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 A B S T R A C T

The push towards miniaturized and low-power quantum sensors demands reliable and mass-manufacturable 
atomic reservoirs. In this paper, we report on the implementation of an automatic system to activate and 
characterize a wafer of microfabricated Rb cells. The setup is composed of a motorized translation system 
jointly with two optical sources, a high-power one used for activating Rb pills and the other for spectroscopy 
purposes. The spectroscopy signal is analyzed in real-time to check the release of Rb during activation. 
Alternatively, the signal recognition can be used in post-production for screening the entire wafer. In this 
sense, the presented automated setup represents an effective tool to characterize the cell production in terms 
of Rb content and signal contrast, making a step towards mass production of devices based on miniaturized 
alkali vapor cells.
1. Introduction

Nowadays, microfabricated vapor-cells filled with alkali atoms rep-
resent the core component of a new generation of miniaturized quan-
tum sensing devices, such as atomic clocks [1–4], magnetometers [5–
8], gyroscopes [9] and electric field sensors based on Rydberg atoms
[10]. In this regard, from the perspective of an ever-growing demand 
for small- size, low-power-consumption, and high-performance devices, 
the opportunity offered by MEMS-based technology in terms of hot 
atomic alkaline vapors confinement in cubic millimeters volumes (in 
vacuum or in presence of a buffer gas) is being leading to a fundamental 
breakthrough in the production of transportable frequency reference 
devices [3,11–13].

The main potential of MEMS-like microcells with respect to tradi-
tional glass-blown or cuvette vapor cells [14,15], is the high-level of 
integration with emerging photonic-integrated circuit platforms [16,
17]. Such a significant enhancement would contribute to pivotal pro-
gresses in technological fields requiring stable and portable chip-scale 
atomic sensors, such as telecommunications, satellite positioning sys-
tems, avionics, biomedicine [5,18,19]. Moreover, the glass-blown ap-
proach notoriously suffers from poor reproducibility and large-scale 
production reliability [15], whereas micro-cell technology, inherit-
ing established processes from the silicon industry, promises to make 
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the cell production process more reproducible and scalable [20,21]. 
Indeed, in this case, hundreds of millimeter-size cells can be manufac-
tured on a single wafer, within the same process run [22].

One of the main challenges for MEMS-cells production remains the 
yield and screening of the microcells, especially for what concerns the 
reproducibility, regardless of the alkaline metals filling method [23]. 
In this regard, the goodness of the microcells filling with alkali atoms 
needs to be validated and possibly quantified [24,25]. To make this 
technology appealing from an industrial point of view, it is then desir-
able to have a simple and cost-effective automated process monitoring 
the cells-filling process.

In this paper, we present an experimental setup that can automat-
ically activate Rb dispensers with localized laser heating. The release 
of Rb can be monitored in real-time during the activation procedure, 
with the aim to increase the reproducibility of the filling process and 
to preserve the transparency of the cell windows. The same setup can 
also systematically perform a screening at wafer level, checking the 
presence of Rb vapor inside the microfabricated cells.

2. Setup description

The setup is composed of two main optical benches: one for the 
characterization of the sample and one serving as a reference (see Fig. 
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Fig. 1. (a) Scheme of the characterization setup. (b) Scheme of the reference setup. PD: photodiode, VOA: variable optical attenuator, DAQ: Digital acquisition system.
 

1(a) and 1(b), respectively). The reference bench contains a glass-blown 
cell filled with natural Rb. This cell has two purposes: first, it serves as 
a frequency reference to tune the spectroscopy laser in resonance with 
the Rb atoms. Secondly, it provides a benchmark absorption spectrum 
that can be compared to the signals coming from the devices under test. 
The characterization bench comprises the oven that can host silicon 
wafers up to 6 inches, a motorized translator stage and a two fixed 
laser heads for spectroscopy and laser activation of the Rb dispensers, 
respectively. Beam-shaping and collimation optics align the laser beams 
to the wafer. Along the free-space path of the activation laser, a 
motorized mechanical shutter regulates the amount of time the CW 
activation laser is sent to the wafer. The absorption signals are detected 
on a Silicon photodiode and acquired with a digital data acquisition 
system (DAQ). The synchronization between the DAQ, the translation 
stage and the optical shutter is provided with serial communication to a 
PC, that runs the acquisition software. The time needed for activation 
and translation of the wafer towards the next cell takes about 15 s, 
thus the time needed for activating the whole wafer can be as low 
as 1.5 h. Spectroscopy takes similar time (below 10 s per cell), thus 
the characterization can be done in about one hour. In the following 
subsections, the two setups are described in detail.

