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Abstract

We report on the characterization of Cs vapor microcells based on pill dis-
pensers and fabricated in a MEMS foundry according to a process compatible
with mass-production. More than three quarters of cells from 6-inch wafers
are successfully filled with Cs vapor. Various cells of a given wafer have been
characterized using coherent popula,tioﬁ trapping (CPT) spectroscopy, demon-

strating similar buffer gas (Ne) pressure with a standard deviation of about

2.5% and CPT resonances with similar linewidth and contrast properties. In

addition, frequency drifts mainly attributed to cell inner atmosphere variations
have been investigated onto several cells over 250-500 hour measurements. The
corresponding contribution at 1 day averaging time to a clock fractional fre-
quency stability is estimated to be about 1071 or lower. In & last section, the
fractional frequency stability of a clock prototype using one fabricated Cs-Ne
microcell is measured to be 2.5 x 10711 +=1/2 yp to 2008 averaging time and
better than 2 x 107! at 10%s. The clock frequency stability is mainly limited
at short-term by the frequency-to-amplitude (FM-AM) noise conversion pro-
cess and the laser amplitude (AM) noise. The mid-term stability is malnly
alfected by temperature-induced light shift effects. These performances tend to

demonstrate that this vapor cell technology, compatible with mags-production,
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is suitable for miniature quantum clocks or sensors.
Keywords: Atomic physics, Coherent population trapping, Alkaline vapor

celis

1. Introduction

Time and frequency references play a fundamental role in a wide variety
of fundamental physics experiments and applications of everyday life includ-
ing telecommunication network synchronization, secure data transfer, satellite-
based inertial navigation, geodesy or power distribution. The performances of
all these systems are directly related to the level of fractional frequency stabil-
ity of the local clock they use. Moreover, with the rapid increase in the use
of portable battery-operated electronics and related technologies, such systems
require low-cost, low-power, highly miniaturized and high-performance clocks
that can be mass-produced and easily integrated into new instruments and de-
vices.

Over the last decades, the progress of micro-electro-mechanical systems (MEMS)
technologies and gemiconductor diode lasers, combined with coherent-population
trapping (CPT) physics [1], has allowed the development of chip-scale atomic
clocks (CSACs). These frequency references, of great interest for many ap-
plications [2], combine a buffer-gas filled microfabricated alkali vapor cell, a
vertical-cavity surface-emitting lager (VCSEL) and electronics, and deliver &
signal with a fractional frequency stability almost two orders of magnitude bet-
ter (=101 at 1 day integration) than widely-used quartz crystal oscillators for
a similar size (~15cm?®) and power consumption (=150 mW). The first CSAC
prototype was demonstrated in NIST (3, 4] and has led later [5, 6] to the firat
commercially-available CSAC product proposed now by Microsemi [7]. Other
projects towards the development of alternative industrial commercial CSACs
at the horizon 2020 are still actively pursued in America, Turope and Asia
[8,9, 10, 11].

The heart of a CSAC ig a microfabricated buffer-gas filled alkali vapor cell.
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MEMS techniques have allowed to simplify and lower dramatically the cost
of vapor cells by adopting a collective fabrication approach [12]. MEMS cells
fabrication methods usually start with the structuration by deep reactive ion
etching (DRIE) of a silicon cavity, which is subsequently sandwiched between
two anodically-bonded glass wafers, If the cell fabrication is now widespread, a
relatively large variety of solutions have been proposed to fill cells with alkali
metal and buffer gas [13, 14, 15, 16, 17, 18, 19, 20, 21], with variable success. To
our knowledge, the MEMS cell technology used in the Microsemi CSAC product
{7] remains to date the unique MEMS cell technology actually embedded in an
industrial miniature atomic clock. The absence of alternative industrial MEMS
cell technologies highlights the difficulty to develop reliable and low drift MEMS
vapor cells, compatible with mass production and fully suitable for miniature
atomic clocks specifications.

