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Abstract— We present the development, testing and
characterization of a low-power chip-scale Rubidium (Rb)
plasma light source designed to serve for optical pumping in
miniature atomic clocks. The technique used is electrodeless
capacitively coupled plasma (CCP) discharge, driven in a micro-
fabricated Rb vapor cell. The device is electrically driven at
frequencies between 1 and 36 MHz to emit 140 pW of stable
optical power while coupling < 6 mW of electrical power to the
discharge cell. To our knowledge this is the first reported Rb
plasma emitted from a chip-scale device.

L INTRODUCTION

Compact Rb atomic clocks (overall volumes of 100-
1000 cm’), are widely used in many applications including
navigation systems, network synchronizations and digital
communications [1]. A common commercial implementation
of such an atomic clock is the compact (~100 cm®) Rubidium
microwave frequency standard based on the Double-
Resonance (DR) technique, using a glass-blown Rb plasma
discharge lamp to achieve optical pumping. With the advent of
microtechnology there has been an upsurge in portable devices
(GPS receivers, for example) leading to a growing need for
smaller, lower-cost, chip-scale atomic clocks with reduced
power consumption, that show better frequency stability than
the currently used quartz crystal oscillators. This has led to
research towards miniaturizing atomic clocks to reach
volumes of few cm® or below [2, 3], mostly based on the
Coherent Population Trapping (CPT) approach that has been
preferred over the traditional DR technique [4].

The majority of Rb DR clocks use Rb plasma discharge
lamps as the light source for optical pumping due to the
lamp’s intrinsically correct frequency (Rb lines), technical
simplicity, very slow frequency drift (aging), and long

This project was funded by Swiss National Science Foundation (SNSF)
Sinergia grant CRSI20 122693.

978-1-61284-110-6/11/$26.00 ©2011 IEEE

lifetime. However, because these glass-blown lamps usually
consume several watts of electrical power and are not easily
integrable with an ideal chip-stack configuration, chip-scale
Rb DR clocks had been deemed a challenge and are relatively
unexplored. The CPT technique was preferred for chip-scale
clocks by using a laser diode (VCSEL) as the light source for
atomic resonance [2, 3] because of their easy integration, good
power efficiency, planarity and compact dimensions (~mm?®).
However, the VCSEL approach requires critical temperature
control, sophisticated control electronics for laser frequency
stabilization, and complicated setup procedures [2].

The goal of this research is to develop a microfabricated
planar low-power Rb plasma light source (as shown in
operation in Fig. 1) to exploit the inherent advantages of a Rb
discharge lamp, avoiding the issues faced by the VCSEL and
providing an alternative and innovative design for chip-scale
Rb atomic clocks.

Figure 1. Photographic view of the Rb plasma light source emitting the Rb
glow discharge
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Microfabrication of hermetically sealed Rb cells with
volumes on the order of 1 mm® has been a challenge, with
several groups reporting different bonding techniques
compatible with Rb filling, for instance anodic bonding [3, 5]
or soldering [6, 7]. Such cells have been used as the reference
cell in miniaturized atomic frequency standards (atomic
clocks), but not as light sources — in part due to the additional
complexity of igniting a stable plasma. While first studies on
micro-cell plasma light sources reported on low-power rare-
gas discharges, no Rb light was reported [8, 9].

A. Double Resonance Rb Atomic Clock

The fundamental concept behind timekeeping in atomic
clocks is to exploit an atomic resonance as reference for
stabilizing the frequency of a quartz oscillator. In a Rb atomic
clock [6], this resonance is the “clock” transition between the
two ground-state hyperfine levels of *’Rb, at a microwave
frequency near 6.83 GHz (5°S;), state, | F=2, me=0) to | F=1,
mp=0)), detected on atoms maintained in a small Rb reference
cell. In a double-resonance Rb clock, pump light from a lamp
or laser resonant with the Rb D1 or D2 line (794.8 nm or
780.2 nm, respectively) irradiates the cell and creates a
ground-state polarization in the atoms. The clock transition is
then detected by applying a microwave field to the atoms via a
microwave-cavity placed around the cell, and the resonance
manifests itself as a narrow dip in pump-light power
transmitted through the cell. The frequency of a voltage-
controlled quartz oscillator is locked to this dip using phase-
sensitive detection.

