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We demonstrate a tunable, chip-scale wavelength reference to greatly reduce the complexity and volume
of cold-atom sensors. A 1-mm optical path length microfabricated cell provides an atomic wavelength
reference, with dynamic frequency control enabled by Zeeman-shifting the atomic transition through the
magnetic field generated by the printed-circuit-board coils. The dynamic range of the laser frequency
stabilization system is evaluated and used in conjunction with an improved generation of chip-scale cold-
atom platforms that traps 4 million 87Rb atoms. The scalability and component consolidation provide a
key step forward in the miniaturization of cold-atom sensors.
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I. INTRODUCTION

The miniaturization of cold-atom platforms for remote
sensing and portability has tantalizing prospects for next-
generation quantum technology [1–5]. Owing to the
long interrogation times achievable with laser cooling,
the development of on-chip cold-atom platforms could
improve the stability of current thermal atomic sensors
to the benefit of applications in navigation, geological
surveying, communication, and precision timing, driving
towards fully integrated atomic systems.

Recent research has demonstrated drastic improvements
in the scalability of critical components at the heart of
atomic sensors. While initially focused on the scalability
of thermal atom packages, the microfabrication of core
components revolutionized the scalability in a plethora
of instruments, including atomic clocks [6–8], magne-
tometers [9–11], and wavelength references [12,13]. At
the heart of many of these devices is a microelectrome-
chanical systems (MEMS) vapor cell. Typically formed
from a glass-silicon-glass wafer stack, the on-chip ther-
mal vapor system offers a simplicity and design versatility
that complements its application in precision spectroscopy
[14–17].

The miniaturization of thermal atom packages has also
driven forward the scalability of cold-atom sensors. Recent
studies have demonstrated cold-atom sensor scalability
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through the coupling of photonic integrated circuits
[18–20], metasurfaces [21,22], diffractive optics [23–
25], planar coil systems [26], and microfabricated alkali
sources [27,28]. More recently, MEMS vapor cells capa-
ble of sustaining an ultrahigh vacuum (UHV) have been
shown in conjunction with microfabricated grating chips as
an on-chip platform for cold atoms [29]. Parallel avenues
of research have aimed to address the miniaturization and
simplicity of cold-atom systems through the development
of plug-and-play interfaces, making use of conventional
off-the-shelf optics [30,31]. Many of these cold-atom sys-
tems, however, have focused on individual component
development, such that a fully integrated cold-atom plat-
form has remained elusive.

In this Article, we demonstrate a tunable wavelength
reference at 780 nm that is coupled with a chip-scale
laser cooling platform for Rb atoms. A single optical
package enables laser frequency tuning and stabilization
in a microfabricated vapor cell, sandwiched between a
printed-circuit-board (PCB) coil pair. The dynamic range
of the chip-scale package is evaluated as a viable replace-
ment to standard larger components used for real-time
frequency control, such as acousto-optical modulators.
The wavelength reference is paired with a chip-scale
cold-atom platform to demonstrate device simplicity and
compatibility for laser-cooling applications. Finally, the
combined apparatus demonstrates laser cooled atom num-
bers greater than 106 in thick silicon MEMS vacuum
cells. The union of such components provides a key
step in the scalability and mass production of cold-atom
systems.
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FIG. 1. A schematic diagram overview of the chip-scale wavelength and cooling platforms. (a) A MEMS cell-based wavelength
reference using saturated absorption spectroscopy. Solid/dashed lines indicates the incident/retro-reflected beam. PD: photodiode. PCB
HC: printed-circuit-board Helmholtz coils. PBS: polarizing beam splitter. SMR: surface-mounted resistor. (b) MEMS cell GMOT
incorporated laser cooling platform with planar coils. GMOT: grating magneto-optical trap. PCB AHC: printed-circuit-board anti-
Helmholtz coils. (c) Microscope image of the MEMS cell in the wavelength reference package. (d) Layer structure for the wavelength
reference MEMS cell stack. BSG: borosilicate glass. (e) Layer structure for the UHV-MEMS cell stack. ASG: aluminosilicate glass.
(f) Example image of the cold-atom sample formed from the combined chip-scale platforms.

