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We report on the characterization of sub-Doppler reso-
nances detected by probing the 6S1/2 - 7P1/2 transition
of Cs atom at 459 nm in a microfabricated vapor cell. The
dependence of the sub-Doppler resonance (linewidth,
amplitude) on some key experimental parameters, in-
cluding the laser intensity and the cell temperature, is
investigated. These narrow atomic resonances are of in-
terest for high-resolution spectroscopy, instrumentation,
and may constitute the basis of a high-stability microcell
optical standard. © 2024 Optica Publishing Group
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Microfabricated (MEMS) alkali vapor cells are at the core of4

high-precision integrated atomic quantum sensors and devices5

[1], such as microwave [2–4] and optical [5, 6] clocks, or mag-6

netometers [7–9]. They also constitute a key element for the7

demonstration of chip-scale laser-cooling platforms [10], atomic8

diffractive optical elements [11], optical isolators [12], voltage9

references [13], or quantum memories [14].10

The first chip-scale atomic device was a microwave atomic clock11

[15]. This clock, based on coherent population trapping [16], has12

offered in its industrial and commercialized version an ultra-low13

size-power-instability budget, impacting a plethora of industrial14

and scientific applications. Nevertheless, the short-term stability15

of these clocks is usually limited at about 10−10 at 1 s by the16

frequency noise of their vertical-cavity surface-emitting laser17

while their long-term stability is degraded by light-shift effects18

[17] or buffer-gas induced collisional shifts [18, 19].19

Hot vapor MEMS-based optical frequency standards constitute20

a new generation of miniaturized clocks, with enhanced stability.21

These references, which keep the benefit of using wafer-scalable22

and mass-producible vapor cells without requiring ultra-high23

vacuum technologies and laser cooling, rely on the interaction24

of hot atoms with two counter-propagating laser beams of same25

frequency. This configuration provides the detection of sub-26

Doppler resonances of linewidth ultimately limited by the natu-27

ral linewidth of the probed transition.28

Probing the two-photon transition of Rb atom at 778 nm in a29

MEMS cell has led to the demonstration of an optical frequency30

standard with fractional frequency stability of 1.8 × 10−13 at 1 s31

and approaching the 10−14 level after 1000 s [20]. Besides, sta-32

bility results at the level of 3 × 10−13 at 1 s and below 5× 10−14
33

at 100 s were achieved with dual-frequency sub-Doppler spec-34

troscopy in a micromachined Cs cell [21]. Hybrid photonic-35

atomic references that couple MEMS cells and compact optical36

cavities have been also demonstrated [22].37

The above-mentioned studies exploit optical transitions of alkali38

atoms in the near-infrared wavelength domain. Given the recent39

advances of low-noise near-ultraviolet (UV) and blue chip-size40

lasers [23], investigating atomic transitions in microfabricated41

cells in this wavelength domain represents a stimulating re-42

search direction. In Ref. [24], sub-Doppler spectroscopy of the43

1S0−1P1 transition of strontium at 461 nm was reported in a44

MEMS cell. With this alkaline-earth atom, a challenge is to oper-45

ate the cell at a high temperature (∼ 300◦C), required to obtain a46

sufficiently high vapor pressure, while ensuring a long enough47

cell lifetime. In Ref. [25], a compact optical standard based on48

the 6S1/2 − 7P1/2 transition of Cs atom was reported, achieving a49

stability of 2.1 × 10−13 at 1 s and averaging down to a few 10−14.50

However, this reference was based on a 5-cm long glass-blown51

cell, not compliant with the advent of a fully-miniaturized and52

low-power optical clock.53

In this paper, we report on the characterization of sub-Doppler54

resonances detected in a microfabricated cell by probing, in a55

