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Multiwavelength quantum cascade lasers (QCLs) as coherent optical sources at mid- and far-IR spectral
regions can be tailored regarding their dynamic and modulation response, output power, and stability condition of
each spectral component under optical injection locking. Based on a developed model fitted to experimental data
of a dual-wavelength mid-infrared (mid-IR), we show that an injection ratio threshold exists for each wavelength
after which a stable-locking is obtained. While the uninjected wavelength imposes a long turn-on delay and an
increased threshold current before its extinction, the injection-locked wavelength may experience output powers
and modulation bandwidths about twice as large as the free-running values at moderate injection ratios. This idea
provides a tunability viewpoint for spectral and power-dependent switching applications of multiwavelength and

broadband QCLs.
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I. INTRODUCTION

Quantum cascade lasers in their third decade of appear-
ance are maintaining the evolutionary route toward multi-
wavelength, high-power, and room-temperature performances
beside their celebrated applications as mid-infrared (mid-IR)
and terahertz sources.

Development of multiwavelength and broadband quan-
tum cascade lasers (QCLs) are especially promising for
spectroscopic applications such as trace gas spectroscopy,
environmental monitoring, medical sensing systems, and
security process monitoring applications [1-3]. Broadband
QCLs can considerably enhance the Fourier-transform in-
frared spectrometers by replacing their traditional thermal
sources, which provide relatively low infrared power and limit
the characterization of low-absorptivity materials [4]. On the
other hand, raised from the giant nonlinearities of quantum
well structures, multiwavelength QCLs have found impor-
tance for nonlinear light generation through difference fre-
quency generation [5], second harmonic, and sum-frequency
generation [6].

Multiwavelength and broadband emission from QCLs are
typically achieved through different approaches, including ex-
ternal cavity (EC) configuration [7,8], midinfrared frequency
comb generation [9], integration of different cascade sections
with each section lasing at a slightly different wavelength
[10], heterogeneous cascading of multiple substacks emitting
at different wavelengths [11,12], and homogeneous design
of the active region by engineering the number of opti-
cal transitions [13-15]. Together with the advances in the
development of multiwavelength quantum cascade sources,
investigations have been carried out to pave the way for
achieving mode spacing tunability, selective output power
control, and operation under the same driving conditions of
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dual and multiwavelength QCLs. The latter condition, as an
instant, requires flawless design of the active region while
considering the serious effects of the waveguide loss and the
temperature compensation at longer wavelengths. The investi-
gations were initiated by the “tap”-into-the-cascade design for
a QCL based on heterogeneous cascading of two substacks for
two-wavelength operations (5.2 um and 8 pum) [11]. This ex-
ploited feature provides the selective manipulation of the laser
threshold of one substack while keeping the other wavelength
undisturbed. Also, a stable and robust pulsed regime over the
full dynamic range of the injection currents has been attained
through active mode locking of an EC QCL [16].

Optical injection locking (OIL) of QCLs, as an experimen-
tal technique for synchronizing two coupled lasers, enables
stabilization and tuning of the round-trip frequency [9,17],
improvement of the noise behavior, and modulation band-
width of a laser [18,19]. The effect of OIL on the stability
of a master-slave laser system can be interpreted in terms of
a generalized mathematical model for synchronization of a
two-generator system [20].

Despite the numerous investigations performed on
injection-locked QCLs, injection-locked multiwavelength
QCLs have received less attention compared with their
solid-state and fiber multiwavelength counterparts.

