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Theory of Hybrid Microwave—Photonic Quantum Devices

Christian Jirauschek

The Maxwell-Lindblad transmission line (MLT) equations are introduced as a
model for hybrid photonic and microwave-electronic quantum devices. The
hybrid concept has long enabled high-bandwidth photodetectors and
modulators by using waveguide structures supporting microwave—optical
co-propagation. Extending this technique to quantum-engineered lasers
provides a route for greatly improved short-pulse and frequency comb
operation, as impressively demonstrated for quantum cascade lasers. Even
more, the self-organized formation of coupled microwave and optical
oscillation patterns has recently enabled photonics-based ultralow-noise
microwave generation. The MLT model provides a suitable theoretical
description for hybrid quantum devices by combining optical and microwave
propagation equations with a Lindblad-type approach for the quantum active
region dynamics. A stable numerical scheme is presented, enabling realistic
device simulations in excellent agreement with experimental data. Based on

by active or passive mode-locking, result-
ing in periodically amplitude-modulated
(AM) and/or frequency-modulated (FM)
optical fields.3*] From an application
point of view, electrically pumped semi-
conductor lasers have many significant
advantages such as compactness, ro-
bustness, and cost-effectiveness, and are
available for a broad range of frequen-
cies. Combining optoelectronics with
microwave engineering has led to the
interdisciplinary field of microwave pho-
tonics, which has received tremendous
attention due to the unique possibil-
ities offered.>7! In particular, for a
suitably designed waveguide geometry
microwave-optical co-propagation effects

numerical results and analytical considerations, it is demonstrated that the
functionality of the investigated hybrid quantum devices does not only rely on
local coupling effects, but rather benefits from microwave-optical
co-propagation, settling an ongoing debate. The MLT equations provide the
basis for systematic device development and extension of the concept to
other quantum-engineered hybrid devices based on, for example, quantum
dot or interband cascade structures, as well as for simplified analytical models

providing additional intuitive insight.

1. Introduction

The ability to generate periodic optical waveforms(!! with comb-
like spectral?! directly from lasers has revolutionized metrology
and sensing, and has also impacted many other fields such as
materials processing and communications. This is achieved
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arise, which can for example be ex-
ploited in traveling-wave configurations
to achieve higher modulation and detec-
tion bandwidths.!®! This hybrid device
concept has recently been taken to an-
other level by applying it to quantum-
engineered mode-locked sources in the
form of quantum cascade lasers (QCLs).
These are a special type of nanostruc-
tured semiconductor laser which em-
ploys the quantized electronic states in a
multiple quantum well structure as laser
levels.'%1] Thus the lasing wavelength and gain profile, as
well as the nonlinear optical and microwave properties, can be
custom-tailored. This enables a wide range of functionalities in
the mid-infrared (MIR) and terahertz (THz) range such as broad-
band frequency comb generation,!'>13] while for conventional
semiconductor lasers comb operation remains challenging.!'*]
Since QCLs typically have cavity lengths in the mm range, the
repetition rate of the optical waveform, and hence the spacing
between two adjacent frequency comb lines, is on the order
of 10GHz, which is well-suited for the implementation of
hybrid optical and microwave functionalities.['] The key lies in
combining the QCL active region with a metal-metal waveguide
structure, formed by contact layers on the top and bottom of the
active region.'®l In this way, simultaneously an optical waveg-
uide and a microwave transmission line is obtained, which can
be designed to support co-propagation of the optical field and
microwave—electronic signal.l”]

The device structure is schematically illustrated in Figure 1.
In such a setup, the generation of ultrashort mode-locked
THz pulses, which is highly relevant for numerous applica-
tion fields,["®2% was demonstrated by exploiting co-propagation
of the externally applied microwave modulation signal and
the optical wave.??2] A similar strategy was exploited for the
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Figure 1. Schematic representation of the microstrip QCL as an example
of a hybrid optoelectronic and microwave quantum device. The microstrip
is represented by its equivalent circuit for an infinitesimal segment, cou-
pling to the quantum active region. The parameters and variables included
in the figure correspond to those introduced in Section 2. In the lower right
corner, the coordinate system used in our model is shown.

generation of broadband and low-noise THz frequency combs, 23]
which are essential in several application domains.[?*! Notably,
this approach is fundamentally different from previous injection-
locked short-pulsel®®! and frequency comb!!?] setups, where the
applied microwave signal only affects the injection region of the
waveguide.[22°] A particular appeal of the hybrid concept lies in
the potential to exploit self-seeded microwave signals in a free-
running device, thus eliminating the dedicated external circuitry
and electronics required for active modulation. This leads to a
new class of devices where both the optical and microwave dy-
namics can unfold in a self-organized manner. The microwave-
optical coupling is here provided by the quantum-engineered ac-
tive region, featuring both optical and low-energy transitions./?’]
There has been experimental evidence that microwave self-
seeding in microstrip QCLs contributes to comb stabilization,?3]
and may even enable mode-locking at the second or higher-order
harmonics in free-running QCLs.[?] Based on the same concept,
a hybrid terahertz-microwave source has been demonstrated, of-
fering a new route for the generation of extremely low-noise mi-
crowave signals of up to hundreds of GHz.?”] This paradigm of
hybrid device design has recently culminated in an approach for
independently tailoring the terahertz and microwave properties
based on a planarized waveguide geometry.!%)

