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Abstract: Investigation of high-performance lasers monolithically grown on silicon (Si) could
promote the development of silicon photonics in regimes other than the 1.3 -1.5 µm band. 980 nm
laser, a widely used pumping source for erbium-doped fiber amplifier (EDFA) in the optical fiber
communication system, can be used as a demonstration for shorter wavelength lasers. Here,
we report continuous wave (CW) lasing of 980 nm electrically pumped quantum well (QW)
lasers directly grown on Si by metalorganic chemical vapor deposition (MOCVD). Utilizing
the strain compensated InGaAs/GaAs/GaAsP QW structure as the active medium, the lowest
threshold current obtained from the lasers on Si was 40 mA, and the highest total output power
was near 100 mW. A statistical comparison of lasers grown on native GaAs and Si substrates was
conducted and it reveals a somewhat higher threshold for devices on Si. Internal parameters,
including modal gain and optical loss are extracted from experimental results and the variation
on different substrates could provide a direction to further laser optimization through further
improvement of the GaAs/Si templates and QW design. These results demonstrate a promising
step towards optoelectronic integration of QW lasers on Si.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Si photonics is booming for data processing and optical communication, owing to its high-speed
performance, potential low-cost, high-volume manufacturing capabilities and compatibility
with the CMOS technology [1]. The Si platform has witnessed remarkable advancement in
the integration of waveguides [2], modulators [3], and photodetectors [4]. From a long-term
perspective, heterogeneous epitaxy of lasers on Si could achieve high yield and scalability,
compared with the commonly used bonding technique. Due to the direct bandgap structure of
III-V alloys, III-V based electro-optical devices on Si have showed good performance. However,
the laser sources grown on Si always suffer from performance degradation due to high-density of
defects caused by the large lattice mismatch between III-V alloys and Si [5,6]. To mitigate this
issue, the growth of high-quality GaAs/Si templates have incorporated strained layer superlattices
(SLSs) [7], thermal cycle annealing (TCA) [8] and compositionally graded buffer [9]. In addition,
it has been reported that quantum well (QW) [10,11] could be utilized in the active region grown
on Si with high efficiency and thus promoting device performance.

To date, the remarkable lasers emitting at 1.3-1.5 µm band have been successfully achieved
on Si by MOCVD [12–14]. However, the demand for information interaction still requires a
reliable 980 nm laser source for EDFAs, to achieve higher pumping efficiency and lower amplifier
noise [15]. InGaAs/GaAs QW lasers emitting in the 880–1100 nm wavelength regime can be
achieved by changing the indium concentration or thickness of InGaAs QW [16], and excellent
device performance has been demonstrated on the native GaAs substrates [17,18]. However, a
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high indium concentration for enhanced optical efficiency could induce severe lattice mismatch
between InGaAs and GaAs, and hence generate defects, which degrades laser internal quantum
efficiency [19,20]. Utilizing InGaAs/AlGaAs QW as an alternative, C. Jiang et al. recently
demonstrated an electrically pumped 980 nm laser grown on Si by molecular beam epitaxy
(MBE) with a low threshold current in CW mode. But the lifetime of the laser is unacceptably
short at room temperature [21]. Yet, the high temperature required for the AlGaAs barrier
growth would cause the segregation of Indium atoms in the InGaAs layer growth [22]. Besides,
the interfacial oxygen generated in the AlGaAs growth could also degrade the quality of the
InGaAs/AlGaAs QW [23], leading to a dramatic decrease in the recombination lifetime of
carriers [24]. Alternatively, the strain-compensated InGaAs/GaAs/GaAsP QW structure could
provide enhanced carrier confinement and strain compensation, leading to a lower laser threshold
and better temperature stability [25,26]. Here, we report continuous-wave (CW) lasing of 980 nm
QW lasers, combining the advantages of InGaAs/GaAs/GaAsP QW with high-quality GaAs/Si
templates. The lowest threshold measured on devices with 2 µm× 1 mm cavity was 40 mA. The
lowest threshold density is 937.5 A/cm2 obtained on devices with 40 µm× 1.2 mm cavity. The
total output power is nearly 100 mW, and the highest operating temperature is above 95 °C which
is limited by the setup.

2. Experiment

The electrically pumped InGaAs/GaAs/GaAsP QW lasers were grown on CMOS-compatible
nominal (001) Si by MOCVD and the schematic diagram of the laser structure is delineated
in Fig. 1(a). The GaAs/Si templates and the laser structure were grown in an AIXTRON CCS
system, and AIXTRON 200/4 system, respectively. The growth of GaAs on Si began with the
deposition of 1 µm-thick GaAs with the temperature changing from 400 °C to 560 °C, and two
sets of TCA were performed on the GaAs/Si templates between 730 °C and 330 °C, to improve
the quality of GaAs film. After that, one set of ten periods of 9.5 nm In0.15GaAs/12 nm GaAs
strained-layer super-lattices (SLSs) was inserted in the GaAs to filter the threading dislocations
densities (TDDs). The total thickness of the GaAs buffer with SLSs is 2 µm, and the defect
density of the GaAs/Si templates obtained from statistical data over an area of 200 µm2 (measured
by plan-view transmission electron microscopy (PV-TEM)), is counted to be 2.8× 107 /cm2, as
shown in Fig. 1(b).

