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Abstract—This paper presents a study on factors that affect
the relaxation rates of noble gas atoms in miniaturized atomic
vapor cells of Nuclear Magnetic Resonance (NMR) sensors. The
cells are implemented using the micro-glassblowing process, [1].
Our study is focused on the cell construction material and the
inner wall coating of the cells. We showed that the wafer-level
coating process with A1203 increased the 131Xe relaxation time
(T2) by 4x and by switching from Borosilicate glass (Pyrex) to
Aluminosilicate glass (ASG) T2 improved by 3x, for the same
species. The improvement in T2 is projected to reduce the ARW
of an NMR gyro by 4x and 3x with AI1203 coated cells and ASG
cells, respectively.

Index Terms—Atomic sensors, microfabrication, nuclear mag-
netic resonance (NMR), gyroscopes, glassblowing, atomic cells,
relaxation time.

I. INTRODUCTION

Miniaturization of atomic vapor cells is a critical tech-
nology for chip-scale hot and cold atomic-microsystems.
These microsystems include, but are not limited to, chip-
scale magnetometers, clocks, and gyroscopes. We previously
introduced the fabrication and filling processes of micro-
glassblown spherical cells with alkali metal (Rb), noble (Xe)
and buffer gases (Ne, Ny) on a wafer level, [2], [3]. In this
paper, we present a study of cell geometry effects on relaxation
rates of Xe atoms in micro-glassblown cells. Specifically, we
focus on the inner wall coating and glass material.

The relaxation time of the noble gas atoms is directly
related to the performance of NMR sensors. For gyroscopes,
for example, the angle random walk (ARW) is predicted to
depend on T5 time as follows, [4],

3600
Ty x SNR/Sf

where T5 is the transverse relaxation time of the Xe atoms,
SNR is the signal-to-noise ratio of the electron paramagnetic
resonance (EPR) magnetometer, and ¢ f is the bandwidth of
the phase noise in Hz. Several factors can affect the relaxation
rate of the noble gas atoms in atomic vapor cells, includ-
ing collisions with alkali metal atoms, collisions with cell
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Fig. 1. Sketch of an atomic cell cross-section, showing two cells, a Rb
dispenser, and micro channels. Insert: Example of a fabricated prototype
showing the Rb dispenser and the vapor cells.

walls, magnetic field in-homogeneity inside the cell, and self-
collisions of Xe atoms. In mm-sized cells, the wall collisions
and spin exchange relaxation are dominant, [5], and therefore
a special care needs to be taken during the cell construction.

II. FABRICATION
A. Fabrication Process

The fabrication process starts by etching 900 ym cavities
in a 1 mm thick Si wafer, Fig. 2-(a). Next, the first anodic
bonding seals the etched cavities under atmospheric pressure,
Fig. 2-(b). After placing the wafer stack in a high temperature
furnace at 850 °C for Borosilicate glass (Pyrex) and 1000 °C
for Aluminosilicate glass (ASG) for 5-7 minutes, spherically
shaped glass shells are formed, [6], Fig. 2-(c). The formation
was due to two effects: the trapped air inside the cavities builds
up the pressure due to the temperature increase, and the glass
transitions from a solid state to a viscous state.

The next step in the process was to open the backside
of Si wafer and to define 100um deep micro-channels using
DRIE etching, Fig. 2-(d). Next, the cell coating was applied
via atomic layer deposition (ALD) of 10 nm aluminum oxide
(Al503) to the opened cells and the capping wafer, Fig. 2-(e).

The second anodic bonding took place after the alkali
dispenser pills have been placed in the central cell, with the
ALD Al5O3 as an intermediate layer between the backside
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Fig. 2. Description of the process flow: (a) DRIE etching of 900um and through wafer cavities in Imm Si wafer, (b) first anodic bonding of glass to the
etched Si wafer, (c) glassblowing of cells, (d) cell back-side opening and channel definition using DRIE etching, (e) Atomic Layer Deposition (ALD) of 10nm
Al203, (f) loading the Rb dispenser and performing the second anodic bonding in a noble gas and buffer gas filled chamber, (c) Dispensing Alkali metal

through micro channels by Laser heating of Rb source

of the Si wafer and the capping glass wafer, Fig. 2-(f) . The
wafer alignment for bonding was performed inside a chamber
with a noble gas and a buffer gas at pressure of 250-350
Torr, Fig. 2-(f). After the bonding process was complete, each
dispenser was activated by focusing a 3.5-4W laser for 15
seconds, which released the alkali vapor to satellite cells, Fig.
2-(g).

