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A Chip-Scale Optical Frequency Reference for the
Telecommunication Band Based on Acetylene
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Noa Mazurski, John Kitching, and Uriel Levy*

Lasers precisely stabilized to known transitions between energy levels in
simple, well-isolated quantum systems such as atoms and molecules are
essential for a plethora of applications in metrology and optical
communications. The implementation of such spectroscopic systems in a
chip-scale format would allow to reduce cost dramatically and would open up
new opportunities in both photonically integrated platforms and free-space
applications such as lidar. Here the design, fabrication, and experimental
characterization of a molecular cladded waveguide platform based on the
integration of serpentine nanoscale photonic waveguides with a miniaturized
acetylene chamber is presented. The goal of this platform is to enable
cost-effective, miniaturized, and low power optical frequency references in the
telecommunications C band. Finally, this platform is used to stabilize a 1.5 pm
laser with a precision better than 400 kHz at 34 s. The molecular cladded
waveguide platform introduced here could be integrated with components
such as on-chip modulators, detectors, and other devices to form a complete

uncertainty of 5 x 107!° and is recom-
mended by the Bureau International des
Poids et Mesures (BIPM) as a practical re-
alization of the SI meter.

In the past few years we have ob-
served immense progress toward the
goal of integrating and miniaturizing
atomic vapor cells by the use of integrated
nanophotonic—atomic devices such as the
atomic cladded waveguide (ACWG),['314]
atomic cladding microring resonator
(ACMRR),[>77] atomic cladded Mach
Zehnder interferometer,('8]  coupled
plasmonic-atomic and plasmonic molec-
ular devices,['2! antiresonant reflecting
optical waveguides (ARROW),[?2] hollow
core fibers,[2*?* or by use of compact
anodically bonded rubidium cells.[?>2]

on-chip laser stabilization system.

1. Introduction

Frequency stabilized lasers are in great demand for a variety of
applications such as atomic clocks,!'*! dimensional metrology,!®!
spectrum analysis,”) dense wavelength division multiplexing
(DWDM) systems,#?] and the realization of the meter.1%11 Al-
kali atomic vapors such as rubidium!?! and cesium have rea-
sonably narrow (~6 MHz) optical transition linewidths in the
near-infrared, high room-temperature vapor pressures, and large
absorption cross-sections that result in optical detection with
high signal-to-noise ratio. The optical frequency of the D2 transi-
tion of ¥Rb at 780 nm has been measured to a relative standard
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While alkali atoms can satisfy the need
for stabilized sources in the near infrared
frequency regime (e.g., around 780 nm
wavelength for rubidium), compact
stabilized light sources at the telecom regime are in great de-
mand. Recently, stabilization of a telecom laser at 1560 nm was
demonstrated using a photonic chip frequency doubler by us-
ing the second harmonic generated at 780 nm to probe the ru-
bidium D2 transition.!?’”] Additionally, stabilization of a laser at
1529 nm to an excited state transition in rubidium was also
demonstrated,[?% though in general, the number of telecom
reference transitions available in atomic species is limited due
to their simple electronic structure.

One approach that allows circumventing this obstacle is the
use of molecular transitions. Indeed, gas molecules such as
acetylene (1>C,H,)% and hydrogen cyanide (HCN)3! have tran-
sitions at the telecom band and are being used as frequency
standards. Work has been progressing to integrate 2C,H, with
fiber-based platforms(**-** and recently on-chip spectroscopy of
CH, at 1.65 pm was demonstrated in the context of trace gas
sensing.®) A primary challenge in implementing molecular
spectroscopy in more compact geometries is the small absorp-
tion cross-sections of most useful molecules (I, being a notable
exception®]). The small absorption typically implies the use of
high gas pressures, at which significant temperature-dependent
collisional shifts to the transition frequencies are present.3%) At
lower pressures, accurate stabilization can be achieved, and the
C,H, is a recommended practical realization of the meter under
these conditions. However, in this case long interaction lengths
are required to generate a sufficiently large absorption signal,
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Figure 1. a) Measurement and device scheme: light is focused by a lensed fiber to the MCWG, propagates through a serpentine shape waveguide and
collected by another lensed fiber. b) Microscope image of two swirl waveguides. c) Schematic of the interaction region: The optical mode propagates in
the exposed region where the oxide is etched and interacts with the moving gas molecule. d) Schematic of C,H, molecule. e) Photograph of the MCWG
device and f) cross section of the normalized electric field distribution of the TE mode.

