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Achieving precise and adjustable control over laser frequency is an essential requirement in numerous
applications such as precision spectroscopy, quantum control, and sensing. In many such applications it
is desired to stabilize a laser with a variable detuning from an atomic line. In this study, we employ an
offset-stabilization scheme by utilizing phase contrast spectroscopy in microfabricated atomic diffractive
element vapor cells. The spectroscopic response of such a device generates oscillating optical fringes,
providing multiple optical frequency stabilization points across a bandwidth of tens of gigahertz, centered
around the absorption resonances of Rb. Using this device, we demonstrate laser stabilization at various
offset frequencies with instabilities reaching submegahertz levels. We further explore the fundamental lim-
itations of our hybrid atomic-photonic device, drawing parallels to birefringent and dichroic spectroscopy
apparatuses, which are commonly employed for offset stabilization. Our system showcases a broad offset
lock bandwidth, a highly compact footprint, scalability to chip-scale production, and the ability to oper-
ate without reliance on magnetic fields. These attributes pave the way for a multitude of applications in

quantum technologies.
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I. INTRODUCTION

Lasers are exquisite sources of monochromatic and
intense light yet might drift and wander in frequency due
to environmental perturbations. Control and stabilization
of the frequency of a laser (often referred to as “locking”)
is typically achieved by using either optical frequency cav-
ities [ 1], atomic or molecular systems [2—4], or a mixture of
the two [5,6]. High stability and wide tunability of the laser
frequency are required for several important applications
in quantum technologies, such as quantum nondemolition
experiments [7], Rydberg excitation [8], optical frequency
metrology [9], and trapped atoms [10].

In pursuit of miniaturized and photonically integrated
optical stabilization apparatuses, two different types of sys-
tems are being explored. First, optical cavities such as
high-Q microring resonator and compact Fabry-Pérot sys-
tems [6,11,12] are used to provide excellent short-term sta-
bility. In addition, they are relatively immune to frequency
variations caused by power fluctuations, and allow tunable
frequency locking points [13,14]. Yet, owing primarily to
thermo-optic effects, cavity resonances drift in time. In
contrast, atomic spectroscopic systems, which rely on the
immutable and fundamental properties of atomic structure,
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can support highly stable and accurate optical signals [15,
16]. Indeed, within the realm of chip-scale systems, micro-
machined vapor-cell-based optical frequency references
and guided-wave photonically integrated atomic systems
have been reported demonstrating ultra-low levels of insta-
bilities [6,17,18] . However, achieving tunability, that is,
offsetting the lock frequency, while maintaining stability
of atomic lines in a compact platform is challenging.
Offset frequency locks are a class of atomic spec-
troscopy locks where the stabilized laser is detuned from
the line center of an atomic resonance but derives its stabil-
ity from the intrinsic atomic resonances through some form
of transduction. Offset locking finds applications in various
fields such as off-resonant optical spectroscopy [19], laser
cooling [20], and imaging of ultracold atoms. Many man-
ifestations of interference spectroscopy have been real-
ized, including dichroic atomic vapor laser lock (DAVLL)
spectroscopy, Faraday spectroscopy, and polarization-
enhanced absorption spectroscopy. These methods involve
the interference of two laser beams where one or both
beams pass through an atomic gas and are differentially
phase-delayed and attenuated [17,21-25]. DAVLL and
Faraday spectroscopy utilize this technique by passing
two circularly polarized beams through an atomic vapor.
The vapor exhibits optical activity in response to an
applied magnetic field, shifting the absorption lines away
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from the exact atomic resonance via the Zeeman effect.
The two beams are then interfered using a polarizing
beam splitter and monitored with a photodetector. These
spectroscopic signals can be manipulated by polarization
control and differential attenuation; experimental realiza-
tions of this technique generate spectroscopic features
over bandwidths that exceed 30 GHz using centimeter-
scale, buffer-gas-filled vapor cells and tesla-level magnetic
fields. Such systems have shown megahertz-level stabili-
ties over minute timescales. However, the use of magnetic
fields may be detrimental for some applications as it may
influence nearby devices and experiments. Recently, we
have demonstrated micromachined atomic diffractive opti-
cal elements (ADOEs), which are in essence a system
that geometrically confines atoms within micrometer-scale
diffractive-optical elements [26]. In this manner, the atoms
and the underlying material constitute a hybrid diffrac-
tive element, with a unique spectroscopic fingerprint which
stems from this atomic-photonic coupling. In the context of
laser-locking systems and in particular offset-lock systems,
such hybrid photonic-atomic systems may support tunable
atomic-derived offset locking by combining the above-
mentioned advantages of standalone atomic and photonic
systems.

