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ABSTRACT

We demonstrate a controllable depletion of the nitrogen buffer gas pressure in a micro-machined cesium (Cs) vapor cell from the dynamic
heating of an alkali dispenser pill. When the alkali source is laser activated, the gettering compounds within the alkali pill dispenser reduce
the nitrogen (N,) content from the vapor for fine-tuning of the alkali to buffer gas pressure ratio, with a demonstrated pressure step size as
low as 1 Torr. Additionally, we decrease the buffer gas pressure below 100 mTorr to evaluate the presence of other potential broadening
mechanisms. Real-time control of the gas pressure ratio in the vapor cell will have notable benefits for refining atomic sensor performance
and provide a routine to achieve various target pressures across a wafer bonded with a uniform back-filled buffer gas pressure.

© 2023 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/10.1063/5.0153881

Precision spectroscopy of atomic ensembles remains at the fore-
front of quantum technologies and state-of-the-art metrological
instruments. A prominent platform used to this end is the interroga-
tion of atoms in the vapor phase, which provides a relatively simple
apparatus for probing and controlling the atomic state. The imple-
mentation of vapor phase atomic platforms ranges from investigations
of fundamental physics"” to applied research in magnetometry,” elec-
trometry,” and terahertz sensing’ among other applications.””

In recent years, the miniaturization of atom-optic technology has
advanced the state of field-deployable sensors for practical use in real-
world applications.”” At the heart of many of these instruments is a
micro-electro-mechanical-systems (MEMS) alkali vapor cell, which
provides a stage for atom-light interactions.” The MEMS cells typically
consist of an etched or mechanically cut silicon cavity sandwiched
between two anodically bonded glass wafers. The design versatility
and mass-producible fabrication processes have resulted in MEMS
cells being widely implemented in compact clocks,'”"” magneto-
meters, ' and wavelength references,”'” as well as recently transfer-
ring to cold-atom technology.'”*'

A key step in the fabrication of the MEMS cell is the introduction
of alkali atoms into the vapor cell. While the purity of the atomic spe-
cies within the cell is critical to decrease unwanted collisional shifts
and broadening, the ratio of the alkali and buffer gas plays an essential

role in the performance of the atomic sensor.””” A number of options
have been demonstrated as mass-producible solutions to vapor deposi-
tion, such as alkali-azides,””* chlorides,”** graphite reservoirs,”” and
chromate based micro-pill dispensers.””* For each of these methods,
the inclusion of a substantial additional buffer gas pressure is typically
achieved by back-filling the vacuum bonder with the desired mixture
of gases prior to cell encapsulation.” However, this approach can result
in cell-to-cell variations across the wafer, as has been recently shown
in the case of alkali-azide deposition.”” While deviations from the tar-
get pressure can be addressed by changing the operational temperature
of the cell,”* this approach would be unfavorable for integrated
optics packages where the cell and laser require stabilization at a com-
mon value.”’ Importantly, the method of back-filling a buffer gas pres-
sure during bonding is applied across an entire wafer, such that all
cells derived from the same wafer are restricted to a single target buffer
gas pressure and composition, with additional cell complexity required
for individual cell tunability.”'

In this Letter, we demonstrate the fine-tuning of the nitrogen
buffer gas pressure within a micro-machined cesium vapor cell. A
thick silicon wafer is bonded to borosilicate glass within a nitrogen
environment, with an alkali pill deposited within the silicon frame.
When laser activated, the pill source provides a saturated cesium vapor
pressure within each cell. We show that the initial back-filled nitrogen
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pressure can be controllably decreased by laser heating the non-
evaporable getter compound within the dispensing pill. In this work,
we show, by tracking the broadening and pressure shift in the sub-
Doppler features of D; Cs spectroscopy during pill heating, that the
nitrogen content can be fine-tuned over a pressure range of 150 Torr
to below 100 mTorr. The stability of the target pressure within the cell
is shown to remain stable over a prolonged period of months after the
heating of the pill has stopped. Finally, the zero-intensity linewidth is
measured for a cell with a greatly diminished buffer gas pressure. This
approach could prove beneficial to the fine-tuning of buffer gas cells in
a plethora of atomic sensors, while also enabling fabrication routines
that realize many individual target buffer gas pressures derived from
the constituent cells of a single wafer.