A 700 nm n-type GaAs contact layer and an 800 nm n-type Al0.7GaAs cladding were sequentially
grown on the GaAs/Si templates and GaAs substrate. Strain-compensated InGaAs/GaAs/GaAsP
QW structure was then grown as the active region. An 800 nm Al0.7GaAs p-cladding layer, and a
200 nm p-type GaAs contact layer were finally grown with detailed parameters reported in Ref.
[27]. Figure 1(b) shows the cross-sectional TEM image of the laser structure grown on Si. The
room temperature (RT) µPL spectra of the InGaAs/GaAs/GaAsP QWs on GaAs and GaAs/Si
template without cladding and contact layer, excited by a CW 514 nm laser under the same power,
is shown in Fig. 1(d). A similar peak wavelength of 956 nm was observed on both GaAs and Si
substrates. The 10× 10 µm2 AFM image of the electrically pumped InGaAs/GaAs/GaAsP QW
laser grown on Si is shown in Fig. 1(e). The measured surface roughness of 2.1 nm is sufficiently
smooth for the subsequent device fabrication.

The as-grown samples were fabricated into ridge waveguide edge-emitting lasers to investigate
the device performance of the InGaAs/GaAs/GaAsP QWs lasers, as shown in Fig. 2(a). The lasers
were defined by conventional photolithography and dry etching steps. Ti/Pt/Au and Ge/Au/Ni/Au
were deposited as P and N metals, respectively. After 600 nm SiO2 passivation and metal pad
deposition, the samples were thinned down to 100 µm and cleaved to various-lengths laser bars
with uncoated facets. The 52°-titled SEM image of a ridge waveguide laser with a first mesa
width of 6 µm, is shown in Fig. 2(b), illustrating vertical and smooth sidewalls for good optical
confinement.
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Fig. 1. (a) Schematic of the 980 nm InGaAs/GaAs/GaAsP QW laser grown on GaAs/Si
template; (b) PV-TEM images of 2 µm-thick GaAs/Si template; (c) Global view cross-
sectional TEM image of the laser structure grown on Si; (d) Room temperature (RT) µPL of
the InGaAs/GaAs/GaAsP QW grown on GaAs and Si; (e) AFM images of the electrically
pumped InGaAs/GaAs/GaAsP QW laser grown on Si. The color scale of the AFM image is
30 nm.

 

Fig. 2. (a) Schematic cross-section of the fabricated device on Si. (b) SEM images of the
end-facet of ridge waveguide laser grown on Si.

3. Result and discussion

The fabricated lasers were placed on a heatsink with a temperature controller and electrically
driven by a current source in CW mode. The lowest threshold current is 40 mA, obtained
on the 2 µm× 1 mm device. Figure 3(a), the light-current (L-I) curve of a representative
InGaAs/GaAs/GaAsP QW laser grown on Si, with cavity size of 4 µm× 1 mm, exhibits a low
threshold current of ∼80 mA and high output power more than 30 mW. The current-voltage (I-V)
characteristics (inset of Fig. 3(a)) shows a turn-on voltage of 1.1 V and a resistance of 9.1 Ω.
The RT emission spectra with intensity in log scale of the corresponding 4 µm× 1 mm device
with increasing current injection, as shown in Fig. 3(b), were observed from an optical spectrum
analyzer by coupling the output light from the end facet into a lensed fiber. A distinct peak at
983 nm is observed at 70 mA (0.88 Ith), and the distinction ratio under 110 mA (1.38 Ith) was
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above 21 dB. With a narrow ridge of 4 µm, single-mode lasing was achieved at a certain current
injection range.

Fig. 3. (a) Representative L-I curves of the laser grown on Si; Inset: I-V curves of the laser;
(b) Emission spectra at progressively increased currents of the 4 µm× 1 mm laser grown on
the Si measured at 20 °C in CW mode.

To compare the optical performance of lasers grown on GaAs and Si substrates, a statistical
analysis was performed with more than 30 devices measured on each substrate. The light-current
(L-I) curves and the distribution of threshold current density of InGaAs/GaAs/GaAsP QW lasers
with different dimensions on GaAs and Si are shown in Fig. 4(a)-(b). The single-facet output
power of lasers is 65 mW on native GaAs, and is 46.4 mW on Si, without obvious saturation
or degradation. The net gain of those devices with larger cavity size is higher and thus the
threshold current density is smaller [28]. The lowest threshold current density of lasers achieved
on GaAs is 179 A/cm2, obtained on an 70 µm× 2 mm device, and on Si is 938 A/cm2 on an
40 µm× 1.2 mm device. The thresholds of lasers grown on GaAs congregate well while those
grown on Si show a larger variation. The difference in the threshold distribution between GaAs
and Si could be attributed to the uniformity of grown QW and the quality of GaAs/Si templates.
Initial results show that the average threshold current density of the ridge waveguide lasers on Si
(∼1.91 kA/cm2), is approximately five times higher than devices on the native GaAs substrate (∼
410 A/cm2).

