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Abstract: RF injection locking and spectral broadening of a terahertz (THz) quantum-
cascade vertical-external-cavity surface-emitting laser (QC-VECSEL) is demonstrated. An
intra-cryostat VECSEL focusing cavity design is used to enable continuous-wave lasing with
a cavity length over 30 mm which corresponds to a round-trip frequency near 5 GHz. Strong
RF current modulation is injected to the QC-metasurface electrical bias to pull and lock the
round-trip frequency. The injection locking range at various RF injection powers is recorded
and compared with the injection locking theory. Moreover, the lasing spectrum broadens
from 14 GHz in free-running mode to a maximum spectral width around 110 GHz with 20
dBm of injected RF power. This experimental setup is suitable for further exploration of

active mode-locking and picosecond pulse generation in THz QC-VECSELSs.

1. Introduction

The terahertz (THz) spectral region has a need
for high-resolution, high-speed spectroscopy
techniques, as many gas phase polar molecular
species have strong characteristic rotational lines
there. Examples include applications in industrial
and environmental monitoring,*?  chemical
detection and identification,®*! combustion
diagnostics.?! The quantum cascade (QC) laser is
well suited for spectroscopic applications as it has
been demonstrated as a compact, electrically
pumped semiconductor source which gives high
power, broadband, coherent THz radiation.[®8 Its
inherently high optical nonlinearity induces self-
phase locking through four-wave mixing, which
promotes the generation of spontaneous
frequency combs; these have been demonstrated
in waveguide-based Fabry-Pérotl® 1 and ring
QC-lasers.>%% Based on that, THz dual-comb
spectroscopy has been demonstrated, surpassing

the precision and speed of traditional Fourier
sp;ectrometers by several orders of magnitude.™*
17

In separate experiments, THz quantum-cascade
lasers have recently been implemented in the
vertical-external-cavity surface-emitting laser
(VECSEL) architecture, which exhibits watt-level
output power, near diffraction-limited beam
quality, and ~20% continuous fractional single-
mode tuning.[**-2% The key component of a QC-
VECSEL is an amplifying reflectarray
metasurface of metal-metal waveguide antennas
that are loaded with QC-gain material. It is further
paired with a partially transmissive output coupler
to form the laser cavity. In contrast to ridge-
waveguide QC-lasers, experiments have shown
that QC-VECSELSs tend to operate in single-mode
regime despite having large gain bandwidths. For
example, we have developed an intra-cryostat
focusing VECSEL cavity to reduce the intra-
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cavity diffraction loss and enable continuous-
wave (CW) lasing at 3.4 THz with a cavity length
of ~30 mm.[?1 Even though the gain bandwidth
of the metasurface used was at least 100 times
larger than the free spectral range, only a single
lasing mode was observed. This is mainly due to
a lack of spatial hole burning within the QC-
VECSEL metasurface which suppresses multi-
mode instabilities,’?? although it is perhaps
compounded by the fact that no effort towards
dispersion engineering has yet been attempted.
Despite these challenges, there is strong interest in
achieving active mode-locked QCLs and
frequency combs within the QC-VECSEL
architecture.

Radiofrequency (RF) current modulation of
QC-lasers has been demonstrated to promote the
generation of sidemodes; by injecting a RF signal
near the cavity round-trip frequency, the
generated sidemodes will lock existing adjacent
free-running lasing modes or seed new ones,
which allows for the stabilization and tuning of
frequency comb states.?*%6l RF modulation and
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injection locking is also an important mechanism
for active mode-locking in THz QC-lasers; pulses
as narrow as 4-5 ps have been reported.?":%¢

In this article, we demonstrate the emergence of
spectral broadening and multimoding in THz QC-
VECSEL as we inject strong RF current
modulation to the QC-metasurface at a frequency
close to the cavity round-trip frequency; at the
same time, round-trip frequency pulling and
locking to the injected RF signal is observed. The
lasing bandwidth and injection locking range
increase monotonically with the injected RF
power. Lasing modes spanning ~110 GHz are
demonstrated under an injected RF power of 20
dBm at 4852.7 MHz, along with a locking range
~5 MHz.