In 2007, an original microcell technology based on post-sealing laser activation
of & Cs pill dispenser has been proposed in FEMTO-3T [22]. The pill (trade
name Cs/AMAX/Pill/1-0.6 from SAES Getters), placed in a dedicated Si cav-
ity prior to the final cell sealing and stable up fo 500°C, allows to perform
the anodic bonding process in optimal temperature and voltage conditions. A
two-step anodic bonding procedure [23] is used in order to fll the cells at the
wafer level with a well-controlled buffer gas pressure. This cell technology has
been adopted recently in several academic groups for various activities including
aging test measurements [24, 25], applications to cold-atom experiments [26] or
the development of stabilized lasers [27]. Over the last 2 years, this cell tech-
nology has been transfered from FEM'T'O-ST towards 'Tronics Microsystems, a
well-known MEMS foundry and manufacturer.

The present work, through various cell characterizations, aims at demonstrat-
ing the suitability and viability of this cell technology, compatible with mass-
production, for miniature atomic clocks applications. In section 2, a brief de-
geription of the Cs cell technology development at Tronics Facilities is reported.
A CPT-based clock setup implemented for characterization of the fabricated

microcells is also reported. Section 3 describes experimental results. Section
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3.1 describes the characterization of several cells extracted from a single wafer
using basic CPT spectroscopy. Section 3.2 reports on the investigation of fre-
quency shifts induced by cell inner atimosphere variaticns in & Cs-Ne microcells
taken from different wafers. In Section 3.3, the fractional frequency stability
measurements of a CPT clock using a Cs-Ne vapor cell picked up randomly in
& batch fabricated by Tronics. The measured clock Allan deviation is at the
level of 2.5 % 10711 =172 yp to 200s. The Allan deviation: at 10°%s, better than

2 x 10~ ig in good agreement with laser power induced frequency shift effects.

2. Description of the cell technology and of the characterization setup

2.1, Cell technology

The Cs microcells have been batch fabricated at Tronics Microsystems. Fol-
lowing the developments conducted at FEMTO-ST, an industrial production
ling has been set up on 150 mm diameter silicon substrates. This technology
aliows for the fabrication of up to 500 microcells per waler. Figurel{a) shows a
photograph of a Cs cell wafer fabricated at Tronics Microgystems. Pigurel(b)
shows a single Cg microcell unit: the MEMS cell is similar to the design de-

gseribed in {23, i.e. the CPT chamber is 2 mm in diameter and 1.5 mm long,

(a) (b

Fignre 1: Photographs of: (a) a 6-inch wafer of Cs cells microfabricated in Tronics Microsys-
tems, and (b) a single Cs vapor cell unit where the pill dispenser is visible in the square-sheped

cavity. The cylindrical cavity is the cavity where CPT interaction takes place.
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In the process of industrialization, Tronics has improved DRIE etching and
anodic bonding processes according to the microcell fabrication requirements,
such a8 increased depth [28] and buffer gas environment [23]. The roughness
of the cavity walls hag been significantly lowered. The wafer bonding strength
has been characterized and compares well to other published data [29}. The
hermeticity of 25 microcells from 5 different batches was estimated with NoO
teste and no measurable leaks were observed with this method (the minimum
detectable leak is equivalent to a IHe leak of 5 x 10710 atm.cm3s71).

A gemi-automated setup, developed in FEMTO-ST and now available at Tron-
ics, can be used for preliminary tests and qualification of MEMS Cs cells. This
bench allows Cs dispenser activation at the waler level of multiple buffer-gas
filled MEMS cells using a high-power fibered laser. This setup also includes a
linear spectroscopy setup used to confirm the presence of cesium vapor after the
activation process and to estimate roughly the buffer gas pressure {uncertainty
of & few torrs) in each cell unit of the wafer by measuring the buffer-gas induced
optical frequency shift [30, 31] with respect to a reference evacuated cm-scale
Cs cell. Out of the most recently fabricated wafers, 76 % of cells had a success-
ful activation process and showed the presence of cesium vapor. A repeatable
buffer gas pressure with a standard deviation of 3.3 % has been measured with

this setup.

2.2, CPT clock-based churacterization setup

A dedicated CPT clock-based setup, shown on Fig. 2, has been developed in
order to characterize the batch-fabricated Cs cells. This setup ean be used for
basic CPT spectroscopy tests {Section 3.1), evaluation of the buffer gas pressure
stability in the cell {(Section 3.2) or to perform clock fractional frequency stability
measurements (Section 3.3).

