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Silicon photonics (SiPh) technology has become a key platform for developing photonic integrated circuits due to
its CMOS compatibility and scalable manufacturing. However, integrating efficient on-chip optical sources and
in-line amplifiers remains challenging due to silicon’s indirect bandgap. In this study, we developed prefabricated
standardized InAs/GaAs quantum-dot (QD) active devices optimized for micro-transfer printing and successfully
integrated them on SiPh integrated circuits. By transfer-printing standardized QD devices onto specific regions of
the SiPh chip, we realized O-band semiconductor optical amplifiers (SOAs), distributed feedback (DFB) lasers,
and widely tunable lasers (TLs). The SOAs reached an on-chip gain of 7.5 dB at 1299 nm and maintained stable
performance across a wide input power range. The integrated DFB lasers achieved waveguide (WG)-coupled
output powers of up to 19.7 mW, with a side-mode suppression ratio (SMSR) of 33.3 dB,
and demonstrated notable robustness against optical feedback, supporting error-free data rates of 30 Gbps with-
out additional isolators. Meanwhile, the TLs demonstrated a wavelength tuning range exceeding 35 nm, and
a WG-coupled output power greater than 3 mW. The micro-transfer printing approach effectively decouples
the fabrication of non-native devices from the SiPh process, allowing back-end integration of the III–V devices.
Our approach offers a viable path toward fully integrated III–V/SiPh platforms capable of supporting high-speed,
high-capacity communication. © 2025 Chinese Laser Press

https://doi.org/10.1364/PRJ.545946

1. INTRODUCTION

Silicon photonics has emerged as a leading technology for cre-
ating compact, cost-effective, and highly scalable photonic cir-
cuits, benefiting from advancements in CMOS technology
[1–3]. The SiPh platform has reached a mature stage, enabling
the realization of low-loss, high-density Si and SiN waveguides,
WDM filters, as well as low-loss edge couplers and grating cou-
plers, which effectively link on-chip waveguides and off-chip
fibers [4,5]. In terms of active components, mature platforms
now can support over-56-Gbps silicon ring modulators,
Mach-Zehnder modulators, and GeSi electro-absorption mod-
ulators [6]. Meanwhile, high-speed Ge photodetectors on sil-
icon are available for OE signal conversion [7–9]. This
integration of a wide range of active and passive photonic

components on a silicon wafer using a mature tool set facilitates
high-speed optical transceivers, further enhancing the potential
of silicon photonics in advanced communication sys-
tems [10–12].

Despite the advanced capabilities of the SiPh platform,
several critical building blocks remain missing for achieving
fully integrated and compact photonic systems-on-chip. One
of the most crucial components for silicon photonics is a laser
[13–16]. A primary limitation is that silicon is an indirect
bandgap semiconductor [17]. Efficient light emission cannot
be achieved, which is a critical requirement for photonic
systems. Additionally, an in-line optical amplifier on-chip is es-
sential because each photonic building block introduces inser-
tion loss, leading to significant signal attenuation after the
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optical signal has traversed multiple components on the chip.
In traditional fiber optic communications, erbium-doped fiber
amplifiers (EDFAs) for the C-band and praseodymium-doped
fiber amplifiers (PDFAs) for the O-band are commonly used to
mitigate such losses [18,19]. However, miniaturizing these
amplifiers for on-chip integration remains a challenge and still
requires a pump laser source. Furthermore, it is essential to
prevent reflections that arise as light passes through optical
components, as lasers are typically sensitive to external feed-
back. Therefore, on-chip optical isolators and circulators are
required [20–22]. However silicon lacks magneto-optic effects
[23], precluding the fabrication of effective optical isolators or
circulators on-chip.

Several useful semiconductor, electro-optic and magneto-
optic materials have shown promise in addressing these lim-
itations of silicon photonics. Notably, III–V semiconductors
such as InP, GaAs, and GaN are highly effective for the reali-
zation of light sources across a wide spectral range, from near-
ultraviolet to infrared [24–28]. Additionally, materials like
lithium niobate (LN), lithium tantalate (LiTaO3), and lead
zirconate titanate (PZT), due to their non-centrosymmetric
crystal structures, are well-suited for high-performance
electro-optic modulators [29–32]. Furthermore, magneto-
optical materials such as cerium-substituted yttrium iron gar-
net (Ce:YIG) are ideal for optical isolators [33–35].
However, the integration of these materials into SiPh plat-
forms presents significant challenges due to their non-
CMOS compatibility.