2.1. Spectroscopy setup

The oven consists of a central aluminum body that presents a 
circular ridge for holding a 6-inch wafer, that is then secured with the 
aid of two clamps. Smaller-diameter wafers or even single microcells 
can be mounted as well by means of suitable adapters. The base and 
the top covers are made of Delrin, an insulating material that has good 
stiffness and machinability. Two flanges allow the placement of two 15-
cm optical windows, that are anti-reflection coated in the range from 
600 nm to 1100 nm, allowing optical access on the Z axis. The oven is 
heated by 4 power resistors. The temperature setpoint can be regulated 
with a PID controller.

The oven is placed on top of a motorized X-Y translation stage. 
Three adjustable spacers allow for a small tilt of the oven, facilitating 
the alignment of the retroreflected beam, in case a reflecting coating 
is applied directily on the wafer back surface. The translation stage 
(Standa 8MTF-200) has a travel range of 200mm by 200mm, a minimum 
incremental motion of 0.65 μm and a repeatability of 0.5 μm. The stepper 
motor is controlled on the two axes with an encoder, which in turn is 
connected via USB to the control PC and is programmed with a Python 
2 
software. The encoder is also equipped with a logic interface that is 
used to synchronize the movement of the oven with the acquisition of 
the spectroscopy signals.

The spectroscopy laser is a fiber-coupled distributed feedback (DFB) 
laser at 780 nm (Eagleyard DFB EYP-DFB-0780). The laser frequency 
setpoint is tuned to the Rb D2 line by acting on the temperature and 
current setpoint. Frequency scanning across the line is performed with 
a triangular ramp on the laser current. The laser power is distributed 
into the main and into the reference benches with a 50:50 fiber splitter. 
A fiber variable optical attenuator regulates the laser power in the first 
case, whereas on the reference branch it can be regulated by rotating a 
half-waveplate just after the fiber launcher and filtering the light with 
a polarizing beam splitter.

The reference bench is composed of a fiber collimator (F810APC-
780), of the aforementioned half-wave plate, of a polarizing beam 
splitter (PBS), of a 5-cm long quartz cell filled with isotopical Rb. A 
quarter-wave plate and a retroreflector create an optical circulator to 
implement the pump-probe configuration, enabling sub-Doppler spec-
troscopy. At the exit of the PBS, an amplified silicon photodiode (PD2) 
detects the retro-reflected light that circulates within the absorption cell 
(see Fig.  1(b)). The reference cell is heated close to room temperature, 
in order to have similar optical depth to the much shorter microcells 
that typically are heated above 60 ◦C.

The characterization bench follows the same absorption spectroscopy
scheme. Here, the beam diameter is reduced to 1.2 mm to cope with the 
much smaller dimensions of the microcells (fiber collimator Thorlabs 
PAF2-A4B). The optics are mounted vertically by means of four optical 
rails. In this way the beam is directed along the Z direction, whereas 
the wafer is mounted onto a translator on the (X,Y) plane where it 
can be moved to perform spectroscopy over its whole surface. The 
spectroscopy is performed in double pass, with the aid of a retrore-
flector placed below the wafer. Retroreflected power is measured on 
a Si photodiode (PD1). When low laser intensity is sent to the wafer, 
simple Doppler absorption is performed. By increasing the input power, 
sub-Doppler saturated-absorption spectroscopy can be performed on 
the MEMS cells. In this latter case, a filter might optionally be placed 
before the retroreflector to optimize the pump-probe configuration.

