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Abstract: Optical frequency combs based on semiconductor lasers are a promising technology
for monolithic integration of dual-comb spectrometers. However, the stabilization of offset
frequency f.., remains a challenging feat due the lack of octave-spanning spectra. In a dual-comb
configuration, the uncorrelated jitter of the offset frequencies leads to a non-periodic signal
resulting in broadened beatnotes with a limited signal-to-noise ratio (SNR). Hence, expensive
data acquisition schemes and complex signal processing are currently required. Here, we show
that the offset frequencies of two frequency combs can be synchronized by optical injection
locking, which allows full phase-stabilization when combined with electrical injection locking
of both repetition frequencies f/.,. A single comb line isolated via an optical Vernier filter
serves as Master oscillator for injection locking. The resulting dual-comb signal is periodic
and stable over thousands of periods. This enables coherent averaging using analog electronics,
which increases the SNR and reduces the data size by one and three orders of magnitude,
respectively. The presented method will enable fully phase-stabilized dual-comb spectrometers
by leveraging on integrated optical filters and provides access for comparing and stabilizing f ..,
to narrow-linewidth optical references.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The spectrum of an optical frequency comb is given by a series of evenly spaced lines [1].
The frequencies f, of these modes are determined by merely two parameters: the repetition
frequency f,.,, which equals the cavity roundtrip frequency and sets the line spacing, and the
carrier envelope offset frequency fc,.

Jo =1 frep +feeo With neN (D)

Since both f,., and f., are usually located in the radio-frequency (RF) domain, frequency combs
act as coherent gears linking optical frequencies to state-of-the-art RF electronics. The first
frequency combs leveraged on this property to push the limits of precision metrology [2,3].
More recently, their potential for optical sensing applications is gaining significant traction.
In particular, dual-comb spectroscopy [4,5] holds great promises for multi-species molecular
sensing. In this technique, two frequency combs with a slightly different mode spacing are
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combined on a high-speed photodetector. The latter detects the multiheterodyne beating S(r)
between adjacent comb lines, which is called dual-comb interferogram. This signal is given by

S(t) = ) AnBje Mol e, )

where A, and B,, are the modal electric field amplitudes of the two combs. Hence, the two
optical spectra are coherently mapped to an electronic signal. Provided that Af,., and Afce,
are both constant in time, the dual-comb amplitudes |A, B} | are simply retrieved by applying a
Fourier transform. This allows to extract the absorption spectrum of a sample in the beam path.
The temporal resolution of the dual-comb measurement is set by A ,;]E, ranging from tens of
nanoseconds to microseconds.

Naturally, the mid-infrared (mid-IR) region is of great importance, because it contains the
fundamental roto-vibrational absorption lines of most molecules (molecular fingerprint). The
development of mid-IR frequency combs based on semiconductor lasers [6—8] is particularly
appealing, because they are microchip-sized and electrically pumped. Dual-comb spectroscopy
based on quantum cascade laser (QCL) frequency combs [9,10] was successfully demonstrated
and used for monitoring protein reactions [11], combustion analysis [12] and hyperspectral
imaging [13]. Additionally to the sub-us temporal resolution, spectral interleaving enables a
spectral resolution of at least 0.001 cm~! [14]. Furthermore, the high optical output power of
QCLs up to the Watt-level combined with a large mode spacing on the order of 10 GHz results
in an unrivalled brightness with mW-level power per mode [15]. However, the aforementioned
advantages come at a price. Both f,,, and f.., of QCL frequency combs depend sensitively on
environmental conditions such as temperature and driving current [16]. As a consequence, the
signal in Eq. (2) is non-periodic and varies over time, resulting in a broadening of the dual-comb
lines. This fact increases the complexity of data acquisition and signal processing considerably.
Hence, stabilization techniques for both Af,, and Af,., is expected to significantly reduce the
complexity and thus cost of QCL dual-comb spectroscopy, while increasing their sensitivity.

In this work, we show that f,,,, and f., of two QCL frequency combs can be fully phase-locked
to each other by combining electrical and optical injection locking. Both repetition frequencies
are readily stabilized by electrical injection locking [17]. The offset frequencies are synchronized
to each other via optical injection locking enabled by a passive optical filter based on the Vernier
effect. The resulting dual-comb signal is not only stable over thousands of periods, but also
harmonic (i.e., Afe., = 0), which leads to a periodic waveform. This allows coherent averaging
of the interferogram using analog electronics and reduces the amount of data by the number
of averages (more than three orders of magnitude shown here), while retaining all spectral
information. It should be noted that the technique demonstrated here relies on optical injection
locking, which is also applicable in a broader range of lasers, such as diode and quantum dot
lasers [18,19] as well as solid state lasers [20].

