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High-power, high-speed quantum cascade lasers (QCLs) with stable emission in the mid-infrared regime are of
great importance for applications in metrology, telecommunication, and fundamental tests of physics. Owing to
the intersubband transition, the unique ultrafast gain recovery time of the QCL with picosecond dynamics is
expected to overcome the modulation limit of classical semiconductor lasers and bring a revolution for the next
generation of ultrahigh-speed optical communication. Therefore, harmonic injection locking, offering the
possibility to fast modulate and greatly stabilize the laser emission beyond the rate limited by cavity length,
is inherently adapted to QCLs. In this work, we demonstrate for the first time the harmonic injection locking
of a mid-infrared QCL with an output power over 1 W in continuous-wave operation at 288 K. Compared with an
unlocked laser, the intermode spacing fluctuation of an injection-locked QCL can be considerably reduced by a
factor above 1 x 10°, which permits the realization of an ultrastable mid-infrared semiconductor laser with high
phase coherence and frequency purity. Despite temperature change, this fluctuation can be still stabilized to hertz
level by a microwave modulation up to ~18 GHz. These results open up the prospect of the applications of mid-
infrared QCL technology for frequency comb engineering, metrology, and the next-generation ultrahigh-speed
telecommunication. It may also stimulate new schemes for exploring ultrafast mid-infrared pulse generation in

QCLs. © 2021 Chinese Laser Press
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1. INTRODUCTION

Injection locking was originally used to build a powerful and
spectrally pure laser in the master oscillator power amplifier
(MOPA) architecture, where a well-controlled low-power fre-
quency stable laser is injected into a powerful but spectrally
broad laser [1-3]. Then the spectral purity of the master laser
can be transferred to the powerful slave laser. This technique
shows great advantages for the amplification and stabilization
of a single-mode laser. However, for a multimode laser it is chal-
lenging, as it requires locking a few or even hundreds of longi-
tudinal modes individually. Electrical injection locking is,
therefore, developed to achieve the same goal through locking
the intermode spacing, instead of longitudinal modes directly,
of a semiconductor laser by applying a microwave signal that is
resonant with its round-trip frequency. This approach has en-
abled active and hybrid mode locking of interband semicon-
ductor lasers [4-0].

Harmonic injection locking is routinely used in the visible
and near-infrared range to generate multiple light pulses within
the photon round-trip time of a laser cavity. This provides the
possibility to get high-repetition-rate laser systems, which is of
particular interest in high-bit-rate optical communication [7],
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photonic analogue-to-digital conversion [8], multiphoton im-
aging [9], and astronomical frequency comb generation [10].
Owing to the intersubband transition [11,12], the unique ul-
trafast gain recovery time of a quantum cascade laser (QCL)
with picosecond relaxation dynamics that is not present in
other laser systems is expected to overcome the limit of response
to direct high-speed gain/loss modulation in classical semicon-
ductor lasers. Therefore, harmonic, especially high-order har-
monic, injection locking is inherently adapted to QCLs [13],
which can potentially open up the prospect of applications of
high-power, high-speed semiconductor lasers in the mid-
infrared range for frequency comb engineering, metrology,
and the next-generation ultrahigh-speed telecommunication.
This is in strong contrast to the traditional opinions that have
considered these ultrafast dynamics of QCLs as an inhibitor
and a bottleneck to the widespread use of these unipolar semi-
conductor lasers. Besides, high-order harmonic injection lock-
ing with modulation speed faster or equivalent to the gain
recovery time of QCL might also provide the potential to gen-
erate ultrafast mid-infrared light pulses with extremely high
repetition rate far beyond the current state of the art in semi-
conductor lasers. This has been one of the main challenges in
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the QCL community for many years despite some recently
reported results [14,15].