Overcoming these limitations is crucial for the advancement
of fully integrated photonic systems. Micro-transfer printing
(μTP), a technology available under license from X-Celeprint,
Ltd., offers a promising solution by decoupling the fabrication
of non-native devices from the SiPh platform, enabling versatile
integration across various material systems and substrates
[36–39]. This technique provides several key advantages, in-
cluding high alignment accuracy within 500 nm, high through-
put, and the capability for dense integration with thousands of
devices per reticle, making it a cost-effective solution for mod-
erately high-volume production. Other mainstream approaches
for heterogeneous integration, such as wafer bonding, flip-chip
integration, and hetero-epitaxial growth, also have their merits.

A detailed comparison of these techniques is available in
Ref. [36].

In this study, we pre-fabricated high-density standardized
InAs/GaAs quantum dot (QD) active devices on GaAs epitaxial
wafers, optimized for micro-transfer printing. The QD layers
exhibit lower reflection sensitivity compared to multiple quan-
tum well (MQW) structures, potentially avoiding the need
for additional optical isolators. The QD devices can be easily
released and transfer-printed onto the target regions of the SiPh
chip. These QD devices were subsequently used to form DFB
lasers, widely tunable lasers, and SOAs on-chip, providing light
sources and amplifiers for silicon photonics, demonstrating the
potential for advanced device integration.

2. DESIGN AND FABRICATION

A. Pre-fabrication of GaAs QD Active Devices
To prevent contamination of the SiPh process line with non-
CMOS-compatible materials, we pre-fabricated standardized
InAs/GaAs QD active devices on GaAs epitaxial wafers. The
overall process flow for integrating these GaAs QD devices onto
an advanced SiPh platform, such as the imec iSiPP50G [6] plat-
form, is illustrated in Fig. 1.

The fabrication process begins with the definition of the
GaAs mesa on the epitaxial wafers [Figs. 1(a) and 1(b)] using
inductively coupled plasma (ICP) etching, followed by metal
deposition. Afterwards, the mesa is encapsulated with a thick
double-dielectric layer of SiNx and SiO2, and the surface topog-
raphy is planarized with a thick benzocyclobutene (BCB) layer.
Details of the fabrication process can be found in our previous
work [40]. To release the GaAs QD active devices, the sample
undergoes a release etching process by immersing it in a 1:1
solution of 37% hydrochloric acid (HCl) and water for 1 h.
This wet etching step selectively removes the AlGaAs sacrificial
layer, leaving the QD devices intact and suspended above the
substrate while still supported by photoresist tethers. At this
stage, the QD active device array is fully fabricated and ready
for transfer. Figure 2(a) shows optical microscope images of
the fabricated QD device array on the source wafer, after the
selective wet etching, ready for pick-up using a polydimethyl-
siloxane (PDMS) stamp.

Fig. 1. Schematic process flow for the integration of GaAs QD active devices on a SiPh platform.
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The photoresist tethers, fabricated through photolithography
[Fig. 1(c)], play a critical role in securing the QD devices during
the releasing process. These tethers provide better
compliance and effectively minimize mechanical stress. The pitch
of the tethers is designed to provide adequate support for the III–
V coupon, preventing collapse while ensuring easy detachment at
the anchor points during the pick-up process. However, excessive
density or overly long tethers may leave residual tether fragments
on the coupon after breaking, potentially leading to bonding fail-
ure. The origin and development of the μTP process for various
materials and devices are comprehensively detailed in our previ-
ously published reference papers [41–43].

B. Integration of GaAs QD-on-Si Amplifiers
We utilized the IMEC SiPh platform to fabricate SiPh circuits,
which can integrate low-loss waveguides, grating couplers
(GCs), electrical interconnects, and more. The silicon wave-
guide circuits were realized on imec’s 300 mm SiPh platform,
which consists of a 220 nm crystalline silicon device layer with a
160 nm thick poly-Si overlay layer and a complex back-end
layer stack including two metal intercontact layers and exposed
Al bond pads. The 2 μm thick buried oxide (BOX) layer be-
neath the silicon waveguide serves as the insulating layer, en-
suring proper confinement of the optical mode within the
silicon waveguide, minimizing losses. Recesses were defined
on the platform to accommodate the GaAs QD devices after