Since the above-demonstrated hybrid device concept relies
on the coupled propagation of the optical radiation and the in-
jected or self-generated microwave signal, a moderate microwave
loss across the waveguide length is crucial, and also the role of
microwave-optical phase matching has been emphasized.['721:27]
Thus, the proper choice of waveguide type and careful microwave
design of the overall device are of critical importance. While
microstrips in the form of metal-metal waveguides have been
identified as the most suitable type for hybrid QCL devices,!'”]
it has been pointed out that the microwave loss may still be
a limiting factor.[?! Furthermore, it has been argued that ef-
fective index matching and moderate microwave loss are more
difficult to realize for MIR than for THz QCL structures,/?!2°]
although beneficial effects of microstrip-like waveguides have
also been observed for MIR devices.’**] Thus, there is an
ongoing debate if the observed phenomena are really due to
microwave-optical co-propagation or can be explained by conven-
tional modulation effects, with the measured microwave beat-
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notes along the waveguide arising purely from local stimulation
by the laser radiation.[?®] Clarification of the underlying mech-
anisms requires a detailed understanding of the processes in-
volved, and a comprehensive description of the hybrid optical-
microwave dynamics is all the more important for the targeted
design of mode-locked hybrid devices. In this context, it has
long been pointed out that a suitable modeling approach is still
missing.[#34] Ultimately, the significance of a comprehensive the-
oretical model goes far beyond QCLs, since further types of
quantum-engineered lasers, such as interband cascade,!*! quan-
tum dot/dash (QD),1***’] and not least the more conventional
quantum well lasers,38] have been shown to possess favorable
properties for AM or FM mode-locking.[**! This makes them
highly suitable candidates for extending above discussed hybrid
concepts, such as the self-organized coupled microwave-optical
dynamics in free-running devices, to other spectral regimes.
The lack of a comprehensive hybrid model is resolved in
this paper. A common approach for modeling the semicon-
ductor laser dynamics are the Maxwell-Bloch (MB) equations.
Combining Maxwell’s equations for the optical field propaga-
tion with a density matrix (DM) approach describing the co-
herent electron-light coupling, this semiclassical theory consti-
tutes a basic and very widely used model for the coupled dynam-
ics of an optical field interacting with an ensemble of two-level
quantum systems.[**#1l The MB equations also provide the start-
ing point for simplified theories of the device dynamics.[*~#]
On the other hand, by extending the original two-level model
to multiple quantum states and introducing a generalized sys-
tem Hamiltonian, the resulting framework consisting of cou-
pled Maxwell and DM equations constitutes a powerful tool for
the detailed dynamic modeling of quantum-engineered optoelec-
tronic devices.[*®] We refer to this approach as Maxwell-Lindblad
(ML) equations since the DM dynamics is here described us-
ing the Lindblad formalism.[“°#’] If desired, the Hamiltonian
matrix elements and Lindblad-type relaxation terms can be ex-
tracted from microscopic models or carrier transport simula-
tions, resulting in a realistic self-consistent description of the de-
vice dynamics.l**% Modeling of steady-state mode-locking re-
quires long-term simulations of the laser dynamics. Full-wave
3D simulations are too computationally expensive, and thus
the model equations are commonly reduced to the waveguide
propagation direction.[*l The microwave propagation is not con-
tained in the MB/ML equations, but can typically be regarded as
quasi-transverse electromagnetic for microwave-photonic struc-
tures and thus also be reduced to a single spatial dimension
in the form of a distributed equivalent-circuit transmission-line
representation.>!] Co-propagation effects in traveling-wave de-
vices have been modeled by coupling this description to basic op-
tical propagation equations,®%3l and it was also proposed as early
as 2004 to include the transmission line dynamics into the the-
oretical description of mode-locked QCLs.l** Along those lines,
we introduce an adequate model for hybrid quantum devices by
combining the transmission line equations with a ML-type ap-
proach featuring a suitable Hamiltonian, and refer to the result-
ing model as Maxwell-Lindblad transmission line (MLT) equa-
tions. Although such an approach may seem straightforward, sev-
eral issues must be considered which may have impeded the de-
velopment of a self-consistent model including the microwave
dynamics: i) The strongly frequency dependent microwave loss
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of the transmission line must be adequately considered to obtain
a realistic description; ii) the coupling between quantum active
region and transmission line has to be self-consistently included
in the model in form of a hybrid interaction Hamiltonian; iii)
for the numerical evaluation of the resulting partial differential
equation set, a stable numerical scheme is required.

In detail, the paper addresses the following issues: In Sec-
tion 2, we introduce a self-consistent model for the coupled opti-
cal, quantum electronic, and microwave dynamics in the form of
the MLT equations. Section 3 contains an analytical discussion of
microwave propagation in transmission line structures. In Sec-
tion 4, we present a stable and efficient numerical scheme for
the MLT equations, enabling the direct simulation of experimen-
tally realized devices. Based on the obtained results, the presence
and significance of microwave-optical co-propagation effects is
demonstrated. The paper is concluded in Section 5.

2. Model

The modeling of mode-locked laser operation requires long-
term simulations over many hundreds or thousands of cavity
roundtrips.[**] To minimize the numerical load, the model is usu-
ally reduced from three spatial dimensions to a single one, in-
volving only the propagation coordinate x and time t.[*] As op-
posed to fully 3D approaches,®] it is then not practical to de-
scribe both the optical and microwave field by a single set of
Maxwell’s equations for several reasons: In particular, the opti-
cal and microwave frequencies differ by more than two orders
of magnitude even for THz QCLs, and also the transverse mode
profiles deviate from each other (all the more so if the optical and
microwave confinement are designed separately),['>] resulting
in quite different effective parameters in the 1D model. Further-
more, the optical field is typically treated in the slowly varying en-
velope approximation (SVEA) in the propagation equation, along
with the rotating wave approximation (RWA) in the density ma-
trix equation, to reduce the numerical effort associated with the
fast oscillations.[*®) On the other hand, the microwave propaga-
tion in transmission line structures is usually described in the
framework of a distributed-element model in terms of voltage
and current rather than field quantities, establishing a direct con-
nection to related characterization techniques and measurement
results!’”] and readily allowing for adaption to different transmis-
sion line configurations.[25%5¢) Thus, we model the microwave
and optical dynamics by separate, but coupled propagation equa-
tions.

2.1. Microwave Propagation

The microwave propagation on the waveguide structure is de-
scribed in terms of the voltage u(x,t) and current i(x,t) (see
Figure 1). Here, it is advantageous to write u(x, t) = u, + u,(x, t),
where u, denotes the DC component of the input voltage at the
position of the wire bond, defining the operating point of the de-
vice, while u, contains the modulation. The transmission line
equations can then be written as

duy =—L'0,i— R,

0,i=—-C'ou, — Jw (1)
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R, I, and C’ have their usual meaning as transmission line
resistance, inductance, and capacitance per unit length in the
direction of the transmission line (x coordinate in Figure 1),
while J(x, t) denotes the current density flowing through the ac-
tive region of width w. The inclusion of the waveguide microwave
losses, represented in Equation (1) by R/, is crucial for realis-
tic modeling.!?®] Furthermore, R’ has a strong frequency depen-
dence which must be taken into account,!'”! leading to additional
time derivative terms in Equation (1).*”] This model can be read-
ily adapted to more complex transmission line configurations by
adding further distributed components.[52°3°¢1 In the following,
we assume that u represents the voltage drop across the active
region. The boundary condition at x = 0 is given by the applied
pump current or voltage, which can be constant or modulated.
Assuming a waveguide of length L with open-circuit termination,
the boundary condition at x = Lisi = 0.