Although injection locking of mid-infrared QCLs has been
demonstrated, it was only applied to very low output power
(<200 mW) and very low operating temperature (<80 K)
devices [16,17], which strongly limits its broad-ranging appli-
cations across the domains of fundamental physics, high-
precision metrology, and wireless communication. Harmonic
injection-locked QCLs have also been demonstrated recently
in the terahertz (THz) range, but their output power is
extremely low (~10 pW), even at liquid helium temperature
(10 K) [13]. To date, no demonstration of harmonic injection
locking of QCL has been done in the mid-infrared regime. In
this work, we demonstrate for the first time to our knowledge
the injection locking and harmonic injection locking of a mid-
infrared QCL at 4 & 8.2 pm with an output power over 1 W in
continuous-wave (CW) operation at 288 K. We also examined
the experimental results in the theoretical framework of injec-
tion locking. They are well in agreement with each other.
Varying the operating temperature of the injection-locked
QCL within 1°C, its intermode spacing fluctuation can be still
stabilized to hertz level by the external microwave modulation
up to ~18 GHz.

2. QCL AND EXPERIMENTAL SETUP

In this work, the QCL structure is a high-efficiency active re-
gion design at A~ 8.2 pm, which udilizes a strain-balanced
Alj 64Ing 36As/Ing 59Gag 4, As material system based on an n-
InP substrate [18,19]. Strong coupling between the upper las-
ing level and injector levels has been engineered to increase gain
bandwidth and injection efficiency. To achieve harmonic injec-
tion locking, the nonlinearity of the QCL is also engineered in
the miniband to enhance the four-wave-mixing process and ob-
tain strong harmonic electrical beating [18-20]. The growth
was performed using gas-source molecular beam epitaxy
(MBE), and the wafer was processed into a buried ridge wave-
guide with a ridge width of ~8 pm using standard photolithog-
raphy. The laser bar was cleaved into a 5 mm long cavity and
epilayer-down bonded on a diamond submount for efficient
heat dissipation. In order to extract high power from the laser
cavity, its back facet was high-reflection (HR) coated using
Y,0;/Au/Ti, and the front one was antireflection (AR) coated
using 800 nm thick Y,O3 as shown in Fig. 1(a). The light-

current-voltage (LIV) characteristics of this device are shown
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in Fig. 1(b). At 288 K, laser threshold is observed at 0.56 A
(1.41 kA/cm?). Maximum outcoupling power is >2 W in
CW operation. Its slope efficiency (SE) and wall plug
efficiency (WPE) were ~2.56 W /A and ~14%, respectively. A
thermoelectric cooler stage was used to carry away the thermal
accumulation.

The experimental setup is schematically illustrated in Fig. 2.
The high-performance QCL is biased at 1165 mA using a low-
noise current source (Wavelength Electronics QCL2000). The
QCL emission is coupled into a quantum well infrared photo-
detector (QWIP) for beat note measurements. The tunable RF
signal is first amplified and then injected into the QCL through
a high-speed, low-loss RF waveguide similar to Ref. [21]. This
coplanar waveguide, capable of transmitting signals from DC
up to >100 GHz, significantly lowers the connection losses
and permits efficient RF power injection for high-power

QCL locking.

3. INJECTION LOCKING

Prior to investigating harmonic injection locking, we firstly
demonstrate the fundamental injection locking of a mid-
infrared QCL with watt-level output power in CW operation
at high temperature (288 K). In a QCL system, the electrical
beating of the quasi-equally spaced Fabry—Perot modes (f,)
will generate a beat note signal that can be expressed as
S(f)=>Si(f,s1 - f,)- The bandwidth of the beat note
depends on the fluctuation of the intermode spacings of the
laser. As shown in Figs. 3(a) and 3(b), the beat note of the
QCL used in this paper is located at f .00 & 8964 MHz
when the laser is biased at 1164 mA. Similar to optical injection
locking, by injecting an RF signal (f'rp) that is resonant with
the beat note frequency (f o) into the QCL system, the
spectral purity and stability of the low-noise external RF signal
can be transferred to the beat note through light—matter inter-
action. From the complex amplitude evolution of the RF field
in the system, the injection locking can be described using the
following equation [22]:

do

i M

= wgr - Aw - w; sin @.