with the light sometimes confined in optical cavities.*”! If these
challenges can be overcome, the acetylene v, + v; band offers a
grid of absorption lines covering most of the telecommunication
band highly suitable for the stabilization of WDM lasers. Chip
scale integration of frequency stabilization systems offers sev-
eral prominent opportunities such as significant cost reduction
by using well established and scalable fabrication techniques, in-
tegration of multiple electro optic devices such as detectors,3#!
and phase modulators*! on the same chip, and even the inte-
gration of optical functionalities with the required electronics!*’]
on the same platform. With such an approach, miniaturized
configurations for stabilization of photonic devices such as fre-
quency combs!*!l or microring resonators (MRRs)*?! using the
integrated reference cells are feasible, broadening the horizons
of frequency references. One example addressing the impor-
tance of such integration is precise measurement in space,*344]
for which stabilized laser systems with low payload are highly
desired.I”) Another important advantage of this chip scale in-
tegrated scheme relates to the ability to confine light at the
nanoscale, which may give rise to the observation of nonlinear
phenomena in atoms!*>***7] and molecules using relatively low
levels of optical power while maintain high optical density in the
confined mode. For instance, while preforming saturated absorp-
tion spectroscopy or observing electromagnetic induced trans-
parency (EIT) may be a challenging task in low dipole gases such
as acetylene, the strong light confinement may allow the observa-
tion of such effects, as was shown in hollow core photonic crystal
fibers filled with acetylene.[**->°1 On-chip waveguides also criti-
cally allow for long optical path lengths to be achieved in a small
volume with serpentine waveguides,*>°! resulting in increased
optical absorption and improved signal.

Motivated by the grand vision of fabricating a full on-chip
stable and accurate locking system, we have designed, fabri-
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cated, and experimentally demonstrated the chip scale integra-
tion of acetylene with optical waveguides to construct a molecular
cladded waveguide (MCWG). We have observed for the first time
the spectroscopic acetylene absorption lines using light guided
by a nanophotonic structure. High contrast of about 10% was
achieved owing to the long propagation length of about 4 cm. By
designing the waveguide to take a serpentine shape, the physical
device volume is as small as 5 x 107 mm? (3 mm x 0.4 mm
X 4 pm). Finally, we have demonstrated the usefulness of the
MCWG platform for practical applications by stabilizing a laser to
1.6 x 1077 in fractional frequency, corresponding to a precision
of better than 400 kHz at 34 s. While these results are already
sufficient for current DWDM systems!®°] and distance measure-
ments at high resolution,5?! further stability enhancement can
be achieved, as discussed in the conclusion section. Moreover,
the use of guided wave platform offers a true opportunity for
dense integration of multiple functionalities on chip, allowing to
scale up the demonstrated platform toward compact, cost effec-
tive, and multichannel stabilization systems.