B. Coating

Alkali metals, like Rb, react with glass cells at elevated
temperatures, which leads to a consumption of the metal. One
method to reduce this interaction is by passivating the glass
walls of the cells. In, [7], it was shown that a 20nm layer of
Al>03 can reduce the interaction between alkali metals and
cell glass walls by 100x. In, [7], it was also found that anodic
bonding worked with ALD Al,O3 as an intermediate layer.
This paper intended to examine these claims.

ALD is a thin film conformal coating technique, the reaction
of two chemicals in a gas phase with a surface creates one
atomic layer, for example, Trimethylaluminum (TMA) and
H50 create Al3O3. The process is self-limiting to a single
atomic layer per cycle. The coating is achieved by repeating
deposition cycles until the desired thickness is reached. In
our study, we used a commercial instrument by Cambridge
nanotech to deposit 10 nm of AlsO3, on both the sample and
the capping wafer. The deposition parameters are summarized
in Table T .
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TABLE I
SUMMARY OF ALD AlsOs DEPOSITION PARAMETERS

pulse purge N2 rate  Temp

time(s)  time(s) cycles  [geem] ©0)
TMA  0.015 10 100 20 200
H>O0 0.05 10 100 20 200

III. EXPERIMENTAL RESULTS

All the fabricated cells used in this study were filled with
similar amounts of noble and buffer gasses. The pressure
values at room temperature were: for natural Xe at 65 torr,
for Ne at 45 torr, and for N» at 300 torr. A data fitting of the
Rb absorption curve (obtained by sweeping the wavelength
of the VCSEL beam passing through the cell) was used to
confirm the amount of noble and buffer gasses inside the cell.
Measurements showed a significant reduction of the N, gas
pressure, 85%-90%, due to absorption by the getter material
in the Rb pill. The experimentally measured relaxation time
(I») of '29Xe and '3!Xe isotopes were used to compare cells.
The cells were heated optically using a 2.5W laser source at
1550nm, focusing only on the Si part of the cell substrate. We
used the free induction decay (FID) method to estimate the
relaxation rate using a dual beam scheme, one for pumping
and another for detection, Fig. 3.
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Fig. 3. Dual beam optical setup for characterization of cells. (LP: linear
polarizer, QWP: quarter wave plate, PBS: polarizing beam splitter, PD: photo
detector, Faraday Detector: a balanced polarimeter used to detect Faraday
Rotation)

A. Gas Content Measurement

Buffer and noble gasses contribute to the Rb transition
line by broadening the light absorption spectrum and shifting
the frequency of absorption by specific values for each gas,
reported in [8] and [9]. The absorption data were fitted to the
Lorentzian function defined as

F(z)=az+b— 1/WZ ) +r2
where a and b are parameters of a line. For each of the two
ground transitions of 8°Rb and 8"Rb, z; is the center frequency
of that transition in MHz, T'; is the broadening of that peak in
MHz, c; is a constant representing the amplitude of the peak
(depth).

The Rb dispenser that was used in our process consisted of
a pure alkali metal and a getter material. Once the dispenser
was activated, the alkali metal was released and the getter
material started to absorb active gasses, such as Os, H5O,
Ns. To estimate the amount of remaining N, gas, we started
by splitting a laser beam in half and passing the two beams,
one to a reference cell with only natural Rb and the other
to our fabricated cell with Rb and other gasses. By sweeping
the laser wavelength, we obtained two Rb light absorption
spectrum curves, one for the reference cell, where the two
ground transitions of each isotope %°Rb and 7 Rb could be
distinguished, the other is for the fabricated cell, where these
transitions had been broadened and shifted due to the buffer
gasses, [8], [9]. Starting with the Rb light absorption spectrum
of the reference cell and substituting for the broadening and
frequency shift rates of Xe and Ne in an iterative curve
fitting, we were able to find the Ny pressure that resulted in a
matching Rb light absorption spectrum curve of the fabricated
sample on hand.

B. Experimental Setup

The atomic cell was placed in a miniaturized oven made
from a thermal insulating material, all housed by a nested 4-
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Fig. 4. Example of FID Signal of 13! Xe isotope.

