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Abstract: Quantum dot lasers epitaxially grown on Si are promising for an efficient light source for silicon
photonics. Recently, considerable progress has been made to migrate 1.3 wm quantum dot lasers from off-
cut Si to on-axis (001) Si substrate. Here, we report significantly improved performance and reliability of
quantum dot lasers enabled by a low threading dislocation density GaAs buffer layer. Continuous-wave
threshold currents as low as 6.2 mA and output powers of 185 mw have been achieved at 20 °C. 1500-
hour reliability tests at 35 °C showed an extrapolated mean-time-to-failure of more than a million hours.
Direct device transparency and amplified spontaneous emission measurements reveal an internal optical
loss as low as 2.42 cm’ and injection efficiency of 87%. This represents a significant stride toward
efficient, scalable, and reliable III-V lasers on on-axis Si substrates for photonic integrate circuits that are
fully compatible with CMOS foundries.

1. Introduction

Semiconductor lasers utilizing self-assembled InAs quantum dots (QDs) as an active medium have shown
promise as an efficient light source for silicon photonics and have achieved significant advances over the
past decades.' Due to effective lateral carrier confinement in the self-assembled nanostructures, QD lasers
grown on Si have proven their superior performance over the conventional quantum well lasers on Si in
terms of lower threshold current, higher efficiency, and more reliable operation.”* Most of the previous
QD lasers epitaxially grown on Si employed 4-6 ° off-cut Si substrates to suppress anti-phase domains
that can readily form in the interface between III/V and Si and that can drastically degrade device
performance.” Recently, use of on-axis (001) Si substrates has drawn much attention since they are
compatible with current CMOS foundries.”® However, past QD lasers grown on on-axis Si not only have
shown diminished performance in terms of high threshold current and low output power, but also have
left the device reliability as an unresolved issue.

We have recently demonstrated low threshold and high efficiency QD lasers epitaxially grown on on-axis
Si.” We believe that the dramatically reduced threading dislocation density from ~3 x 10* cm™to ~7 x 10°
cm”, enabled the high performance compared to previous reports. However, no in-depth laser
characterization on the epitaxially grown QD lasers on Si has been conducted, although understanding the
laser physical parameters such as injection efficiency, optical loss, and transparency current should lead to
further advancement in the QD lasers on Si. Also, there has been no report about the reliability of the QD
lasers grown on on-axis (001) Si with the low threading dislocation density.

Here, we report optical characteristics of high performance QD lasers epitaxially grown on on-axis (001)
Si substrates using molecular beam epitaxy (MBE). InGaAs/GaAs strained layer superlattices and thermal
cyclic annealing were employed to effectively reduce the threading dislocation density in the GaAs buffer
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layer to 8.4 x 10° cm™. QD lasers grown on the high-quality GaAs/Si template demonstrate ultra-low
continuous-wave (CW) threshold current of 6.2 mA, high power of 185 mW, and wall-plug efficiency as
high as 31% at 20 °C. Optical characterizations on the QD devices grown on Si were performed to
understand the performance improvement, and we have achieved transparency current density of 13
A/em’ per QD layer, internal optical loss of 2.42 cm™, and injection efficiency of 87%. Finally, the high
performance QD lasers on Si also show superior reliability with extrapolated mean-time-to-failure of
more than a million hours for CW operation at 35 °C, demonstrating the first reliable operation of lasers
epitaxially grown on CMOS compatible on-axis (001) Si.

peGaks contact layer (300 nm)
(a)

UID-GaAs waveguide {12.5 nm}
UID-GaAs (37.5 nm)

INAS QDS in Iy 12GansAS QW

UID-GaAs waveguide (50 nm)

!

n-GaAs bufler (3100 nm)
with InGaAs dislocation filter layers

45 nim GaP buffer

Figure 1 (a) Schematic of GaAs/AlGaAs separate confinement heterostructure laser diode grown on GaAs
buffer layer on Si. (b) Electron channeling contrast image to show threading dislocations on the GaAs
buffer layer. One of the threading dislocations is indicated by an arrow. (c¢) Atomic force microscopy
image of quantum dots with a density of 4.9 x 10" cm™. (d) Cross-sectional bright-field transmission
electron microscopy image of coherently grown five layers of quantum dot active region in the laser epi
material. The two-beam condition used in the image is g= (002).

