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Abstract—980 nm lasers, critical for pumping erbium-doped
fiber amplifiers (EDFAs) in optical communication systems, are
also gaining traction in emerging biological applications. To
achieve dense integration and low power consumption, we
developed high-performance 980 nm micro-lasers on both
GaAs and Si substrates. This work combines quantum well
(QW) active regions with micro-cavities, including micro-ring
lasers (MRLs) and micro-disk lasers (MDLs) with optimized
metal designs. Advanced passivation techniques were applied to
suppress sidewall surface recombination, significantly
improving laser performance. Here, we report the first room-
temperature continuous-wave (CW) operation of electrically
pumped QW micro-lasers at 980 nm. Achieving a low CW
threshold current of 24 mA and operation at elevated
temperatures exceeding 95 °C (measurement setup limit), the
lasers also demonstrated sub-milliamp thresholds in pulsed
mode. The optimized micro-lasers exhibited little degradation
over six months of storage, showing stability. We discuss the
limitations of QW micro-lasers, corresponding solutions, and
the underlying physics. With their small footprint, low
thresholds, and stable performance under preliminary tests,
QW micro-lasers are promising on-chip light sources for dense
photonic circuit integration.

Index Terms—980nm, quantum well, micro cavities,
passivation, stability

I. INTRODUCTION

The increasing demand for data movement in cutting-
edge technologies is pushing the electronic device scaling, as
dictated by Moore’s law, toward its physical limits. Photonic
integrated circuits (PICs) have emerged as a promising
solution to address this bottleneck, requiring compact light
sources with low power consumption and a small footprint
[1-2]. Micro-lasers, supporting whispering gallery modes
(WGMs) at the resonator periphery, are ideal candidates for
such light sources due to their high efficiency [3-4]. Featured
with high-quality (Q) cavities and small mode volumes,
micro-ring lasers (MRLSs) exhibit low thresholds and high
direct modulation speeds, making them particularly
advantageous compared to other cavity designs [5-7].
However, as the resonator size reduces to tens of microns,
non-radiative surface recombination at the micro-resonator
sidewalls becomes a major challenge, leading to significant
optical loss. To meet the demands of high-gain and high-
speed applications, quantum wells (QWSs) are often adopted
as the active region [8]. Nevertheless, QW lasers are more
sensitive to sidewall roughness due to their longer carrier
diffusion lengths, resulting in higher recombination rates,
increased thresholds, reduced output power, and diminished
reliability [9-10].

In our previous study, we have reported 980 nm
InGaAs/GaAs/GaAsP QW Fabry-Perot (FP) laser diodes
with continuous-wave (CW) threshold currents of
approximately 50 mA [11-12]. To achieve a compact,
reliable 980 nm laser source suitable for miniaturization
while minimizing sensitivity to non-radiative recombination
at the resonator sidewalls, optimizing the laser structure and
employing effective passivation techniques are essential.
MDLs with full disk metal contacts, without the inner
sidewall of the cavity, could relatively suppress the non-
radiative recombination compared to MRLs. However, the
inactive central region of the cavity increases the lasing
threshold [13]. In this work, we propose a novel design:
micro-disk lasers with ring-shape metal (MDRMS),
combining the MD cavity with only one etched sidewall, and
a ring-shape metal for minimum loss induced by the inactive
center region. Additionally, atomic layer deposition (ALD)
was employed for surface passivation to reduce Ga-O bonds
at the etched sidewalls [14-16], thereby improving the device
performance in terms of output power, lasing threshold, and
reliability. We compared the performance of electrically
pumped QW micro-ring lasers with and without the Al,O3
passivation layer.

