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Abstract—On-chip optical light sources are key components in
photonic integrated circuits and optical communication. In this pa-
per, we use a novel integration technique called template-assisted
selective epitaxy (TASE) to monolithically integrate InP microdisk
lasers on silicon. TASE offers several advantages for new device
concepts such as lateral doping, dense co-integration of differ-
ent III–V materials, and in-plane integration with silicon elec-
tronics and passive components. Here, we demonstrate room-
temperature lasing from InP hexagonal microdisks integrated via
TASE. In order to assess and evaluate the viability of TASE, a
second InP hexagonal microdisk sample is prepared for compar-
ison using the highly developed and mature direct wafer bonding
technique. The lasing performance of the TASE monolithic devices
and the bonded microdisk devices is investigated under pulsed op-
tical pumping as a function of temperature and compared. The
lasing threshold as well as the light-in light-out curves of our TASE
structures compare favorably with the bonded InP hexagonal mi-
crodisks. This demonstrates that our TASE approach is a promising
technique for the monolithic integration of optical devices on Si.

Index Terms—Heterogeneous integration, III–V materials on
silicon, microdisk lasers, optical pumping, semiconductor lasers.

I. INTRODUCTION

E FFICIENT integrated micro- and nano-sized light sources
have attracted great attention due to their application in

dense photonic integrated circuits (PICs), sensing, and opti-
cal communication [1], [2]. PICs can boost the performance of
existing complementary metal-oxide-semiconductor electronic
circuit (CMOS) technology and allow for more complex electro-
optical functionalities for both on-chip and off-chip applications.
In order to achieve a dense integration of highly efficient light
sources on Si, which has an indirect bandgap, new materials
and designs are required. III-V microdisk lasers represent ex-
cellent candidates due to their small integration foot print, high-
quality factors, and their relatively easy cavity fabrication. Major
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progress has been made in the direct integration of defect-free
III-V gain material on Si and hence, overcoming the significant
lattice and thermal mismatch [3], [4]. Small foot print lasers have
been demonstrated using integration techniques such as wafer
bonding [5], [6], buffered layer growth [7]–[9], nanowire growth
[10], [11], and shallow-trench-isolation (STI) growth [12]–[15].
So far, direct wafer bonding of either discrete components or
a full III-V stack represents the most advanced approach to in-
tegrate III-Vs on silicon for photonic applications. However,
although direct wafer bonding has advanced quickly in the last
years, the process is not yet truly compatible on wafer scale due
to a mismatch in wafer size. Moreover, for many applications
a seamless integration of III-Vs with silicon photonics at the
individual device level is required and hence, direct monolithic
growth would be beneficial. We recently developed an epitax-
ial integration method called template-assisted selective epitaxy
(TASE [16], [17]) which allows for the seamless monolithic inte-
gration of high quality III-V material at lithographically defined
positions for electrical and optical applications [18]. Using this
technique, we recently demonstrated room-temperature lasing
of hexagonal GaAs microdisks and low-temperature lasing of
circular InGaAs microdisks [19], [20].

In this work, we extend our approach to InP which allows
for future integration of lattice-matched quantum wells (QWs)
and hence, an emission wavelength beyond the Si absorption
gap as conceptionally shown in [21]. However, the monolithic
integration of InP on Si is more challenging than for GaAs
due to a larger lattice mismatch of 8% and a difference of 84%
in thermal expansion coefficient [22]. Here we demonstrate
single crystalline InP microdisk lasers integrated on Si (111) via
TASE and thoroughly characterized using photoluminescence
(PL) spectroscopy, scanning electron microscopy (SEM), and
scanning transmission electron microscopy (STEM). The Si
(111) substrate enables the formation of hexagonal shaped
InP microdisks with smooth {110} sidewalls. However, as
demonstrated with GaAs, growth from a (001) substrate is also
possible [19]. In order to assess and compare quantitatively
the performance of the TASE-integrated microdisks, similar
sized and shaped InP structures are fabricated via direct wafer
bonding. All devices are fabricated and characterized in house
which allows for a thorough direct comparison between the
fabrication approaches and an evaluation of the performance of
TASE for future photonic integration.
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Fig. 1. (a) TASE fabrication steps: (1) Si (111) substrate. (2) Deposition and
patterning of a silicon oxide layer. (3) Deposition and patterning of α-Si layer.
(4) Deposition and patterning of template oxide. (5) Etching of the α-Si layer.
(6) Growth of the III-V material by MOCVD. (b) Schematic cross-section of
a TASE (left) and bonded (right) microdisk. The dashed arrows indicate the
growth direction during TASE growth. Schematics are not drawn to scale.

