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ABSTRACT: Si photonics has been receiving substantial attention as an
integration platform in photonics and optoelectronic research, owing to
the ability to manufacture low-cost, compact integrated circuits.

However, realizing efficient and high-quality light sources remains a > ‘
|

major challenge. Herein, we report an on-chip transferrable low-threshold
single microdisk laser, which is fabricated by the microtransfer printing
using a structured polymer. The optically transparent and adhesive
microtip enables readily reproducible, damage-free, and precisely aligned
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targeted transfer of a single microdisk in the growth substrate onto a

prefabricated Si-post on a silicon-on-insulator wafer. Spectroscopic measurements revealed that the microdisk laser with a small Si-
post exhibits rich lasing actions with an estimated threshold of ~96.8 yW. A controlled experiment revealed that laser devices with
varied Si-post sizes exhibit no significant changes in optical properties until the size of the Si-post becomes comparable with that of
the microdisk. These observations agreed with the results of systematic three-dimensional numerical simulations. We believe that our
microtransfer printing technique can be used to transfer micro- and nanostructures onto targeted locations and realize complex
microscale heterogeneous architectures in a compact integrated circuit.

KEYWORDS: microdisk cavities, microlasers, transfer printing, hybrid integration, electromagnetic simulation, integrated photonic circuits

Rapid advancements in photonic integration technology
require a platform that enables cost-effective, high-
density, and seamless integration in a small physical volume
while maintaining strong light confinement and low optical
loss.' ™ Si photonics using advanced semiconductor manu-
facturing processes has made substantial progress, for example,
various Si-based photonic applications ranging from tele- and
data communications to sensing have been developed, makin§
Si photonics the most promising candidate among others.>™"
The full potential of Si photonics to realize compact integrated
photonic circuits, however, is limited by long-standing
challenges related to the efficient integration of high-quality
light sources (i.e., lasers). Although some strategies to obtain
efficient light emission from Si or compatible materials have
been devised, they are only partly successful. This has resulted
in insufficient light generation for practical applications or
limited operation times." " Heterogeneous integration using
the metallic bonding method has demonstrated successful
transfer of prefabricated III-V lasers to Si substrates; however,
precise alignment, which is essential for devices with high
sensitivity and tunability, remains challenging.'”'* Further-
more, direct bonding of the III-V epitaxial structure to Si
waveguides formed on silicon-on-insulator (SOI) has demon-
strated the integration of multiple devices in a single bonding
step.”>'® This approach, however, requires the bonding of
large areas of material' *'® and the planarized nanoscale oxide
layer between the II[-V material and SOI waveguide,'®
resulting in a wafer-size mismatch and considerably ineflicient
use of III-V material.
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With an increasing demand for faster, more efficient, and
compact Si photonics, a more elaborate strategy is required for
II-V/Si integration. This strategy should particularly enable
individually addressable precise alignment on a target site
without sacrificing efficient material use and hampering other
devices in a circuit on the same chip. Moreover, the desired
III-V lasers must not only be sufficiently small to aid
integration density and compactness, but also be capable of
generating sufficient amount of light to operate the circuit; for
example, low-threshold microlasers with device footprints of
approximately few tens of #um® can be a promising candidate.
In this regard, the recently developed transfer-printing method,
which exhibits the ability to selectively pick-up and place small
II-V materials on Si, potentially meets the requirements.'” >
Several pioneering works have already demonstrated the
potential. For example, the nanoscale light sources were
successfully transferred onto receiving substrates via the
membrane-release technique, suspended frame transfer, and
the structured polymer-based microtransfer.”°~** Moreover,
the recent demonstration of the targeted transfer of fully
fabricated single device enabling the realization of highly
functional optical devices has strongly motivated researchers to
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extensively explore the technique to develop the on-chip
transferrable microscale light sources in Si photonics.”*~>’

Therefore, in this Letter, we report on-chip transferrable
low-threshold microdisk lasers by utilizing the microtransfer
printing using a structured polymer. We designed and
fabricated an optically transparent, adhesive polymer microtip
and utilized it to successfully transfer single microdisks on a
growth substrate to predefined Si-posts on a SOI wafer.
Spectroscopic measurements were performed to quantitatively
investigate the characteristics of the transferred microdisk
lasers. A controlled experiment revealed Si-post dependent
optical properties, which were verified via numerical
simulations.

