, the bimolecular recom-
bination and the Auger coefficients, respectively. vg is the group veloc-
ity, g0 the gain coefficient and Ntr the transparency carrier density. Γ is 
the confinement factor, that is, the fraction of the optical mode con-
fined in the quantum wells, γp is the cavity photon loss rate and β is the 
spontaneous emission factor. Recalling that the laser is at threshold 
when the modal gain exactly compensates the total loss of the laser, 
we recover the threshold modal gain from equation (1). This allows us 
to readily express the threshold carrier density:
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Because we are operating our lasers in continuous wave, we can 
reduce the rate equations to the steady-state case. As no stimulated 
emission occurs at threshold, we get:
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We finally obtain the threshold current value:
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As the gain is clamped at threshold, we can express above threshold 
the steady-state carrier density rate equation:
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With appropriate substitutions, we have:
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We get the linear relationship between intracavity photon density 
and the injected current:
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To obtain the total output power, we can readily express the energy 
stored in the cavity:
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The total output power corresponds to the energy loss rate through 
the mirrors, that is:
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By applying the appropriate substitutions, we get:
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where η α α α= /( + )opt m m i  is the slope efficiency. The output power per 
facet can be expressed by adding a coefficient F1(2) derived from the 
facet reflectivity r1(2) and transmittivity t1(2):
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The expression of F1(2) also accounts for lossy mirrors when 
r t+ < 11(2)

2
1(2)
2 . We can therefore relate the measured output power at 

each facet P1(2):
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The different parameters and their respective values are detailed in 
Extended Data Table 4 and in refs. 53,54.

Die-level measurements
The characterized devices were taken from a fully processed 300-mm 
wafer cleaved into smaller dies. A high-precision cleaving tool was used 
to form a mirror in the middle of the NR structure. The lasers were then 
characterized on a die-level probing setup using a large-area photodi-
ode to extract the single-facet output power, while the light emitted 
from the other etched facet was collected by the in-line photodiode. 
Spectral analysis of the laser emission was carried out by collecting 
the emitted light using an edge-coupled lensed fibre connected to an 
optical spectrum analyser.

Estimation of total laser output power
The die-level measurement configuration allows an estimation of the 
total optical power radiated by both facets. Let us note the output 
powers at the cleaved facet and the etched facet to be P1 and P2, and 
their respective transmission coefficients t1 and t2. t1 and t2 are calcu-
lated through 3D FDTD simulations (Extended Data Fig. 4) and are 
evaluated to be t1 = 0.45 and t2 = 0.30, respectively. 3D FDTD simulation 
is also used to estimate the coupling efficiency of the laser diode into 
the monitor photodetector (PD), yielding tlaser→PD = 12.5%. This value 

accounts for the reflection at the PD facet, the beam diffraction at the 
laser facet and the beam divergence in the etched gap between the two 
devices. Knowing the photodiode responsivity RPD = 0.65 A W−1  
(ref. 46), the measured optical power on the cleaved-facet side is related 
to the measured photocurrent on the etched-facet side as:

I
t
t

R t P= (16)PD
2

1
PD laser→PD 1

We can extend this relationship to the wafer-level measurement 
case, where both facets have equal transmission and reflection (that 
is, t1 = t2 = t and P1 = P2 = P), which reduces the relationship to:

I R t P= (17)PD PD laser→PD

Finally, we can express the total output power of the NR laser from 
the photocurrent readout, as depicted in Fig. 5a–c:
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Wafer-level and reliability measurements
Wafer-scale laser characterization was carried out using a 300-mm 
semi-automated wafer probe station fitted out with a temperature 
controller and a MMF to collect the laser emission, enabling the meas-
urement of thousands of devices on a single wafer at high throughput. 
Temperature-dependent measurements were performed on the wafer 
level, and Extended Data Fig. 5 depicts the results obtained on one 
of the best performing 2-mm-long laser. Temperature ranges from 
25 to 60 °C, and both L–I curves (Extended Data Fig. 5a) and optical 
spectra (Extended Data Fig. 5d) show laser operation up to 55 °C.  
Fitting temperature-dependent threshold current and slope efficiency 
yields characteristic temperatures T1 = 29 K and T2 = 94.9 K, respec-
tively (Extended Data Fig. 5b,c). Extended Data Fig. 5d indicates that 
the laser is at threshold when T = 60 °C. A linear fit of the laser wave-
length as a function of the temperature yields a redshift of 71.1 pm K−1 
(Extended Data Fig. 5e). In addition, a fit of the current-dependent 
laser wavelength yields a slope of 13.6 pm mA−1 (Extended Data  
Fig. 5f,g).

Early reliability measurements were carried out using the same setup, 
tracking the performance of one of the best performing NRLs during 
a 500-h-long stress test. In this test, the laser bias current was kept at 
9.17 mA (of 1.5Ith) and the wafer stage was kept at 25 °C. Bias current 
sweeps were carried out every 20 h, and L–I plots were recorded to 
extract threshold current, output power and slope efficiency.

Wafer-level variability
We identified several factors that account for wafer-level variability. 
First, variations in the GaAs NR width and height across the 300-mm 
wafer originating from the MOVPE process variability induce changes 
in the confinement factor Γ within the InGaAs quantum wells, as well as 
in the mode-beating periodicity, which in turn increases the absorp-
tion loss from the metal contact. Second, wafer-scale variation of the 
InGaP–GaAs etch process needed to land the W vias on the p-GaAs 
layer and residual topography after the planarization steps required 
for the back-end of line processing may lead to shorted or open-circuit 
electrodes. On the other hand, no significant effect resulting from 
quantum-well thickness variation across the wafer was observed. This 
effect is negligible compared to the NR dimension variations that are 
inducing a significantly larger wavelength shift. The lowest threshold 
current values are found mostly in a ring-like shape at half the diameter 
of the 300-mm wafer. We note that these values are obtained after 
binning of the tested devices (more than 1,300 in total), resulting in 
the removal of the dies at the edge of the wafer that contained only 



light-emitting diodes or short circuits, owing to the failure modes 
described above. The wafer-scale variability is further illustrated in 
Extended Data Fig. 6a,b, which depicts the distribution of the threshold 
current and slope efficiency of all the tested devices across the wafer. 
Roughly, Extended Data Fig. 6c shows the lasing wavelength distribu-
tion across the wafer from eight identical 2-mm-long lasers biased at a 
current of 35 mA, showing a lasing wavelength ranging from 1,023.59 
to 1,037.83 nm, which is smaller than the gain spectrum.

Laser linewidth measurements
The self-homodyne interferometric setup used to measure the laser 
linewidth of various devices is depicted in Extended Data Fig. 7a. The 
device under test (DUT), a NRL with a cleaved facet, is electrically 
probed by DC needles connected to a Keithley current source. A cur-
rent compliance is set to 20 mA to prevent from damaging the laser 
diode. The laser light is collected at the cleaved facet forming one of 
the laser cavity mirrors by a lensed fibre. This fibre is connected to a 
fibred Mach–Zehnder interferometer containing a polarization con-
troller in one arm and a 1-km-long fibre delay line in the other arm. The 
combined signal from the two arms is collected by a balanced photo-
diode (400-MHz balanced photodetector Thorlabs PDB471C-AC) and 
the electrical readout signal is sent to an Electrical Spectrum Analyzer 
(Rhode & Schwartz 100 Hz–13 GHz), enabling extraction of the laser 
phase noise. No acousto-optic modulator is used in the setup to offset 
the frequency owing to the lack of an available acousto-optic modulator 
in the laser wavelength range (roughly 1,030 nm) in our setup. No opti-
cal isolator is placed in front of the DUT, making the laser unshielded 
from parasitic reflections and yielding to an overestimate of the laser 
linewidth. In addition to the electrical power spectral density shown 
in the main text (Fig. 3c), electrical power spectra of ten more devices 
are shown in Extended Data Fig. 7b. The radiofrequency power spectra 
of the measured beat notes are measured at bias currents of 15 and 
18 mA, that is, greater than 2Ith. The linewidths extracted using a Voigt 
fit range from 46 MHz for the best device (shown in the main text) up 
to 186 MHz and are depicted in Extended Data Fig. 7b.