TABLE II
SUMMARY OF CELLS USED IN THIS STUDY AND THE CORRESPONDING
RELAXATION TIMES OF EACH ISOTOPE

Cell 1 2 3
Glass Pyrex  Pyrex ASG
Coating n/a 10nm Al2Os3 n/a
129Xe Ty (s) 1.4 0.79 1.2
BlXe Ty (s) 0.74 3.55 2.35

layer p-metal shield with integrated 3-axis magnetic field coils.
The pump beam of 2.5mW with acircularly polarized light
locked on Rb D1 line (795nm) along the z-axis. A DC field
of 3.5uT and an RF field of 17.8kHz with an RMS amplitude
of 3.5uT were applied along the z-axis. The probe beam was
a linearly polarized beam of 1mW set off- resonance from D2
line (780nm) and was applied along the y-axis. The produced
RF signal was used as a reference for the lock-in amplifier
that demodulated the output of the Faraday detector at the
probe side (Faraday Detector is a balanced polarimeter used to
detect Faraday Rotation). A 7/2 pulse at the frequency of the
Xe isotope of interest was applied along the y-axis to obtain
the FID signal, which was fitted to an exponentially damped
sine wave to extract the relaxation time 75. Fig. 4 shows an

example of the FID signal for '3 Xe.
C. Results

In this study, we measured 7% for both isotopes at different
temperatures for all cells, Fig. 5 and Fig. 6. Table II summa-
rizes the studied parameters and the average relaxation time of
129Xe and '3 Xe isotopes in the range from 115°C to 140°C.
We observed that Atomic Layer Deposition (ALD) of 10 nm
Al;03 on the cell walls increased the transverse relaxation
time of the 13! Xe isotope by a factor of 4.7x, when compared
to cells without coating. When using an Aluminosilicate glass
(ASG) instead of Borosilicate glass (Pyrex), we observed
a similar effect on the relaxation time of 3! Xe isotope,
demonstrating an increase of 75 by a factor of 3.2x. We did
not observe the quadruple frequency splitting with the 13! Xe
in any of the micro-glassblown cells. We believe this is due
to symmetry of the cells and the fact that the active area
of the cell is made from the same material, which agrees
with conclusions in [10]. On the other hand, ALD coating of
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Fig. 5. Comparison of Transverse relaxation time 7% vs temperature of 3
different samples (Pyrex: triangles, Pyrex with AloO3 coating: squares, and
aluminosilicate glass ASG: circles) for 129Xe isotope, showing the effect
of ALD coating on T%. Error bars represent the standard deviation of the
measured 75 values over ten consecutive measurements.
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Fig. 6. Comparison of Transverse relaxation time (7%) vs temperature of
3 different samples (Pyrex: triangles, Pyrex with AloO3 coating: squares,
and aluminosilicate glass ASG: circles) for '31Xe isotope, showing the
improvement of using ASG glass and ALD coating. Error bars represent
the standard deviation of the measured 75 values over ten consecutive
measurements.

AlsO3 was found to reduce the relaxation time of the 29 Xe
isotope by a factor of 2x, while the ASG glass did not show
a significant difference in T, of 129 Xe, as shown in table II.

Assuming a SNR of 2500, the projected ARW of NMR gyro
for 131 Xe species decreased from 2 ©/v/hr to 0.4 °/v/hr- for
AlsO3 coated cells and to 0.6 °/ Vhr for cells made with ASG
glass, Fig. 7.

IV. CONCLUSION

In conclusion, we investigated the effect of the atomic vapor
cell wall construction parameters, fabricated using micro-
glassblowing technique [1], utilizing the transverse relaxation
times 75 of noble gas of Xe isotopes as a control parameter.
Specifically, we studied the inner wall coating as well as the
cell glass material. We found that 10nm ALD Al,Oj3 increased
T, of 31 Xe by 4.7x and decreased the T of 29 Xe by 2x.
We also found that using ASG glass instead of Pyrex increased
T, of 31 Xe by 3.2x and did not have a significant impact on
the Ty of 12° Xe. In light of the experimental results and the
analytical model of the NMRG ARW, [4], for example, and
assuming the same SNR value, the Al2O3 coating is projected
to reduce the NMRG ARW by more than 4 fold.
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Fig. 7. ARW of NMR gyro based on 13! Xe and assuming 2500 SNR, shows
the projected ARW reduction as a result of T2 improvement. (Initial 131 Xe
Ty (red star), 7% of Al2O3 coated cell (circle) and ASG glass cell (square) )
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