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Optical injection locking of a metasurface quantum-cascade (QC) vertical-external-cavity surface-emitting-laser (VECSEL)
is demonstrated at 2.5 THz using a Schottky diode frequency multiplier chain as the injection source. The spectral
properties of the source are transferred to the laser output with a locked linewidth of ~1 Hz, as measured by a separate
subharmonic diode mixer, and a locking bandwidth of ~300 MHz is achieved. The large locking range is enabled by the
microwatt power levels available from modern diode multipliers. The interplay between the injected signal and feedback
from external reflections is studied and demonstrated to increase or decrease locking bandwidth relative to the classic

locking range depending on the phase of the feedback.

Tunable, single-mode terahertz (THz) quantum-cascade lasers
(QCLs) have many potential spectroscopic applications thanks to
the abundance of strong molecular and atomic transitions in the
THz frequency range [1, 2]. Their milliwatt-level output power
makes them attractive candidates for local oscillators to pump
mixer arrays in heterodyne instruments in the 2-6 THz range for
astrophysical and space science [3, 4]. However, the free-running
frequency of THz QCLs (and most semiconductor lasers) is often too
unstable to achieve the spectral resolution necessary for
applications of interest. This requires the QCL to belocked to amore
stable reference. For THz QCLs, this has typically been performed
by down-converting the THz laser signal to generate an RF
intermediate frequency (IF) that can be locked to a reference using
a phase-locked loop. For example, this was achieved by mixing the
QCL signal with a tone of a subharmonic Schottky diode mixer [5-7]
or superlattice mixer [8]. Locking to the output of a 1.5 THz and 2.7
THz Schottky diode frequency multiplier chain (FMC) has also been
demonstrated utilizing cryogenic superconducting mixers [9, 10].
Optical frequency combs have also been used to lock THz QCLs via
generation of an RF beat note in a photoconductive mixer [11],
electrooptic sampling in a ZeTe crystal [12], or a superconducting
mixer [13].

A different approach for stabilization is to directly injection lock a
THz QCL with a more stable THz source. This approach is usually
challenging because of the lack of sufficiently powerful THz sources.
The only previous demonstration was a photonic approach in
which the THz injection signal was generated by a photoconductive
antenna driven by the beat note of two infrared diode lasers locked
to the teeth of an optical frequency comb [14, 15]. However,

electronic sources — such as Schottky diode frequency multiplier
chains (FMCs) — have reached a level of maturity that tens of
microwatts of THz power can be generated at frequencies above 2
THz [16], where THz QCLs operate. In this Letter, we report direct
injection locking of a THz QC vertical-external-cavity surface-
emitting laser (VECSEL) to the output of a frequency-agile diode
FMC source at 2.5 THz. The high power from the FMC source allows
for large locking bandwidths compared to the free-running
linewidth of the laser.

The experimental setup is illustrated in Fig. 1(a), and a simplified
schematic is shown in Fig. 1(b). The FMC source is similar (but not
identical) to that in [17] and consists of a 15.43 GHz synthesized
signal, followed by a x6 multiplying amplifier (Millitech AMC-1C-
RFHO00), a 100 GHz power amplifier [18], and three more frequency
triplers [17-19] for a total multiplication factor of x162. The source
output ~7 uW at 2.5 THz and is coupled to the QC-VECSEL via off-
axis parabolic (OAP) mirrors. The output of the QC-VECSEL is
monitored with high-spectral resolution via a 3 pm thick Mylar
beam splitter that diverts a small portion of the QC-VECSEL output
to a subharmonic diode mixer. The mixer (based on designin [7]) is
pumped by a 100 GHz LO chain and the QC-VECSEL signal mixes
with the 25% harmonic. The IF from the mixer is amplified by 60
dB and sent to a Keysight PXA signal analyzer. The two
synthesizers for the FMC and mixer were locked to a common 10
MHz quartz reference oscillator. No optical isolators are available
for this frequency range, however, since the FMC is not a
fundamental oscillator, mutual injection-locking is not an issue.