2. Optical injection locking

In order to stabilize the dual-comb interferogram in Eq. (2), all degrees of freedom of both combs
have to be locked to each other. Both repetition frequencies can be controlled by injecting the
signal of an external RF oscillator, whose frequency is close to the mode spacing, into the laser
cavity [17,21,22]. However, the control of f.., is more challenging. Since QCL frequency combs
with octave-spanning spectra still remain an elusive goal, absolute frequency stabilization via f-2f
interferometry [23,24] is not yet possible. However, according to Eq. (2) it suffices to lock both
offset frequencies relative to each other to achieve a stable interferogram. Multiple strategies
based on digital post-processing [25,26] and feedback loops [27,28] have been proposed to reach
this goal. Here, we choose a different strategy and stabilize Af,., via optical injection locking.
The frequency and phase of a slave laser can be locked to a Master laser by injecting its light
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into the slave cavity [29,30]. Hence, locking a single line of both combs to the same Master
laser allows to synchronize the offset frequencies of both combs [31]. A similar technique
was demonstrated by injecting a continuous-wave Master laser into a monolithically integrated
mode-locked laser, which allowed to reduce its linewidth by more than three orders of magnitude
[32],

In order to investigate the impact of optical injection, the single-mode radiation emitted by a
distributed-feedback (DFB) QCL was injected into a QCL frequency comb (Fig. 1(a)). Several
beatnotes can be extracted directly from the driving current of the frequency comb (Fig. 1(b))
thanks to the fast carrier dynamics of QCLs. Firstly, the equidistant modes of the comb beat with
each other resulting in the comb beatnote at f,.,,. Due to the high coherence between the comb
lines, this beatnote is extremely narrow with a linewidth below 1 kHz. Secondly, the injected
signal of the DFB QCL produces two beatings with its neighboring comb modes, one being at
SfpFB = fmode and the other at fr., — (fprp — fimode). The linewidth of these beatings is on the MHz
level and thus considerably larger than the comb beatnote, because the phases of the DFB QCL
and the frequency comb are uncorrelated while unlocked. However, if the optical frequency of
the DFB QCL is within the locking range of a comb mode, the latter is phase-locked to the DFB
QCL. Under these conditions, the linewidth of the DFB beatnote collapses to the narrow width
of the comb beatnote. Figure 1(c) shows the RF spectrum extracted from the QCL frequency
comb around f,,, while the DFB frequency is swept across a comb mode. The strong and narrow
line in the center is the intrinsic intermode beatnote, whereas the diagonal lines represent the
swept frequency of the DFB QCL. Within a locking range of roughly 45 MHz, the beating
between the DFB and the comb mode collapses and only the narrow intermode beatnote remains,
which indicates successful phase-locking. The magnitude of the locking range is remarkable,
considering the small injected power of merely 16 uW (excluding coupling losses) compared to
the power of the slave QCL of roughly 150 mW. This process can be modelled directly in the
optical domain using the Maxwell-Bloch equations [33]. The simulation results are shown in
Fig. 1(d) and reveal a locking range of approximately 20 MHz for 500 nW of injected optical
power. The diagonal line represents the injected signal, whose frequency is swept, and the
vertical line the comb mode. It should be noted that the locking behaviour depends strongly on
the injected power and the linewidth enhancement factor of the comb line [34,35]. Depending
on these parameters, instabilities are observed, which depend critically on the frequency tuning
direction and can either enhance or decrease the locking range considerably (see supplementary
section 1).

Optical injection locking was previously investigated for enforcing single-mode operation of
high-power, but multi-mode lasers [36]. Therefore, it is expected that the injected radiation has a
strong impact on the comb spectrum. The latter is shown in Fig. 1(e) as function of the injected
power. The spectrum broadens symmetrically at its red and blue edge upon injecting only 5 uW
of optical power. The new edge of the spectrum is determined by the frequency of the DFB QCL.
As the injected power is further increased, the spectral width decreases considerably and finally
consists of only one dominant mode. Therefore, around 10 uW are sufficient to lock the comb,
while higher power results in the collapse of the comb spectrum.