2. Sample and experimental setup

The QC-VECSEL used for all measurements is
based on an intra-cryostat focusing cavity design,
as sketched in Figure 1(a). An off-axis paraboloid
(OAP) mirror with a focal length of 12.7 mm is
introduced into the VECSEL cavity to reduce the
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Figure 1. (a) Schematic of the QC-VECSEL based on an intra-cryostat focusing cavity design. (b) Scanning electron
microscopy image of the fabricated QC-metasurface. The inset shows the dimension and E-field distribution in a single
ridge antenna. (c) FEM simulated active metasurface reflectance, output coupler transmittance and GDD contributed
by the two components. Shaded area indicates the frequency range where lasing is observed. (d) Schematic of
experimental setup for RF injection locking. Log-scale THz lasing spectrum (e) and beat note spectrum (f) of the free-
running QC-device in existence of optical feedback are collected at a DC bias of 0.235 mA, where optical feedback is
provided by the moving FTIR mirror. The beat note spectrum is measured with a RBW of 20 kHz.



intra-cavity diffraction loss and enable CW lasing
using small metasurfaces in long lasing
cavities.’l The QC-metasurface used in this
paper is the same one as reported in ref (211 with a
small bias area of diameter d = 0.4 mm for reduced
injection current. It is designed to be resonant at
3.3 THz and consists of an array of ridges of width
12.2 pum repeated with a period of 41.7 um (Figure
1(b)). An output coupler with Roc = 95% is used
in pair with the metasurface to form a laser cavity.
Both components are dispersive and contribute to
the group delay dispersion (GDD) over one round
trip - it exhibits a maximum value exceeding 0.35
ps? in the frequency range where lasing occurs.
The simulated spectral response of the
metasurface and the output coupler are plotted in
Figure 1(c) based on full-wave 2D finite-element
(FEM) electromagnetic reflectance simulation
(Ansys HFSS). Detailed information of the active
region design and simulation parameters can be
found in the Supporting Information.

The experimental setup for RF injection locking
is depicted in Figure 1(d). All the measurements
were performed in vacuum at a temperature of 77
K. We note that formable semi-rigid coaxial cable
is used within the cryostat up to the chip carrier
package (see Supporting Information). Due to
impedance mismatch between the 502 SMA port
and the QC-device, the spectrum analyzer collects
not only the generated beat note from the QC-
device fan (blue arrow), but also the RF injection
signal reflected at the interface of SMA/QC-
device frr (green arrow).

In free-running case, although only single-mode
lasing was observed using the same QC-device in
ref 2 we note that the existence of optical
feedback can induce multi-mode operation.[?°31l
Due to the temporally varying small feedback
from the scanning Fourier-transform infrared
spectrometer (FTIR, Nicolet 8700) mirrors, we
observed more than one lasing mode in the
emission spectrum, though their peaks are close to
each other which cannot be resolved by the
limited FTIR resolution of 7.5 GHz (Figure 1(e),
see Supporting Information for more details). This
phenomenon is similar to that observed in ref %,
where additional lasing modes are observed in a
Mid-IR QC-laser under tilted optical feedback.

Through nonlinear mixing of the free-running
lasing modes, a narrow and single-peak electrical
beat note signal is observed, with a S/N of 26 dB.
It is collected using the spectrum analyzer
(Agilent N9020a) with a RBW of 20 kHz, which
indicates a round-trip frequency around 5 GHz
and an equivalent cavity length around 30 mm
(Figure 1(f)). Furthermore, recent study of optical
feedback has highlighted its effect on THz QC-
lasers combs.’2%4 Here, we experimentally
demonstrate that optical feedback plays an
important role in determining not only the free-
running beat note frequency but also the injection
locking range (see Supporting Information).

3. RF injection locking

With the knowledge of an accurate round-trip
frequency, we are able to systematically study the
modulation-dependent behavior of this QC-
device. We swept the RF modulation frequency
around the round-trip frequency at various
modulation powers from -20 dBm to 20 dBm. All
RF powers indicated in this paper refer to the
nominal output level of the RF synthesizer
(Hewlett-Packard 83650B) or after a 20 dBm
amplifier (Hewlett-Packard 8349B), while the RF
attenuation from the synthesizer to the SMA
connector is measured around 8 dB. The DC bias
is fixed at a current of 0.235 mA (=1.17xlw), and
the THz emission spectra as well as intermodal
beat note are collected and plotted in Figure 2.

At the lowest power level of -20 dBm, the
spectral map in Figure 2(a) clearly shows that the
beat note is pulled toward the injection signal and
finally locked. A locking range of 30 kHz is
demonstrated which increases with respect to the
RF injection power. Starting from an RF power of
-2.5 dBm, injection locking occurs before the beat
note is fully pulled to meet the injected signal frr
(Figure 2(b)); at the same time, lasing bandwidth
broadening is observed in the THz emission
spectra. This spectral broadening increases with
respect to RF power as shown in Figure 2(d). The
maximum RF injection power used in this
measurement is 20 dBm limited by the maximum
allowable power of the bias-Tee. Based upon our
estimation of RF coupling (see Supporting
Information), we estimate this injected power



