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Abstract: We report statistical comparisons of lasing characteristics in InAs quantum dot
(QD) micro-rings directly grown on on-axis (001) GaP/Si and V-groove (001) Si substrates.
CW thresholds as low as 3 mA and high temperature operation exceeding 80 °C were
simultaneously achieved on the GaP/Si template template with an outer-ring radius of 50 pm
and a ring width of 4 um, while a sub-milliamp threshold of 0.6 mA was demonstrated on the
V-groove Si template with a smaller cavity size of 5-um outer-ring radius and 3-pum ring
width. Evaluations were also made with devices fabricated simultaneously on native GaAs
substrates over a significant sampling analysis. The overall assessment spotlights compelling
insights in exploring the optimum epitaxial scheme for low-threshold lasing on industry
standard Si substrates.

© 2017 Optical Society of America

OCIS codes: (140.5960) Semiconductor lasers; (140.3948) Microcavity devices; (230.5590) Quantum-well, -wire
and -dot devices.
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1. Introduction

There has been a lot of research over the last couple of decades to manage the tidal wave of
data demand for efficient and cost-effective transmission [1, 2]. Fiber optics has replaced
copper interconnects in long-haul and metro telecommunication links and a similar trend in
data interconnect links is happening at increasingly short length scales down to 1 m [3-7].
Highly integrated 100-Gbps transceivers are already being shipped in volume and proposals
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for the next generation at 400 Gbps are evolving [8]. This photonic revolution started with
integration on InP but higher volumes are possible by transforming to manufacturing using
low-cost, large-area silicon (Si) substrates combined with high gain III-V epitaxial materials
[9].

Monolithic integration of III-V materials on Si by direct growth used to be inferior to
other integration schemes due to the high sensitivity of semiconductor lasers to crystalline
defects from heteroepitaxy [10]. However, recent research has placed great focus on this field
resulting in several techniques to accommodate the material differences and mitigate the
growth defects [11, 12]. Many traditional complementary metal-oxide-semiconductor
(CMOS) foundries are now exploring the epitaxial growth of III-V on Si as a “More-than-
Moore” technology to extend the gate length scaling limits of transistors [9]. The same
technology is synchronously leveraged for photonics with recent advances in utilizing dense
and spatially isolated quantum dots (QDs) to circumvent crystal defects in heteroepitaxy [13—
17]. High performance InAs QD lasers on Si substrates are already showing decent
performance with much improved lifetimes over any other kind of epitaxial lasers on Si [18,
19]. Miscut Si substrates have traditionally been employed to avoid antiphase-domain
formation while growing polar III-V materials on non-polar Si substrates, but recent
breakthroughs with on-axis (001) CMOS compatible Si substrates with no germanium or
offcut have demonstrated comparable or better performance [20—24].

Recently, we employed on-axis GaP/Si and V-groove Si substrates to demonstrate high
performance Fabry-Perot (FP) QD laser diodes with output powers of more than 100 mW and
continuous wave (CW) threshold currents of ~30 mA at room temperature [20, 22, 25]. To
further achieve easily manufacturable on-chip Si light sources having dense integration and
low power consumption, we combined the advantages of a QD gain region with the small
volume and discrete modes of a micro-ring cavity geometry. Using such a structure,
electrically-driven lasers with record low, sub-milliamp threshold currents and continuous
wave operation at 100 °C were demonstrated on the V-groove Si template [26, 27]. The
discrete number of modes and small volume of the micro-rings allow much lower lasing
thresholds compared to the larger FP geometries. The carrier localization possible with QDs
provides a notable advantage in scaling to small dimensions through reduced sidewall
recombination. The exceptional lasing performance achieved in V-groove Si is a motivation
to explore the approach for whispering gallery mode (WGM) cavity lasers on on-axis Si that
use a GaP/Si template.

In this paper, we demonstrate room temperature (RT) continuous wave (CW) operation of
1.3-um InAs quantum-dot micro-ring lasers using a GaP/Si template, and present their
comparisons to V-groove Si templates and native GaAs substrates. A systematic study of the
lasing characteristics of the electrically driven micro-ring lasers has been conducted. The
statistical significance of the study is to establish a clear correlation between the buffer
material quality and device characteristics. Here, devices with identical designs on the three
templates were simultaneously fabricated. More than 30 lasers on each template were
characterized for their light-current-voltage (L-I-V) and temperature characteristics. A clear
monotonic decrease of the threshold current with the scaling of the cavity size and a clear
difference in performance on the three templates can be seen. The analysis here presents a set
of important, compelling new insights into the correlations between device characteristics and
crystalline quality of the epitaxial template structures on Si.

