On the reduction of gas permeation through the glass windows of
micromachined vapor cells using Al,O3 coatings
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Stability and precision of atomic devices are closely tied to the quality and stability of the internal atmosphere of the
atomic vapor cells on which they rely. Such atmosphere can be stabilized by building the cell with low permeation
materials such as sapphire, or aluminosilicate glass in microfabricated devices. Recently, we showed that permeation
barriers made of Al,O3 thin-film coatings deposited on standard borosilicate glass could be an alternative for buffer
gas pressure stabilization. In this study, we hence investigate how helium permeation is influenced by the thickness,
ranging from 5to 40 nm, of such Al,O3 thin-films coated by atomic layer deposition. Permeation rates are derived
from long-term measurements of the pressure-shifted transition frequency of a coherent population trapping (CPT)
atomic clock. From thicknesses of 20nm onward, a significant enhancement of the cell hermeticity is experienced,
corresponding to two orders of magnitude lower helium permeation rate. In addition, we test cesium vapor cells filled
with neon as a buffer gas and whose windows are coated with 20 nm of Al,O3. As for helium, the permeation rate
of neon is significantly reduced thanks to alumina coatings, leading to a fractional frequency stability of 4x 1072 at
1 day when the cell is used in a CPT clock. These features outperform the typical performances of uncoated Cs-Ne

borosilicate cells and highlight the significance of Al,O3 coatings for buffer gas pressure stabilization.

I. INTRODUCTION

The convergence of micro-electro-mechanical systems
(MEMYS), integrated photonics and atomic spectroscopy has
led to the development of chip-scale atomic devices! that
are both wafer-scalable and of high performance such as mi-
crowave atomic clocks””, optical frequency references® 2,
magnetometers'3~13| voltage references'®, or optical isola-
tors'”. Tt is also responsible for the emergence of atomic
diffractive optical elements'®, quantum memories'® or chip-
scale laser-cooling platforms?0-2!.

The core of such devices consists usually of a microfab-
ricated alkali vapor cell, designed to provide a stable atmo-
sphere of alkali vapor, sometimes combined with a buffer gas
pressure. In addition to being compatible with collective fab-
rication, the cell should ensure both chemical neutrality with
respect to the reactive alkali metal, and sufficient hermeticity
against leakage or insertion of undesired gas.

A MEMS vapor cell is typically made of cavities etched in
silicon by dry or wet etching, which are sandwiched between
two anodically-bonded glass substrates??. Based on demon-
strated long-term performances, this wafer-stack structure has
been now widely adopted, with variants for forming and fill-
ing/sealing the cavities?32°,

Especially, various approaches for filling the cell with alkali
vapor have been proposed. This includes, e.g., direct pipet-
ting of pure alkali in a preform?’, chemical reaction between
an alkali compound and a reduced agent®>28, alkali dissocia-
tion of a pre-embedded pill or paste dispenser using laser or
resistive heatingzg‘31 , or dissociation of deposited alkali azide
with ultraviolet-light32-34,

Regardless of the method adopted to develop the MEMS
cell, once it is sealed, its inner atmosphere can evolve, in-

ducing some instabilities of the atomic clock or sensor. For
instance, one of the involved processes is gas permeation
through the cell glass windows>>7. In Ref.’®, Ne perme-
ation through borosilicate glass (BSG) windows of a micro-
fabricated Cs cell, heated at 81°C, was found to limit the frac-
tional frequency stability of a clock at the level of 5 x 10~ !! at
1 day integration time, corresponding to a Ne pressure change
of about — 0.9 ubar/day. Helium gas is even more critical,
given its low density and its non-negligible natural concentra-
tion in the Earth’s atmosphere. The impact of helium perme-
ation onto the long-term stability of microwave® or optical*’
Rb cell frequency standards was also emphasized.

Lately, use of aluminosilicate glass (ASG) has been iden-
tified to reduce He permeation in microfabricated vapor cells
by more than two orders of magnitude, in comparison with
BSG*#2, ASG was also employed to reduce the contribution
of Ne permeation on the frequency stability of a Cs microcell
CPT-based clock at a level below 2 x 10712 at 1 day®.

Nevertheless, the difficulty to purchase ASG wafers with
features compatible with anodic bonding with silicon, along
with their higher cost, makes the search for alternative solu-
tions a stimulating objective.

Formerly, thin films made of Al,O3 have been employed to
mitigate the diffusion of alkali into glass, as well as to pre-
vent reactions between alkali and glass components, thereby
increasing the lifetime of microfabricated cells?3-3443.

