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Abstract— We present on-chip detection from directly modulated microring quantum-dot
(QD) lasers grown on exact (001) Si. Static and dynamic properties of the QD-based microring lasers and microdetectors have been investigated. The ring lasers exhibit high temperature
stabilities up to 100◦ C, low thresholds down to sub milliamp, and a wide 3 dB bandwidth up
to 6.5 GHz. The microdetectors show small dark currents down to 0.2 nA and eye openings up
to 10 Gbit/s with non-return-to-zero signals. Light emission from the microring lasers can be
probed via the changes in the photocurrent of the microdetectors, realizing on-chip QD laser and
detector system on Si by epitaxy. Furthermore, demonstrated downscaling abilities of the QD
based devices promise improved integration density for photonic integrated circuits (PIC).
1. INTRODUCTION

Harnessing quantum dots (QDs) with micro-cavities promises to meet the demands for low-power
consumption, and small-footprint optical interconnect systems in silicon-based microelectronic
chips [1–3]. By virtue of the in-plane carrier confinement properties of QDs to combat heteroepitaxial defects, the performance of monolithically grown lasers on Si is improving rapidly [4–7].
Continuous-wave (CW) threshold currents below 1 mA [8], injection efficiencies of 87%, output
powers of 175 mW at 20◦ C [9], and 4000-h reliability tests at 35◦ C with an extrapolated mean-timeto-failure of more than ten million hours [10] have been demonstrated. The overall performances
of these devices are comparable to or outperform those achieved by heterogeneous integration,
while offering substantial manufacturing cost and scalability advantages over their counterparts [2].
To further achieve the goal of attojoule optoelectronics for on-chip interconnects [11], the smallfootprint micro-cavity lasers, with their inherent traveling wave operation nature requiring no
gratings or Fabry-Perot (FP) facets, are particularly attractive [12].
Here, we present on-chip photo-detection from a monolithically integrated QD microring laser
through free-space coupling. The on-chip microdetectors operate with an ultra-low dark current
of 0.2 nA in the O band, which corresponds to a small dark current density of 0.13 mA/cm2 .
High speed measurement shows 3dB bandwidth of 5.5 GHz at a bias voltage of −5 V. Large signal
measurement with non-return-to-zero (NRZ) signals exhibits an eye opening at 10 Gbit/s operation.
The microring laser possesses a low threshold current of 3 mA under CW electrical injection and
sustains lasing at elevated temperatures up to 100◦ C under pulsed injection. A T0 was extracted
to be ∼60 K from 10–80◦ C, and ∼20 K between 80–100◦ C. Shrinkage of device dimensions show
monotonic decrease of threshold currents. The indicated low impact of sidewall recombination
promises further downscaling of devices. This preliminary version of integrating microring lasers
with microdetectors on the monolithic device platform shows great potential to realize complex
and scalable photonic integrated circuits (PICs) on industry standard silicon substrates.
2. EXPERIMENT AND RESULT

The microring lasers and microdetectors were integrated without any additional processing steps
as the two devices were fabricated simultaneously on a single active region design. The complete
epitaxial structure is shown in Fig. 1(a). The detailed growth procedure on the Si (001) template
was reported in [13]. Two GaAs/Alx Ga1−x As graded index separate confinement heterostructure
(GRINSCH) lasers with seven layers of InAs/InGaAs quantum dot-in-a-well (DWELL) active layers were grown subsequently. A dot density of 5.2 × 1010 cm−2 was measured using atomic force
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microscopy (AFM) and a strong luminescence at 1285 nm with a full-width at half-maximum of
28 meV was obtained from photoluminescence measurements. From the as-grown materials, ring
resonators with varying radii and ring waveguide widths were fabricated for lasers while rectangular shape mesa waveguides were formed for the microdetectors. The etched surface was covered
with Al2 O3 by atomic layer deposition (ALD) to suppress surface leakage current. The detailed
fabrication after the growth can be found in Ref. [8]. A schematic of the on-chip detection system is presented in the upper inset in Fig. 1(b). The laser is located face-to-face alongside the
microdetector, probed on a copper heat sink. Scattering of light from the lasers is free-space coupled to the rectangular-shaped microdetector and probed via the changes in the photocurrent.
The photocurrent was measured from the microdetector at a −3 V bias, while forward-biasing the
micro-ring laser. Fig. 1(b) shows the measured photocurrent as a function of the injection current
for a micro-ring laser with a mesa width of 4 µm and an outer-ring radius of 25 µm. The measured
photocurrent suggests a low lasing threshold of around 3 mA.