corresponds to an RF modulation amplitude of ~4
mA — approximately ~3% peak-to-peak current
modulation. THz emission and RF beat note
spectral maps in this case are plotted in Figure 2(e-
f). The maximum spectral broadening occurs at
frRe = 4852.7 MHz with lasing modes spanning
around a max. observable bandwidth of 110 GHz
(Figure 2(g)). However, due to the limited FTIR
resolution of 7.5 GHz, we were not able to
spectrally resolve individual lasing modes. The
corresponding power and voltage vs. current (P-I-
V) curves are plotted in Figure 2(h) (solid curve).
A maximum output power around 10 mW was
collected using a calibrated pyroelectric detector
(GenteceO). Compared with the P-1 characteristic
in the free-running case (dashed curve), the output
power, as well as the lasing threshold, is slightly
lower. It is noticed from Figure 2(e) that the
symmetry of the lasing spectrum is highest at frr
= 4852.7 MHz, where the maximum bandwidth is
observed with relative low THz output power
obtained from the P-1 curve. At injection
frequencies above/below this value, the optical

power increases — still smaller than that in free-
running case and concentrates toward
lower/higher portion of the spectrum. This
phenomenon is similar as that reported in ref [26]
and a possible explanation can be found in ref 3%
due to phase mismatch between the modulation
period and group round-trip time. In Figure 2(f),
although there is no beat note pulling observed, it
is notable that the emission spectrum undergoes
distinct change as the beat note disappears
(pointed out by red arrows) — it is believed that
this is a signature of injection locking and occurs
in our measurements under different RF powers.
The experimental locking range at various RF
injection powers is plotted in Figure 2(c). To
analyze the phenomenon of RF injection locking,
Adler’s equation is commonly used with a locking
bandwidth given by:23%I
Pinj
o ®

where Q is the cold-cavity quality factor, » and
Po are the frequency and power of a free-running
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Figure 2. Beat note spectral map under constant RF injection power of -20 dBm (a) and -2.5 dBm (b) with RF
modulation frequency sweeping around the round-trip frequency. (c) Experimental injection locking range at different
RF injection powers (blue stars), following a 0.5-slope dependence in log-log scale (red dashed line). The free-running
beatnote frequency was shifted from ~ 4842 MHzin (a-c) to ~ 4853 MHz in (d-h) as the movement of cryostat changes
the amount of optical feedback. (d)Normalized THz lasing spectra (linear scale) at increasing RF power when frr is
fixed at 4852.7 MHz. (e) Lasing spectral (log scale) and (f) beat note maps of the device under constant RF injection
power of 20 dBm. The estimated locking range is pointed out by the red arrows. The maximum spectral broadening
occurs at frr = 4852.7 MHz (white dashed line) and the THz lasing spectrum and P-I-V curves in this case are plotted

in (g-h).



longitudinal mode, while Piyj is the power of the
injected sideband induced by RF injection.
Adler’s equation indicates a square root
dependence of the locking bandwidth on the RF
power and fits our experimental results well at low
RF powers (red dashed line). However, our
experimental locking range deviates from Adler’s
equation towards higher values under strong RF
modulation. This may indicate the limitation of
Adler’s equation in explaining RF injection
locking especially in the case when multiple new
lasing modes are excited at RF powers > —2.5
dBm. Adler’s equation assumes a weak injection
signal where amplitude perturbation induced by
the injection signal is not considered; a more
rigorous derivation of the locking range is
therefore needed.
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Figure 3. (a)Normalized THz lasing spectra (linear
scale) at various biases when RF signal at 4852.7 MHz is
injected into the QC-device, the RF power used is 20 dBm
for significant spectral broadening. (b) Injection locking
range as a function of bias current under -15 dBm RF
power in the cases of different length/strength/angle of
optical feedback.

Moreover, we studied the behavior of this QC-
device at various DC biases ranging from the
lasing threshold to near the NDR point. Figure
3(a) shows the lasing spectra under 20 dBm RF
injection at a frequency of fre = 4852.7 MHz.
Significant spectral broadening is observed at all
the applied biases, and the lasing bandwidth
increases only slightly with respect to the bias
current as more modes are brought above the
lasing threshold.

As a next step, the effects of device bias on the
injection locking bandwidth were investigated.
We swept the RF modulation frequency around
the round-trip frequency at a fixed injection power
of -15 dBm and measured the injection locking
bandwidth at various biases. Small injection

