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Supplementary Information:

Electrically Pumped Long Lifetime Continuous-Wave [lI-V

Quantum-Dot Lasers Directly Grown on Silicon Substrates

Siming Chen'™, Wei Li?, Jiang Wu', Qi Jiang', Mingchu Tang', Samuel Shutts®, Stella
N. Elliott®, Angela Sobiesierski®, Alwyn Seeds', lan Ross? Peter Smowton®, and
Huiyun Liu™

. General wafer characterization
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Figure S1. High-resolution high angle annular dark field scanning TEM image of interface,
showing the offcut of silicon substrate is 4°.

High-resolution high angle annular dark field Z-contrast scanning TEM images allow direct
atom-level interpretation of micrographs of AlAs/Si interface. The silicon substrate offcut 4°
towards the [011] plane is typically characterized by a double silicon atom step to suppress
anti-phase domains (APDs)".
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Figure S2. Bright field scanning TEM image of active region in low magnification.
Bright field scanning TEM measurements were also carried out on the laser active region
under very low magnification showing no threading dislocations observed in active region

over a large area.

Il. Uniformity of QD material grown on Si

16
14
12.
10-

Counts
@

40 60 80 100 120 140
Threshold Current Density (Alcmz)

Figure S3. Histogram of threshold current density of QD lasers on silicon at room
temperature under pulsed operation.

In order to achieve massively scalable and streamlined fabrication of QD based lasers on
silicon, uniformity of QD material is an essential parameter. Here, to estimate the uniformity
of QD material grown on Si, L-I characteristics have been carried out on 70 Si-based QD
lasers (with the same cavity length of 3,200 um), from different areas within a quarter 3-inch
wafer, under pulsed operation (1% duty cycle and 1us pulse width) at room temperature. A
histogram of measured threshold current densities is presented, where a 90 % distribution of
threshold current density of 67.5 +/- 17.5 A cm™ is obtained, indicating excellent uniformity
of QD material.



lll. Images of lll-V on silicon laser with as-cleaved facets

Figure S4. Fabricated I1I-V on silicon laser. (a) A SEM image of fabricated I1I-V laser on a Si
substrate; (b) A picture of assembled Si-based laser bar mounted on copper with Au-wire
bonded on the ridges.

As-cleaved laser bars were mounted on gold-plated copper heat sinks using indium-silver low
melting point solder, which is not ideal for c.w. operation, especially for life-test measurement.
Therefore, all the measurements in this work were performed as a feasibility study, and all the
data presented represent worst case results.

IV. General characterization of cleaved-facet QDs lasers grown on Si

LIV measurements for different cavity lengths at RT

LIV characteristics for 50 um wide InAs/GaAs QD lasers grown on silicon substrates with
2670 pm and 3200 pum cavity lengths under c.w. operation at room temperature are compared.
The measured series resistances extracted from IV curves are 1.9 + 0.2 Q and 1.8 £ 0.2 Q for
the 50 um x 3200 um and 50 um % 2670 um devices, respectively. The slope efficiency and
external differential quantum efficiency (measured between 300 and 600mA) for the 50%
3200 um laser are 0.165 W/A and 17.5%, respectively. By shortening the cavity length to
2670 pum, the slope efficiency and external differential quantum efficiency are increased to
0.191 W/A and 20.3% respectively, owing to larger photon emission rate per increment of
current, from lasers with shorter cavity lengths.



gl ™" 2.67mm Sjope efficiency=AP/Al 80
-- 3.2mm
61 60 2
S =
[}
o
g 4_ '40 §-
S 3
2] -20 g
0 -0

0 100 200 300 400 500 600
Current (mA)

Figure S5. LIV characteristics for a 50 um x 3200 um and a 50 um x 2670 pm InAs/GaAs QD
lasers grown on silicon substrate under c.w. operation at room temperature.

Temperature-dependent lasing spectrum measurement
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Figure S6. Lasing spectra measured 5% above the threshold at various heat sink temperatures
under c.w. operation.

Lasing spectra for a 50 pm x 3200 pm InAs/GaAs QD laser grown on a silicon substrate
measured 5% above the threshold at various heat-sink temperatures under c.w operation are
shown. It is clearly seen that the c.w. lasing in the ground state is maintained up to a heat-sink
temperature up of 75°C.
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Figure S7. Light output power versus current density for a 50 pm % 3200 um InAs/GaAs QD
laser on silicon at various heat sink temperatures under pulsed operation. The inset shows the

natural logarithm of current density, In(J;,) against temperature, with the red and blue curves
fitting data in the temperature ranges 20-60 °C and 70-120 °C, respectively.

Light output power versus current density for a 50 pum x 3200 pm InAs/GaAs QD laser on
silicon is shown at various heat-sink temperatures under pulsed operation (1% duty-cycle and
1ps pulse-width). With limited self-heating, a maximum lasing temperature of 120 °C has
been achieved. The characteristic temperature (T,) for this device estimated under pulsed
operation is 51 K between 20 and 60 °C and 35 K between 70 and 120 °C. The majority of the
effort towards further improving the maximum lasing temperature will be concerned with
reducing the sensitivity of the laser to temperature and optimizing the extraction of heat from
the active region. The well-established strategies to achieve this are modulation p-doping of
the QDs” and mounting the laser diode epitaxial-side down on a high thermal conductivity
heat-sink’.

Laser near-field measurements

We measured the spatial light emission characteristics of as-cleaved laser bars under a variety
of pumping conditions. The devices were individually driven pulsed (1000 ns pulses at 1 kHz)
at currents from 54 mA to 400 mA: well below to well above threshold. The nearfield emission
was focused using a Mitutoyo M Plan Apo NIR 50x/0.42 lens on the CCD array of a Xeva 163
IR camera. The resulting images were analysed to obtain plots of intensity across the facet.

Faint light emission could be seen across the whole structure when operated below threshold
giving confirmation of the width of the emission compared to the total structure width. This was
also confirmed with supplementary measurements using an individual die from another set of
samples. This faint emission could not be seen in the image below as the laser light had to be
attenuated with neutral density filters above threshold to avoid saturating the camera.
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Figure S8. Lasing near-field images, (a) Image of the lasing nearfield at 200 mA (well above
threshold). (b) Intensity profile of the image in (a) (red line with markers) together with an
intensity profile obtained at 150 mA (blue line without markers).

Figure S8(a) shows a camera image of the lasing nearfield well above threshold at 200 mA. It
can be seen that light was emitted across the full width, with variations in intensity due to the
lateral mode present. In Figure S8(b) the intensity profile of this image can be seen (red line
with markers) together with an intensity profile obtained at 150 mA. It can be seen the mode
order has changed as the pumping current increased which is to be expected in a broad area
device.

V. Estimating lifetime

A sub-linear model*” shown below is employed to fit the measured threshold over time:

I (1) = 11n (0) (1 + a™) (1)
MTTEF = (1/a) '™ (2)

where ¢ is the elapsed aging time and Iy, (t) is the threshold as a function of ageing time. The
lifetime is defined as the time when the threshold current is doubled for consistency with
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other reliability studies of lasers on Si. Figure S9 shows the ageing data. The red line is the
best-fit curve for the measured threshold, from which an estimated lifetime of 100,158 hours

is extrapolated.
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Figure S9. Ageing characteristic for QD laser grown directly on Si. The blue dots are the
measured threshold currents and the red line shows the best-fit curve for the measured

threshold current.
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