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Abstract: As photonic integrated circuits (PICs) gain prominence in quantum commu-
nication and quantum computation, the development of efficient and stable cryogenic
packaging technologies becomes paramount. This paper presents a robust and scalable
cryogenic packaging method for thin-film lithium niobate (TFLN) photonic chips. The
packaged fiber-to-chip interface shows a coupling efficiency of 15.7% =+ 0.3%, with minimal
variation of £0.5% as the temperature cools down from 295 K to 1.5 K. Furthermore, the
packaged chip exhibits outstanding stability over multiple thermal cycling, highlighting its
potential for practical applications in cryogenic environments.
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1. Introduction

Photonic integrated circuits (PICs), which integrate microscale or sub-microscale op-
tical components onto a monolithic chip, offer a promising alternative to conventional
bulky and inefficient macroscopic optical devices [1-3]. The compact size of PICs enables
low power consumption and high-speed response, making them an attractive platform
for both classical and quantum technologies in recent years [4-6]. With the development
of this field, several material platforms have been suggested for PICs [1-3,5,6], including
silicon (Si), indium phosphide (InP), silicon nitride (SiNy), and lithium niobate (LN). LN,
in particular, offers a wide range of advantageous physical properties [1,2,7], such as a wide
transparency window (0.4~5 pum), large electro-optic coefficients (r33 = 30.9 pm/V), high
second-order nonlinear coefficients (d33 = —27 pm/V), and low optical loss (~2.7 dB/m).
Leveraging TFLN, a variety of key-functionality chip-scale devices have been demonstrated
under ambient conditions, including electro-optic modulators [8], optical frequency comb
sources [9], quantum photon sources [10], frequency converters [11], and all-optical mi-
crowave processors [12]. Although there have been achievements in ambient environment
studies, PICs compatible with cryogenic environments demand for integrated quantum
technologies remains [13-15].

Cryogenic environments effectively suppress thermal noise, increase the fidelity
of quantum operations, and provide opportunities for exploring novel material prop-
erties [13,16-18]. Within past years, some cryogenic explorations on TFLN chips have been
carried out, including superconducting-photonic links [14], cryogenic-compatible quantum
photon sources [19], single-photon detection [15], and quantum processors [20]. However,
in these experiments, fiber-to-chip coupling was achieved by mounting a fiber array on
a piezoelectric stage [15,20]. Although this technique ensures the stability of coupling
efficiency by in situ alignment, this setup occupies valuable cryogenic space and introduces
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undesirable heat load [13,21]. However, developing a stable and scalable fiber-to-chip
interface with cryogenic-compatible packaging for TFLN-based PICs remains a critical
challenge [22,23].

Several fiber-to-chip interface methods have been developed, among which edge
coupling and grating coupling are widely adopted due to their relatively low operation
difficulty [24-27]. In edge coupling, a lensed fiber focuses the beam from a large mode field
diameter onto the inverse-taper spot-size converter at the edge of the chip, adiabatically
coupling light into the waveguide [28,29]. This method yields a low coupling loss of
around 1 dB [29]. However, the need to couple at the chip edge restricts the spatial
flexibility of the coupling and its low misalignment tolerance increases the complexity
of cryogenic packaging [25]. Grating coupling, another widely used coupling technique,
employs a stripe-etched grating to couple light from the fiber into the waveguide through
Bragg reflection [30]. Although polarization dependence and lower coupling efficiency
remain challenges, grating couplers offer significant advantages. They can be patterned
at any location on the chip, not merely the edge, allowing for greater flexibility and
facilitating more compact and complex integrated systems [30-32]. Additionally, their
higher misalignment tolerance facilitates stable and scalable cryogenic packaging, making
them an attractive option for cryogenic applications [25].

However, recent cryogenic packaging methods employing grating couplers still ex-
hibit a significant loss in coupling efficiency after thermal cycling [22,23,33,34]. This loss
is primarily due to thermal expansion mismatches between optical fibers, material plat-
forms used in PICs, and glues during the thermal cycle [22,23,33]. Therefore, developing
temperature-insensitive cryogenic packaging for TFLN photonic chips is crucial for advanc-
ing integrated quantum technologies [35].