The laser source is a VCSEL produced by Vixar company and is tuned on the
Cs Dy line (894.6nm} [32]. The VC3EL is modulated through a bias-tee with

a 4.596 GHz microwave signal generated by a commercial frequency synthesizer
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Figure 2: Simplified schematic of the CPT clock experimental setup. ND: neutral density
filter, QWPF: quarter wave plate, LO: local oscillator, PD: photodiode, The inset shows a

simplified CPT energy diagram of the Cs atom involved in the experiment.

(Rohde-Schwarz SMB100A). This allows the generation of two first-order optical
sidebands frequency-split by 9.192 GHz for CPT interaction. The laser beam is
attenuated with a neutral-density filter and circularly polarized with a quarter-
wave plate. For measurements of frequency drift induced by the cell inner
atmosphere (Section 3.2), an acousto-optic modulator (not shown in Fig. 2) is
inserted before the quarter wave-plate in order to control the laser power incident
in the cell. The laser beam is finally sent through the Cs vapor cell before
hitting a photodiode located at the cell output. The VCSEIL beam diameter is
about 21mum in the cell. The cell is temperature-stabilized within the millikelvin
level. A small solenoid applies a static magnetic field of 100 mG across the cell.
The cell ensemble is surrounded by a mu-metal magnetic shield. 'L'he output
signal of the photodiode is recorded by a data acquisition card, connected to a
computer piloting most of the clock experiment. In elock configuration (Sections
3.2 or 3.3), the photodiode output signal is used in two servo loops. The first
serve loop is dedicated to the laser frequency stabilization onto the bottom of
a homogeneouély broadened optical line. This is achieved through the use of

a lock-in-amplifier system (Stanford Ressarch SR830) applied onto the laser
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DC current at a modulation frequency of 19kHz. The second loop is used for
stabilization of the local oscillator frequency onto the CPT rescnance frequency.
This servo uses a digital-based synchronous modulation-demodulation technique
at 192 Hz. For clock frequency measurements, frequency variations of the output
4.596 GHz signal from the microwave synthesizer, piloted by a hydrogen maser,

are recorded.

3. Experimental results

8.1. CPT spectroscopy and buffer gas pressure measurement

This section reports the characterization using CPT spectroscopy of five Cs-
Ne microcells, noted 1 to 5, extracted from a single 6-inch wafer. The first
objective is to determine the properties (linewidth and contrast) of the clock
CPT resonance. Figure 3(a) shows an example of such a resonance detected in a
microcell for an incident laser power of 39 uW. The full-width at half maximum
('WHM) of the resonance is 1838 Hz and the contrast C, defined as the CPT
signal amplitude § divided by the DC background o, is 0.4 %.

The second objective is to estimate the actual buffer gas pressure in the cells
through the measurement of the CPT resonance frequency. It is known indeed
that the presence of buffer gas in & vapor cell causes a temperature-dependent
frequency shift of the Cs clock transition [33]. The measurement methodology
for the buffer gas pressure estimation ig here briefly described. The measured

clock frequency v, ig assumed to be such that:
v = vy + Av, + Avy + Avgen (1)

where 1y is the cesium atom unperturbed frequency (9192631 770 Hz), Av, the
Zesman shift induced by the application of a static magnetic field B, Avy the
AC-stark light shift and Awgey the shiflt induced by the cell temperature in-
cluding the temperature dependent buffer gas pressure shift [33]. In our case,
the contribution of Av, =2 427B2% =3 4.27 Hz is minor and is neglected. The
contribution of the AC Stark shift Ay to the clock frequency is canceled by
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Figure 3: (a) CPT resonance dstected in a Cs-Ne microcell (cell 1), The spectrum is fitted by
a Lorentzian function. The cell temperature is 80 °C. (b} Measurement of the clock frequency

versus the laser powsr {cell 1}.

meéasiring the clock frequency at different optical power values and extrapo-

lating it at null laser power using a linear it function, The clock frequency is
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concretely stabilized and averaged during about one minute for each value of
the lager power Py,. Figure 3(b) shows such a measurement for the cell 1. The
mull-power clock frequency is measured to be 9192684 030 Hz in this case. The
actual buffer gas pressure in the cell is then estimated from this value using Ne
buffer gas collisional frequency shift coefficients reported in [33].

