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Monolithic integration of InP quantum dot (QD) lasers on
silicon is essential for on-chip quantum technologies and bio-
photonics. We demonstrate 780-nm InP/GaAsP QD lasers
monolithically grown on (001) Si with an improved char-
acteristic temperature (T,) of 125K in the 20-50 °C range.
By increasing the active-region stacking to five layers, the
threshold current density was reduced to 0.86 kA/cm? with a
thermal wavelength shift of 0.25nm/°C. Comparative anal-
ysis with 3-layer counterparts on Si and devices on GaAs
substrates indicates that the optimized 5-layer structure ef-
fectively enhances modal gain and consequently the thermal
stability of Si-based near-infrared light sources. This work
suggests that active-layer stacking is a feasible strategy for
improving the thermal characteristics of InP QD lasers on
Si. © 2026 Optica Publishing Group. All rights, including for text and
data mining (TDM), Artificial Intelligence (Al) training, and similar
technologies, are reserved.
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Monolithic integration of III-V semiconductor lasers on silicon
(Si) is essential for scalable, low-cost, and high-density Si-based
optoelectronics [1,2]. While research has matured at telecom-
munication wavelengths (1.3 and 1.5 um), there is an increasing
demand for light sources in the 700—800 nm near-infrared (NIR)
range. This spectral window is of great importance for emerg-
ing applications, such as chip-scale quantum technologies [3],
biophotonics [4], and spectroscopy [5]. However, achieving reli-
able NIR emission on Si remains a challenge, as direct epitaxial
growth of III-V materials on Si is fundamentally hindered by
lattice and thermal expansion mismatches. These mismatches
induce high densities of threading dislocations, which act as
non-radiative recombination centers that cause severe thermal
quenching at elevated temperatures [6].

Achieving robust high-temperature performance is critical for
the practical application of Si-based light sources. For exam-
ple, lasers must exhibit high thermal stability against wavelength
drift and efficiency drop to maintain sensing precision [7]. Quan-
tum dot (QD) active regions are widely employed to improve
the temperature stability of lasers due to their high defect tol-
erance [8]. Although InAs QD lasers on Si have demonstrated
a characteristic temperature (T)) exceeding 200K at 1.3 um [9],
obtaining comparable stability in the NIR band remains chal-
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lenging for InP-based QDs. Conventionally, AlGalnP has been
used as the barrier material for InP QDs; however, the carrier
confinement in this system is often restricted by a relatively
small conduction band offset. Furthermore, atomic ordering
in AlGalnP materials can reduce the effective bandgap and
exacerbate thermal carrier escape [10,11]. Alternatively, the
InP/GaAsP system eliminates such ordering-related limitations
and has been adopted to demonstrate high-performance lasers
on Si substrates [12]. Previous studies have shown that increas-
ing the active-region stacking from 3 to 5 layers in InP/GaAsP
QD lasers on Si can improve T from 43 to 74K [13]. Further
improving the thermal performance on Si to approach the results
on GaAs substrates is still required.

In this work, we demonstrate 780-nm InP/GaAsP QD lasers
monolithically grown on (001) Si with an optimized 5-layer ac-
tive region. A T of 125K was achieved in the 20-50 °C range,
representing a significant improvement over the 75 K measured
for the 3-layer reference samples on Si. The 5-layer lasers exhibit
pulsed operation up to 95 °C with a low room-temperature (RT)
threshold current density of 0.86kA/cm? and a characteristic
spectral shift of 0.25nm/°C.