2. Experiments and results

In this study, Si (001) substrates without any specified offcut angle have been used for growth
and antiphase boundary-free epilayers have been achieved for both templates. The GaP/Si
template was obtained from NAsPyy, GmbH and regrowth of the GaAs template was
performed using molecular beam epitaxy (MBE), similar to the method outlined in [22]. The
surface morphology of the metal-organic chemical vapor deposition (MOCVD) grown V-
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groove Si template in this manuscript has been improved compared with the previous results
[28, 29]. With fifteen periods of Al0.3Ga0.7As/GaAs (5/5 nm) superlattice inserted, the root-
mean-square (RMS) roughness in a 10 x 10 um?” atomic force microscopy (AFM) scan has
decreased from 1.9 nm to 0.8 nm. Prior to laser growth, the two templates were characterized
with electron channeling contrast imaging (ECCI), The ECCI images and schematic diagram
of the two on-axis Si templates are shown in Figs. 1(a) and 1(b), respectively. Pinpoints of
bright contrast indicate threading dislocations intersecting the surface. By counting the
defects, threading dislocation density of ~7 x 10’cm™ and 2.1 x 10® cm™ were calculated for
the GaP/Si and V-groove Si substrates, respectively. Also, note that the islands seen in Fig.
1(a) are due to the islanding growth of the initial GaAs layer on the GaP/Si.

~—— .

Exact-(001) Si

750 nm GaAs

—— 15 % {5nm Al, ,Ga, ,As/5nm GaAs} =
600 nm GaAs

MV VVVV VvV VY

Stacking faults Exact-(001) Si

. ——

Fig. 1. ECCI images and schematic diagram of (a) the GaP/Si template and (b) the V-groove Si
template.

Together with a native GaAs substrate, micro-ring laser structures containing a seven-
layer InAs/InGaAs quantum dot-in-a-well (DWELL) active region were subsequently grown
using MBE [30]. The high-quality QDs on Si (001) substrate was assessed through the growth
of photoluminescence (PL) structures containing one embedded layer of QDs and one surface
layer for AFM measurement of the dot density. A dot density of 5.2 x 10" cm™ was obtained
from the AFM scan and a strong luminescence at 1285 nm with a full-width at half-maximum
of 28 meV was obtained from PL measurements [23]. The final epitaxial structure includes a
1.4-um n-type lower Aly4GaggAs cladding layer, a 20-nm gradient layer, a 30-nm
Aly»GaygAs guiding layer, a standard undoped seven-layer DWELL laser active structure
separated by 50-nm GaAs spacer layers, a second 30-nm Al,,GaygAs guiding layer, 20-nm
gradient layer, and a 1.4-pm p-type upper Alp4GagsAs cladding layer, and finally a 300 nm
highly p-type doped GaAs contacting layer [26]. Ring lasers with varying outer-ring radius
were fabricated simultaneously from the as-grown materials on the three templates. A
schematic of the micro-ring is shown in the lower inset in Fig. 2(a). We used an i-line (365
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nm) step-and-repeat exposure tool for lithographic patterning to provide high resolution and
critical alignment for definition of the electrode metallization in the micron-scale cavity. A
special GaAs etching recipe was developed to form 4 um-tall mesas with a straight etching
profile and smooth sidewall surfaces. A Pd/Ti/Pd/Au p-contact was deposited on top of the
etched ring mesa, and a Pd/Ge/Au n-contact metal was deposited on the exposed n-GaAs
layers with 60s annealing at 300°C to achieve Ohmic contacts.

a 30 0 b =
10um 300 K 3.0 ., .2 | r=50 um 20°C
25 s 125 ézs "”“ w=4 um 30 °C
' i 2513, "
ik = = 40°C
—~20 J20=o2 15fo"®
2, g EZ.O- 20 30 40 50 60 70 80 9
o . g ~ Temperature (°C) 50°C
151 < 115% & 15
o] @ .
5 z 3
S 5 0
1.0 1004 1.0 60°C
05 r=50 ym 0.5 0.5 0°C
w=4 um .
0.0 n n n 0.0 0.0 n 1 g 1 80°C
o 20 40 60 80 100 0 20 40 60 80 100
Current (mA) Injection current (mA)

Fig. 2. (a) L-I-V curve at room temperature and (b) L-I curves as a function of temperature for
a micro-ring laser with a radius of 50 pm and a ring width of 4 um under CW operation on the
GaP/Si template. Inset in (a): SEM image and 3D schematic of the fabricated micro-ring laser.
Inset in (b): natural logarithm of threshold current versus temperature. A characteristic
temperature, Ty, of 33 K was extracted by linear fitting.

