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ABSTRACT

Micro-fabricated vapor cells have applications in a number of emerging quantum technology-based devices including miniaturized atomic
magnetometers, atomic clocks, and frequency references for laser systems. Increasing the cell optical path length (OPL) and smallest cell
dimension are normally desirable to increase the signal to noise ratio (SNR) and minimize the de-polarization rate due to collisions between
atomic or molecular species and the cell walls. This paper presents a fully wafer-level scalable fabrication process to manufacture vapor cells
with dimensions approaching those of glass-blown cells. The fabrication process is described, and spectroscopic measurements (optical
absorption and magnetic resonance) are reported. A magnetic resonance linewidth of 350 Hz is demonstrated, and this is the smallest line-

width reported to date for a micro-fabricated vapor cell.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0125490

I. INTRODUCTION

One of the major advantages of micro-fabrication for vapor
cell production is the ability to process many cells in parallel at the
wafer level. ™ Leveraging semiconductor industry process control
techniques can enable a high yield process resulting in significant
economies of scale over glass-blown cells.

Glass-blown vapor cells are traditionally used in high perfor-
mance atomic clocks, magnetometers, and frequency references.””
The first micro-fabricated vapor cells were developed using aniso-
tropic wet etching of (100) silicon wafers.” More advanced
techniques, such as deep reactive ion etching (DRIE), allowed the
creation of increasingly complex cell geometries including intercon-
nected reservoir/optical probe cells.” One downside of this
approach is higher unit cost due in part to the reduced number of
vapor cells per wafer. Both approaches require photolithography to
define vapor cell apertures prior to bulk silicon etching. The OPL
of these vapor cells is set by the thickness of the silicon wafer.
Unfortunately, thick silicon wafers can be difficult to source,
require extended process times, and are often incompatible with
the standard semiconductor processing equipment.

One approach® to increase the OPL is to build an elongated
cell along the silicon wafer surface plane. In our simpler approach,

we use a thick BF33 glass wafer to set the OPL with apertures
created by water-jet machining (recent work has also used this
process to create apertures in a thick silicon wafer’). Water-jetting
is an attractive method for fabricating vapor cells as the process is
low-cost and does not require a clean room; photolithography is
not required as the mask design file can be read directly by the
water-jet tool.

There is also a vapor cell performance advantage, especially,
for battery-operated portable devices. The thermal conductivity of
BF33 glass is lower than for silicon, and its specific heat capacity is
higher (Table I). Therefore, a vapor cell fabricated principally from
BF33 glass will have improved thermal stability over a silicon-based
vapor cell.

Low-temperature silicon-glass anodic bonding'' has domi-
nated the development of micro-fabricated alkali vapor cells. It is
used to form both bonds in the conventional glass-silicon-glass
wafer stack and results in high hermeticity. Our approach uses a
combination of fusion (direct) and anodic bonding to enable
bonding of both glass—glass and silicon-glass wafers. Fusion
bonding has not previously been reported in vapor cell fabrication,
in part, due to the stringent cleanliness and surface property
requirements.'” However, by designing the process flow such that
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TABLE I. Selected thermal properties of silicon and BF33 glass wafers.'®

Silicon BF33 glass
Thermal conductivity W/(m K) 148 1.2
Specific heat capacity J/(kg K) 700 830

fusion bonding occurs at the start of the process, we can subcontract
this step to a manufacturer with the necessary clean room infrastruc-
ture. This additional capability enables a novel vapor cell architecture
with cell dimensions approaching those of glass-blown ones.

Finally, alkali metal can be introduced into the vapor cell
using several methods.'” We have selected aqueous CsN; dispense/
UV activation'* as it is low-cost and can be conveniently carried
out using precision fluid dispensing robotic systems and 254 nm
UV cross-linker exposure tools.

1. VAPOR CELL FABRICATION PROCESS

Micro-fabricated rubidium vapor cells with OPL = 4 mm have
been reported previously using mechanical drilling of a glass wafer
and a hybrid fabrication process requiring four anodic bonds."> Our
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entirely wafer-level fabrication process (Fig. 1) uses water-jetting to
form the glass cavity, extends the OPL to 5mm, and reduces the
number of bonds required to two. Reducing the number of bonds is a
key to maintain a low stress wafer stack and enables a full wafer level
process. Water jetting also results in smoother sidewalls compared to
mechanical drilling. The water-jet process creates apertures in the
glass wafer with near vertical sidewalls tapered by 3°-5°. The aperture
size tolerance is +0.1 mm, and the minimum corner radius is
~0.5 mm. This leads to a preferred circular or rounded square/rectan-
gle aperture suitable for fabricating atomic vapor cells.

Optical access to the vapor cell is via the upper fusion bonded
glass window, and light is reflected from the lower anodic bonded Si
wafer that contains a patterned dielectric mirror. The external vapor
cell BF33 glass sidewall smoothness is determined by the mechanical
dicing process and can be controlled to near optical quality. We are
investigating about polishing the rougher BF33 glass internal sidewall
[Fig. 1(g)], generated by the water-jetting process, to allow light beams
to be directed through the vapor cell sidewalls. Our early results dem-
onstrate that this surface can be polished to optical quality in a sepa-
rate process step prior to fusion bonding.

