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Hybrid quantum-classical modeling of quantum dot devices

Markus Kantner, Markus Mitthenzweig, Thomas Koprucki

Abstract

The design of electrically driven quantum dot devices for quantum optical applications asks
for modeling approaches combining classical device physics with quantum mechanics. We con-
nect the well-established fields of semi-classical semiconductor transport theory and the theory
of open quantum systems to meet this requirement. By coupling the van Roosbroeck system with
a quantum master equation in Lindblad form, we obtain a new hybrid quantum-classical modeling
approach, which enables a comprehensive description of quantum dot devices on multiple scales:
It allows the calculation of quantum optical figures of merit and the spatially resolved simulation
of the current flow in realistic semiconductor device geometries in a unified way. We construct
the interface between both theories in such a way, that the resulting hybrid system obeys the fun-
damental axioms of (non-)equilibrium thermodynamics. We show that our approach guarantees
the conservation of charge, consistency with the thermodynamic equilibrium and the second law
of thermodynamics. The feasibility of the approach is demonstrated by numerical simulations of
an electrically driven single-photon source based on a single quantum dot in the stationary and
transient operation regime.

1 Introduction

Semiconductor quantum dots (QDs) are zero-dimensional nanostructures which provide a discrete
spectrum of electronic states due to the confinement of charge carriers in all spatial dimensions. Be-
cause of their tunable electro-optical properties and their easy integration into dielectric microcavities,
QDs have attracted considerable attention in particular for applications in solid-state based optoelec-
tronic devices [1H6]. These include e.g. highly efficient semiconductor micro- and nanolasers with a
few or even a single QD as gain medium [7H11], semiconductor optical amplifiers [12], and quantum
light sources such as single-photon emitters and sources of entangled photon pairs [13H17]. Appli-
cations comprise optical communication and quantum information processing [15, [16, [18], quantum
cryptography [19], optical computing [20] and bio-chemical sensing [21].

Currently, quantum optics is making the leap from the lab to commercial applications. On this way,
device engineers will need simulation tools, which combine classical device physics with models from
quantum mechanics. The modeling and simulation of electrically driven semiconductor devices con-
taining QDs constitutes a considerable challenge. On the one hand, modern optoelectronic devices
increasingly employ quantum optical effects based on coherent light matter interaction, entanglement,
photon counting statistics and non-classical correlations, which require a quantum mechanical de-
scription of the charge carriers and the optical field. In the last decades, light emitting devices based
on a single or a few QDs have been successfully described by quantum master equations (QMEs) for
the density matrix [8],[10} 2226, which enable a detailed description of the dynamics of open quantum
systems. On the other hand, the simulation of electrically driven devices requires a spatially resolved
description of the current injection from the highly doped barriers and metal contacts into the optically
active region containing the semiconductor QDs. The carrier transport problem is well described by
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semi-classical transport models such as the van Roosbroeck system [27 [28], which describes the
drift and diffusion of carriers within their self-consistently generated electric field. The van Roosbroeck
system has been applied previously to QD devices, in particular to QD-based intermediate band solar
cells [29, 30] and for the optimization of the current injection in single-photon sources [31].

Both fields, the theory of open quantum systems and the semi-classical semiconductor transport the-
ory, are well developed and established for several decades. The scope of this paper is the self-
consistent coupling of both theories in order to obtain a comprehensive description of QD based op-
toelectronic devices on multiple scales. Therefore, the interface connecting both systems will be con-
structed in such a way, that the resulting hybrid quantum-classical model guarantees the conservation
of charge, consistency with the thermodynamic equilibrium and the second law of thermodynamics.

The paper is organized as follows: In Sec. [2]the model equations are introduced and the physical prop-
erties of the hybrid quantum-classical model are discussed. We present the structure of the coupling
terms between both systems and investigate important features such as the conservation of charge.
In Sec. [3]the consistency of the model equations with fundamental axioms of (non-)equilibrium ther-
modynamics is investigated. In particular, we construct the thermodynamic equilibrium solution by
minimizing the grand potential of the coupled system and show that the hybrid model obeys the sec-
ond law of thermodynamics. In Sec.[4]the approach is applied to the simulation of an electrically driven
single-photon source based on a single QD. We study the stationary and transient excitation regime
by numerical simulations and show how the model allows to compute the decisive quantum optical
figures of merit along with the spatially resolved carrier transport characteristics. Finally, in Sec. [5|we
give an outlook on possible improvements and extensions of the approach.

