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Monolithically integrated InGaAs microdisk lasers on silicon
using template-assisted selective epitaxy

S. Mauthea, B. Mayera, M. Sousaa, G. Villaresa, P. Staudingera, H. Schmida, and K. Moselunda

aIBM Research – Zurich, Säumerstr. 4, 8803 Rüschlikon, Switzerland

ABSTRACT

As performance and power consumption of modern micro-chips are increasingly limited by electrical on-chip
interconnects, all-optical interconnect systems promise data transmission at speed of light and wavelength-
division multiplexing. To realize complex networks, active devices, like lasers, need to be integrated on Si. III-Vs
are excellent candidates for optical devices, however, their integration on Si is challenging due to a significant
lattice and thermal mismatch. Template-assisted selective epitaxy (TASE) was recently developed by our group,
allowing for the selective growth of III-Vs from a small Si seed in a confined oxide template. In this work,
we extend TASE towards optical devices and demonstrate the monolithic integration of InGaAs lasers via a
novel approach using a virtual substrate (VS) in a two-step templated growth. First, µm2 sized 60 nm thick
InGaAs VSs are grown by MOCVD using TASE on SOI. Subsequently, 500 nm oxide are deposited onto the
VS and patterned in arbitrary shapes like disks, and rings. In a second InGaAs growth, the defined vertical
cavities are filled. The investigated structures have diameters of ∼ 1.7µm, thicknesses of 0.5µm and total cavity
volumes of 0.5λ30. Photoluminescence spectroscopy reveals a broad spontaneous emission peak around 1.1µm
(FWHM = 150 nm) that increases linearly with pump power for low excitation powers (<< 2.6 pJ/pulse). Above
excitation threshold, a strong emission peak emerges at 1.1µm (FWHM = 7 nm). The Input-Output curve (log-
log, T = 10 K) exhibits the characteristic S-shape which constitutes a strong indication for the lasing operation.
The onset of the lasing threshold is observed up to 200 K with a characteristic temperature of T0 = 192 K.

Keywords: Semiconductor laser, microdisk, monolithic integration, III-V epitaxy, silicon photonics, InGaAs,
MOCVD

1. INTRODUCTION

In the past, the density of integrated circuits on electrical chips has increased due to a tremendous decrease
in size of electrical components. Along with downscaling of electronic devices the chip complexity increased
resulting in longer interconnect paths.1 In electrical interconnects the charged nature of electrons leads to
coulomb interactions and crosstalk between electronic information, limiting the data range transmitted through
the interconnect.2 Moreover, the rising power consumption of electronics limits the overall chip performance and
the interconnects rather than the active electronic devices are responsible for an increasing fraction of energy
consumed. Consequently, a novel interconnect concept is required to further enhance the performance of on-
chip data communication. One possibility to replace resistive metal lines and hence, overcome the interconnect
bottleneck, is an all-optical interconnect system promising data transmission at the ultimate speed limit of light
and allowing wavelength-division multiplexing.3,4 The consequent drive to replace electronic components by
optical devices has become a key driver of semiconductor and nano research during the past decade.5 On the
way towards all optical networks, efficient passive devices such as waveguides,6 as well as, active devices like,
modulators,7 and photodetectors,8 have been demonstrated on Si. The electro-optical light source however, has
mostly been employed off-chip since efficient sources, likes lasers, are yet to be integrated seamlessly on Si.9

III-Vs are excellent candidates for efficient lasers due to their direct tunable bandgap and high electron
mobility. The integration of high quality III-V on Si however, poses an essential challenge since Si and III-Vs
exhibit a significant lattice and thermal mismatch. In order to overcome this challenge, several techniques, like
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wafer bonding, buffered layer growth,10,11 masked growth,12,13and nanowire growth,14,15 have been developed
allowing for the integration of III-V lasers on Si.

Another promising approach, called template-assisted selective epitaxy (TASE ),16,17 has recently been de-
veloped to integrate nanoelectronic devices on Si.18,19 TASE allows for the selective growth of III-V materials
from a small Si seed in a confined oxide template and hence, the integration of high quality III-V material on
Si in arbitrary shapes. Recently, we extended TASE towards optical devices and demonstrated the monolithic
integration of GaAs lasers on Si using a direct cavity approach. GaAs disk lasers of only 0.5λ30 were fabricated
and showed lasing around 835 nm at room temperature.20

For on-chip applications however, it is desirable to work above the absorption edge of silicon at 1.1µm in order
to use Si for passives. In this work, we extend TASE towards optical devices and demonstrate the monolithic
integration of InGaAs lasers (with an indium content around 40 %) on Si via a novel approach using a virtual
substrate in a two-step templated growth process.