transfer printing, as shown in Fig. 1(e). To address excessive
roughness, which could compromise bonding quality, the sur-
face was smoothed by filling with a thin BCB layer (tens of
nanometers thick), maintaining sufficient adhesion for the
subsequent placement of the GaAs active devices. Using an
X-Celeprint MTP100 lab-scale printer, the QD devices were
picked up with PDMS stamps of the corresponding size, as
shown in Fig. 1(d). The devices are then precisely transfer-
printed into the designated recesses, achieving a positional
alignment error of less than 500 nm. After the coupons are
transferred, the BCB is fully cured at 280°C, ensuring a robust
and durable bond. Following this, standardized metallization
processes are employed to form the electrode pad, effectively
connecting the GaAs QD devices to the on-chip electrodes
of the SiPh chip. Figure 2(b) shows the optical microscope im-
age of QD devices positioned within the recesses of the SiPh
wafer after the final metallization.

Figures 3(a) and 3(b) illustrate the schematic of the GaAs QD
semiconductor optical amplifier (SOA) devices integrated onto
the SiPh waveguide circuit. The optical signal is efficiently
coupled from the crystalline silicon (c-Si) waveguide to the poly-
crystalline (p-Si)/crystalline silicon waveguide, and then finally
coupled into the GaAs QD active layers via an adiabatic taper
[40], which is designed to provide a 1 μm alignment tolerance.
Figures 3(d) and 3(e) present the simulated coupling efficiency
(jS21j2) of the taper as functions of misalignment, demonstrating
a transmission efficiency of 99.1% at 1 μm misalignment.
The feedback levels are below −40 dB at the taper tip interface.
The cross-sectional SEM image of the taper tip is shown in
Fig. 2(c).

C. Integration of GaAs QD-on-Si DFB Lasers
For the integration of GaAs QD lasers on the SiPh platform,
the SiPh target chip for the laser was fabricated at imec
using 193 nm immersion deep ultraviolet (DUV) lithography.
The passive SiPh chip consists of a c-Si layer and a p-Si layer
on a 2 μm BOX layer. The c-Si layer was etched to define the
waveguide structures and the second-order Bragg grating (gra-
ting period of 390 nm, grating length of 1.4 mm, full etch
through the c-Si) with a quarter-wavelength (λ∕4) phase shift
[40,44,45].

After back-end fabrication and cavity definition, a thin BCB
layer, on the order of tens of nanometers, was applied on the

Fig. 2. (a) Optical microscope images of the fabricated GaAs QD
device array on the source wafer; (b) micro-transfer printed GaAs QD-
on-Si SOAs on the SiPh chip; (c) cross-sectional SEM image of the
taper region.

Fig. 3. (a) Top-view schematic of the GaAs QD devices after transfer printing onto the SiPh platform; (b) cross-sectional schematic of the GaAs
QD-on-Si devices along the y-direction; (c) cross-sectional schematic of the QD devices on Bragg grating along the x-direction; (d) optical mode field
distribution during coupling through the taper structure; (e) coupling efficiency (jS21j2) of the taper as a function of misalignment.
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top of the p-Si layer to facilitate the transfer and adhesion of the
QD devices, similar as for the SOAs. After transfer-printing,
the QD devices function as the gain medium for the DFB lasers
on SiPh. The DFB grating in the c-Si layer selectively reflects
light at the Bragg wavelength and enforces single-mode oper-
ation by allowing only the desired wavelength to resonate.
Figure 3(c) shows the cross-sectional schematic of the QD de-
vices on the Bragg grating. This process leads to the emission of
a coherent laser beam with a well-defined wavelength and a
high spectral purity, characteristic of DFB lasers on SiPh.

D. Integration of GaAs QD-on-Si Widely Tunable
Lasers
To integrate GaAs QD widely tunable lasers onto the SiPh plat-
form, Fig. 4(a) shows a schematic layout of the SiPh circuit,
illustrating the key components. The chip includes a gain re-
gion for integrating a GaAs QD SOA, a Vernier filter, a tunable
Sagnac loop mirror, a phase shifter, and a Mach-Zehnder inter-
ferometer (MZI)-based switch.

The Vernier filter consists of two thermally tunable micro-
ring resonators (MRRs) with slightly different diameters (60
and 63 μm), corresponding to free spectral ranges (FSRs) of
2.34 and 2.23 nm, respectively, around 1310 nm wavelength.
This configuration enables the filter to select wavelengths over
a broader tuning range than each individual resonator
[46–48]. The thermo-optic phase shifter is used to tune
the cavity modes of the laser. A thermally tunable reflector
is implemented as an out-coupling mirror, enabling control
of the mirror’s reflectivity for optimal out-coupling efficiency.
As shown in Fig. 4(a), an additional region was reserved on the
chip for integrating GaAs QD devices to amplify the light out-
put from the tunable reflector (although QD coupons were
not printed in this region of the current chip). The MZI-
based switch is used to direct the output power either to
the test port (grating coupler) or to other on-chip components
for further manipulation.