simple saturated absorption configuration, the Cs atom 6S1/2 –56

7P1/2 transition at 459 nm. The impact of the laser intensity and57

cell temperature on the sub-Doppler resonance is experimen-58

tally investigated. Optimal laser intensity and cell temperature59

values for the development of a microcell-stabilized frequency60

reference are identified. With detection-noise measurements we61

predict a short-term stability in the 10−13 range at 1 s, with a62

photon shot-noise limit in the low 10−14 range.63

Figure 1(a) shows the experimental setup used to perform64

sub-Doppler spectroscopy of the 6S1/2 → 7P1/2 transition in65

133Cs vapor. The laser source is an external-cavity diode laser66

(ECDL) tuned at 459 nm. An optical isolation stage of 45 dB is67

placed at the output of the laser head to reduce optical feedback.68

The intensity of the light is then split such that sub-Doppler69

spectroscopy, performed in a pump-probe configuration, can be70

performed in two different cells. The first cell is a MEMS Cs va-71

por cell [30]. In this cell, shown in Fig. 1(c), atom-light interaction72

is produced in a 2-mm diameter and 1.4-mm long cylindrical73

cavity. The cell is placed into a temperature-controlled physics74

package, surrounded by a magnetic shield. The second cell is75
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Fig. 1. (a) Setup for sub-Doppler spectroscopy of the Cs atom
6S1/2 → 7P1/2 transition at 459 nm. ECDL: external-cavity
diode laser, FI: Faraday optical isolator, BR: beam reducer, PBS:
polarizing beam splitter, M: mirror, λ/2: half-wave plate, BD:
Beam dump, PD: photodiode, DAQ: acquisition card. The
glass-blown cell channel (not shown) is identical to that of
the MEMS cell. (b) Energy levels and decay paths involved
in the 6S1/2 − 7P1/2 transition whose features are extracted
from Refs. [26–28]. The numbers in parenthesis are the dipole
moments given in units of electronic charge times Bohr radius
ea0 [29]. (c) Photograph of the Cs MEMS cell.

an evacuated glass-blown (GB) reference cell with a diameter76

of 25 mm and a length of 50 mm. The latter is also temperature-77

controlled but not covered by any magnetic shield. For the two78

cells, the pump and probe powers (intensities) are noted Pp (Ip)79

and Pb (Ib), respectively. A set of lenses is used at the laser out-80

put to adjust the beam (1/e2) diameter to about 2.2 mm.81

We started by recording the transmission profiles in the ab-82

sence of the pump beam for several values of the probe power.83

The inset in Fig. 2 shows the transmission spectrum of the84

Fg = 4 → 3′, 4′ group of transitions recorded with the MEMS85

cell at a temperature TMEMS = 117 ◦C, and a probe power Pb of86

5 µW. As the natural linewidth of the 6S1/2 → 7P1/2 transition87

ΓN/2π ∼ 0.96 MHz [28] is much smaller than the Doppler-88

width (ΓD/2π ∼ 0.7 GHz at 25 ◦C), we approximate the trans-89

mission profile by a sum of two Gaussian lines, one for each hy-90

perfine transition. We extract here a full-width at half-maximum91

(FWHM) of about 775 MHz, and 83 % transmission, in agree-92

ment with a model of linear absorption [31]. This measurement93

was repeated for several values of the probe power, for the two94

cells. Results are shown in Fig. 2. Above a probe intensity Ib of95

about 1 mW/cm2, the transmission starts to increase. This indi-96

cates probe-induced saturation of the transitions. We note that97

the saturation is more pronounced for the GB cell, suggesting98

that the excited state relaxation is higher in the MEMS cell. In99

the following, we set Ib = 0.5 mW/cm2, chosen as a trade-off100

between signal-to-noise ratio and minimal probe broadening.101

For large enough intensities, the pump burns a hole in the distri-102

bution of atomic velocities [32]. This hole is directly imaged by103

the (counter-propagating) probe beam, leading to the formation104

of sub-Doppler peaks with a Lorentzian shape105

L(∆) =
A

1 + (2 ∆/Γ)2 , (1)