2. METHODS

2.1 Monolithic Integration of III-V on Si

2.1.1 Virtual Substrate Approach

In this work, we extend TASE to the integration of optical devices on Si via a novel approach using a virtual
substrate (VS) in a two-step templated growth process (see Figure 1). For further details on the TASE process
please refer to references 16 and 17. An SOI wafer with 2µm buried oxide (BOX) is used providing a high
refractive index contrast between the optical III-V device and the bottom Si substrate and serves as an optical
isolation for the lasing mode. In a first step, the top 60 nm Si layer are patterned to define the expansion of the
virtual substrate using e-beam lithography and inductively coupled plasma (ICP) etch. Next, a 200 nm silicon
oxide shell is deposited using atomic layer deposition (ALD) and plasma-enhanced chemical vapor deposition
(PECVD TEOS). This oxide layer serves as a template for the growth of the virtual substrate and defines its
geometry. Subsequently, reactive ion etching (RIE) is used to dry etch openings into the oxide template and reveal
the underlying patterned Si layer (see 2. in Figure 1). Using TMAH (tetramethylammonium hydroxide) wet etch,
the Si layer is partly etched in a controlled way until a small Si part is left serving as a seed area (100×60 nm2) for
the subsequent InGaAs nucleation. Next, InxGa1−xAs is grown using metalorganic chemical vapor deposition
(MOCVD). The targeted composition is x = 30 %, however, using TASE, any desired composition can be
achieved, since there is no requirement for lattice matching. The InGaAs selectively grows from the Si seed into
the predefined oxide template. The composition of the InGaAs is defined by the growth parameters: temperature,
V-III ratio, and precursor flows (see values in Table 1). The obtained InGaAs structures have a thickness of 60 nm
and a size of ∼ 1µm2 (defined by the template geometry and growth duration). This will serve as a virtual
substrate for the growth of the optical device.

After the growth of the InGaAs virtual substrate, a thick silicon oxide layer (500 nm) is deposited using
PECVD. The oxide layer is patterned and an opening is etched down to the virtual substrate using an RIE

InGaAs
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Figure 1: Template-assisted selective epitaxy (TASE) process flow (see details in reference 16 and 17. Growth
of virtual substrate in step 4, growth of resonator gain material in step 7.



Table 1: MOCVD growth parameters employed during the virtual substrate and gain material growth (see steps
4 and 7 in Figure 1).

Growth Step Temperature V/III Ratio TMIn Flow TMGa Flow TBA Flow

[◦C] [µmol/min] [µmol/min] [µmol/min]

Virtual Substrate 560 32 68.8 1.66 299

Gain Material 560 32 68.8 1.66 299

dry etch and a final BHF etch. Arbitrary shapes, such as rings, disks, and wires, can be patterned, acting as a
template for the second growth and confining it in lateral direction. In a second growth step, InGaAs is grown
from the virtual substrate using MOCVD. In a first attempt, the growth parameters are kept constant compared
to the growth of the virtual substrate, in order to achieve a similar InxGa1−xAs composition (see Table 1).

Finally, a thin Al2O3 layer is deposited using ALD to passivate exposed surfaces.

2.1.2 Structural Analysis

The fabricated structures are analyzed using scanning electron microscopy (SEM), scanning transmission elec-
tron microscopy (STEM), and energy-dispersive X-ray spectroscopy (EDS). Using Ga focused-ion beam etching
(FIB), a lamella is prepared at operating voltages of 30 kV and 5 kV for final polishing. The STEM and EDS
characterizations were performed using a double spherical aberration corrected JEOL ARM200F microscope
operated at 200 kV.