Following the transfer-printing of 2.2 mm long GaAs QD
active devices onto the gain region of the chip, the subsequent
processing steps were identical to those used in fabricating our
GaAs QD DFB lasers. The longer SOA coupon was selected to
enhance optical gain and reduce electrical resistance. This de-
sign also mitigates self-heating. Figure 4(b) shows a microscope
image of the fully fabricated tunable laser on the SiPh chip.

3. CHARACTERIZATION AND DISCUSSION

A. Performance of Integrated GaAs QD-on-Si
Amplifiers
The O-band GaAs QD-on-Si SOAs were placed on a temper-
ature-controlled stage for all measurements. The devices under
test were optically probed using cleaved standard single-mode
fibers on a fiber stage. The GaAs QD SOAs were electrically
contacted using probe needles. A Keithley 2400 SourceMeter
was used to drive the active devices and obtain their IV character-
istics. From Fig. 5(a), the SOAs have a differential resistance
ranging from 3.89 Ω to 3.73 Ω, for a surface area of 5520 μm2,
when the temperature of the stage changed from 20°C to 50°C.
The differential resistance was determined for an injection
current density of 2.5 kA∕cm2. The amplifier’s good electrical
characteristics enable high current injection with minimal self-
heating, which is crucial for high-power operation.

To accurately characterize the on-chip gain of the SOAs, a
stable continuous-wave (CW) tunable laser (Santec TSL-510)
was used, connected to a polarization controller to optimize
coupling efficiency into the on-chip grating coupler. The angle
of the fiber holders was adjusted to align the wavelength
of maximum transmission with the gain peak of the SOAs.
The output power of the SOA was measured using an optical
spectrum analyzer (OSA, Agilent 86140B) set to a resolution
bandwidth (RBW) of 0.1 nm. This narrow bandwidth was
critical to ensuring that the measured output power was not
affected by amplified spontaneous emission (ASE), thereby

Fig. 4. (a) Schematic of the SiPh circuit for the widely tunable laser; (b) microscope image of the fully fabricated tunable laser on the SiPh chip.
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providing an accurate evaluation of the amplifier’s performance
at the specified wavelength.

Additionally, to calibrate the on-chip gain measurements, it
was necessary to accurately quantify the grating coupler losses as
a function of wavelength [inset of Fig. 5(b)]. To achieve this,
short straight reference passive silicon waveguides, each with
two grating couplers, were integrated onto the chip, strategi-
cally placed near the amplifiers. This placement ensured that
the reference waveguides experienced the same fabrication
processes as those applied to the passive waveguides and cou-
plers within the SOAs. The losses of the grating couplers were
determined using the same measurement setup as for the SOAs,
ensuring consistency in the experimental conditions and pro-
viding reliable data for calibrating the amplifier gain.

Figure 5(b) illustrates the relationship between the input
wavelength and the corresponding gain of the SOA (1.66 mm
long) at various temperatures after calibration. It shows that the
SOA achieves its maximum gain of 7.51 dB at a wavelength of
1299 nm when the device is maintained at 20°C. As the tem-
perature of the measurement stage increases, there is a decrease
in the gain of the SOA from 7.51 to 4.03 dB. Concurrently, the
peak gain wavelength exhibits a red shift, moving from
1299 nm at 20°C to 1314 nm at 50°C. The observed redshift

with increasing temperature can be attributed to the temper-
ature dependence of the bandgap energy in the active region
material. Specifically, the bandgap of the QD active region de-
creases approximately linearly with increasing temperature
[49–51]. As the bandgap narrows, the energy required for elec-
tron transitions decreases, causing the optimal wavelength for
gain to shift toward longer wavelengths, hence the observed
redshift. Moreover, at elevated temperatures, non-radiative
recombination processes, such as Auger recombination and de-
fect-related recombination, become more pronounced [52–54].
These processes lead to a reduction in the number of free carriers
available for stimulated emission, thereby reducing the popula-
tion inversion necessary for optical amplification. Conseq-
uently, the gain of the SOA decreases as temperature increases.
In future work, further optimization of the device structure will
be explored. The inclusion of thermal vias to the substrate will
enable realizing a lower thermal impedance, further reducing
self-heating, and improving the high temperature performance
of the devices.