The signals coming from PD1 and PD2 are synchronously acquired 
on a multichannel fast digital acquisition system (Keysight DAQ970 +
DAQM909A) with 24 bit vertical resolution and an acquisition speed 
of up to 400 kS/s. The acquisition is syncronized using two triggers, 
one synchronous with the triangular ramp that scans the laser fre-
quency, the other with the translation stage ‘‘stop’’ signal, so that the 
measurement start is conditioned to the correct alignment of the wafer.
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2.2. Activation setup

The activation setup is composed of a CW fiber laser at 1111 nm 
(Koheras Adjustik Y10), followed by an Yb fiber amplifier (Keopsys 
CYFA-PB). The CW power available out of the fiber can be regulated 
through the amplifier driving current and is up to 1.8W. A fiber 
launcher, mounted on the vertical breadboard beside the spectroscopy 
bench, focuses the beam with a 1∕𝑒2 diameter of 1.7mm. Following 
the collimator, a mirror is mounted on a motorized stage (Thorlabs 
MFF101/M) redirecting the beam onto a beam-blocker, acting as a 
controllable mechanical shutter. The motorized stage has a response 
time of 200 ms. With the mechanical shutter open, the beam is then 
directed and aligned towards the wafer by means of three mirrors 
mounted on adjustable mirror posts. The mirrors allow to align the 
activation beam so that the beam spot at the wafer location has an 
offset with respect to the spectroscopy beam exactly matching the 
distance between the dispensing and the spectroscopy areas of the 
microcells. A lens (focal length 250mm) focuses the beam to a 200 μm
1∕𝑒2 beam diameter on the wafer plane. By this means, the available 
intensity at the dispenser is up to 1.2 × 108 Wm−2.

3. Automatic spectroscopy and cell-validation algorithm

The spectroscopy over the whole wafer is performed by applying 
translation steps to the X-Y translation stage matching the spacing of 
the microcells grid. To ensure that there is no mismatch between the 
reference system of the translator and the cells grid, a preliminary 
alignment of the spectroscopy beam is performed manually over two 
far-apart cells with known relative position on the grid. The two posi-
tions of the translator (X0, Y0, X1, Y1) and the known row/column data 
are inserted as input parameters of the control software. The software 
then calculates the correct command to be applied to the translator (Xs, 
Ys) at each step of the scan.

After this preliminary calibration of the system, the laser is aligned 
to the first-cell coordinates and the wafer is scanned automatically in 
a ‘‘S-shaped’’ manner. When the translator motor stops at the 𝑖th cell 
position, it sends a trigger to the DAQ that then starts the acquisition. 
When the acquisition is terminated, a new translation is applied, align-
ing the spectroscopy beam to the following cell. This process is iterated 
until the whole cell grid is scanned. Given that the laser diameter is 
typically a factor of two smaller than the diameter of the microcells 
(see Section 4), and the accuracy of the translator is better than 100 μm, 
optimal alignment is maintained over the whole wafer scan.

The signal coming from photodiode PD1 is acquired on one channel 
of the DAQ. On a second channel, the signal coming from the reference 
cell (PD2) is acquired at the same time. At the end of the acquisition, 
the data are downloaded to the PC and pre-processed. In particular, 
the signals are detrended after being normalized to the mean baseline 
intensity, to obtain the relative transmission free from amplitude modu-
lation. Then, the processed signal coming from PD2 is compared to the 
one from the reference setup, to check the presence of Rb inside the 
microcell. The recognition of the Rb dips is obtained calculating the 
cross-correlation between the two signals (𝑥 and 𝑦) with the following 
formula:

𝑅𝑥𝑦[𝑘] =
𝑁−1
∑

𝑙=0
𝑥𝑙 𝑦𝑙−𝑘+𝑁−1

where 𝑘 is the index running over the data points acquired by the 
DAQ over a single scan, and 𝑁 is the total number of samples of the 
scan. To automatically infer if a true Rb absorption signal is detected 
on the microcell, the maximum of the cross-correlation 𝑅𝑥𝑦 sis then 
compared to a threshold value. In our case, we found that a threshold 
value around 0.1 is a good compromise for recognizing the spectra and 
minimizing the false positives.

The signal detection algorithm described above has a double utility. 
First, it can be used to perform a sanity check of the cells already filled 
3 
with alkali metal throughout the wafer. Alternatively, it can be used as 
a monitor for detecting the presence of Rb vapor during the activation 
of the alkali dispensers, and trigger the shutter on the high-power laser. 
The latter real-time monitoring of Rb release could be useful in the case 
of rapid diffusion of the Rb vapors, such in the case of communicating 
optical and dispensing cavities.