The difference in linewidths is manifold: (1) the laser performance is 
affected by NR shape variability across the wafer, affecting the threshold 
current, the slope and the SMSR. (2) Laser performance depends on 
the interaction of many optical modes, which in turn depends on the 
(varying) NR laser dimensions (Fabry–Pérot cavity design with trans-
verse mode beating, trench width design for ART, p-contact W plug 
pitch design). (3) The laser is not shielded from optical feedback with 
an optical isolator. (4) The laser operates at a moderate bias current 
(roughly 2Ith) to prevent laser failure. (5) No active stabilization besides 
temperature control is applied to the DUT. Nonetheless, the measured 
linewidths place our NR lasers between commercial distributed feed-
back lasers (less than or equal to 1 MHz) and vertical-cavity surface 
emission lasers (more than 1 GHz) (ref. 55). More importantly, these 
measurements confirm that our NR devices are lasing and are not in 
an amplified spontaneous regime. Finally, we compare the measured 
linewidths with the theoretical expression of the modified Schawlow–
Townes linewidth (ref. 56):
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where nsp is the population inversion factor, typically around 1.25–1.75, 
and α is the well-known linewidth enhancement factor, typically around 
4–6 for quantum-well lasers. By assuming nsp = 1.5 and α = 4.5, and by 
setting the total output power of one of our NR lasers to 2.3 mW (for a 
cleaved-facet output power of 0.5 mW), we get ΔνST = 30 MHz, which 
is in line with the best measured linewidth (ΔνST = 46 MHz) among the 
devices that were tested (Extended Data Fig. 7b).

We expect to strongly reduce the laser linewidth in future designs by 
suppressing the beating modes, by improving the p-contact scheme 

allowing to operate at much larger currents and by introducing a dis-
tributed feedback grating in the NR devices to reduce αm. Future experi-
ments will expand the laser characterization to include relative intensity 
noise measurements and extend the bias current range to larger values 
to observe a reduction of the Schawlow–Townes linewidth.

Spontaneous emission factor
We extract the spontaneous emission factor β from the I–I curve of 
one of our lasers and we fit it with the laser rate-equation model. From 
the Extended Data Fig. 8, we infer a β as large as 1.5 × 10−2. We attribute 
this large β to the fact that the NR lasers operate below threshold as 
a superluminescent light-emitting diode (ref. 57) because of the low 
mirror reflectivity (5%) and the strong optical confinement.

GaAs–Si diode resistance
As noted in the main text, the laser diodes have a relatively large oper-
ating voltage of 3–4 V (Extended Data Fig. 9a). To assess the origin of 
this large diode voltage, we compare the J–V characteristics (current 
density versus diode voltage) of several laser diodes (pcon35 = 4.8 μm) 
with photodetectors (pcon35 = 0.3 μm), suspecting the sparsity of the 
W plug contacting the p-GaAs (that is, a large contact pitch pcon35) as a 
main contributor to high device resistance. As shown in Extended Data 
Fig. 9a, a voltage of roughly 3.5 V enables a current density of roughly 
1 kA cm−2 when pcon35 = 4.8 μm, while in the case of pcon35 = 0.3 μm, it 
enables a much higher current density of 3–4 kA cm−2. From the J–V 
characteristics, we extract the associated series resistances at a voltage 
of 4 V for the two configurations. We infer a mean series resistance of 
57 Ω mm−1 for pcon35 = 0.3 μm and 115 Ω mm−1 for pcon35 = 4.8 μm, showing 
a twofold increase as shown in the box plots in Extended Data Fig. 9b.