A simplified schematic of the vapor cell bonding and measure-
ment procedure is shown in Fig. 1. A 6 mm thick silicon wafer is
water-jet cut to the desired cavity geometry, with two chambers con-
nected via a meandering channel to avoid glass darkening from pill
activation in the main spectroscopy region of the cell.”” The processed
silicon wafer is first pre-bonded to a lower borosilicate glass (BSG)
wafer. The pill dispensers are then deposited within the silicon frame.
The final bond is carried out within a vacuum apparatus, with the pro-
cess illustrated in Fig. 1(a). The pre-formed wafer stack and upper
BSG wafer are held on independent surface electrodes, while the vac-
uum is pumped down to the order of 10 ~° Torr. Following vacuum
evacuation, nitrogen is back-filled within the chamber to a pressure of
305 Torr, while the wafers are heated to 300 °C, shown in Fig. 1(b). A
high voltage is applied across the wafers to anodically bond a hermetic

(@ T, =300°C]| |(b) T,,=300°C| |(c)
Electrode ici
BSG = v Deng
3 .,
856G 2 | | Te=60°C
P=10° Torr Py,= 305 Torr Pyn=177 Torr

(d)

Photodiode

Cs vapor cell

895 nm probe

Hotplate 1070 nm laser

FIG. 1. (a)-(c) Wafer bonding procedure. Wafers are heated to 300 °C and cham-
ber is pumped down to a vacuum pressure of P = 10~% Tor. Nitrogen is back-filled
to the target pressure at this temperature. The wafer is then diced into constituent
vapor cells and measured at Tee = 60 ° C. (d) lllustration of the measurement
apparatus. The Cs vapor cell, with internal main chamber dimensions of
20 x 6 x 6mm?®, is heated on a hotplate, while absorption of the 894.6 nm probe is
monitored. Activation is performed with a 1070 nm laser aligned to an alkali pill dis-
penser within the micro-machined vapor cell.

pubs.aip.org/aip/apl

seal for vacuum encapsulation. The wafers are then removed from the
chamber and mechanically diced into constituent vapor cells, shown
in Fig. 1(c). An individual cell is then thermally adhered to a 60°C
temperature stabilized hotplate within an unshielded spectroscopy
setup, illustrated in Fig. 1(d).

An 894.6 nm distributed Bragg reflector (DBR) laser is used to
resolve spectroscopy of the D, transitions from the F=3 and F=4
ground state of Cs. The DBR has a typical linewidth of ~ 1 MHz. The
light is linearly polarized and fiber coupled and split into three arms.
The first arm is coupled into a Fabry-Pérot cavity to calibrate the fre-
quency scan from the laser. The second arm is aligned through a 7-
cm-long Cs vapor cell to calibrate the frequency scan with respect to
the Cs D; spectrum. The third arm is aligned through the main cham-
ber of the MEMS cell onto a photodiode to record absorption spectra
for each buffer gas pressure during the tuning process. The probe
beam has a beam waist of 700 um (1/¢* radius) and average intensity
of 75 1 W/cm?.

Since the Cs in the MEMS cell is derived from the pill source,
there is no initial signal until the pill source has been activated. A fiber
laser at 1070 nm is used for pill heating and focused to fill the surface
area of the ~ 1 mm diameter pill. The Cs source is an alkali-pill com-
posed of Cs-chromate mixed with a non-evaporable getter (NEG)
compound.”®”’ Recent work has shown that the heating of NEGs can
be used for the passive pumping of vacuum cells by removing gases
capable of diffusing into the bulk and undergoing irreversible chemical
reactions with the Al and Zr mixture of the NEG.>*~" Among the
getterable elements, the nitrogen content within a vapor cell has been
shown to be getterable.”*” To initiate an alkali density, the pill was
heated by the laser for 40 s with 3 W to release the Cs. After an hour of
heating the cell at 100°C to encourage alkali diffusion through the
meandering channel,”” a saturated Cs vapor was measured with the
broadening and shift indicating a N, pressure of ~ 150 Torr at 60 °C.
The measured initial pressure is lower than the expected pressure of
177 Torr, inferred from the ideal gas law. This discrepancy could be
attributed to N, consumption into the pill during the first heating
pulse.

Following the release of Cs, the pill was re-heated with 3 W bursts
of varied duration to remove different quantities of the buffer gas. This
level of laser power was selected as it provided a temporal response
from the pill that enabled fine control of the buffer gas pressure, with
an incremental step change of a 1 Torr being achievable. Spectra taken
for cells tuned between 150 Torr and < 100 mTorr are shown in Fig.
2(a). During the gettering process, the N, pressure is inferred from
both the linewidth and collisional frequency shift, which are extracted
from fitting the spectrum with Voigt profiles. The impact of N, pres-
sure on the D, line of Cs has been previously characterized."” ** In
this work, we make use of the coefficients derived by Andalkar et al.,”’
for the broadening (19.8 MHz/Torr) and shift (—8.4 MHz/Torr) for a
cell at 21 °C. The inferred N, pressure during the gettering process is
shown in Fig. 2(b), where the pressure is shown with red data points
after each subsequent activation cycle, indicated by vertical black lines.
During the pressure depletion process, the ratio of the broadening and
shift was found to be I'pg/Apg ~—2.24 = 0.02, in good agreement
with the expected value for Cs Dy in the presence of N, ** The tracking
of this ratio is provided in Fig. 2(c), where the consistently measured
ratio expected for a N, dominated background pressure indicates an
insignificant presence of other gas species within the cell. While the
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FIG. 2. (a) Measured spectroscopy of the Cs D line for N, pressures of 150 Torr
(black), 100 Torr (red), and 100 mTorr (dashed blue). (b) Time sequence of the
inferred nitrogen pressure as it is decreased with vertical black lines indicating
when the 1070 nm laser is on. (c) Ratio of the measured linewidth broadening and
frequency shift as a function of time shown in red with the expected value in black.

data shown in Fig. 2 are extracted from a single cell, the buffer gas tun-
ing process was found to be reproducible with an excess of 10 addi-
tional cells we tested.