A fabricated device is shown in the cross-sectional view scanning electron microscope
(SEM) image in the upper inset of Fig. 2(a). The devices were probed under CW electrical
injection. Figure 2(a) shows a representative room-temperature L-I-V curve of a micro-ring
laser with an outer-ring radius of 50 pm and a ring width of 4 um on the GaP/Si template. The
optical power was measured by collecting radiation out-coupling from the micro-laser cavity
through an integrating sphere at the side. CW thresholds as low as 3 mA and output powers
exceeding 3 mW were simultaneously achieved. The low threshold current density (Jy) of
0.25 kA/cm? outperforms the best reported FP laser epitaxially grown on Si (001) substrates,
despite of the high aspect ratio of sidewall/active region volume (~0.0768 pm™) in this small-
footprint micro-ring structure [20-22]. The external differential quantum efficiency was
extracted to be 0.03. A plot of the light-current (L-I) curves versus temperature for the same
device is shown in Fig. 2(b). CW lasing is maintained to temperatures above 80 °C. By
plotting the natural logarithm of threshold current as a function of temperature in the inset in
Fig. 2(b), the characteristic temperature, Ty, was extracted to be ~33 K through linear fitting.
The extracted Ty here was an underestimated value considering the effect of self-heating
under CW excitation. Nevertheless, this value compares favorably to that of a recently
reported FP laser epitaxially grown on Si (001) under pulsed injection (32 K) [21].

Voltage (V)

i i i
0 10 20 30
Injection current (mA)

40 0 10 20 30 40 10 20 30 40
Injection current (mA) Injection current (mA)

Fig. 3. Room-temperature CW current—voltage characteristics for (a) the GaAs substrate; (b)
the V-groove Si template; and (c) the GaP/Si template.
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A statistical analysis of a sampling of micro-rings was performed to reach a fair
comparison between the different substrates. -V characteristics between devices from the
three separate wafers on GaAs, V-groove Si and GaP/Si substrates are presented in Figs. 3(a)-
3(c), respectively. More than 30 samples were measured, and the measurement shows similar
values of series resistance on the three different templates. This indicates the doping levels
and metallization conditions were nominally identical for the three samples. Furthermore,
scanning electron microscope (SEM) observations were conducted right after ring mesa deep
dry etching. Although process variations inevitably resulted in micro-rings with imperfect
shapes, the sidewall of the rings exhibited roughness at a similar level from device to device.
These measurements assure that the simultaneously fabricated micro-rings on the three wafers
have nominally the same process conditions and the following comparisons of lasing
characteristics should be indicative of differences in the templates.
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Fig. 4. A histogram of CW threshold current density at room temperature for (a) the GaAs
substrate; (b) the V-groove Si template; and (c) the GaP/Si template. The dotted lines represent
normal distribution curve of the data. Inset: Corresponding threshold currents plotted against
outer-ring radius. The threshold current density is plotted against outer-ring radius for (d) the
GaAs substrate; (e) the V-groove Si template; and (f) the GaP/Si template. Natural logarithm
of threshold current versus stage temperature for micro-rings with various outer-ring radius on
(g) the GaAs substrate; (h) the V-groove Si template; and (i) the GaP/Si template. The dotted
lines represent linear fitting to the experimental data. Inset: the corresponding characteristic
temperature as a function of the outer-ring radius.