Figure la schematically illustrates our on-chip transferrable
microdisk laser device consisting of a high-index semi-

a

Figure 1. On-chip transferrable microdisk laser. (a) Schematic of the
microtransfer printing using a structured polymer. A single microdisk
cavity (blue color), which includes multiquantum wells (MQWs, red
color), is selectively picked up by a transparent polymer microtip and
transferred onto a prefabricated microscale post in a receiving device
substrate. (b) Tilted-view SEM image of an InGaAsP microdisk laser
device transferred onto a Si-post. The diameter and thickness of the
InGaAsP microdisk are 4.2 ym and 260 nm, respectively. The circular
Si-post with a diameter of 2.4 pm and thickness of 260 nm is
fabricated on a silicon-on-insulator (SOI) wafer. Scale bar: 2 ym.

conductor microdisk cavity (blue disk), including an optical
gain medium (red line) and a small circular Si-post that
supports the entire cavity structure. The prefabricated single
microdisk cavity is separated from its growth substrate by an
optically transparent and adhesive microscale cubic polymer
tip, which protrudes into the air. This polymer microtip-
assisted microtransfer printing allows for real-time bright-field
microscopic imaging while approaching, aligning, and contact-
ing microscale structures and materials. Consequently, it
enables a straightforward, damage-free, and directly targeted
transfer of the microscale structures and materials within and
between wafers with high precision and alignment accuracy.
The separated microdisk cavity is then brought to the device
substrate, center-to-center aligned, and contact-transferred to
the target Si-post. The Si-post physically supports the cavity by
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making contact only with the central area of the microdisk,
resulting in an air—semiconductor interface on the cavity
periphery, where the high-quality (high-Q) whispering gallery
modes (WGMs) are located. As a result, the transferred
microdisk cavity can strongly confine the resonant WGMs
without disturbing the fields of optical modes and causing any
optical loss by the post structure. Figure 1b shows a
representative scanning electron microscope (SEM) image of
a successfully fabricated on-chip transferrable microdisk laser.
The microdisk cavity includes six InGaAsP quantum wells with
a central emission wavelength of ~1550 nm. The cavity
structure was robustly supported and center-balanced by a Si-
post located underneath. Furthermore, the air-suspended outer
region of the microdisk cavity was clearly observed, which can
be beneficial to the successful excitation of the high-Q and low-
loss resonant WGMs and subsequent low-threshold lasing
operation.