The samples were grown by solid-source MBE. Figure 1 (a) illustrates the entire QD separate
confinement heterostructure grown on a Si substrate, which was purchased from NAsPy;y, GmbH. The Si
substrate has a 45-nm thick pseudomorphic GaP buffer layer. Antiphase domains that form at the GaP and
Si interface terminate within the 45 nm GaP layer due to the special Si surface preparation before the GaP
epitaxy.'” A 100 nm thick low-temperature GaAs layer was first grown at 500 °C at a growth rate of 0.1
um/hr after oxide desorption. The substrate temperature was raised to 600 °C to grow a 1.5 um GaAs
layer at 1 um/hr growth rate. Then, the growth was interrupted and thermal cycle annealing was
performed four times between 320 °C and 700 °C under As, overpressure. A superlattice of 10 pairs of 20
nm Ing;GagAs/10 nm GaAs was grown at 500 °C as a dislocation filter after the annealing, and a 700 nm
n-type GaAs cap layer was grown to complete the buffer growth. The sample was removed from the
chamber to analyze the threading dislocation density and surface roughness. Figure 1 (b) shows an
electron channeling contrast image (ECCI) of the GaAs buffer layer on the Si substrate. The channeling
condition used in the imaging is a cross-point of (220) and (400) patterns to avoid dislocation invisibility
criteria. Threading dislocations are clearly seen as bright or dark spots in the image. The threading
dislocation density was found to be 8.4 x 10° cm™ by surveying a ~4500 pm” scan area. The smooth
surface morphology of the GaAs buffer layer was confirmed by atomic force microscopy measurement
with root-mean-square roughness of 2.6 nm.

Figure 1 (c) shows highly uniform InAs QDs grown on the GaAs/Si template. More information about the
QD growth condition can be found elsewhere.” The density of the uncapped QDs is ~4.9 x 10'® cm™. The
average QD height is 11.5 nm with a standard deviation of 2.1 nm, confirming highly homogeneous

2

ACS Paragon Plus Environment

Page 2 of 16


http://pubs.acs.org/action/showImage?doi=10.1021/acsphotonics.7b01387&iName=master.img-000.jpg&w=467&h=107
http://pubs.acs.org/action/showImage?doi=10.1021/acsphotonics.7b01387&iName=master.img-000.jpg&w=467&h=107
http://pubs.acs.org/action/showImage?doi=10.1021/acsphotonics.7b01387&iName=master.img-000.jpg&w=467&h=107
http://pubs.acs.org/action/showImage?doi=10.1021/acsphotonics.7b01387&iName=master.img-000.jpg&w=467&h=107

Page3of 16

oNOYTULT D WN =

80
81
82
83
84
85

86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102

103

104

105
106
107
108
109

110

111
112
113
114

ACS Photonics

height distribution of the QDs grown on Si substrates (See S.I.). Bright-field transmission electron
microscope (X-TEM) image of Figure 1 (d) shows five stacks of the QD layers in the laser structure. The
X-TEM image reveals coherently grown QD layers. Also, the QDs are not vertically coupled to each
other due to the relatively thick GaAs spacing layer (37.5 nm). The absence of threading dislocations in
the X-TEM image further confirms that the density of threading dislocations in the QD active region is
below the detection limit, which is typically 1 x 10" cm™.

