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A microfabricated atomic clock
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Fabrication techniques usually applied to microelectromechanical systems(MEMS) are used to
reduce the size and operating power of the core physics assembly of an atomic clock. With a volume
of 9.5 mm3, a fractional frequency instability of 2.5310−10 at 1 s of integration, and dissipating less
than 75 mW of power, the device has the potential to bring atomically precise timing to hand-held,
battery-operated devices. In addition, the design and fabrication process allows for wafer-level
assembly of the structures, enabling low-cost mass-production of thousands of identical units with
the same process sequence, and easy integration with other electronics. ©2004 American Institute
of Physics. [DOI: 10.1063/1.1787942]
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Precise time and frequency references provide the
cal backbone for a wide range of electronic-based sys
such as communication networks, data processing de
and global positioning. As electronic devices become
creasingly mobile and data rates grow, more stringen
mands are being placed on the frequency references tha
chronize distributed networks, in terms of both stability
flexibility. For more than fifty years, atomic clocks1,2 have
provided the most accurate realizations of both time and
quency. The goal of the present work is to vastly reduce
size and power consumption of an atomic clock to the p
where it could be used in a large variety of hand-h
battery-operated instruments such as two-way radios
GPS receivers with much improved tolerance to jammin3

The simplest atomic frequency standards are passiv
vices based on microwave transitions in a room-temper
vapor of atoms confined in a cell.4 The smallest physic
packages for an atomic frequency reference reporte
date5,6 have a volume of about 1 cm3 and dissipate sever
watts of electrical power. In contrast, the most precise typ
frequency reference that might be considered generally
able for portable applications is a temperature-compen
quartz-crystal oscillator. These devices dissipate tens of
liwatts of power and have a fractional frequency instabilit
1s of about 10−9, degrading to the 10−7 range over longe
time periods due to environmental perturbations and a
This long-term instability makes these devices largely in
equate for applications such as anti-jam GPS.

The physics package we have developed, show
Fig. 1, draws on microelectromechanical system fabrica
techniques7 to realize small size, low power dissipation, a
the possibility for wafer-level integration. At its heart is a
vapor cell,8 fabricated using anodic bonding9 of borosilicate
glass and Si. A square hole of side 0.9 mm was etched i
polished wafer of Si 1 mm thick by use of a KOH et
Metallic Cs, along with a buffer gas to prevent wa
collision-induced decoherence, was created in the cavi
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reacting a mixture of BaN6 and CsCl in a controlled enviro
ment. Two glass wafers bonded on opposite faces of t
wafer, sealed the Cs and buffer gas inside. The cell
mounted between two planar heater structures made fr
film of indium-tin oxide(ITO) deposited on a thin glass su
strate. Current was passed through both ITO films to hea
cell to 85°C, increasing the Cs density correspondingly

A micro-optics package collimated, attenuated, and
larized the light emitted from a vertical-cavity surfa
emitting laser(VCSEL) before it entered the cell. Assemb
as shown in Fig. 1, it consisted of a commercially avail
refractive micro-lens, two neutral density(ND) filters, and a
piece of quartz, which served as a quarter-wave plate. A
spacer unit thermally isolated the rest of the physics pac
from the baseplate on which the laser was mounted, ena
low-power heating of the cell. The output of the micro-op
assembly was a beam of light,250 mm in diameter with
circular polarization and a power of 12mW. Finally, a S
PIN photodiode mounted on a glass substrate detecte
light transmitted through the cell. The heaters and pho
ode were electrically connected to the baseplate with
wire-bonds. A longitudinal magnetic field isolated the fi
order magnetically insensitive hyperfine clock transi
from the magnetically sensitive ones.

The operation of the frequency reference was base
coherent population trapping10 (CPT), in which two optica
fields generate a coherent “dark state” in the atomic hy
fine transition at their difference frequency(Fig. 2). A micro-
wave cavity around the atoms was therefore not requ
The VCSEL was tuned to the D2 optical transition in C
852 nm. Laser current modulation at 4.6 GHz was app
from a synthesizer, and the laser frequency stabilized
that the two first-order sidebands on the optical carrier
resonant with the optical transitions from the two com
nents of the hyperfine-split atomic ground state to theP3/2
excited state.11 A CPT-induced reduction of the absorb
light power by 0.91% was observed by sweeping the m
lation frequency about the first subharmonic of the 9.2 G
hyperfine transition. The resonance width of 7.1 kHz
dominated by power broadening from the optical field,

though comparable contributions were also present from dif-
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fusion of atoms to the cell walls and spin-excha
collisions.12

The microwave frequency was locked to the atomic t
sition by feeding an error signal generated from the C
resonance back to the tuning port of the synthesizer r
ence; the stabilized frequency was measured with resp
a more stable, secondary frequency reference. A meas
the resulting fractional frequency fluctuations is shown
Fig. 3. The instability of 2.4310−10/Ît at short integratio
times is due to roughly equal contributions from shot-n
on the detected photocurrent, excess AM noise on the
power, and laser frequency noise converted to intensity
by the atomic absorption profile. In principle, this instabi
could be reduced by up to a factor of 10 by exciting the C
resonance using a laser resonant with the D1 op
transition.13 The long-term instability is due primarily to
linear fractional frequency drift of about −2310−8/day. This
drift is most likely due to a slow change in the buffer-
pressure due to residual chemistry within the cell. While
linear drift will need to be addressed eventually, its pred

FIG. 1. (Color) The microfabricated atomic clock physics package.(1) Sch
(c) ND filter s500 mmd; (d) spacer/lenss375 mmd; (e) quartz(70 mm, not sh
(i) Si s1000mmd; (j) glasss200 mmd; (k) glass/ITOs125 mm/30 nmd; (l) Si
Photographs:(2) photodiode assembly,(3) cell assembly,(4) optics assem
microchip. The black lines in the photographs indicate 1 mm.