2. MCWG Platform

Our MCWG platform is illustrated in Figure 1a. Our device con-
sists of a 40 mm long silicon nitride (Si;N,) core waveguide on
top of a SiO, cladding layer (Figure 1b). Light is coupled on and
off the chip using a pair of lensed optical fibers. The waveg-
uide cross-section is 1.5 pm width by 0.25 pm height, the waveg-
uide is covered with 2 pm thick SiO, layer, serving as an upper
cladding. A buffered hydrofluoric acid (HF) wet etch is used to
remove the upper oxide layer to expose the waveguide over a pre-
defined area, which serves as the interaction region between the
molecular gas and the optical mode (Figure 1c). A glass cap is
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then bonded to the chip. Next, the device is evacuated, filled with
12C,H, (Figure 1d) and pinched off, resulting in a portable, hy-
brid molecular-photonic device as shown in Figure le. We have
chosen silicon nitride for a few reasons. 1) Si;N, is transpar-
ent from ~300 nm to 6.5 pm making it suitable for acetylene
transitions in the telecom, near IR, and mid IR. 2) In order ob-
serve nonlinear phenomena in acetylene such as saturated ab-
sorption spectroscopy or EIT, high intensities are required.l>"]
Unlike silicon, the large bandgap of Si;N, prevents undesired
two photon absorption which may lead to extreme temperatures.
3) Furthermore, avoiding two photon absorption supports the ob-
servation of high Q factor resonators at decent intensities.>!>]
Such resonators can be used to extend the frequency stability
of the acetylene transition to other wavelength through nonlin-
ear effects such as harmonic generation and four-wave mixing.
The transverse electric (TE) optical mode supported by the waveg-
uide is presented in Figure 1f where ~10 % of the field extends
into the acetylene region and interacts with it. The interaction
of light with the acetylene molecules in our system is modelled
by calculating the susceptibility of a quantum emitter that is re-
flected from a surface in the presence of a decaying electromag-
netic field, following refs. [13,54]. This model results in a Voight-
like absorption profile. Three major broadening mechanisms
are present in our system that affect the acetylene absorption
linewidth: 1) Doppler broadening, defined as Aw =k, - v, , where
Ve (430 m s71) is the most probable velocity of acetylene at room
temperature (295 K) and k, is the wave number of the mode along
the propagation direction. 2) Pressure broadening, estimated as
Aw = P [Torr] 13 [MHz Torr').5%] In our system the pressure
of acetylene is 30 Torr and hence the pressure broadening is esti-
mated to be about 390 MHz. 3) Transit time broadening, which is
the result of the finite interaction time between the molecule and
the waveguide evanescent field that is confined at the nanoscale,
thus giving rise to additional spectral broadening. The evanescent
decay length is deduced from the mode wavenumber in the trans-
verse direction. We have modeled the optical mode by using finite
element method (FEM) simulation and found the effective index
of the mode to be 1.5 and the evanescent decay length to be about
0.2 pm. In order to assess the effect of acetylene on the mode ef-
fective index we have assumed a small imaginary index of 10~
for the cladding of the waveguide and calculated the mode effec-
tive imaginary index, which was found to be ~10~°. This indicates
an interaction factor (IF) of 10%. Having the mode wave vector
in hand, we have simulated the refractive index of acetylene and
found the linewidth to be #1100 MHz. This broad linewidth is
a result of an increased Doppler broadening and increased tran-
sit time broadening. The expected Doppler width in a free space
system is ~480 MHz.1! In contrast, the simulated Doppler width
for the MCWG based system is ~700 MHz. The Doppler broad-
ening in the MCWG is increased by ~#50% compared to the free
space measurement as it is proportional to the photon momen-
tum. Given the fact that the photons are propagating as confined
mode having an effective index of about 1.5, the wavenumber and
hence the momentum are also increasing by 50% as compared
to free space.

In addition to the enhanced Doppler broadening, we estimate
the transit time broadening to be ~160 MHz due to the finite
time it takes for the molecule to cross the evanescent tail of the
optical beam. Taking into account these broadening mechanisms
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we can extract the complex refractive index of acetylene which is
tied to the optical mode. Once the complex refractive index of the
acetylene is known, we calculate the expected device transmis-
sion (T), according to the Beer—-Lambert law following the rela-
tion T = exp(—2-k-L-IF), where L is the propagation length and
k =27 -n;/A (n, being the imaginary part of the refractive index
of the acetylene and A = 1520 nm)

A more detailed explanation of this calculation is provided in
the Supporting Information.

3. Results

In Figure 2a,b we plot the transmission measured from our
MCWG device and from a '2C,H, reference cell over a broad
spectral range of about 4.5 nm around the telecom band. This
measurement was carried out with a coarse scanning of our tun-
able telecom laser (HP 81682A). We have normalized the device
transmission to remove the effects of Fabry—Perot etalons; these
fluctuations will be discussed in detail in the Supporting Infor-
mation.

