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Abstract: We theoretically show that quantum coherent saturable absorp-
tion can be used to obtain ultra-short pulses from mid-infrared quantum
cascade lasers (QCLs). In this proposal, quantum cascade structures are
processed as two electrically isolated sections. The two sections will be
biased with two different voltages so that one of the sections produces gain
as is done in typical QCLs, while the other produces quantum coherent
resonant absorption for the propagating waves. The quantum coherent
absorbing section is saturable and favors the generation of ultra-short
pulses. We find that stable ultra-short pulses on the order of ~100 ps
are created from a two-section QCL when the pumping in the gain and
absorbing sections remains within critical limits. The intensity and the
duration of the stable pulses can be significantly varied when the pumping
in the gain and absorbing sections and the length of the gain and absorbing
sections are varied.
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1. Introduction

The realization of mid-infrared short pulses from compact semiconductor light sources, i.e.,
quantum cascade lasers (QCLS) has been a challenge for last one and a half decades. Despite
repeated attempts, there has only been limited success [1-7]. Recently, it has been shown that
QCLs can be used to produce frequency combs using four-wave mixing or self frequency modu-
lation [8-11]. However, there has been no experimental demonstration of passive modelocking
to date, and although active modelocking has been experimentally demonstrated, pulses are
not stable when the laser operates even marginally above the threshold, but undergo at least a
slow evolution [5, 12]. It has been shown that the very fast gain recovery of QCLs favors the
growth of continuous waves when the input current is above the threshold that is required for
lasing [12]. Short pulses cannot be created as the gain recovers within the duration of the pulse,
so that the tail of the pulse experiences more gain than does its peak. Additionally, the fast gain
recovery leads to spatial hole-burning. Although the spatial hole-burning leads to the excitation
of a large number of longitudinal modes, these modes cannot be phase-locked due to the rapid
time evolution of the hole-burning [12,13].

It has been theoretically shown that the self-induced transparency (SIT) effect can be used
to modelock QCLs if absorbing periods are grown interleaved with gain periods [14, 15]. SIT
modelocked QCLs produce stable pulses on the order of ~100 fs duration over a broad parame-
ter regime. The key way in which SIT modelocking differs from standard modelocking is that it
is no longer necessary to have a gain bandwidth that is equal to the inverse pulse duration [14].
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However, these lasers do not self-start. Structures with interleaved gain and absorbing periods
can also be used for active-SIT modelocking to increase the stability regime and self-start the
laser [16]. It has been shown that active-SIT-modelocked QCLs can produce stable pulses on
the order of ~1 ps. However, the success of both of these approaches requires the gain and ab-
sorbing periods to be in resonance and the gain and absorption parameters to be within limiting
values. In a structure where gain and absorbing periods are interleaved, the pump parameters
cannot be controlled individually, which makes it difficult to realize the mid-infrared pulses
experimentally.

In this work, we present a way to create ultra-short pulses from QCLs using distributed
gain and absorption along the axial cavity length. The cascaded quantum heterostructure will
be designed so that it becomes a gain medium at one bias voltage and a coherent resonant
absorbing medium at another bias voltage. The cavity will be processed into two electrically
isolated sections so that different bias voltages can be applied to distribute gain and resonant
absorption along the cavity length. The resonant absorbing section behaves like a saturable
absorber; it absorbs continuous waves and suppresses the spatial hole-burning. We find that
this scheme lets the laser self-start from random quantum noise and produces ultrashort stable
pulses with durations that can be shorter than 100 fs. The pulse duration can be changed by
independently varying the bias of the gain and absorbing sections.

The remaining of the paper is organized as follows: In Sec. 2, we present the physical concept
of the proposed approach. We also present the Maxwell-Bloch equations that describe the light
propagation and light-medium interaction in the cavity, and we derive the critical pumping
limits for stable ultra-short pulses. In Sec. 3, we present results that are obtained by solving the
Maxwell-Bloch equations for a two-section QCL. In Sec. 4, we present our conclusions.