In this study, WGM cavities with vertical and smooth
sidewalls were fabricated and doubly passivated with Al,O3
and SiO; layers to achieve strong optical confinement and
low scattering losses. We demonstrated room-temperature
(RT) sub-milliamp threshold operation of 980 nm QW
micro-cavity lasers. In CW mode, the lowest threshold
current of 2.4 mA was achieved on devices with a 25 pm
radius on a GaAs substrate. The lasers exhibited stable
operation at elevated temperatures exceeding 95 °C (the
measurement setup limit), with a large characteristic
temperature of 214.6 K. Furthermore, we successfully
realized 980 nm micro-lasers on GaAs/Si template with a
low threshold current density of 1.16 kA/cm? The high-
performance micro-lasers on GaAs/Si template paves the
way for monolithic integration of high-performance Il1-V
lasers with silicon photonic circuits.
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Figure 1. (a) Schematic of the 980nm InGaAs/GaAs/GaAsP QW laser grown on native GaAs and GaAs/Si template; (b) RT
MPL spectra of the InGaAs/GaAs/GaAsP QW grown on GaAs; (d) AFM images of the electrically pumped

InGaAs/GaAs/GaAsP QW laser.

Il. EXPERIMENT

The electrically pumped InGaAs/GaAs/GaAsP QW
lasers were grown on native GaAs substrate and CMOS-
compatible nominal (001) Si by MOCVD. The GaAs-on-
planar Si (GaAs/Si) templates and the laser structure were
grown in an AIXTRON CCS system and AIXTRON 200/4
system, respectively. The schematic of the electrically
pumped QW laser structure is delineated in Fig. 1(a). Strain-
compensated InGaAs/GaAs/GaAsP QW structure was
utilized as the active region. The detailed growth information
of the QW lasers and GaAs/Si templates has been reported
in our previous publications [11-12]. Fig. 1(b) shows the RT
micro-photoluminescence  (UPL)  spectra  of  the
InGaAs/GaAs/GaAsP QWSs on GaAs without cladding and
contact layer, excited by a CW 514 nm laser, exhibiting peak
wavelength of 956 nm. The 10 x 10 um? atomic force
microscopy (AFM) image of the QW laser, as shown in Fig.
1(c), displays a root mean square (RMS) value of 2.13 nm.

The as-grown sample was then fabricated into micro-
lasers, specifically micro-disk lasers (MDL) and micro-ring

lasers (MRL). MRLs offer superior optical confinement
compared to micro-disk lasers. However, The MRLs are
highly sensitive to the smoothness of both the inner and outer
sidewalls, especially for device with small radius and QW
active region. Therefore, we combined a micro-disk
resonator with only etched outer sidewall and a ring-shaped
metal for carrier injection where the WGMs are to mitigate
the limitations of MRLs. The 3D and cross-sectional
schematics of the three fabricated laser structures without
pad deposition are shown in Figure 2 (a)-(f). These lasers
were defined by conventional photolithography, dry etching
and metallization steps. Ge/Au/Ni/Au was deposited as n-
metals. Passivation was then carried out in two ways: first
depositing 10 nm of Al,O3 using atomic layer deposition
(ALD), followed by 550 nm of SiO, using plasma-enhanced
chemical vapor deposition (PECVD), or solely PECVD SiO,.
After passivation and contact hole opening, Ti/Pt/Au was
deposited as p-metals. The 52°-titled view scanning electron
microscopy (SEM) images of micro-lasers and zoom-in
sidewall observed after metal deposition, are displayed in Fig.
2 (9)-(i), illustrating smooth sidewalls for low scattering loss.
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Figure 2. 3D schematics of (a) MRL, (b) MDRM and (c) MDL. (d)(e)(f) the corresponding cross-section schematic and (g)(h)(i)
SEM images of the fabricated lasers. Inset: zoom-in image of corresponding sidewalls.

I11. RESULTS AND DISCUSSION

The fabricated lasers were characterized on a heatsink with a
temperature controller and electrically driven by a current
source in CW mode. To measure the output power, radiation
out-coupling from the top of the micro-laser cavity was
collected using a lensed fiber. It is worth noting that the
estimated azimuthal light-radiation-collection angle for this
geometry was approximately 40°. However, due to the
angular directivity pattern of radiation and the limited
aperture of the fiber, the presented optical power magnitude
is underestimated. Figure 3 shows the lowest threshold
current obtained on these three laser structures passivated by
10 nm Al;03 and 550 nm SiO; layer. In Fig. 3(a), the light-
current (L-1) curve of a MRL with an outer-ring radius of 15
pm and a ring width of 4 pm on the GaAs substrate was