We have also performed a finer scan over a single absorption
line of the R9 transition, as can be seen in Figure 2c. Here, we
plot the measured and the calculated transmission through our
device (30 Torr, red and dashed green, respectively). The method
of calculated transmission is briefly explained in the text. A more
detailed explanation is provided in the Supporting Information.
As a reference, we also plot the transmission through our de-
vice using a free space beam by illuminating it through the epoxy
bonded glass cup that is attached to the chip. The free space beam
has a waist of ~#1 mm and it propagates 0.5 cm above the chip
with a power of 1 mW. As can be seen (Figure 2c) there is a good
agreement between the simulation and the measurement, where
both show absorption linewidth of about 1.1 GHz. The 4 cm long
propagation length results in 10% contrast as can be seen in Fig-
ure 2¢. The only free parameter in the simulation is the optical
density due to small uncertainty in the waveguide dimensions
and in the transition dipole strength, which we have extracted
by measuring the transmission from a 5 cm long reference cell.
The variation of the free parameter was less than 10%. One can
also see that the reference absorption line is narrower, mostly due
to the reduced Doppler broadening. Details about the extraction
of the simulated curve are given in the Supporting Information.
We couple light to the device by using inverse tapers. We esti-
mate the coupling losses to be ~3 dB per facet. The total loss of
the device is ~40 dB, most of the loss is due to fabrications im-
perfections such as write fields misalignment. Assuming sym-
metrical losses, the optical power within the waveguide is found
to be ~#100 nW. The saturation intensity of the acetylene transi-
tion is &4 x 10® W cm~2,55% and the mode size supported by our
waveguide is 1.5 X 0.25 pm?. This results in an intensity of about
~27 W cm™2. For such intensity it is reasonable to neglect power
broadening. Next, we demonstrate the capability of our plat-
form to perform as a chip scale frequency reference. The locking
scheme used for this purpose is presented in Figure 3a, where a
tunable laser at a telecom wavelength is locked by a wavelength
modulation schemel®”] to the MCWG absorption line (2C,H,,
R9) at 1520.08 nm. We compare its stability to a second laser that
is locked to the R29 absorption line of a reference cell (*C,H,) at
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Figure 2. a) Measured light transmission from our MCWG. b) Measured light transmission from a reference cell. c) Measurement of the R9 transition
from our MCWG (red line and right red axis) and a reference cell (blue line and left blue axis). Simulation showing the expected transmission spectrum

of our MCWG is shown in dashed green
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Figure 3. a) Locking scheme: Two lasers at 1550 nm are locked to acetylene absorption lines, one obtained from a reference cell and the other from our
MCWG. The beating signal between the two lasers is fed into a counter, which extracts the beating frequency. LIA, lock-in amplifier and PD, photodetector.
b) Allan deviation extracted from the beating between a laser locked to a reference cell and: free running laser (green), laser locked to another reference
cell (red) and laser locked to our MCWG (black). The error bars represent a confidence interval of 0.683. The blue dashed line represents the Shot noise
limited stability (7 x 10/4/7). c) Time series of laser instability for the unlocked (green) and locked (black) laser. d) Frequency noise spectral density
of: free running laser (green), laser locked to another reference cell (red), and laser locked to our MCWG (black). The dashed lines represent the different

noise regions.

~1520.08 nm with a contrast of 5%. The two transitions (?C,H,,
R9, *C,H, R29) are ~3.2 GHz apart. We have measured the beat
signal between the two lasers and extracted the frequency insta-
bility given by the Allan deviation, as shown in Figure 3b (black
points). For comparison, we have also measured the instability
between two lasers both locked to reference cells (red points) and
the instability of a free running laser (green points). The results
show that our device can provide laser stabilization to the level of
1.6 X 107 at 34 5. As shown, this result is significantly better than
the stability of our free running laser, and only one order of mag-
nitude inferior to the stability obtained with the large reference
cell. In Figure 3c we plot the beating signal as a function of time
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of the locked laser (black) and the unlocked laser (green). While
the free running laser can have drift of 300 MHz in an hour, the
locked laser is much more stable. In Figure 3d we plot the fre-
quency noise spectral density. We are able to reduce the flicker
noise of the laser at short time scales of few seconds. At longer
times, corresponding to lower frequencies of 1072 Hz, the laser
which is locked to our MCWG (black) absorption signal suffers
from flicker noise. This noise is not observed in the reference cell
system (red) and thus is not attributed to electrical noise (which
should be identical in both feedback systems). Our results show
significant reduction in random walk noise as compared to the
case of free running laser.
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Figure 4. Schematic of the device and mode propagation: in the inter-
action area there is a single mode that will reflect at the facets (red ar-
rows). This mode will couple to the three modes in the coupling waveguide
(green, yellow, and blue arrows).