2.2. Optical Propagation

In the MB equations, typically the SVEA is invoked to reduce the
numerical load.[**] The optical field is then written as

E=) R{E, exp (+ifx —int)} 2)

with the complex slowly varying envelopes E, (x, t) of the forward
and backward propagating resonator field components, optical
carrier frequency w., and propagation constant of the guided
mode . E represents the optical field strength in polarization
direction, for example, for QCLs parallel to the growth direction
z of the heterostructure since the other field components do not
interact with the quantum active region.!*] The field propagation
equation is in the SVEA given byl*®]

v'0,E, £0,E, = —%ﬂzdf}:‘i - %Ei +ip, + SF (3)

+ T Oxbs

Here, a denotes the waveguide power loss coefficient, v, is the
group velocity, and p, contains the polarization induced by the
quantum system (see Equation (A6) in the Appendix). Also the
background group velocity dispersion (GVD), characterized by
the coefficient f,, is included in Equation (3), since it can con-
siderably affect both ultrashort pulse generation and frequency
comb operation. 35424358591 §°P represents spontaneous emis-
sion, which is in the simulation used to start the laser action, and
furthermore adds fluctuations to the optical field. This process is
numerically implemented as spatially distributed random noise
source.[®”] The boundary conditions for reflection coefficients r, ,
at the left and right facets are given by E, = E_ at x =0 and
E_=rnE, atx= LI

2.3. Quantum System Dynamics

In the MLT model, the dynamics of the quantum active region
is described by the DM formalism. Here, we do not restrict our-
selves to the conventional two-level approximation which is of-
ten too restrictive for realistic device modeling, but rather use a
Lindblad-type multilevel approach, which may be supplemented
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Figure 2. Schematic illustration of the coupling between the DM, optical propagation, and transmission line equations. The current density J and
polarization p, are computed from the DM elements p;;. More specifically, in our model, p,, is obtained from the relevant off-diagonal elements #; in

the rotating reference frame.

by additional equations for the incoherent scattering-induced
transport.! For inclusion of the coupling to the microwave
transmission line, our model has to be formulated in dependence
of bias voltage,[***!] and yield the current density as an input for
the transmission line equations!*361] (see Figure 2). The temporal
evolution of the density operator j is described by the evolution
equation

0.5 = (i)™ [Fls, 5| + 0], )

where 7 denotes the reduced Planck constant. Within the 1D
model, j(x,t) denotes the density operator of a representative
quantum system at the macroscopic position x in the laser waveg-
uide. The Hamiltonian for the quantum active region, for ex-
ample, a representative QCL period or QD featuring N relevant
states |n) with energies E, and associated transition frequencies
®,, = (E,, — E,)/h, can be represented as H = H, + H; + H,.
The unperturbed Hamiltonian is given by H, = ¥, E,|n){(n|. In
general, the system Hamiltonian may also contain off-diagonal
elements, which are included in H;. For example, many QCL
designs feature thick injection and/or extraction barriers, across
which electron transport is mediated by tunneling between
closely aligned energy levels, |w,, | < o, The corresponding
Hamiltonian H; = hQ;,,, |m)(n| + hQy,,[n)(m| is commonly
expressed in terms of tight-binding basis states |m) and |n)
localized at the left and the right side of the barrier, where
hQr ., = hQp,,, denotes the coupling energy.!®*** Furthermore,
H, = —E(d,, |m)(n| +d,,|n)(m]) is the light-matter interaction
Hamiltonian in dipole approximation for an optical transition be-
tween two levels m and n. Here, d,,, represents the dipole matrix
element. It is given by d,,, = —e(m|2|n) for QCL intersubband
transitions where e denotes the elementary charge, while it de-
pends on the conduction and valence band Bloch functions for in-
terband transitions.[*%) If the system contains several relevant op-
tical transitions, each of them is represented by a corresponding
Hamiltonian. For optical transitions close to resonance, |w,,,| ~
., the RWA is commonly employed by inserting Equation (2)
and discarding the rapidly oscillating terms. Likewise, the inter-
action with the microwave field can be represented by a Hamilto-
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nian of the form H;, where the modulation field strength across
the active region of thickness d is given by E = u, /d. Due to the
comparably slow dynamics in the microwave range, the RWA is
here not applied, and the relevant transitions have frequencies
|®,.,] < @.. The diagonal matrix elements

(nlHy|n) = e(n|2|nyu,/d =: E,u, ®)

correspond in first-order perturbation theory to the change in
eigenenergies AE, caused by a bias field u,. Writing the system
Hamiltonian as Fg = A + Hyy,, H describes the coherent
dynamics of the system due to H,, F; and the interaction with
the microwave field. Thus, the matrix elements of H are given by

_ _ E, o+ Eu,, m=n,
Hyy, = 1y, = {hQT,mn —d,us/d, m#n (6)

Here, E, , are the level energies at the operating point u,. In a
tight-binding framework, the tunneling transitions have practi-
cally vanishing dipole moments, that is, d,,,, ~ 0 for Q,,, # 0.1%]
Hpy,a is the light-matter interaction Hamiltonian treated in
RWA. In this context, spatial hole burning (SHB), that is, the
formation of an inversion grating due to the standing wave
mode structure in Fabry—Pérot resonators, must be accounted
for, since it is known to significantly affect the semiconductor
laser dynamics.[*2#346:6166-68] Eor the resulting DM equations in
RWA, see Equation (A1)—(A5) in Appendix A.

Dissipation effects are in Equation (4) considered by the term
0,p|;,.- Here, we use the usual Lindblad-type model,[**’] where
incoherent transitions from a state |m) to |n) with a scattering
rate r,, result in terms 0,p,,lic = —0,Pmmlinc = TwinPmm, and
analogously for the scattering in the reverse direction with
rate r,,,. In this way, incoherent transport between the energy
levels of the quantum system can be taken into account. The
associated dephasing gives rise to terms 0,0,,,linc = —VmnPoms
0Py line = —VumPum» Where the dephasing rate is modeled
as Yy = (fy +7,)/2 + ¥y mn» With the total outscattering rate
T = Xeim 'ms and pure dephasing contribution v, ., = 7, -
In principle, bias-dependent scattering and dephasing rates
r;(uy) and y;(u,) may be used in Equation (A1)—(AS5).[*”) This

© 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH

35UBD 17 SUOLULIOD AR 3|qedt|dde au3 Ag pausenof afe saie YO ‘esh JO Sajnu oy Afeiq17 3uluO A8|IM LO (SUORIPUOI-PUR-SLUBHW0D AB 1M Afelq 1 BUIUO//SANL) SUORIPUOD pUe S L U} 835 *[€202/2T/8T] Uo Arigiauljuo AB)1m ‘Auewses aueiyoo Ag T9¥00£202 10d|/200T OT/I0p/u0d Ao im A leud i put|uoy/sdny oy papeoiumod ‘2T ‘€202 ‘6688€98T


http://www.advancedsciencenews.com
http://www.lpr-journal.org

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

effectively introduces a time dependence into the Lindblad oper-
ators, which is compatible with the Lindblad approach.[*%1 The
inclusion of bias-dependent scattering rates may, for example, be
necessary for modeling scattering-assisted QCL designs, where
the electron injection/extraction is mediated by scattering rather
than tunneling. In this case, the current transport, and thus the
optical gain, strongly depends on the scattering cross-sections,!”?!
while the behavior of resonant-tunneling designs is governed by
tunneling, already contained in the bias-dependent Hamiltonian
of Equation (6). Additional terms beyond the Lindblad frame-
work, such as nonlinear rate terms, may be required to apply the
model, for example, to QD lasers (see also Appendix A).

