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ABSTRACT

We demonstrate chip-scale sub-Doppler spectroscopy in an integrated and fiber-coupled photonic-metasurface device. The device is a stack
of three planar components: a photonic mode expanding grating emitter circuit with a monolithically integrated tilt-compensating dielectric
metasurface, a microfabricated atomic vapor cell, and a mirror. The metasurface photonic circuit efficiently emits a 130lm wide (1=e2 diame-
ter) collimated surface-normal beam with only �6.3 dB loss and couples the reflected beam back into the waveguide and connecting fiber,
requiring no alignment between the stacked components. We develop a simple model based on light propagation through the photonic device
to interpret the atomic spectroscopy signals and explain spectral features covering the full Rb hyperfine state manifold. The demonstration of
waveguide-to-waveguide coupling through the vapor cell paves the way for atomic ensembles to be used as components in complex photonic
integrated circuits, allowing the unique properties of atomic systems to be available for future highly miniaturized optical devices and
systems.

Published by AIP Publishing. https://doi.org/10.1063/5.0222456

Photonic integration enabling precision spectroscopy of atomic
systems is a key component for next-generation quantum sensors with
reduced size, weight, and power and improved manufacturability.1,2

Sub-Doppler spectroscopy of warm atomic vapors is the basis for sen-
sors for RF and DC electric fields,3,4 chip-scale optical atomic clocks,5

and realization of the meter.6 Much of the research of integrating
warm atomic vapors with nanophotonics has focused on the interac-
tion between atoms and the near-field evanescent tail of light guided in
nanophotonic waveguides.7–9 While this results in a high level of inte-
gration and compact geometry, the small interaction volume in the
proximity to the photonic component surfaces leads to substantial
transit time broadening and large light shifts, limiting the resolution
achievable for applications that require precision spectroscopy. The
development of suspended tapered waveguides permits larger optical
modes in waveguide geometries,10 although the resolution of the spec-
troscopy is still limited to about 100MHz using thermal atomic
vapors.

In general, sensors based on the precision spectroscopy of atoms
benefit from large free-space optical modes to maximize the number
of atoms probed and reduce perturbations from interactions with
nearby surfaces. This usually requires delivery of optical beams to posi-
tions of tens of micrometers to millimeters above the chip. To date, the
standard photonic element for achieving this is a grating emitter,11

which diffracts light from the chip into free space. The grating emitters
can be tailored for specific applications such as the interrogation of
trapped ions12 or cooling beams for a magneto-optical trap.13,14

Recently, our group developed a photonic chip integrated with a
microfabricated vapor cell that employed an extreme mode converting
grating coupler15 to enable precision spectroscopy.16 The device gener-
ates a free-space optical mode with a diameter in the order of 100lm
that enables precision sub-Doppler spectroscopy for laser frequency
stabilization at the 10�11 level.

One limitation of the device in Ref. 16 is that the free-space beam
emitted from the chip propagates a few degrees away from normal to
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the photonic chip, making alignment of the retro-reflecting mirror to
generate a counter-propagating pump beam a complex step during
assembly of the device. An alternate geometry that uses a pair of grat-
ing couplers to generate overlapping counter-propagating beams is
complicated by low overall coupling efficiency.17,18 A grating coupler
designed to emit the probe beam normal to the surface of the chip
would simplify the assembly, allowing the photonic chip, vapor cell,
and retro-reflector to be stacked directly on top of each other, enabling
wafer level fabrication of fully integrated devices the same way chiplets
are stacked in modern microelectronic systems on chip. Current meth-
ods for generating surface-normal beams involve significant tradeoffs
in complexity, such as optically resonant gratings,19 multiple layers
with precision alignment,20,21 or slanted etching.22,23

An alternative approach for generating a surface-normal beam is
to co-integrate a grating emitter with a tilt-correcting metasurface.
Metasurfaces use sub-wavelength features to precisely control degrees
of freedom of light such as polarization state, phase, and intensity,24

and their planar geometry allows them to be directly integrated on the
surface of the chip. Metasurfaces, along with new simulation
approaches such as inverse-design algorithms,25 have opened new ave-
nues for integrating photonic components with atomic systems.
Metasurfaces have been used to control the polarization and direction
of propagation of light for generating magneto-optical traps.14,26 A
high numerical aperture meta-lens was used for trapping and imaging
single atoms.27 A metasurface has also been used with free-space optics
for controlling the polarization of light in warm vapor spectroscopy.28

Here, we demonstrate a sub-Doppler atomic spectrometer that
incorporates a tilt-compensating metasurface monolithically integrated
with a waveguide-coupled, optimized photonic grating and a planar

chip-scale microfabricated Rb vapor cell. First we describe the design
and fabrication of the metasurface photonic integrated circuit (MS-PIC)
surface emitter. We develop a simple model to describe the light propa-
gation through the device and use it to analyze the resulting Rb spectra.