Recently, we showed that these Al,O3 thin-film coatings
can also be an efficient mean for the reduction of permeation
of helium gas when it is deposited onto BSG as well as on
ASG™*. For instance, the He permeation rate through Al,O3-
coated BSG was found to be reduced by a factor 130 com-
pared to uncoated BSG, i.e., only 4 times less than through
uncoated ASG. In this previous study, where uncoated BSG



and ASG windows were compared to Al,O3-coated ones, we
used systematically 20 nm-thick films. Indeed, this thickness
value was shown to be protective enough for the Cs population
in Ref.33 whereas still compatible with anodic bonding. Con-
sequently, it has also been employed in subsequent studies in-
volving other alkali metals such as rubidium* or strontium*3.
In Ref.33, several thicknesses, i.e., 3, 6, 11 and 22 nm were
tested, and it was reported that 6 nm was already a good pro-
tection while only a slight improvement with 11 and 22 nm-
thick coatings was observed.

Nevertheless, when looking at the gas permeation, the dif-
ferent atomic species involved may react differently. This pa-
per aims consequently at investigating the impact of the thick-
ness of Al,Oj3 layers, ranging from 5 nm to 40 nm, on helium
gas permeation in microfabricated Cs cells built with BSG
windows. We show that the permeation reduction factor is im-
proved with increased thickness of the Al,O3 layer, but with a
strong improvement noticed for thicker layers than in the case
of alkali consumption limitation33. In addition, in order to
confirm further the interest of using Al,O3 layers as a buffer
gas permeation barrier, we fabricated Al,O3-coated BSG Cs
microcell filled with neon as buffer gas, and demonstrate a
CPT clock providing a fractional frequency stability at 1 day
below 4 x 10712, These performances, that we believe now
limited by light-shift effects, far exceed the ones typically ob-
tained (~ 2 x 10~'") using a Cs-Ne BSG microcell without
AlyO3 coatings**.

Il. DEPENDENCE ON THE THICKNESS OF Al,03
LAYERS

For the study of the influence of the thickness of Al,O3
coatings onto He permeation through the glass of MEMS va-
por cells, 10 additional Cs-He cells to the ones fabricated in
the framework of Ref.*2, and extracted from 3 wafers that can
gather about 200 cells, were tested. The cell technology is
comparable to the one described in Refs.314246 A cell con-
sists of two deep-reactive ion-etching (DRIE)-etched silicon
cavities, one being employed to host a pill dispenser used as
the alkali source, and laser-activated once the cell is sealed.
The cavities are sandwiched between two anodically bonded
glass windows to seal the science cavity, which has a diameter
of 2000 £ 20 um and a length of 1500 £ 10 pum. The squared
dispenser cavity has a cross-section surface of 2.56 mm?. The
two glass substrates are made of BSG (Borofloat®33 from
SCHOTT) and have a thickness of 510 + 10 um. Al;O3
layers used in our experiments were deposited using atomic
layer deposition (ALD) with a commercial Beneq TFS-200
system. ALD relies on alternative and sequential self-limiting
surface reactions of precursors, leading to the growth of a sin-
gle molecular layer. Once the process calibrated e.g. by el-
lipsometry, this allows for very precise control of the coat-
ing thickness (1.2 A/cycle) by simply counting the number of
cycles. The Al,Os films have been coated on one full side
of each glass wafer prior to bonding with silicon. Hence,
only the inner side of the glass windows is covered. This
slightly differs from>>34 where the deposition intervened after

the first bonding onto the silicon/glass preform, and thus led
to perform the last bonding with coatings on both preform and
cover. In our case, the thickness can then be increased without
preventing the bonding step.

The experimental setup and methodology used to charac-
terize He permeation are similar to those described in*?. A
CPT atomic clock platform carries six physics packages, each
embedding a microfabricated cell to be sequentially tested in
clock operation. Each package is magnetically-shielded by
a mu-metal layer and allows the application of a static mag-
netic field used to isolate the 0-O clock transition. All the
cells are temperature-stabilized at 70°C. Atoms in the cells are
probed by a dual-frequency laser field obtained by modulation
at 4.596 GHz of a vertical-cavity surface emitting laser (VC-
SEL) tuned on the Cs D; line and whose spectral linewidth is
typically 30 MHz*7. The CPT resonance detected at the cell
output by a photodiode is acquired and processed by electron-
ics to operate clock operation. The microwave signal is pro-
vided by a commercial frequency synthesizer piloted by an
active hydrogen maser, used as a reference for frequency shift
measurements. The clock frequency for each cell was moni-
tored over weeks. Helium leaking out of the cell by perme-
ation through the glass windows induces a progressive change
of the clock frequency because of the buffer gas pressure-
induced collisional shift*®. From the time constant T asso-
ciated to the exponential-decay of the clock frequency, signa-
ture of the gas permeation process>®*!#2 in the form of the
permeation rate K, in mZ2.s~ 1. Pa~!, can be extracted.