As well as the use of an all-electronic THz source, the use of the
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Fig. 1. (a) Block diagram of injection locking experimental setup. Beam paths
for the QC-VECSEL and FMC are indicated with red and green arrows,
respectively. (b) Simplified illustration emphasizing relevant coupled fields.

external-cavity QC-VECSEL [20] rather than a ridge waveguide adds
a novel component to this study. The QC-VECSEL is based on a
metasurface reflectarray of metal-metal waveguide patch antennas
loaded with QC gain material that amplifies and reflects normally
incident THz radiation. A laser is formed by incorporating the
metasurface amplifier into an external cavity that provides
sufficient feedback to enable oscillation. A key advantage of the QC-
VECSEL approach is that the large radiating area of the metasurface
supports a high-quality, near-Gaussian beam in the external cavity,
overcoming an issue that has plagued ridge-waveguide devices
with subwavelength facet emitters [21]. This point is also
interesting for the prospects of injection locking as it is potentially
easier to couple the injected signal power to the large surface-
radiating area of the VECSEL compared to the facet of a ridge
waveguide. In [14], <10% of the injected THz power was assumed
to be coupled to the QCL due to mode mismatch between the free-
space beam and the surface-plasmon ridge waveguide mode, and
the situation would be worse for a metal-metal waveguide, which is
the preferred technology for high-temperature operation [22].
Additionally, both QC-VECSEL and FMC sources have shown
broadband frequency tunability (>10%) [17, 23], potentially
enabling a broadband locked setup.

The metasurface and VECSEL cavity used in this study are the
same as in [5]. The metasurface consists of an array of narrow
metal-metal ridge waveguides spaced with a subwavelength
periodicity (85 um), and loaded with THz QC gain material. The
active region is based on that in [24] and is grown 5 pm thick for
improved continuous-wave operation (the layer sequence is given
in [25]). The ridge antennas are coupled to surface radiation where
the resonant frequency of 2.5 THz is determined by the width of the
ridges (17.4 um). The metasurface has a total area of 2x2 mm?, but
only a circular area 0.8 mm in diameter is biased. Additionally, the
widths of the ridges are spatially varying to create a focusing phase
profile with afocallength of 7 mm [21]. The metasurface is mounted
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Fig. 2. (a) QC-VECSEL voltage and output power versus current density. (b)
Lasing frequency as a function of bias on the QC-VECSEL with and without
feedback from reflections at the FMC waveguide block. Note: gaps in the data
with the FMC notblocked are a result of recording the data ata set of discrete
points, not due to a lack of lasing

in an external cavity that has a fixed cavity length and uses a set of
three screws and springs to attach and align the output coupler
(feedback mirror) in a kinematic manner. The output coupler is
made in-house and consists of a mesh of 3 um wide metal lines
deposited at a 15 um pitch on a 200 um thick z-cut crystal quartz
substrate and has a transmission of ~12% at 2.5 THz. The QC-
VECSEL cavity was ~450 um long and lasing occurred at 2.51 THz.
The current, voltage, and output power data for the QC-VECSEL are
plotted in Fig. 2(a). The device emits ~1.2 mW of continuous wave
THz power at 77 K.

In Fig. 2(b), the free-running QC-VECSEL frequency as a function
of bias is plotted with and without the FMC aligned, but with the
FMC output off in both cases. Without the FMC aligned, the
frequency tuning is continuous, but with the FMC aligned, the
frequency tuning becomes largely discrete with small amounts of
continuous tuning around steps spaced by ~330 MHz. This is the
standard behavior for a laser locked to time-delayed feedback
associated with reflections of the QC-VECSEL signal at the FMC
block, as described in [26, 27]. This feedback is illustrated in Figs.
1(a) and (b). The discrete frequencies correspond to frequencies
where the round-trip phase accumulation between the QC-VECSEL
and the FMC (t,,,) is a multiple of 2m; the spacing between these
frequencies is given by Af,..,; = 1/7,y, . The discrete hopping
observed indicates that kTey¢/ Prefi/ Poye > 1, which is the point
when multiple solutions occur for a single free-running frequency.
Prs1 is the power of the reflected signal fed back into the QC-
VECSEL, P,,,; is the output power of the QC-VECSEL, and k =
Wiase/2Q is the coupling efficiency between the fed-back signal
and the VECSEL, where w4, is the lasing frequency, and Q is the
quality factor of the VECSEL cavity. In our setup, Q = 200, T,,; =
3 ns,and P,,,; = 1 mW at 2.5 THz, so the feedback power should
atleastbe 70 nW.

