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Abstract: The heterogeneous integration of devices from multiple material platforms onto a
single chip is demonstrated using a transfer-printing (TP) technique. Serial printing of devices
in spatially dense arrangements requires that subsequent processes do not disturb previously
printed components, even in the case where the print head is in contact with those devices. In
this manuscript we show the deterministic integration of components within a footprint of the
order of the device size, including AlGaAs, diamond and GaN waveguide resonators integrated
onto a single chip. Serial integration of semiconductor nanowire (NW) using GaAs/AlGaAs and
InP lasers is also demonstrated with device to device spacing in the 1 µm range.

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal
citation, and DOI.

1. Introduction

Photonic integrated circuit (PIC) technologies have matured from research devices to accessible
foundry technologies over the last couple of decades [1–3], enabling their application in
fields including telecommunications, optical signal processing and sensing [4]. Initially PIC
technologies were fabricated in single material platforms, for example silicon [5] or III-V materials
[6], with some flexibility available through deposition of secondary materials such as SiN [7]
or regrowth of compound semiconductors [8]. Nevertheless, it is clear that in order to produce
future PIC systems, multiple materials are required to be integrated on a single chip to provide
for the multiple optical and opto-electronic functions that cannot be optimally realized in a single
monolithic platform. The development of hybrid optical platforms has been advanced in recent
years driven by telecommunications [9] and quantum photonic applications [10,11]. The most
mature of these technologies is integration of III-V materials with silicon PICs, providing optical
sources, gain and detectors on the passive silicon platform. Typically, wafers of III-V material
can be bonded onto the pre-fabricated silicon devices and then post-processed to form the active
optical components [12].

Additionally, the direct growth of III-V on silicon has been demonstrated as a route towards
multi-material systems [13–16], where this is typically limited in terms of integration with wafer
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scale pre-fabricated silicon PICs. These methods have posed a significant challenge if more
than one additional material is required on the host PIC. This would then require a complex
fabrication process of multiple bond and post-bond lithography, etching and deposition steps,
whilst previous hybrid devices were in situ.

Alternatively, a pick and place integration process, generally referred to as transfer printing,
for thin film devices has been developed to allow local hybrid materials integration on host PICs
[17–21]. This can be complemented by post-printing fabrication processes [22] or fully fabricated
devices can be transferred [23]. This method provides the freedom to carry out multiple printing
processes on a single chip, though most demonstrations to date have focused on the integration
of one additional material onto the host PIC. The method relies on the transfer of membrane
devices or coupons of material with dimensions in the 1 - 103 µm range, and thickness from
hundreds of nanometers to a few µm. These membranes are detached from their native substrate
using a soft polymer stamp, followed by deposition onto the receiver substrate. This is shown
schematically in Fig. 1. One outstanding challenge for this technology is the dense integration of
multiple different material devices in a compact footprint to allow for efficient use of chip space
and incorporate a range of functions in a single chip. Transfer printing involves the direct contact
of the stamp with the receiver when devices are printed, and therefore in processes with multiple
printing steps, closely spaced devices will interact with the stamp material, with the potential for
removal or shift in position of the device.

Fig. 1. (a) The transfer-printing process of µ-disk resonators from their original substrate
onto a host waveguide structure. The inset shows the cross sectional geometry of the PDMS
stamp head. A micro-pillar extends from the main PDMS bulk with a height large enough to
allow contact with only one device at a time.

In this work we present a transfer printing process that allows the dense integration of multiple
devices, from different material platforms, within a chip footprint that is comparable to the
device size. This demonstration is shown for devices with two characteristic length scales, µ-disk
resonators with diameters in the few µm range, and NW lasers, with cross-sectional diameters
of a few hundred nanometers and major axis length of a few µm. A technique is presented
that allows the serial printing of devices with spacings down to the micrometer range. Optical
measurements of waveguide coupled resonators and optically pumped NW lasers are presented.