where A and Γ are the amplitude and the linewidth (FWHM)106

of the resonance, respectively, while ∆ = ωl − ω is the laser107
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Fig. 2. Transmission of the cesium 6S1/2 → 7P1/2 (Fg =
4 → 3′, 4′) line center versus probe intensity, for the MEMS
and GB cells. The inset shows an example of two Gaussian
fits (red) to the data (black), recorded in the MEMS cell. Tem-
peratures of both cells were adjusted to have about the same
optical depth: TMEMS = 117 ◦C, TGB = 61 ◦C.
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Fig. 3. Sub-Doppler spectroscopy of the Cs atom 6S1/2 →
7P1/2 transition in the Cs MEMS cell. Experimental parame-
ters are Pb = 20 µW, Pp = 15 mW and TMEMS = 117 ◦C. The
two insets show the data (blue dots) and fit (red line) around
the F = 4 → 3′ (left) and crossover (right) resonances.

detuning with respect to the angular frequency of the resonance.108

Figure 3 shows, in the MEMS cell, sub-Doppler resonances in the109

bottom of Doppler-broadened profiles. The spectrum was ob-110

tained at TMEMS = 117 ◦C with orthogonally-polarized counter-111

propagating pump and probe beams (Pp = 13 mW, Pb = 20 µW).112

The insets show fits of Eq. (1) to experimental data for the113

F = 4 → 3′ and crossover (CO) resonances. The frequency sepa-114

ration of 377.6(2)MHz between the F = 4 → 3′ and F = 4 → 4′115

transitions [26] was used to calibrate the frequency axis.116

The pump intensity leads to power broadening of the sub-117

Doppler resonances, such that118

Γ′ = ΓN

√
1 + Ip/Isat + ΓR , (2)

where ΓN/2π = 1/2πτ ≈ 963 kHz is the natural linewidth119

of the 6S1/2 → 7P1/2 transition of 133Cs atoms [28], and120

Isat = ϵ0ch̄2Γ2/4|⟨e|d|g⟩|2 is the saturation intensity of a given121

Fg → Fe transition. From the dipole moment value reported122

in Ref. [29], we estimate Isat(6S → 7P1/2) ≈ 4.9 mW/cm2. The123
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Fig. 4. Linewidth (a) and amplitude (b) of sub-Doppler reso-
nances versus pump light intensity. The error bars correspond
to the 2σ confidence intervals returned by the fit. The probe
power is Pb = 20 µW. The temperature of the MEMS and glass-
blown cells are 117 ◦C and 61 ◦C, respectively. Note that the
amplitude of the F = 4 → 4′ resonance (not shown) was about
1.5× smaller than 4 → 3′ in both cells.