Our envisaged double-resonance Rb atomic clock consists
of a micro-fabricated Rb plasma light source, a micro-
fabricated Rb% filter, a micro-fabricated Rb reference cell
which is enclosed by a miniaturized microwave cavity, and a
photodetector (Fig. 2). The Rb plasma light source
intrinsically emits at the correct wavelengths, Rb D1 and D2
lines, as required in a Rb clock.

B.  Rb Plasma Glow Discharge

Sustaining a plasma glow discharge in a Rb cell requires
continuous ionization of Rb vapor atoms. A sufficiently strong
electric field, when applied across a Rb vapor cell, can ionize
the Rb vapor atoms to generate Rb ions and free electrons.
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Figure 2. Schematic diagram of the envisioned Rb DR chip-scale atomic clock
with the integrated Rb light source

By maintaining a sufficiently strong electric field, the
electrons and ions are accelerated towards the electrodes, and
many of them collide with more neutral vapor atoms to
generate positive ions and electrons through impact ionization
before they reach the electrodes. This becomes an avalanche
process, eventually initiating an electrical breakdown leading
to several possible types of gas discharges [10], including the
Rb plasma glow discharge emitted as radiation by Rb atoms
during their radioactive decay from the excited state to the
ground state.

The Rb vapor density is very low at room temperature
(~10°® millibars of vapor pressure at 30 °C), hence requiring an
extremely high field strength to ionize the Rb atoms (Paschen
curve) [11]. In order to reduce the field and hence the
electrical power to ignite the glow discharge, an inert low-
pressure starter gas is added to the cell. The temperature of the
cell is also increased to up to 150°C by using a resistive
heater, in order to increase the Rb vapor density in the cell. As
Rb is highly reactive with many gases, a few ten millibars of
an inert gas are used as starter gas — in our case Ar, which has
a relatively smaller diameter and high mean free path among
noble gases with an ionization potential of 15.75 eV [10].

II.  DEVICE MICROFABRICATION AND DEVELOPMENT

A. Design and Microfabrication

The design approach chosen for the Rb plasma light source
is the electrodeless capacitively coupled plasma (CCP),
sustained in a planar micro-fabricated Rb cell. Capacitive
coupling produces stronger field lines in a planar cell cavity
and therefore makes it easier to ignite a plasma than the more
widely used inductive coupling which is more efficient for
spherical cells.

The micro-fabricated Rb cell (outer dimensions of 1 x 1 x
0.3 cm®), consists of a stack of three layers: Pyrex (500 pm
thick), Silicon (2 mm), Pyrex (500 um) which enclose a @ =
5 mm, & = 2 mm cylindrical cavity in which few microliters of
Rubidium and 70 millibars of Argon are hermetically sealed
by a two-step anodic bonding process (Fig. 3). First, the cavity
is created by DRIE etching a through-hole in the silicon wafer.
Then, the etched silicon wafer is anodically bonded to the
bottom Pyrex layer.
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Figure 3. Schematic diagram showing the Rb light source microfabrication
process flow
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After this first bonding step, the natural Rb is dispensed
into the cavity under vacuum by an atomic jet, 70 millibars of
Argon are introduced in the chamber, and the top Pyrex layer
is anodically bonded to the bottom layers to create the
hermetically sealed Rb mini-cell [12].

A 200 pm thick 100% Indium solder ring or film is
deposited on top of both sides of the Pyrex layers (i.e., outside
the cell) to act as capacitive parallel electrodes to capacitively
couple RF power to the cell. 100% Indium wets glass well and
is hence a good choice for deposition on the Pyrex walls. The
100% Indium electrodes are deposited by placing and aligning
Indium pre-form rings on top of Pyrex layers above the cavity
and reflowing using a soldering iron. These external
electrodes avoid electrode corrosion and might allow for lower
power consumption when compared to the more traditional
internal electrode designs [13]. Note that in a future wafer-
level production of the plasma light source, the electrodes can
be directly integrated onto the Pyrex layers used to close the
cell by evaporation or sputtering and micropatterning
techniques, and could be made of a suitable metal other than
Indium in order to better withstand high temperatures. Our
micro discharge cell design is thus compatible with wafer
level manufacturing of many devices at a time, potentially
allowing for greatly reduced costs per unit.