4. Experimental demonstration

4.1. MEMS-like microcell design and fabrication

In this section, the Rb-vapor MEMS-like microcell fabrication and 
design details are described. The Rb filling was carried out pursuing 
the dispensing-pills method [26]. The pills were purchased from SAES 
Getters. They are constituted by a Zr-Al alloy loaded with an alkali 
metal molybdate, containing an average Rb contempt of 0.4 mg. Six 
inches, 1 mm thick silicon wafer, was employed. The borosilicate glass 
wafer are 6 inches in diameter and 500-μm thick.

The wafer design, observable in Fig.  2(a), is constituted of 386 
microcells homogeneously distributed on the wafer surface except for 
the two region in the middle of the wafer that correspond to the camera 
access holes of the anodic bonding machine and are dedicated to in-
situ alignment. Each microcell is composed by a pair of connected 
passing cavities obtained in Si wafer. [26–28]. The smaller cavity, with 
a diameter of 1.5 mm, is named ‘‘dispensing cavity’’ and it is devoted to 
pills dispensing. The bigger one, with a diameter of 2 mm, is dedicated 
to the released Rb spectroscopy and it is called ‘‘optical cavity’’, as 
reported in Fig.  2(c). The two cavities are separated by 0.2 mm, and 
are connected by a passing channel with a width of 0.4 mm. The entire 
microcell size is 4.3 x 7.3 mm, including 0.15 mm on each side for the 
final microcell sawing.

The passing cavities in Si wafer are generated by means Deep 
Reactive Ion Etching (DRIE) process [28]. They are hermetically closed 
via anodic bonding on both sides, thus sealing the borosilicate wafers 
to silicon wafer and generating the 3D glass-silicon-glass structure.

The placement of the dispensing-pills is follows these steps: a first 
anodic bonding is made between the bottom glass and the perforated 
silicon wafer, producing what is usually called as ‘‘preform’’. Then, the 
pills are dropped in the dispensing cavities previous of the second an-
odic bonding. During the anodic bonding procedures, the wafer-bonder 
chamber is evacuated at 2 × 10−6 mbar, ensuring an environment free 
of moisture and water for the optimize performance of the microcells, 
preventing metal oxidation. The two plates are put in contact with a 
force of 700 N, heated at 350 ◦C and a voltage of 800 V is provided. A 
picture of the final realized wafer is reported in Fig.  2(b).

4.2. Wafer characterization

In this section, we present a few examples of activation and char-
acterization of Rb MEMS cells at wafer level. Fig.  3 shows typical 
absorption spectra obtained with the setup described in Section 2. The 
data were recorded a few weeks after activation. The temperature of 
the oven was stabilized at 78 ◦C and the probe intensity was about 
1mWcm−2. Specifically, the plot shows the result of a scan of 11 cells 
that were activated in the same activation run and with the same 
experimental conditions. In particular, the activation-laser power was 
1.4W and exposure time was determined on the basis of the observed 
spectroscopic signal (see Section 3). The correlation threshold was set 
to a value of 0.16. In Fig.  3, each scan is the result of a single laser 
frequency-ramp spanning several GHz, with 2000 points for the whole 
frequency range.

The activated cells present some degree of variability in the trans-
mission, hence in the saturated Rb-vapor density. Nevertheless, thanks 
to the signal-driven activation, this variability is constrained to a 
standard deviation of 24%. In this calculation we excluded 3 cells that 
initially provided the same level of absorption, that however almost 
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Fig. 2. (a) Wafer design scheme. (b) Picture of the realized wafer. (c) Picture of an activated microcell.
Fig. 3. Example of obtained transmission spectra for a scan of 11 cells (at a 
temperature of 78 ◦C). The 𝑦-axis is the natural logarithm of the relative absorption. In 
red, we compare the typical signal obtained on the reference cell. In red, we compare 
the typical signal obtained on the reference cell. (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of this article.)

vanished over few hours (yellow traces in Fig.  3). We attribute the 
strong reduction of Rb signals to localized poorer vacuum levels inside 
the wafer in these cases, possibly due to not perfect hermeticity of the 
Si-glass anodic bonding.