Figures 5(c) and 5(d) present the on-chip output power and
the corresponding gain of the SOA as a function of the input
power. This characterization was conducted by varying the in-
put power of a tunable laser set to a wavelength of 1300 nm.

Fig. 5. (a) Current-voltage (IV) characteristics and differential resistance of the GaAs QD-on-Si SOA at various temperatures; (b) on-chip gain
spectrum of the GaAs QD-on-Si SOA as a function of wavelength at different temperatures, with the inset showing single GC loss versus wavelength
and temperature; (c) on-chip output power versus waveguide (WG)-coupled input power at different bias currents; (d) on-chip gain as a function of
WG-coupled input power for various bias currents.
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The on-chip input power was adjusted between −20 dBm and
�1 dBm while the SOA output power was monitored using an
OSA. The SOAs were biased at different currents ranging from
80 to 180 mA. The results indicate a linear relationship be-
tween the waveguide-coupled input power and the on-chip
output power, particularly when the input power is below
−5 dBm. Upon calibrating the gain at different drive currents,
it is observed that the gain remains stable for input powers be-
low −5 dBm. To achieve optimal performance, the mode field
design in the coupling region must balance the trade-off be-
tween saturation output power and gain. This balance directly
impacts the efficiency and effectiveness of the SOA design.

B. Performance of Integrated GaAs QD-on-Si DFB
Lasers
The GaAs QD-on-Si DFB laser testing setup is identical to the
SOA testing setup, as described above. The optical power was
then measured using a power meter (HP 8163A). Figure 6(a)
presents the light-current-voltage (LIV) curves of the DFB laser
at different stage temperatures. As shown, the DFB laser begins
to lase when the drive current exceeds 70 mA. With further

increase in drive current, the waveguide-coupled output power
gradually rises, reaching a maximum of 19.7 mW at 230 mA at
a measurement temperature of 20°C. The WG-coupled output
power represents the optical power within the silicon wave-
guide on chip, calibrated to exclude losses from the fiber-to-
grating coupler interface and other system losses.

When the stage temperature is increased to 40°C, the peak
optical power shift is obtained at 216 mA with a reduced peak
power of 14.1 mW, after which the optical power begins to de-
cline as the drive current continues to increase. This behavior can
be attributed to the laser diode’s reduced efficiency in converting
electrical energy into optical energy at elevated temperatures.
Additionally, as the drive current surpasses a certain threshold,
the additional heat generated exacerbates these effects, leading
to a decrease in output power. This explains the earlier peak
and subsequent roll-off observed in the LI curve at 40°C.
The kinks in the LI-curve are attributed to reflection from
the grating couplers used to characterize these devices.

Figure 6(b) shows the optical spectrum of the output power
at 20°C. At lower drive currents, the DFB laser exhibits
mode competition. However, as the drive current increases,

Fig. 6. (a) Current-voltage (IV) characteristics and WG-coupled output power of the GaAs QD-on-Si DFB laser at various temperatures; (b) op-
tical spectra of the GaAs QD-on-Si DFB laser at different drive currents; (c) frequency noise spectrum of the GaAs QD-on-Si DFB laser at various
drive currents, indicating linewidth values from 2.05 MHz to 803.6 kHz.
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the primary lasing mode stabilizes, achieving a side-mode sup-
pression ratio (SMSR) of up to 33 dB.

Figure 6(c) shows the frequency noise spectrum and instanta-
neous linewidth (LW) of the DFB lasers, which is acquired by an
OE4000 laser phase noise analyzer system. It shows that when
the bias current increases, the linewidth of the device decreases
from 2.05 MHz to 803.6 kHz, because a higher proportion of
stimulated emission results in reduced phase noise, as the phase
of the emitted photons becomes more synchronized with the
optical field inside the cavity [55]. This reduced phase noise nar-
rows the spectral linewidth of the laser.