plotted, achieving CW threshold of 4 mA and output power
around 3.5 uW. The spectrum measured in pulse mode, as
shown in the inset of Fig. 3(a), illustrates its lasing behavior
at 3 mA with a distinct lasing mode at 972 nm. The 25 pm-
radius MDRM exhibits a low CW-threshold current of 2.4
mA and sub-milliampere threshold in pulsed mode, as shown
in Fig.3 (b). A dominant mode is observed at 979 nm below
1 mA, and the distinction ratio was about 26 dB. The
corresponding CW-threshold current density Jin has an
ultralow value of 122 A/cm?, which indicates excellent
nonradiative recombination suppression at the deeply etched
sidewalls of our QW MDLs. The 5 um-radius MDL shows a
low threshold of 4 mA in CW mode and a clear lasing peak
at 982 nm below 3 mA in pulsed mode, as shown in Fig.3 (c).

(@) s— iy - .10
3 41 ’
=3.0- pulse / — A pulse e ? 009 [*™ / e
2 ’ = 1.2 , g pulse /
Z25{; 2 = 1. = 0.08]. d
|2 = 1.043 9 = H
z 2012 F° 2 z o 500743 /
L ¥ 50811 ma 3 0061 !
S5 ’ 206l ! 2 %1 /
g1o] /8 Zoa f: £0% Y
] 3" S 0.04 /
D 0.5{ %0 5000 1050g MRL ® g2 w0 50 1000 7as0/ MDRM £ % ettt )
a ; cw al Wanelongth (o P 8 0.034 'y MDL
00{ @ @ @ @ o] o @ @ 9 002] @099 cw
0 4 6 10 10 15 20 25 30 35 40 12 3 4 5 & g
Current (mA) Current (mA) Current (mA)

Figure 3. L-I curves with lowest threshold in CW mode of (a) 15 pm-radius MRL, (b) 25 um-radius MDRM and (c) 5 pm-
radius MDL. Inset: corresponding emission spectra at progressively increased currents of the lasers measured at 20 °C in
pulse mode.
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Figure 4(a) compares the L-1 curves of MDRMs and higher net gain and thus lower threshold current densities
MRLs with a 25 pum radius in CW mode. The threshold [18]. The lowest value of J is 49 A/lcm?, obtained on an 80
current is significantly reduced from 7 mA to 2.4 mA when pm-diameter QW micro-disk laser, which is even lower than
using MDRMs, representing a remarkable 70% those of telecom quantum dot (QD) lasers [19-20]. The
improvement. However, it is important to note that the fiber relationship between threshold current () and threshold
detection efficiency differs between ring and disk cavities current density (Jw) with the micro-disk laser diameter (d) is
(several times lower for MDRMs), making a direct described using the following expression [21]:

@), (b),, (@)
—~  |——MDRM [_IMRL E MRL
:=u MRL 104 C_IMDRM B - é 104 @ MDRM
Q © 7]
EDS E 6 % 1 Y
= 8 - Q
‘é 1' £ 41 E ?
2 I 21 8 0.1 8 2
00 R=25um . E ) ) . ° °
3 12 15 20 50 0 20 40 60 80 100

6 9 30 40
Current (mA) radius (um) Diameter (um)

Figure 4. (a) Representative L-I curves of QW MRLs and MDRMs with 25 um radius in CW mode; (b) Average threshold
current comparison of MRLs and MDRMs with 20-50 um radius; () Summary of threshold current density of MRLs and
MDRMs with various cavity diameters. Solid lines are binomial approximations.