Whereas a pcon35 of 4.8 μm is key in achieving lasing through mode 
beating minimizing optical loss below the W plug in our current designs, 
we see room for improving the laser diode operating voltage and resist-
ance in future designs by moving the W plugs away from the active 
region and increasing the W plug density, which will also positively 
affect the laser reliability. Furthermore, increasing the doping level 
in the p-type GaAs contact layer will help to realize ohmic contacts to 
further reduce the operating voltage and improve wall-plug efficiency 
(ref. 58).

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.
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Extended Data Fig. 1 | Summarized process flow of the nano-ridge device 
fabrication. a, Starting with a 300 mm silicon wafer (001). b, Silicon ridge 
patterning. c, STI oxide deposition and n++-implantation. d, Si trench patterning. 

e, MOVPE growth of nano-ridges. f, Oxide deposition and planarization. g, III-V 
dry etch, oxide deposition and planarization. h, Oxide redeposition and 
planarization. i, W plug contact formation. j, Cu damascene metallization.
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Extended Data Fig. 2 | Nano-ridge defect density imaging. a, Scanning 
electron microscope (SEM) image of the surface of an array of NRs.  
b, Cathodoluminescence (CL) image of the same area, showing only a single 

defect in an area covering more than 60×60 μm2, assessing the very low 
threading dislocation density in our NR devices.



Extended Data Fig. 3 | Mode beating engineering to reduce optical loss in 
the nano-ridge. a, W contact induced loss as function of wavelength in the 
case of a dense pitch of 0.3 μm (blue) and in the case a sparse pitch of 4.8 μm 
(orange) for the plug array, showing nearly two orders of magnitude reduction 
in the absorption loss near 1,050 nm. The dashed blue line is obtained by 
dividing the dense pitch losses by 16, in agreement with the baseline from the 
sparse contact pitch loss spectrum, while the red shaded region shows the 

extension of the material gain. b, Simulated electric field propagation along 
the z axis for a contact period of 300 nm. c, Mode profile for the beating  
of the TE00 and TE01 modes at a wavelength of 1,045 nm. d-e, Corresponding 
cross-sections underneath and in between the contact plugs. g, Beating mode 
profile for the TE00 and TE02 modes at a wavelength of 815 nm. g-h, Corresponding 
cross-sections underneath and in between the contact plug.
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Extended Data Fig. 4 | Nano-ridge facet outcoupling. a, Cross-section of the 
simulated cleaved facet along the propagation axis, with the broad Gaussian 
source directly launched in the NR and the two monitors to detect the 
transmitted and reflected part of the beam. b, Reflection and transmission 
spectrum after incidence on a cleaved facet. c, Simulated far-field profile of  
the beam radiated by the NR cleaved facet. d, Cross-section of the simulated 
structure along the propagation axis, with the broad Gaussian source directly 
launched in the NR and the three monitors to detect the transmitted and 
reflected part of the beam along the NR axis, as well as the power scattered 

upwards, emulating the case of light collection with a multi-mode fibre. Inset 
shows an HAADF-STEM picture of an etched facet, showing an etch depth 
around 1,000 nm and a sidewall angle of 12°. e, Facet reflection as a function  
of sidewall angle for various etch depths D in the case of a gap L = 4 μm. f, Facet 
reflection as a function of sidewall angle for various etch depths D in the case  
of a gap L = 1 μm. g, Transmission into the inline photodiode as a function of 
sidewall angle for various etch depths. h, Power radiated into free space as a 
function of sidewall angle for various etch depths D in the case of a gap L = 4 μm.