Furthermore, in the operation of DFB lasers, the recombi-
nation and generation of carriers and photons result in instan-
taneous fluctuations in photon density. These fluctuations lead
to variations in the output power, known as the relative inten-
sity noise (RIN) of the laser [56–58]. High RIN levels can in-
crease the bit error rate (BER) in optical communication
systems by causing random variations in signal amplitude, po-
tentially leading to incorrect data interpretation at the receiver
end [59–61]. Therefore, for high-speed applications, it is cru-
cial to use DFB lasers with low RIN. In designing a commu-
nication system, the desired BER sets an upper limit on the
allowable RIN of the laser. The RIN per unit bandwidth
can be calculated using the formula [62]

RIN�dB∕Hz� � 10 log10

�h�δP�t��2i
P2
0

�
− 10 log10�Δf �,

(1)

where h�δP�t��2i represents the mean-square noise fluctuation
(assumed to follow a Gaussian distribution), P0 denotes the
average optical power output of the laser, and Δf is the filter
bandwidth of the measurement apparatus. For a digital link
operating at 30 Gbps with a required BER of 10−9, assuming

that the required bandwidth is 0.75 of the link bit rate [63], the
RIN should be lower than −125.0 dB∕Hz. This ensures reli-
able data transmission with minimal signal degradation.

To evaluate the RIN of the QD-on-Si DFB lasers, a mea-
surement setup was constructed as shown in Fig. 7(a). The la-
sers were driven at various currents, and the emitted light was
coupled into an optical fiber. The optical signal was then con-
verted to an electrical signal using a high-speed photodetector
(PD) with a transimpedance amplifier (TIA) (Discovery
DSCR409). This electrical signal was subsequently passed
through a DC block to filter out the DC component, allowing
only the RF signal to pass. The RF signal was amplified using
an RF amplifier (SHF S804B) before being analyzed by an elec-
trical spectrum analyzer (ESA, Keysight N9010A) to determine
the RIN of the laser. It is important to note that the measured
noise includes contributions from the laser’s RIN, the shot
noise of the PD, and the thermal noise of the RF amplifier
and TIA. Therefore, a calibration process was conducted to iso-
late the laser’s RIN from these other noise sources.

Figure 7(b) shows the RIN results of the laser under differ-
ent drive currents. The data indicate that the RIN decreases
from −137.9 to −149.6 dB∕Hz as the drive current increases
from 120 to 220 mA at 20°C. This reduction in RIN with
increasing current can be explained by a decrease in relative
photon number fluctuations due to spontaneous emission,
which becomes smaller relative to the total photon number
at higher currents. Additionally, mode competition is reduced,
minimizing power fluctuations between different modes,
thereby lowering the RIN.

Figure 7(c) presents the RIN results at temperatures ranging
from 20°C to 40°C with a fixed drive current of 220 mA. A
slight increase in RIN from −149.6 to −147.6 dB∕Hz is ob-
served, indicating that noise fluctuations in the laser output
increase when operating in a higher-temperature environment.

Fig. 7. (a) Schematic diagram of the setup used for measuring the RIN of the QD-on-Si DFB lasers; (b) measured RIN spectra of the DFB laser at
a constant temperature of 20°C under varying drive currents; (c) measured RIN spectra at a fixed drive current of 220 mA at different temperatures.
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Despite this, the laser maintains a relatively low RIN, which is
essential for high-speed communication applications.

To further validate the suitability of the GaAs QD-on-Si lasers
for high-speed communication applications, we conducted a
high-speed transmission test using the setup depicted in Fig. 8(a).
In this setup, the laser emission from the on-chip grating coupler
is transmitted to an optical modulator, driven by an arbitrary
waveform generator (AWG, Agilent Keysight) acting as the signal
source, using a pseudo random binary sequence (PRBS) pattern
of 27 − 1 with a non-return-to-zero (NRZ) coding scheme. The
modulated optical signal then passes through a PDFA, a tunable
optical filter, and a variable optical attenuator (VOA) to control
the signal power. The resulting optical signal is converted into
an electrical signal by a high-speed PD with TIA (Discovery
DSCR409) and is subsequently analyzed using a real time oscillo-
scope (RTO, LabMaster 10-Zi-A) to capture the eye diagram.
The signal is also sent to an SHF bit error rate tester (BERT)
to calculate the bit error rate (BER). As illustrated in Fig. 8(b),
the DFB laser demonstrates robust performance, supporting a
30 Gbps digital link with high fidelity. When the received power
at the photodetector exceeds −11 dBm, the BER is lower than
10−12, which is below the threshold of the BERT, indicating ex-
cellent signal integrity.