A dual-wavelength injection-locked system consisting of
two independent master lasers locked on specific longitudinal
modes of a Ti:sapphire laser has been reported to yield full
controllability of the relative pulsed energies while the pulsed
outputs fully overlap in time. Flexible selectivity and wide
frequency scanning of the two wavelengths have also been
achieved [21]. For fiber lasers with multilongitudinal modes
(MLM), injection locking can yield widely tunable single-
frequency lasing characteristics by decreasing the number
of longitudinal modes and narrowing the linewidth of the
injected MLM laser output [22]. Therefore, a switchable
single frequency operation with considerable side-mode sup-
pression ratio can be obtained over the whole wavelength
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tuning range. Multiwavelength injection locking in semicon-
ductor lasers has also been utilized in optical communications
for wavelength division multiplexing (WDM) networks. A
Fabry-Perot laser diode (FP-LD) as a multiwavelength laser
and injection-locked with 8§ WDM wavelengths has been
demonstrated as an 8 x 10 Gb/s multiple wavelength converter
[23]. Such an idea can reduce the number of wavelength
converters and enables simultaneous broadcasting of multiple
wavelengths. Multiwavelength monitoring in a WDM system
based on injection-locked FP-LD has also been reported as an
efficient and cost-effective method where injection to one of
the longitudinal modes of the FP-LD suppresses the whole
Fabry-Perot mode comb [24]. The idea of suppressing a
dominant mode using OIL has been utilized for all-optical
signal processing based on all-optical gates where multi-input
(multiwavelength) injection locking efficiently suppresses the
dominant mode of a FP-LD [25]. Also, using multiwavelength
injection locking of FP-LDs has been proposed to achieve a
colorless WDM-passive optical network (WDM-PON) trans-
mission where multiwavelength light sources in C and L
bands lock the FP lasers at a subscriber site and a central
office [26].

Here, we have developed a theoretical model to exam-
ine an injection-locked homogeneous dual-wavelength mid-
infrared quantum cascade laser. The output wavelengths at
A1 = 10.5 um and A, = 8.9 um have a close threshold con-
dition (Ii/ Iy = 1.07), so the gain competition before and
after the injection locking determine the behavior of each
wavelength. Single-wavelength emission criteria and the mod-
ulation bandwidth characterization for applications such as
free-space communication are discussed. Free-running power-
current characteristics of the dual-wavelength QCL have been
fitted to an experimental dual-wavelength laser through a
developed rate-equation-based model to ensure the experi-
mental reliability of the model. The P-I characteristics of
the developed model agree well with the experimental P-I
behavior of the dual-wavelength midinfrared QCL reported
in Ref. [27]; therefore, a good measure of the effect of OIL
on lasing characteristics can be obtained through the rate
equation model. Finally, the stability condition, dynamic, and
modulation response of each wavelength have been studied
based on the so-called injection ratio threshold.

II. MODEL DESCRIPTION

Our conducted investigation is based on a four-level gain
medium illustrated schematically in Fig. 1, where the two
laser lines share a common upper level and the model can
describe the mode interactions due to mutual gain depletion.
To simplify the carriers and photons dynamics, two electro-
magnetically decoupled photon modes have been assumed
here by neglecting optical nonlinearities and the rate equa-
tions describing the system dynamics are given as follows
[18,27-29]:

Ny =WL J/e — NyJtq — gV (N4 — N3)SD
-8 (Ny — N7)S@, (1)

N3 = Ny/143 — N3/73 + g(l)(N4 - N3)S(1)a ()

Injected
current

— | 4

To next
period

FIG. 1. The energy-level diagram of one stage of the active
region. Lasing takes place simultaneously through transitions from
level 4 to level 3, corresponding to A; = 10.5 um and from level 4 to
level 2, corresponding to A, = 8.9 um wavelengths. The lower lasing
level is depleted to level 1 through the LO-phonon emission.

Ny = Ny/tis + N3/t32 — NaJ1a1 + gP(Ny — N2)SP, (3)
Ni = Na/ta1 + N3/731 + No/T21 — Ni/Tous, €]

E® =1/2(N,g DV (Ny = N3) = 1/t0) (1 + joy ) E(1) "
kAl — jol) EOW, (5)

inj
E® =1/2(Nyg®(Ny = Ny) — 1/t2) (1 + joi? ) E(1)®
kAL — jold) EOP. (6)

inj

In the above equations, J denotes the electron current
density pumped into the upper level, e is the electron charge,
W and L are the lateral dimensions of the cavity, N, is the
number of gain stages, L, is the thickness of a stage, V =
N,WLL, is the volume of the active area, N; is the carrier
numbers of the jth state, E@(z) = SO (1) /Zexp (jo?) is
the complex electric field of the ith mode where the phase
difference between the slave and master lasers is given by
D = l) — gl and Aiyj = Sipj'/? is the injected field
magnitude where Si;; = Riy; X Si is the number of injected
photons with injection ratio of Rj,; and free-running photon
@)