Table 1 details the main characteristics of cells 1 to 5. For each cell, the CPT
resonance is measured for a cell temperature of 80 °C, The maximal deviation of
the neon pressure is 1.9 Torr, 1. e. about 2.5 % relative to the average pressure
measured to be 76.1 Torr (at a reference temperature of 0 °C). The measured
pressure is in correct agreement with the desired nominal pressure of 77 Torr
at 0°C. The characteristics of the CPT resonance detected in the 5 cells are
also quite similar. CP7T linewidths are found to be in the range from 1838 to
2118 Hz while CPT contrasts are all found between 0.39 and 0.5 %. This means
that all these cells should allow the development of atomic clocks with similar
short-term fractional frequency stability results. These preliminary results are
satisfying and demonstrate the possibility to get on a single wafer, fabricated
with industrial facilities, an ensemble of microcells with similar contents and

CPT resonance characteristics.

3.2. Buffer gus pressure stability

It has been reported recently in the literature that the actual buffer gas
pl'eséure in microfabricated cells can drift slowly because of a gas permeation
process through the cell windows, yielding a limitation to the clock long-term
fractional [requency stability [24, 34, 25, 6]. In the present work, the CPT-clock
based setup described in Section 2.2 is used to investigate frequency drifts re-
lated to buffer gas pressure changes in five different Cs-Ne microcells.

The measurement methodology described in [25] and inspired from section 3.1
is ugsed. The measured clock frequency is given by Eq. 1. From measurements
of both magnetic field and cell temperature fluctuations along time, respective
contributions of these effects onto the clock frequency stability at 1 day averag-

ing time are estimated to be negligible (see Section 3.3). The contribution of the
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Table 1: Characteristics of 5 Cs-Ne microcells measured using CPT spectroscopy. All the
cells were sealed in July 2016, sctivated in August 2016 and then stocked at ambient temper-
ature, They were measured with the CPT setup in December 2017, CPT measurements are
performmed for a cell temperature of 80 °Cl. The clock frequency is the clock frequency extrap-
olated at null laser power (Pr,=0}. The measured Ne pressure is reported at a temperature of

0 °C and is estimated with an uncertainty of about + 0.1 Torr.

Cell | FWHM (Hz) | C (%) | Clock frequency at Pr, = 0 (Hz) | Ne pressure (Torr)
1 1838 0.4 9 192 684 030 75.0
2 1919 0.47 9 192 685 053 76.5
3 2118 0.39 9 192 685 290 76.9
4 2104 0.5 9 192 685 076 76.5
b 2024 0.49 0 192 684 344 75.5

AQ Stark shift to the clock frequency is then canceled by regularly measuring
the clock frequency at different optical power values and extrapolating it af null
laser power using a linear fit function [256]. Variations of the null-power clock
frequency, recorded along time, are then at the end expected to result mostly
from the cell inner atmosphere variations. Note that, on the present setup, the
only modification compared to [25] is that the laser power is now controlled and
changed with an acousto-optic modulator {AOM) instead of a motorized rotas-
ing wave plate previously. We have checked that identical results were obtained
in both cases for a given cell under tegt.

Buffer gas preggure variation-induced frequency drift measurements described
in the following are delicate since environmental thermal effects and general
agitation of the laboratory envircnment can jeopardize the mid-term frequency
stability budget of the setup. We observed that the measured drift rate is in
general reduced during quiet periods, such as the 2-weeks Christmas holidays

where the laboratory is fully closed. Following measuremenis are performed

* with lab-scale electronics and external optics, cell after cell. In that sense, the

present study aims at reporting preliminary results for a limited number of

10
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cells and measured over a limited time duration. Figure 4 plots the extrap-
olated null-power clock frequency (in fracticnal velue) versus time over 15-25
days measurements for five different cells. Four cells, noted a-b-2-4, are pill-
dispenser based cells fabricated at Tronics. For comparison, one cell noted x, is
a paste-dispenser cell similar to those described in [25]. Corresponding results

are summarized in Table 2.

le~9

1.0 1

Fractional frequency (unitless)

10 15 20
Time {days)

Figure 4: Evolution of the null-power clock frequency (in fractional value) versus time for five
different cells. A linesr extrapolation of a clock frequency-laser power dependence measure-
ment is obtained roughly every 10 minutes. For clarity, the data is re-sampled and averaged
over 3 hour periods. Null-pewer frequency dala points are fitted by a linear function. Drift

rate values are resurmned in Table 2.