In Fig. 3(a), the output of the FMC is turned on, and average IF
spectra from the diode mixer are recorded as the FMC output
frequency is swept across the QC-VECSEL lasing frequency. The
averaged free-running VECSEL signal is observed as a broad feature
in the center of the figures (3 dB linewidth on the order of 10 MHz,
but occasional excursions over 100 MHz). The sharp diagonal
feature sweeping across the figures is the injected tone. When the
injected frequency is close enough to the free-running frequency of
the QC-VECSEL, the frequency of the laser is pulled, and becomes
locked to the FMC and takes on the FMC’s narrow-band spectral
properties, as shown in Fig. 3(c). The locked linewidth is ~1 Hz with
~40 dB SNR. Sidebands around 20-30 dB below the main tone are
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Fig. 3 Injection locking IF spectra when the free-running laser frequency is
aligned with (a) in-phase feedback and (b) out-of-phase feedback. Axes
represent relative frequency, not absolute. (c) High spectral resolution
measurements of locked QC-VECSEL linewidth (signal analyzer resolution
bandwidth set to 1 Hz). (d) Simulated locking bandwidth as a function of
free-running laser frequency. The classic Adler locking range is indicated
with a dashed line for reference.

observed at harmonics and subharmonics of 60 Hz, which likely
originate from the FMC experiencing power line pick up from the
reference source, as observed in [17]. The SNR is limited by the FMC,
which is degraded by a factor of 20xlogi0(162) = 44 dB compared
to the starting RF synthesizer SNR. It is noted that the FMC signal is
still visible, even when detuned from the QC-VECSEL frequency, this
is presumably because the VECSEL amplifies the off-resonant FMC
signal, not because any portion of the laser power is locked to the
FMC.

Traditionally, the locking bandwidth as a result of an injected
signal is given by the Adler expression, which is proportional to the
square root of the ratio of the injected power to the output power of

the laser, Awgger = 2/ Pinj/ Poye [28]. However, in our setup,
we observe that the locking bandwidth changes depending on the
distance from the QC-VECSEL to the FMC, despite a constant k, Py, ,
and P,,,;. This is because the locking bandwidth depends on the the
phase of the feedback from reflections at the FMC block. Consider
the two measured cases in Fig. 3(a) and (b). Between the two
sweeps, the biases on the QC-VECSEL and FMC are fixed (power
levels are fixed), but the distance between the QC-VECSEL and FMC
is tuned by a quarter wavelength (~30 um) using a micrometer.

This changes the alignment of the free-running QC-VECSEL
frequency relative to the frequencies for in-phase feedback from
reflections at the FMC block ( frer; = M/ Teye , Where m is an
integer). In Fig. 3(a), the free-running frequency is aligned with in-
phase feedback, and in Fig. 3(b), the free-running frequency is
aligned with out-of-phase feedback (round trip phase accumulation
is an odd multiple of ). The locking range is larger when the free-
running frequency is aligned with out-of-phase feedback.
Qualitatively, this can be explained by the fact thatlocking is a result
of reducing threshold gain for the laser at the injected signal. When
the feedback is out-of-phase, this increases the threshold gain of the
QC-VECSEL relative to the free-running case, making the laser more
amenable to locking to gain reductions associated with the FMC
injected signal. When the feedback is in-phase, this reduces the
threshold gain relative to the free-running case, creating stronger
competition with locking to the FMC injected signal.