Our on-chip transferrable microdisk structure was fabricated
using the following processes (Figure 2a—d; Figures S1 and S2
of the Supporting Information). First, we used an InGaAsP
MQWs wafer and fabricated an array of microdisks with a
diameter of ~4.2 ym via electron-beam lithography and dry
etching (Figure 2a, left). After cleaning the residual resist, the
sample was dipped in diluted hydrochloric acid solution to
partially remove the InP sacrificial layer underneath the
microdisk and form a central InP-post with a submicron-size
of ~600 nm (Figure 2a, right). Next, arrays of Si-posts with
various diameters were fabricated via another round of
electron-beam lithography and dry etching on a SOI wafer
(Figure 2b). The dry-etched concentric ring that surrounded
the central Si-post serves as a useful geometrical reference with
circular symmetry, when aligning a microdisk center-to-center
with the Si-post. Furthermore, we prepared an optically
transparent and adhesive polydimethylsiloxane (PDMS)
microtip using an Si master-mold with a relief pattern of
microcubic structures with the dimensions of 20 ym X 20 ym
X 20 ym. We then applied either ultraviolet (UV) radiation or
oxygen plasma treatment to the fabricated PDMS microtip to
achieve a proper level of viscosity for microtransfer printing.*®
The fabrication procedure and PDMS modification are
detailed in Supporting Information (Methods, Figure S2).
To complete the fabrication of our device, we performed
microtransfer printing using a PDMS microtip (Figure S3 of
the Supporting Information). Figure 2c displays the schematics
(left, (i)—(v)) and the optical microscope images (right, (i)—
(ii) and (iv)—(v)) of the key steps of the transfer process.
First, the microtip was moved toward a single microdisk, while
adjusting the XYZ microtranslation stage to locate the tip and
select only the target object ((i), Figure 2c). After establishing
contact with the microdisk, we slid the tip in either the x- or y-
direction slightly to break the submicron InP-post, and pulled
it up to separate the microdisk from its growth substrate ((ii),
Figure 2c). Subsequently, the microdisk attached to the
bottom of the PDMS tip was subjected to additional wet
etching in diluted hydrochloric acid solution to completely
remove the broken residues of InP-post ((iii), Figure 2c).
Then, we brought the microtip with the microdisk near the
location where the target Si-post was fabricated, and aligned
the microdisk with the Si-post until their centers were aligned
vertically. Here, the Si-posts were additionally surface-treated
to increase the interface bonding (Methods in the Supporting
Information). As mentioned earlier, the dry-etched ring pattern
surrounding the Si-post was useful in enhancing the alignment
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Figure 2. Fabrication of on-chip transferrable microdisk cavity. (a) Tilted-view SEM images of InGaAsP microdisk cavity array (left) and single
microdisk cavity (right). Diameter of the microdisk: 4.2 ym. The central InP post with a submicron size of ~600 nm was achieved through selective
and anisotropic chemical etching (right). Scale bar: 30 gm (left) and 1 ym (right), respectively. (b) Tilted-view SEM image of an array of Si-posts.
Scale bar: 10 ym. Inset: high-magnification SEM image of a single Si-post with a diameter of ~1.8 ym and thickness of 260 nm. Scale bar: 1 ym. (c)
Schematics (left, (i)—(v)) and optical microscope images (right, (i)—(ii), (iv)—(v)) of the PDMS microtip-assisted transfer process. (i) Microtip
approach to a target microdisk in the growth substrate for adhesive contact (left). The white dotted box represents a microtip (right). (ii)
Mechanical separation of the target microdisk by breaking the submicron InP-post (left). A separated single microdisk attached to the microtip
(right). (iii) Selective wet etching of the residual InP-post underneath the microdisk (top). Photograph showing the wet etching (bottoom) (iv)
Center-to-center alignment of the microdisk with a target Si-post. (v) Registration of the microdisk on the Si-post (left). Single microdisk cavity
(white arrow) on the Si-post after completion of the transfer (right). All scale bars in the optical microscope images are 20 ym. (d) Top-view SEM
image of the transferred microdisk. The white dotted circle indicates the Si-post underneath the microdisk. Scale bar: 2 ym. (e) Schematic showing
the misalignment between the microdisk and Si-post with size of dpq. (f) Measured misalignment distribution obtained from the transferred
microdisks on various Si-posts with different sizes: (i) total of 20 microdisks on Si-posts with a d, of 1.8 um, (ii) total of 30 microdisks on Si-posts

with a d,. of 2.4 ym, and (iii) total of 30 microdisks on Si-posts with a d, of 3.1 um.