2 Model equations

We consider a hybrid quantum-classical model that self-consistently couples semi-classical transport
theory to a kinetic equation for the quantum mechanical density matrix. The latter one is a QME in
a Born-Markov and secular (rotating wave) approximation that describes the evolution of an open
quantum system which interacts with its macroscopic environment [32H35]. In the following, the open
quantum system is given by a single or a few QDs. Our approach is based on the assumption that the
charge carriers can be separated into (free) continuum carriers and (bound) carriers confined to QDs,
which is typically met for optoelectronic devices operating close to flat band conditions (weak electric
fields) [36H38]. The model equations read

V- eV =qp—n+C+Q(p), (1)
1
1
3tp+av‘jp =—-R—-5,(p), (3)
d i
i =£(p)=—ﬁ[H,p]+D(p) (4)

on the domain 2 C R3. The system — is subject to initial conditions and mixed boundary con-
ditions modeling metal contacts, semiconductor-insulator interfaces and artificial boundaries [28, 139].
See Appendix [Alfor the boundary conditions considered throughout this paper. A schematic illustration
of the modeling approach is shown in Fig.
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Figure 1: Schematic illustration of the hybrid quantum-classical modeling approach. A quantum system
described by a QME is self-consistently coupled to the semi-classical transport equations for the freely
roaming continuum carriers. Both (sub-)systems exchange charge carriers by capture and escape and
interact via their self-consistently generated electric field.

2.1 Van Roosbroeck system

Eans. (1)-(3) represent the standard van Roosbroeck system, extended by additional terms that con-
stitute the coupling to the quantum system. Poisson’s Eq. describes the electrostatic potential v
generated by the free electron and hole densities . and p, the (stationary) built-in doping profile C' and
the expectation value of the charge density ) (p) of the carriers confined to the QDs. The dielectric
permittivity of the semiconductor material is given by € = €ye,- and q denotes the elementary charge.
The continuity equations (2)—(3) describe the flux of free electrons and holes in the presence of re-
combination and transitions between free and bound states. The (net-)recombination rate R includes
several recombination channels such as Shockley-Read-Hall recombination, spontaneous emission
and Auger recombination. Moreover, carriers can be scattered from the continuum to the QDs which
is described by the (net-)capture rates S,, and S,. The van Roosbroeck system must be augmented
with additional state equations for the free carrier densities

n = NCF1/2 (ﬁ (,uc — E. + Q¢)) ) (5a)
p= N1y (B(Ey — qp — 1)) (5b)
and the electrical current densities
1
jn = _O'nvlflca (63)
q
. 1
b= 5apv,uv. (6b)

Here, N. and N, denote the effective density of states of the conduction and valence band and £,
and E, are the respective band edge energies. The inverse temperature 3 = (k:BT)f1 is considered
as a fixed parameter and

B 1 [e.e] 6”
F () = F(u—l—l)/o d565*77+1

is the Fermi—Dirac integral of order v. The state equations (5) describe thermalized carrier ensembles
in a quasi-equilibrium distribution, where the quasi-Fermi energies of the conduction band . and the
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valence band p,, parametrize the deviation from the global thermodynamic equilibrium. In accordance
with linear irreversible thermodynamics, the current densities are driven by the gradients of the quasi-
Fermi energies [40, 41]. The electrical conductivities o,, = ¢M,n, o, = qM,p are products of the
free carrier densities and the carrier mobilities M, ,, [28].

2.2 Quantum master equation

The state of the quantum system is described by the density matrix p, which is subject to the QME (4).
Here, the open quantum system represents a many-body problem describing the charge carriers con-
fined to QDs and possibly further quasi-particles, e.g. cavity photons, phonons or exciton-polaritons
(dressed states).