B.  RF Capacitively Coupled Plasma (CCP) Circuit

The technique used to power the light source is RF
electrodeless CCP. The microfabricated Rb vapor cell has an
intrinsic capacitance of ~0.4 pF at low frequencies (<10 MHz)
and up to ~1.6 pF at higher frequencies (<36 MHz), and a
reactance of ~j85 kQ at low frequencies (few MHz).

The output impedance of the RF generator used as signal
source is (50 + j-0 Q) hence requiring careful impedance
matching of the load to equal the source to (50 + j-0 ) using
L-C components. This enables high power and voltage
amplification across the cell to achieve the required
breakdown voltage with the lowest input electrical power.

Fig. 4 shows schematically the RF plasma ignition circuit
connected to the impedance-matched load constituting the
light source. The two main components in the impedance
matching network are (1) a capacitor in parallel to the cell to
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Figure 4. Schematic circuit of the RF electronic circuitry and impedance
matching for plasma ignition

reduce the overall capacitive reactance and (2) an inductor in
series with the above capacitors to cancel out the reactive load
to form a purely resistive load. The values and the Equivalent
Series Resistance (ESR) of the components are carefully
chosen to maximize the power transfer to the cell.

III. DEVICE CHARACTERIZATION

The light source was impedance matched and tested at
several frequencies over the 1 MHz to 36 MHz frequency
range. The results reported in this article were obtained at 4.6
MHz.

A. Output optical characteristics

The output optical spectrum of the light source was
measured using a spectrometer and is shown in Fig. 5. At cell
temperatures above ~90 °C strong Rb D1 lines (794.8 nm) and
D2 lines (780.2 nm) are observed. These lines rapidly rise in
intensity with increasing cell temperature, as expected with the
rapidly rising Rb vapor pressure inside the cell.

The total optical power of the light source was 140 pW
when 6 mW of electrical power was coupled to the cell. The
total optical power emitted on the Rb D2 line was 15 uW, ata
cell temperature of 150 °C.

B.  Rb light power stability

The stability of the output optical power of the Rb lines
was recorded over time for the plasma light source operating
at a temperature of 100°C. The short-term (seconds) and long
term (hours) variation in optical power was measured.

The average short-term fluctuations in optical intensity of
the Rb lines was found to be less than 0.1% and the long-term
variations were found to be less than 5% (shown in Fig. 6).
The primary cause of the long-term variations in optical power
is the drift in resistance (2-3%) of the electrical components of
the impedance matching network with time, mainly due to
thermal effects. These long-term variations can be limited to
less than 0.01% using a PID feedback loop that controls the
input electrical power and/or the RF drive frequency to
maintain a steady output light power level.

Output optical spectrum of the light source
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Figure 5. Optical spectrum of the light source at different temperatures
between (35-150 °C). The spectral width of the lines is limited by the
resolution of the spectrometer used here.
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Figure 6. Stability of the Rb lines with time, measured at 100 °C

Iv.

A stable and low-power chip-scale Rb plasma light source
with potential for wafer-scale fabrication has been
demonstrated, intended for use in chip-scale atomic clocks.
The light source emits several uW of optical power at the
780.2 and 794.8 nm Rb lines from a 0.3 cm’ chip stack. A
successful Rb hermetic sealing technique through standard
microfabrication processes has been demonstrated that
withstands the plasma operation. The external electrode design
ensures the longevity of the device by avoiding electrode
erosion by the plasma.

SUMMARY AND FUTURE WORK

When combined with a micro-fabricated *Rb filter cell
[9], the presented plasma light source can be used for
hyperfine optical pumping of Rb in a novel miniature atomic
clock.

Testing of this light source as an optical pump in a test DR
atomic clock setup to prove its functionality is planned. In the
current circuit design, the efficiency of power coupled to the
cell is low, thus current research is geared towards increasing
this efficiency. Different starter gases and pressures are to be
explored to find the best performance conditions.
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