II. INTEGRATION OF INP MICRODISK LASERS ON SI

Samples are fabricated using two different integration tech-
niques, namely TASE and direct wafer bonding. The active ma-
terial for both fabrication approaches has been grown in our
metal-organic chemical vapor deposition (MOCVD) reactor at
550 °C and a V/III ratio of ∼70.

A. Template-Assisted Selective Epitaxy

The monolithic integration based on TASE is done as fol-
lows. First, a 200 nm thick oxide layer is deposited on a Si
(111) substrate by plasma-enhanced chemical vapor deposition
(PECVD). This thickness provides a compromise between suf-
ficient optical isolation of the optical mode in the III-V material
from the Si substrate while enabling a high InP nucleation yield.
Next, small openings of 200 nm × 200 nm are patterned and
etched down to the Si (111) substrate (see step 2 in Fig. 1(a)). In
order to assure a clean and smooth Si surface for the InP nucle-
ation, a short diluted tetramethylammonium hydroxide (TMAH)
etch is performed. First, we grow InP nucleation seeds inside
the pre-defined openings onto the Si substrate using MOCVD
growth (∼100 nm, not depicted in the schematics). By perform-
ing this separate InP nucleation growth, a high nucleation yield
is achieved. Subsequently, a 3 nm Al2O3 protection layer and a
sacrificial amorphous Si (α-Si) layer of 300 nm are deposited.
The α-Si is patterned and covered with 200 nm oxide, shap-
ing the cavity for the subsequent III-V growth (steps 3 and 4 in
Fig. 1(a)). After partially opening the oxide layer the underlying
α-Si is etched and a hollow cavity forms, exposing the small
InP nucleation seed (Fig. 1(a) step 5). The Al2O3 protection
layer is etched in a short DHF (diluted hydrofluoric acid) dip.
In a final step, InP is grown inside the hollow cavity from the
small InP nucleation seed using MOCVD (step 6 in Fig. 1(a)).
By varying the growth duration, the diameter of the disks can be
controlled.

Fig. 2. SEM images of (a) TASE and (b) bonded and etched InP microdisk.
The TASE image is blurry since it is taken with the 200 nm oxide template on
top. The dashed line in (b) marks the diameter of the structure as referred to in
this paper. The inset (c) shows the sidewalls of the 300 nm thick bonded structure
in (b) after etching.

B. Direct Wafer Bonding

A second sample is prepared using a direct wafer bonding ap-
proach. This allows for a thorough comparison and evaluation
of our approach since bonding is one of the most advanced inte-
gration techniques for III-Vs on Si. In this direct wafer bonding
approach, the active InP material (300 nm) is grown onto a sac-
rificial InP wafer with a lattice-matched InGaAs etch stop and
subsequently bonded to a Si (001) wafer with 2 μm oxide layer.
Due to the lattice-matched growth of the active InP layer a defect-
free gain layer of high crystal quality can be achieved. Details
on the bonding process can be found in [23]. Next, the sacrifi-
cial InP substrate and the etch stop layer are removed. The final
InP layer is patterned and etched using hydrogen silsesquiox-
ane (HSQ) and an inductively coupled plasma (ICP) dry etch.
A short wet etch is performed to clean the surface after the dry
etching. Further surface passivation or surface termination is not
performed. The masking HSQ layer is not removed in order to
act as a top oxide layer similar to the template oxide for the
TASE structures.

In order to permit quantitative comparison between the mi-
crodisks, structures etched in the bonded InP layer resemble
the shape and size of the TASE structures. SEM images of the
TASE-grown and bonded InP structures show the geometry of
the individual microdisks (see Fig. 2(a) and (b)). Both samples
exhibit a hexagonal shape with similar diameters of ∼1.22 μm
and∼1.28μm for the TASE and bonded structures, respectively.
We define the diameter of our hexagons as the distance marked
in Fig. 2(b). Moreover, both samples are covered with an ox-
ide layer on top of the InP structure. An important figure is the
thickness of the InP layer. By design, both InP layers are 300 nm
thick. Due to a short DHF dip before the III-V growth during
TASE, the empty oxide cavity is slightly expanded resulting in
a final InP thickness of 330 nm. A schematic overview of the
cross section of both structures indicating their similarities and
differences can be found in Fig. 1(b).