The InP/GaAsP QD laser structures were directly grown on
GaAs and Si substrates by metal-organic chemical vapor depo-
sition (MOCVD) in a single 4-inch system (AIXTRON 200/4).
A schematic of the InP/GaAsP QD laser is shown in Fig. 1(a).
The growth details for the GaAs on planar Si (GoPS) substrates
have been previously reported [14]. The complete laser structure
consists of several layers in order of growth: a 700-nm n-GaAs
contact layer, an 800-nm n-Alj ;Ga, 5 As cladding layer, the ac-
tive region, an 800-nm p-Alj,Gay; As cladding layer, and a
230-nm p-GaAs contact layer. These relatively thick cladding
layers ensure sufficient optical mode confinement. Detailed dop-
ing concentrations for each layer are described in our previous
work [13]. The active region is composed of InP QDs embedded
in two 4-nm GaAsP 4 quantum wells (QWs), forming a dot-in-
well (DWELL) structure sandwiched between two Al 4Gag g As
barriers. To investigate the effect of active region stacking on
modal gain enhancement, both 3-layer and 5-layer stacked QD
structures were grown with each QD layer separated by a 20-nm
Al 4Ga g As spacer. All layers were grown at 650 °C, except for
the InP QDs, which were grown at 680 °C.

RT micro-photoluminescence (u-PL) measurements were
performed under 514-nm continuous-wave (CW) excitation with
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Fig.1. (a)Schematic of the InP/GaAsP QD lasers grown on GaAs
or Si substrates. (b) RT p-PL spectra of the 3-layer and 5-layer QD
structures grown on Si substrates. Inset: 1 x 1 pm?> AFM image of
uncapped 5-layer QDs grown on Si substrates.

a power density of 800 W/cm?. As shown in Fig. 1(b), the 3-
layer and 5-layer QD structures show primary emission peaks
at 756 and 772nm with measured full width at half maximum
(FWHM) of 46 and 48 nm, respectively. The peak PL intensity
of the 5-layer structure is around 1.7 times that of the 3-layer
structure. This narrow FWHM and stronger PL intensity indicate
high crystalline quality and size uniformity of QDs even after
stacking more layers on Si. Surface morphology and QD density
were evaluated by atomic force microscopy (AFM) on uncapped
samples. As shown in the insert of Fig. 1(b), the QD density of
the 5-layer structure on Si is approximately 1.8 x 10'° cm=2. No-
tably, these QDs maintain high uniformity without significant
coalescence even after stacking five layers. The 3-layer QDs on
Si show similar AFM results (not shown here). In our previous
work, a 5-layer QD structure grown on a GaAsP 4o matrix ex-
hibited a small QD size and yielded a low laser T on Si [13].
Although subsequently optimizing the QD size in a GaAsPy 35
matrix, the multi-layer stack suffered from large, coalesced is-
lands due to excessive strain, restricting the results to only GaAs
platforms [15]. In this study, the phosphorus content is reduced
to 0.14 in the GaAsP QWs compared to Ref. [15] to manage the
accumulated strain and enable multi-stack growth.

The as-grown InP QD structures were fabricated into ridge
waveguide lasers with cavity lengths ranging from 0.5 to 2mm
and ridge widths from 6 to 70pum by standard photolithogra-
phy, dry etching, and metallization [16]. To facilitate cleaving
and improve thermal dissipation, the Si substrate was thinned
down to 100-120 um via mechanical lapping. Scanning electron
microscope (SEM) inspection confirmed that the cleaved facets
were smooth and mirror-like, providing good optical feedback
(not shown here). These laser bars were characterized directly
after cleaving without any facet coatings or specialized pack-
aging. The 5-layer structure on Si serves as the primary device
under investigation, while the 3-layer structure on Si and the
3-layer and 5-layer structures on GaAs with identical growth
parameters and fabrication process serve as reference samples.
During the measurement, these cleaved laser bars were placed
on a temperature-controlled copper stage. To minimize Joule
heating effects, these lasers were driven by a pulsed current
source with a pulse width of 400ns and a duty cycle of 0.5%.
Figure 2(a) shows the representative current—voltage (I-V) char-
acteristics of the 3-layer and 5-layer QD lasers on Si with a
device dimension of 1.2mm x 10um. Both devices exhibit a
consistent turn-on voltage of around 1.5 V. Although the 5-layer
QD laser shows a slightly higher on-resistance compared to the
3-layer QD laser (13 vs 9 Q), both values remain sufficiently
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Fig. 2. (a) I-V characteristics of the 3-layer and 5-layer QD lasers
on Si with a device dimension of 1.2mm x 10 um. (b) Representative
L—J characteristics of the 3-layer and 5-layer QD lasers on Si.
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Fig. 3. (a) Cavity width and (b) cavity length dependence on
threshold for the 3-layer and 5-layer QD lasers on Si substrates.
(c) Cavity width and (d) cavity length dependence on threshold for
lasers on GaAs substrates.