In Eq. (1), ¢ is the phase difference between the injected RF
signal and the beat note signal, gy is the angular frequency of
the RF signal, Aw is the angular frequency of the beat note, and
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(a) The scanning electron microscopy (SEM) image of the QCL device and its HR coated and AR coated facets. (b) Light-current-voltage
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Fig. 2. Experimental setup. The mid-infrared QCL is biased by a low-noise DC current source. Laser emission is coupled into a quantum well
infrared photodetector (QWIP). The high frequency components of the photocurrents are coupled into a spectrum analyzer. RF waves are generated
by a RF generator and amplified by a high-power amplifier. The RF signal is injected into the QCL through a high-speed RF waveguide from near
the back facet of the QCL.
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Fig. 3. (a) The evolution of the beat note (continuous branch) of the QCL as a function of the injected RF frequency (discrete branch) (each
injected RF frequency can be found in the x axis). (b) The beat note linewidth of the QCL at off-resonance and resonance conditions, respectively.
(c) Magenta: the beat note frequency as a function of the detuning § between RF frequency fpp and the beat note without RF injection A f,. Blue:
the frequency difference 6 fgp_pegenore D€tween RF and beat note as a function of detuning 8. (d) The power dependence experiment (ball) and

simulation (curve) of the frequency difference 6 f jp_peamnore-

oy~ (Py/ Py)'/? is the locking range, determined by the in-
jected RF power P;,; and the intracavity laser power Py. When
|orr - Aw| < w;, Eq. (1) has steady-state solution: sing =
(wrp - Aw)/w;. In this case, the beat note is resonant with
the injected RF signal. When |wgr - Aw| > w;, Eq. (1) can
no longer have any steady-state solution, falling out of the lock-
ing range.

With an injection current of 1165 mA, the output power of
the QCL is over 1 W in CW operation at 288 K as shown in
Fig. 1(b). At this operating condition, we inject an RF fre-
quency into the QCL system and increase it step by step from
8963.560 to 8965.395 MHz. Intuitively, the beat note

evolution process can be divided into three regimes as shown
in Fig. 3(a). (i) Within [8963.560 MHz, 8964.395 MHz], the
beat note is pulled toward the RF frequency from 8964.615 to
8964.395 MHz. This is out of injection locking. (ii) From
8964.395 to 8964.740 MHz, the beat note is in resonance with
the RF signal, and their frequencies are clamped to each other
(fbeamore = S rp)- (iil) From 8964.740 to 8965.395 MHz, the
laser goes beyond the resonance regime again, and the beat note
gradually moves away from the RF signal. When the RF signal
is off-resonance with the laser system, the linewidth (FWHM)
of the beat note is on the order of 90 kHz. While they are in
resonance, the beat note linewidth dramatically drops down to
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hertz level (20 Hz) as shown in Fig. 3(b). This phenomenon
revealed that the mid-infrared QCL is greatly stabilized, and
its intermode spacing fluctuation is decreased by a factor above
1x10°.

Figure 3(c) (magenta) shows the beat note of the QCL as a
function of detuning 6 = frp = fheamoco DEtWeen RE signal
and initial beat note. Equivalently, Fig. 3(c) (blue) shows
the frequency difference & f g peamore PEtWeen RF and beat note
as a function of 8. The three physical processes discussed above
can be clearly identified in both of the two curves. A resonant
locking range of /', = w;/27x = 0.35 MHz can be extracted.
In particular, the anharmonic nature of the frequency breathing
O f REbeamore €all be observed slightly beyond the resonant
region. From Eq. (1), the §frppeamore 1S deduced to be the
following:

1
5fRF—beam0te = E \/(wRF - Aa)())z - sz' (2)

In Eq. (2), Awy is the angular frequency of the beat note
without RF signal injection. When |wgp - Awy| < @y,
Of REbeamore 1S @ pure imaginary number, corresponding to
the resonant interaction between RF and laser system. The
real part of 8f pppeamore 1S €qual to zero, indicating that
their frequencies are clamped. When |wgr - Awy| > oy,
O f Re-beamore 18 @ real number and shows anharmonic behavior
versus detuning 8. While |wgp — Awg| > @1, 6f Rpbeamore 1S
proportional to 8. As shown in Fig. 3(c) (red), the calculation
based on Eq. (2) is well in agreement with the experimental
data at resonant and negative detuning regime (6 < 0).
When 6 > 0.5 MHz, they slightly diverge from each other,
probably due to the asymmetry of the intersubband structure
of QCL.