2. Methods

Two demonstrations of dense device integration using transfer printing are presented. Both use
the same basic transfer printing toolset as detailed in previous works [17,24,25]. As detailed in
the references, the printing process can take less than 1 minute for a single transfer and can be
implemented as a parallel transfer process with high yield and accuracy. The device dimensions
in each case require tailored processes to allow the close printing of devices.
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2.1. Micro-disk resonators

The first demonstration is the integration of µ-disk resonators in AlGaAs and diamond materials
with a GaN-on-sapphire waveguide platform. The diamond, AlGaAs and GaN waveguide devices
were all fabricated individually and subsequently integrated using the transfer print method
detailed below. All three chips were patterned with electron beam lithography into a hydrogen
silsequioxane (HSQ) resist. The device masks were then transferred into the waveguide materials
using inductively coupled reactive ion etching (ICP-RIE).

The single crystal diamond material was pre-thinned using an Ar/Cl2 ICP-RIE stage to around
1.8 µm in thickness [26]. The µ-disk resonator devices were then etched into the diamond using
an Ar/O2 ICP-RIE process. The disk used in the subsequent printing stage had a diameter of 25
µm.

The AlGaAs µ-disk devices were fabricated from a two-layer Al0.2Ga0.8As (270 nm) core on
Al0.7Ga0.3As (500 nm) undercladding epitaxial stack on a GaAs substrate [27]. The disk pattern
in the HSQ resist was etched down to the substrate using a SiCl4/Ar/N2 chemistry. This was
followed by a buffered HF under-etch of the sacrificial low index Al0.7Ga0.3As layer to release
the disks onto the GaAs substrate. Two disks of 10 and 20 µm diameter, respectively, were used
in the printing demonstrations.

The GaN-on-sapphire PIC was etched using an Ar/Cl2 chemistry, before a buffered HF etch
was used to remove residual HSQ and leave the devices air-clad. The fully etched waveguides
had a width of 1 µm, and height of 1 µm (consisting of 650 nm of c-plane GaN and 350 nm of
AlN buffer). The racetrack resonator devices have bend radii of 30 µm and straight sections of
65 µm. A microscope image of a GaN-on-sapphire racetrack resonator is shown in Fig. 2(a).

Fig. 2. (a) GaN-on-sapphire racetrack resonator. Scale bar = 20 µm. (b) Optical
microscope image of 2 AlGaAs µ-disks and a diamond µ-disk resonator integrated onto the
GaN-on-sapphire waveguide chip. Scale bar = 25 µm.

To print the µ-disk resonators, since their diameters are in the tens of µm range, µ-stamps
were fabricated where the contact area of the PDMS pick-up element was of the same order of
magnitude as the disks, as shown schematically in Fig. 1. The polymeric stamp was designed
with a 50 µm vertical separation between the printing section and the remaining polymeric
surface. This enables the capture and release of devices without the recessed PDMS surface
interacting with neighboring devices.

2.2. Nanowire lasers

The serial integration of devices with critical dimension around 1 µm presents a more challenging
situation. The second demonstration presented is the serial integration of NW lasers, where
their long axes are aligned in parallel and the devices are spaced with a target separation of ∼



Research Article Vol. 11, No. 10 / 1 Oct 2021 / Optical Materials Express 3570

1 µm, as shown in Fig. 3. The NW lasers used in this work are bulk InP NW lasers [28] and
core-shell GaAs/AlGaAs NWs [29], showing both room-temperature lasing emission in the
wavelength ranges 840 - 900 nm and 700 - 800 nm, respectively. These NWs present hexagonal
cross-sections but of different dimensions. Specifically, we used InP NW lasers of two different
sizes, with average lengths of 5 and 10 µm and average diameters of 435 and 260 nm, respectively.
The core/shell GaAs/AlGaAs NW lasers are of average diameters and lengths of ∼ 450 nm and
∼ 4 µm, respectively.