The individual modes of high-performance QCL frequency combs have a power on the mW
level [15]. Hence, a single line of one comb has sufficient power to act as Master oscillator for
locking the second comb (setup schematic in supplementary section 3). This method eliminates
the need for an additional DFB QCL. In order to isolate a single comb line, we employ a passive
optical filter based on two Fabry-Pérot interferometers (etalons). The transmission spectrum of
both etalons was measured using a Fourier transform infrared (FTIR) spectrometer (Fig. 2(a)) and
consists of regularly spaced resonances with a peak transmission between 35-50 %. Furthermore,
the free spectral ranges of both etalons are slightly different. Hence, any desired mode of the
comb spectrum can be isolated via the Vernier effect by tuning both etalons on resonance (e.g.
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Fig. 1. a: optical injection locking of a QCL frequency comb to a single-mode DFB QCL.
ISO: optical isolator. POL: polarizer for optical attenuation. b: the DFB QCL beats with its
neighboring comb lines at fprp — finode and frep = (fDFB = fimode)- When the frequency of
the injected radiation is within the locking range, the frequency comb is locked and only one
beating at frep exists. ¢: RF beatnote map of the QCL frequency comb, while the frequency
of the DFB QCL (corresponding to the weak diagonal lines) is swept across a comb mode.
Only the comb beatnote at frep 9.6 GHz is visible within a locking range of roughly 45
MHz. d: locking of a comb mode simulated in the optical domain using the Maxwell-Bloch
equations. Again, the diagonal line represents the frequency of the injected signal. Merely
500 nW of injected power lead to a 20 MHz wide locking range. The slave QCL power is
around 150 mW. e: spectra of the QCL frequency comb depending on the injected power.
The grey dashed line denotes the frequency of the DFB QCL.

by rotation). This tunability of the optical Vernier filter is particularly important. Since the
two transmitted modes are locked to each other and thus have the same frequency, their beat
frequency is zero. The neighboring lines, on either side of the locked mode, produce a beatnote
at the same frequency equal to Af,., 2 - Afyp and so on. Hence, the dual-comb spectrum will
be folded around the locked comb line. Locking a mode at the edge of the spectrum therefore
maximizes the optical bandwidth usable for spectroscopy.

The working principle of the optical Vernier filter is demonstrated in Fig. 2(b). The two QCL
frequency combs are shined into each other through an optical isolator. Without requiring an
external photodetector, the dual-comb beating is extracted from the laser current via a bias-T.
When no etalon is in the beam path, the full dual-comb spectrum is visible. Upon inserting the
Ge etalon, one line is predominantly transmitted. However, several other modes are also partially
transmitted due to the relatively broad resonances of a single etalon. As soon as both etalons are
inserted into the beam path at the correct angle to transmit the desired mode, only a single line is
isolated. Under these conditions, both combs can be coherently locked to each other by adjusting
the driving current of one QCL, such that the comb line of that laser is within the locking range
around the transmitted comb line of the other laser.
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Fig. 2. a: FTIR transmission spectrum of two etalon filters based on Germanium and GaAs.
The slightly different spacing of the resonances allows to isolate single comb lines via the
Vernier effect. A more accurate measurement of the resonance width using a DFB QCL can
be found in Supplement 1, section 2. The fabrication details are in the Methods section. b:
beating extracted from a QCL frequency comb, when two combs are shined into each other
with no filter in the beam path (top), one etalon (middle) and both etalons acting as Vernier
pair (bottom). fip = 11.05 GHz.

3. Coherent dual-comb spectroscopy

The injection locking method can be integrated into any dual-comb spectrometer using simply two
beamsplitters (see Supplement 1, section 3 for detailed setup). As a consequence of the mutual
phase-lock between the combs, the dual-comb spectrum is expected to consist of extremely
sharp lines separated by Af,.,. Furthermore, since one line of both combs is locked to the same
frequency, Af.., in Eq. (2) vanishes. Thus, the dual-comb interferogram is periodic, which is
shown in Fig. 3(a). The signal consists of a series of consecutive bursts without any phase-slip
occurring between them.

This periodicity enables direct coherent averaging without requiring post-processing. To
showcase this capability, the full time trace containing more than 6600 periods was sliced
periodically at multiples of Af,ep_l. These slices were then aligned using the peak of the bursts
and averaged, which simulates the triggered acquisition of an oscilloscope. Alternatively, Af.,
can be obtained by mixing the two RF signals used for locking both repetition frequencies and
subsequently used as trigger source. The averaged signal shows the same waveform as the
original interferogram without any loss of amplitude, which confirms coherent averaging.