precision. Finally, we registered the microdisk on the target site
by establishing direct contact with the Si-post and maintaining
this position for a few minutes until they were firmly attached
to each other. To complete the process, we slowly peeled back
the PDMS microtip by simultaneously pulling it up in the
vertical direction and translating it in the lateral direction.
Figure 2d shows the successfully transferred InGaAsP
microdisk cavity on the Si-post (white dotted circle). The
cross-sectional SEM images clearly exhibit the high quality of
bonding at the interface (Figure S4, Supporting Information).
The slightly off-centered alignment is primarily attributed to
the resolution limit of our microscope system comprising a
20X long-working-distance objective lens with a numerical
aperture of 0.42. The resolution of this microscope system and
the corresponding precision of our transfer method can be
increased by using an objective lens with a higher
magnification and numerical aperture. Because the described
fabrication steps, including the microtransfer printing using
PDMS microtip, are simple and straightforward, the device
yield is high and the final structures are readily reproducible.
To directly demonstrate the high yield and reproducibility, and
the inevitable misalignment, we fabricated a large number of

microdisks and successfully transferred them on various Si-
posts with different post size of d (Figure SS of the
Supporting Information). In addition, we investigated the
misalignment distributions for d, of 1.8, 2.4, and 3.1 ym by
measuring the distance between the centers of microdisk and
Si-post (Figure 2e). The results are shown in Figure 2f.
Although the graphs exhibited slightly different distributions,
most microdisks on Si-posts were misaligned within 400 nm,
which can be explained by the above-mentioned limitations.
Furthermore, we examined the mechanical stability of the
transferred microdisks on the Si-posts by performing a simple
experiment. We again transferred a number of microdisks on
the Si-posts with different d,,, values. We then spin-coated the
samples with typical electron-beam resist and compared the
number of microdisks before and after the process (Figure S7
of the Supporting Information). The result showed that no
missing microdisk was found after the spin-coating. This
directly exhibits the mechanical robustness of our devices and
also indicates that additional fabrication steps including
lithography can be further proceeded.

Then, we performed numerical simulations using the three-
dimensional (3D) finite-difference time-domain (FDTD)
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method to qualitatively investigate the optical properties of the
resonant modes supported by the transferred microdisk cavity
(Figure S6(a) of the Supporting Information). We calculated
the resonant mode profiles, Q-factor, and mode volume of the
transferred microdisk on the Si-post. The diameter and
thickness of the microdisk (Si-post) were set to 4.5 um (2.0
um) and 260 nm (260 nm), respectively, similar to those of
the fabricated structure. The top- and side-views of the
calculated electric field intensity profiles show the excited
WGM in the cavity, revealing strong confinement of the fields
at the boundary of the microdisk. The Q-factor and mode
volume (V) were calculated as ~2.5 X 10° and ~1.6 um’,
respectively, which are comparable to those of the free-
standing microdisk cavity without Si-post; this indicates that
the central Si-post with a small diameter does not significantly
influence the optical properties of the excited WGMs. In
addition, we investigated the effect of misalignment on the Q-
factor and resonant wavelength of the WGM by introducing
the off-center distance dgpr between the centers of microdisk
and Si-post (Figure S6 of the Supporting Information). The
result showed a significant decrease in Q-factor at dogp > 400
nm and further decrease at dopp > 800 nm. For the resonant
wavelength, it remained almost unchanged until dogz = 600
nm, which revealed that the WGM experienced no significant
index variation. However, the wavelength exhibited an abrupt
red-shift at dopz > 800 nm, showing the noticeable trans-
mission of fields through the microdisk and Si-post (Figure
S6(c) of the Supporting Information). Considering the
misalignment distributions in Figure 2f, the simulation result
confirms that the transferred microdisks barely sacrifice their
intrinsic optical properties.