To obtain a self-consistent model which only requires the
device specifications and material parameters rather than using
fitting or empirical parameters, we couple the density matrix
equations of Appendix A to carrier transport simulations at the
operating point, providing the scattering and dephasing rates.[*’!
The carrier transport simulations contain the full dependence
on the electron in-plane wave vector k, thus also providing the
subband electron distributions,”!! while this dependence has
been integrated out in the dynamical DM equations to reduce
the numerical load.*"! This approach enables long-term simula-
tions and seems especially appropriate for operating conditions
where the bias and current density modulations are only a few
percent of the DC values; thus, it is well-suited for the examples
discussed in Section 4. Its validity (without the inclusion of
transmission line effects) has been confirmed for various QCL
structures by comparison to experimental results.[*>5072] In
principle, the MLT model can be refined by using a k-dependent
dynamical DM approach”>’# and avoiding restrictions such
as the time-local nature of the Lindblad equation.[”>”7] While
this adds versatility to the model, the numerical cost increases
significantly, thus impeding long-term dynamical simulations.

2.4. Coupling

The density matrix, optical propagation, and transmission line
equations are coupled as illustrated in Figure 2, resulting in
a closed model. The coupling induced by the optical field and
the polarization in the ML (i.e., optical propagation and DM)
equations is obtained in the usual manner via the polariza-
tion term Equation (A6) contained in Equation (3), and the
light-matter interaction terms in Equation (A1)-(A5) resulting
from the Hamiltonian Hyy,. The quantum system and the
microwave transmission line are coupled via u, in Equation (6)
and the current density J in Equation (1), which is computed
from the density matrix.l**! For example, Equation (B1) in the
Appendix can be used under certain assumptions for QCLs, and
a model for the current density in QD media can be found in
literature.l’!] While SHB in the active region in principle causes
short-scale spatial modulations of J, these do not transfer to u,
since they are strongly damped by the transmission line and,
thus, are here neglected for both J and u,.

3. Analytical Considerations

As discussed in Section 2.4, the transmission line couples to the
quantum active region via the voltage, and modulation thereof in-
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troduces a variation of the optical gain. Thus, for actively mode-
locked semiconductor lasers, microwave-optical co-propagation
effects can only be expected if a considerable voltage modula-
tion is obtained along the whole waveguide structure. For QCLs,
the fulfillment of this premise has been debated in literaturel2°!
and can be investigated based on simple analytical considera-
tions. As already discussed, for a realistic description of trans-
mission lines, it is vital to consider the dependence of R’ () (and
possibly other parameters) on the frequency w = 2zf [V’ result-
ing in an operator function R’(i9,) in Equation (1). In the follow-
ing, we assume that the DC resistance is negligible, R’ (0 = 0) =
0.'7] Besides using u(x,t) = u, + u,(x,t), we insert the ansatz
i(x, t) = iy(x) + i, (%, t) into Equation (1), where u, and i, denote
the DC components defining the operating point of the device,
while u, and i, contain the (zero time-average) modulation sig-
nal. Assuming a small modulation voltage u, and neglecting
nonlinearities as well as dynamical effects in the quantum active
region, we can express Jw in Equation (1) as Jw = Jow + G'u,,
where ], and G’ are the active region current density and dif-
ferential conductance per unit length at u,. With the bound-
ary condition iy(L) = 0 as in Section 2.1, the DC current is then
given by i,(x) = Jow(L — x). For the time varying component,
we correspondingly have i, (L) = 0. Furthermore, we assume at
x =0 a pump voltage modulation u, = u, cos(wt). The trans-
mission line then forms a lossy half-wavelength resonator with
the fundamental resonance frequency w, = z¢/(Ln,_, ), as used
in experiment to match the optical mode spacing.[ﬁ'z” Here,
n, is the microwave effective index at a frequency w, and ¢
denotes the vacuum speed of light. The analytical solution for
a given modulation frequency w can be obtained by inserting
uy = 3, R{u, exp(xif,x — iwt)} (where u, and u_ are the ampli-
tudes of the forward and backward propagating components) into
Equation (1), along with a corresponding ansatz for i, . This yields
with Z'(w) = R/ (®) — iwl’ and Y'(w) = G’ — iwC’ the standard re-
sults for the propagation constant f, = i(Z’Y’)}/? and character-
istic impedance Z, = +u, /i, = (Z'/Y")"/2. The modulated volt-
age is obtained as

B cos B, (x — L) )
Uy (x,t) = uw%{ W exp (—iwt) } (7)

Separating the propagation constant into real and imaginary
parts yields g, = n,w/c + ia, with the damping coefficient a,,.

Exemplarily, we determine the transmission line parame-
ters for the THz ultrashort-pulse QCL structurel?!l as fol-
lows: We use R’ =4.5x 107%(f/Hz)"/? Qm™! as measured for
a similar waveguide structure,l'’) and G’ =80Sm™! extracted
from measurements.!l The Hammerstad formula yields L’
144nHm™! for the given microstrip geometry.’8! Finally, C’
1.13nFm™! is determined such that n, ~ 3.9 is obtained at f
12 GHz.[?" The ultrashort-pulse QCL is driven close to w,.[2!l The
ratio between the modulation amplitude at x = L and x =0 is
then obtained from Equation (7) as 1/ cosh(a, L) = 0.26 for a, =
657 m~! and L = 3.1 mm, thatis, a significant voltage modulation
is achieved across the device despite the high microwave loss.