Despite a reduction of the data size by over three orders of magnitude, the averaged signal
contains the same spectral information as the full interferogram (Fig. 3(c)). The full dual-comb
spectrum shows numerous narrow lines at harmonics of Af,.,, whose width is limited by the
acquisition time over the full bandwidth (2 kHz). Since the dual-comb signal is harmonic, the
Fourier transform of the averaged signal aligns exactly with the peak amplitudes of the full
spectrum. Without optical injection, the dual-comb signal still shows a series of bursts (Fig. 3(d)).
However, a phase-slip is clearly visible between consecutive periods, resulting in a non-periodic
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Fig. 3. a: dual-comb signal of two injection locked QCL frequency combs, leading to a
periodic series of bursts. b: single period of the signal in a averaged over 6636 times. The
shaded area represents the 1% to 99th percentile of all data points. The waveform remains
almost identical to the original signal. The coherence of the averaging process is shown
digitally here. Supplement 1, section 4 shows that this process is also possible using the
averaging function of an oscilloscope. ¢: dual-comb spectrum of the full interferogram
(blue line) and one averaged period (green dots). d: dual-comb signal of two unlocked QCL
frequency combs. A phase-slip is clearly visible between consecutive periods. e: averaged
dual-comb interferogram without locking. The amplitude decreases drastically due to the
non-periodic signal. f: unlocked dual-comb spectrum with a decreased SNR and broadened
lines due to the f.,, jitter.

waveform. Under these conditions, coherent averaging is not possible, as shown in Fig. 3(e).
As aresult, the lines of the dual-comb spectrum are broadened to roughly 1 MHz, while their
signal-to-noise ratio is decreased by more than an order of magnitude.

The amplitude Allan deviation is often used in spectroscopy to assess the temporal stability of
a signal and to which degree it can be averaged [37]. The Allan deviation of three representative
modes (Fig. 4) further confirms the coherence of the locked dual-comb spectrum. As expected
for a coherently averaged spectrum, all three lines decrease with the square root of the number of
averaged periods. It should be noted that the Allan deviation reaches a minimum at an averaging
time around 1 ms and decreases again above 10 ms (see Supplement 1, section 5). However, the
phase-lock between the two frequency combs is stable for at least several minutes. Likewise, the
dual-comb signal can be coherently averaged for more than 1 million periods. For this reason, we
attribute the local minimum of the Allan deviation to other drifts in our setup, such as mechanical
vibrations and thermal expansion.
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Fig. 4. Amplitude Allan deviation of three representative lines of the locked dual-comb
spectrum (marked with S, M and W in Fig. 3(c)). It should be noted that the Allan deviation
reaches a local minimum for longer acquisition times (Supplement 1, section 5). We attribute
this to vibrations in the optical path, which also lead to phase variations of the dual-comb
beatnotes.

4. Conclusion

Our results demonstrate that QCL frequency combs can be coherently locked to an external
Master oscillator via optical injection. Spectral broadening by roughly 10 cm™' is observed
already at 5 uW of injected power. Due to the small power required for achieving a tight lock, a
single line isolated from the comb spectrum provides enough power to act as a Master oscillator.
In our work, a pair of etalons was employed as tunable optical filter. While this solution is
based on free-space optics, the presented method is very general and will greatly benefit from
photonic integration. In particular, optical filters based on microresonators [38] could enable
the photonic integration of a fully phase-stabilized dual-comb spectrometer operating in the
molecular fingerprint region. Numerical simulations discussed in Supplement 1, section 1, show
that several other parameters apart from the injected power, such as the detuning from the cavity
mode, play an important role in the locking dynamics.

Optical synchronization of the dual-comb spectrometer has been shown to provide several
benefits including a significantly increased SNR and a periodic interferogram. While the latter
property may seem subtle, it greatly reduces the complexity of data acquisition and analysis.
Firstly, the amount of data is decreased by several orders of magnitude thanks to coherent
averaging, while no spectral information is lost. Secondly, the periodicity of the signal allows
to employ sub-sampling techniques [39]. As a consequence, slower and therefore significantly
cheaper digitizers can be used to acquire the dual-comb spectra. Finally, optical injection locking
will enable coherent and high-resolution spectroscopy based on spectral interleaving [14], while
the frequency axis can be calibrated by comparing a single line to an optical Ref. [40].

5. Methods
RF-packaged QCL frequency combs

The QCL frequency combs used in this work are based on a plasmon-enhanced waveguide and
emit a power of roughly 200 mW in continuous wave at 273 K. The lasers were packaged with
a printed circuit board (PCB) optimized for RF injection and extraction. One port of the PCB
connected to the rear end of the QCL cavity allows for coherent electrical injection locking of
Jrep- A Windfreak SynthHD Pro synthesizer delivers the injection signals for both combs. A
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second port is connected to the front end of the cavity and used to monitor the beatnotes inside
the QCL. A third port delivers the DC laser current.

Wafer-based Fabry-Pérét interferometers

The optical Vernier filter used in this work consists of two etalons. The latter are based on two
doubleside-polished Ge and GaAs wafers. High-reflectivity coatings are deposited on both sides
of the wafers using ion beam sputtering. These coatings form the mirrors of the Fabry-Pérot
cavity.
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