number of Sp. Also, Wi

as a)l(l'u) = o) o — ol ., ay is the linewidth enhancement
factor (LEF), g = I'V¢’aW/V is the gain coefficient of the
ith mode where ¢’ = c¢/ne is the speed of light, neg is the
cavity effective index, and stimulated emission cross sections
are defined as o) = 47 (ez®)? /eonesri 2y D), where z is
the dipole matrix element of the transition and 2y stands for
the full width at half maximum of the ith transition, k. is the
coupling rate of the master laser into the slave laser defined by
k. = c(1 — R)/(2n L R'/?), where R is the facet reflectivity
of the slave laser at injected-side and L is the slave laser cavity
length. The carrier scattering times between the states are
determined with t,,,. For simplicity, we have defined 1/t =
1/t43 4+ 1/t4o + 1/74; and 1/73 = 1 /7135 + 1/73;. Finally, the
radiative spontaneous emission time constant can be described
as ‘L'S(Il;) = e0hir} /87 nee(ezV)?, 7, is the photon lifetime,

is the frequency detuning defined
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and B is the spontaneous emission factor of the ith mode
[27,28]. Considering I = WLJ /e, introducing small signal
variation of I as I 4+ A results in the small carrier and
complex electric field (also photon number and the phase
difference between the slave and master lasers) fluctuations
around the steady-state values as follows [18]:

Ni() = N; + AN; (1), EOP = EV + AE@®)Y, SV =
SO L+ AS®D, and ()P = @ + Ap(t)D. Inserting these
definitions into Egs. (1)-(6) and considering AE(t)") =
EDASHD 28D 4+ jA@()?) [18], an 8x8 small signal
variation matrix can be obtained as below:

(a)gxg(A)Rxl = (AI)8><17
Agx1(®) = [ANs AN3 AN, ANy AS; AS) Agy Agi]7,

Alg i (@)=[1 000000 0], (7

where a;; = ;i + jo; yii = gVSV + gP @ - 1/ty;a13 =

—g8? a5 = —g®(Ny — Na); aje = —g "V (Ny — N3);
ay = —gWSW — 1/143; vy = gWSW + 1/135 aze = —gV
(Ny — N3); az = —gPSD — 1/14; azx = —1/t3;
y33 = 8PP + 1/1515a35 = —gP(Ny — Na)sagy = —1 /1413
agp = —1/t31; agz = — /1213 vas = /1215 asy =

_Npg(2)S(2) _ NP,B(Z)/TS(S); asy = Npg(Z)S(z); V55 =
0.5(1/7? = Npg®@(Ny = N))s asy = =28V oy + e S
(Npg® (N4 — Np) — 1/r]fh2)); 1161=—Npg(l)S(l)—NP,B(l)/TS(;);
agy = NpgPSV; yes =0.5(1/7" — NpgM(Ny — N3));
aeg = —ZS(l)wi(;j)-l-OtS)S(l)(Npg(])(N4—N3) - 1/T;h])); an =
—a Npg@/2; azs = a7’ 8® 2 ars = (o’ [ASP)N g @
(Ns = No)+(i) /28@); y1=0.5(1/t? = N,g D (Ny—Ny));
vor =y Npg /2y = —aye M2 yse=(ay,/4SD)
N8 V(Na—N3)—(w) /25D yeg = 0.5(1/7() — N, g™
(N4 — N3)).

The normalized transfer function of the modulation re-
sponse can be obtained by

S(i)(w)/AI(w) _ nm km(]a) - Zm)
HO)® " [LLGo—p)’

H(o)? = (8)

Zm and p, correspond to the roots of the nominator
polynomial (zeros) and denominator polynomial (poles),
respectively. The following structural and physical parameters
have been used in the developed model [27,28]: 743 = 12.5 ps,
Ty =2.3ps, 41 =2.1ps, 130 =3ps, 131 =0.15ps, 11 =
0.18 ps, ") = 66ns, 75, = 30ns, Tou = 0.98ps, 7,1 =
9.5ps, 1,2 =93ps, BV =D =2x10", R=R =
R, =029, L =1mm, W =24 um, L, = 60nm, N, = 30,
g =1550s""1, ¢® =1792s"'. Due to small values of
LEF in QCLs, oy = ay® = 0 have been considered for
simplicity.