Figure 2 shows the top view of ring and disk structures imaged using SEM after the second MOCVD growth.
For all structures, ring and disk resonators, the growth is confined by the predefined template and does not
exceed it. The outer diameter of the ring and the first disk structure measures ∼ 1.7µm; the inner diameter
of the ring ∼ 0.6µm. The second disk structure (Figure 2c) exhibits by design a smaller diameter of ∼ 1.2µm.
The SEM analysis reveals a polycrystalline material structure for the ring and first disk structure. The second
disk structure reveals a less polycrystalline shape, however, defect lines are also present. All devices shown in
Figure 2 are optically characterized and show similar behavior. A detailed optical characterization of the devices
is given in Section 3.

In order to further investigate the crystal quality of the structures, STEM and EDS spectroscopy is performed
on the disk structure in Figure 2b. A cross-section is obtained along the dashed line indicated in Figure 2b.
Figure 3 shows an overview of the cavity in the center, as well as, four high resolution bright field (BF) STEM
images at marked positions. The cross-section confirms the polycrystalline structure of the grown InGaAs
material and reveals several defects and grain boundaries (darker lines in Figure 3). From this low resolution
image the initial nucleation at the Si is visible, as well as, the virtual substrate (lower, darker 60 nm thick region).

500 nm

(a)

500 nm

(b)

500 nm

(c)

Figure 2: Top view SEM images of (a) ring, (b) disk 1, and (c) disk 2 resonators. Dashed line in (b) corresponds
to the location of the FIB lamella cut.
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Figure 3: STEM image of the disk structure at the marked position in Figure 2b (dashed line). The center image
shows an overview of the structure. Four high resolution images are taken at the marked positions.

Table 2: EDS material analysis performed on the locations marked in Figure 3. An average area of 8 nm2 is
analyzed. The analysis is performed using DigitalMicrograph, Version 3.12.1200.0, Gatan Inc.

Location Indium [%] Gallium [%]

A 44 56

B 47 53

C 37 63

D 34 66

Using EDS, chemical maps are acquired for the four high resolution images in Figure 3. The material analysis
is performed with DigitalMicrograph software from Gatan Inc. The arsenic content is assumed to be constant,
indium and gallium contents are simulated with the software analysis tool. The results are listed in Table 2 and
represent the composition x of the InxGa1−xAs. We could observe a small variation of ∼ 3 % between left and
right, however, this variation is within the error of the simulation of ±3 %. Moreover, a clear change in indium
composition throughout the structure in vertical direction is evident. The lower part of the structure, namely
the virtual substrate, exhibits an indium content of ∼ 36 %, the upper part, the actual growth of the disk,
exhibits ∼ 46 %. This difference in indium content is a result of individual precursor diffusion during the two
independent growth steps (see step 4 and 7 in Figure 1). During MOCVD growth, precursors are transported via
two mechanisms: diffusion in vapor and surface diffusion.21 Therefore, the growth is influenced by the material
and shape of the template, as well as, the size of the opening towards the area of nucleation. Having a look at the
two individual growth steps during the presented fabrication, the first growth is determined by a diffusion into
a several µm long oxide template with an opening of 60 nm × 3600 nm. The second growth on the other hand,
is determined by a diffusion into a wide opened (d = 1.7µm) oxide template with a height of only 500 nm. The
differences in geometry and surface result in a different transport of the precursors to the nucleation area and
hence, a difference in composition. Generally, it would be possible to compensate this geometrical dependence
by an appropriate change in precursor flows.

The identified different InGaAs compositions of the virtual substrate and the disk growth result in a lattice
mismatch of 0.04 Å. This is expected to lead to strain and the subsequent formation of defects. Defects are
clearly visible in the provided SEM and STEM images (Figure 2 and 3).

2.2 Optical Characterization

Fabricated samples have been optically examined using a micro-photoluminescence setup (depicted in Figure 4).
The setup consists of a pulsed supercontinuum laser (78 MHz, NKT Photonics SuperK Extreme), a cryostat
allowing the sample to be cooled down to ∼ 4 K (CryoVac), a spectrometer (grating 830 g/mm, blaze 1.2µm),
and an InGaAs photo detector (Princeton Instruments PyLoN-IR).
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Figure 4: Sketch of the micro-PL setup used for optical characterization. The three main parts are a supercon-
tinuum laser, a cryostat with the sample, and a spectrometer with a detector.