An example of the level of process control required to ensure
high yield is shown in Fig. 2 for the case of anodic bonding. The
vapor cell N, buffer gas pressure can be set principally through
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FIG. 1. Cell level illustration of the 150 mm wafer fabrication process (each wafer contains 120 cells). A 5mm thick BF33 glass wafer is water-jet processed (a). One
surface is then fusion bonded (b) to a 0.5 mm BF33 glass wafer. Aqueous CsNj is dispensed into the open cavity (c) and dried in a controlled environment. A silicon
wafer containing patterned dielectric mirrors (d) is then aligned and anodically bonded to the open glass cavity (e). UV activation of CsNj3 is carried out to generate elemen-
tal Cs and N,. Finally, cells are tested at the wafer level (f) before mechanical dicing (g).
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FIG. 2. Example of anodic bonding machine event sequence and process control [step (e) in Fig. 1]. The 3 plots illustrate temperature, pressure, anodic bonding current,
and applied force as a function of elapsed process time. The backfilled N, pressure is additive to the (=210x smaller) N, pressure generated during the CsN; UV activation
process. The total charge transfer, Q, is a reliable indicator of the hermeticity of the anodic bond.
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FIG. 4. Fitted transmission spectra for a 5 mm thick micro-fabricated caesium

FIG. 3. Fully processed 150 mm wafer stack 6 mm thick containing 120 individ- cell (black line) at 85 °C and a caesium reference cell (red line). The frequency
ual vapor cells with a range of aperture sizes and dielectric mirror configura- axis is scaled relative to the Fyound = 4 —Fexcted = 3 transition of the caesium
tions. The cell windows are clear of CsN; crystal residue. D1 line.
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pressure control of the backfilled N, introduced into the chamber
prior to bringing the two wafers into contact. Due to the safety
requirement not to flip the open cavities after CsN; dispense
[Fig. 1(c)], anodic bonding is carried out with the Si wafer upper-
most and biased positively with respect to the grounded glass wafer
stack. The molar concentration of CsN5; = 20 mM in DI water, and
the actual dispensed volume/cell depends on the cell volume. One
concern with the aqueous CsNj dispense/UV activation method is
the presence of dried CsNj crystals in the optical path of the vapor
cell, leading to reduced optical transparency. Through careful
control of the evaporation kinetics, we ensure that the dried CsNj;
crystals are located on the inner cell sidewalls [Figs. 1(g) and 3].

lll. VAPOR CELL CHARACTERIZATION
A. Optical absorption spectroscopy

Optical absorption spectroscopy is carried out at wafer level to
measure pressure broadening due to N, buffer gas. The 5 mm micro-
fabricated cells are probed by a double pass of a low-intensity linearly
polarized light beam. The laser intensity is maintained below the reso-
nant saturation intensity of Ly = 254W mm™2 to avoid power broad-
ening.'® A reference setup was used to normalize the intensity
variation of the laser and to provide a relative and absolute frequency
reference.

Figure 4 illustrates the typical spectrum of a 5mm micro-
fabricated cell. The cell spectrum is both broadened and shifted
with respect to the caesium reference cell spectrum. A cell pressure
of 430 Torr is estimated from a fit to a Voigt profile,'” and this
value is in agreement with the targeted value. At this buffer gas
pressure, the four caesium D1 hyperfine transitions cannot be
resolved and only two broadened transmission dips are observed.

Our optical absorption spectroscopy setup is coupled to a semi-
automated wafer probe station with a heated chuck enabling wafer
level cell testing. This approach is borrowed from the semiconductor
industry and is a key to enable rapid testing and the “inking out” of
cells outside specification that can be later discarded at the dicing
stage. Figure 5 shows a wafer map for a fully processed 150 mm wafer.
Each cell is labeled with its measured N, pressure broadening value.
Wafer maps containing other parametric parameters such as absorp-
tion, broadening, and shift can be readily generated.

B. Magnetic resonance spectroscopy

5 mm micro-fabricated cells have been successfully integrated
into a portable double-resonance atomic magnetometer.'® This is a
single-beam magnetometer, avoiding any requirement for extensive
optical hardware or full-field compensation. Magnetic resonance in
atomic polarization is detected using a polarimeter to measure
optical rotation in transmitted pump light, allowing rejection of
common-mode optical noise. We have fabricated wafers containing
vapor cells at a range of different buffer gas pressures. Our initial
characterization results demonstrate a ground-state Cs spin decay
rate of 350 Hz (excluding the effects of magnetic modulation satu-
ration) calculated'’ from a fit to the data in Fig. 6 from a cell with
200 Torr N, buffer gas. This represents an ~3x improvement on
the previous work.” Future work will include characterization of
magnetic resonance linewidth vs buffer gas pressure.

METHOD scitation.org/journalljap
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FIG. 5. Wafer map of vapor cell pressure broadening due to N, buffer gas
across the 150 mm wafer stack in Fig. 3. The functional yield is 95% (cells
labelled “0” are defective), and the average cell pressure is 432 Torr with
10 =22Tor.
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FIG. 6. In-phase and quadrature components of the magnetic resonance signal
for an applied RF magnetic field that is swept through the Larmor frequency.
The magnetic resonance linewidth is 350 Hz.
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IV. CONCLUSIONS

We have developed a high-yield wafer level process for 5 mm
OPL micro-fabricated caesium vapor cells and demonstrated mag-
netic resonance linewidth of 350 Hz from a cell with 200 Torr N,
buffer gas, and this is the smallest linewidth reported to date for a
micro-fabricated vapor cell. The process can be readily modified at
the anodic bonding stage to target an N, buffer gas pressure over
the range 50 —1500 Torr. Potential future work includes cell aging
studies, investigating different buffer gas compositions, alkali
metals, and the development of a fully fusion bonded micro-
fabricated atomic vapor cell.
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