This paper presents a cryogenic packaging solution for TFLN that exhibits minimal
coupling efficiency degradation due to temperature changes within the telecom band.
Utilizing a fiber array and grating couplers, we achieved a post-packaging efficiency of
15.7% == 0.3%, with a reduction of only 3.4% during the packaging process. The maximum
coupling efficiency fluctuation is just +0.5% over thermal cycles ranging from 1.5 K to 295 K.
Furthermore, the packaged devices exhibit stable transmission characteristics across multi-
ple thermal cycles, highlighting the robustness and reliability of the proposed approach.

2. Fabrication and Packaging

A commercial z-cut LN film (NanoLN), 300 nm thick, is employed for the experiment.
The light beam is coupled into the waveguide via a focusing grating coupler with a
sector angle of 60°, a radius (R) of 31.5 um, a grating period (A) of 1 um, and a 50:50
duty cycle. The coupler includes 17 etched grooves with a depth of 140 nm (Figure 1).
The waveguide is 2 pm wide and 500 pm long (L), with sidewalls inclined at an angle (€) of
55.6°, as determined from scanning electron microscopic (SEM) images. A four-channel
fiber array; tilted at 8° to reduce second-order reflections [36], is aligned with the grating
couplers for signal input and output, with the couplers spaced 200 pum apart to match the
fiber array’s pitch (200 £ 1 um).

The commercial four-channel fiber array is bonded onto a 3D-printed resin base using
a GE varnish and ethanol mixture to ensure stability and protection. The resin base is
secured to the clamping device with set screws, which are subsequently mounted on a
six-axis translation stage for precise alignment in the following steps.
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Figure 1. (a) Schematic of the fabricated chip layout. (b,c) Magnified views of the region enclosed
by solid lines in (a), showing detailed structures of the waveguide and grating coupler. (d,e) SEM
images corresponding to the regions in (b) and (c), respectively.

The packaging process begins with the precise alignment of the fiber array to the
target grating couplers, as illustrated in Figure 2(ai). This is followed by adjusting the X, Y,
and Z position of the fiber array to maximize the optical power output, followed by fine-
tuning of the polarization controller and the three angular degrees of freedom to achieve
stable maximum transmission. Particular care is taken during Z-axis adjustments to avoid
damaging the chip. Once alignment is achieved, a small drop of UV glue (NTT-AT6001,
NTT Advanced Technology Corporation; Tokyo, Japan) is applied to one side of the fiber
array to fix its position (Figure 2(aii)). The alignment is then reoptimized before curing the
glue under UV light from different angles for five minutes. Following this pre-packaging
step, a larger drop of two-part epoxy (EPO-TEK 301-2, Epoxy Technology; Billerica, MA,
USA) is applied to the same side of the array (Figure 2(aiii)). The epoxy spreads via
capillary action, encapsulating the array to provide full coverage and mechanical support.
The assembly is left to cure at room temperature over 48 h. After curing, the packaged chip
is detached and transferred to the mount prepared to be installed on the cryogenic sample
rod (Figure 2(aiv)). To mitigate strain, we use double-sided tape and Kapton tape to secure
the fiber away a few centimeters from the bottom of the fiber array.

The UV glue, noted for its rapid curing and high stability, enables precise initial
alignment at room temperature. Pre-packaging with UV glue (Figure 2(aii)) effectively
secures the alignment, minimizing efficiency losses during the prolonged curing of the
two-part epoxy. However, UV glue is susceptible to cracking at low temperatures [27].
A cryogenic-compatible two-part epoxy provides robust mechanical support to address this
limitation, ensuring the positional stability of the fiber array under cryogenic temperature
conditions [34,37,38].
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Figure 2. (a) Schematic of the packaging process: (i) The precise alignment of the fiber array to the
target grating couplers. (ii) Apply a small drop of UV glue to one side of the fiber array. (iii) Cover
the bottom of the fiber array completely with a large drop of two-part epoxy. (iv) Transfer the
packaged chip to the mount prepared for installation on the cryogenic sample rod. (b) Photograph of
the packaging setup. A spare SMF-28 fiber fixed on a three-axis stage is used as a glue applicator.
(c) Photograph of the packaged chip, which has been transferred to the mount prepared to be installed
on the cryogenic sample rod.