The samples are optically pumped using the pulsed supercontinuum laser at 830 nm. Before impinging on
the sample, the excitation beam passes a 900 nm shortpass filter to filter out higher order diffractions of the
supercontinuum laser. Optionally, a chopper wheel can be inserted into the beam path allowing only 2.5 % of
the excitation laser to pass protecting small structures from the detrimental effects of excessive heating.

A 50x objective (NA = 0.45) focuses the excitation beam onto the sample. The objective is mounted inside
the cryostat, in working distance of the samples. The samples are mounted in the cryostat and cooled down
to ∼ 4 K. Throughout the measurement, the samples are heated in steps of 10 K−50 K up to room temperature.
Photoluminescence spectroscopy is performed at each temperature point.

The photoluminescent response of the sample is collected from the top through the objective. A 900 nm
longpass filter is used to block the excitation laser to the spectrometer. The collected light impinges on the
spectrometer and via a grating onto an InGaAs detector.

To quantify the input power of the excitation laser at 830 nm, a power meter was used to measure the
excitation power. The power was measured after the excitation beam passes the objective and before impinging
on the sample. Hence, the optical losses due to the quartz glass opening of the cryostat, and the objective
were taken into account. Using this measured intensity and the repetition rate of the laser, the threshold values
provided in this work are in pJ/pulse.

A white light source can be added to the beam path using a removable pellicle allowing to image the samples.

3. EXPERIMENTAL RESULTS

Photoluminescence spectroscopy was performed on all fabricated devices in Figure 2. The devices were optically
pumped using a supercontinuum laser at 830 nm. All devices, show a broad spontaneous emission background
for low excitation powers (<< 2.4 pJ/pulse) at low temperature (T < 10 K). The spontaneous emission peaks are
centered around 1115 nm (FWHM=150 nm) and increase linearly with increasing pump power for low excitation
powers (sub threshold). This measured FWHM is rather broad for spontaneous emission at low temperature due
to the identified change in composition throughout the structure (see Section 2.1.2).

At pulsed excitation powers above 2.4 pJ/pulse, the ring resonator shows a strong emission peak emerging
at 1145 nm from the clamped spontaneous emission background. A second, less strong emission peak, arises
at 1218 nm. Figure 5a shows the photoluminescence spectrum of the ring resonator (blue) at an excitation power
of ≈ 2.4 pJ/pulse. With further increasing the excitation power (>> 2.4 pJ/pulse), the emission peak strongly
increases non-linearly and finally reaches a lasing regime (see Figure 6a). The peak position slightly shifts
with increasing excitation energy towards lower wavelengths. The Input-Output curve of the strong emission
peak at 1145 nm of the ring laser is shown in Figure 5b. The log scale reveals a characteristic S-shape which



950 1000 1050 1100 1150 1200 1250 1300
0.0

0.2

0.4

0.6

0.8

1.0

1.2
Ring
Disk 1
Disk 2

N
or

m
al

iz
ed

In
te

n
si

ty

Wavelength (nm)

(a)

0 5 10

102

103

104

105
log
lin

Input Power (pJ/pulse)

O
u

tp
u

t
(c

o
u

n
ts

)

0

1x105

2x105

(b)

0 5 10

102

103

log
lin

Input Power (pJ/pulse)

O
u

tp
u

t
(C

ou
n
ts

)

0

2x103

4x103

(c)

Figure 5: (a) Normalized photoluminescence spectrum of ring (blue), disk 1 (red), and disk 2 (green) resonator
at low excitation powers (∼ 2.4 pJ/pulse, ∼ 6.3 pJ/pulse, and ∼ 5.1 pJ/pulse respectively). Note that for better
visualization, the red and green plot were shifted by 0.2. Measurement performed at low temperatures T < 10 K.
Input-Output curve of (b) ring and (c) disk 1.

constitutes a strong indication for the lasing operation of the device at T = 10 K. In linear scale a clear kink is
visible depicting the onset of the lasing peak at 2.4 pJ/pulse.