Figure 1 reports the temporal trace of clock frequency mea-
surements performed on one representative cell from each
wafer, i.e., one cell for each different thickness of Al,O3 layer
(5, 10 and 40 nm). In addition, curves corresponding to an un-
coated cell as well as a 20 nm-coated cell are displayed. They
are derived from experimental permeation coefficients mea-
sured with cells fabricated in the frame of the study reported
in Ref.*2. Nevertheless, the initial pressure is set at a reduced
value of 45 Torr for better comparison of the frequency drift.
According to Fig. 1, we observe that the shift rate is gradu-
ally lowered with increased thickness of the Al,O3 layer for
thicknesses up to 20nm. Interestingly, we do not observe a
substantial reduction of the permeation rate for a thickness of
40 nm, in comparison with layers of 20 nm. This suggests that
limitation of He permeation requires thicker films of Al,O3 to
achieve steady performance compared to addressing the con-
sumption of alkali atoms, for which, at least for Cs, 6 nm ap-
peared sufficient®>. Table I summarizes the characteristics of
all the tested cells. A slight dispersion is observed for cells
coated with the same thickness of Al,O3. The latter might
result from a lack of homogeneity of the layers, either during
their deposition, or, e.g. during bonding or dispenser activa-
tion. Figure 2 reports the extracted permeation rate K for all
tested cells as a function of the Al,O3 layer thickness. Note
that a significant improvement by almost two orders of mag-
nitude is observed between 10nm and 20nm. For the best
cell coated with 40 nm of Al,O3 (E3), the extracted perme-
ation rate is (2.0 £+ 0.2) x 102! m2.s~ ! Pa~! (at 70°C). This
value is only slightly higher (x 1.4) than the one obtained with
uncoated ASG substrates*?, confirming that Al,O3 layers are
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FIG. 1. Temporal trace of the clock frequency for Cs-He cells made of BSG windows coated with Al,O3 layers of different thickness (5, 10
and 40 nm corresponding to cells B2, C3 and E3, respectively). Since the initial pressure was higher, the trace regarding cells fabricated in the
framework of Ref.#2, i.e. the uncoated cells and cells coated with 20 nm of Al, O3, are derived from the mean permeation rate and an initial
pressure set at a reduced value of 45 Torr. The inset provides a more detailed view of the traces obtained for thicker layers. The right vertical
axis converts the clock frequency evolution into the corresponding buffer gas pressure decrease. For clarity and easier comparison between all
the cells, the initial pressure values were offset to 0 at # = 0 s. Light-colored zones indicate the size of error bars attributed to the buffer gas

pressure estimation.

Cell id Al O3 thickness (nm) 7 (days) Py (Torr) K (m2s~1pa—l)
Al 62.4+99 64.543.0 (7.0 +1.3) x 1071
A2 0 nm 65.6 & 10.1 64.5 4 3.0 6.7+ 1.2) x 1071
A3 62.9 £ 6.0 64.5+3.0 (7.1£0.9) x 10719
Bl 93.8+9.5 444 +2.1 (4.7 +£0.6) x 10719
B2 5nm 982+ 11.3 358+ 1.7 (4.5+0.6) x 1071
B3 109.9 + 11.1 394 +1.9 (4.0£0.5) x 1071°
Cl 191.1 £ 194 475422 (23+£0.3) x 10717
2 10 nm 150.4 + 14.6 472422 (29+£04) x 10719
C3 198.6 = 20.6 373+1.8 (2.2+03) x 1071
C4 192.6 + 18.6 446 +2.1 (23+03) x 10719
DI 8480 + 775 65+3 (5.1£ 0.6) x 1072
D2 20 nm 6770 + 340 64.34+0.3 (6.4%0.5) x 1072
D3 7575 + 380 64.34+0.3 (5.8 +£0.4) x 102!
D4 9900 = 910 44.6 £2.1 (4.4 £0.5) x 1072
El 11 400 + 1050 50.9 4+ 2.4 (3.84+0.5) x 1072!
E2 40 nm 13 400 + 1200 50.8 4+ 2.4 (3.3+0.4) x 1072!
E3 21200 + 1900 50.9 + 2.4 (2.0 £ 0.2) x 10721

TABLE I. Compilation of permeation results on all the tested cells. Respective columns show the cell id, the Al, O3 thickness, the time constant
7T of the permeation process, the initial He pressure Py, and the permeation rate K at 70°C.

efficient alternative gas permeation barriers.
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FIG. 2. Values of the permeation rate K for all tested cells, made of
BSG windows, versus the Al;O3 layer thickness. The dashed hor-
izontal line indicates the permeation rate obtained with ASG sub-
strates, without Al,O3 coatings, reported in*?.