Figure 1 shows an overview of the integrated MS-PIC assembly
and details of its components. The device begins with probe light at
780nm propagating in a single-mode silicon nitride waveguide, to
which it is coupled from a single-mode optical fiber through an inverse
taper edge coupler. The photonic mode is expanded laterally through
evanescent coupling from the single-mode waveguide to a 100lm wide
collimated 1D Gaussian slab mode. The slab mode impinges on a large
apodised free-space emitter projecting a collimated 2D Gaussian beam
at � 11:2� in glass relative to the chip’s normal [Figs. 1(b) and 1(c)].
The details of photonic mode expansion design due to evanescent cou-
pling and grating beam projection can be found elsewhere.15,29 The
metasurface [Figs. 1(c) and 1(d)] is situated directly above the grating
on top of a 3lm thick SiO2 cladding and is designed to uniformly dif-
fract the tilted beam to surface normal. The metasurface is designed to
be an analog of a blazed transmission grating, where the grating lines
are typically patterned with a linearly varying thickness to enhance the
diffraction efficiency into the desired order. Instead of controlling
the thickness of the grating line, we vary the sub-wavelength widths of
the metasurface features to impart a linearly varying phase to maximize
the light intensity of the vertical diffraction order. Each of the metasur-
face’s identical unit cells [Fig. 1(d)] contains a long and narrow Si prism
with a linearly varying width and a length of 3.1lm along the beam tilt
direction such that the first diffraction order is oriented vertically.

We fabricated the MS-PIC emitter in two separate steps. First, we
fabricated the photonic emitter and experimentally measured the polar

FIG. 1. The concept of sub-Doppler operation enabled using the metasurface photonic emitter. (a) Rb spectra at 780 nm: the red curve depicts the back-reflected signal from
the fiber-coupled photonic platform; the gray curve is a simultaneously measured reference Rb spectrum. (b) The 3D schematic illustrating the MS-PIC emitter interrogating the
planar microfabricated Rb cell. The single-mode waveguide is evanescently coupled to a slab mode allowing in-plane expansion of the photonic mode. The (300 lm)2 photonic
grating emitter projects an � 130 lm wide collimated Gaussian beam out-of-plane followed by beam tilt correction to surface-normal using an MS optical wedge layer monolith-
ically fabricated above the grating. The collimated beam passes through the Rb cell mounted directly on the photonic chip and is reflected from a mirror forming a pump–probe
beam configuration. The inset depicts the optical image of the microfabricated Rb vapor cell. (c) MS-PIC cross section schematic illustrating the formation of the surface-normal
beam from a single-mode waveguide. (d) An SEM bird-eye micrograph of the MS array consisting of identical linearly tapered Si prisms forming an optical wedge metamaterial
for beam tilting. (e) A log-scale optical image of the zeroth, first, and second diffraction orders (DO) of the radiation projected into free space from the MS-PIC. The zeroth and
second DO optical beam powers are � 10 and � 13 dB below the surface-normal first order.
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and azimuthal angles of the projected free-space beam by analyzing
the light beam profiles collected at different heights above the chip.
Second, we designed the tilt-correcting MS based on the experimen-
tally quantified polar angle and fabricated it directly on the top SiO2

cladding above the photonic emitter. A polycrystalline silicon layer of
nominally 410 nm is deposited onto the top cladding of the PIC above
the grating via low pressure chemical vapor deposition (LPCVD).
Then, we use electron-beam lithography to pattern the MS features fol-
lowed by etching using inductively coupled plasma-reactive ion etch-
ing (ICP-RIE) through an Al2O3 hard mask to define standing Si
wedges having a high aspect ratio. Finally, we quantified the coupling
efficiency of the whole PIC emitter and power distribution across the
diffraction orders. Figure 1(e) shows the intensity profiles of the sec-
ond, first, and zeroth diffraction orders in a logarithmic scale at an
imaging plane a few millimeters above the MS-PIC surface. The
brightest spot is the first diffraction order that is oriented vertically and
used for the Rb sub-Doppler spectroscopy. The propagation direction,
intensity profile, and the power of the first diffraction order
(� �6:2 dB relative to the power in an input fiber) agrees well with
the simulated result (�2.4 dB from the metasurface and � �2 dB
from the grating coupler and the fiber edge coupler, each). The amount
of power in each of the zeroth and second order modes is suppressed
by at least a factor of 10 relative to the power in the first order beam.