III. MATERIAL CHARACTERIZATION

SEM images of the TASE-grown and bonded InP structures
are depicted in Fig. 2(a) and (b), respectively. The SEM image in
Fig. 2(a) shows a hexagonal shape of the TASE structure which
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Fig. 3. Top view SEM (b) and cross-section STEM (c) image of a TASE-
grown microdisk. (d) Close-up view of the Si/InP nucleation interface and
the stem. High resolution bright field images taken at the marked positions in
(c) are depicted in (a), (e), and (f).

speaks for an epitaxial relationship with the Si (111) substrate.
In order to confirm the single crystallinity of the TASE struc-
ture, STEM is performed. Using Ga focused-ion beam etching
(FIB), we prepare a thin lamella of the TASE structure along the
dashed line depicted in Fig. 3(b). Next, STEM characterization is
performed using a double spherical aberration corrected JEOL
ARM200F microscope operated at 200 kV. Fig. 3(c) shows a
cross-section overview featuring vertical {110} sidewalls and a
hexagonal top (111) surface which indicates the alignment to
the (111) Si substrate. The structure is located on top of 200 nm
SiO2 and connected to the Si substrate through a stem in the
oxide layer. During the growth, InP nucleates at the Si interface,
grows into the oxide stem, and expands into the empty oxide
template as sketched in Fig. 1. The short TMAH dip performed
before the InP growth etches the Si substrate and results in an
undercut region underneath the oxide trench. At the Si/III-V in-
terface, extended defects, like twin planes, stacking faults, and
point defects, are observed. However, due to the confinement of
the growth when reaching the stem in the oxide layer, these de-
fects are terminated and do not propagate further (see Fig. 3(d)).
High-resolution STEM images are taken at multiple locations
throughout the crystal as illustrated in Fig. 3(a), (e), and (f). All
images show the same crystal orientation of the InP and hence,
confirm a single crystalline structure. Additionally, they reveal
twin axes, as well as, short wurtzite segments.

Fig. 4. Normalized temperature-dependent PL spectrum for the TASE (dark)
and bonded (light) structures.

The bonded structures were characterized using SEM imaging
(see Fig. 2(b) and (c)). Since the InP is grown lattice-matched to
the sacrificial substrate and based upon previous work on more
conventional devices, a high, defect-free material quality can
be assumed. As the bonded material is dry etched into the de-
sired shapes, the sidewalls of the hexagonal microdisks are not
aligned to a specific crystal orientation. Moreover, the dry etch-
ing introduces slight roughness to the sidewalls as can be seen
in Fig. 2(c). The horizontal lines visible on the sidewalls corre-
spond to individual cycles during the ICP etching. This physical
damage might introduce surface states which can impact the
optical characteristics [24] as discussed hereafter.

IV. OPTICAL CHARACTERIZATION

Multiple TASE-grown and bonded microdisks are measured
using optical micro-photoluminescence (μPL) spectroscopy. All
optical measurements are performed under picosecond-pulsed
(78 MHz repetition rate) illumination by a supercontinuum laser
at 750 nm (spot size ∼1 μm). A 100× objective is used to fo-
cus the light from the top onto the sample as well as to collect
the emission from the sample. Here, we discuss the optical re-
sults obtained from the devices depicted in Fig. 2. PL spectra
shown in Fig. 4 reveal a spontaneous emission centered around
880 nm for the TASE structures and around 900 nm for the
bonded ones. At room temperature (RT), the spectral full-width
at half maximum (FWHM) is slightly larger for the bonded ma-
terial (∼60 nm) than for the TASE grown material (∼50 nm).
A possible explanation for the slightly increased FWHM of the
bonded structures could be the presence of surface states intro-
duced by dry etching since the sidewalls are defined lithographi-
cally and therefore, not etched along the crystal facets [24]. The
TASE structures on the other hand, intrinsically end up with
atomically smooth <110> facets. Epitaxially-grown structures
similar to our TASE hexagons suggest only weak influence of
the surface on the carrier lifetime even without additional sur-
face passivation [25]. Fig. 5(a) depicts the PL spectra of both
samples at increasing excitation fluences. The resonant mode of
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Fig. 5. (a) RT PL spectrum of TASE (line) and bonded (dotted) microdisk lasers under increasing excitation powers. (b) Linear plot of the LL curve of both the
TASE (orange diamonds) and bonded (blue squares) samples at RT. The inset shows the LL-curves in a log-log scale. (c)-(f) Optical far field of the TASE structure
at different excitation powers: (c) below threshold; (d) at threshold; (e) & (f) above threshold. (d) is taken with white light illumination of the sample.