A more detailed assessment of the loss-induced damping is ob-
tained by evaluating the roundtrip-averaged voltage modulation.
For (fundamental) mode-locked operation, the optical roundtrip
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time is locked to the modulation period. We again assume a small
modulation u, as above (which is realistic considering the strong
microwave attenuation in the external circuitry!’?)) and fast gain
dynamics. The latter applies, for example, to QCLs where the
gain recovery time is typically much shorter than the roundtrip
time.[?189] The modulated part of the gain coefficient can then
approximately be written as g, (x, t) = g,u, (%, t), with some pro-
portionality factor g,. To evaluate the modulation in the vicinity
of the optical pulse, a co-moving reference frame is introduced
via the retarded time coordinate t' =t — xn_ /c. The modulated
part of the roundtrip gain is then G, (t') = exp[2Lg, i, (¥')], with
the roundtrip-averaged modulation voltage

L
iy (t) = 2_1L Z/ up[(%,t +(LF L+ x)n,/c)|dx (8)
T Jo
Inserting Equation (7), we obtain at w = w,
oy L W .27 +2ia,L
ay(t) = 2L tanh (awL)ER{exp (—iwt )—27r Tial } (9)

This voltage waveform gives rise to a net gain window centered at
' ~ 0, as required for active mode-locking.®) For a, = 657 m™!,
the roundtrip-averaged modulation amplitude is reduced by less
than 50% as compared to its maximum value u,/2 at a, = 0.
These basic considerations already show that despite consider-
able microwave damping in this THz QCL waveguide, the mod-
ulation signal not only acts locally at the injection point, rather,
propagation along the waveguide induces strong interaction with
the co-propagating optical pulse, increasing the effective mod-
ulation depth, and thus enabling devices with improved mode-
locking!?!) and modulation bandwidth.[*”]

The conventional scenario, that is, modulation of a waveguide
section with length L < L% can also be investigated with above
model. For simplicity, related simulations typically consider only
the time dependence of the modulation signal in that section,
neglecting propagation effects and associated damping.[8183] The
modulation bias is then given by u, = u, cos(wt) for0 <x <L,
and u, = 0 otherwise. Inserting u, into Equation (8), we obtain
at w = o, the roundtrip-averaged modulation voltage

iy (t') = 77"u,, cos (wt') sin (xL,, /L) (10)

For small modulation section lengths, L, < L, the effective mod-
ulation strength increases linearly with L as intuitively expected,
i, ~ (L, /L)u, cos(wt'). Furthermore, we obtain #, — 0 for L
approaching L, indicating that short-pulse generation by active
mode-locking is not possible in this case, as also discussed in
previous theoretical works.[®283] However, as also pointed out in
this context,®2! neglecting the spatial dependence is not realis-
tic for long modulation sections, explaining the discrepancy be-
tween this result and the full solution, Equation (9), which is in
line with the experimental findings.[*!]

In a simplified model, the back-action of the optical field onto
the microwave transmission line signal can be estimated in the
following way: The net number of generated photons per unit
volume and time at a given cavity position is 7, = (g — a)I/(hw,).
Neglecting SHB, I = I, + I_ with I, = ¢,cny|E,|*/2 denotes the
optical intensity, where ¢, and n, are the vacuum permittivity and
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optical refractive index. Furthermore, g is the power gain coeffi-
cient. Assuming each net photon emission event contributes an
electron to the current flow, we obtain a light-induced change in
current density

Ji=en,L,=¢e(g—a)lL,/(ho,) (11)

where L, denotes the length of a single QCL period. Taking into
account the voltage dependence of the gain, we have g = (g, +
g,u,)- The simplest way to include the fast gain dynamics is in
terms of an instantaneous saturation model g = (g, + g,u,)/(1 +
I/1) with the saturation intensity I; furthermore, gain filtering
due to the finite spectral gain bandwidth must be considered.]®]
However, the full light-matter interaction dynamics can only be
captured by a quantum mechanical model, such as the DM ap-
proach described in Section 2.3. By considering the contribution
of Equation (11) to the current density in Equation (1), its impact
on u, can be evaluated, which in turn again affects the gain g.

4. Numerical Model

While the analytical model in the section above provides valu-
able insights, it does not self-consistently include the back-action
of the optical dynamics on u,, which is at best justified for ac-
tive modulation close to threshold. This limitation can be over-
come by a comprehensive numerical model, fully accounting for
the microwave-optical co-propagation dynamics and resulting ef-
fects, such as the self-organized formation of oscillation patterns.
We have developed a stable and efficient numerical framework
for solving the Maxwell-Lindblad-transmission line model, con-
sisting of Equation (3), Equations (A1)—(A5), and Equation (1)
along with the adequate boundary conditions. The optical prop-
agation equation, Equation (3), is discretized using the Risken—
Nummedal (RN) finite differences scheme,®* taking advantage
of its favorable numerical properties.[*! For the DM part, Equa-
tions (A1)—(A5), we use an explicit Adams-Bashforth three-step
method,[*®] featuring good efficiency and stability. The transmis-
sion line equations, Equation (1), are solved using a special vari-
ant of the finite difference time domain (FDTD) method which
incorporates frequency dependent elements.®”] For this purpose,
I' and R’ are represented in terms of a Debye rational approxima-
tion, the parameters of which are here extracted using Bayesian
optimization. We have extended this approach to incorporate the
current density J(x, t) contained in Equation (1). J, u, E,, and the
DM elements are defined on the same spatial grid. Using a grid
spacing A, the time step of RN is given by A, = A, /v, [*¢ while
FDTD requires a smaller interval due to the Courant stability cri-
terion. This is here achieved by performing two FDTD update
steps during A,. FDTD requires a staggered grid, that is, i is de-
fined on a spatially and temporally shifted grid relative to u, and
the J grid is temporally shifted. Based on this grid, the coupling of
the equations via E,, p, and u (see Figure 2) can be straightfor-
wardly implemented, while the values of | at the required time
steps are determined by extrapolating the data obtained from
Equation (B1). In the following, we present exemplary simula-
tion results for an actively mode-locked short pulsel?!) and a free-
running frequency comb!3! structure.
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Figure 3. Conduction band diagram of the THz active region in the tight-
binding picture. The probability densities for the relevant states belonging
to the representative period (full lines) and to adjacent periods (dashed
lines) are shown. The arrows indicate the dominant transport mecha-
nisms, namely scattering (block arrows) and coherent transport due to
optical (wavy arrow) or tunneling (circular arrows) transitions.

4.1. Example Actively Mode-Locked QCL Structure

While active mode-locking of QCLs can be described within
the conventional MB/ML equations,8!] modeling of microwave-
optical co-propagation effects requires the MLT framework. We
exemplarily simulate a microstrip QCL featuring a 3.1 mm long
and 10 ym thick metal-metal waveguide, which is used for the
generation of ultrashort THz pulses in the ps range.?!! Our ac-
tive region model, illustrated in Figure 3, is adapted from a re-
lated structure!®> which this three-well design is based on. In our
model, scattering between all states is taken into account. The
periodic arrangement of quantum well stacks is implemented
in the usual way by taking a representative period and adding
suitable boundary conditions (see Appendix B). The states of the
representative period are in Figure 3 arranged such that coher-
ent transport due to tunneling and optical transitions only takes
place inside the period; that is, interperiod transport is exclusively
mediated by scattering. The active region parameters, such as
eigenenergies, dipole moments, coupling energies, and scatter-
ing as well as dephasing rates, are extracted from self-consistent
simulations based on the density matrix Monte Carlo approach
coupled to the Schrédinger—Poisson equation system.”!] In the
tight-binding picture used for our model in Figure 3, all the rel-
evant microwave transitions between closely aligned states coin-
cide with tunneling transitions.[®! The bias dependence enters
our model via E/ (see Equation (6)), which causes an energetic
detuning of the tunneling transitions. The resulting stationary
current-voltage characteristics features a differential resistance
close to the measured value,[*!) confirming the validity of our
model. The transmission line parameters L', R, and C’ have been
determined in Section 3.