To complete the MS-PIC hybrid spectrometer, we place a micro-
fabricated rubidium vapor cell on top of the MS-PIC surface. The

vapor cell is 3mm in height and contains rubidium inside of an evacu-
ated chamber.1 A � 90% reflective gold mirror placed directly on top
of the Rb vapor cell retro-reflects the probe beam back into the MS-
PIC emitter and waveguide. With the vapor cell and reflector placed
on top of the metasurface photonic emitter, we measure a total round
trip transmission efficiency of � �16 dB, with contributions of about
�13 dB from the MS-PIC and about �3 dB from mode mismatch of
the retro-reflected beam.

Figure 2(a) shows the optical setup we use to collect spectra from
the fully assembled device. We use a simple 50:50 fiber beam splitter to
connect the fiber-coupled laser and photoreceiver to the PIC. The PIC
and Rb vapor cell sit on a heated baseplate that maintains a device
temperature in the range of 70 �C to 125 �C to allow for tuning of the
Rb vapor density within the cell. We record both the retro-reflected
fiber coupled signal as well as an auxiliary transmission measurement
detected with a free-space photodiode placed above the vapor cell.
Figure 1(a) shows a typical set of spectra, taken at a baseplate operating
temperature of 75 �C. The reflected signal clearly shows a dispersive
response near the atomic absorption features, indicating that the signal
is dominated by the phase shift the atoms impart on the light. This is a
common feature in experiments where the signal results from the
interference of light from two paths that experience differential atomic
phase shifts, such as atomic Mach–Zehnder interferometers,7 atoms in
optical resonators,8,30 or atomic diffractive elements.31 In our case, we
model our system as a pair of optical cavities, shown schematically in

FIG. 2. Photonic spectroscopy system. (a) Schematic of optical setup for spectroscopy. (b) Dual-cavity system for modeling spectroscopic features. (c) Simulated absorption
and dispersive atomic responses. (d) and (e) Comparison of simulated and measured spectra at low and high atomic density. Panel (i) shows bare simulated atomic absorption.
Panels (ii) and (iv) show the simulated reflection and transmitted signal in solid lines. The dashed line shows the simulated bare (empty) cavity þ MS-PIC response. Panels (iii)
and (v) show the corresponding measured data.
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Fig. 2(b). The main optical cavity consists of the Rb vapor cell and is
formed from reflections from the surface of the photonic chip
(R1 � 0:1) and the partial reflector placed on top of the vapor cell
(R2 � 0:9). It has an effective optical path length of about 5mm. The
second, weaker cavity is formed from reflections between the input
coupling facet on the photonic chip (R0 � 0:04) and the grating out-
put coupler, and has an optical path length of about 11.8mm. The
parameters of this second weaker cavity are estimated from reflection
measurements of the photonic chip made with the Rb vapor cell
removed. We adopt the circulating field formalism32 to calculate the
transmitted and reflected beams from the atom-dual-cavity system.
The absorption and phase shift due to the atoms is modeled using the
atomic susceptibility. To calculate the absorption spectrum, we use a
saturated absorption line shape model,33,34 and the phase shift is then
calculated from the atomic absorption using the modified Kramers–
Kronig relation to take into account saturation and hyperfine optical
pumping effects.35–37 Figure 2(c) shows typical absorption and disper-
sion profiles used for the device simulations. In general, the electric
field returned from the photonic chip Eph is more complex than the
field calculated using the simple two-cavity model presented here due
to additional reflections present on the photonic chip, possibly from
fabrication imperfections in the waveguide structure. In the data pre-
sented in Figs. 2(d) and 2(e), we find the best agreement between our
model and experiment when we include a field from one additional
on-chip reflection.