C. Performance of Integrated GaAs QD-on-Si
Widely Tunable Lasers
The performance of the O-band QD-on-Si widely tunable la-
sers was evaluated on a temperature-controlled stage. To ensure
stable and reliable electrical connections during testing, the
devices were wire-bonded onto a printed circuit board (PCB).
This setup, implemented using the PyMeasure3 library, effi-
ciently controlled the SourceMeter for thermal tuning while
monitoring the output with an HP power meter and OSA,

enhancing measurement accuracy and repeatability. The lasers
exhibited a threshold current of 80 mA, as shown in the LIV
characteristics in Fig. 9(a). The differential resistance was
less than 3 Ω. The WG output power at 1295.8 nm reaches
3.6 mW at 20°C.

The tuning mechanism of the laser was based on the Vernier
filter, which utilized two thermally tunable micro-ring resona-
tors with slightly different diameters to achieve wide tunability.
Additionally, a thermally tunable Sagnac loop mirror and a
phase shifter were employed to optimize the reflectivity of
the out-coupling mirror and enhance the tuning accuracy
and output power. The tuning principle can be referenced from
the cited literature [64]. The wavelength tuning range spanned
from 1280.6 to 1315.7 nm, over 35 nm, as shown in Fig. 9(b).
The lasers maintained a high SMSR of approximately 40 dB
across the entire tuning range, ensuring stable single-mode op-
eration with minimal mode competition.

The results confirm the potential of these GaAs QD-on-Si
widely tunable lasers on SiPh systems, offering broad wave-
length tunability, good output power, and spectral purity,
making them interesting for integration into advanced SiPh
platforms. These capabilities pave the way for future innova-
tions in high-capacity optical communication systems and
other applications requiring compact, efficient, and highly
tunable photonic devices.

D. Dynamic Response of DFB Lasers under
Optical Feedback
In communication systems, light emitted from the laser passes
through various optical components, leading to some degree of
reflection at each interface inevitably. These reflections can ad-
versely affect the performance of the laser [65–67]. When the
level of external optical feedback reaches a certain threshold, it
can cause a phenomenon known as coherence collapse [68–70].
Even minimal amounts of feedback can have substantial effects
on the laser’s linewidth and noise characteristics, particularly
for single-frequency quantum well based lasers. In fact, feed-
back as low as 0.4% (−24 dB) is considered significant [62].
In fiber-optic communication systems, isolators are typically
placed in front of the laser to prevent external light feedback
from degrading the laser’s optical quality [71]. For on-chip SiPh
systems, recent research has explored the use of magneto-
optic non-reciprocal materials such as Ce:YIG or bismuth-
substituted YIG (Bi:YIG) to fabricate isolators that can prevent
reflections within the photonic integrated circuit (PIC) from re-
entering the laser cavity and affecting its performance [72–75].
However, integrating such isolators into the PIC requires com-
plex circuit design, which adds additional fabrication steps and
increases the overall cost of the device.

To achieve high-quality on-chip laser sources, we selected
quantum dots as the active layers for our GaAs active devices.
Previous research has shown that QD active layers exhibit
lower sensitivity to optical feedback compared to quantum
wells [76,77]. This is primarily because QD active layers typ-
ically have a low linewidth enhancement factor (αH ), which
quantifies the coupling between phase noise and intensity
noise in a laser, and a high damping rate. A small αH indicates
weak coupling between changes in gain and changes in refrac-
tive index. Consequently, when a laser with a low αH is

Fig. 8. (a) Schematic diagram of the experimental setup used for
high-speed transmission testing of the GaAs QD-on-Si DFB laser;
(b) bit error rate as a function of received optical power at a
30 Gbps rate; the inset shows eye diagrams corresponding to different
received powers.
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disturbed by an optical feedback signal, the resulting changes
in gain and phase are less likely to influence each other, lead-
ing to a more stable laser output and reduced sensitivity to
feedback.

Additionally, in QD lasers, off-resonance energy states sig-
nificantly affect laser dynamics. QD lasers can operate in three
different lasing regimes depending on the bias conditions:
(i) ground state (GS) lasing, (ii) first excited state (ES) lasing,
and (iii) dual-state lasing where both GS and ES are active [78].
Research on GaAs QD lasers has shown that those devices las-
ing exclusively from the GS transition are much more stable
under external optical feedback than those operating in
dual-state or ES-only lasing regimes [77,79]. Recent studies
have further demonstrated that for GaAs QD lasers that can
switch between the GS and ES lasing, the level of feedback that
causes instability depends a lot on the threshold difference be-
tween ES and GS [78]. If the laser switches quickly from GS to
ES, it is more likely to become unstable when they are under
optical feedback.