Here, we present a hand-held hybrid atomic-photonic
device that provides stable frequency offset locks. We
demonstrate a simple, compact device that utilizes phase
contrast spectroscopy of thermal Rb atoms in a microma-
chined, diffractive structure to generate a laser frequency
reference with a bandwidth exceeding 70 GHz, and with-
out requiring a magnetic field. We achieve frequency insta-
bilities below about 300 kHz for integration times between
1 s and 500 s, reaching a minimal value of a few tens
of kilohertz, limited by the residual amplitude modulation
(RAM) of our current realization. We term this technique
an atomic diffractive laser lock (ADLL).

II. CONCEPT AND EXPERIMENTAL SYSTEM

We describe the basic concept of ADOESs, and how they
are used for offset frequency locking. Figure 1(a) illus-
trates a linear grating composed of an etched Si structure
which is connected to an atomic reservoir. In essence,
reflection of a beam from such a device can be viewed as
a superposition of beams reflected from the surface and
acquiring the appropriate phases. The reflection contains
portions of the beam that acquire the phase of the atomic
medium [referred to as “sample” in Fig. 1(a)], and portions
that undergo regular reflection from the Si surface (“ref-
erence”), resulting in the well-known interference struc-
ture in the far field. When combined with a high-density
atomic dispersion [green curves in Fig. 1(a)] we achieve
chirped sinusoidal fringes around the atomic absorption
lines [see the blue illustration in Fig. 1(a)]. More gen-
erally, this spectroscopic arrangement yields signals that
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FIG. 1. (a) Schematic of the atomic grating illustrating the

interference between beams that reflect off the top of the grat-
ing and that pass through the atomic medium prior to reflection.
Illustrated angles are not to scale, as our first-order diffraction
angle is around 0.6°. Depicted on the right is a calculated atomic-
grating response (blue line) using the complex refractive index
of Rb (green curves), determined through a simulation the com-
plex susceptibility of Rb. (b) Experimental spectra of the first
diffracted order across a temperature range of 175°C to 255°C,
depicting the 70-GHz span of the high-temperature spectra.

have a fingerprint originating from the interplay between
the absorption and dispersion, that is, the imaginary and
real part of refractive index, respectively. Generally, when
considering the optical frequency response of an atomic
resonance for frequency detunings larger than the reso-
nance linewidth, the dispersive nature of the resonances,
as opposed to absorption, dominates the atomic response.
This is a direct result of the atomic dispersion having a
1/w frequency dependence in this regime, compared to
atomic absorption, which has a 1 /w? dependence [27]. The
interference of two laser beams, where either one or both
traverse an atomic medium, produces interference fringes
which transduce the dispersion into chirped sinusoids. The
periodicity of these sinusoids is directly linked to the
frequency-dependent phase accumulation of light within
the atomic vapor, particularly its frequency derivative. The
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latter effect directly correlates with the group index of the
atomic vapor, also recognized as slow-light interferometric
enhancement [28]. We note that the amplitude of the result-
ing signal is defined by the attenuation caused by rubidium
atoms, that is, through absorption processes, which shape
the intensity of the fringes.

For a binary phase grating with a square cross section
of a single groove, constituted from an etched frame with
alternating columns of silicon and Rb atoms, the inten-
sity at a given reflected nonzero diffraction order is pro-
portional to sinz(Atﬁ/Z). Here, A¢p = 2mn,/X - 2L is the
phase difference between portions of the beam interacting
with Rb atoms and reflecting from the Si surface. n, is
the atomic refractive index of Rb that is directly related
to the atomic density, A is wavelength, while L is the
etch depth. We note that the portion of beam interacting
with Rb traverses a distance 2L owing to our opera-
tion in the reflection mode. This equation demonstrates
that the action of the diffraction grating is to convert the
optical path length through the atomic vapor into an inter-
ferometer fringe as the laser frequency is scanned. Due
to the common beam path, the only relevant length in
this equation is the depth of the grating that holds the
atomic vapor.

