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Abstract

Micro-transfer printing was investigated as a promising technology for heterogeneous integration of
InGaAs/InP single-photon avalanche detectors (SPADs) with ultra-low loss SiN passive waveguides. The
process flow was developed for the fabrication of SPADs as separable coupons. The coupons were released
with an etch rate of 1.5 um/min, and a coupon bottom roughness of 0.4 nm was achieved. Micro transfer
printing was done on a silicon substrate without any adhesive layer. This process enables transfer printing
of coupons up to 140 um in width with high yield.

Introduction

Quantum photonics becomes increasingly important in the modern world. Quantum key
distribution (QKD), for example, is widely used for data protection in secure
communication systems [1]. In QKD, single photons at telecom wavelengths are used as
primary carriers of information. Therefore, there is a high demand to create low-cost,
efficient and scalable photonic systems enabling single-photon manipulation.

Single photon avalanche detectors (SPADs) are a core component for practical QKD
systems, offering high performance at nearly room temperature [2]. InGaAs/InP SPADs
demonstrate state-of-the-art performance at telecom wavelengths, showing low dark
current, high detection efficiency and relatively high operating temperature of 225 K [3].
However, these devices are difficult to integrate with other building blocks of a QKD
receiver, such as low-loss delay lines. Waveguide-coupled SPADs were demonstrated in
Si-Ge photonics [4] [5]. However, their performance at telecom wavelengths is lacking
compared to InGaAs/InP SPADs in terms of detection efficiency and dark count rate.
Heterogeneous photonic integration techniques can be used to combine, for example,
ultra-low loss SiN passive waveguides and efficient III-V active devices on the same
optoelectronic chip [6]. Micro-transfer printing (MTP) is a promising technology used in
heterogeneous integration [7], and it was demonstrated for transferring InGaAs/InP
avalanche photodiodes (APDs) onto a Si substrate [8]. In this paper, we investigated the
potential of MTP technology for integration of InGaAs/InP SPADs with SiN platform.

Coupon fabrication

A test 100-mm InP wafer was used as the substrate in this experiment. Three layers were
grown on the substrate using metal-organic vapor phase epitaxy: release layer 1 (InAlAs),
release layer 2 (InGaAs) and the bulk InP (Figure 1(a)). All lithography steps were made
using 375-nm maskless aligner. Firstly, the markers were patterned using positive
photoresist. Secondly, round pillars of diameter varying in the range from 15 to 110 pm
were patterned using negative photoresist and etched 3.3 um deep (Figure 1(b)). The
pillars have the same dimensions as the main mesas of the future SPADs. A layer of 200



nm SiO2 was deposited for passivation, followed by spinning and curing of 3.5-um thick
benzocyclobutene (BCB) for planarization. The BCB was etched back to expose the top
part of the mesa. Coupon dimensions were defined by etching the BCB with SFe¢/O>
plasma, followed by etching the InP coupon base with CH4/H; plasma, while the patterned
BCB served as the hard mask (Figure 1(c)). The release layers were both wet-etched using
the solution of citric acid and H>O» [9]. Finally, tethers, ensuring that coupons remain
attached to the wafer after etching of release layers, were patterned in thick positive
AZ4533 photoresist.
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Figure 1. Process flow. (a) Initial layer stack. (b) SPAD mesa is etched. (c) Etching of the planarization layer and
coupon InP base. (d) Etching of release layers. (e) Patterning of tethers in resist. The passivation layer of SiO: is
omitted

We investigated 2 types of tether shape: double staircase shaped tethers and straight
rectangular tethers (Figure 2). The tether width was fixed at 2 um for the double staircase,
and 4 pm for the straight rectangular. The pitch (distance) between adjacent tethers was
25 and 50 pum. The coupon width varied from 42 um to 140 um, and the length from 120
to 190 um.
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Figure 2. Design of coupons and tethers

Micro-transfer printing experiment

The etching was performed in 1:5 FeCl3:H>O solution (room temperature, no stirring),
following the procedure outlined in [10]. The following release times were tested: 5, 10,
15, 20, 25, 30, 45, 60 min. At each etching step, the samples were inspected visually using
an optical microscope, and the shrinkage of the release layer was measured (Figure 3(a-
b)). In all cases, the chips are clean, and have no signs of coupons collapsing. The
measured etch rate is close to 1.75 pm/min for the etching times longer than 5 min (Figure

3(c)).
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Figure 3. (a) Optical microscope image of the coupon after 5 min of wet etching. The shrinking release layers are
visible through the openings made in the coupon for future alignment. (b) Measured reduction of the release layer.
The mean value is calculated based on at least 5 measurements. (c) Calculated etch rate.

The roughness of the coupon bottom was measured for the smallest (42-um wide)
coupons released after 30 min and after 60 min (Figure 4). The measurements show no
increase in the roughness, and the RMS of 0.36 nm in both cases is adequate for a good

bonding yield.
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Figure 4. Measured roughness of the coupon’s bottom after (a) 30 min of wet etching, (b) 60 min of wet etching.

The printing was done using a circular stamp. The target Si wafer was plasma-ashed for
15 min at 1000 W. Both coupons with tether pitch of 25 and 50 um could be successfully
picked up with the stamp. After printing, the coupons were baked for 5 min at 120°C to
get rid of the water residues at the interface between the coupon and the surface. The
resist was wet stripped using the NMP remover.

The performance of the two types of tethers was compared using SEM. Both double
staircase and straight tethers allow for successful release. However, the staircase tethers
leave lots of residues on the source wafer surface (Figure 5(a)). Some residues can
potentially stick to the coupon bottom and compromise its adhesion to the target wafer.
The straight tethers demonstrate cleaner breaking, and are therefore more promising for
the printing of real devices (Figure 5(b)).

Conclusion

We have developed a process flow for micro-transfer printing of coupons that reproduce
the shape of SPAD devices, and successfully tested it, using a dummy InP wafer with
etch stop layers. Two types of tether shape, two different tether pitches of 25 and 50 pm,
and a range of coupon widths from 42 to 142 pm were tested. Within the design space,
all options proved to lead to a successful printing. The coupons with straight 4 um wide



tethers positioned with the pitch of 50 um show the cleanest results. Low roughness of
0.36 nm was measured at the bottom of the smallest coupons after 60 min of release time.
Therefore, it was demonstrated, that InGaAs/InP SPADs with mesa diameters up to 142
um can be successfully printed using the developed process with high yield.
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Figure 5. SEM images of the tethers on the source wafer after printing. (a) Double staircase tethers. (b) Straight tethers
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