It should be noted that all the time and frequency do-
main data discussed in Sec. III (either in the free-running
or in the injection-locked QCL) have been obtained from
the steady-state results of the dynamic response of the rate
equations.
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FIG. 2. P-I characteristics of the dual-wavelength QCL. The
solid curves correspond to the obtained data from the developed
model. *The circle-marked curves present the data extracted from
Ref. [27]. Inset illustrates the dynamic responses of photon numbers
for the first and the second wavelengths at [ = 2 I,.

III. RESULTS AND DISCUSSION

The P-I characteristics of the developed model have been
presented in Fig. 2, where a good agreement is obtained
with the experimental characteristics of the dual-wavelength
midinfrared QCL reported in Ref. [27]. A threshold cur-
rent ratio of ~1.07 has been achieved between the emission
wavelengths. Bias currents up to 2xIy, (threshold current
of A;) have been assumed in this study where the experi-
mental data supports the developed theoretical model. So,
a comprehensive view of the effect of injection locking on
lasing characteristics can be obtained through the developed
rate equation model. Therefore, the modulation response,
stable-locked/stable-unlocked/unstable operation criteria, and
the injection-dependant properties of the QCL can be deter-
mined by the locations of zeros and poles of the transfer
function of the modulation response. Stability analysis based
on the poles of the function is performed at first to obtain
the stability boundaries and locking map of the laser in this
section.

Then, based on the calculated zero-pole locations, we
justify the modulation response and the injection threshold
of the slave laser. Dynamics of photon populations for both
wavelengths are also presented to further clarify the injection-
related characteristics of each wavelength.

To investigate the injection-locking behavior of the dual-
wavelength QCL, the locking map of the laser, including
the stable-locked, stable-unlocked, and unstable regions have
been determined for A;. Since the locking process of A, would
lead to similar outcomes, the results have not been discussed
to avoid redundancy. The first criterion for stability, which
comes from the carrier-induced frequency shift, determines
the stable-locking boundaries for a QCL just similar to a
laser diode. The phase values for the negative and positive

detuning edges correspond to cotg 'a and —m/2 —tg” e,
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FIG. 3. Optical injection-locking diagram as a function of the
frequency detuning for A; at I =2 Iy. Solid and dashed curves
represent the boundaries of stable-locked/stable-unlocked and stable-
unlocked/-unstable regions, respectively.

respectively, where the QCL is in stable lasing condition
[29,30]. However, the second criterion corresponds to the
region in which the output power for A, can be neglected.
This region denotes the stable-locking region of A, where the
slave laser follows the master and a single frequency output is
achieved.

As is clear in Fig. 3, the stable-locking region is consid-
erably limited compared to the conventional QCLs where the
laser is stably locked at low injection ratios [29].

Since OIL directly manipulates the photon populations of
both wavelengths which are connected through the carrier
population in level 4, the output powers and the threshold
currents of each wavelength are consequently affected by the
injection strength. To give a measure, the P-I characteristics
of the free-running laser have been compared to the injected
results at different injection ratios in Fig. 4(a). The meaningful
reduction of the threshold current of injection-locked wave-
length (A;) at the hands of the increase of the threshold current
for the second wavelength (A,) clearly denotes the carrier dy-
namics in the active region. The normalized threshold current
for the injection-locked wavelength further decreases by the
injection ratio and can reach to <0.5 x Iy, at large injection
ratios as illustrated in Fig. 4(b) while the normalized threshold
current for A, can increase up to ~2.5 x I,.

To determine the stable-locking boundaries at which the X,
photons become negligible, an injection-ratio-dependant out-
put power and 3dB modulation bandwidth have been demon-
strated in Fig. 5. Increasing the injection ratio, as illustrated in
Fig. 5, reduces the X, photons while A becomes the dominant
emitting wavelength for injection ratios larger than a threshold
of ~0.15. This injection ratio threshold (Ry,) is also a function
of the frequency detuning, as can be inferred from Fig. 3. Due
to lower photon numbers of A,, a larger injection ratio thresh-
old and narrower stable-locked region are expected as well.
Stemmed from the output behavior of the A; before and after