The Hamiltonian in Eq. (4) takes the form
H = H,+ Hj,

where H describes the single-particle energies of the confined electrons and holes (and possibly
additional particle species). The interaction Hamiltonian H; is assumed to commute with the charge
number operator

N =n,—mny (7)

(ne and ny, are the number operators of the bound electrons and holes) such that the Hamiltonian part
of the evolution conserves the net charge

[H,N] = 0. (8)

This imposes only a weak restriction on H; and allows e.g. for Coulomb interaction between the
confined carriers (configuration interaction) as well as coherent light-matter interaction.

The non-Hamiltonian part of the evolution of the quantum system is modeled by a dissipator of the
form

1 1
D(p)=)_ (% (AapAl — 5{14214@7,0}) + Fo (Al pAs — §{AaAL, p})); 9)

[0}

which is a superoperator in Lindblad form acting on the density matrix. The symbol {A, B} =
AB + BA denotes the anti-commutator. The dissipator accounts for various irreversible interactions
(indexed by «) of the open system with its macroscopic environment. In this paper, the environment of
the quantum system is the spatio-temporally resolved free electron-hole plasma, which itself is subject
to the van Roosbroeck system (1)—(3). A QME in Lindblad form ensures the preservation of trace,
hermiticity and (complete) positivity of the density matrix [33, [34]. The operators A, represent the
quantum jump operators, which are projectors between different eigenstates of H. Following the stan-
dard construction of a Lindblad-QME for a weak system-reservoir interaction [32] [35] (extended to the
case of variable charge number here), we require the jump operators to satisfy

[H, Ap] = —hwaAa, (10a)
[N, An] = —laAa, (10b)

where hw,, denotes the transition energy and /,, € 7Z quantifies the charge transfer of the interaction
described by A,,. We assume a decomposition of the dissipator into several channels

D (p) = De (p) +Di (p) + Do (p) (11)
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Hybrid quantum-classical modeling of quantum dot devices 5

(with v in Eq. (9) running over disjoint index sets I, I;, and Iy). Here, D, (p) and Dy, (p) are dis-
sipators which can change the charge of the quantum system (by capture and escape of electrons
and holes), whereas the processes described by Dy (p) leave the charge invariant (e.g. spontaneous
emission, photon absorption, intraband carrier relaxation, outcoupling of cavity photons, simultaneous
capture of electrons and holes), i.e. it holds

tr (NDy (p)) = 0. (12)

Throughout this paper, we restrict ourselves to dissipators which satisfy the quantum detailed balance
principle with respect to the thermodynamic equilibrium [42], [43]. Details on this will be discussed in

Sec.[33

2.3 Macroscopic coupling terms and charge conservation

By taking the time derivative of Poisson’s Eq. and using Eq. (2)—(3), we obtain the continuity
equation

\Y% 'jtot =4q (atQ - Sp + Sn)

for the total current density ji = jn + jp, + 0:D. Besides the flux of charge carriers, it also includes
the displacement current density 0;D = —e0; V). For the sake of simplicity, we consider a quan-
tum system comprising only a single QD. The generalization of the approach outlined below to the
case of multiple QDs is straightforward. We approximate the electric charge density of the QD by the
expectation value of the (net-)charge operator

Q(p) = —w(r)tr (Np), (13)

where w models the spatial profile of the captured carriers, which is assumed to be identical for all
carriers. The function w is normalized such that fQ d3rw (r) = 1. The spatial profile w replaces the
absolute squares of the many-body wave functions of the bound carriers. The actual spatial distribu-
tions of the confined carriers differ only on a small length scale, which can be safely neglected in the
simulation of macroscopic charge transport. In the form of Eq. (13), the model accounts for long range
electrostatic correlations induced by the confined carriers.

Using Eqns. (), (8), and (12), the time derivative of Eq. is obtained as
0,Q = —w (r) tr (NDe (p)) — w (r) tr (NDy (p))

Consequently, in order to ensure local charge conservation V - ji; = 0, the (net-)capture rates
appearing in the carrier transport equations (2) and (3) are identified as

Sp =+w(r)tr (ND. (p)), (14a)
Sp=—w (r)tr (NDy (p)) - (14b)

The (net-)capture rates Sn/p contain all microscopic capture processes connected with transitions
between the various multi-particle configurations of the QD.