The phase difference contains the information about the
refractive index of the atomic medium, which strongly
depends on the temperature due to the variations in the
atomic density. This results in a temperature-dependent
spectroscopic response, providing a broad spectrum of res-
onance frequencies. The position of a given fringe can
be shifted by increasing the temperature of the whole
atomic grating. Consequently, the bandwidth over which
the fringes are observable is proportional to the opti-
cal density. This bandwidth can be altered by vary-
ing either the atomic density or the etch depth in the
design. In Fig. 1(b) we present experimental spectro-
scopic results of our linear ADOE as a function of den-
sities varying from about 3 x 10 ¢cm™ to about 5 x
10" cm™3, corresponding to temperatures of 175°C to
255°C, respectively. At a temperature of 175°C fringes
primarily appear around and between the original absorp-
tion peaks. As the atomic density continues to rise, the
spectrum showcases more oscillating patterns extending
further from the absorption peaks. For instance, at a sig-
nificantly elevated temperature of 255°C, many fringes
emerge, spanning a range exceeding 70 GHz. Yet, the high
atomic density results in a flat-saturated optical response
across the entire absorption manifold due to substantial
atomic absorption. We note that the reflected light por-
tion around this frequency position is directly related to
the Rb: Si duty cycle. The calculated diffraction efficiency
into the first mode is about 5%, while the measured
value is about 1%. This discrepancy is likely attributed
to nonideal reflections and scattering from the surfaces
(discussed below).
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FIG. 2. (a) Illustration of the experimental arrangement for
offset stabilization utilizing an ADOE. A modulated laser near-
resonance with the D2 line in Rb (780.24 nm) traverses through
two 50 : 50 nonpolarizing beamsplitters (NPBSs) and is reflected
from a Fresnel lens at normal incidence; the diffracted focused
beam is collected onto a photodetector (PD). To lock the laser,
the collected light signal is demodulated to generate a dispersive
error signal, which is fed to a proportional-integral-derivative
(PID) controller. The sum of the PID and local oscillator (LO)
signals is injected into the laser. A portion of the light emit-
ted from the stabilized laser creates a beat with a stabilized
optical frequency comb to characterize the frequency stabil-
ity. (b) Photograph of a microfabricated ADOE. The zoomed
section showcases the Fresnel lens and connected Rb reservoir
containing the dispenser pill.

Our chip-scale devices contain various types of micro-
fabricated ADOEs [an example photograph is shown in
Fig. 2(b)]. In pursuing ADOE-based laser stabilization, we
chose to work with an atomic Fresnel lens (AFL) whose
spectral behavior is very similar to the above-mentioned
linear grating. In addition, it supports high contrast and
a simple collection of spectra as the interference signal
appears at a single point, the focal distance of the lens.
The lens [see zoomed photograph section in Fig. 2(b)],
designed to have a focal length of 7 cm, has a diameter of
2 mm, etch depth of 150 wm, and distance between rings
ranging from 40 pm to 120 pwm. Operationally, we cre-
ate the diffractive structures by using a silicon-on-insulator
wafer, which is subsequently etched using deep reactive
ion etching . Here, we etch the silicon device layer down to
the buried silicon dioxide layer, used as an etch stop. Next,
areservoir area is etched through the entire wafer thickness
to connect to previously etched blind-hole channels. The
micromachined Si wafer was anodically bonded to glass
on both sides with a rubidium molybdate pill inside while
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under vacuum which results in a hermetically sealed AFL
[18,29,30]. The devices were diced into 15 x 15 x 2 mm?
chips containing four AFLs. The ADOEs presented here
do not have any buffer gas and were fabricated in an evac-
uated environment of better than 10~> Pa (10~ mbar)
background pressure.

The experimental setup is illustrated in Fig. 2(a). A laser
beam of approximately 1 mm diameter and 20 WW power
irradiates the atomic lens at normal incidence with respect
to the surface of the lens. To measure the reflected focused
signal, a photodetector is placed following the nonpolar-
izing beamsplitter at a distance close to the focal point.
The wavelength of the laser (Rb D2 line of 780.24 nm) is
modulated (i.e., its frequency is dithered [31]). To stabi-
lize the laser, the signal from the detector is demodulated
using a lock-in amplifier, producing an error signal (ES). A
proportional-integral-derivative (PID) controller provides
feedback to the laser based on the ES, thus stabilizing its
frequency. A portion of the light emitted from the stabi-
lized laser is heterodyned with an offset-stabilized optical
frequency comb, whose repetition rate is referenced to a
hydrogen maser, to characterize the frequency stability.