(a)

(b)

Figure 1: (a) Schematic of the complete epitaxial structure; (b) photocurrent as a function of the injection
current for the on-chip micro-ring laser. Inset: schematic of the on-chip detection system.

Temperature dependent characteristics of the micro-ring laser were evaluated separately in a
pulse set up with 0.5% duty cycle and 5 µs pulse width. Measured light-current (L-I) curves as a
function of the heatsink temperature were analyzed in Fig. 2(a). Lasing behavior was observed
up to 100◦ C, limited by the thermoelectric heater. The blue dots and dashed line in the inset of
Fig. 2(a) show the laser threshold versus temperature curve and fitting. An excellent characteristic
temperature T0 was extracted to be ∼60 K between 10–80◦ C, and ∼20 K between 80–100◦ . Static
and dynamic characteristics of the microdetectors were measured by cleaving the diode facet for
light input from a lensed fiber. Fig. 2(b) shows current-voltage (I-V) characteristics of 3 × 50 µm2
device without illumination. The dark current was 0.2 nA at a bias voltage of −3 V, corresponding to
an ultra-low dark current density of 0.13 mA/cm2 . This value is two orders of magnitude lower than
the competing Ge-on-Si photodiodes with thin Ge or SiGe buffer layers (typically in the order of
10 mA/cm2 ) [14]. The corresponding wavelength dependence of responsivity of the microdetectors
was presented in the inset of Fig. 2(b). A 3 dB coupling loss between the spherical-lensed fiber
and the waveguide facet, and ∼30% reflection off the waveguide facet were assumed. Fabry-Perot
resonance is occurred between the rear and front facets, and could be further removed using a tilted
facet.

(a)

(b)

Figure 2: (a) L-I curves as a function of the heatsink temperature. Inset: laser threshold versus temperature
curve and fitting. (b) I-V characteristics of the microdetectors without illumination. Inset: wavelength
dependence of responsivity.

Small-signal modulation responses S21 of the ring laser and microdetector were measured using a
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20 GHz lightwave component analyzer (LCA, HP8703A) and presented in Fig. 3. The devices were
directly probed using a signal/ground (SG) RF probe. For the ring laser, injected currents were
varied from 21 to 86 mA. These responses are normalized at low-frequency and a 3dB bandwidth of
6.5 GHz was attained at a bias current of 86 mA (Fig. 3(a)). The responses were further fitted using
a three-pole fitting function H(f) [15]. The damping rate γ and relaxation oscillation frequencyfγ at
each bias current were extracted. The extracted fγ , together with the measured f3 dB are plotted in
the inset in Fig. 3(a) as a function of the square root of bias current above threshold. The modulation efficiencies of 0.38 GHz/mA1/2 forf3 dB and 0.34 GHz/mA1/2 for fγ were extracted by linear
fitting, using the data points below (Ib Ith )1/2 = 8 mA1/2 . For the microdetector, biased voltages
were changed from -1 to -5 V. The maximum 3 dB bandwidth was 5.5 GHz at −5 V (Fig. 3(b)). Eye
diagram of the microdetector was measured using NRZ signals. A clear eye opening up to data-rate
of 10 Gbit/s shown in the inset of Fig. 3(b) is well consistent with the small-signal bandwidth of
5.5 GHz.

(a)

(b)

Figure 3: Small-signal modulation response S21 of (a) the ring laser and (b) the microdetector. Inset in (a):
the extracted fγ , and the measured f3 dB as a function of the square root of bias current above threshold for
the ring laser. Inset in (b): eye opening up to data-rate of 10 Gbit/s for the microdetector.