In the following, we compare our simulations to avail-
able measurements!?!! for actively mode-locked operation (cf.
Figure 4a in ref. [21]). Like in experiment,/?!l operation close to
threshold is assumed for our simulation. We apply direct bias
modulation at the left microstrip end (see also Section 3) in
order to have a controlled modulation amplitude, which is not
affected by frequency dependent losses in the feed microwave
circuitry and imperfect impedance matching. We assume a bias
modulation of 0.8kVcm™ corresponding to ~ 26 mW, which
is realistic considering the experimentally injected microwave
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Figure 4. Simulated optical power and modulation bias voltage along the
waveguide for a single intracavity roundtrip in the unfolded cavity repre-
sentation, where the right half of the figure shows the backward propagat-
ing optical pulse. The time t is expressed in units of roundtrip time Tg. The
central vertical line corresponds to the right facet, and the discontinuity of
the optical power is due to facet outcoupling.

power of 450 mW!!l and the power attenuation of ~ 12dB in
the circuitry, measured for a comparable setup at 13 GHz.[”"! We
use the MLT equations to investigate the degree of mode-locking
in dependence of the modulation frequency by evaluating the
power and phase noise quantifiers./® Similar to experimental
observations,[?!l the most stable mode-locked operation with
clearly separated periodic pulses is not obtained for modulation
at exactly the free-running repetition rate (13.05GHz in the
simulation), but rather for a slightly lower modulation frequency
of 12.86 GHz. In Figure 4, the resulting microwave and optical
propagation dynamics in the waveguide cavity is illustrated for
a single cavity roundtrip (for the animated movie, see Movie S1
in the Supporting Information). In this case, the pulse precedes
the voltage bump, and thus the gain peak, for the most part
of the roundtrip, as also expected from standard active mode-
locking theory for the averaged pulse dynamics.®”l The pulse
outcoupled at the right facet (light blue central vertical line in
Figure 4) shows an asymmetry similar to experiment/?!l with a
steep leading edge, and its full width at half-maximum (FWHM)
duration of 16 ps is comparable to the experimental value of
11 ps (cf. Figure 4a in ref. [21]). We note that at somewhat lower
modulation frequencies, the simulation yields even shorter
pulses (e.g., 11ps at 12.7 GHz), but then the noise quantifiers
do not quite fulfill the mode-locking condition.!® The optical
pulse generates a photon-induced current component in the gain
medium, resulting in a local discharging of the transmission line
capacitance and thus producing a voltage dip on the microwave
signal. The modulation bias at the open end of the transmission
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line oscillates between —0.192 and 0.163kV cm~!. The minimum
value is in accordance with the analytically predicted reduction of
the modulation amplitude to 26% (see Section 3), while the maxi-
mum value is somewhat smaller due to the voltage dip. As noted
above, this back-action of the optical dynamics on the microwave
signal is not self-consistently included in the analytical theory
presented in Section 3. This effect becomes especially important
for high optical intensities and in the context of self-seeded
microwave modulation, as discussed in the next example.

To demonstrate the beneficial effect of the electronic mod-
ulation co-propagating with the optical pulse, we have re-
peated the simulations with roughly doubled microwave damp-
ing a,, achieved by quadrupling the resistance to R =
0.18(f /Hz)'/? Qm~". While at the left microstrip end, the mod-
ulation remains unchanged, it experiences stronger damping
along the transmission line, and the roundtrip-averaged modu-
lation amplitude defined in Equation (9) reduces to 63% of its
previous value. Consequently, the simulated pulse duration in-
creases by ~ 30%, and the noise quantifiers indicate only partial
mode-locking. This clearly confirms the beneficial effect of ex-
ploiting microwave-optical co-propagation to enhance the modu-
lation depth, as also suggested by experimental evidence./17:?!]

4.2. Example Free-Running Frequency Comb QCL Structure

As a second example, the MLT equations are applied to a free-
running THz frequency comb design.[3] This structure has pre-
viously been simulated using ML-type equations,[*349] that is,
without considering microwave propagation. It has been ex-
perimentally and theoretically confirmed that synchronized mi-
crowave modulation supports the comb formation process.!?3%3
This is routinely achieved by active modulation of the injec-
tion current,*#3] which can be modeled using the conventional
MB/ML equation framework as long as microwave propagation
effects do not play a role.8#] Alternatively, the experimentally
observed emergence of radio frequency (RF) beatnotes on the
metal-metal waveguide at the roundtrip frequency and multi-
ples thereof!!323%7] can potentially be exploited in a free-running
device to generate a self-seeded microwave signal, resulting in
the self-organized formation of microwave-optical oscillation pat-
terns. This approach is highly attractive since it does not require
the dedicated external circuitry and electronics needed for ac-
tive modulation. In this context, the use of an adapted waveg-
uide for a targeted enhancement of the microwave signal has
been proposed.!?)] This self-seeding effect is not contained in the
MB/ML formalism; rather, the MLT equations are required for
proper modeling. Especially, this model can clarify to what ex-
tent the waveguide design matters, that is, if transmission line
effects beyond purely local oscillations play a role.