comparison of output power impractical. Figure 4(b) depicts wd? ]
a plot of the average threshold current versus the outer radius Ien = T] 2 tmdj (1)
of MRLs and MDRMs. As the laser radius decreases, the _ A 1
threshold current decreases as well, reaching 6 mA for Jon = d? =/ +7 @
MDRMs and 8.25 mA for MRLs. This threshold reduction 4
highlights the suppression of nonradiative sidewall This form of the Taylor series expansion includes two
recombination in MDRMs. The difference between MRLs coefficients: J,, which is associated with the recombination
and MDRMs increases with the decrease of laser size as the current in the active region, and ji, which represents non-
sidewall recombination becomes significant with the radiative recombination at the etched sidewall. For MRLs,
shrinkage of laser size. The reduced variation in larger the ring width is approximately 4 um for different outer
micro-lasers indicates that smaller-diameter lasers are more diameters (from 30 um to 100 pum), and the lasing mode is
sensitive to sidewall roughness. This sensitivity arises concentrated near the outer sidewall [1]. Thus, we primarily
because the optical modes are pushed closer to the cavity consider non-radiative recombination at the outer sidewall of
perimeter in smaller devices [17]. To further analyze the the MRLs. In Eq. (1), the d for first part will be the difference
impact of non-radiative recombination on MRLs and of inner and outer radius, while in the second part for surface
MDRMs, the threshold current densities Ji are summarized current counting, it will refer only to the outer radius. Fitting
for MRLs and MDRM s in Fig.4 (c). Larger cavities exhibit the experimental data, the coefficients were extrapolated to
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Figure 5. (a) Average threshold current comparison of MDRMs and MDLs with 20-50 pum radius; (b)
Representative L-I curves of QW MDRMs and MDLs with 30/40/50 um radius in CW mode.
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be J, = 415 A/lem?, j; = 0.51 A/cm for MDRM s and J, = 400
Alcm?, j. = 1.375 Alcm for MRLs. The j; value of MRL is
more than twice that of MDRMs, corresponding to more
sidewalls and optical modes pushed closer to sidewalls in
MRLs. Meanwhile, the comparable J, values reflect the use
of the same as-grown sample. The low j; of MDRM
outperforms the reported QW laser on GaAs substrates [20]
and is even comparable with QD lasers [22], despite the
longer diffusion length of QW [23].

In Fig.5(a), the average threshold current of MDRMs and
MDLs versus the disk radius is plotted. With increasing disk
radius, the difference between two laser structures becomes
more pronounced as the carrier injection manipulated by
metal design is more obvious due to lager area difference.
Specifically, as the laser diameter expands from 20 um to 50
pum, the ratio between the radius of p-type metal and the
cavity (Rpc) minimizes from 12.5% to 0.7%. This trend
reveals that for larger-size MDRMs, reduced R, could
enable more efficient manipulation of carrier injection and
thus enhance the spatial overlap between carrier injection

fixed injection current in the pulsed mode. With increasing
temperature, the lasing wavelengths of the MDRM and the
MRL slightly shift by ~0.0826 nm/°C and 0.3546 nm/°C.
The larger To proves the QW MDRMs have better heat
dissipation with improved extraction of heat from the active
region [19], while the lower dA/dT demonstrates the lower
temperature sensitivity of MDRMs due to its reduced non-
radiative recombination rate.

After the micro-ring cavity definition, surface states
form on the un-passivated cavity, acting as non-radiative
recombination centers. These centers pin the Fermi level at
the resonator surface, degrading laser performance by
increasing the threshold current and shortening device
lifetimes [24-25]. To minimize the non-radiative
recombination on the cavity surface, surface passivation is
essential. For electrically pumped lasers with top-top contact
configurations, a thick passivation layer could diminish the
loss caused by the metal. In this work, a thin layer of Al,Os;
deposited by ALD was adopted before thick PECVD SiO;
passivation layer to achieve effective passivation. Figure 7(a)
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Figure 6. Characteristic temperature of electrically pumped QW (a) MRL and (b) MDRM with 15 pum radius in CW maode;
(c) Lasing wavelength as a function of injection current for the primary lasing modes of the MRL and MDRM in pulse mode.

region and the optical modes. Therefore, for large-diameter
MDRMs, higher internal quantum efficiency results in lower
threshold current compared to MDLs. The representative L-
I curves of two types of disk lasers with various radii are
presented in Fig.5 (b). The threshold current of 40 um disk
laser is reduced from 15 mA to 4.2 mA, a 70% improvement,
while the detected power of MDRMs is around 6 times of
MDLs.

The thermal stability of lasers is of great importance for
practical application. Temperature-dependent spectra
measurements were performed to examine the high-
temperature performance of MDRMs and MRLs. The natural
logarithm of threshold versus temperature is plotted for MRL
and MDRM with the same cavity-radius of 15 pm in Figs.

