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Abstract—We present the development of a silicon-nitride pho-
tonic integrated circuit platform aimed at a range of miniature
atomic systems including atomic clocks and cold atom sensors
which includes narrow-linewidth (≤3.7 kHz) distributed feedback
lasers and wafer-bonded MEMS rubidium vapour cells.

Index Terms—photonic integrated circuits, atomic systems

Miniature atomic systems are already commercially avail-

able in the form of chip-scale atomic clocks (CSACs) [1] but

a whole host of other applications including atomic magne-

tometers and cold atom accelerometers, gravimeters and gy-

roscopes could be mass produced if suitable microfabrication

and integration techniques can be developed [2]. These initial

CSACs have limitations with accuracies of ≤ 1 µs per day but

optical atomic clock architectures which could be engineered

to be chip scale with accuracies of ≤ 1 ns per day have been

proposed [3]. To achieve such systems a range of components

must be integrated which include narrow-linewidth lasers at

specific atomic transitions [4]–[6], spot-size converters (SSC),

optical isolators, phase and amplitude modulators, polarizing

beam-splitters (PBS) [7], polarization rotators (PR) [7], high-Q

micro-resonators [8], miniature frequency combs, grating cou-

plers, photodetectors and MEMS vapour cells [9] to contain

the required atomic species.

Here we present the development of a Si3N4 photonic

integrated circuit (PIC) platform [7] [8] suitable for a wide

2 mm

1 mm

Fig. 1. A schematic diagram of a saturated absorption spectroscopy PIC to
lock a laser to an atomic transition in an integrated MEMS vapour cell as
required for a range of atomic systems.

range of thermal and cold atom atomic systems which includes

integrated III-V distributed feedback (DFBs) lasers [4]–[6] and

Rb MEMS vapour cells [9]. The waveguides are 200 nm thick

Si3N4 grown by low pressure chemical vapour deposition de-

posited on 4 µm thermal SiO2 with a 1.5 µm plasma enhanced

chemical vapour deposition cladding [8]. A schematic diagram

of an example PIC for saturated absorption spectroscopy to

lock lasers to atomic transitions is presented in Fig. 1. Also

shown are images of developed components included DFB

lasers flip-chip bonded to a Si chip and aligned to SSCs that

couple the light into Si3N4 waveguides on the chip, PBS, PR

and a MEMS Rb cell which can be wafer bonded to the PIC.

The MEMS Rb vapour cells have recently been used to lock

lasers enabling chip-scale laser cooling of atoms [9].

A key part of such atomic systems are narrow-linewidth

lasers. We have chosen Rb atoms so lasers at 780.2 nm and

795.0 nm are required for systems using the D2 and D1

transitions respectively where lasers with linewidths below
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Fig. 2. The phase noise of a free-running 778.1 nm DFB laser as a function
of offset frequency providing a Lorentzian linewidth of 3.7 kHz over 25 µs
integration time. Insert left: A SEM image of the DFB grating. Insert right:
The laser output amplitude when the current is tuned from 120 mA to 300 mA
in 20 mA steps.
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Fig. 3. A two-photon spectroscopy scan using a free-running DFB laser.
Insert: The atomic states and transitions in the two-photon spectroscopy.

the natural linewidths of 5.7 MHz are required. For more

accurate clocks the Rb 2-photon transition at 778.1 nm with a

322 kHz linewidth requires lasers with linewidths well below
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Fig. 4. (a) The experimental insertion loss and polarization extinction ratio as
a function of wavelength for the PR and (b) the polarization extinction ratio
for the cross and through ports of the PBS presented in Fig. 1.

this value. Figure 2 demonstrates a 778.1 nm DFB laser [6]

with power >48 mW, mode-free hop tuning range of ≥1 nm,

side-mode suppression ratio ∼ 40 dB, a low random intensity

noise of -150 dBc/Hz and linewidths of 3.7 kHz (226 kHz) over

integration times of 25 µs (100 ms). To demonstrate that this

laser is suitable for atomic systems, we have undertaken 2-

photon spectroscopy [6] on a quartz cell containing Rb as

demonstrated in Fig. 3.