We carried out photoluminescence (PL) spectroscopy to
investigate the optical characteristics of our on-chip transfer-
rable microdisk cavity. The fabricated microdisk cavity in
Figure 2d was optically pumped at room temperature by a
pulsed laser diode with a wavelength of 976 nm (100 ns pulses
of ~10% duty cycle). A 50X microscope objective lens was
used to focus the pump beam to a spot of size ~3.9 ym and to
collect the light from the device. The PL was then either fed
into the spectrometer or imaged onto an infrared (IR) camera
(Figure S8 of the Supporting Information). As the incident
pump power increased, a sharp and pronounced peak was
detected, along with a rapid increase in intensity. At the further
increased incident powers, we observed rich lasing actions
from the microdisk cavity. Figure 3a shows the normalized
above-threshold PL spectrum measured from the cavity. A
pronounced lasing peak at the wavelength of 1542.2 nm was
observed. In addition, we captured a lasing mode image using
the IR camera, which reveals strong light emission at the
boundary of the microdisk cavity (inset of Figure 3a). To
clearly characterize the transition to the lasing mode, we
systematically measured both the collected output intensity
and the spectral line width of the mode as a function of the
incident peak pump power (Figure 3b). In the plot, the peak
intensity in each spectrum was normalized with respect to the
maximum value. A superlinear increase in output intensity was
clearly observed at an estimated lasing threshold of ~143.4
HUW. Note that the estimated threshold is comparable to those
of previously reported microdisk lasers with a similar size and
even a smaller supporting InP-post mounted on the growth
substrate.”””® This result experimentally corroborates the
numerical result obtained above, that is, the Si-post underneath
the transferred microdisk cavity does not significantly influence
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Figure 3. Transferrable microdisk laser. (a) Above-threshold lasing
spectrum measured at a peak pump power of 162.6 uW. Pulsed laser
diode, with a wavelength of 976 nm, was used to pump the laser
device. Pulse width and repetition rate were 100 ns and 1 MHz,
respectively. Strong lasing action was observed at a wavelength of
1542.2 nm. Inset shows the lasing mode image captured by an IR
camera at a peak pump power of 176.8 yW. Scale bar: 5 um. (b)
Measured lasing intensity and spectral line width of the lasing mode as
a function of the incident peak pump power. The threshold peak
power is ~143.4 uW. Inset shows below- and near-threshold PL
spectra measured at different peak pump powers of 76.5 (red), 103.8
(blue), and 127.8 uW (black), respectively.

the optical properties of the cavity. We also note that the
estimated threshold can be lower at the decreased duty ratios
<10% since the pump-induced heating on a device can be
sufficiently suppressed (Figure S9 of the Supporting
Information). For example, we observed a reduced threshold
of ~96.8 uW from the device with d of ~1.8 ym at duty
ratio of 5%. Further, the control experiment in Figure S9
exhibits the laser device on the Si-post showed the lower lasing
thresholds at various pumping conditions compared with those
obtained from the device on the InP-post with similar size.
This can be partly explained with both the difference of heat
flow via the bonded interface and the epitaxial hetero-interface
and the difference of the thermal conduction between InP and
$i*>*° A more detailed numerical study of heat transfer is
presented in Figure S10 (Supporting Information), which
revealed the stationary temperature distributions of the
microdisk devices on various Si-posts and planar substrates.
As the incident pump power was increased from below the
threshold to above the threshold, the measured spectral line
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(dPost = infinite) is also coplotted (blue). The diameters of all microdisks used in the experiment were fixed at 4.2 ym. The intensities were
normalized with the maximum intensity value in the spectrum for d,,; = 2.4 um for comparison, and the intensities for d, = 3.6 and 4.2 ym and
infinity were increased 10-fold for clarity. The incident peak pump power in all measurements was set to 193 yW. (b) Top-view SEM images of the
transferred microdisks on two different Si-posts with d,, values of 2.4 (left) and 4.2 ym (right). In the left panel, the dotted black circle indicates
the Si-post underneath. In the right panel, the tightly aligned microdisk and Si-post have the same diameter. Scale bar: 2 ym. (c) Measured output
intensities from the devices in (a) as a function of the incident peak pump power: the characteristic curves of (i)—(iv) are for the laser devices with
dyos values of 2.4, 3.1, 3.6, and 4.2 ym. The insets are the above-threshold lasing spectra of the individual devices. The incident pump powers were
174, 194, 287, and 618 yW and the corresponding lasing wavelengths are 1542.8, 1542.7, 1549.8, and 1520.3 nm, respectively. (d) Plot of the lasing
thresholds from (i)—(iv) in (c) as a function of Si-post size. In the plot, the threshold of the laser device with a dpost Value of 1.8 ym in Figure 3 is
included. (e) Side views of the calculated electric field intensity profiles of the WGMs in the microdisk cavities with various dyos values of (i) 2.4,
(ii) 3.6, and (iii) 4.0 gm. Diameter of the microdisk cavity was set to 4.5 ym. (f) Calculated Q-factors and resonant wavelengths plotted as a
function of Si-post size.