For a detailed analysis and comparison, cavity length-dependent measurements were performed
to extract the internal parameters of InGaAs/GaAs/GaAsP QW lasers, including the internal
quantum efficiency (IQE) ηi, internal loss αi, modal gain Γg0 and transparency current density
Jtr. The differential quantum efficiency (DQE) was first calculated from the slope of each L-I
curve of lasers with the same cavity width based on the formula: ηd = q

hν ·
dP0
dI , where q is the

electron charge, h is the Planck’s constant, ν corresponds to the lasing frequency, P0 is the total
output power and I is the injection current. As shown in Fig. 4(c)-(d), the reciprocal of ηd as
a function of cavity length was plotted, and then fitted with the equation 1

ηd
=

L · αi
ηi ·ln( 1

R )
+ 1

ηi
,

where R is the mean mirror reflectivity, around 0.3 normally for GaAs-based cleaved mirrors
[29]. ηi = 46.4%, αi = 9.6 cm−1 and ηi = 28.5%, αi = 32.7 cm−1 were extracted for lasers on GaAs
and Si, respectively. The relationship of threshold current density and cavity length satisfies

the formula Jth = Jtr · e
αi +

1
L ·ln( 1

R )
Γg0 . Fitting the experimental data, shown in Figs. 4(e)-(f), the

transparency current density Jtr and the modal gain Γg0 can be extrapolated to be Γg0 = 27.4 cm−1,
Jtr = 330 A/cm2 on GaAs and Γg0 = 23.7 cm−1, Jtr = 370 A/cm2 on Si. The lower modal gain
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Fig. 4. (a) L-I curves of InGaAs/GaAs/GaAsP QW lasers with various cavity size grown
on GaAs and Si; (b) Threshold density distribution on GaAs and Si; (c) (d) Extraction of
the internal quantum efficiency (IQE ηi), internal loss (αi), (e) (f) model gain (Γg0) and
transparency current density (Jtr), from cavity length dependent measurement on GaAs and
Si.

and IQE for QW grown on Si are consistent with the higher experimental threshold of lasers
on Si, primarily arising from the more non-radiative recombination induced by defects in the
active region grown on Si. Based on the investigation of the internal parameters, a better laser
performance with lower non-radiative losses can be achieved by further reducing the defects
density of the GaAs film grown on Si substrate via additional dislocation reduction approaches
[30]. In addition, laser performance improvement could also be achieved by enhancing the quality
of QWs through optimization of parameters including the QW thickness and indium composition
[31].

For practical application, the temperature stability of lasers in CW mode is of great importance.
Temperature-dependent L-I measurements were performed to examine the high-temperature
operation of lasers on different substrates. Figure 5(a)-(b) present the L-I characteristics of the
4 µm× 1.5 mm lasers on GaAs and Si at various heat sink temperatures. The lasers grown on
both GaAs and Si substrates can lase above 95 °C, which is the limitation of the measurement
setup. At elevated temperatures, the threshold current increases but no significant decrease of
slope efficiency was observed, as shown in the insets of Fig. 5(a)-(b). Using Ith(T2)

Ith(T1)
= exp

(︂
T2−T1

T0

)︂
,

the characteristic temperature of T0 = 139.1 K and T0 = 71.8 K can be extracted for the lasers
grown on GaAs and Si, respectively. The highest characteristic temperature obtained on GaAs
and Si is 157 K (10 µm× 0.5 mm) and 84 K (2 µm× 1.5 mm), as presented in Fig. 5(c)-(d).
The characteristic temperatures of lasers on Si are somewhat lower than those on native GaAs
substrate, suggesting inferior temperature stability of defect-limited threshold current. Compared
with the reported room-temperature operation lasers on Si [32,33], the high-temperature operation
here proves outstanding temperature stability of the InGaAs/GaAs/GaAsP QW structure.
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Fig. 5. Temperature-dependent L-I curves of the 4 µm× 1.5 mm lasers grown on (a) GaAs
and (b) Si substrate, respectively; Highest characteristic temperature of InGaAs/GaAs/GaAsP
QW lasers grown on (c) GaAs and (d) Si substrate, respectively.

4. Conclusion

In conclusion, we compared characteristics of electrically pumped CW lasing InGaAs/GaAs/GaAsP
QW lasers monolithically grown on (001) Si emitting at 980 nm with those on GaAs native
substrates. The strain-compensated InGaAs/GaAs/GaAsP QWs provide an efficient and reliable
active region in laser structure with emission wavelength at ∼980 nm on Si. The GaAs/Si template
with a low defect density used in the full laser structure also contributes to a respectable laser
performance, with the lowest laser threshold density of 938 A/cm2, highest total output power of
97 mW, a high operating temperature above 95 °C with a high characteristic temperature under
CW mode. Detailed investigation of internal parameters from the experiment facilitates the
material evaluation and feedback optimization. All these results are important steps forward the
heterogeneous epitaxy of III-V light sources for Si photonics and guide the further optimization
of high-performance 980 nm QW lasers. The demonstration paves the way toward the integration
with Si photonics for a variety of applications including optical fiber communication and internet
protocol networks.
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