To ensure a stable temperature, we place our microfabri-
cated cell in a custom-made double oven system. The outer
layer, constructed from Al, is heated by resistor heaters,
constituting the primarily heat source for the cell. The AFL
is situated within a Cu layer, heated by a smaller heat-
ing resistor responsible for fine temperature adjustments.
A Teflon layer in between facilitates a gradual dissipation
of heat from the cell. Both heaters are regulated by PID
controllers, enabling the achievement of millikelvin-level
stability. During the long-term optical frequency measure-
ment, we recorded the temperature of the AFL simultane-
ously. In the present study, we conducted experiments at a
temperature of approximately 205°C.

II1. RESULTS

The spectrum obtained at a temperature of 205°C is
shown in Fig. 3(a) (blue line). Frequency stabilization
was carried utilizing four different peaks, denoted by I-IV.
Peaks I, II, and III are situated between the reference
absorption lines [Fig. 3(a) dashed line] and associated with
a superposition of the refractive index tails of the sur-
rounding absorption lines, that is, the transitions between
the Rb 528, (F = 3) and **Rb 5°S,, (F = 2) ground
states to the 52P; ), excited state manifold for peaks I and
II, and transitions between the Rb 5%S;, (F = 2) and
87Rb 5%S, 52 (FF =1) ground states to the 52P3/2 excited
states manifold, for peak IIl. The resonant linewidths of
these peaks range from about 200 MHz to 500 MHz. Peak
IV stands apart from them, exhibiting a broader linewidth
of around 1 GHz and associated with the slower decay-
ing dispersive spectrum of the 8"Rb 5°S;,, (F =1) to
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FIG. 3. (a) Spectral response of the AFL at 205°C (blue line)

and 225°C (green line). Labeling of peaks corresponds to those
we use to perform optical frequency stabilization. The gray
dashed curve represents a reference spectrum of natural Rb.
(b) Frequency as a function of time of a laser locked to the
fringe peaks illustrated in Fig. 3(a). (c) The fractional frequency
instability for peaks I, II, III and IV, illustrating stability below
1 x 107 with a floor of approximately 2 x 10~!!, indicating
submegahertz stability of the laser frequency at all measured
times (from 1 s to 512 s).

the 52P;, excited states manifold. By increasing the tem-
perature by a few tens kelvin, it is possible to reduce
the linewidth of all fringes, resulting in the generation of
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multiple lock points. For instance, the spectrum at 225°C,
shown in Fig. 3(a) as the green line, showcases lines
with spectral widths ranging from about 50 MHz to 500
MHz. The stabilized laser frequency was measured dur-
ing a period of about 1 h for each stabilization point [Fig.
3(b)]. All lock points exhibit megahertz-level stability
while spanning a frequency range of several gigahertz.

We further analyze the frequency instability statistical
characteristics using overlapped Allan deviation (ADEV),
and provide such analysis for each peak [Fig. 3(c)]. Gen-
erally, all the peaks demonstrate a fractional frequency
instability below about 8 x 1071 at 1 s, that is, below
about 300 kHz, and with long-term instability equal to or
greater than 107" out to 500 s. The long-term instabil-
ity reaches a floor of 8 x 10~!' (about 30 kHz) for the
second and fourth peaks, and a floor of 2 x 10~!! (about
10 kHz) for the first peak. Peak III demonstrates a frac-
tional frequency instability of 8.2 x 107! (about 315 kHz)
at 1 s with a long-term stability of 1.5 x 10~!% (about 58
kHz). This consistent behavior points to a submegahertz
instability at all measured times. For slightly longer inte-
gration times (around 3000 s), we observe an overall linear
drift of 3.2 x 1071%/h, 3.2 x 107'%/h, 1.6 x 10~?/h, and
5.9 x 10719/h for peaks I, II, 111, and 1V, respectively.