To evaluate the GaAs QD-on-Si DFB laser’s sensitivity to
external optical feedback and verify its robustness for high-speed
on-chip optical communication, we designed a measurement
setup to examine the impact of optical feedback on the RIN
of the DFB lasers. The experimental setup, illustrated in Fig. 10,
involves directing the emission from the GaAs QD-on-Si DFB
laser through a grating coupler structure, after which the output
is split into two paths using a 3 dB splitter. In the first path, the
laser signal is routed into an optical circulator, with the output
port (port 3) connected back to the input port (port 1) to create a
feedback loop. Between ports 1 and 3, a variable optical attenu-
ator (VOA) and an SOA with a tunable filter are introduced to
precisely control the optical feedback level into the DFB laser.
When the feedback level exceeds −25 dB, the SOA amplifies
the laser signal within the loop to increase the feedback strength
directed back into the laser. The second path directs the laser
output to the RIN measurement system, as shown in Fig. 7(a),
to assess how varying levels of optical feedback affect the noise
characteristics of the DFB laser.

Figure 10 presents the RIN results of the QD-on-Si DFB
lasers under varying levels of optical feedback, with the DFB
laser operating at a drive current of 230 mA. The data indicate
that at high frequencies (>1 GHz), the RIN of the laser re-
mains relatively unaffected by changes in feedback level, with
the RIN values remaining nearly constant. This is because at
the high-frequency region of the RIN spectrum, quantum noise
(primarily shot noise due to spontaneous emission) is the dom-
inant noise source [62]. The noise is typically white noise,
which shows insensitivity to optical feedback. However, at
lower frequencies, a noticeable difference in RIN is observed,
due to the interaction with relaxation oscillations. The laser be-
comes more sensitive to external optical feedback at these lower
frequencies, which can induce fluctuations in the optical power
and thereby increase the RIN. Notably, even with a strong ex-
ternal optical feedback level, such as −16.5 dB, the RIN peak at

Fig. 9. (a) IV characteristics and WG-coupled output power of the GaAs QD-on-Si widely tunable laser with the resonant wavelength tuned to
1295.8 nm; (b) optical spectrum of the tunable laser.

Fig. 10. Measured RIN spectra of the DFB lasers with different
feedback levels into the lasers driven at 230 mA (the inset is the setup
for measuring the laser RIN with optical feedback).
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low frequencies remains below −125.0 dB∕Hz. This value is
critical, as it is sufficient to support a 30 Gbps optical commu-
nication link, as discussed in the previous section.

To further validate the QD-on-Si DFB laser’s robustness
against optical feedback, we integrated the optical feedback
path into the 30 Gbps high-speed transmission test setup.
As illustrated in Fig. 11(a), even with the introduction of an
optical feedback level as high as −24.3 dB (which is considered
reasonably attainable in a well designed optical system), the re-
lationship between BER and received power remains similar,
indicating that the high feedback level does not notably affect
the GaAs QD-on-Si DFB lasers performance. Specifically, at
a received power of −11 dBm, the BER without any feedback
is 4.44 × 10−12, while with a −24.3 dB feedback, the BER
slightly increases to 2.56 × 10−11. Additionally, the eye dia-
grams with and without optical feedback show no significant
degradation; they remain clear and open, demonstrating stable
signal quality under high-feedback conditions. Figure 11(b)
presents the BER results and the corresponding eye diagrams
at various feedback levels, illustrating that the BER remains low
and stable, consistently around 10−10.

4. CONCLUSION

In this study, we successfully demonstrated the integration of
pre-fabricated standardized InAs/GaAs QD active devices onto
a SiPh platform using μTP technology. By strategically placing
these QD devices onto designated regions of the SiPh chip, we
fabricated O-band optical amplifiers, isolator-free DFB lasers,
and widely tunable lasers directly on the chip, enabling efficient
signal amplification and laser output. The integrated SOAs
achieved a maximum on-chip gain of 7.5 dB, while the
DFB lasers delivered waveguide output powers of up to
19.7 mW at room temperature, supporting error-free data
transmission at 30 Gbps under external modulation. The
widely tunable lasers demonstrated a wavelength tuning range
exceeding 35 nm, and a waveguide output power greater than
3 mW. The quantum dot structure of the active layers results in

robustness against external optical feedback, as evidenced by
minimal degradation in relative intensity noise and stable bit
error rates under high-speed operation. These results highlight
the potential of μTP technology for developing fully integrated
O-band SiPh chips, providing a viable path towards compact,
high-performance photonic circuits capable of supporting high-
speed, high-capacity optical communication.
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