Fig. 3. The integration process of semiconductor NW devices from their growth substrate
onto a receiving surface forming a laterally-aligned pair. (1) Direct contact with a 6:1 planar
PDMS substrate produces a randomly distributed population of NWs. (2) An 8:1 PDMS
stamp is used to select individual NWs and transfer them to a SiO2 substrate for initial PL
characterization. (3) Selected NWs are released from the SiO2 substrate using a 10:1 PDMS
stamp and transferred to an intermediate 6:1 PDMS substrate. (4) Serial printing of the
NW’s into spatially dense patterns is achieved using an 8:1 PDMS transfer stamp.

The sub-µm short axis dimension of the NW devices, and targeted µm scale spacing means
that the PDMS stamp will be in contact with pre-printed devices during a subsequent printing
step, as shown in Fig. 3, step 4. Therefore, a different strategy was developed compared with the
µ-disk case. Here we use the material properties of the PDMS stamp, in addition to its geometry,
to avoid re-adhesion or movement of pre-printed NWs during multiple, serial print steps. The
printing cross-section of the PDMS stamps used in all processes detailed below presented a flat
µ-tip with dimensions of 10 × 30 µm2 [30].

The transfer printing process is fundamentally dependent on differential adhesion between the
object to be printed and the PDMS stamp and the substrate. In general, the pick-up and deposition
stages of transfer printing are differentiated by the velocity of the stamp removal [22]. In a
serial printing process, where the stamp re-contacts an already printed device, the adhesion force
between the in-situ device and the substrate must be greater than the force between the device
and the stamp. The adhesive strength of PDMS can be controlled in its preparation through the
ratio of the base to curing agents. Typically print stamps are prepared with a 10:1 ratio [30] that
allows for reversible adhesion printing through velocity control. This formulation does allow
for pick-up of already printed devices and so cannot be used for the serial NW printing process.
Alternatively, a formulation with an 8:1 ratio cannot pick-up pre-printed devices from a SiO2
receiver substrate. However, this also means that if a smooth intermediate substrate is used for
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the NW distribution step, an 8:1 ratio stamp will not be able to release these devices in order to
print onto the final receiver substrate. The solution is to use a process where the intermediate
substrate is less adhesive than the transfer stamp, which is in turn less adhesive than the final
target receiver substrate.

In this work we use a multi-stage process with controlled competitive adhesion in each step to
achieve controllable transfer of closely spaced NW devices, as shown in Fig. 3. First, the as-grown
NW substrate is placed into direct contact with a 6:1 PDMS substrate which allows shearing of
the devices and creates a randomly distributed population of NW’s on the 6:1 PDMS substrate.
Individual devices with similar long axis length are selected from that population and transferred
to an intermediate SiO2 substrate, using an 8:1 PDMS stamp, for optical characterization. The
micro-photoluminescence (µ-PL) and optical spectrum measurements of the NW laser devices
are carried out on a SiO2 substrate to best match the conditions of the final receiver being targeted.
After device selection, a 10:1 PDMS stamp is used to detach the NWs from the intermediate
SiO2 receiver and transfer them to a 6:1 PDMS substrate. The differential adhesion in favor
of the 10:1 stamp requires that the NWs are laterally translated while in contact with the 6:1
PDMS receiver to allow their deposition. This step does not damage the NWs but has low spatial
accuracy due to the lateral translation deposition required [30–32]. Finally, an 8:1 PDMS stamp
is used to detach the NWs from the 6:1 PDMS substrate and serially transfer them onto the target
SiO2 receiver chip. The lasing characteristics of the NW devices were then re-measured where
two closely spaced devices could be pumped with a single optical pump beam.

3. Results

3.1. Micro-disk resonators

To demonstrate the integration process using µ-disk resonators, we have printed two AlGaAs
resonators and a diamond micro-disk resonator on two GaN-on-sapphire bus waveguides, all
within a footprint of 50 × 120 µm2, and with only 10 µm spacing between the 2 AlGaAs disks,
as shown in Fig. 2(b). The GaN chip incorporated monolithic racetrack resonators that allowed
measurement of the waveguide losses.