2. Theoretical model

A schematic illustration of the proposed two-section QCL is shown in Fig. 1, along with two-
level representations of the gain and absorbing sections. The quantum layers are grown in the
vertical direction and are the same throughout the cavity in the longitudinal direction. However,
the cavity is processed into two electrically isolated sections by etching the cladding layers de-
posited on the active region as is done for actively modelocked lasers [12]. The longer section is
biased with a voltage V1, so that the upper level is pumped by Ag. The longer section is inverted
in equilibrium and produces gain as in typical QCLs. By contrast, the smaller section is biased
with a voltage V5, so that the lower level is pumped by A,. The smaller section is uninverted in
equilibrium and produces resonant absorption as the light emitted from the gain section propa-
gates through it. The current going into the gain and absorbing sections determines the resonant
frequency in each of the sections as well as respectively the gain and quantum coherent absorp-
tion. The quantum coherent absorption acts as a saturable absorber, absorbing continuous waves
while allowing pulses that are half a Rabi oscillation in duration to pass through. In SIT mode-
locked QCLs, gain and absorption frequencies must be in resonance to within the linewidths of
both [15]. By contrast, SIT modelocking will still work over a broad range of ratios of gain to
absorption as long as close to zero detuning is maintained. An advantage of our current proposal
is that it is possible to independently tune the biases in the gain and absorbing sections, so that
the ratio of the gain and absorption can be optimized, while the detuning can be made close to
zero. It is possible to create ultra-short pulses over a broad range of gain and absorption [15]. If
the gain becomes too small relative to the absorption, then the pulses are absorbed,; if the gain
becomes too large relative to the absorption, then multiple pulses are produced.
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Fig. 1. Schematic of a two-section QCL with gain and saturable absorbing sections.
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2.1. Maxwell-Bloch equations

The interaction of the propagating light with the gain medium and the quantum coherent ab-
sorbing medium can be described by the coupled Maxwell-Bloch equations [17]. The coupled
Maxwell-Bloch equations for the gain section in an open two-level system approximation are
given by [12,16]

E ot =+ az gonz ngi —I1 Ei, (13.)
IMNg+ M=
o 2h 9 (AogE~ +ALEs) - Ty (1b)
JA A
9h0g _ )1 1% = (Edng +E"mg —c.c) - =2, (1c)
ot Tlg
Dz idy . . 1
Tg = ﬁg(EingI —Exngs) — (T +4Kk°D ) 29> (1d)

and the coupled Maxwell-Bloch equations for the absorbing section in an open two-level system
approximation are given by

no E. d Er . Naladak

c ot oz e Nae — 1B, (@)
ag?i I;FT (AoaEx +AFE:) — %v (2b)
33:”‘ = dat '?la (EiNas +EMa_ —cC.C.) — -Arf: (2¢)
835 = I?]a(Einai Exfas) — (Tl +4K°D ) 2a0 (2d)

where Ex denotes the envelope of the electric field, ny denotes the dielectric polarization, Agx
denotes the population inversion, and A,y denotes the inversion grating. The quantities with
a +(-) subscript or superscript represent fields that are propagating in the positive (negative)
z-direction, and the subscripts g and a represent gain and absorption, respectively. The param-
eters Ey, 7Mx, Aox, and Aoy are assumed to vary slowly with respect to space z and time t. The
parameter n denotes the index of refraction, c denotes the speed of light, &y denotes the vac-
uum permittivity, h denotes the Planck’s constant, Ny denotes the electron density in the active
region, I'y denotes the overlap factor between the laser mode and the active region, Tix denotes
the gain recovery time, T,y denotes the coherence time, | denotes the linear cavity loss per unit
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length not including mirror losses, A denotes the pump parameter, D denotes the diffusion
coefficient, dy denotes the dipole matrix element of the laser transition, and k denotes the wave
number associated with the optical resonance frequency. We may write k = wn/c, where ©
denotes the angular frequency of the electric field.

For simulation purposes, we normalize the field, polarization, inversion, and inversion grating
using the transformations

E. = d—F?Ei, (3a)
L . (@)
Aoga = WAOQ@ (3¢)
oga = Dolntha,, (30

dga= kNg;;?;zdaaAg,a- (3e)

Using the normalizations given in Eq. (3), the coupled Maxwell-Bloch equations for the gain
section in Eq. (1) can be written as

n &Ei _ &Ei o~ ~
<ot :Fia —inNgs —IEx, (4a)
Ofgr i Tlgi
o Z(AogEi +A29E1) Ty (4b)
IA . A
709219"‘( Elflgs +E flg- —c.c.)— = (4c)
ot Tlg
A5y .. . 1
Tg =i(Eifgr —EfMge) — (T +4K°D > 29> (4d)

and the coupled Maxwell-Bloch equations for the absorbing section in Eq. (2) can be written
as

noE. 0B . dg.

cot ~Fog gt IEs, (52)
o idy ~ =~ ~ o 1
73:& = EE:(AOaEi +A%E5) — %:7 (5b)
IA da A
afa*’laﬂd (E* flay +E*fla_ —cC.C.) — Tfa (5¢)
a
A, damn . o s 1 .
la 'd*Z(Ei"a* LB - <Tla +4k2D> AL (5d)

2.2. Derivation of the critical pump parameters

The pump parameters Ag and A, determine the respective strengths of the quantum coherent
gain and absorption. The parameter Ag must be sufficiently large to overcome the cavity and
facet losses, while A; must be small enough so that the laser radiation can be sustained in the
cavity. We will now derive the minimum pumping in the gain section, Agmin, and the maxi-
mum pumping in the absorbing section, A3 max, that are required to sustain stable pulses in the
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cavity. At steady state, we can assume that the forward propagating electric field and the inter-
action with the medium will be the same as for the backward propagating electric field and the
interaction with the medium. Therefore, we can write