4, Discussion

We have developed and demonstrated the platform of MCWG
consisting of a silicon nitride waveguide integrated with a mi-
croscopic acetylene cell. The measured transmission spectrum
through the device shows distinct absorption lines of acetylene.
We have further shown (Figure 3) that our integrated device can
be used to stabilize a laser to a precision of better than 400 kHz
at 34 s. This result is an order of magnitude improvement com-
pared to the stability of our free running laser. The improvement
becomes even larger at longer integration times. The current
level of instability is attributed to two major reasons: 1) fluctua-
tion in the coupling conditions between the external fibers to the
device, and 2) fluctuations in temperature. Our current version
of the MCWG device consists of two different sections (Figure 4):
the coupling region, which is covered with SiO,, and the interac-
tion region, where the SiO, cladding is etched off. While the inter-
action region (which is contained within the rectangle in Figure
1b,¢) is a single mode waveguide, the coupling waveguide sup-
ports both the fundamental TE (Figure 4, yellow arrow) and the
transverse magnetic (TM) (Figure 4, green arrow) mode as well
as an additional TE mode (Figure 4, blue arrow). Therefore, as
the coupling conditions vary over time due to mechanical shift of
the external fibers, the beating between the modes varies over
time, affecting the measured transmission spectrum. Further-
more, reflections from the boundaries between the two different
waveguide regions (having different mode profiles and different
mode effective indices) and from defects resulting from the im-
perfections generated during the fabrication process, all may re-
sult in Fabry-Perot (FP) resonances, corresponding to forward
and backward propagating modes, denoted by the red arrows in
Figure 4. As previously reported,[*>12! such effects may result
in a spectral shift in the transmission dip due to the Fano ef-
fect, as well as variations in the measured intensity at a given
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frequency. Furthermore, as a result of temperature variations,
such FP resonances can shift in frequency due to the thermo
optic effect. To estimate the expected effect of such phenom-
ena on the measured signal, we have simulated the transmission
through our device in varying conditions, as explained in more
detail in the Supporting Information. These simulations predict
spectral shifts of hundreds of kilohertz and even more for our
operating conditions. The accuracy of our system is limited by
the coupling conditions variations. The beating between the pho-
tonic modes is affected by the coupling conditions and this pa-
rameter seems to be the one which is affecting the obtained ac-
curacy the most. To verify this hypothesis, we have slightly shifted
the lensed fiber which couples light into our device. As a result,
we observed up to 20 MHz shift in the beating frequency. Ad-
ditional parameters which may affect the stability of our system
are expected to be less dominant. For example, power fluctua-
tions in the waveguide may also result in FP resonances shift
in frequency due to the Kerr effect. However, considering the
Kerr effect coefficient (n,) in Si;N, of 2.45 x 107 cm? W18l
a refractive index change of less than 107" is expected at typi-
cal light intensities within the waveguide. For such a case, this
effect is ~8 orders of magnitude weaker than the thermo optic
effect and thus can be neglected. Power fluctuation in the waveg-
uide may also affect stability due to light shift, which was re-
ported to be around 0.25 kHz (W cm~2)7! in acetylene. In short
times (i.e., seconds), we observe power fluctuations of about 0.2%
(~0.05 W cm™2) resulting in frequency fluctuations significantly
below kHz. Even at longer time scales (hours), were the inten-
sity variation are in the order of up to 10 W cm~2 the resulting
shiftis about 2.5 kHz. Another parameter which may hamper sta-
bility is pressure shift, which was reported to be around 300 kHz
Torr~'5¢] in Acetylene. First, we have verified the absence of leaks
in our device by measuring it several times over the period of
more than a year. Indeed, we could not observe any reduction
in contrast or change in the linewidth of the signal. Yet, in ad-
dition to leaks, temperature (T) fluctuations may also generate
pressure fluctuations, which in turn resulting in line shift (Av)
according to: Av(T) = Av(T,,)\/T/T,,,*® where T,, is the refer-
ence temperature. Our system has a drift of about 1-2 K over 12
h, resulting in a shift of #50 kHz.