Ill. CPT CLOCK WITH A Cs-Ne MICROCELL, BASED ON
Al,05;-COATED BSG

In Ref.%, a substantial improvement of the stability of a CPT
clock was demonstrated, thanks in part to the microcell, fabri-
cated with ASG substrates responsible for the reduction of Ne
permeation.

Therefore, we have fabricated Cs microcells filled with Ne
buffer gas, but based on BSG windows coated with 20 nm-
thick Al,O3 layers. Five of such cells were tested using the
clock setup described in section II. Figure 3 shows the tem-
poral trace of the clock frequency over 63 days. A measure-
ment performed in a Cs-Ne cell built with uncoated BSG win-
dows is also reported as a comparison. Despite some per-
turbations and several interruptions of the measurement (soft-
ware issues), the long-term frequency variations of the clock
appear reduced when the cells are coated with Al,O3 layers.
The five tested cells give comparable results, yielding a rate of
about 0.02 Hz/day. Conversely, the cell without Al,O3 coating
features a drift rate one order of magnitude higher, of about
— 0.28 Hz/day. This result is in good agreement with those
reported in previous studies®>%*2, for BSG cells filled with
neon.

In these 2-month-long measurements, the medium-term
variations are non-negligible. Monitoring of the laser power
shows that they can mostly be attributed to light shift effects.
Subsequently, one of these cells has been tested using the CPT
clock setup described in Ref.%. The latter employs a pulsed
symmetric auto-balanced Ramsey (SABR) interrogation tech-
nique*#’ for light-shift mitigation. However, in comparison
with studies reported in Ref.®, no microwave and laser power
servos were applied in the present work. The cell is temper-
ature stabilized at 70°C. The trace of the clock frequency is
shown in the inset of Fig. 4, for a duration of about 5 days. The
corresponding Allan deviation is reported in Fig. 4. The frac-
tional frequency stability is 3 x 10710 771/2 up to a few 1000
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FIG. 3. Temporal trace of the clock frequency for 5 Cs-Ne microfab-
ricated cells, made of BSG wafers coated with 20 nm-thick Al,O3
layers. The trace of the clock frequency obtained for a Cs-Ne cell
with uncoated BSG windows is shown for comparison. Dashed lines
indicate a linear fit to experimental data.
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FIG. 4. Allan deviation of a CPT clock based on a Cs-Ne micro-
cell made of BSG wafers with 20-nm thick Al,O3 layers. The in-
set shows the temporal trace of the clock frequency, measured over
nearly 5 days, from an initial value of 9192679216 Hz.

s, and reaches a plateau at the level of 4 x 10712 at 4 x 10*s.
According to the study reported in Ref.%, this limitation can
be attributed to light-shift effects. Despite their presence, the
stability at 1 day of 4 x 10~!2 is significantly lower compared
to the typical stability (~ 2-3 x 10~!) achieved with Cs-Ne
cells featuring uncoated BSG windows***3. In other words,
if this stability were solely attributable to the permeation of
neon, it would correspond to a leak of around —0.07 pbar/day,
which is 13 times less than the leak estimated through (un-
coated) borosilicate glass by Abdullah et al3®. It can fi-
nally be noted that an additional measurement of the clock
frequency with the Al,O3-coated Cs-Ne cell was conducted
6 months later, during 7 days. The same behavior regarding
clock stability was observed, validating the long-term effec-
tiveness of Al,O3 coatings.



IV. CONCLUSIONS

This paper reports a study on the influence of the thick-
ness of Al,O3 layers onto the permeation of He gas in mi-
crofabricated Cs vapor cells. The cells are based on BSG
substrates coated with Al,O3 by ALD. Permeation rates were
derived from measurements of the pressure-shifted transition
frequency of a CPT atomic clock. A clear reduction of He per-
meation is observed with increased Al, O3 thicknesses, at least
up to 20 nm. Only a slight reduction of He permeation factor is
found for thicker layers of 40 nm. In addition, we have tested
similar cells, but filled with Ne buffer gas, in 2 different CPT
atomic clock setups. In particular, we reported the demonstra-
tion of a clock with a frequency stability of 4 x 10712 at 107 s.
These performances at 1 day are better than those usually ob-
tained with Cs-Ne microcells made of uncoated BSG wafers.
These results indicate that Al,O3 layers offer a promising al-
ternative to ASG for reducing gas permeation in MEMS cells
and are a viable option to enhance the long-term stability of
chip-scale atomic clocks and devices.
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