cavity (Q = A/AX) was estimated to be >1800, which is
31,32

widths of the lasing mode decreased drastically near the

threshold and became resolution-limited of the spectrometer
(~0.65 nm). The below- and near-threshold spectra shown in
the inset of Figure 3b reveal this abrupt change in the line
width. From the line width of the peak at a transparency peak
pump power of ~127.8 uW, the experimental Q-factor of the

comparable to that reported in previous studies.

Obtaining intact optical properties from our laser device
without causing any undesired optical losses and spectral
variations primarily depends on the size of the Si-post if the
post and microdisk are center-aligned. Consequently, it is
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important to estimate the maximum possible size of the Si-post
that can guarantee the original optical properties of the
microdisk cavity and, correspondingly, the laser device. To
experimentally address this problem, we examined the viability
of achieving lasing action from various laser devices with
microdisk cavities of the same diameter (i.e., 4.2 ym; similar to
that in Figure 3), but with Si-posts of different sizes. Figure 4a
shows the measured spectra from the transferred microdisk
cavities with four different Si-post sizes (dpost, inset) as follows:
2.4 (black), 3.1 (red), 3.6 (yellow), and 4.2 ym (olive). The
spectrum obtained from the microdisk on an Si substrate was
also co-plotted for regarding it as an infinite size of Si-post. All
spectra were measured under the same incident peak pump
power of 193 yW. In the plot, the intensities of all spectra were
normalized with the maximum intensity value in the lasing
spectrum with a d,,, of 2.4 ym, and the intensities from d,,., of
3.6 and 4.2 ym and infinity were then increased 10-fold for
clarity. All microdisks were center-transferred to the Si-posts
with minimum misalignment. Representative SEM images of
the devices with d,,, values of 2.4 and 4.2 um are shown in
Figure 4b. In Figure 4a, strong lasing actions from the devices
with d. of 2.4 and 3.1 um are clearly observed, whereas no
lasing operation is observed from those with d,, of 3.6 and 4.2
um and infinity. These results reveal several interesting
features. First, the measured spectral positions of the lasing
modes from the two devices (1542.8 nm (black, 2.4 ym), and
1542.7 nm (red, 3.1 ym)) are almost the same, although the
lasing peak intensities are different. Further, the measured
spectrum in Figure 3a shows a lasing peak at 1542.2 nm, which
directly indicates that the same resonant WGMs were excited
in the individual cavities and developed to be the lasing modes.
Correspondingly, this reveals that the resonant modes that are
located at the boundary of the cavity barely experience a
difference in effective index between the three devices, but
have slightly different lasing thresholds. Second, the device
with a d value of 3.6 um shows a nonlasing but dominant
peak at 1549.8 nm. Notably, this spectral red-shift of ~7 nm
with below-threshold spectral behavior unambiguously signifies
that the optical properties of the microdisk cavity are affected
by the enlarged Si-post. Third, no noticeable peaks from the
devices with a d,, value of 42 ym and infinity are observed
under the given incident peak pump power. This suggests that
the Si-post with a size >4 pm, which is almost comparable to
the size of the microdisk cavity, severely alters the original
optical properties of the cavity and serves as a significant
optical loss channel. To experimentally verify our analysis of
Figure 4a, we measured the above-threshold lasing spectra and
subsequently measured the output intensities of each device as
a function of the incident peak pump power to obtain the
characteristic curves of the laser devices. Figure 4c shows the
results for the four devices with finite sizes of Si-posts. All
devices exhibited a superlinear behavior, revealing the clear
transition to the lasing modes as shown in the insets. As
expected, the devices with d,. values of 2.4 and 3.1 um
showed slightly different lasing thresholds of ~150.3 ((i),
Figure 4c) and ~160.5 yW ((ii), Figure 4c), respectively. In
addition, we observed a lasing operation from the device with a
dpost value of 3.6 yum at a wavelength of 1549.8 nm (inset of
(iii), Figure 4c), whose estimated threshold was ~256.1 yW
((iii), Figure 4c). Here, the small increase in threshold, despite
the improved heat conduction through the enlarged Si-post,
can be partly explained by the increased transmission of the
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pump beam and emitted light through the post, resulting in a
decreased pump efliciency and optical gain in the cavity.