term ΓR comprises all sources of additional broadening (e.g.124

residual Doppler, collisions, etc.). Fitting Eq. (2) to the measured125

broadening of the sub-Doppler resonances [Fig. 4(a)], with ΓR126

and Isat as free parameters, yields ΓR/2π = 7.9(7)MHz. For127

the GB cell, we find ΓR/2π = 7.5(6)MHz, consistent with128

the value observed in Ref. [25] with modulation transfer spec-129

troscopy. In both cells, the zero-intensity linewidth, extrapolated130

from data in Fig. 4(a), is comparable and much larger than the131

natural linewidth. The main suspect is collisional broadening132

induced by the presence of impurities in the cells. In the case133

of the GB cell, spurious magnetic fields might also broaden the134

resonance. The linewidth of the ECDL is about 100 kHz and does135

not contribute significantly to the measured linewidth. The dif-136

ference of slope between the two curves might be explained by137

differences in sub-level remixing [33]. While providing insights138

into the experimental results, our simple two-level atom model139

is limited and a complete model accounting for all levels (see e.g.140

Fig. 1) and hyperfine pumping [32] effects would be necessary141

to get a complete quantitative understanding. Figure 4 (b) shows142

that the amplitude of the sub-Doppler resonance is increased143

with the pump laser intensity. Derived from Figs. 4 (a) and 4 (b),144

we find that the amplitude/linewidth ratio of the sub-Doppler145

resonance is maximized at the level of about 4.2 mV/MHz for146

Ip ≈ 320 mW/cm2, for the F = 4 → 3′ resonance. For the CO147

resonance, the latter is optimized at the level of 6.3 mV/MHz148

for Ip ≈ 478 mW/cm2.149

Figure 5 shows the amplitude of the sub-Doppler resonance as150

a function of the MEMS cell temperature, recorded at constant151

pump and probe powers. The amplitude of the resonance is152

maximized at about 122◦C. We did not observe any relevant153

variation of the resonance linewidth in the tested temperature154

range, suggesting that the system is not dominated by Cs-Cs self-155

broadening. We found an optimum slope of the sub-Doppler156

resonance of 4.8 mV/MHz (8.0 mV/MHz), for the F = 4 → 3′157

(crossover) resonance, respectively, around 122◦C. This tem-158

perature setpoint is interesting. It is low enough to be easily159

achieved in a miniature package while offering the cell a reason-160
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Fig. 5. Amplitude of the sub-Doppler resonance as a func-
tion of the cell temperature, recorded for Pb = 20 µW, and
Pp = 15 mW in the MEMS cell. The circles (triangles) corre-
spond to the F = 3 → 4′ (CO) respectively.

ably long lifetime, without the use of specific coatings [24]. In161

this study, no degradation of the resonance signal was observed162

in the MEMS cell after eight months of operation at tempera-163

tures higher than 100◦C. Also, tuning the cell at a high-enough164

temperature setpoint is often desired in chip-scale devices for165

extending their temperature range.166

The short-term fractional frequency stability at 1 s of a passive167

atomic frequency reference, characterized by the Allan deviation168

tool, is given by [34]169

σ(1 s) ≃ 1
Q

· 1
SNR

, (3)

where Q = ν0/∆ν is the resonance quality-factor, with ν0 the170

laser frequency (6.53× 1014 Hz), ∆ν the resonance linewidth,171

and SNR = S/N the signal-to-noise ratio in a 1 Hz bandwidth,172

measured at the modulation frequency fM. Figure 6 shows the173

total detection noise measured at half-height of the crossover174

resonance detected in the MEMS cell at the direct output of175

the photodiode (Thorlabs PDA36A-EC, with 60 dB gain), with176

T = 122 ◦C, Pb = 20 µW and Pp = 18 mW (Ip ≈ 470 mW/cm2).177

Assuming an operating modulation frequency fM = 100 kHz,178

we extract a noise level of −114 dBV2/Hz, i.e. N≃ 2 µV. For179

this measurement, we extract ∆ν ≃ 16 MHz, Q ≃ 4.1 × 107,180

S ≃ 140 mV, SNR ≃ 70 × 103, yielding, in tested conditions, a181

predicted stability of σ(1 s) ≃ 3.5 × 10−13. As seen in Fig. 6,182

the total detection noise at f = 100 kHz is here limited by the183

photodiode noise (in the dark). The contribution at 1 s of the184

photon shot-noise limit [35]185

σsn(1 s) =

√(
1
Q

)2 2hν0

C2Po
, (4)

with h the Planck constant, Po ≃ 15 µW the laser power imping-186

ing the photodiode, and C ≃ 0.06 the transmission contrast of187

the resonance is estimated, in current condition, at 2.4 × 10−14.188

In conclusion, we have reported sub-Doppler spectroscopy of189

the 133Cs atom 6S1/2 → 7P1/2 transition in a microfabricated190

vapor cell. Optimal values of the laser pump intensity and cell191

temperature have been identified for the demonstration of a192

microcell-stabilized laser with a predicted stability at 1 s in the193

low-10−13 range, despite a simple architecture. In the future, we194

will aim to measure the frequency stability of such a microcell-195

laser by creating a beatnote between two quasi-identical systems.196

Microfabricated cells with embedded non-evaporable getters197

[36] might be also used for reducing the residual pressure of198

contaminants in the cell and detecting narrower resonances.199
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Fig. 6. Detection noise at the photodiode output for
Pb = 20 µW, Pp = 18 mW, and TMEMS = 122 ◦C, in the
MEMS cell, at half-height of the CO resonance. The cyan curve
corresponds to the noise of the photodiode in the dark.
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