Extended Data Fig. 5 | Temperature and current-dependent measurements 
of a 2-mm long single-mode NR laser. a, L-I characteristics for temperatures 
ranging from 25 to 60 °C, showing the large spontaneous emission below 
threshold. b, Threshold current as a function of temperature extracted from a, 
yielding a characteristic temperature T1 of 29.0 K. c, Slope ηd as a function of 
temperature extracted from a, yielding a characteristic temperature T2 of 
94.9 K. d, Optical spectra at a current of 35 mA for temperatures ranging from 

25 °C to 60 °C, showing SMSR exceeding 20 dB up to 55 °C, while the laser is at 
threshold when tested at 60 °C. e, Laser wavelength as a function of temperature, 
showing a linear slope of 71.1 pm/K extracted from the optical spectra in d.  
f, Optical spectra at a temperature of 25 °C for currents ranging from 20 mA  
to 35 mA, showing a SMSR exceeding 30 dB. g, Laser wavelength as a function  
of current, showing a linear slope of 13.6 pm/mA extracted from the optical 
spectra in f.



Article

-15 10 -5 0 5 10 15
X (cm)

-15

-10

-5

0

5

10

15
Y 

(c
m

)

Y 
(c

m
)

L= 1m m
L=1.5m m

L= 2m m

a

-15 10 -5 0 5 10 15
X (cm)

-15

-10

-5

0

5

10

15b

-15 10 -5 0 5 10 15
X (cm)

-15

-10

-5

0

5

10

15

Y 
(c

m
)

1,024.88

1,037.83 1,024.95

1,037.24

1,035.45

1,023.6

1,023.59

1,023.8

c

6

8

10

12

14

16

Th
re

sh
ol

d 
cu

rre
nt

 (m
A)

2

4

6

8

10

12

Sl
op

e 
Effi

ci
en

cy
 (µ

A/
m

A)

1,000

1,010

1,020

1,030

1,040

1,050

W
av

el
en

gt
h 

(n
m

)

Extended Data Fig. 6 | Wafer maps of the threshold current, mean slope 
efficiency and wavelength distribution. a, Wafer map of the measured 
threshold current. Each die is divided in 9 cells grouped in three columns 
standing for each laser length (1 mm, 1.5 mm and 2 mm), as indicated in the left 
corner. b, Wafer map of the slope efficiency for the same devices. In a and b, the 

devices in untested dies and non-working devices are displayed in white and 
grey, respectively. The tested devices amount to more than 1,200 devices.  
c, Wavelength distribution of 8 identical 2-mm-long lasers across the wafer, 
showing a wavelength range of less than 15 nm around 1,030 nm from centre to 
mid-part of the wafer.



Extended Data Fig. 7 | Laser linewidth measurements by self-homodyne detection. a, Schematic of the self-homodyne interferometric setup used to measure 
the laser linewidth. b, Electrical spectra of 11 measured lasers with superimposed Voigt fit (dashed lines).



Article

Extended Data Fig. 8 | Nano-ridge spontaneous emission below threshold. 
I-I plot of a 2-mm-long laser (blue solid line) extracted from inline photocurrent 
readout below and above threshold, showing good agreement with a modelled 
laser with a spontaneous emission factor β = 0.015 (black dashed line).



Extended Data Fig. 9 | Extraction of laser series resistance. a, J-V 
characteristics measured across the wafer for a p-contact W plug pitch (pcon35) 
of 0.3 μm (blue) and 4.8 μm (orange), showing an increase of diode voltage for 

the case of sparse W plugs, up to 4 V at current density J = 1 kA cm−2. b, Extracted 
series resistance, showing a two-fold increase in series resistance when pcon35 = 
4.8 μm compared to pcon35 = 0.3 μm.
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Extended Data Table 1 | Benchmarking of nano-ridge engineering with other hetero-epitaxy approaches

Data from refs. 28–30,60.



Extended Data Table 2 | Summary of the nano-ridge laser performances
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Extended Data Table 3 | Simulation of nano-ridge cross-section supporting multiple higher order modes at λ = 1,050 nm



Extended Data Table 4 | Summary of the nano-ridge device parameters for laser rate equations

Data from refs. 53,54.
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