the TASE microdisk is at 840 nm and the bonded structure ex-
hibits two modes at 880 nm and 926 nm. With increasing pump
fluence, both samples show strong, narrow peaks rising from
the spontaneous emission background (see Fig. 7(a) at 300 K),
which we attribute to lasing.

We performed three-dimensional finite-difference time-
domain (3D-FDTD) simulations using Lumerical software. The
simulated structures include the entire layer stack as depicted
in Fig. 1(b), i.e., the Si, InP and surrounding oxide, and the
symmetric hexagonal shape shown in Fig. 2. We observed sev-
eral cavity modes overlapping the gain spectral range featuring
theoretical quality factors up to 200.

Fig. 5(b) depicts typical light-in light-out (LL) curves cor-
responding to the cavity modes centered at 840 nm (TASE
sample) and 920 nm (bonded sample). A clear kink marks the
onset of the lasing in both samples. The lasing threshold is de-
termined by extrapolating the linear fit above threshold of the
linear LL-curve. For the TASE structure we find a threshold
fluence of ∼200 μJ/cm2, for the bonded structure a value of
∼170 μJ/cm2. Hence, both samples exhibit similar threshold
fluences. Moreover, the slopes of the individual LL-curves are
comparable, indicating a similar lasing efficiency of the two sam-
ples. The logarithmic plot of the LL-curves is shown in the inset
of Fig. 5(b) featuring a clear S-shape. Additionally, the images
in Fig. 5(c)–(f) show the far-field images of the light emission
(TASE sample) captured with a standard camera and an 800 nm
long-pass filter. At low fluence, spontaneous emission is visible
(Fig. 5(c)). With increasing pump power, the emission becomes
much stronger and fringes start to form (Fig. 5(d) and (e)). Under
strongest excitation, many interference fringes in the far-field ra-
diation pattern are observed as a consequence of the extended
first-order coherence of the laser emission (see Fig. 5 (f)).

We investigated the lasing behavior of several TASE-grown
and bonded microdisk cavities. All the structures measured
across both samples exhibit very similar lasing characteristics.
The wavelength of the lasing mode can be varied by changing

Fig. 6. (a) PL emission of bonded hexagonal structures with varying cavity
diameter. The lasing mode shifts to longer wavelengths with increasing hexagon
diameter. (b) Center wavelength of the lasing mode versus the diameter of mea-
sured (blue squares) and simulated (green dots) hexagonal microdisks. Simula-
tions are performed on symmetric hexagons.

the diameter of the structures. During the TASE process, this
can be achieved by adjusting the growth duration or modify-
ing the template design. However, the bonded structures allow
for a more straightforward, faster comparison and offer a higher
variety of shapes. We varied the size of the bonded hexagonal mi-
crodisk from 1.28 μm to 1.36 μm to demonstrate the capability
of wavelength tunability (see Fig. 6(a)). PL spectroscopy is per-
formed on all fabricated sizes, revealing a continuous, linearly
increasing red-shift of the lasing mode with increasing diameter
of the cavity. 3D-FDTD simulations confirm the magnitude of
the measured wavelength shift with increasing microdisk diam-
eter (see Fig. 6(b)). Fig. 6(c) shows the simulated mode profile
of Mode 1 and 2 depicted in Fig. 6(b).

To further assess the material quality on both samples, we per-
form temperature-dependent measurements between 10 K and
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Fig. 7. (a) PL-emission spectrum above threshold at different temperatures
for both, TASE (dark) and bonded (bright) structure. (b) Temperature-dependent
LL-curves for the TASE-grown InP microdisk. (c) Lasing threshold versus tem-
perature (ln plot) for the two samples. The linear fits are used to determine the
characteristic temperatures T0.