The waveguide spectra were measured using an end-fire transmission setup in the 1540 - 1600
nm band, with the transmission spectra pre- and post-printing of the AlGaAs and diamond disks
shown in Figs. 4 and 5, respectively. An average loaded Q factor of 26,000 is measured over
37 resonances for the GaN racetrack resonators. A low distributed loss of 3.13 dB/cm is also
measured, corresponding to a peak intrinsic Q factor of 122,000. The 10 and 20 µm diameter
AlGaAs disks were printed with a separation of ∼ 10 µm onto a single GaN waveguide using
the flexibility of the printing approach to demonstrate both edge coupling and vertical coupling
between the disks and the bus waveguide. The transmission spectrum after printing exhibits
additional resonances to the original GaN racetrack characteristics due to the coupling to the
disks, as shown in Fig. 4. Average Q-factors of 14,000 and 7,600 for the edge and vertical
coupled devices were measured, respectively. The resonances from each individual device were
identifiable by free spectral range and an intermediate measurement after the first device was
printed. An example resonance is shown in Fig. 4(d).

The 25 µm diameter diamond µ-disk was also transfer-printed onto the same chip, but targeting
the adjacent GaN waveguide, as shown in Fig. 2. The measured Q-factor for the vertically coupled
diamond µ-disk was found to be 91,000. As in previous work the transfer printing process does
not induce additional losses in the resonators [27].

3.2. Nanowire lasers

To demonstrate that the technique does not induce any damage to the nanoscale integrated devices
[32] and present an instance where sub-µm alignment proves to be useful for dense integration
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Fig. 4. (a) Transmission spectra of the corresponding GaN racetrack, with free spectral
range ∼ 3 nm. (b) Example fit of a resonance at 1558.8437 nm, FWHM = 53.6 pm, Q =
29,100. (c) Transmission spectra showing GaN (FSR 3 nm) and AlGaAs resonant lines for
both (10 and 20 µm) µ-disks.

Fig. 5. (a) Transmission spectra of the corresponding GaN racetrack, with free spectral
range ∼ 3 nm. (b) Transmission spectra showing Diamond on GaN resonant lines. (c) Shows
a resonance of a Diamond µ-disk with Q = 91,000.

of the devices on-chip, two sets of NW pairs were developed. In the first case, two NWs from
the same material platform (InP) were used, with relatively similar lasing wavelength (∼ 850
nm). A wider lasing wavelength span between two devices was then implemented using both
GaAs/AlGaAs (∼ 750 nm) and InP (∼ 870 nm) devices in a single pair. As an initial stage,
NWs from a single material source were deposited on a silica substrate and their wavelengths
were measured using a µ-PL setup , as described in [30,31]. Results in Figs. 6(a-b) and 7(a-b)
show characterization results for the single NW devices. Prior to the final integration and
formation of nanolasers pairs, two devices were selected from the population based on their
lasing wavelengths. These were then printed onto the intermediate adhesion PDMS substrate as
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detailed in the methods section before final printing onto a receiver silica substrate using the
8:1 ratio PDMS stamp. The final printing was carried out serially and the NWs were laterally
aligned with target edge-to-edge separation of 1 µm. Due to the dimensions and structure of the
NW laser pairs, these were optically excited at room temperature above their lasing threshold
using a single pump beam with a spot size of ∼ 1.6 µm (diameter). The two NWs were then
re-measured in the µ-PL demonstrating the emission wavelengths of the pair to be compared
with initial, separate measurements. Figures 6(c) and 7(c) show the lasing emission wavelengths
for the InP-InP and GaAs/AlGaAs-InP NW pairs, respectively. The dark-field micrographs, in
Figs. 6 and 7 show typical lasing emission pattern from the end-facets of the corresponding NW
devices. Double spots are visible at the centres of the fringe patterns for the dual laser integration
cases, showing the simultaneous lasing of the device pairs within the single pump spot. It is
worth mentioning here, that the change in lasing emission wavelength in transfer-printed NW
devices was investigated in [32].