II. EXPERIMENTAL SETUP

The experimental apparatus used for the wavelength
reference and chip-scale laser cooling platform is shown
in Figs. 1(a) and 1(b), respectively. The light source is pro-
vided from a butterfly- packaged volume-Bragg reflector
(VBR) laser centered at 780 nm. The light from the VBR
is incident through a 5-mm polarizing beam splitter (PBS),
with one arm coupled into our chip-scale wavelength
reference.

To enable miniaturization, the bulky optical and elec-
tronic system required for an acoustic optical modulator
(AOM) was replaced with the tunable Zeeman lock [32].
The laser wavelength reference is provided by saturated
absorption spectroscopy through a MEMS cell, shown at
the center of Fig. 1(a). The MEMS spectroscopy cell,
shown in Fig. 1(c), is composed of a 1-mm- thick silicon
frame anodically bonded at both interfaces to 0.5-mm-
thick borosilicate glass wafers, as highlighted in Fig. 1(d).
The silicon frame is deep- reactive-ion-etched using an
anisotropic Bosch process [33] to form a two-chamber cell
connected via 650-µm-wide, non-line-of-sight channels.
The first chamber houses a micropill-based alkali vapor
source (SAES Rb/AMAX/Pill1-0.6). The second cham-
ber acts as the spectroscopy region with a 2-mm-diameter
aperture. The cell is mechanically diced to dimensions of

10 × 10 × 2 mm and a surface-mounted resistor is adhered
to the side of the silicon frame to provide heating. Prior to
the implementation of the spectroscopy cell in the appara-
tus, the pill is laser-activated with 1 W of 1070-nm laser
light focused onto the pill surface for 10 s [34].

The spectroscopy cell is sandwiched between a pair
of PCB Helmholtz coils. Each 1-mm-thick PCB is
double-side-printed and electrically connected via a cir-
cuit through-hole to increase the number of turns over the
given board volume. The coil is formed of 35-µm-thick
copper layer wires with 170-µm-width deposited on the
surfaces of the board to form a total of 14 turns, with a
mean radius of 3.3 mm (Rmin = 2.2 mm, Rmax = 4.5 mm).
The center of the coil has a 1.5 mm radius aperture that
is aligned for optical interrogation of the spectroscopy
cell. The coils and cell are held firmly in place within
a three-dimensional printed mount, formed from high-
temperature plastic that ensures robust alignment through
a press-fit and glue. The laser is frequency modulated at
250 kHz via current dithering. The output from the laser
is passed through a PBS, circularly polarized with a λ/4
wave plate before the spectroscopy cell and reflected by
a dielectric reflector, mounted to the back of the MEMS
cell. The output transmission from the spectroscopy
system is directed through the PBS to a photodiode, where
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the absorption signal is passed to external electronics for
demodulation, and the resulting error signal is used to
electronically feed back to the VBR current for frequency
stabilization.

The laser is locked directly to the F = 2 → F ′ = 3
cooling transition, and a frequency offset is provided from
the PCB Helmholtz coils, with the magnetic field orienta-
tion illustrated in Fig. 2(a). The magnetic field is simulated
from a numerical solution to the Biot-Savart law, for
parameters meeting that of the PCB. The offset mecha-
nism uses a bias magnetic field along the axis of the beam,
which induces a shift to the Zeeman sublevels. Circularly
polarized light is used to optically pump the atoms into the
stretched states. As such, the magnetically sensitive sub-
Doppler features can be exploited to tune the laser lock
frequency while avoiding the optical losses typical of a
double-passed AOM setup [35]. To determine the versa-
tility of the frequency offset, a beat note was measured
against an external-cavity diode laser (ECDL), which was
stabilized to the F = 2 → F ′ = 2, 3 crossover transition of
87Rb using saturated absorption spectroscopy on a separate
reference cell. The beat-note signal was obtained by over-
lapping light from each laser onto a fast photodiode and
the output frequency was tracked on a frequency counter.