Temperature shift, coupling shift and power shift are noise
source that are most relevant at long time. In contrast, at short
time scales the system is expected to be limited mostly by Shot
noise. The current in our detector was ~0.5 pA and the detector
bandwidth is 750 Hz, this results in a current shot noise of about
35 fA. Shot noise limited system instability can be described by
the expression Av/v = 0.2/(SNR- Q),[*) where SNR is the signal
to noise ratio and Q is the quality factor of the transition. The
acetylene transition has a Q factor of 2 X 10° resulting in insta-
bility of 7 x 10°/4/7, fitting our experimental data.

Another noise factor results from our wavelength modula-
tion locking scheme, adding about ~10 MHz frequency shift
at ~#700 Hz modulation frequency. Considering this as a white
noise, the wavelength modulation scheme can be characterized
by an instability of about 0.2 x 10~%/4/.

Finally, the modulation of the laser and the additional sig-
nal slope coming from the FP will result in false error signal
(also known as amplitude-modulated (AM) noise). As a result,
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variation in optical power at the detector are translated to varia-
tions in voltage offset supplied to the laser. We have measured the
frequency shift due to power fluctuations inside the waveguide to
be up to 5 MHz/50 nW. As such, 50% reduction in optical power
will result in a 5 MHz shift in the laser frequency. At short times
of several minutes our power fluctuations are smaller than 0.2%,
resulting in instability of ~1071°. The coupling conditions from
the fiber to the chip over longer times (hours) can drift signifi-
cantly and cause a more severe shift. This should be improved in
future devices.

To conclude, based on our results, simulations and noise as-
sessments, it seems that at short times our system is shot noise
limited, whereas at longer integration times the system is lim-
ited by temperature and coupling fluctuations and drifts, affect-
ing the FP spectrum. These fluctuations manifest in flicker and
random walk frequency noise as presented in Figure 3d. While
our simulations may not represent quantitatively the scenario of
our device, one can clearly understand the negative role that FP
resonances and multimode beating can have on our frequency
stability. Therefore, future work will be focused on eliminating
the interference effects by designing both sections of the waveg-
uide to be single mode. Furthermore, we will improve the cou-
pling stability by permanently attaching the fibers to the waveg-
uide, e.g., following the approach reported in ref. [26] where
fibers were glued to the chip. Finally, we will enhance the tem-
perature stabilization of the apparatus by using a better control
system and a larger thermal mass. By doing so, one may expect
to obtain a significantly better stabilization. Reducing the noise is
one method to improve our system stability. We can improve our
quality factor by reducing the pressure and as a result the pres-
sure broadening. Reducing the pressure will reduce the density
of the gas and the absorption signal. In order to improve our sig-
nal we can increase our interaction length. It was demonstrated
that silicon and silicon nitride waveguides can have losses less
than 1 dB m~1,10611 and with sophisticated dense fabrication[®?!
we can fabricate longer waveguides and increase our signal.

While our current stability of 1.6 x 1070 falls short with re-
spect to larger systems based on long (meters) gas cells!®l and
long (meters) hollow-core fibers,*2! our device offers good sta-
bility alongside with remarkable miniaturization and chip scale
integration. In fact, by defining a figure of merit of stability to
size ratio, the current demonstration is superior compared with
the previous demonstrations. Further improvements such as re-
duction in the pressure and pressure broadening will allow us
to preform Saturation absorption spectroscopy as was demon-
strated in other acetylene based reference cells.[®*] By doing so,
Doppler free narrow lines can be obtained, resulting in further
improvement in the stability of our system.

To summarize, we have demonstrated experimentally a new
platform based on integration of serpentine nanoscale photonic
waveguides with a miniaturized acetylene chamber with the goal
of enabling cost-effective, miniaturized, and low power optical
frequency references in the telecommunications C band. We
have used this platform to stabilize a 1.5 pm laser with a preci-
sion better than 400 kHz at 34 s. The use of guided wave platform
offers a true opportunity for dense integration of multiple func-
tionalities on chip, allowing to scale up the demonstrated plat-
form toward multichannel stabilization systems.
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