Key for undertaking saturation absorption spectroscopy us-

ing a single PIC is the ability to control the polarization of

light in both waveguides and in PBS. We have demonstrated

PR (Fig. 4(a)) and PBS (Fig. 4(b)) with polarization extinction

ratios above 27 dB with insertion losses <0.5 dB at 780 nm

wavelength [7]. Whilst these devices are demonstrated at

780 nm wavelength, it is easy to modify the designs for high

performance at wavelengths corresponding to suitable atomic

transitions for Rb, Li, Cs, K or Sr.

To conclude, the development of a Si3N4 PIC platform

suitable for a wide range of thermal and cold atom atomic

systems which includes integrated III-V DFBs lasers and Rb

MEMS vapour cells has been presented.

ACKNOWLEDGMENT

The research was funded by U.K. EPSRC (EP/T001046/1,

EP/W026929/1) and the Royal Academy of Engineering

(CiET2021 123).

REFERENCES

[1] J. Kitching, “Chip-scale atomic devices,” Appl. Phys. Rev., vol. 5, no. 3,
p. 031302, 2018. [Online]. Available: https://doi.org/10.1063/1.5026238

[2] J. P. McGilligan, K. Gallacher, P. F. Griffin, D. J. Paul, A. S. Arnold,
and E. Riis, “Micro-fabricated components for cold atom sensors,”
Rev. Sci. Inst., vol. 93, no. 9, p. 091101, 2022. [Online]. Available:
https://doi.org/10.1063/5.0101628

[3] Z. L. Newman, V. Maurice, T. Drake, J. R. Stone, T. C. Briles,
D. T. Spencer, C. Fredrick, Q. Li, D. Westly, B. R. Ilic et al.,
“Architecture for the photonic integration of an optical atomic clock,”
Optica, vol. 6, no. 5, pp. 680–685, 2019. [Online]. Available:
https://doi.org/10.1364/OPTICA.6.000680

[4] K. Gallacher, R. W. Millar, D. J. Paul, F. Mirando, G. Ternent,
G. Mills, and B. Casey, “Distributed feedback lasers operating at 780 nm
wavelength integrated on Si substrates for chip-scale atomic systems,”
in 2018 IEEE 15th Int. Conf. Group IV Photon., Aug 2018, pp. 1–2.
[Online]. Available: https://doi.org/10.1109/GROUP4.2018.8478720

[5] E. D. Gaetano, S. Watson, E. McBrearty, M. Sorel, and D. J. Paul,
“Sub-megahertz linewidth 780.24 nm distributed feedback laser for 87Rb
applications,” Opt. Lett., vol. 45, no. 13, pp. 3529 – 3532, Jul. 2020.
[Online]. Available: https//doi.org/10.1364/OL.394185

[6] E. Di Gaetano, P. Griffin, B. Keliehor, M. Sorel, E. Riis, and D. J. Paul,
“Single-mode distributed feedback lasers for 87Rb two-photon quantum
technology systems,” in 2022 IEEE Photon. Conf., Nov 2022, pp. 1–2.
[Online]. Available: https://doi.org/10.1109/IPC53466.2022.9975651

[7] K. Gallacher, P. F. Griffin, E. Riis, M. Sorel, and D. J. Paul, “Silicon
nitride waveguide polarization rotator and polarization beam splitter for
chip-scale atomic systems,” APL Photon., vol. 7, no. 4, p. 046101, 2022.
[Online]. Available: https://doi.org/10.1063/5.0077738

[8] M. Sinclair, K. Gallacher, M. Sorel, J. C. Bayley, E. McBrearty, R. W.
Millar, S. Hild, and D. J. Paul, “1.4 million Q factor Si3N4 micro-ring
resonator at 780 nm wavelength for chip-scale atomic systems,” Opt.

Exp., vol. 28, no. 3, pp. 4010–4020, Feb 2020. [Online]. Available:
https://doi.org/10.1364/OE.381224

[9] S. Dyer, K. Gallacher, U. Hawley, A. Bregazzi, P. F. Griffin, A. S.
Arnold, D. J. Paul, E. Riis, and J. P. McGilligan, “Chip-scale
packages for a tunable wavelength reference and laser cooling platform,”
Phys. Rev. Appl., vol. 19, p. 044015, Apr 2023. [Online]. Available:
https://doi.org/10.1103/PhysRevApplied.19.044015


	Cover Sheet (with CC-BY 4.0)
	304033
	Cover Sheet (AFV)
	304033