TReported results, possibly limited as explained above during some periods
by ambient perturbations, present a non-negligible dispersion. For the cell &
and x, the frequency drift rate is surprisingly measured to be positive, of about
-1 % 107! per day. In this case, the positive sign of the drift cannot be the
signature of a progressive reduction of the Ne buffer gas pressure in the cell.
For all other tested cells, a negative frequency drift rate, that could result from
a reduction of the buffer gas pressure, is obtained. All cells exhibit in absolute

value a frequency drift rate close to 1 x 10~ per day, which is acceptable for

11
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Table 2: Investigations on clock frequency drifts induced by cell inner atmosphere evolution
in & different Cs-Ne cells. Cells a, b, 2, 4 were fabricated at Tronies. The cell a, extracted
from the wafer W1, was sealed in May 2015, activated in August 2015 snd started the aging
test at 756 °C on June, 26 in 2017. The cell b, extracted from the wafer Wa, was sealed in May
2015, activated in August 2015 and sterted the aging test at 75 °C on July, 26 in 2017, Cells
2 and 4 were sealed in July 2016, activated in August 2016 and measured with the CPT setup
in end 2017 and January 2018, The cell x, fabricated at FEMTO-8T, was sealed in July 2018,
activated in August 2016 and started the aging test at 80°C on June, 4 in 2017. All cells
were basically stocked at ambient temperature between the Cs pill activation process and the
beginning of the aging test. T,y stands for the cell temperature. The measured Ne pressure

is reported at a temperature of 0 °C and is estimated with an uncertainty of & 0.1 Torr.

Cell | Wafer | Ty v. (Hz) P (Ne) | Measurement Drift
(°Q) (P, =0) (Torr) | duration (days) | (10711 /day)

a Wi 75 9 192 682 352 72.6 17 +1.6

b Wa 75 0 192 684 000 75.0 23 ~-2.18

2 W 80 9192685053 76.5 21 -0.9

4 W, 80 9192685075 76.5 18 —11.5

X Wy 80 9192672639 58.8 21 +0.8

clock applications, except for the cell 4 for which a value of 1.15 x 1071% per
day is obtained. In other terms, at tested cell temperatures, 4 tested cells out of
5 exhibit performances compatible with miniature atomic clocks requirements.
Reasong for failure of the cell 4 still need to be investigated. For last point,
nole thalb aging tests over about 200 days of miniature atomic clocks have been
reported in [6]. In this article, a significant frequency drift of about —1 x 1071¢
per day was obtained in early weeks before observation of a relevant reduction
(about two orders of magnitude) of the frequency drift rate. In our case, cells
were kept at ambient temperature and not ovenized between the date of their

fabrication and the beginning of the aging test.

12
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2.3. CPT clock frequency stability results

In this last section, a microcell fabricated in Tronics was used towards the
development of a laboratory-prototype CPT clock, described in Fig. 2 and in
Section 2.2. The cell is filled with a Ne buffer gas pressure of about 79 Torr and
is temperature-gtabilized at around 84 °C. Figure 5 shows the CPT resonance

in clock configuration with optimized signal-to-noise ratio.

1373
Ave 2.2 kHz
13721 C=Slyy=05%

1.371 |
1.370
1.369 |- Av—wp u—

1.368 -

CPT signal (V)

1.367 -
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Figure 5: CPT resonance in clock configuralion with eptimized signal-te-noise rafio. Note
also that the gain of the photodiode transimpedance amplifier is higher than for Fig. 3(a).
The spectruwm is fitted by a Lorenbzian fit.

The CPT resonance FWHM is 2.2 kilz, with a contrast ¢ = S/yg of 0.5 %,
where § (6.7 mV) is the CPT resonance signal amplitude and yo the CPT DC
background level (1.3658 V). The CPT resonance-based frequency discriminator
slope is 3 x 1078 VHz 1,

We have measured the CP'T resonance characteristics (FWHM, amplitude, con-
trast) versus several critical experimental parameters in order to optimize the
clock short-term fractional frequency stability. Figures 6(a) and 6(b) plot the
contrast/FWHM ratio of the CPT resonance versus the cell temperature and
the laser power, respectively. This figure-of-merit is maximized for a cell tem-

perature ranging from 75 to 85 °C and a lager power higher than 30pW. In the

13
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rest of the paper, the cell temperature is fixed at 84 °C and the laser power at
the input of the cell is 31.5 pW. The resulting optical power at the cell outpust
in the bottom of the absorption line where CPT takes place is about 19.5 nW
{about 38 % of optical absorption).

