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Abstract: Gallium phosphide-on-insulator emerged recently as a promising platform for
integrated nonlinear photonics due to its intrinsic material properties. However, current
integration solutions, using direct die-to-wafer bonding, do not support spatially localized
integration with CMOS circuits which induce a large and expensive footprint material need.
Here we demonstrate the transfer of gallium phosphide layers to an oxidized silicon wafer using
micro-transfer printing as a new approach for versatile future (hybrid) integration. Using this novel
approach, we demonstrate as a proof of concept the fabrication of gallium phosphide-on-insulator
ring resonators with Q-factors as high as 35,000.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The integration of nonlinear photonic functionalities has recently drawn increasing interest
as it provides scalable, compact, and low-cost solutions based on the Kerr effect such as
supercontinuum [1,2] and frequency comb [3-6], or based on the second order nonlinearity
such as frequency conversion [7,8]. Silicon-on-insulator (SOI) has proven an efficient platform
for its high material quality and its compatibility with the CMOS industry [9]. The enhanced
device nonlinearity induced by the strong optical field confinement and the low linear loss
coming from the mature silicon fabrication technology enable various nonlinear applications
[4,10-12]. However, silicon suffers from the lack of second order nonlinearity and from
nonlinear loss (two-photon absorption) at telecom wavelengths, which strongly limits the range
of applications. In this context, wide-bandgap III-V semiconductors such as aluminum nitride
(AIN), gallium nitride (GaN) or gallium phosphide (GaP), which lack two-photon absorption at
telecom wavelengths, constitute alternatives for implementing nonlinear functions [7,13,14]. On
top of a strong Kerr response, these materials also possess a strong y® nonlinearity. Gallium
phosphide, in particular, is a promising material owing to its high refractive index of 3.05, very
large y® and y® coefficients and a transparency window which ranges from the visible to the
long-infrared wavelengths (0.55 um to 11 pm) [15-18].

In the case of GaP, the strong confinement of the light can be realized in several ways. The
GaP layer can be suspended [19,20], but this technique is difficult to scale. Alternatively, it
can be achieved by exploiting the strong refractive index contrast between the III-V material
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and an insulator layer, as was recently demonstrated using a die-to-wafer bonding approach
[15]. Although the technique allows for wafer scale integration it demands a large III-V material
footprint and is less compatible with hybrid integration. Table 1 summarizes the current
approaches in literature related to high confinement GaP photonic structures.

Table 1. Overview of the existing solutions for GaP integrated photonics

Reference  GaP material GaP integration Losses (dB/mm)  Q-factor Nonlinear effect
[15] GaP/AlGaP/GaP Direct die-to-wafer 0.1 >100.000 Kerr-frequency comb
MOCVD bonding and frequency
doubling in microrings
[16] GaP/GaAs Direct die-to-wafer 2.6 No data Second harmonic
MOCVD bonding generation in
nanowaveguides
[17] GaP/AlGaP/GaP  Membrane 1.5 40.000 Second harmonic
releasing in (fundamental) generation in ring
solution and direct 16.000 (SH) resonators
bonding
[18] No data Releasing of GaP No data 110.000 Second harmonic
microdisks (fundamental) generation in
10.000 (SH) suspended microdisks
[19] GaP/AlGaP/GaP  Releasing of 4.0 No data Cascaded four wave
MOCVD suspended mixing in suspended
membranes photonic crystals
[20,21] GaP/Si MBE Microdisk No data 10.000 Second harmonic
undercutting on generation with
silicon pedestal random quasi-phase
matching

In this work we propose micro-transfer printing (UTP) of GaP coupons as a novel approach for
GaP hybrid integration. This method has already proven its versatility in different electronic,
optoelectronic and photonic micro-systems [22-24]. Recently, it has been used for the fabrication
of heterogeneous I11-V/Si lasers by transfer printing III-V semiconductor optical amplifiers on
silicon [25] and silicon nitride (SiN) passive waveguide circuits [26].

Micro-transfer printing can be done on any kind of substrate (oxidized wafers, electronic and
photonic integrated circuits). Furthermore, the required material quantity is small as the size of
the coupon required for transfer is similar to that of the device. This method also allows for a
high level of heterogeneous integration, as different materials (active or passive) can be printed
on the same target. Finally, it is also possible to print identical coupons from the same wafer
source on different targets. For example, [26,27] show same optical amplifier devices coming
from the same source printed on different platforms, once on SiN and once on lithium niobate.