The second light arm from the VBR that is not incident
on the wavelength reference is passed through a free-space
electro-optical modulator (EOM) driven at 6.58 GHz to
generate 5% sidebands for hyperfine repumping in the
laser cooling process. The light is then fiber-coupled and
expanded in free space to the cold-atom system. The light
is circularly polarized with a λ/4 wave plate before being
incident through the UHV-MEMS cold-atom cell. The
cold-atom cell, shown in Fig. 1(b), is composed of a 6-mm-
thick silicon frame, fabricated with water-jet processing
to achieve the deep silicon cut [36]. The silicon wafer
is anodically bonded at the upper and lower surfaces to
700-µm-thick aluminosilicate glass wafers, as highlighted
in Fig. 1(e). Unlike the spectroscopy cell, aluminosilicate
glass is elected for the cold-atom cell due to the favorable
helium permeation rates that would be expected to improve
the vacuum longevity relative to borosilicates [37].

The upper glass wafer is connected to an ion pump
and resistively heated alkali dispenser through a copper
pinchoff tube adhered over a mechanically drilled glass
through-hole. The cold-atom cell outer dimensions are
70 × 34 × 7.4 mm with a 20 × 20 × 6 mm laser cooling
region, which accommodates the surface area of the grat-
ing chip. The three-segment grating chip is fabricated with
a 1100 nm period over the 2 × 2 cm surface area of the
chip. At the center of the grating, a 2-mm-diameter hole
has been laser cut for optical access and imaging [38].
The grating chip is placed immediately below the cold-
atom cell lower window to ensure a maximum optical
overlap volume exists within the cold-atom cell vacuum
volume. In previous work, absorption imaging through
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FIG. 2. (a) Printed-circuit-board generated Helmholtz mag-
netic field orientation through the MEMS spectroscopy cell.
(b) Measured frequency shift as a function of the coil current,
where blue circles (red squares) represent a positive (negative)
applied magnetic field magnitude. The black lines highlight a
±1.4 MHz/G frequency shift. (c) The Zeeman-shifted error sig-
nal measured with a single shot at 12 MHz detuning (red), on
resonance (black) and at 66 MHz detuning (blue).

the grating chip was required to overcome surface scat-
ter and resolve the trapped atom number. However, this
approach was not suited to the current apparatus due to the
removal of an AOM, previously used for intensity control
in the imaging light sequence. Instead, this generation of
the cold-atom cell was fabricated with a 30 × 8 × 6 mm
channel leading from the pinchoff region to the cooling
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FIG. 3. (a) Printed-circuit-board-generated anti-Helmholtz magnetic field orientation through the 6-mm-thick cold-atom cell. (b)
Measured atom number as a function of laser lock frequency, provided by the MEMS wavelength reference. (c) Overlapping Allan
deviation of the beat-note signal when the VBR laser is stabilized to the tunable wavelength reference and a 7-cm reference cell, shown
in red squares and blue circles, respectively. (d) Simultaneously measured atom number stability from the cold-atom platform.

region to enable fluorescence imaging of the cold atoms
by allowing a low angular displacement between the cell
and imaging system. The low incident angle for imaging
avoids diffracted orders from the grating chip and greatly
reduces the surface scatter from the cell walls, glass, and
grating. An example of this imaging axis is shown in Fig.
1(f). The cold-atom cell and grating are sandwiched by a
PCB anti-Helmholtz coil (PCB AHC). These PCB coils are
of the same thickness and wire properties as the previously
described Helmholtz PCBs. Each PCB AHC, however, is
formed of 30 turns, 15 on each side, with a mean radius of
12.5 mm (Rmin = 10.2 mm, Rmax = 14.9 mm).