6(a)-(b). Both the lasers can lase above 95 °C, which is the

limitation of the measurement setup. Using ‘02 —
Itn(T1)

exp (%), the characteristic temperature of To = 88.7 K and
0

To = 97.3 K can be extracted for the MRL and MDL,
respectively. To further evaluate the temperature
characteristics of these two laser structures and minimize
thermal effects caused by CW injection current, Fig. 6(c)
displays the temperature dependence of the laser modes at a

summarizes the statistical thresholds of MRLs with different
passivation: 10 nm Al,O; before 550 nm SiO, and 550 nm
SiO; alone. The MRLs with Al,O4/SiO, passivation shows
lower thresholds compared to those with only SiO; layer,
across various device dimensions (radii ranging from 5 pm
to 50 um). The MRLs with Al>O3; and SiO; passivation also
demonstrate larger detected output power, as shown in
representative L-1 curves of 25 ym MRLs in Fig.7(b). To
confirm the suppression of nonradiative sidewall
recombination effects of the Al,Os/SiO; passivation, Eq. (2)
was adopted to fit the experimental data, as presented in
Fig.7 (c). The extracted coefficient j; = 1.89 A/cm for MRLs
with only SiO2 passivation is higher than j1 = 1.375 A/lcm
Alcm for MRLs with the additional Al.Os layer. The atomic
layer-by-layer deposition process, utilizing TMA precursors,
aids in combating ion-bombardment effects and native oxide
formation on the etched sidewalls. This deposition method
chemically reduces and substitutes the native oxide with
Al,Os, thereby assisting in unpinning the Fermi level and
decreasing interface trap density [26]. As a result, the overall
impact is a reduction in sidewall non-radiative
recombination, leading to improved device performance and
reliability.
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Figure 7. (@) CW threshold current distribution of different-radii MRLs with two types of passivation; (b) Representative L-I
curves of MRLs with 25 pum radius with and without Al,O3 layer before SiO, layer; Inset: the zoom in L-I curves of MRLs
with only SiO; passivation; (c) Summary and fitting of threshold density of MRLs with various cavity diameters.

High-temperature operation of MRLs was also performed
to investigate the impact of the Al,Oz layer. As shown in Fig.
8(a)-(b), two 15 pum MRLs demonstrate their highest
operating temperature up to 95 °C, the limit of the
measurement setup. However, during the high-temperature
operation, those lasers with only SiO, passivation were
observed easily to burn down while the devices with Al,O3
and SiOg still could continue their lasing behavior to 95 °C.
The MRL with Al,O3 and SiO- passivation achieves a high
To of 214.6 K in the range of 20 °C to 50 °C and a T of 82.4
K from 60 °C to 95 °C due to mode competition. This value
is even larger than that of FP lasers that we achieved before
[11], while the FP laser have better heat dissipation. The
state-of-art O-band quantum dash and QD micro-lasers
achieved Ty of ~39 K and ~35 K, respectively [19,27]. The

extracted To with only SiO; passivation was 88.7 K (20 °C to
50°C) and 47.3 K at elevated temperatures. Figure 8(c)
presents the red shift of wavelengths with the increase of
pump power due to laser self-heating. The slope of dissipated
electric power was 0.0235 nm/mW and 0.0378 nm/mw for
MRL with and without Al,Os layer before SiO,, respectively.
With increasing temperature, the lasing peak at a fixed
injection current, red shifts by ~0.39 nm/°C (Al>Osand SiO;
passivation) and ~0.34 nm/°C (only SiO, passivation),
respectively. This shifting is related to the temperature
dependence of the refractive index. Thermal impedance of
the device was calculated to be 60.6 °C/W and 110.8 °C/W,
accordingly. These values of devices with ALD and PECVD
layer, are somewhat lower than those of QD lasers [19,28].
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Figure 8. Characteristic temperature of electrically pumped QW MRL (a) with Al,O; + SiO, passivation and (b) only SiO;
passivation; Lasing wavelength as a function of (c) pump power and (d) injection current for the primary lasing modes of the MRL.