3. Experimental Results

The experimental setup for testing the cryogenic performance of the packaging is
illustrated in Figure 3. A tunable diode laser (Toptica DLC Pro, Toptica, Munich, Germany),
operating in the wavelength range of 1470-1570 nm, serves as the light source. The laser
output is collected through an SMF-28 single-mode fiber, (Corning Incorporated, Corn-
ing, NY, USA) and directed through a polarization controller before being coupled into
and out of the packaged chip. The input power before chip coupling is maintained at
approximately 30 mW. The chip is securely mounted at the base of a cryogenic chamber
(Oxford SpectromagPT system, Oxford Instruments NanoScience, Oxford, UK). The output
signal is measured using an optical power meter (Thorlabs PM100D, Thorlabs, Newton, NJ,
USA). By varying the laser wavelength and recording the optical power meter readout on a
personal computer, the packaging efficiency as a function of wavelength could be obtained.
Two chips were fabricated, packaged, and tested in this work.

At first, we compare the simulated and measured coupling efficiency of the grating
coupler. The grating coupler for TE polarization was designed using 3D finite-difference
time-domain simulations, and the simulated coupling efficiency is presented in Figure 4a.
The coupling efficiency, F, is defined as follows: F = (Poyut/ Pl-n)l/ 2. Here, P, and Py
denote the input and output power, respectively. To characterize the fabricated grating
coupler, two grating couplers spaced 500 pum apart and connected by a straight waveguide
with 2 um width, as illustrated in Figure 4b. The coupling efficiency was measured using
two angle-polished fibers [39]. The measured results, shown in Figure 4c, indicate a
maximum coupling efficiency of 28.4% at 1526 nm. The measured results are lower than the
simulated results, which we attribute to fabrication imperfections in the grating couplers
and propagation losses in the waveguide.
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Figure 3. Schematic diagram of the experimental setup.
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Figure 4. (a) Simulated coupling efficiency of the grating coupler. (b) Optical microscope image
showing two grating couplers connected by a straight waveguide (upper image). Two angle-polished
fibers were used to measure the coupling efficiency (lower image). (c) Measured coupling effi-
ciency corresponding to the setup in (b). (d) Simulated coupling efficiency as a function of fiber
X/Y misalignment.

After precise alignment of the fiber array (Figure 2(ai)), the measured coupling effi-
ciency is 20.2% = 3.5%. To investigate the coupling efficiency loss of the fiber array, we
simulated the alignment tolerances of the fiber’s position (X/Y/Z axis) and angular [40].
Here, the X/Y axes present along/across the grating coupler, the Z axis is the distance
between the fiber and grating coupler, the angular gives the aligned fiber angles in different
directions (horizontal, vertical, and self-rotation). The simulated results indicate that the Z
axis and angular misalignments exhibit relatively large alignment tolerances. Therefore,
we primarily focus on the alignment tolerances along the X and Y axes. Figure 4d presents
the simulated coupling efficiency as a function of X/Y displacement, showing a 1 dB loss
penalty for a displacement of approximately =1 um. Notably, fiber arrays may exhibit
lower alignment tolerance compared to single fiber [41]. Therefore, the coupling efficiency
loss in this step is mainly attributed to the pitch errors of the fiber array (200 + 1 um).
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Once the fiber array is precisely aligned, we proceed with the packaging pro-
cess. The coupling efficiency is 17.0% £ 0.1% after applying and curing the UV glue
(Figure 2(aii)), and 16.8% =+ 1.2% after curing the two-part epoxy (Figure 2(aiii)). The over-
all coupling efficiency reduction of approximately 3.4% is mainly attributed to misalignment
during the UV glue application and uneven curing. More delicate handling can minimize
this loss, potentially maintaining the coupling efficiency at pre-packaging levels [33]. Fol-
lowing the packaging process, coupling efficiency further decreased to 15.7% =+ 0.3% after
mounting the chip onto the sample rod, mainly due to fiber bending. The packaged assem-
bly was subsequently inserted into the cryogenic instrument and tested across a thermal
cycle (1.5 K to 295 K).