III. RESULTS

The induced frequency shift for weak magnetic fields,
shown in Fig. 2(b), was found to be 1.42 ± 0.12 MHz/G.
This value is in agreement with the expected shift for
the F = 2, mF = 2 → F ′ = 3, mF = 3 transition, indicat-
ing stretched-state optical pumping. However, the demon-
strated ±60 MHz detuning range is sufficient to achieve
a red-detuned lock for the magneto-optical trap, where

the trapped atom number is typically optimum in Rb for
a detuning between � = −� and � = −2�, where � is
the natural linewidth of the excited state (�D2 = 2π × 6.1
MHz) [39]. Over this detuning range, the PCB HC coil pair
require less than 0.7 W of electrical power. The error sig-
nal from the spectroscopy cell, shown for � = 12 MHz
in Fig. 2(c) with a red line, has no significant amplitude
or linewidth degradation compared to the resonant signal,
shown in black. However, for stronger magnetic fields, the
amplitude of the error signal is degraded as the magnetic
field lifts the degeneracy of the Zeeman sublevels, as can
be seen with the blue line at a detuning of � = 66 MHz.
The detuning range here could also prove beneficial to the
frequency detunings typical of optical molasses [4].

To demonstrate the applicability of the wavelength ref-
erence to cold-atom sensors, the VBR was locked to the
cooling transition, and coupled into the chip-scale cold-
atom platform. To aid further miniaturization, traditionally
large wire-wound anti-Helmholtz coils have been replaced
in favor of a PCB solution. Each double-sided PCB AHC
used in the cold-atom system has a resistance of 10 � and
draws 1 A of current to achieve 20 G/cm, with the field
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orientation relative to the other system components shown
in Fig. 3(a).

The increased vacuum cell volume of the cold-atom cell,
compared to previous work [29,38], has been made pos-
sible from the recently demonstrated water-jet cutting of
silicon wafers [36]. The improved cell volume now enables
approximately 93% of the grating magneto-optical trap
(GMOT) optical overlap volume to coincide within the
cold-atom cell [38]. Due to this, an optimum atom num-
ber of 4 × 106 is obtained in the chip-scale platform for a
detuning of 11 MHz, as demonstrated in Fig. 3(b), agree-
ing with previous GMOT work [23]. It was observed that
with an incident intensity of approximately 13 mW/cm2,
the atom number would reach a maximum at 20 G/cm.

Finally, the frequency fluctuations of the chip-scale
wavelength reference were temporally measured, with the
impact on the measured atom number from the cold-atom
platform simultaneously tracked. The frequency fluctua-
tions were tracked from a beat note measured against a
separate ECDL, as described in Sec. II. During this mea-
surement the detuning was set to 12 MHz, which produced
an atom number of about 3 × 106. The relative stabil-
ity of the wavelength reference is illustrated in Fig. 3(c).
The observed relative frequency stability is of the order of
10−11 for all integration windows. While this stability does
not meet the performance of state-of-the-art on-chip wave-
length reference [12], it is suitable for keeping the laser
drift well below the 6-MHz linewidth of the cooling transi-
tion to satisfy the miniaturization of the cold-atom appara-
tus. Furthermore, when the tunable wavelength reference is
replaced with a 7-cm reference cell, a similar stability was
observed, as demonstrated in Fig. 3(c), indicating that the
stability is not limited by the MEMS package. The simul-
taneously measured atom number stability, shown in Fig.
3(d), integrates down with a slope of τ−1/2, demonstrating
that the frequency fluctuations of the wavelength reference
have no contribution to the stability of the trapped atom
number.

The amalgamation of these on-chip technologies has
successfully demonstrated a significant scalability in cold-
atom technology, while offering a simplified optical system
comprised of planar components.

IV. CONCLUSION

We have demonstrated an on-chip solution for wave-
length referencing in cold-atom systems. The simple archi-
tecture and mass-producible components are suitable for
implementation in a wide range of quantum technologies,
with a detuning range exceeding ±60 MHz demonstrated
in constant use, and increased values possible for short
time intervals. The amalgamation with the 6-mm-thick
silicon based UHV-MEMS cell directly demonstrates the

applicability of the tunable wavelength reference as a suit-
able replacement for traditionally bulky cold-atom optical
systems.
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