Figure 7 shows the frequency shift of the clock transition (referred to 9.192 631 770 GHz)

versus the total optical power illuminating the cell for several values of the mi-
crowave power out from the microwave synthesizer. For these measurements,
the laser frequency is connected to the Cs atom |F') = 3 excited-state. Fxperi-
mental data are fitted here by linear functions. It can be clearly seen that the
light shift coeffictent, i. e. the sensitivity of the clock frequency to laser power
variations, can be greatly reduced and ever annihilated at the first-order by tun-
ing finely the microwave power. This behavior, explained by the dependence of
the light shift coefficient on the CPT sidebands ssymmetry, has already been
observed in several references [35, 36, 37, 10]. In a recent paper, a mathematical
formula was derived to calculate the light shift of a CPT spectral line produced
and influenced by asymmetrical power distributions in the multi-chromatic laser
fleld [38]. Here, for a micrawave power value of about — 2dBm, the light shift
coefficient is reduced at a level of —0.057 Hz aW—l {(—6.2 x 1072 W1 in frac-
tional value at 9.192 GHz). The clock mid-term fractional frequency stability
was found to be significantly improved by operating the clock close to this spe-
cific microwave power value.

Figure 8 plots the Allan deviation plot {all tan) of the CPT clock. This result is
extracted from a 274-hour-long clock frequency meagurement, with data points
recorded every 0.1s. The short-term fractional frequency stability is measured
to be 2.5 x 107* 7=/2 up to 200s averaging time and below 3 x 10~12 at 1
hour integration time. Table 3 specifies the main contributions to the clock
short-term frequency stability at + = 1s. Conlribution values were calculated

from noige measurements {detector noise, laser AM noise and FM noige, local

_oscillator phase noise, etc.) performed on the experimental setup using expres-

sions reported in [39). The noise budget is in reasonable agreement (less than

a factor 2) with the measured value at Ls. The main contributions to the clock

14
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Figure 6: Contrast/FWHM ratio of the CPT resonance. (a) versus the cell temperature {for

a laser power of 26 1W), (b) versus the laser power (for a cell temperature of 84°C).

ghort-term frequency stability are the laser FM-AM noise conversion process
and the laser AM noise. Other contributions are found to be at least one order

of magnitude below.
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Figure 7: Frequency shift of the clock (refered to 9,192 631 770 Gilz) versus the optical power
incident in the cell for several values of the microwave power at the output of the synthesizer.

The cell temperature is 84 °C.

For integration times longer than 1000s, the clock Allan deviation is de-
graded to reach a level of 1.8 x 10~ at 10%s averaging time. 'Table 4 details
the mid-term stability budget of the clock at 10%s integration time. Lor this
purpose, the sensitivity of the clock frequency to the main experimental param-
eters (laser power, laser frequency, cell temperature, magnetic field) and typical
variations of these parameters at 10 s averaging time have been measured. The
main limitation to the clock fractional frequency stability at 10%s is attributed
to laser power-induced frequency shift effects, yielding a level of 1.8 x 1011
at 10°s, in good agreement with the measured value shown on Fig. 8 (black
curve). Other contributions reported in Table 4 are well helow this level.

The clock Allan deviation at 10%s is reduced at 7 x 10~%% by applying a
linear drift removal (—2.7 x 107'6 /s in fractional value) to frequency data. It
is noted that the drift removal impacts the Allan deviation plot only for inte-
gration times higher than about 40000s. For time scales from 3000 to 40000,
the Allan deviation plot exhibits a strange = 0.77 slope, neither the signature

of a random-walk frequency noise {0.5 7 slope) nor a residual frequency drift

16



290

295

30

1E-10 -

1E-11 \\

Allan deviation

40000 100000

B2 bl il
1 10 100 1000

T (8)

Figure & Allan deviation of the CPT clock, without (black line) or with (red line) drift
removal, A thin blue solid line shows a 2.5 x 10711 7=1/2 dependence for the clock short-
term fractional frequency stability. Thin solid lines with 0.57 and 7 slope functions are shown
to highlight the 0.7r slope {other blue solid ling) of the Allan deviation in the 3000 - 40 000

s time range.