The four-well active region of the frequency comb structure
is modeled with a tight-binding scheme and periodic boundary
conditions similarly as above, employing the parameters used in
previous simulations.[*®*] We set f, = 0 in Equation (3), corre-
sponding to the not correctly compensated casel*! since residual
GVD caused by the quantum system is still present. In contrast
to active mode-locking investigated in Section 4.1, we do here not
impose a bias modulation at the left microstrip end, but rather as-
sume a constant current injection while self-sustained bias oscil-
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Figure 5. Simulation results for free-running QCL comb device. a-d) Out-
coupled intensity and AC bias voltage at the right facet for an adapted
(a,b) and a not adapted (c,d) microstrip as a function of time (in units of
roundtrip time). e—g) Power spectral density of the optical field (e) and the
bias voltage (f,g) for the cases shown in (b) and (d).

lations may occur. Since here, as for active mode-locking, metal—
metal waveguides appear to be especially suited,?*! we tentatively
assume the same active region dimensions as above, and use
the same [’ and R’ as in Section 4.1. C’ is treated as a degree
of freedom to explore the influence of the microwave effective
index on device operation, and in particular to investigate if a fa-
vorable parameter range corresponding to the above-mentioned
adapted waveguide exists. We have performed MLT simulations
over 15000 roundtrips for a large range of C’' between 0.3 and
2.1nFm~!. The last 5000 roundtrips were evaluated, resulting
in a two-lobed discrete spectrum for all values of C’, as also ob-
tained in experiment and previous MB simulations not includ-
ing microwave propagation effects.['>*#%] However, the degree
of self-locking, characterized again in terms of the power and
phase noise quantifiers, greatly depends on C’. Between ~ 1.2
and 1.3 nFm™!, stable self-locking is obtained, as also indicated
by the temporal periodicity of both the optical and microwave
field, as well as the narrow spectral widths of the individual comb-
lines and the RF beatnote. For the other cases, irregular or multi-
periodic behavior arises. Also the spectral comb shape depends
on (', albeit to a lesser extent, while the average outcoupled in-
tensity varies only slightly between 6.55 and 6.78 kW cm™2.

In the following, we exemplarily discuss simulation results
for C' = 1.22nFm™! where stable self-locking is obtained, and
for C' = 0.78nFm™!. The first case represents a design with an
adapted waveguide, while the second case produces an unstable
comb, with similar shape and power/phase noise quantifier val-
ues as obtained from conventional MB/ML simulations of this
not fully dispersion compensated setup. In Figure 5, the time-
dependent intensity and modulation bias at the right facet are
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Figure 6. Simulated optical power and modulation bias voltage along the
waveguide for C’ = 1.22nF m~', represented in analogy to Figure 4.

shown for both cases, as well as the associated optical and mi-
crowave spectra. For the adapted waveguide (Figure 5a,b), the in-
tensity and bias time traces are highly periodic, while for C’ =
0.78 nFm™! (Figure 5¢,d), irregularities appear. The associated
optical and microwave power spectral densities are shown in
Figures 5e and 5f,g, respectively. The total optical comb power
is almost identical for both cases as mentioned above, but the
overall comb shapes differ somewhat, and more importantly, the
individual spectral lines are considerably broadened and thus
have a much lower peak value for the not adapted waveguide
(see Figure 5e). This broadening is also reflected by the funda-
mental RF beatnote at f; ~ 13.1 GHz, shown in Figure 5f: For
the not adapted microstrip, the FWHM linewidth is 10.2 MHz,
while in the adapted case, it drops well below our numerical res-
olution limit of ~ 2.7 MHz, and a similar behavior is obtained for
the intensity beatnote (not shown). The full RF spectrum con-
sists of regularly spaced lines and extends to several 100 GHz,
as shown in Figure 5g and experimentally observed for a simi-
lar device.[”] Also here, for the not adapted waveguide, the lines
are much broader, and thus have a significantly lower peak value,
while the overall spectral power is comparable in both cases. In
Figure 6, the microwave and optical propagation dynamics over a
cavity roundtrip are illustrated for the structure with the adapted
waveguide (for the animated movie, see Movie S2 in the Support-
ing Information). The microwave bias oscillation has a similar
fundamental frequency as in Figure 4 due to the identical waveg-
uide parameters (apart from the slightly different C’). Also the
arising modulation pattern looks somewhat similar but is less
smooth, giving rise to the higher harmonics visible in Figure 5g.
The intensity, on the other hand, shows a much weaker modula-
tion than in Figure 4, as is typical for QCL frequency combs.!?]
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The spatiotemporal variation of the current density for the setup
with the adapted waveguide, here characterized by its standard
deviation over a roundtrip, is AJ; = 0.0194kA cm™2. This value
can directly be compared to the analytical theory in Section 3:
Using the standard deviation of the gain-intensity product A[(g —
a)I] = 59.1kW cm ™ extracted from the simulation, Equation (11)
yields with L, =54.7nm and o /(27) = 3.7 THz an estimate of
AJ, = 0.0211 kA cm™2, in good agreement with the numerical re-
sult.

Besides assuming a constant current at the left microstrip end,
simulations of this structure have also been performed imposing
a constant voltage with or without an additional 3.1 mm long feed
line, yielding stable self-locking around a similar value of C’ as
above. Interestingly, with the feed line self-locking is obtained
over a broader range of C’ (~ 1.0..1.3 nF m™), indicating that the
electric boundary conditions imposed by the external feed cir-
cuitry should also be considered in the design process of free-
running hybrid photonic and microwave-electronic QCL devices.

As already mentioned, the analytical transmission line model
of Section 3 does not self-consistently include the impact of the
optical dynamics on the microwave signal and, thus, is especially
suited for external modulation and operation close to threshold.
By contrast, the active region of the free-running structure inves-
tigated here cannot be represented by a simple conductance G/
as in previous work!'”l and Section 3, since it features a strong
photon-induced current component driving the microwave dy-
namics. This clearly demonstrates the need for a comprehen-
sive model including the full optical, microwave, and active re-
gion dynamics for an in-depth analysis and targeted design of
hybrid quantum devices, as presented in this paper. We have also
performed simulations with increased total microwave damping
a,L across the waveguide, achieved either by doubling a,, as for
the actively mode-locked structure or by extending the length to
L = 5mm. No self-locking is obtained since the noise quantifiers
significantly exceed the mode-locking threshold,!®¢! although for
L = 5mm, they do get noticeably reduced around a certain C’.

Similarly as for the actively mode-locked structure, the ob-
tained results suggest that at moderate losses, microwave propa-
gation effects beyond purely local oscillations can build up along
the transmission line, enabling the observed self-locked opera-
tion for adapted values of C'.

5. Conclusion

In conclusion, a theoretical model for hybrid microwave—
electronic and photonic quantum devices has been introduced in
the form of the MLT equations, along with a suitable numerical
framework. Simulations of both directly modulated and free-
running hybrid QCL structures yield excellent agreement with
available experimental results and demonstrate the importance
of microwave—optical co-propagation effects. As analytically
and numerically shown in accord with experiment, the hybrid
concept enables more efficient device modulation, and thus
improved active mode-locking. Moreover, our simulations of
free-running devices reveal the emergence of broadband hybrid
terahertz-microwave generation, as recently observed in exper-
iment. Notably, for structures with suitably engineered waveg-
uides, we numerically demonstrate the self-organized formation
of regular microwave—optical oscillation patterns, potentially
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enabling self-stabilized comb operation. The presented model
provides the basis for systematic hybrid device development
and optimization under full consideration of the microwave
properties, as well as for extending the hybrid concept to other
quantum-engineered device platforms beyond QCLs.3>=*°! Fur-
thermore, in analogy to simplified models for phase-locked
operation of quantum optoelectronic devices obtained from
the MB equations,[*] the MIT framework may serve as the
starting point for the development of (semi-)analytical models
for the hybrid operating regime.