1.2 T T T T T T
——)\,R =05
1" " inj
LF = =), R,=01 ]
. £ P
—— ), free running 7 -
0.8 P

-1, free running
—O= A, Rinj=0.1

Output Power (W)
o =]
E (o)}

0.2
s)
e
0 fl
0 1 2 3 4 25 6 7
Current Density (KA/cm®)
25 : —
—_), L -
L = = o e ,
- = -
= P e
&
< -,
>—<€ L5r / 1
=7 /
14 ]
(b)
0.5F R
0 2 6 8 10

4
Injection Ratio

FIG. 4. (a) The output power and current density curves for both
wavelengths at different injection ratios of the first wavelength (1),
(b) The normalized threshold current of the A; and A, wavelengths
at different injection ratios and S;,; = Riy; X Sg; where Sy is free-
running photon numbers X, at [ = 1.2 x Iy, of (frequency detuning
of zero has been considered).

the injection threshold, the 3dB-bandwidth characteristics of
the laser show different trends around the injection threshold.
As expected from the injected-locked QCL, an increase in
the injection ratio enhances the 3dB modulation bandwidth
in the stable-locked region of QCL. However, as illustrated in
Fig. 5, the 3dB bandwidth enhancement in the stable-unlocked
region (before Ry,) is considerably higher than the stable-
locked region. To address this characteristic, injection-ratio-
dependent zeros and poles (the first and the second zeros and
poles of the transfer function of the modulation response) have
been depicted in Fig. 6. Increasing the injection ratio up to
Ry, shifts the first zero and poles toward lower frequencies.
The first zero and pole are in their closest position to the jw
axis at Rjpj; = Ry = 0.15, which means that their effect is
more pronounced. This effect is obvious from the modulation
response illustrated in Fig. 7(b), where a rapid rise in the
frequency behavior clearly shows the shift of zeros of the
transfer functions. It should be noted that the other zeros
and poles also shift toward lower frequencies as depicted for
the second zero and pole in Fig. 6 (lower panel). The zero
frequency can reach to even a few MHz (<10 MHz around
Ry) and results in an intense overshoot in the modulation
response of the system. For injection ratios larger than Ry,, the
first and the second zeros and poles coincide and cancel each
other out. Thus, the modulation bandwidth is determined by
the poles of the transfer function at higher frequencies (third
and forth poles). This effect can be verified by the modulation
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FIG. 5. Left axis: Output powers of the A; and X, wavelengths
at I =2 Iy normalized to the free-running output power of each
wavelength at different injection ratios. Right axis: 3dB modulation
bandwidth of the A; wavelength at I = 2 [, and different injection
ratios.

responses presented in Figs. 7(b) and 7(c). To further elab-
orate the modulation response of the injection-locked slave
laser, the modulation characteristics of the free-running laser
along with the injection-locked A; and X, responses have
been depicted in Fig. 7(a). Results obtained for 1.51 and
21y in the free-running condition demonstrate that the 3dB
modulation bandwidth for X, is larger than A, due to larger
slope efficiency and the output power of the A; as illustrated
in Fig. 2. However, the 3dB modulation bandwidths approach
each other by increasing the bias current while a considerable

128 7
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FIG. 6. Frequency location versus injection ratio of the first and
the second zeros and poles extracted from the transfer function of
the modulation response of the A; wavelength at / = 2 I, and zero-
frequency detuning.
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FIG. 7. Modulation response of the (a) free-running dual-
wavelength QCL at / = 1.5, and I = 2 I, (b) optical injection-
locked XA, wavelength at I = 2 I, zero detuning, and different in-
jection ratios, (c) optical injection-locked A, wavelength at I = 2 Iy,
zero detuning and different injection ratios.

distinction can be seen at lower bias currents. The modulation
response of the injection-locked A, is displayed in Fig. 7(c)
for free-running, stable-unlocked, and stable-locked condi-
tions. The larger injection ratio threshold for A, (R ~ 0.15
and Rgyp ~ 7.5) is due to the larger photon numbers of A,
compared to X, in free-running mode. Additionally, it can be
inferred that lower injection-ratio thresholds are required for
lower bias currents.