300 K. At low temperatures, the emission shifts to lower wave-
lengths following the Varshni shift (see Fig. 4). Compared to
the RT measurements, the FWHM of the spontaneous emission
peak of the TASE structure is slightly wider than the bonded
PL FWHM. We believe that the narrowing of the FWHM of the
bonded sample with decreasing temperature can be attributed
to surface states. The TASE sample on the other hand, exhibits
twin planes and both, zincblende and wurtzite segments (see
Fig. 3(e) and (f)). This potentially leads to an inhomogeneously
broadened PL emission independent of temperature [12], [26].
The lasing mode of the TASE structure stays at 840 nm as the
gain shifts with temperature. The bonded structure shows two
modes at RT as depicted in Fig. 5(a). When going to lower
temperatures, the material gain shifts to lower wavelengths and
hence, the spectral overlap with the mode at 926 nm decreases
while the overlap at 880 nm increases. Therefore, the dominant
lasing mode changes from 926 nm to 880 nm around 250 K
(see Fig. 7(a)). The linear LL-curves for the TASE samples at
temperatures between 50 K and 300 K measured in 50 K steps
are depicted in Fig. 7(b). By plotting the lasing threshold ver-
sus temperature in Fig. 7(c), the characteristic temperature T0

of the devices can be extracted by fitting data to the empirical
relation Pth(T ) ∝ exp(T/T0). The TASE microdisk exhibits a
T0 of ∼190 K and the bonded structure of ∼90 K. Interestingly,
the bonded material reveals a much lower characteristic temper-
ature than the TASE structure. As mentioned, we believe that
surface states could be responsible for this behavior. The char-
acteristic temperature of the TASE microdisk on the other hand,
is comparable to values achieved in III-V quantum dot disk lasers
[7], [27]. Moreover, it is comparable to our previously reported
low temperature InGaAs microdisk lasers that has also been
fabricated using a TASE-based approach [20].

TABLE I
COMPARISON OF INTEGRATION METHODS IN THIS WORK

V. DISCUSSION AND CONCLUSION

We demonstrated RT lasing from InP microdisks monolithi-
cally integrated on Si by TASE epitaxial growth and compared
their performance to identical devices fabricated by conventional
wafer bonding and etching. Traditionally, InP is an important
material for III-V photonics because it enables the integration
of lattice-matched QWs at telecom wavelengths, however due
to the large lattice mismatch it is also a challenging material to
grow directly on silicon. The obtained lasing performance of the
TASE devices compares well with the bonded InP microdisks.
The RT PL signal is narrower for the TASE devices, however,
they show a slightly higher threshold power but a greater T0

value. Morphological investigation by STEM analysis, shows
that the material grown by TASE is single crystalline and of
high quality without any threading dislocations in the active
gain region. Additionally, our TASE structures inherently grow
with atomically smooth crystal side facets which should result
in a reduction of the number of dangling bonds and defects at
the surface. The attributes of the two approaches are listed in
Table I. Compared to the mature bonding technology, our pre-
sented TASE approach offers the extra advantage of growing in
lateral direction and hence, allows for new device concepts and
integration schemes. Whereas typical QWs are grown parallel
to the substrate, TASE growth proceeds radially from the center
outwards and thereby offers an interesting opportunity to in-
corporate QWs and doping profiles. For example, using TASE,
in-situ doped regions can be integrated in-plane, favoring p-i-n
structures parallel to the Si substrate which allow for compact
electrical pumping schemes [28]. Moreover, QWs can be inte-
grated orthogonal to the substrate, therefore favoring new device
concepts. The placement and geometry of the TASE structures
are defined by a combination of lithography, template design,
and growth duration. Hence, it enables a dense integration with
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silicon electronics and passive optics. When working on an SOI
platform as in [20], the TASE approach supports in-plane inte-
gration with Si. Using the same technique, by repeated growth
runs, we have also demonstrated the dense local integration of
different III-V families on the same silicon wafer [29].

In conclusion, we presented a promising approach for mono-
lithic integration of III-V microdisk lasers on Si. By demonstrat-
ing InP microdisk lasers with high material quality, we pave the
way for future embedding of lattice-matched QWs and hence,
the fabrication of efficient microdisk lasers emitting above the
silicon band edge.
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