E,=E_ =E, (6a)
ﬁg,a+ - ﬁg,af = Flg,aa (6b)
AOg,a = AOg,a, (GC)
Az_g,a = Az_g,a = AZg,a- (6d)

At steady state, using d1ng./dt = 0 in Eq. (4b), the polarization in the gain section can be
written as

- Ty - = - =
Mg = |§(AOQE+AZQE). @)
If we substitute ng into Eq. (4a), we find the steady state electric field evolution in the gain
section is given by
dz ' cot 2

Thus, the steady state gain is given by g = Tog(Aog + Aag) /2. At the lasing threshold, we can
set

I\ Ty - - _
<‘9 +n>E—29(Aog+Agg)E—IE. ®)

E,=E =0, (9)

Ajy=Ayy=0. (9b)

From Eq. (4c), we find Zog = ingg, so that the small signal gain gp in the gain section is given
by go = AgT1gT2g/2. Analogously, we find that the quantum coherent absorption at §teady—state
is given by a = Tra(Aoa + Aza)/2 and the small-signal absorption is given by ag = AaT1aT2a/2.
At threshold, the gain experienced by the propagating electric field in the gain section will
have to be equal to the sum of the linear losses experienced by the propagating electric field

in both the gain and absorbing sections, transmission losses at the two facets, and the resonant
loss in the absorbing section. We can thus write

1 1 1 1
glg—ala— {ILC+ éln (r1> + Eln (rzﬂ =0, (10)

where Lg is the length of the gain section, L, is the length of the absorbing section, L = Lg+La
is the length of the cavity, ry is the reflection coefficient of the first facet, and r; is the reflection
coefficient of the second facet. If there is no quantum coherent absorption, then we find

1 1 1 1

Therefore, the minimum pumping in the gain section to overcome the linear loss in the cavity
and the losses in the two facets is

2 1 1 1 1
fomn= g e g () + o ()] (12

For a given gain coefficient g, the maximum value of the quantum coherent absorption that can
sustain the pulse radiation is given by

1 1 1 1
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Therefore, the maximum pumping coefficient in the absorbing section is given by

TigTogl 2 1 1 1 1
A = 909 _ ILc+=In{ = )+ =In{ = ). 14
amax = Agg ol TaaTala | 27 \in) T2\ (14)

3. Results

We have simulated a two-section QCL that is shown schematically in Fig. 1. We assume that
the gain section radiates light at 6.2 um and the absorbing section absorbs light at the same
wavelength. The different parameter values of the active region and the cavity are given in Table
1. The parameter values in Table 1 are the same as the ones in [12, 16] so that we can compare
our results with those presented in [12,16] for actively modelocked QCLs. The parameter values
in Table 1 apply for typical QCLs except Ty, which has been extended using a super-diagonal
structure for modelocked operation. These parameters can be calculated for a designed QCL
using the approaches as described in [18-21]. However, we have varied the key parameters,
e.g., the recovery times Tig, Ti4, and the lengths of the gain and absorbing sections Lg, La to
show that they are not limiting parameters for creating stable ultra-short pulses.

Table 1. Key parameter values

Parameter Symbol Value

Recovery time in gain section Tig 50 ps

Recovery time in absorbing section Tia 50 ps

Coherence time in gain section Tog 0.05 ps

Coherence time in absorbing section Toa 0.05 ps

Ratio of absorbing to gain dipole moments  da/dy 2

Length of cavity L¢ 2.6 mm

Length of gain section Ly 2.3mm

Linear loss I 10cm~!

Facet reflectivity ry, I 0.53

Diffusion coefficient D 4600x 10712 mm?/ps

index of refraction n 3.2

10 100 4/\. 100
Z 2 E| S
2 n 2 ]
k= RS- — k=

00 1 > -100 00 1 ) -100
Position (mm) Position (mm)

Fig. 2. Intensity and population inversion in the cavity after 100 round trips for (a) Ag =
Z.SAg’min and la == O.S)La,max, and (b) A,g = 257Lgmm and Z,a = O.7kamax.

In Figs. 2(a) and 2(b), we plot the light intensity, i.e., ELE} + E_E*, and the population
inversion, i.e., A = Ao+ A5 exp(2ikz) — A, exp(—2ikz), in the cavity. In Fig 2(a), the pumping
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in the absorbing section A4 is not enough to absorb the growing continuous waves from the gain
section. Therefore, the driving terms on the right-hand side of Egs. (4d) and (5d) are non-zero,
which leads to oscillations of the population inversion due to spatial hole-burning. In Fig. 2(a),
we note that the light intensity is spread over the cavity. By contrast, in Fig. 2(b), the pump
coefficient in the absorbing section A, is enough to absorb the growing continuous waves from
the gain section. Therefore, the driving terms on the right-hand side of Egs. (4d) and (5d) are
zero, and the population inversion does not oscillate. In Fig. 2(b), we note that the light intensity
is confined over a very narrow spatial region in the cavity. This longitudinal spatial confinement
leads to ultra-short, sub-ps light pulses in the output of the cavity.