Figure 3(d) shows the power dependence of 6/ kppeamoe:
The frequency difference between the beat note and the RF
is initially set to be ~0.22 MHz. Fixing the RF frequency
and increasing its power, the beat note is gradually approaching
toward the RF signal. Thereby, detuning 6 f jp peamore PIOgIES-
sively decreases and finally becomes zero when falling in reso-
nance. This experimental result is in agreement with the
simulation in Fig. 3(d) (solid line), according to Eq. (2) and
wL~(PinJ~/P0)1/2. Since our device is a high-performance
QCL with an output power Py > 1 W in CW operation,
the locking range is limited to ~0.35 MHz as can be directly
observed in Figs. 3(a) and 3(c). However, the locking range can
be further extended by increasing the RF power to satisfy the
requirements of applications.

Figure 4 shows the resonance and off-resonance spectra of
the laser emission. In these two conditions, their bandwidths
are almost identical, indicating that the linewidth reduction
of the beat note in resonance is due to intermode locking, in-
stead of emission spectrum narrowing.

To study the stability of QCL emission under temperature
fluctuations, the laser was held in resonance with the RF at
15.0°C, and then we gradually varied the QCLs operation
temperature from 14.0°C to 18.0°C. Within 14.5°C <
T < 15.5°C, the beat note frequency is always clamped to
the RF frequency. While beyond this range, it moved away
from the RF signal as shown in Fig. 5, where the vertical branch
is the RF signal and the other is the beat note evolution versus
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Fig. 4. Spectrum of the laser emission under resonance and off-
resonance conditions.
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Fig. 5. Beat note evolution as a function of operating temperature.
The vertical line is the injected RF signal, and the other branch is the
beat note.

temperature. This result shows that the phase-stabilized QCL is
capable of withstanding ~1°C temperature fluctuations with-
out degrading its hertz-level phase coherence. Increasing the
RF power, this capability of temperature fluctuation tolerance
can be further extended.

4. HARMONIC INJECTION LOCKING

The beat note of a laser is the joint result of the electrical
beating between any two longitudinal modes: S(f) =
>>S8(f,, - f.); m, nare integers. Since a broadband QCL con-
sists of plethora of quasi-equally spaced longitudinal modes, the
beat note can be further classified by frequency: S(f) =
2SS~ f)F S f) +225(fas - f) + -
The first term ) S(Af = f,,, - f,) represents the funda-
mental beat note. The second term Y SQAf = f,,, - f,)
is the second harmonic one, and so on. They can be simulta-
neously observed using a high-speed spectrum analyzer. As
shown in Fig. 5(a), the first-order and seconnd-harmonic beat
notes were observed respectively at ~9 GHz and ~18 GHz.
The third-order one is expected to be ~27 GHz, beyond
the scope of our spectrum analyzer. Although fundamental in-
jection locking is important in the stabilization of QCL emis-
sion, the high-order harmonic injection, requiring faster



g - W
1082  Vol. 9, No. 6 / June 2021 / Photonics Research @_ @ - Research Article

1st order

2nd harmonic

Intensity (dBm)

5 10 15 20
Frequency (GHz)

25

Fig. 6.

17928.81? (b)

Injected RF frequency (MHz)

17927.045

-105,0
-93,00
-81,00
69,00
-57,00
-45,00

17927,2
Frequency (MHZz)

17928,0 17928,8

(a) First-order and second-harmonic beat note. (b) The evolution of the beat note as a function of injected RF frequency. The discrete

branch is the RF signal, and the continuous branch represents the beat note. (Each injected RF frequency can be found in the x axis.)

modulation, is more interesting since the unique ultrafast re-
laxation dynamics of a QCL on a picosecond scale are expected
to enable a groundbreaking increase in the modulation speed of
semiconductor lasers. This may lead to a new revolution for
next-generation high-speed optical communication and signal
processing. Therefore, harmonic, especially high-order har-
monic, injection locking is inherently adapted to QCLs and
is of great importance for future high-power, high-speed
applications.