The reliability of GaAs-based lasers is of importance for
practical applications. The degradation is well-known,
primarily related to the defect’s formation and propagation
during operation and storage [29-31]. The adoption of ALD
passivation can provide protection to the facets and address
sidewall issues after etching. Figure. 9(a) presents the
repeatability of the 25 um-radius lasers with Al,O3 and SiO;
passivation, with identical threshold and comparable output
power (2.86 UW and 2.94 uW). The 20 um-radius MRL
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achieved high detected power of 19 uW measured right after
the fabrication, as shown in Fig. 9(b). After multiple
measurements and six-month storage in the dryer, the MRL
shows comparable threshold and slope efficiency, but
slightly degraded saturation power which might be due to the
optimization of the collection fiber position. The comparable
lasing behavior after a long time illustrates that the ALD
layer in the passivation could also address the degradation
issues of GaAs-based lasers [32-33].
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Figure 9. L-I curves of different sweeps (after fabrication and 6 months after fabrication) of MRLs with (a) 25 um radius and (b)

20 um-radius, respectively.
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Based on the investigation of lasers structures (MRL, Meanwhile, the reported QD micro-lasers on Si achieved a
MDRM and MDL) and passivation techniques, we fabricated threshold of ~ 5.3 kA/cm? [34]. The free spectral range (FSR)
the MDRMs with Al,Oz and SiO; passivation on the as- was calculated for the fundamental transverse mode using
grown sample on GaAs/Si template [11], to achieve a low the formula of A1 ~ A% / 2mRn,, wherein nq is the group
threshold and high reliability. The as-grown epi on GaAs/Si refractive index of the cavity, R is the disk radius, and A
template has gone through around 16-month storage and the represents the emission wavelength. The calculated FSR of
related degradation could be observed. However, as shown 0.88 nm agrees well with the measured FSR of ~0.81 nm.
in Fig. 10(a), the MDRM with 50 pm-radius demonstrates a Figure 10 (c) displays the RT emission spectra with
low threshold current density of ~1.16 kA/cm?. This value is progressively increasing current. The transition from
comparable with the 980 nm FP lasers grown on Si fabricated spontaneous emission to lasing at 979.4 nm is proved by the
right after the sample growth [11], although the dimension is sudden narrowing of the emission envelope when the
smaller and radiation and scattering loss is increased as the injection current is above the threshold.

WGMs are confined close to the resonator sidewall.
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Figure 10. (a) Representative L-1 curves of QW MDRM on Si substrate with 50 um radius in CW mode; (b) corresponding
linewidth reduction with increasing pump current; (c) Emission spectra at progressively increased currents of the laser at 20 °C.

lowest CW threshold of 2.4 mA, sub-milliampere threshold

IV. CONCLUSION in pulsed_mode, a_h_igh _operating temperature apc_)ve 95 °C,
and a high stability in CW mode. In addition, these
In conclusion, to gain some insight on the device design optimizations are applied on the lasers grown on GaAs/Si
towards lower threshold and minimized power consumption, templates leading to a low threshold current density of 1.16
we demonstrated and compared characteristics of electrically kA/cm? All these results represent an advance towards
pumped 980 nm QW lasers with various micro-laser cavity reliable GaAs-based QW micro-lasers to enable dense
structures and passivation layers. The micro-disk lasers with integration of PICs for a variety of applications including
ring-shape metal (MDRM), which were fabricated using a optical communication and internet protocol networks.
simplified process, demonstrated significantly lower . .
thresholds, higher output power, and improved thermal Funding. Hong Kong Research Grants Council,
stability. These benefits can be attributed to reduced non- University Grants Committee (Grant Nos. 16213420,
radiative recombination at the sidewalls and better overlap of 16310824, 14212223, and CRS_HKUST404/23);
the optical fields with carrier injection, resulting in enhanced Innovation and Technology Fund (Grant Nos.
optical confinement. Furthermore, micro-lasers with ALD ITS/201/19FP, 1TS/226/21FP).
passivation exhibited lower lasing thresholds and improved
thermal stability. These improvements were achieved ACKNOWLEDGMENT
through enhanced internal reflection of the resonator and ) o
incorporation of MDRMs and ALD passivation led to the Facility (NFF) and the Material Characterization &
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