Here we demonstrate the fabrication of a GaP-on-insulator (GaP-OlI) integrated photonic
platform using the printing of GaP layers on an oxidized silicon substrate. These layers are
patterned into GaP-OI microring resonators, the quality of which is characterized and compared
against the state of the art.

2. Micro-transfer printing technology

Micro-transfer printing is a technology that allows for heterogeneous integration with a high
flexibility in term of material choice. The method consists in the fabrication of a source wafer,
presenting coupons that can be picked and printed on a target substrate. The principle of uTP is
schematically illustrated in Fig. 1(a). The process starts with the fabrication of the coupons on a
source material wafer, a I1I-V stack in our case, which includes the material to transfer, grown on
top of a sacrificial release layer. The coupons are patterned using optical lithography, and wet/dry
etching. Then, the release layer is etched in a chemical solution which is highly selective towards
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the material and the substrate. The structure remains suspended by very thin mechanical tethers.
Then, the coupons are picked using a polydimethylsiloxane (PDMS) stamp. The stamp adhesion
to the coupon depends on the velocity by which the stamp is retracted [28]. The coupons are
picked-up with sufficient velocity to break the tethers.

(@) Picking and printing using a PDMS stamp (b) GaP coupons before and after printing

Source wafer Tether

Target wafer

Example of an array of GaP source coupons

e

Example of GaP printed coupons on a SiN circuit

Fig. 1. (a) Overview of the micro-transfer printing concept showing a source wafer with
suspended coupons and a host target. (b) GaP coupons when released on the source wafer
and after picking and printing on a SiN target circuit.

A microscope with a mechanical motorized moving stage allows to drive the stamp onto
the target wafer. The coupons are printed by laminating the stamp to the target, shifting the
stamp by a few micrometers to break adhesion, and, finally, slowly removing the stamp. Several
hybrid integrated photonic devices have been demonstrated using uTP technology, including
semiconductor optical amplifiers, photodiodes, or nonlinear devices [29-32]. An example of
GaP coupons before and after printing on a SiN circuit can be seen in Fig. 1(b). In the following
section, the complete process flow for GaP TP hybrid integration is given in greater detail.

3. Process flow for GaP transfer printing

The first step is the fabrication of suspended rectangular GaP coupons (1 mm x 60 um), anchored
by mechanical tethers. The material stack is grown on top of a GaP substrate by metal organic
vapor phase epitaxy (MOVPE) and consists of a 300 nm GaP layer on top of a 1 pm aluminum
gallium phosphide (AlGaP) release layer (Fig. 2(a)). A first layer of 500 nm of amorphous silicon
(a-Si) is deposited using plasma-enhanced chemical vapor deposition (Fig. 2(b)). This layer
serves as a hard mask for the following step. The rectangles are patterned with UV-lithography.
To access the GaP substrate, the pattern is transferred in the a-Si and III-V stacks with reactive
ion etching (RIE) and inductively coupled plasma - reactive ion etching (ICP-RIE). A HCI dip
is used to clean remaining residues of AlGaP (Fig. 2(c)). The coupons are then encapsulated
in a second a-Si layer of 500 nm (Fig. 2(d)). The mechanical tethers are patterned in the a-Si
using UV lithography and RIE etching. The tethers have a 2 um wide breakable part and need
to be positioned every 100 um. The coupons are released by placing them for 3 hours in a
3%-hydrofluoric (HF) solution selectively etching the AlGaP release layer (Fig. 2(e)). At this
point the coupons are suspended and can be picked up using the PDMS stamp (Fig. 2(f)). In
our experiment, a yield of 90% of picking is achieved, and could be increased by using more
advanced design of coupons. Simultaneously, a target wafer is prepared. The target is a 300
nm oxide layer on top of a silicon substrate. Metallic markers are placed on the target using
UV-lithography and lift-off. These markers serve as a reference system to pattern the printed
coupons. An adhesive DVS-BCB layer of 500 nm is spin coated on the target and is baked at 150
°C for 10 min. The coupons are then printed using an X-Celeprint micro-transfer printing tool
(Fig. 2(g)). Every successfully picked coupons can be print in that case. To enhance the adhesion
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Fig. 2. Complete process flow for GaP-OlI integrated waveguide fabrication using micro-
transfer printed GaP layers. Details in the text.

between the coupons and the target, the target substrate is heated at 70 °C during the printing.
After printing, the BCB is baked again at a temperature of 280 °C for 1 hour and under vacuum.
The hard cure is typically carried out as final cure after all polymer layers of the device structure
have been completed. Finally, the a-Si encapsulation is removed (Fig. 2(h)). Around 80% of

BCB/oxide

Fig. 3. (a) Optical-microscopy micrographs of GaP-OI optical waveguides and ring
resonators fabricated using transfer-printed GaP layers. (b-d) colorized SEM micrographs
showing details of the ring and waveguides (see text for details).
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the a-Si is etched with RIE and the remaining thin a-Si film is selectively etched in a 30% KOH
solution heated at 85 °C.