Numerically, the problem can be modeled using the standard rate
equation for the phase difference between the laser and the injected
signal [29]:

do(t) « Pipi
fli ) = E{Q[N(f) —Nyl}—x ﬁsin d@) —Aw (1)
where Aw is the difference between the free-running and injection
frequencies, N (t) and Ny, are the real-time and threshold number of
carriers, g is the gain coefficient, and « is the linewidth enhancement
factor, which we assume to be 0 for quantum-cascade lasers [30]. In the
case of feedback from reflections at the mixer, the phase is fixed as
®refi = WiockText» and one can solve for Aw. In the case of external
injection, we can select Aw and solve for the necessary injection phase
for locking, giving the standard Adler expression given above. To
understand the locking conditions in the combined case, we can solve
(1) with \/Pipjsin¢ = /Peyc Sin @pmc + \/Presi SIN(WrmcText) »
where Pryc, Wpyc, and ¢y are the power, frequency, and relative
phase of the FMC signal. We find the phase condition:

1 _A_“) Pout_ Prefl

Prmc = sin” sin(wpmcText) (s

P FMC P FMC
which gives the following limitation on the range of solutions for the
lower (winj < Wfree) and upper (Win; > Wrree) bands by setting the
argument equal to plus and minus one, respectively:

P _ |P,
FMC 17F refl

Aw = tk
out Pryc

Sin(wFMCText) .

These are the same solutions as the typical injection locking bandwidth
expression, but scaled by the terms in brackets, which oscillate
sinusoidally around one as the free-running frequency scans relative to
Text- While the solution range for either sideband can be larger than that

for typical injection locking by a factor of 1 + /Pr¢f;/Prpyc When
sin(WrucText) = 1, the value of wy,., that satisfies this condition is
different for the two sidebands, so the maximum solution range for a

given Wy, 1s not simply 2 X (1 + \/Presi/ Pruc ) To determine the
locking range, we must solve for the gain reduction at each frequency

(Agen ¢/ Pinj/Poye cos ¢ ) with and without the FMC output on
(feedback present in both cases) and compare.

In Fig. 3(d), the predicted locking range as a function of the free-
running QC-VECSEL frequency is plotted assuming an FMC power of
450 nW, and a reflected power of 100 nW. This give a good agreement
between the maximum and minimum locking ranges we observed
experimentally and is also in agreement with the apparent strength of



the feedback based on the data in Fig. 2(b). This implies-13 dB coupling
of the FMC to the QC-VECSEL. This low coupling efficiency suggests that
the FMC and QC-VECSEL beams are not matched very well. The Adler
locking range that would be expected without any feedback is indicated
with a dashed line and is quite similar to 1/7,y;. In this case, the
injection locking range is largely unperturbed for most free-running
frequencies, but it is reduced sharply when aligned well with in-phase
feedback. If 7., were reduced and P, increased, the locking range
could increase substantially for the given injection power (see
Supplement). Or similarly, the existing setup would give a much larger
boost in locking range (relative to the Adler expression) if Prpc was
smaller.

In conclusion, we have demonstrated direct injection locking of a THz
QC-VECSEL using the output of a THz Schottky diode frequency
multiplier chain. A locking range of >300 MHz is demonstrated thanks
to the high injection power from the FMC. Locked linewidths are on the
order of ~1 Hz, reflecting the spectral characteristics of the FMC. This
large locking range is particularly useful when considering that, in
practice, the laser should be locked with a small amount of the FMC
power coupled in via a beam splitter, leaving most of the laser power
available to the heterodyne instrument. Direct injection locking
presents advantages over active stabilization schemes that use the bias
on the laser to correct for error, such as reduced amplitude noise and
broader locking bandwidth. Future work may explore the injection
locking of broadly tunable VECSELs. With the ever-improving power,
bandwidth, frequency coverage, and commercial availability of THz
FMCs, we envision the possibility of hybrid electronic-photonic systems
for coverage of frequencies from 2-6 THz for high precision
spectroscopy applications.
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