low, indicating the formation of good ohmic contact. Figure 2(b)
shows the representative light-current density (L-J) character-
istics of the 3-layer and 5-layer QD lasers on Si at RT. For a
device dimension of 1.2mm x 70 um, threshold current densi-
ties (J,;) of 0.94 and 0.86kA/cm? were obtained for the 3-layer
and 5-layer QD lasers, respectively.

To investigate the effect of active-region stacking on J,,
Figs. 3(a)-3(d) compare the J,;, evolution with increasing device
dimensions for the 3-layer and 5-layer devices on Si and GaAs
substrates. The 5-layer devices exhibit lower J,, across most of
the measured ridge widths and lengths on both substrates, ex-
cept for some experimental variations for 1- and 1.2-mm cavity
lengths on Si. Based on the J,, condition [17], when the cavity
length is very short (e.g., 0.5 mm), the mirror loss increases sig-
nificantly, and the mode gain is negatively correlated with J,,.
Therefore, the reduced J,;, for 5-layer devices is due to the in-
crease in their mode gain. In addition, 5-layer devices allow the
threshold condition to be met at a lower carrier occupancy per
dot [18]. Consequently, this minimizes heat generation and sup-
presses carrier thermal escape into the barrier layers, enhancing
thermal stability. It is worth noting that while further increas-
ing the number of QD layers could potentially enhance the gain,
adding too many layers may lead to excessive strain and the
degradation of material quality.



Letter Vol. 51, No. 13/1 July 2026/ Optics Letters 3643
(a)_25 5-layer QDs On Si (b)r.z- @ 3-layer QDs On Si (c) 721 @ 3-layer QDs On GaAs
Ezu-z mm x 10 7o) @ S-layer QDs ‘l‘ WB 6.9 @ S5-layer QDs ,’63 9
% Vo o
o 6.6
&l 20 °C 6.84 A0 )
§15 2 /;fp/@: 2631 ,,‘I'?«Y‘\,Q 0,0
g 5 661 /e\'b 5 1o Y 2 9/
§"] 6.41 ,\cn‘{‘ ¥ a,q d 801 o o 66‘&
E:L 5 °c 6.2 *\a Q Qgr_):k 5.7 . =,\.\3K°,0’ﬂ“
5 5.4 0
o . 6.0 gf 0 AL PN o (* )

3 4 5
Current density (kA/cm?)

2

Fig. 4.

10 20 30 40 50 60 70 80 90 100
Temperature (°C)

51
10 20 30 40 50 60 70 80 90 100
Temperature (°C)

(a) Temperature-dependent L—J characteristics from 20°C to 95°C for the 5-layer QD laser on Si (2mm x 10pm). Comparison of

extracted T, of 3-layer and 5-layer QD lasers on (b) Si and (c) GaAs substrates.

Table 1. Comparison of T, for MOCVD-Grown InP QD Lasers

Ref. Wavelength (nm) Stacking Number T, (K) Substrate
[13] 757 5 74 K (2095 °C) Si
[15] 755 1 55 K (20-60°C), 30K (60-95 °C) GaAs
[22] 638 1 124 K (5-20°C), 49K (20-40°C) GaAs
[23] 660 1 85 K (5-25°C), 53K (5-55°C) GaAs
[24] 741 5 52 K (10-85°C) GaAs
[25] 774 5 111 K (7-47°C), 89K (47-87°C) GaAs
752 3 72 K (20-50°C), 56K (50-90°C) GaAs
This work 771 5 118 K (20-50°C), 56 K (50-90°C) GaAs
765 3 75 K (20-50°C), 62K (50-95°C) Si
780 5 125 K (20-50°C), 73K (50-95°C) Si