The as-grown material was processed into ridge-waveguide lasers with various device widths using
standard dry-etching techniques. The cavity length was determined by cleaving after thinning the
backside of the Si substrate to ~150 um. All light-current-voltage (LIV) measurements presented in this
work were measured in the CW mode at 20 °C, and threshold currents from 55 devices are displayed in
Figure 2 (a). The threshold current is linearly decreased with device width down to 2.5 um. The inset
reveals a threshold current of 8.7 mA from a 2.5 x 1341 um’ device. The lowest threshold current density
is 198 A/ecm’ at 20 °C and the highest wall-plug efficiency is 31%. (See S.I.) Applying high-reflectivity (8
pairs of SiO, and Ta,Os) coatings on one facet further reduced the threshold current, and Figure 2 (b)
shows a CW threshold current of 6.2 mA, demonstrating the lowest threshold current among any Fabry-
Perot lasers epitaxially grown on Si to date. Thermal performance was also assessed and Figure 2 (¢)
shows that the CW ground-state lasing from a QD laser (8 x 1341 um® device) persists up to 85 °C with
an output power of ~8 mW, which is the highest ground-state CW lasing for QD lasers grown on on-axis
Si. The calculated characteristic temperature is 29.8 K. This relatively low characteristic temperature can
be improved by incorporating p-modulation doping in the active region.'" The QD laser produced high
output powers up to 185 mW at 20 °C. (See S.1.). We believe that the high performance QD lasers with
the low threshold current and high output power were enabled by the significantly reduced threading
dislocation density in the QD active region.
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Figure 2 (a) Continuous-wave (CW) threshold current versus device width plot at 20 °C for two cavity
lengths (As-cleaved facets). The dashed lines are linear fittings and the inset shows threshold current of
8.7 mA from a 2.5 x 1341 um? device. (b) CW LIV and wall-plug-efficiency plots from a 2.5 x 1079 pm®
device at 20 °C show a 6.2 mA threshold current and 21% single-side peak efficiency. (c) LIV curves
versus heat sink temperatures.

To further understand the effect of material improvement on the laser performance, comprehensive gain
characteristics, loss mechanism, and injection efficiency have been investigated on the QD lasers
epitaxially grown on Si. Inside a Fabry-Perot laser cavity, the below-threshold amplified spontaneous
emission (ASE) spectrum can be described by'*:
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B(1+71,e (6= %indLy (1—7; 1)) 1)
(14717266~ ®in)Ly2_ 47 1, e (FG~in)) L -sinz(—znlnl“)’

AQD) =

where B is the proportion of the total amount of ASE coupled into the cavity mode; r; and 1, are the
reflectivity of the mirror; I is the confinement factor of the active region; G is the material gain of the
active medium; «;,,, is the internal loss; L is the cavity length; n is the effective index of the waveguide;
and A is the wavelength of spontaneous emission. Based on Eq. (1), the net modal gain (g,,) can be
calculated based on'*:

y)-1
Y+ ()

1
Gnet = re — (aint + am) = Zln

1. 1 . . . . . .
where a,,, = zlnﬁ is the mirror loss of the laser cavity, y(4) is the ratio of the integral across one free
172

spectral range (FSR) of the ASE spectrum over the cavity mode minimum'?*:

A
L2 AR

Y = T Gy

3)
This method is properly named as the mode-sum method". To implement it, the ASE spectra from a
group of lasers with selected variation of lengths and widths were measured at sub-threshold bias
conditions by coupling light out of the laser cavity through a lensed single mode fiber to an optical
spectrum analyzer (OSA) with a resolution of 20 pm. The exemplary ASE measurement results for a 3.5
x 1341 pm’ laser at 10.5 mA are displayed in Figure 3 (a). The same measurement was repeated by
varying the bias current from 3.5 mA to 14 mA. Next, the gain spectrum was calculated based on the Eq.
(2) and (3). The results are shown in the Figure 3 (c) inset. The device lased around the wavelength of the
gain spectrum peak (in this case 1298.6 nm) at threshold. At this wavelength, the gain versus current
relationship was plotted and shown in Figure 3 (¢). The extracted data points show gradual decrease in the
differential gain as the bias increases, and closely match a logarithmic gain-current relationship.
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Figure 3. Net modal gain measurement and calculation. (a) ASE spectrum of a 3.5 x 1341 um” laser. (b) a
close-up view of the longitudinal modes in the ASE spectrum. (¢) Calculated net modal gain at 1298.6 nm
of the device. The inset shows the net modal gain spectrum of the device, where the dotted line marks the
wavelength of the gain spectrum peak at the threshold.
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Since the gain-current relationship has been determined to be logarithmic, the net modal gain can be
modeled as:
%a=%mi_%h “4)
where g, is the gain parameter, I, is the device transparency current, and gy, = @, + @y s the threshold
modal gain. It is clear from Eq. (4) that when the gain material reaches transparency, the absolute value of
the net modal gain equals the threshold gain (i.e. total optical loss) of the laser. Therefore, by combining
the transparency measurement with the mode-sum method, the gain and loss characteristics of the laser
can be separated, and accurate optical loss can be reliably extracted. When a laser reaches transparency,
the active material changes from an absorber to an amplifier, which implies a change of polarity in the
photon induced current. Additionally, since the light-matter interaction is the weakest around
transparency, the photon induced current should be minimum.'* The measurement setup is shown in
Figure 4 (a). When measuring the transparency, an externally modulated tunable laser source (TLS) was
used to optically probe the device under test (DUT). The alternating current (AC) signal from the
electrode of the laser was detected by a lock-in amplifier. It is worth mentioning that the transparency
current was uniquely defined by the wavelength of the probing light'* '°. Therefore, the TLS was always
tuned to the wavelength of the gain spectrum peak of DUT right before lasing. The measurement results
for the same laser used for ASE measurement are shown in Figure 4 (b). Based on the foregoing analysis,
the laser reaches transparency at 5.1 mA.
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Figure 4. (a) Schematic representation of the transparency current measurement setup. (b) The magnitude
and phase of the AC signal detected by the lock-in amplifier for the 3.5 x 1341 pm” laser when probed at
1298.6 nm.

Knowing the transparency current, the threshold gain of this laser is determined to be 13.6 cm™ from
Figure 3 (c). The gain parameter g, is extracted to be 13.8 cm™ (2.75 cm™ per QD layer) by Eq. (4). The
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coefficient of determination (R?) is 99.9 %, reaffirming the accuracy of the model. Assuming a
commonly accepted value of 0.32 for the power reflectivity of the semiconductor-air interface after
cleaving, the mirror loss for this laser (length 1341 yum) is 8.5 cm™. Thus, the internal loss is found to be
5.1 cm™. Finally, the injection efficiency (1;) can be determined from the slope efficiency (SE), which is
expressed as:

hv a
SE =n—— 5
U )
where h is the Planck’s constant, v is the lasing frequency, q is the electron charge and 7; is the injection
efficiency. For the same laser used in the gain and transparency measurement, 17); is calculated to be 74%
for SE = 0.442. The parameter extraction procedure outlined above has a few advantages over the more

commonly employed cutback method,'®"® and more detailed discussion can be found in S.1.
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Figure 5. Extracted laser parameters as a function of ridge width. (a) Injection efficiency, (b) transparency
current density per QD layer, (c) Threshold modal gain, and (d) Internal loss.

The parameter extraction results are summarized in Figure 5. The average material gain parameter g, is
2.46 cm’ with a small standard deviation of 0.2 cm” across all the tested devices, confirming the
consistency of our measurements. The highest injection efficiency of 87% was achieved from a 6 x 1341
um’ as shown in Figure 5 (a). Smaller ridge width devices show decreasing injection efficiencies
probably due to the increased surface recombination. Transparency current density per QD layer was also
deduced from the directly measured transparency current multiplied by the injection efficiency of each
device, and the average is only 15.6 A/cm’® with the lowest value of 13.1 A/cm?, which is comparable to
QD lasers on GaAs substrates (~10 A/cm?)."” The increase of threshold modal gain with ridge width
(Figure 5(¢c)) is observed in conjunction with the blue shift of the lasing wavelength by ~7.5 nm as the
ridge width is increased from 2.5 um to 6 um. The blue shift in the peaks of the gain spectra, also shown
in the Figure 3 (c) inset, is caused by the increased quasi fermi level separation at high current injection,
which allows the shallow dot population to contribute more to the gain spectrum. The rise of the threshold
modal gain with ridge width is clearly similar to internal loss shown in Figure 5 (d). However, the reason
behind the increased internal loss in wider lasers needs further investigation. It is worth mentioning that
the injection efficiency of 87% achieved in some of our QD lasers epitaxially grown on Si is comparable
to the ones grown on native GaAs substrates.”’ The maximum modal gain of 16.1 cm™ was achieved from
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the 6 x 1615 um” device while the lowest internal loss of 2.4 cm™ was observed from the 2.5 x 1341 pm’
device.
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Figure 6 (a) Evolution of CW threshold current increases during 1500-hour lifetime test of two exemplary
1641 um long devices. The solid lines are non-linear fittings with R-squared values of 0.983 and 0.979. (b)
Bias current increases required to produce 10 mW output power under CW at 35 °C during the lifetime
test. The inset is an average of 10 aged devices with a power fit.