An initial and reasonable assumption posits that the
stability of a narrower peak should demonstrate superior
performance compared to that of a broader peak. While this
holds true for peaks I and IV because of a fivefold differ-
ence in linewidth, the ADEV for the fourth and third peaks
deviates from this assumption. While we suspect that peak
IIT was obtained under nonoptimized stabilization condi-
tions, peak IV achieves an unexpectedly good stability of
8 x 10717 at 1 s. We attribute this behavior to the unique
shape of this specific peak, complicating the unequivocal
determination of its width. Indeed, the governing metric
of stability is not the linewidth directly obtained from the
spectra but rather the slope of the demodulated spectra
(i.e., the ES), which dictates the instability limit. Exam-
ining the ES slope of peak IV reveals a steeper gradient
compared to that of an ES derived from Gaussianlike
lineshapes with similar linewidth.

Our system is distinctive in leveraging the advantages
of combining a photonic structure with an atomic medium.
Consequently, there is interest in examining the limitations
inherent in such a hybrid system, particularly in compari-
son to typical standalone photonic and atomic subsystems.
To that end, we study the limiting factors associated with
our frequency stabilization platform by analyzing peak I.
This peak exhibits the lowest fractional frequency insta-
bility, which at short timescales is 1.7 x 10710 ¢=1/2,
Measurements of the amplitude noise around the modula-
tion frequency are consistent with this short-term limit, and
stem from technical intrinsic relative intensity noise (RIN)
of our laser. Other limitations are also measured, such as
RAM [32], temperature, and laser power (i.e., light shift).

>
=

Overlapping ADEV oy (D
[zH] AHQV Sutddefraa0

10°
Averaging time 7 [s]

FIG. 4. The fractional frequency stability for peak I (orange
line) and measured and calculated limitation factors: residual
amplitude modulation (blue line), temperature (green line), laser

power (red line). Calculated shot noise is plotted as the dashed
gray line.

The corresponding frequency uncertainty for these factors
is also plotted in Fig. 4. We find that for averaging times
longer than about 10 s our measurements are limited by
temperature fluctuations, which scale as 2.5 x 10710 7=2/3,
whereas at about 200 s (with a floor of nearly 2 x 10~!")
we are limited by RAM (blue line in Fig. 4) arising from
the direct wavelength modulation of the laser.

Among the various aforementioned limitations, we care-
fully examine those that are inherently linked to the
ADOE, namely the power coefficient and temperature
coefficient (TC). These sensitivities are a characteristic of
the absolute operating temperature, device geometry, and
the nominal frequency detuning from the nearest reso-
nances. The latter results from the fact that interference
can be decomposed to a sum of differing refractive index
“tails,” each associated with an absorption line and a corre-
sponding inherent sensitivity. To quantify these effects, we
conducted direct measurements of thermal sensitivity by
changing the temperature setpoint on the AFL while con-
currently recording optical frequency measurements. The
measured TC (i.e., frequency deviation per unit tempera-
ture change) for this particular peak is approximately 10
MHz/K (averaged around the specific temperature work-
ing point), resulting in a 6.3 x 107! fractional frequency
instability at 10 s, as illustrated in Fig. 4 (green line). In
this trace, relevant timescales larger than 10 s are plotted
corresponding to the overall estimated thermal respon-
sivity of our thermal management system. Other peaks
also exhibit similar temperature dependence of the order
of few megahertz per kelvin around their working point.
The experimental data agree with simulations and com-
pare well to other forms of interference spectroscopy [33].
We have also performed similar measurements of the fre-
quency dependence on incident power and have found a
coefficient of about 1.5 kHz/uwW. It is intriguing to note
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that this coefficient is lower than the typical coefficient of
a saturated absorption experiment, which is of the order
of 10 kHz/wW [6,34]. We speculate that this lower light
shift sensitivity, also observed previously [21], results from
a relatively high atom-wall and atom-atom collision rate.
These effects are attributed to the relatively high veloc-
ities of the relevant atomic velocity classes at such high
frequency offsets.

To reduce the impact of RAM, which constitutes the
primary limitation at longer timescales, we operated in a
regime characterized by relatively low optical power and
modulation amplitude. In the current configuration, we did
not specifically control RAM or power. Introducing such
control holds the potential to enhance frequency stabil-
ity over longer periods by reducing the RAM and power
contributions to the frequency instability. Simultaneously,
it may be possible to work with higher modulation fre-
quencies, potentially lowering the RIN. This approach,
coupled with improved temperature stabilization, holds
potential for improving both short- and long-term instabil-
ities. In such a realization, convergence to the shot noise
limit (depicted by the dashed gray line in Fig. 4) for all
times could become achievable. We further note that this
shot noise limit was calculated with respect to relatively
low-power scenario we have described above, thus poten-
tially providing room for improvement on the shot-noise-
limited metric. However, along with this improvement, the
increase in power is expected to amplify the contribution
of RAM and light shift to frequency instability, which may
be mitigated by the above-mentioned active stabilization
of RAM and power.