40
=
2 | (®
220
R7)
<
]
4 0

50 200

100

Time (ps) 00 Round trip

x10™
6
=

; d
S, @
i)
%2
s
= 0
50 200
100
Time (ps) Time (ps) 00 Round trip

Fig. 3. Intensity output with Ag = 2.5Ag min and (a) Aa = 0.34a max, (b) Aa = 0.6Aa max, (C)
Aa = 0.94a max, and (d) Aa = Aa max.

AO'S a4 Ao/ Xomax = 0.7
\8;06“ ° )\a/>\a,max =09

]

S 0.4f -
= 2

= 0.2 . .
= . Py

9.5 2 2.5 3 3.5
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Fig. 4. Full width at half maximum (FWHM) duration of stable pulses with different pump-
ing levels in the gain and absorbing sections.

In Fig. 3, we show the output intensities over 200 round-trips for a fixed Ag as A4 varies.
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We note that ultra-short stable pulses are created when A3 = 0.6Aamax and Aa = 0.9a max-
However, we observe a chaotic behavior when Ay = 0.343max. We also note that the output
intensity vanishes at 15 = Aamax- We have simulated the output intensity for different values
of Ag, and we have obtained similar results. In Fig. 3, we note that the pulses advance in time
since the group velocity decreases due to the SIT effect [22, 23]. Since the pulse advances in
time, the pulse repetition rate increases slightly from 18.058 GHz to 18.115 GHz, which may
vary depending on the pump parameters.

o
w

Duration (ps)
£
>

o
=

Fig. 5. Full width at half maximum (FWHM) duration of stable pulses with different re-
covery time in the absorbing section. The recovery time in the gain section is kept fixed at

50 ps.
:g 15 S 30
= 10 (a‘) = 20
2 &
2 5 2 10
2 )
k= 0 A 0

50 200 5

100
Time (ps) 00 Round trip Time (ps) 00 Round trip

Time (ps) 00 Round trip

Fig. 6. Intensity output with Ag = 2.5 min and Aa = 0.7Aamax When (a) Lg = 2.0 mm,
La=0.6mm, (b) Lg=2.3mm, L =0.3mm, and (c) Lg=2.5mm, L = 0.1 mm.
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In Fig. 4, we plot the duration of the stable pulses for different pumping levels in the gain
and absorbing sections. The pulse durations become smaller as the pumping in the gain sec-
tion increases and the pumping in the absorbing section decreases. The pulse duration may be
smaller than 100 fs. In Fig. 5, we plot the durations of stable pulses for different recovery times
in the absorbing section and for a fixed recovery time in the gain section. We note that stable
pulses are created even when Ty, is as short as 1 ps. The pulses become shorter as the recovery
time in the absorbing section increases. We note that the Maxwell-Bloch equations solved in
this work do not consider the saturable nonlinearity and group velocity dispersion that the pulse
will experience while traveling in the cavity. However, these effects were extensively studied
for SIT modelocked pulses in QCLs in [24]. It was found that stable modelocked pulses evolve
over a broad parameter regime in the presence of nonlinearity and group velocity dispersion. In
addition, the nonlinearity-induced changes are mostly canceled by the anomalous dispersion of
typical QCLs and the stable pulse durations are not significantly changed.

In Fig. 6, we plot the pulse intensity evolution at the laser output with fixed pump parameters,
but when the lengths of the gain and absorbing sections vary. We note that stable pulses are
created in all cases. However, the pulse intensity increases and the pulse duration decreases as
the length of the gain section increases and the length of the absorbing section decreases.

4. Conclusion

We have proposed that stable ultra-short pulses can be created from a quantum cascade struc-
ture if the cavity is processed into two sections so that one section works as a gain medium and
the other works as a resonant absorbing medium. This approach will allow one to control the
pumping and bias-dependent parameters of the gain and absorbing periods separately, which
should make it easier to construct a device than when gain and absorbing periods are inter-
leaved. We have shown that in the proposed two-section QCL the saturable resonant absorbing
section can suppress the growth of the continuous waves and the spatial hole-burning. Stable
ultra-short pulses on the order of ~100 fs are created when the pumping in the gain section is
enough to overcome the losses in the cavity and the facets and the pumping in the absorbing
section is less than the value that absorbs the light completely. The duration of the pulse can be
varied by controlling the pumping parameters in the two sections.
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