A summary of the historical trends in CW threshold currents and operating temperatures of
QD lasers epitaxially grown on Si is listed in Table 1 and deployed in Fig. 4(a). Competitive work
is being conducted in developing CMOS compatible, epitaxial materials platforms on Si, leading to
impressive results in material quality and record setting device performance. The benchmarking
shows that the micro-ring lasers achieved the smallest footprint, lowest energy consumption, and
are tolerant of the highest temperatures sustained near the electronic processors.
Table 1: Historical trends in thresholds and operating temperatures of QD lasers epitaxially grown on Si (R
denotes the outer-ring radius, W denotes the ring waveguide width).
Ith (mA)/Jth (A/cm2 )

Max T
(o C)

Size (µm2 )

Laser type

2016

100/62.5 (offcut Si)

75

3200×50

FP(CW)

UCL

1.32

[5]

2017

32/1066 (on-axis Si)

90

750×4

FP(CW)

UCSB

1.28

[16]

2017

187.5/250 (on axis Si)

36

3000×25

FP(CW)

UCL

1.29

[17]

Year

Institute

λ (µm) Ref

2017

36/500 (on-axis Si)

80

1200×6

FP(CW)

UCSB

1.25

[18]

2017

15/1200 (on-axis Si)
0.5/995 (on-axis Si)

100
100

R/W=50/4 µm
R/W=5/3 µm

Ring(CW)
Ring(CW)

UCSB
UCSB

1.3
1.3

[19]
[8]

2018

3/250 (on-axis Si)

80

R/W=15/4 µm

Ring(CW)

UCSB

1.3

[13]

2018

512/320 (on-axis Si)

70

2000×80

FP(pulse)

UTokyo

1.3

[13]

2018

9.5/255 (on-axis Si)

80

1485×2.5

FP(CW)

UCSB

1.25

[20]

2018

12/550 (on-axis Si)

30

1000×2.2

DFB(CW)

UCL

1.3

[21]

The micro-rings in our research group has also undergone several batches of improvements,
using different III-V/Si buffer templates with pseudomorphic GaP layers (GaP/Si) [22] and aspect
ratio trapping V-grooved trenches (GoVS) [23]. Generation-I (Gen-I) template relies on V-grooved
trenches in an on-axis Si substrate to limit defect propagation through aspect ratio trapping, and
coalescence of an overgrown GaAs layer to provide bulk area. The Gen-II and Gen-III templates
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utilized a 45 nm pseudomorphic GaP layer grown directly on Si by metal-organic chemical vapor
deposition (MOCVD) that was pioneered by NAsPIII/V, GmbH. For Gen-III, the GaAs barriers
separating the quantum dots were partially p-modulation-doped with beryllium. Otherwise, the
laser structures of the three batches are nominally the same. Fig. 4(b) summarizes the threshold
currents obtained from a series of microring lasers with different outer-ring radii and a constant ring
waveguide width of 4 µm from the three batch of lasers. The threshold current was monotonically
decreased with the reduction of the ring diameter, and continue the trends even at the smallest
dimensions. The demonstrated low impact of sidewall recombination is highly favorable for device
miniaturization without imposing a heavy penalty on the threshold current of laser devices.

(a)

(b)

Figure 4: (a) Historical trends in threshold currents and maximum operating temperatures of QD lasers
epitaxially grown on Si. (b) Threshold current for microring lasers grown on Si shows decreasing thresholds
as a function of ring radius.

3. CONCLUSION

In conclusion, a proof-of-principle demonstration of a low-footprint optical interconnect has been
achieved on an industrial-standard Si chip, fabricated through monolithic integration of O-band
microring lasers and microdetectors. High temperature stabilities up to 100◦ C, low thresholds down
to sub milliamp, and a wide 3dB bandwidth up to 6.5 GHz have been achieved for the ring lasers.
Ultra-low dark currents down to 0.2 nA and eye openings up to 10 Gbit/s with NRZ signals have
been achieved for the microdetectors. Optimizing the individual components is expected to further
increase link efficiencies and yield a data rate of 10 Gb/s and above. On-chip photodetection from a
monolithically integrated QD micro-ring laser through waveguide coupling is also being researched
to realize higher efficiency directional emission and detection.
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