IV. DISCUSSION

The spectra from our interferometric system closely
resemble those obtained using other offset-lock techniques
such as DAVLL and, in particular, Faraday-based offset
lock techniques. Indeed, Faraday rotation of a linearly
polarized laser beam, traversing through a circular bire-
fringent Rb cell (i.e., subject to a longitudinal magnetic
field) and subsequently transmitted through an analyzer
(illustrated in Fig. 5), results in an intensity proportional
to the difference or sum of the two decomposed fields in
the circular-polarization basis. This is similar to the inter-
ference pattern obtained in our ADOEs, where the interfer-
ence of reflected signals from the grating is the mechanism
to produce the sum of two electric-field components as in
Faraday spectroscopy. The advantage is that this occurs
without the presence of circular birefringence (i.e., mag-
netic fields), resulting in an improved system in terms of
size, weight and power . The absence of magnetic fields
is also advantageous, allowing the ADOE to be placed
in close vicinity to magnetic-sensitive apparatuses such
as atomic systems. However, integrating the ADOE near

/.[ Hfeiduoms + th:\»rr
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FIG. 5. Schematic illustration of Faraday spectroscopy. ADLL
and Faraday techniques both operate under the same general
principle of interference spectroscopy. In Faraday spectroscopy,
right- and left-circular polarized components of the beam col-
lect different phase due to the sensitivity of the atoms to light
polarization, while ADLL achieves the same effect by interfer-
ing portions of the incident beam which pass through the atomic
medium or are reflected from Si.

temperature-sensitive components, such as laser diodes,
may necessitate additional thermal isolation.

The ADLL technique demonstrates large bandwidth and
multiple reference frequency fringes, which can be tuned
using magnetic, all-optical [26], or thermal methods. Mag-
netic and all-optical tuning provide significantly faster
responses, while thermal tuning allows for broader [Fig.
6(a)], but relatively slower adjustments (in our current real-
ization, a 1-K change corresponding to a 1020 MHz shift
for peak I requires around 10 s to stabilize with a precision
of 1 mK).

For applications such as atomic trapping [35,36] and
cooling [36], detunings from the absorption line of the
order of tens of megahertz are typically used. These detun-
ings can be achieved with ADLL by operating the cell
at approximately 30°C. In contrast, higher temperatures
extend the bandwidth to over 70 GHz, enabling addi-
tional trapping and laser cooling techniques [20,36-38],
while also being useful for atom interferometry [39,40]
and atomic state preparation (e.g., utilizing Raman tran-
sitions [37,39]). At these temperatures, peak position can
be controlled with megahertz resolution through moder-
ate temperature adjustments (about 0.2°C), as shown in
Fig. 6(b). Determination of the absolute detuning from the
absorption line, can be obtained by calibration with respect
to a reference system, which allows the thermistor reading
to be mapped to a fringe position.

To explore the useful bandwidth and the spectral depen-
dence on temperature, we measured the ADOE spectra
under both broad [Fig. 6(a)] and finer [Fig. 6(b)] tem-
perature variations. During these measurements, we iden-
tified temperature-insensitive points, similar to observa-
tions in DAVLL systems [24]. Peak II exhibits a clear
zero-crossing point for the TC across a wide tempera-
ture range [Fig. 6(d)] with a quadratic dependence scaling
proportional to 0.27 MHz/K. In contrast, peak I shows,
on average, a linear scaling with a slope of about 22
MHz/K [Fig. 6(c)]. Careful examination of Fig. 6(c) shows
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FIG. 6. (a) Temperature-dependent detuning shifts for peaks I

and II, with offsets added to the spectra for clarity. (b) Detailed
view of the spectrum of peak I under fine temperature adjust-
ments. (¢) Frequency variation at the position of peak I as a
function of temperature, showcasing a fitted temperature coef-
ficient of about 18 MHz/K, with inset showing frequency shifts
under small temperature changes with a fitted temperature coeffi-
cient of about 22 MHz/K; near the working point, the dependence
reduces to about 10 MHz/K. (d) Frequency variation at the
position of peak II as a function of temperature with a fitted
quadratic coeflicient of about 0.27 MHz/K. We note that all fits
serve to guide the point distribution and do not imply a physical
dependence.