Compared with fundamental injection locking, harmonic
injection locking is more difficult to achieve since (1) the har-
monic electrical beating is much weaker than the fundamental
one; (2) less microwave power can be injected into the laser at
higher frequency. Owing to the nonlinearity enhancement in
QCL design in this paper, the laser is in quasi-comb operation,
and the harmonic beat note signal is still quite strong as shown
in Fig. 6(a). This offers the possibility to demonstrate for the
first time the second-harmonic injection locking of a mid-
infrared QCL. The operating conditions of this laser are exactly
the same as the ones used in the fundamental injection locking
(I =1165mA, T =288K, Py>1W). As shown in
Fig. 6(b), an RF signal (discrete) was injected into the
QCL, and its frequency was gradually increased from
17927.045 to 17928.810 MHz. The second-harmonic beat
note undergoes a similar process as the fundamental one.
Within [17927.045 MHz, 17927.655 MHz], the second-har-
monic beat note is pulled toward the RF frequency from
17927.885 to 17927.735 MHz. In this regime, the laser is
out of locking. From 17927.725 to 17927.990 MHz, the sec-
ond-harmonic beat note is in resonance with the injected RF
signal, and their frequencies are clamped to each other
(fbeamore = S rp)- From 17928.065 to 17928.790 MHz,
the laser goes beyond the resonance regime again, and the sec-
ond-harmonic beat note gradually moves away from the RF
signal. Similar to the fundamental injection locking, when the
RF signal is off-resonance with the second-harmonic frequency

of the QCL, the linewidth (FWHM) of the beat note is at the
order of tens of kilohertz to megahertz. While they are in res-
onance, the beat note linewidth dramatically drops down to
hertz level despite a high output power over 1 W in CW oper-
ation. Owing to the reduced electrical beating strength as
shown in Fig. 6(a), a slightly narrower locking range of
~0.265 MHz was obtained under the same injection RF
power. This second-harmonic injection locking also exhibits
a highly stable emission under a temperature fluctuation of
~0.5°C. Using a faster spectrum analyzer and RF source, the
third-order, fourth-order, fifth-order, ...,beat note may be
observed with a distinct possibility.

Although the picosecond gain recovery time of a QCL is
expected to bring high-speed applications that are out the reach
of interband semiconductor lasers, it also brings difficulties and
challenges to generate ultrashort light pulses via active mode
locking of mid-infrared QCL. According to the mechanism
of active mode locking of terahertz QCLs [23], if the funda-
mental and high-order RF signals are injected into the QCL
simultaneously, a very sharp temporal modulation could be
realized (i.e., an ultrashort electrical pulse). This would rapidly
modulate the QCL gain, taking advantage of their ultrafast dy-
namics, permitting a small section of the cavity to be brought
above the lasing threshold, while the rest of the active medium
is held below threshold. This may permit the generation of ul-
trashort and intense light pulses from mid-infrared QCLs.

5. CONCLUSION

To conclude, we have demonstrated for the first time to our
knowledge the injection locking and harmonic injection lock-
ing of a mid-infrared QCL with an output power over 1 W in
CW operation at high temperature. Compared with an un-
locked laser, the intermode spacing fluctuation of the injection-
locked QCL emission has been considerably reduced by a factor
beyond 1 x 103, which enables demonstration of a highly stable
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mid-infrared semiconductor laser with high phase coherence
and high frequency purity. Despite an operating temperature
change, the intermode spacing of laser emission is still stabilized
to hertz level in the locking range by the external microwave
modulation up to ~18 GHz. This result enables the practical
applications of high-power, high-speed, highly stable QCLs in
industrial exploration. It may also bring a revolution for next-
generation optical communication and stimulate new concepts
to explore ultrafast and intense mid-infrared pulse generation
from QCL-based semiconductor sources.

Disclosures. The authors declare no conflicts of interest.

Data Availability. Darta underlying the results presented
in this paper are not publicly available at this time but may
be obtained from the authors upon reasonable request.
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