FIG. 2. Excitation of the atomic microwave resonance using coherent
lation trapping. Two optical fields, produced by modulating the current
diode laser, are tuned to be simultaneously resonant with transitions
the pair of hyperfine-split ground states to a common excited state
nonlinear response of the atom generates a resonant excitation of the
fine transition at the difference frequency of the optical fields. The reson
is measured by monitoring the transmitted optical power as a function

modulation frequency detuning from the atomic transition,D.
-
o
of

r
e

l

able nature nevertheless permits a precise determinati
the output frequency even at present. With the linear
removed, the Allan deviation reaches a minimum of
310−11 at an integration time of 250 s. The remaining lo
term instability is consistent with residual fluctuations of
cell temperature, which alter the energy and frequenc
collisions of the Cs atoms with the buffer-gas atoms
therefore change the pressure shift.

The electrical power required to run the physics pac
was 73 mW, and was dominated by the power require
heat the cell above the ambient temperature of 46°C s
the baseplate. The high baseplate temperature was re
to tune the particular laser used in the device to the co
wavelength and is not generally necessary. An advantag
tained through the use of a VCSEL is the extremely
powers,5 mWd required to both run the laser and to mo
late it with sufficient amplitude to excite the CPT resona
By modeling the heat flow in the structure, both analytic
and with a finite-element computation, the heat loss cha

ic of assembly. Layers from bottom to top:(a) VCSEL; (b) glasss500 mmd;
(f) ND filter s500 mmd; (g) glass/ITOs125 mm/30 nmd; (h) glasss200 mmd;
mmd; (m) glasss125 mmd. Total height: 4.2 mm, width and depth: 1.5 m
laser assembly, and(6) the full atomic clock physics package realized a

-

r-
e
FIG. 3. The frequency-reference fractional frequency instability as a
tion of integration time,t, as measured by the Allan deviation. Triang
indicate the instability of the raw frequency output while circles indicate
emat
own);
s375
bly,(5)
instability of the device with the linear drift removed.
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could be roughly identified. We estimate that 30 mW is
through the lower spacer unit, and that 24 mW is
through the six gold wire bonds providing the electrical c
nections to the baseplate. The remainder is presumabl
through radiation and conduction to the air surrounding
physics package. Modeling of designs incorporating b
thermal isolation suggests that the power required to hea
cell could be reduced to below 12 mW without a chang
the overall structure.

A key benefit of an atomic clock implemented with
structure shown in Fig. 1 is its amenability to wafer-le
fabrication and assembly. Each of the layers that make u
structure, from the laser baseplate to the photodet
mount, could be fabricated as an array of individual com
nents on a large wafer. These wafers could then be bo
together and subsequently diced up into individual ato
clock physics packages; thousands of physics packages
therefore be fabricated with the same process sequence
unique fabrication process would reduce the cost of at
frequency references if implemented commercially o
large scale.

In addition to the physics package discussed here,
other components are required to form a fully functio
compact frequency reference. First, a local oscillator cap
of generating a signal with frequency 4.6 GHz and suffic
stability to enable it to be locked to the atomic resonanc
required. Prime technologies for enabling such a small,
power oscillator are SiC nano-resonators14 and thin-film AlN
bulk-acoustic-wave resonators(TFRs).15 Resonators wit
frequencies above 1 GHz andQ factors over 1000 have be
demonstrated and the recent substantial progress in thi
provides a valuable synergism with the work described h
Second, miniaturized control electronics are needed to s
lize the cell and laser temperatures and lock the laser w
length and local-oscillator frequency to their respec
atomic transitions. The control systems are not complex
once the optimum operating conditions are established, c
be implemented in a straightforward manner with a s
footprint and low power dissipation as an applicati
specific integrated circuit or in the form of a digital mic
processor.

In conclusion, the atomic clock physics package
sented displays an improvement over the previous sta
the-art by a factor of 100 in volume and a factor of 10
power dissipation. The device demonstrates convinci
st
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that individual components such as microfabricated a
vapor cells, micro-optics, and semiconductor lasers ca
assembled into a compact structure with an output frequ
tied to a highly stable atomic transition. With the addition
control circuitry and a local oscillator, it appears feasibl
construct a complete atomic frequency reference with a
ume below 1 cm3, a power dissipation below 30 mW, an
fractional frequency instability below 10−11 at 1 h of integra
tion and longer, allowing timing precision at the microsec
level over a day. Furthermore, the integrated design
scribed here could be modified to create millimeter-s
atomic magnetometers as well as a variety of other mini
ized spectroscopic tools and sensors.
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