Fig. 6. (a and b) Room-temperature lasing spectra measured from two individually-operated
InP NW lasers (diameter: 260 nm; length 10 µm) on a SiO2 substrate. The insets plot dark-
(i) and bright-field (ii) micrographs of the two InP NW lasers showing the achievement of
lasing from the NWs’ end-facets. (c) Room-temperature lasing spectra from the fabricated
laterally-aligned NW laser system with fine wavelength spacing (< 10nm) between NWs.
The insets show the fabricated NW laser system with closely spaced (1 µm side-to-side)
laterally-aligned NW lasers and its emission under optical excitation. Scale bars = 5 µm.

Furthermore, we show that the positioning accuracy of the alignment procedure is comparable
to that described in [24], even after serial contact print stages. Figure 8(a) shows SEM images
of sets of InP NW laser pairs with varying target spatial separation, ranging between 1 – 3 µm.
Due to the variability of NW lasers within a single growth batch, NWs of similar lengths were
selected for printing using optical microscopy of the transfer-printing machine. The devices
were then printed and laterally aligned onto a Si substrate using the aforementioned NW printing
method. The alignment method to achieve a controlled lateral separation is reported in [24]. Four
replicas of each target separation were fabricated. The separations were then assessed, using
SEM images, as the centroid-to-centroid spacing of the NWs, and were within 188 nm (σ) of the
targeted values. Figure 8(b) plots experimental results of the TP NW pairs of Si substrate against
the target separations.
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Fig. 7. Room-temperature lasing spectra of the individual (a) an InP NW and (b) core/shell
GaAs/AlGaAs lasers on SiO2 substrate. The insets plot dark- (i) and bright-field (ii)
micrographs of the NW lasers showing the devices’ structure and their lasing emission
from the NWs end-facets. (c) Room-temperature lasing spectra from the fabricated coarse
wavelength spacing (> 100 nm) NW. Scale bar = 5 µm.

Fig. 8. (a) Representative SEM images of TP InP NW pair on Si substrate with target
separations between the individual columns of 3, 2 and 1 µm, respectively. The values on
the images show average lateral offset between the target and the calculated separations.
Scale bar = 2 µm. (b) Scatter plot showing the difference between the calculated and target
values for the printed InP NWs on Si.
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4. Conclusion

In this work we have presented transfer-printing methods that enable the integration of micro-
/nano-photonic devices from multiple material sources with a footprint in order of the device
size. The integration approaches were demonstrated using two distinctive micro-/nano-photonic
devices: µ-disk resonators (diamond and AlGaAs) and NW lasers (core/shell GaAs/AlGaAs and
bulk InP). Serial printing of the devices was enabled by the use of micron sized PDMS stamps
and a multi-stage transfer process with tailored PDMS adhesion. The µ-disks were integrated
onto a GaN-on-sapphire waveguide platform with existing monolithic racetrack resonators. The
combined system demonstrated the integration of three different materials within a footprint of ∼
50 × 120 µm2. The transfer-printed NW pairs were fabricated with control over device to device
spacing in the hundreds of nanometers regime and showed controlled lasing emission in targeted
wavelength regions when optically excited with a single pump beam (spot size, d ∼ 1.6 µm).
These techniques represent an important advance for the integration of multiple materials onto a
single PIC chip system without requiring the host PICs to withstand post-processing stages of
lithography and etching. Furthermore, integration of planar membrane waveguide and nanowire
devices can be envisaged in future hybrid systems on a single chip. These integration routes are
also fully compatible with the previously reported sub-µm alignment techniques [24], making
the transfer printing a versatile and back-end compatible integration technique.
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