Histograms of the threshold current density for a number of devices at room temperature
on the three templates are presented in Figs. 4(a)-4(c). The average threshold current density
of the micro-rings on the GaP/Si template (0.675 kA/cm®) yielded a ~2-fold increase
compared to devices on the native GaAs substrate (0.325 kA/cm?), and was comparable to
that of devices on the V-groove Si template (0.875 kA/cm?). The 2-3 times higher threshold
current density on the two Si templates compared to the native substrate originates from non-
radiative recombination. Better intrinsic performance of the heteroepitaxially grown lasers
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could be achieved by reducing nonradiative losses via enhancing the quality of the GaAs
films on Si, as well as by improving the size uniformity of the quantum dots [31]. Insets in
Figs. 4(a)-4(c) present the corresponding threshold currents as a function of the outer-ring
radius for the three templates. Despite certain discrepancies in performance, a clear
monotonic decrease of the threshold current with the scaling of the cavity size was observed
over the entire range of ring radius studied for all three samples. This implies reduced
sidewall recombination and constrained lateral carrier diffusion due to the excellent carrier
confinement within the QDs. The threshold of the best working device on the V-groove Si
template (0.6 mA) was achieved on a micro-ring with an outer-ring radius of 5 um and ring
width of 3 pm. The smallest lasing device found on the GaAs substrate (0.5 mA) and GaP/Si
(2.2 mA) possesses a larger outer-ring radius of 10 pm and ring width of 4 um due to probe
metal shorts for smaller rings. The threshold currents fall into the range of 0.5-6.4 mA,0.6-11
mA, and 2.2-9 mA, for micro-rings on the GaAs substrate, the V-groove Si template, and the
GaP/Si template, respectively. The low-threshold laser operation under room temperature CW
electrical injection presents solid evidence of the high optical quality of the III-V crystals
monolithically grown on Si, for both the GaP/Si and V-groove Si templates. Threshold
current densities with different outer-radius for the GaAs substrate, the V-groove Si template,
and the GaP/Si template are presented in Figs. 4(d)-4(f). The larger cavity rings with smaller
aspect ratio of sidewall/active region volumes possess a general trend of decreased Jy,. The
lowest value of Jy, obtained for micro-rings on the GaAs substrate, the V-groove Si template,
and the GaP/Si template is 0.11 kA/em?, 0.41 kA/em?, 0.25 kA/em?, respectively.

Temperature characteristics of the micro-rings were studied by testing the devices at
various heatsink temperatures and analyzing their L-I characteristic under CW injection. The
data range is restricted to 20-100 °C, limited by the thermoelectric heater. The natural
logarithm of threshold versus temperature is plotted for micro-rings with various outer-ring
radius in Figs. 4(g)-4(i). Through linear fitting, the corresponding T, was extracted and
summarized in the insets in in Figs. 4(g)-4(i). The T, results fall into the range of 27-35 K,
25-26 K, and 20-40 K, for micro-rings on the GaAs substrate, the V-groove Si template, and
the GaP/Si template, respectively. The T, for micro-ring lasers on the two compliant Si
substrates are quite close to that of the lasers on the native substrates. It is anticipated that the
well-established strategies using modulation p-doping of the QDs and hard soldering the laser
to a high-thermal-conductivity heatsink will further reduce the temperature sensitivity and
improve the extraction of heat from the active region [32].

Comparing the results of lasers grown on the two on-axis Si (001) substrates, both the
temperature characteristics and the threshold currents of micro-rings on GaP/Si templates are
better than that of the lasers on the V-groove Si templates, but not as much as 3-fold of
discrepancy in threading dislocation density measured by ECCI. This further demonstrates the
somewhat forgiving nature of QDs to withstand defects. Another important aspect of
integrating active devices on Si is that the Si substrate cannot only be used as a substrate
carrier but also be used as waveguiding material because of the low optical material losses.
Both the compliant Si templates used in this work do not include any absorptive germanium
buffers, and the V-groove Si template has a 1.7 pm thinner buffer thickness compared to that
of the GaP/Si template. The thin and low-loss buffer saves growth time, allows easier
coupling from the laser active regions to Si waveguides and suggests potential opportunity to
be incorporated in the well-developed silicon-on-insulator (SOI) technology in Si photonics.
Moreover, the smaller RMS roughness of the V-groove Si (0.8 nm) than that of the GaP/Si
(2.48 nm) is beneficial for subsequent device fabrication.

3. Conclusions

In conclusion, electrically injected micro-ring lasers were demonstrated on (001) Si substrates
with low thresholds using different epitaxial schemes. A comprehensive comparison of the
lasing characteristics was made in devices with the same active structures and geometries but
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fabricated on different GaAs-on-Si templates. Ultimately the established GaAs-on-Si
templates can be visualized as virtual III-V substrates and entire photonic integrated circuits
could be fabricated from the epitaxially deposited III-V layers, allowing for scaling photonic
integrated circuits to 300 mm and even 450 mm diameter wafer size in high volume
applications. Currently, the GaP/Si template possesses three-fold lower defect densities while
the V-groove Si is advantageous in smoother surface and thinner buffer layers. Both growth
techniques are improving rapidly to meet the demands for low defect density, smooth growth
surface, thin buffer layers, and most importantly, the ability to fabricate high performance
devices at the lowest lifecycle cost and the highest yield.
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