Appendix A: Density Matrix Equations

We consider a quantum system with one or (in case of multiple laser
levels) several relevant optical transitions (d,,, # 0) in near-resonance
(lopn| = @.). Furthermore, the system can contain tunnel coupling
(,,, # 0) and relevant microwave transitions (d,,, # 0) between closely
aligned states (|,,,| < w.). We assume a Fabry—Pérot-type cavity where
counter-propagating waves with amplitudes E, and E_ form a standing
wave pattern, which results in SHB. Diffusion counteracts the formation
of an inversion grating and should thus be included in the model.[¢]
While the diffusion coefficient is often assumed to be identical for all lev-
els, this is for example not true for quantum dot media where diffusion
mainly takes place in the reservoir.[®”] Furthermore, there is a debate if
diffusion should also be considered for the coherences.[®8] Thus, we use
a generalized approach, adding a term 9,p,,,, = -+ + D,,,,02p,,,,, with dif-
fusion coefficient D,,, to the evolution equatlon of each DM element.
We start with Equation (4), taking the Hamiltonian Hg = H + Hgyp. The
matrix elements of A given by Equation (6) imply that also the transi-
tion frequencies ®,,, = Q,,m — 2, are bias dependent. For employing
the RWA, we substitute Equation (2) into Equation (4). Furthermore, for
all near-resonant optical transitions with d,,, # 0, we substitute p,,, =
2, 1TE, explxifx — o sgn(®,,,)t] for the corresponding off-diagonal DM
element. As for SHB, the inversion grating’s periodicity corresponds to
that of the optical power. Thus, we make for all the remaining DM ele-
ments the ansatz p,,,, = p2, + X, p2 exp(+2ifx). The equations in RWA
are then obtained by discarding terms oscillating rapidly in time. For a
more compact notation, we introduce r,, = ¥, ., fyans Kpun = = p?D,,, and
fewithfy =E,.f =E”.

For the diagonal DM elements, we obtain

oy =h" Y Zs{dinEin; -nt Y ZS{d,,,Ein;}
1 *

@, <0 B Dpi>0
+ 3, (rnf = 23{Qinpl}) = 1abl (A7)
i#n

atp Lhz 2 (f+ mrlm fdmrlm)
+

i“7»':i>0

1) (= Qup ) + Y rup?t -

i i#n

(ry + 4K,,) P2 (A2)

W’V'

and p2, = (p2h)*.
For the oFFdlagonaI DM elements 7%, of optical transitions (d,,, # 0)
with @,,, > 0, we get

atrl:_;m = i(wc - “’mn)'l,i;,” +i Z Qinn,im- —i Z Qmini

1 1
@i >0 @j,>0
0 2+
Z d”’"(Eipin + Eipin )

i
[ i | <o
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Z diI’I(Eip(y)y]i + Expi,,i;) = Vimn + Kpan) T (A3)

1
|omi| <

and use n% = (17 )" to obtain the remaining elements. The condition
|w;,| < @, in above summation implies that we only include terms with
slowly oscillating elements p and p * since the other terms are discarded
in the RWA, and analogously for |wm,| < w,. For these DM elements, we
obtain the evolution equations

0 : 0 0 0
0P = 1 Z (Qinpm,' - Qmil’,‘,,,) = YmnPmn

i

t o T|E S s T
+ i i

@, >0 ®;, <0

m

" 2 dinty: = Fa Z dint | (Ad)

i i
@i>0 @i <0

2. B 2 2 2
02t =1 (Qiap? = Qunit%F) = in + 45mn) 021,

i

Lhz Z d”"’nm f Z dm'l,,,, a (AS)

i
+0;,>0 +wm,>0

and p2. = (p2")*. The remaining off-diagonal DM elements p,,,, are set
to 0 in our RWA model since carrier transport between the corresponding
levels m and n is then exclusively mediated by incoherent transport, con-
sidered in Equation (A1) and (A2) by the rates r,,,,. The polarization term
in Equation (3) is obtained from the 5%, in Equation (A3) as

n3Da)

T Dyttt (A6)

B EOﬁC @y >0

with the electron number density n;p and overlap factor I'. This model
can straightforwardly be adapted to QD lasers by adding suitable nonlin-
ear rate terms describing carrier exchange among the QD states and with
the wetting layer, and by considering both the electron and hole dynam-
ics which is most easily done using the excitonic approximation.[®8 For
compatibility with the MLT model, carrier injection must be included in
dependence of the bias voltage rather than the current density.[®']

Appendix B: Treatment of Periodic Structures

QCLs consist of many equivalent periods of length L, corresponding to
coupled, ideally identical quantum systems. Usually, periodicity-breaking
effects, such as the influence of the electric contacts, the transverse depen-
dence of the optical field and possibly domain formation, are neglected,
and the QCL active region is modeled by a representative period, de-
scribed by a quantum system containing the N relevant states of a sin-
gle period with suitable periodic boundary conditions.[#9] As discussed in
Section 2.3, tunneling across thick barriers (such as the injection and/or
extraction barriers in many QCL designs) can be included by using tight-
binding states rather than an extended basis.[%2%%] The tight-binding basis
set is obtained by dividing the quantum structure into modules separated
by the thick barriers, and solving the Schrédinger—Poisson equation for
each module separately.[62%0] An alternative method for obtaining a suit-
able localized basis set without having to identify thick barriers are the
EZ states, obtained from a basis transformation of the extended energy
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eigenstates.[%] Apart from the optical and tunneling transitions, the trans-
portin QCLs is largely incoherent.[”1%%°1 Thus, the states of a representa-
tive period can usually be chosen in the simulation such that tunneling as
well as optical transitions happen only inside the period and interperiod
transport is incoherent, that is, p,,, = 0 if the levels m and n are in two
different periods. This enables an implementation of periodic boundary
conditions in the same way as for rate equation models of QCLs,[°%%3] us-
ing that p,,, = py.n pen- Taking into account only scattering to adjacent
periods, periodic boundary conditions can then be implemented into our
model by replacing r,,, in Equations (A1) and (A2) with the effective rates
rrn = Tmn + M nen + Fn—n» @and making sure that the total outscattering
rate r,, from level m also contains scattering to adjacent periods. In this
case, also the evaluation of the current density is possible in a simplified
manner, yielding

N

J= _e(HSDLp) 2 p?nm(rm,n+N ~Fnen)- (BT)

m,n=1
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