In addition to the decrease in the output power of A, for
injection-locked A; mode, the turn-on delay (ToD, defined
as the time that elapses between the moment the bias is
applied and the time that the photon number reaches 10%
of its steady-state value) of A, is also affected significantly.
As depicted in Fig. 8, ToDs from ~0.05 ns to ~12 ns are
obtained, corresponding to injection ratios of 0.01 to 0.15
(Ri1). The inset of Fig. 8 illustrates the dynamic response
of the normalized output power for A, (normalized to the
free-running output power of X,). The output power of A, is
almost negligible to measure the ToD beyond the Ryy;.

Besides the wavelength selectivity, the power, and modula-
tion bandwidth characteristics of the injection-locked wave-
length, simultaneous injection locking of both wavelengths
may modify the output characteristics of each wavelength
in a different manner regarding the photon populations.
To further discuss this case, the free-running and locked states
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FIG. 8. Turn-on delay of the A, wavelength at I =2 [y, and
different injection ratios (A; is injection locked). Inset illustrates the
corresponding dynamics of the normalized output power of A, at
three sample injection ratios of 0.05, 0.1, and 0.15.

of each wavelength compared to the simultaneous locked
state have been depicted in Fig. 9. Since injection locking
reduces the carrier number in level 4 and also the modal gain,
negligible photon numbers at A, are obtained for injection-
locked XA; case, which is further reduced for larger injection
ratios of A_y [Sy ~ 600 at R;yj; = 1 illustrated by solid curves
in Figs. 9(a) and 9(b)]. The modulation bandwidth of the
A1 experiences an increase with respect to the free-running
condition at the same time [solid curve in Fig. 9(c)]. Similarly,
an injection-locked A, leads to larger photon numbers at this
wavelength while a severe reduction at A; photon numbers
and modulation bandwidth are observed (dotted curves in
Fig. 9). Since the number of A; photons are still large enough
and the system operates in the stable-unlocked condition, an
overshoot followed by a considerable increase of the 3dB
modulation bandwidth is observed in the modulation response
of )»2 .

When both wavelengths are injected, different conditions
for photon numbers and stability situations of the system are
observed based on values of S; and S,. For Ripj; = Rjpjp =
1(S; > S,), the photon numbers lie between the free-running
and the injection-locked values for each wavelength and the
stability criteria is determined by A; (frequency detuning of
Az doesn’t limit the stability conditions). A similar behavior
is obtained for S, > S; for the injection-locked operation of
both wavelengths. Also, for S; ~ S,, the stability criteria is
determined by both wavelengths.

The output power of the laser as a function of the bias
current in the free-running and two different injection ratios
of Ripji = Rinz = 0.5 and Ryyj1 = Ryyj2 = 1 have been illus-
trated in Fig. 9(e), which reveals the effect of injection lock-
ing of both wavelengths on the threshold current. Threshold
current densities of A and A, clearly decrease with increasing
the corresponding injection ratio.
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FIG. 9. Photon numbers, modulation response, and power-
current characteristics of the injection-locked dual-wavelength QCL
at 1.51y,.

IV. CONCLUSIONS

The OIL concept of multiwavelength QCLs was stud-
ied using the developed model of a homogeneous dual-
wavelength midinfrared QCL emitting at 10.5 ym and 8.9 um
wavelengths. It was shown that the stable-locking region
of the dual-wavelength QCL is limited significantly com-
pared to conventional QCLs. An injection ratio threshold
was defined, after which the uninjected wavelength is negli-
gible and the modulation bandwidth of the injection-locked
wavelength demonstrates a different trend compared to lower
injection ratios. Based on an injection-ratio-dependent zero-
pole analysis, the modulation response was investigated in
the stable-locked and -unlocked regions. Injection ratios close
to injection-ratio threshold resulted in large overshoot in the
modulation response while a flat modulation response was
obtained for larger injection ratios. The normalized threshold
current of the injection-locked wavelength, on the other hand,
exhibited a decreasing tendency with the injection ratio and
reached to below 0.5xIy; at large injection ratios while the
normalized threshold current for the uninjected wavelength
increased up to ~2.5xIy,. The uninjected wavelength also
imposed a large turn-on delay of ~12 ns and a severe power
reduction before its extinction at the injection-ratio threshold.
This tunability method can be generalized for multiwave-
length QCLs regarding their spectral and power-dependent
characteristics.
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