Furthermore, we observed successful lasing actions from the
device with a d value of 4.2 um at higher incident pump
powers, >500 yW (inset of (iv), Figure 4c), which explains the
featureless PL spectrum in Figure 4a. Notably, a lasing peak
was measured at a wavelength of 1520.3 nm, which is
significantly blue-shifted compared with that of all the other
devices. We attribute this spectral shift primarily to the
excitation of a new resonant mode supported by the combined
structure of the microdisk and Si-post. In addition, no
detectable lasing action was observed from the device on an
Si substrate at the incident pump power <1000 yW. The lasing
thresholds observed in Figure 4c are plotted as a function of
the Si-post size in Figure 4d.

To further substantiate our analysis and experimental results,
we performed 3D FDTD simulations. Figure 4e shows the side
views of the calculated electric field intensity profiles of the
resonant WGMs excited in the cavities with d,,, values of 2.4
((i)), 3.6 ((ii)), and 4.0 um ((iii)). The resonant WGM mode
of (i) is clearly well-confined within the boundary of the cavity;
the resonant wavelength of ~1531.3 nm is identical to that in
Figure S6(a). However, a small portion of the field in the
resonant mode of (ii) extends toward the edge of the Si-post,
resulting in a slight variation in the effective index of the mode
and a subsequent shift in resonant wavelength (i, Ay =
~1532.5 nm). However, the field profile in (iii) is completely
different from those of the other modes. In this case, a
considerable portion of the field is confined at the interface
between the microdisk and the Si-post, which can no longer be
identified as the same mode excited in (i) and (ii). In addition,
we calculated Q-factors and the resonant wavelengths of the
mode as a function of d. (Figure 4f). The results show an
increase in wavelength and a decrease in Q-factor, as d
increases. In particular, we again observed that the wavelength
shifts noticeably near dy, > 3.5 ym and increases rapidly
thereafter, which strongly supports our experimental observa-
tions. Furthermore, the experimentally observed blue-shift of
the lasing mode in the device with a d,,, value of 4.2 ym was
successfully explained with the excitation of different WGM
with a different azimuthal order (Figure S11 of the Supporting
Information).

In conclusion, we used the optically transparent and
adhesive PDMS microtip-assisted transfer method to demon-
strate on-chip target-transfer of a single microdisk cavity from
its growth substrate to a microscale Si-post in a receiving
device substrate. This damage-free transfer method allows for
simple, straightforward, and precise alignment; furthermore, it
enables successful fabrication of transferrable microdisk lasers
in an easily reproducible manner. In spectroscopic measure-
ments, we observed low-threshold lasing actions from the
devices in which the size of the Si-post was smaller compared
with that of the microdisk cavity. On the contrary, we observed
an increased threshold and spectral shift from the devices with
Si-posts larger than the microdisk cavity. These observations
corresponded well to the results of 3D FDTD simulations. We
believe that the demonstrated microtransfer printing using a
structured polymer can be exploited to realize more complex,
on-chip, 3D microstructures for functional devices in ultrasmall
photonic integrated circuits.
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