power was used so the locking range can be more
clearly observed. Additionally, we repeated such
bias sweeps while providing different magnitude,
phase, and angle of feedback light from an
external mirror, the corresponding locking ranges
are indicated by different colored curves in Figure
3(b). Our experimental observation reveals that
the relationship between locking range and device
bias is related to the condition of optical feedback,
i.e. feedback length (phase), strength and tilted
angle. This is significantly different from previous
demonstrations using ridge-waveguide QC-lasers,
where the locking range became smaller with
increasing bias.[?**"1 In our system, we could
make a simple assumption that there are two free-
running modes, where mode w3 is induced by
optical feedback around the main lasing peak wo
and is locked by the RF-excited sideband of the
latter. The ratio of Pinj/Po in Adler’s equation can
be estimated as the ratio of the free-running power
of mode wo and that of mode w1 as the injected RF
power is fixed, which determines the injection
locking range. How the locking range changes is
therefore determined by how the relative power of
two lasing modes develops with respect to bias.
Unfortunately, this is not able to be observed
experimentally limited by the resolution of our
FTIR. In theory, the spectral characteristics of the
device versus applied bias is expected to be
affected by the changes of threshold gain induced
by optical feedback and the alignment of
compound-cavity modes formed in the external
cavity with respect to gain, which is related to not
only the length and strength of optical feedback,
but also the tilt angle of external mirror.B To
fully understand this phenomenon, a theoretical
study of laser dynamics and instabilities of QC-
VECSELSs under optical feedback and systematic
experiments of the RF-injected system with well-
controlled, adjustable optical feedback will be
needed and are beyond the scope of this paper.

4. Discussion and conclusion

The injection locking range obtained in this
paper is considerably smaller compared with
those demonstrated in RF injection-locked Fabry-
Perot waveguide QC-lasers at same level of RF
power.[?3%1 One of the reasons is that QC-



VECSELs have higher quality factors compared
with ridge waveguide QC-lasers. Our VECSEL
has a 31 mm-long external cavity and low loss
from the ~95% reflectance output coupler; using
a coupled-cavity model we estimate a cold-cavity
linewidth of vo/Q =~ 70 MHz. This is around 300
times smaller than a value of 25 GHz estimated in
ref (281, In addition, intrinsic and technical issues
with our QC-VECSEL setup result in a low
efficiency of RF power transfer at ~4.8 GHz from
the synthesizer to the QC-metasurface bias
terminal. First, due to parasitic capacitances
contributed by unbiased regions, the QC-
metasurface itself exhibits a larger RC time-
constant compared with a narrow ridge
waveguide. Second, the electrical packaging has
not been optimized for RF operation, where wire
bonds and wire bonding pads contribute parasitic
inductance and  capacitance  respectively.
Consequently, there is a large impedance
mismatch between the 5002 SMA port and the QC-
device, the resulting transmittance of RF signal
through the SMA/QC-package boundary is
simulated to be ~4% at a target frequency of 4.8
GHz (see Supporting Information), only part of
which will be applied to modulate the gain
material. To make things worse, an additional ~8
dB RF attenuation has been characterized
accounting for losses through cables and
directional coupler from the synthesizer to the
SMA connector. In contrast to other
demonstrations of ridge waveguide QC-lasers
using RF coplanar probes,?®3 RF launchers, ]
or custom high-frequency PCB mounts®! to
achieve modulation of QC-lasers up to 35 GHz,
microwave rectification technique indicates a
significant roll-off at frequency higher than 3 GHz
in our QC-device (see Supporting Information).
In conclusion, we demonstrate RF injection
locking in a THz QC-VECSEL based on intra-
cryostat focusing cavity design. Round-trip
frequency pulling and locking against an RF
injection signal is observed. Furthermore, the RF
amplitude modulation leads to broadening of the
lasing spectrum up to a spectral width of 110 GHz.
This is particularly notable, as multi-mode lasing
in QC-VECSELSs has been extremely difficult to
achieve due to the lack of spatial hole burning

within the metasurface; before now at most 9
lasing modes had been observed.l?l There are
several obvious avenues for improvement. First,
RF attenuation and impedance mismatch severely
limits the modulation efficiency, and strong RF
reflections impede the detection of the electrical
beat note signal using a spectrum analyzer. This
can be improved by optimizing the electrical
packaging of the QC-device, i.e. reducing the
capacitance and inductance portion of the
equivalent circuit by 1) redesigning the QC-
metasurface with reduced unbiased area and an
improved RF feed structure; 2) replacing the
electrical contact pad with a well-designed PCB
50Q transmission line feed up to the edge of the
metasurface chip with minimal wire bond length.
Second, we note that no particular effort to
provide dispersion compensation has been
attempted here; further engineering of GDD
within the QC-VECSEL cavity may be needed to
increase the lasing across the entire ~1 THz gain
bandwidth. Finally, given measurements of ridge-
waveguide THz QC-lasers under strong RF
modulation, it is quite likely that this device is
generating short pulses in an active mode-locking
regime.l228 Fyrther characterization techniques
such as shifted-wave interference Fourier-
transform  spectroscopy  (SWIFTs)[104041  of
asynchronous electro-optical sampling will be
needed to recover the time-domain structure of the
field, 424l

Supporting Information
Supporting Information is available from the
Wiley Online Library or from the author.
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