Following the initial demonstration of controllably decreasing
the N, pressure with the alkali dispensing pill, the stability of the target
pressure was investigated to elucidate if the NEG compound continues
to remove N, after the laser heating has been removed. For this study,
two cells were tuned to Py, ~ 100 Torr at 60 °C while monitoring the
evolution of the inner pressure environment for a period beyond
100 days. The cells were maintained at different temperatures between
the subsequent measurement windows to determine if a higher cell
operational temperature would impact the pressure stability, poten-
tially occurring from an increased N, diffusion rate into the getter
material at higher temperatures. Following the heating periods, the cell
pressure was then measured again at an operational temperature of
60 °C. The results of this study are shown in Fig. 3 in blue squares and
red circles for maintained temperatures of 60 and 120 °C, respectively.
Over the course of the measurement, the N, pressure remained
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FIG. 3. Inferred buffer gas pressure from the shift Agg for a cell kept at 60 °C (blue
squares) and another at 120 °C (red circles).

constant around 102 Torr for the measurement temperature, indicating
that the gettering compound does not significantly remove content
from the vapor in this cell operational temperature range. A linear fit to
the cell pressure as a function of time in the cells maintained at 60 and
120°C provides drifts of ~ — 1.7 mTorr/day and ~ 0.1 mTorr/day,
respectively, consistent with no change of buffer gas pressure.

Finally, to evaluate the presence of additional broadening mecha-
nisms, a vapor cell was exposed to multiple laser pulses in an attempt
to remove all N, background gas. The previous apparatus was modified
to allow for Doppler-free counter-propagating pump-probe spectros-
copy of the F = 4 — F' = 3 transition, as shown in Fig. 4(a). The line-
width of the sub-Doppler resonance is monitored for various pump
beam intensities to extrapolate back to a zero-intensity linewidth.
During this measurement, the pump and probe beams had a waist of
0.9 mm (1/¢* radius) at the vapor cell and the probe beam intensity is
held constant at 0.1 mW/cm®, to provide a sufficient signal-to-noise
ratio for fitting. A typical Lorentzian fit to the sub-Doppler feature is
shown in Fig. 4(b). The power broadened linewidth is expected to fol-

low the form I = I'g\/1 + I /Iy, where Iy is the zero intensity line-
width, which includes contributions from the natural linewidth and
broadening mechanisms such as transit time, collisional broadening,
and laser linewidth. I, is the saturation intensity of the addressed tran-
sition, which for the D, line in Cs is 2.5 mW/cm2* Here, a zero-
intensity linewidth of I'y /27 = 8.4 0.5 MHz was obtained as demon-
strated in Fig. 4(c). To eliminate contributions from systematic broad-
ening mechanisms, such as residual Doppler broadening, laser
linewidth, and transit time broadening, the measurement was repeated
with a glass-blown vapor cell, which yielded a zero-intensity linewidth
of T'y/2n =7.0 0.4 MHz. By comparing the zero-intensity line-
widths, a residual broadening of ~ 1.4 * 0.6 MHz is obtained for the
depleted MEMS vapor cell. If we attribute this broadening to remain-
ing nitrogen within the cell, this would place an upper bound on the
N, pressure of 100 mTorr at 21 °C. In the future, we will investigate
alternative spectroscopic techniques, such as two-photon spectros-

copy, "’ to better estimate the residual pressure within the cell.
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FIG. 4. (a) Sub-Doppler spectroscopy of the F = 4 — F’ = 3 transition (unaver-
aged) with pump intensity 1.2 mW/cm? and vapor cell at room temperature. The
Doppler broadened absorption provides a FWHM of ~400 MHz, with a sub-Doppler
linewidth of ~10 MHz. (b) Spectra (black circles) and Lorentzian fit (red line) of the
sub-Doppler resonance extracted from (a). (c) The sub-Doppler linewidth as a func-
tion of pump intensity for the MEMS cell (red circles) and glass-blown cell (blue

squares) with fit lines of the form I' = I'g/1 + I/l shown in solid red and
dashed blue lines, respectively.

In conclusion, we have demonstrated a simple approach to buffer
gas pressure tuning in micro-machined vapor cells. This approach
greatly simplifies current methods for in situ tuning of the cell pressure
ratio with a minimal footprint on the cell dimensions. The demon-
strated tunability and expected longevity from this technique could
prove advantageous for the fabrication of buffer gas based atomic sen-
sors, such as clocks and optically pumped magnetometers, where such
a method could be used for real-time fine-tuning of the sensor sensi-
tivity. Additionally, this approach could greatly reduce manufacturing
costs by enabling an array of cell target pressures to be extracted from
a single wafer with a back-filled buffer gas pressure.
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