We measured the packaging performance at different temperatures, with measure-
ments taken at 30.0 K intervals (Figure 5a). As the temperature decreased, the transmission
spectrum of the grating couplers remained stable, exhibiting a small blueshift of approxi-
mately 8 nm in the wavelength center. A statistical analysis of maximum coupling efficien-
cies at each temperature interval indicates consistent performance, with variations within
+0.5% relative to the mean maximum coupling efficiency of 15.4% (Figure 5b). To assess the
robustness of the packaging, the same chip undergoes multiple thermal cycles. As shown
in Figure 5¢, the transmission spectrum shows high stability after one, three, and five
thermal cycles.
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Figure 5. (a) Packaging performance of the chip across the telecom band from 1.5 K to 295 K.
(b) Variation in maximum coupling efficiency of the chip during thermal cycling. The black dots
represent the maximum coupling efficiency at each temperature interval, while the red line indicates
the mean maximum coupling efficiency. (c¢) Wavelength-efficiency curves of a single chip at 1.5 K
after one, three, and five thermal cycles.

4. Discussion and Conclusions

This paper details a cryogenic packaging method for TFLN photonic chips. The two
selected types of glue have similar refractive indices (around 1.5) and exhibit well-matched
thermal expansions behavior across varying temperatures. These properties enable a
simplified packaging process and ensure stable performance, with a maximum coupling
efficiency variation of only +0.5% throughout the thermal cycle. Table 1 summarizes the
packaging performance among different material platforms via grating couplers. While the
coupling efficiency in this study is comparatively lower than in other works, it demonstrates
excellent scalability and robust temperature-insensitive performance.
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Table 1. A comparative analysis of packaging performance using grating couplers on different
platforms and the associated coupling efficiency losses at cryogenic temperatures (CEL-Cryo).

Platform Reference Scalability Method Temperature/Efficiency CEL-Cryo
[22] Single fiber UV Glue 7 mK/~20% ~8%
Si [33] Fiber array UV Glue 180 K/ ~0.3% ~20%
[34] Fiber array Epoxy 5 K/~38% ~4%
[14] Single fiber UV Glue 4 K/~25% -
TFLN [42] Single fiber UV Glue 1K/~10% -
This work Fiber array UV Glue + Epoxy 1.5K/~15.7% ~0.5%

The coupling efficiency of the fiber array can be improved using the following strate-
gies. First, the intrinsic coupling efficiency of the grating coupler can be improved by
optimizing its design and refining fabrication precision [7,43]. Recent studies have demon-
strated that incorporating reflection layers beneath the coupling grating and chirped grating
couplers significantly enhances the coupling efficiency of the grating coupler, achieving
an improvement of up to approximately 72.0% [43,44]. Second, the coupling efficiency
losses due to array misalignment can be mitigated by employing fine-alignment arrays or
more relaxed tolerances arrays, such as micro-lens arrays [45]. Additionally, the grating
coupler’s polarization sensitivity remains a challenge in this study. To address this issue,
a sub-wavelength grating structure can be employed to achieve a polarization-independent
fiber-chip grating coupler [46]. Integrating these technologies is expected to enable high-
efficiency, polarization-independent, and cryogenically compatible fiber-to-chip packaging.

In conclusion, this work introduces a temperature-insensitive packaging method for
the fiber array to chip interface at cryogenic temperatures on the TFLN platform. The pro-
posed fiber array can be integrated with a grating coupler array, facilitating chip-scale
space-division multiplexing applications [47,48]. This robust and scalable method paves
the way for the exploration of TFLN-based integrated devices operating at cryogenic tem-
peratures, enabling applications such as microwave-to-photon conversion [14], quantum
photon-pair generation [19], optical memory [49], and single-ion control and detection [42].
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