Finally, we compare the two laser-activation methods for the Rb 
dispensers that are available with the described setup. The first acti-
vation procedure foresees a fixed activation time, whereas the second 
method foresees closing the shutter once a significant absorption signal 
is detected on the optical cell. The closing of the shutter in this case is 
performed when the correlation of the absorption signal with the refer-
ence profile exceeds a certain threshold. The latter method is interesting 
for improving the repeatability of the activation process and avoiding 
an excess of Rb deposition on the windows of the optical cavity. Fig. 
4 shows two typical examples of activation with the two methods. 
As figures of merit, we analyzed the optical transmission (with the 
laser out of resonance) and the contrast of the absorption signals. 
Specifically, we calculated the contrast of the 85Rb 𝐹 = 3 → 𝐹 ′ = 2, 3, 4
Doppler-broadened profile. The transmission gives information about 
the cleanliness of the optical window during and after the activation. 
On the other hand, the contrast of the Rb lines is linked to the atomic 
density in the vapor phase in the weak probing regime. In Fig.  4(a) 
and (c), we observe the behavior of the spectroscopic signals and of 
the transmission for a cell activated with an intensity of 8.9×107 Wm−2

and a fixed activation time of 2 s. We can observe that the absorption 
increases then settles to a lower value once the shutter is closed. On 
the other hand, the window transparency out of resonance decreases 
4 
Fig. 4. (a) Contrast of the Rb-85 𝐹 = 3 → 𝐹 ′ = 2, 3, 4 Doppler-broadened profile 
during and after activation, for a cell activated at fixed time (2 s) and 1.4 W of laser 
power. (c) Out-of-resonance relative optical transmission (in double passage) through 
the optical cavity during and after activation for the same cell. (b) and (d) Contrast 
and relative transmission respectively, for a cell activated with the shutter driven by 
the spectroscopy signal (correlation threshold: 0.16). In all plots the activation starts 
at𝑡 = 0 and ends at the vertical red line. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.)

by 28%. The settling can be interpreted by a temporary overheating of 
the cell due to the high power laser, whereas the loss in transparency 
of the optical windows is attributed to the deposition of metallic Rb 
on the windows, causing reflection and scattering. In the plots on 
the right, we show a typical transient observed when the shutter is 
closed after the correlation of the observed signal with the reference 
profile reaches a certain threshold (in this case 0.16). Here, the shutter 
is closed in a phase where the atomic absorption is still increasing 
(thus the release and equilibration of the Rb vapor inside the optical 
cavity is still ongoing). This is evident looking at the contrast of the 
Rb lines in Fig.  4(b). This method has proven to be advantageous also 
in preserving the transparency of the optical cavity that is typically 
maintained within 5% (see Fig.  4(d)). We note that the rapid emergence 
of the spectroscopic signals is attributed to the relatively large passing 
channel between the dispensing cavity and the optical cavity.

5. Conclusions

The setup described in this work provides a convenient tool for 
activation and optical characterization of MEMS-like cells filled with 
Rb metals. Straightforward modifications can adapt the setup to work 
with Cs atoms as well. The setup is able to scan a whole 6-inches wafer 
in less than one hour, after a one-time manual alignment on the first 
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cell. Further improvements in the software could also make this pre-
alignment procedure automatic, leading to a fully automated operation. 
The setup is also able to activate the Rb cell with the use of a high-
power laser for localized heating of the Rb dispensers. Also in this case 
the procedure is automatic and the time for activation of a whole 6-inch 
wafer is less than two hours.

The importance of having a reliable testing equipment is demon-
strated by the first analysis of the produced MEMS cell, that where 
characterized in terms of absorption. Increasing the statistics over 
more the whole wafer area and across multiple production batches is 
straightforward with the developed system and will be the basis of 
future work, where information about the quality and reproducibility 
of the wafer fabrication will be extracted.

In this work, we also demonstrate the convenience of simultaneous 
probing of the optical absorption during laser activation of the dis-
pensers. This feature can either be used for performing a systematic 
study and tune the activation parameters or for the activation itself, 
conditioning the activation time to the absorption spectroscopy. The 
latter case has proven particularly useful in our case to avoid excess 
deposition of Rb droplets on the optical windows, preserving their 
transparency. The proposed setup marks an advancement in terms of 
reliable and large-scale production of high-quality vapor cells for the 
next-generation of atomic sensors based on Rb atoms.
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