The FWHM reduces clearly from 148 nm to 3.5 nm around the threshold power of 2.4 pJ/pulse. With
further increasing excitation powers (>> 2.4 pJ/pulse), the FWHM interestingly, slightly increases again to
FWHM = 10 nm. One possible explanation for this deviation from the characteristic Shawlow-Townes limit might
be related to a variation of the real refractive index n with carrier density N , namely the linewidth enhancement
factor α.22,23 It has been demonstrated that semiconductors, such as GaAs,24 InAs,25 and In0.53Ga0.47As,26 ex-
hibit a change in refractive index depending on the carrier density dn/dN . The magnitude of the change dn/dN
is material dependent. Moreover, the presented devices exhibit a complex material structure with varying in-
dium content throughout the resonator structure and hence, varying refractive indexes.27 We believe since the
linewidth enhancement factor might be different for individual compositions that these changes in composition
also impact the linewidth of the strong emission peaks.

The first disk resonator (Figure 2b) exhibits two strong emission peaks at excitation powers of 6.3 pJ/pulse.
Both peaks increase non-linearly with increasing excitation powers. The Input-Output curve of the strong
emission peak at 1198 nm is plotted in Figure 5c. Again, a characteristic S-shape curve is revealed in the log
scale and a clear kink is visible in the linear scale constituting a strong indication for the lasing operation of
the device at T = 5 K. The spectrum of the second disk laser (Figure 2c) reveals a single strong emission peak
at 1040 nm with a threshold of 5.1 pJ/pulse.

To further quantify the devices, the lasing performance was investigated at different temperatures. Starting
at low temperature (T = 10 K), the sample was heated in steps of 10 K up to room temperature and the
photoluminescence response of the individual devices measured. Figure 6b shows the strong emission peak of
the ring resonator at different temperatures. The intensity of the strong emission peak decreases with increasing
temperature. Around T = 100 K the peak position shifts by ∼ 4 nm. The threshold onset of the strong emission
peak at different temperatures is plotted in Figure 6c. A characteristic temperature of T0 = 192 K can be
extracted using the empirical relation Ith = I0 exp(T/T0). This characteristic temperature compares to values
achieved in III-V quantum dot disk laser.10,28

A more detailed analysis of the data in Figure 6c, reveals a kink at ∼ 100 K along with the identified
wavelength shift in Figure 6b. Similar observations have been reported before and attributed to carrier loss
mechanisms.29 In reference 29, Sanchez at al. observed several kinks in the characteristic temperature and
identified carrier leakage across a heterobarrier to be the most important carrier loss mechanism. In our work,
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Figure 6: (a) Ring cavity strong emission peak for increasing excitation powers. (b) Normalized spectrum of the
strong emission peak from the ring resonator at different temperatures. (c) Threshold power plotted at different
temperatures. The orange line resembles the fit to determine the characteristic temperature T0 (fit performed
in ln scale, data plotted in log scale).

no intentional barriers are present, however, due to the identified polycrystalline structure, heterobarriers are
unintentionally present. Therefore, the observed kink and wavelength shift might be associated with carrier
leakage over heterobarriers.

4. CONCLUSION

In summary, we demonstrated the monolithic integration of InGaAs microring and -disk lasers on Si using TASE
growth in a virtual approach. The measured devices showed characteristic S-shaped Input-Output curves and
exhibited threshold excitation powers as low as 2.4 pJ/pulse at temperatures up to 200 K (ring). Compared to
previous work, we extended the virtual substrate approach towards the ternary alloy InGaAs and hence, achieved
emission at energies smaller than the Si bandgap. The latter is an advantage when working with integrated silicon
photonics, where we would like to exploit Si for the passive devices.

A detailed material analysis was performed using SEM, STEM, and EDS. SEM and STEM revealed a poly-
crystalline structure. Moreover, EDS spectroscopy identified a composition change throughout the structure
with varying indium composition ranging from about 34 % to 47 %. Despite the presence of defects and grain
boundaries, the measured devices showed evidence for lasing.

Due to geometry and growth characteristics, the virtual substrate exhibited a different composition than the
gain material. However, by careful optimization of growth conditions it should be possible to compensate these
effects in future work. Furthermore, since the presented fabrication process is suitable for any III-V material,
a binary virtual substrate, such as InP, could be grown reducing the complexity and allowing for the growth of
lattice matched In0.53Ga0.47As.

Temperature dependent measurements showed lasing behavior up to 200 K and characteristic temperature
of T0 = 192 K. The characteristic temperature is comparable to values achieved in III-V QD laser.

In conclusion, the presented work shows the potential of TASE and the virtual substrate approach to directly
integrate InGaAs micro cavity emitters on Si.
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