The second part of the process consists in the patterning of the waveguides. An oxide hard
mask of 300 nm is deposited by plasma-enhanced chemical vapor deposition on the GaP layer
(Fig. 2(i)). The waveguide patterns are defined through electron-beam lithography using an ARP
6200 series positive resist and a conductive protective coating of PMMA Electra 92 (Fig. 2(j)).
The patterns are then transferred into the oxide hard mask using RIE (Fig. 2(k)). The resist
is removed with acetone and oxygen plasma. The patterns of the oxide hard-mask are then
transferred into the GaP layer using RIE-ICP dry etching (Fig. 2(k)). The last step of the process
flow consists in stripping the oxide mask away in a buffered HF solution for 5 min (Fig. 2(1)).
Figure 3(a) shows GaP ring resonators fabricated following the above process flow. The different
parts of the devices, i.e., the ring (Fig. 3(b)), the grating coupler (Fig. 3(c)) and the waveguide
(Fig. 3(d)) are shown with a higher degree of magnification.

4. Characterization of GaP-Ol microrings

To test the platform, we fabricated a of GaP-OI microring resonator. The dimensions of the bus
waveguide and the ring waveguide are 300 nm thick and 800 nm wide. The coupling gap is
designed to target critical coupling and is 250 nm. The optical response of the ring is measured at
telecom wavelengths using a continuous wave tunable laser. Light is coupled into the waveguide
through grating couplers (period of 900 nm and fill factor of 0.4). A polarization controller is
inserted between the laser and the grating coupler to excite the TE mode of the waveguide. The
transmitted power is then collected by a power-meter. Typical values of insertion losses for the
gratings are measured to be 15 dB/coupler. Our results are shown in Fig. 4(a). Several resonances
are recorded, with a free spectral range of 922.64 GHz, in accordance with the theoretical group
index of 3.45. The extinction ratio is more than 8.5 dB showing that we are near the critical
coupling condition. The quality-factor (Q-factor) of each resonance was extracted following the
method described in Ref. [33]. The resonance line with the highest Q-factor of 40 100 is shown
in Fig. 4(b). The average value of the Q-factor is 35 000 with a standard deviation of 5000. The
propagation loss in our platform is higher than the state of the art but could be improve by using
higher quality lithography and etching recipes [15]. Furthermore the roughness at the bottom
surface of the GaP material induced by the long releasing time (3 hours) is limiting the quality of
our platform, but could be drastically reduced by using advanced design of coupons including an
etching hole array making the releasing time much more shorter (few minutes). Nevertheless,
GaP ring resonators with Q-factor around 40 000 can be harnessed for nonlinear functionalities

—~
Q
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—~
=)
~

Q=35 900
Q=32 400 Q=27 000

Q=40 100

Normalised power (dB)
Extinction Ratio (dB)

40 Q=39 000

TE fundamental mode ¥
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Shift from peak (nm)

A5 . . . . . . . .
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Fig. 4. (a) Measurements of microring resonance lines. (b) Focus on the finest resonance
line for a wavelength of 1534 nm. The red dots show the measurement data and the blue
curve is a fit using the model from Ref. [33]. The inset is a simulation of the field distribution
for the fundamental TE mode in this ring resonator.
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[17]. Combined with the versatility of the printing approach, our platform has a strong potential
for applications that require dense integration of complex photonic structures.

5. Discussion and conclusion

In the past, III-V materials have been used for many nonlinear photonic applications such as second
harmonic generation (SHG) [34-36], Kerr frequency comb [6] or supercontinuum generation
[37]. In order to use high confinement GaP platform in the future for similar applications, we
demonstrate in this work the micro-transfer printing of GaP coupons on an insulator layer. Using
this novel integration approach, we fabricated GaP-on-insulator ring resonators with an average
Q-factor of 35 000. Nonlinear experiments could potentially now be carried out in this platform
and the versatility of the micro-transfer printing approach can bring these functionalities to more
complex structures, paving the way for the next generation of integrated photonic circuits.
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