We analyze the system for two cases, corresponding to a low or
high atomic density in the vapor cell as set by the baseplate tempera-
ture of 75 �C or 125 �C, respectively. The results of the simulation are
shown in Fig. 2(d). Panel (d-i) corresponds to the simulated bare
atomic absorption profile for each operating temperature. The centers
of the four Rb absorption peaks are each indicated with black dashed
vertical lines. Panels (d-ii)/(d-iv) show the simulated reflected (trans-
mitted) signal in a solid line. The dashed line corresponds to the
reflected (transmitted) signal due to the dual-cavity system in the
absence of the contribution from the atomic signal. We see that at low
atomic density, the signal is dominated by atomic dispersion near the
atomic resonances, and far from resonance (greater than 1GHz), the
response returns to the bare dual-cavity system. We observe good
qualitative agreement between the simulated and measured [panels (d-
iii) and (d-v)] spectra for both the reflected and transmitted spectra.
Figure 2(e) shows the same measurements for high atomic density. At
high atomic density, the strong atomic absorption dominates the spec-
tral response near the four atomic resonances. Away from resonance
we observed oscillations of the signal due to the falloff of the strong
atomic dispersive response. At an operating temperature of 125 �C, we
observe the dispersive contributions for detunings larger than 5GHz.
From the simulated spectra, we estimate the atomic densities in the
vapor cell to be 3� 1011 cm�3 and 5� 1012 cm�3, corresponding to
equilibrium vapor temperatures of about 55 �C or 100 �C for low and
high temperature operation.38 These temperatures are about 20 �C
lower than the hotplate temperature, likely due to a temperature gradi-
ent between the hotplate and the vapor cell.

For many applications, spectroscopic features much narrower
than the Doppler-broadened linewidth are advantageous. Figure 3
shows a spectrum, taken at a low atomic density of � 3� 1011 cm�3,
where the excited state hyperfine levels and crossover resonances in
87Rb are well resolved. The sub-Doppler features are generated from

velocity selective optical pumping effects from a pair of counter-
propagating beams inside the vapor cell. The dispersive lineshapes
have a peak-to-peak linewidth of approximately 40MHz, likely due to
power broadening from the probe laser beam intensity. Using the
same two-cavity model, we observe good qualitative agreement
between the simulated spectrum and the observed experimental
reflected spectrum, shown in Figs. 3(b) and 3(c), respectively. We note
that the sub-Doppler features in the 87Rb transition have a more dis-
persive character, while the corresponding lines in the 85Rb transition
have more absorptive character. This is due to the position of the
atomic resonance relative to the overall cavity transmission. Here,
the 87Rb line falls on the side of a cavity transmission, while the 85Rb
corresponds to the peak of the cavity reflection. For comparison, these
same peaks were located at the minimum of the overall cavity reflec-
tion in Fig. 2(d), leading to a contrasting spectrum.

In some cases, the dispersive feature can be advantageous, allow-
ing for laser stabilization to the center of the feature without the need
for additional frequency modulation to generate an error signal.
However, if the cavity resonance shifts relative to the atomic reso-
nance, the lock point could become unstable. To eliminate this depen-
dence of the lock point on the position of the cavity resonance, it
would be preferable to minimize the reflections and interference effects
that contribute to the dispersive features. One possible route would be
to use 2D polarization-dependent gratings that couple the light of
orthogonal polarizations into separate waveguides.39,40 This type of
polarization dependent grating in conjunction with a metasurface
optic that rotates the polarization by k=4 on a single pass would direct
the probe beam into a waveguide separate from the pump beam after

FIG. 3. Sub-Doppler spectroscopy of Rb. Panel (a) shows the simulated absorption
spectrum of a free-space reference beam. Panels (b) and (c) show the reflected
spectrum for the MS-PIC device for both the simulation and experiment, respec-
tively. The dispersive sub-Doppler features are clearly resolved in the 87Rb transi-
tion, with peak-to-peak linewidths of approximately 40 MHz. The vertical dashed
lines show positions of selected sub-Doppler absorption features.
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it has interrogated the atoms in the vapor cell, similar to the common
free-space optic sub-Doppler absorption setups.41,42 Using the meta-
surface and grating emitter integration methods described here, fabri-
cating such a device to enable a separate waveguide channel for
readout of the atomic absorption looks to be a promising path for sup-
pressing interference effects in chip-scale integrated sub-Doppler
spectroscopy.

In conclusion, by integrating a tilt-compensating metasurface
with a photonic mode expanding grating emitter we have performed
sub-Doppler spectroscopy of a warm Rb vapor using an alignment-
free assembly of the MS-PIC, microfabricated Rb vapor cell, and retro-
reflecting mirror. In addition, we have developed a simple two-cavity
model to interpret the observed atomic spectra for a range of atomic
densities spanning a factor of ten. Future co-integration of on-chip
lasers43 and detectors44 will enable manufacturable quantum sensors
based on precision spectroscopy of warm atomic vapors.
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