To evaluate the thermal stability, the temperature-dependent
L—J characteristics of the 5-layer QD laser on Si were measured
from 20 to 95°C, as shown in Fig. 4(a). The device demon-
strates robust pulsed operation up to 95 °C, with the L-J curves
maintaining a clear threshold behavior throughout the entire
temperature range. To quantify the thermal robustness, the T
values were extracted by fitting the threshold current density us-
ing the empirical formula J,;, = J exp(T/T) [19]. Figures 4(b)
and 4(c) show the comparative T, analysis for both 3-layer and
5-layer QD lasers on Si and GaAs substrates, respectively, with
the devices on GaAs fabricated identically along with Si provid-
ing a baseline. For the 5-layer QD laser on Si, a high T, of 125K
was achieved in the 20-50°C range, representing a significant
improvement over the 75 K measured for the 3-layer counterpart
on Si. Above 50°C, both devices exhibit a typical reduction in
T, due to increased thermal carrier escape [20,21]; however, the
5-layer QD laser on Si maintains a higher T of 73K, outper-
forming the 62 K of the 3-layer QD laser on Si. A consistent trend
of enhanced thermal stability through active-region stacking is
also observed on GaAs substrates [Fig. 4(c)]. The superior T
in the 5-layer QD laser is primarily attributed to the increased
modal gain provided by the additional QD layers. Besides, these
T, values for the device on Si are higher than those on GaAs,
which is attributed to the higher thermal conductivity of Si [13].

Table | presents a comparative study of T, between our work
and other reported MOCVD-grown InP QD lasers operating
in the 630-800nm range. The optimized 5-layer device on Si
demonstrates superior thermal stability with a high T, value
at 780nm, which is highly competitive with those of lasers.
These findings confirm that increasing the stacking layers of
the active region significantly enhances thermal stability and

provides a robust solution for high-T, light sources directly onto
Si platforms.

Figure 5(a) shows the temperature-dependent lasing spectra
of the 5-layer QD laser on Si, measured from 20 to 90°C at
1.2J,,. The device maintains multimode lasing across the entire
temperature range. The intensity-weighted centroid wavelengths
across the entire continuous spectral profile were extracted from
the spectra at each temperature to avoid mode-hopping errors
[26], and the results are plotted in Figs. 5(b) and 5(c). As the
temperature increases, the lasing peaks exhibit a clear redshift.
For the 5-layer QD laser on Si and GaAs, wavelength tun-
ing rates of 0.25 and 0.28 nm/°C are obtained by linear fitting.
Meanwhile, the 3-layer QD lasers on both Si and GaAs show
a similar tuning rate of 0.25-0.26nm/°C. These values align
with the typical range of 0.25-0.35nm/°C reported for 780 nm
lasers [27]. The linear redshift of the lasing wavelength is pri-
marily governed by the temperature-induced bandgap shrinkage
of the active region. The similar thermal tuning behavior be-
tween the 5-layer QD laser on Si and GaAs exhibits the high
material quality of our monolithically integrated Si-based light
sources.

In summary, we have demonstrated 780-nm InP/GaAsP QD
lasers monolithically grown on (001) Si substrates. By em-
ploying the active region with a 5-layer QD stack, the thermal
stability of the devices was markedly improved. A T, value of
125K was achieved in the 20-50 °C range, representing a sig-
nificant increase over the 75K measured for the 3-layer QD
counterpart on Si. The devices sustained pulsed operation up
to 95°C with a wavelength tuning rate of 0.25nm/°C, which
aligns with the performance of devices on GaAs substrates.
These results indicate that optimized active-region stacking is an
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Fig. 5. (a) Temperature-dependent lasing spectra of the 5-layer QD lasers with a device dimension of 2mm x 10um at 1.2 times threshold
current. Temperature-dependent lasing peaks of 3-layer and 5-layer QD lasers on (b) Si and (c) GaAs substrates.

effective approach to mitigate the thermal bottleneck of InP QD
NIR lasers on Si platforms.
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