a response that often deviates from this linear response
(within the error of our measurement), alluding to a regime
with smaller temperature coefficient of about 10 MHz/K
[inset of Fig. 6(c)]. Yet, determination of zero-crossing
points would necessitate further examination. Physically,
these zero-crossing points arise from the superposition of
different dispersion curves associated with differing Rb
transitions. Each line has a slightly different TC, so the
interference among multiple lines produces a varying over-
all TC. This suggests the presence of a working point
where the frequency remains unaffected by temperature
variations. We note that the location of these points may
in principle be tuned. Examples to achieve such tunability
include the modification of the device geometry and buffer

gas content, or the all-optical alteration of the Rb index of
refraction [26].

We can compare the different frequency sensitivities of
our device to other common stabilization apparatuses. One
important characteristic of frequency stabilization systems
is the temperature coefficient. A low TC is necessary for
minimizing temperature-induced drift and ensuring pre-
cision in optical measurements. The TC for the ADLL
technique is (8//f)/T ~ 2.6 x 1078 K~!, somewhat bet-
ter than the TCs of a material-based Fabry-Pérot [41] or
microring resonator cavity [42] (about 107® K~! and about
2.5 x 107° K~!, respectively) and a vacuum-based Fabry-
Pérot cavity [43] (about 5 x 10~7 K~1). More advanced
systems involving ultralow-expansion glass cavities [44]
exhibit a TC of about 10~ K~!'. However, achieving suf-
ficient thermal tunability requires a small free spectral
range , which implies a large cavity size. Atomic systems
involving saturated absorption spectroscopy [34] (SAS) in
centimeter-scale cells have a TC of about 107'% K~!, but
this stabilization technique does not allow wide-bandwidth
locking. Laser stabilization by sideband modulation does
not depend on temperature, but the system itself'is complex
and requires high- bandwidth modulators, synthesizers,
and tight optical filters. Another essential feature of our
system is the relatively low light-shift-induced frequency
coefficient. The power coefficient of ADLL is measured to
be 1.5 kHz/uwW, while that of SAS is reported to be about
10 kHz/wW and that of material-based cavities [6] is about
200 kHz/pW.

In addition, an important figure of merit (FOM) for laser
stabilization is the ratio between the peak’s linewidth and
contrast. The ADLL system demonstrates linewidths of
about 200 MHz and typical contrast of about 50%, so
this FOM approaches that of techniques such as SAS and
DAVLL. In general, the spectral response of the ADLL
system can be modified by changing the geometry of the
device, specifically the etch depth and width. A FOM for
the tunable bandwidth and the stability can be enhanced in
either parameter by changing the etch depth, etch width,
temperature, or the absorption cross section. The latter can
be modified by adding a buffer gas to broaden the optical
transitions at the expense of reducing the total refractive
index and absorption amplitude of the atoms. Finally, the
contrast of the fringes is also related to the nonunifor-
mity of the etch depth [26], which can be improved by
optimizing the fabrication process.

V. CONCLUSIONS

We have demonstrated experimentally a hybrid
photonic-atomic platform allowing stable offset locks to
the spectroscopic features of a chip-scale atomic diffrac-
tive optical element. The device utilizes concepts of
interference spectroscopy, exploiting the slowly decaying
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dispersive wings of atomic vapors, to provide high-
bandwidth optical fringes which can be used as discrimi-
nator signals for optical stabilization. By using a chip-scale
atomic Fresnel lens, we demonstrate fractional optical fre-
quency instabilities better than 1 x 10™° at short times
and approaching 10~'! at longer times. The instability
of these offset frequency locks is dominated by RIN at
short times and by RAM at longer times. We discuss and
measure the power and temperature dependence of such
ADOEs and predict a shot-noise limited performance at
the 10~!"! level. The level of stability, miniaturization, scal-
ability, simplicity, and absence of magnetic fields makes
this system highly attractive. Moreover, the usable band-
width containing optical fringes may exceed 70 GHz, with
absolute frequency tunability that can be achieved using
either relatively small temperature variations or photonic
design. The concept of hybrid atomic-photonic laser stabi-
lization merges the inherent advantages of both standalone
atomic and photonic systems to provide enhanced capa-
bilities, paving the way to enable a variety of quantum
technologies.
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