{7 slope), even with application of the drift removal. We suspect that the Al-
lan deviation of the clock remaing limited in this window by residual light-ghift
effects induced by a residual sensitivity of the laser system to the laboratory
temperature variations. The sensitivity of the laser system to ambient temper-
ature variations can induce along time lager power variations, lager frequency
variations (expected however to be limited by the lager frequency servo loop)
but also variations of the actual microwave power absorbed by the VCSEL sirce
the VCSEL input impedance changes with its temperature [36].

We note also that the clock fractional frequency stability level of about 1.8 » 10~
at 1 x 10° s is close to frequency drift values that could be attributed to buffer
gas pressure variations as reported in section 3.2. Consequently, the evolution
of the cell inner atmosphere is likely to contribute to the Allan deviation at
1% 10%s and to the 0.77 slope of the Allan deviation plot observed between
3000 and 40000 s. The use of ASG wafers instead of borofloat glass waters with

17




Table 3:

Mein contributions to the clock short term frequency stability at 7 = 1 s, The

neise sources contributions are named and calculated as described in [39]. The local oscillator

(LO) phase noise item describes the contribution of the LO phase nolse to the clock Allan

deviation through the intermodulation effect [40]. The laser AM-AM noise is the amplitude

noise induced by the laser intensity noize, The laser FM-AM noise is the amplitude noise

induced by the laser carrier frequency noise. Laser AM-FM and FM-FM are laser-induced

frequency-shift effects from laser power and laser frequency variations respectively. Other

contributions, from the cell temperature and magnetic field, are much lower,

Table 4:

evolution of the cell atmosphere is not considered here and is discussed in section 3.2,

Noise Source o (1s)
Shot noise 8 % 10718
Detector noise 4x10-12
1.0 phase noise 3 x 10-18
Laser AM noige 2.3 x 1071
Laser FM-AM neise 3x 10—
Lager AM-FM 3.6 x 10712
Laser FM-FM 2.3 x 10712
Cell temperature 3.8 x 10712
Magnetic field 2.6 x 10~
Total oy (1s) = /3303 | 3.8 x 101

Main contributions to the clock mid-term frequency stability at v = 10%s, The

Physical parameter Sensitivity Parameter I'luctuations o (10%s)
Laser power 3.6 x 10719/uW bx1078W 1.8 x 10711
Lasger frequency 2.3 x 10718 / Hx 6 x 10° Hz 1.3 x 10712
Cel! temperature 3.8 x 10-10/K 22 x 1078 K 8.3 x 10716
Magnetic field 9.3 x 10~¥/G 11x107° ¢4 1x 10714
Total oy (1s) = \/2_012,- X X 1.8 x 107!
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present Cs-Ne cells could be a solution to investigate and study in the future to
try to improve the cell inner atmosphere stability [34]. However, current results

remain very encouraging towards the development of ministure atomic clocks.

4. Conclusions

We have reported characterizations of pill-dispenser based Cs microcells fab-
ricatied in industrial facilities, onto 6-inch wafers along a process compatible with
mass production. Cell filling with Cg vapor by laser activation: of the dispenser
is successfully achieved for 76 % of cells. CPT spectroscopy was performed
demonstrating among several cells from a given wafer a high buffer gas pressure
homogeneity and similar CPT' resonance properties {linewdith and contrast).
The study of clock frequency drifts attributed to buffer gas pressure variations
has been investigated onto several cell units. From these measurements, a typical
average ahsolute frequency drift rate of about 1 x 10! per day is estimated
as a reasonable value. A Cs-Ne microcell was used in a CPT atomic clock
laberatory-prototype. The clock fractional frequency stability is 2.5 x 10711,
2 x 1072 and 1.8 x 107 at 18, 1000s and 10%s averaging time, respectively.
The clock performarnces are limited at 1 s by the lager FM-AM conversion pro-
cess and the laser AM noise. For times scales higher than 3000 s, the clock
fractional frequency stability is expected to be limited by temperature-induced
light-shift effects. The Allan deviation at 10° s is in good agreement with laser
power-induced frequency shilt effects. These results tend to demonstrate the

viability of thiy MEMS cell technology for miniature quantum clocks.
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