QD lasers processed from the same batch of epi growth were prepared for lifetime measurements. The
devices were mounted onto AIN carriers and wirebonded after applying high-reflectivity (8 pairs of SiO,
and Ta,0s) coatings on one facet. Then, the carriers were shipped to Intel Corp. to age the devices at
35 °C under constant CW diving current. The aging current was varied from 30 mA to 70 mA depending
on the carriers, which results in 1.6-2.4 times the initial threshold currents of each device. LIV sweeps
were performed periodically to monitor the degradation rate during the aging. Figure 6 (a) displays
gradual increases in the threshold currents from two of the QD lasers grown on Si over 1500-hour aging
time. The threshold current was increased only by ~9.5% and most of the threshold increase occurred in
the very beginning of the aging. The extrapolated mean-time-to-failure (time to double initial threshold
current) is more than a million hours (6,402,903 hours for Device-1 and 26,814,538 hours for Device-2)
using the equation in the literature,”' which is an immense improvement (~270x longer lifetime) over the
previous results of 4-6° off-cut Si-based QD lasers.”” * Since slope efficiency (differential quantum
efficiency) in the QD lasers also degrades over aging, the bias current to produce an output power of 10
mW at 35 °C was also studied from 10 QD lasers and were plotted in Figure 6 (b). The inset shows the
average of the 10 measured devices, and the extrapolated time to double the bias current (100% increase)
for 10 mW output power at 35 °C is 3,001,402 hours (~342 years). These lifetime results demonstrate
superior reliability of QD lasers with a record-long lifetime for any GaAs-based lasers epitaxially grown
on Si.

Conclusion

In summary, we have presented vastly improved 1.3 um InAs quantum dot lasers epitaxially grown on
CMOS-compatible on-axis (001) Si substrates. The high-quality GaAs buffer layer with a threading
dislocation density of 8.4 x 10° cm™ enabled quantum dot lasers with CW threshold currents as low as 6.2
mA and output powers up to 185 mW. Reducing the threading dislocation density to ~1-2 x 10° cm™ in
the GaAs buffer layer is expected to improve the quantum dot laser performance further. Optical
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characterizations on the low threshold current lasers revealed a low transparency current (~13.1 A/cm? per
quantum dot layer), low internal loss (2.4 cm™), and injection efficiency of 87%. Further optical
characteristics on modified laser epi structures will be conducted to optimize the number of quantum dot
layers and to include p-modulation doping in the active region.

The quantum dot lasers on on-axis (001) Si demonstrated excellent device lifetimes with extrapolated
mean-time-to-failure of more than a million hours. We believe that the lowered threading dislocation
density in the laser enhanced the device reliability by suppressing recombination-enhanced dislocation
climb process.”* Aging tests with current and temperature acceleration are planned, and light coupling
from quantum dot lasers to a waveguide and photodetector via an all-epitaxial approach is a future goal.
The significant advancements in the device performance and reliability in this work are very promising
for monolithically and 3D integrated photonic circuits on CMOS-compatible on-axis (001) Si substrates.

Supporting Information.

Comparison of quantum dot morphologies grown on GaAs and GaAs/Si, additional light-current-voltage
data, comments on quantum dot early gain saturation and mode-sum are available.
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