For different choices of ) (p), e.g. different localization profiles of captured electrons and holes
Q (p) = wy, (r) tr (npp) — we (r) tr (nep) (with w,/, normalized), the property of strict local charge
conservation is lost in general. However, the violation of local charge conservation is restricted to a
small region V - jis o (we (r) — wy, (r)) and is preserved globally, i.e. it holds [, d*r V - jio = 0.
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Figure 2: Sketch of the system S, its surrounding reservoirs and boundaries for charge and energy
exchange. The system S consists of a macroscopic subsystem S and a microscopic subsystem Sy
in the interior of the domain ). The reservoirs Ri>1 denote electric contacts. The crystal lattice R
spatially overlaps with S and is therefore not shown. Across the artificial boundaries labeled with 9€2
neither energy nor charge exchange is admitted.

3 Thermodynamics

In the recent years, the on-going miniaturization of (quantum) electronic devices has enabled the in-
vestigation of thermodynamical laws on the nanoscale. This has lead to the emergence of the novel
field of quantum thermodynamics [44H47]. Experiments and theory indicate that the fundamental ther-
modynamical laws also hold in the quantum regime [48, |49] and therefore we view thermodynamic
consistency as a crucial feature for any hybrid quantum-classical model.

In this section we discuss the thermodynamic properties of the hybrid model system (1)—(4). At first,
this concerns a consideration of the energy, charge and entropy balance between the system and its
reservoirs. Second, the thermodynamic equilibrium solution of the hybrid system will be constructed
by minimizing its grand potential. Moreover, we formulate a relation between the microscopic transition
rates satisfying the quantum detailed balance condition. Finally, the hybrid quantum-classical model
(1)—(@) is shown to have a non-negative entropy production rate, which we interpret as consistency
with the second law of thermodynamics.

3.1 Energy, charge and entropy balance

We consider an open system S, which itself consists of a classical and a quantum-mechanical sub-
system S = S, USqm, that is in contact with several reservoirs R = |, R; as illustrated in Fig.[2| The
system S can exchange energy and charge carriers with the reservoirs. The combined system SU R
is assumed to be isolated. The reservoir R subsumes the crystal lattice as well as the surround-
ing radiation field, which are characterized by the fixed background temperature I'. The reservoirs
‘Ri>1 model the electric contacts at the boundary of the device. They are described by their chemical
potentials u; (or applied voltages), which are external control parameters.

DOI 10.20347/WIAS.PREPRINT.2412 Berlin 2017



Hybrid quantum-classical modeling of quantum dot devices 7

The total change of entropy is given by
AStot = ASS + ASR > 07
and the conservation of the total internal energy and charge is expressed as

AU = AUs + AUg =0,
AN = ANs + ANg = 0.

The reservoir Ry can exchange only energy with S, hence its change of entropy is given by ASz, =
1 AUg,. For the contacts R;>1, also charge transfer is possible such that ASg, = FAUg, —
£t ANg,. Using the conservation laws state above, we obtain

1 i
ASe = ASs — ZAUs =3 %ANR“

i>1

where A Ny, is just the negative charge flow across the boundary I';. Using

. ANz, dNg, 1
1 7 — 7 - __ dA . -n . 7
ALS0 At dt q /p (n +3p)
we obtain the entropy production rate
d St 1dFs g / . .
—_— = — dA - (j, , 15
@ Ta tagr ), At 1o

where Fis = Us — T'Ss denotes the free energy of the system S. In Sec. it will be shown, that
the entropy production rate is indeed always positive for the hybrid model (1)—(4). Under chemical
equilibrium boundary conditions (all reservoirs R;>1 have the same chemical potential 11; = fieq), the
above expression simplifies further. Exploiting the conservation of total charge, one obtains

dStot o _l dQS
dt |, T dt

(16)

with the grand potential {0s = Us — T'Ss — [teq/Vs. Thus, the grand potential (s is a Lyapunov
function for the irreversible relaxation of S into the thermodynamic equilibrium.

3.2 Thermodynamic equilibrium

According to Eq. (16), the thermodynamic equilibrium solution of (1)—(4) can be constructed by mini-
mizing the grand potential {)s. Since we assume only a weak coupling between the quantum system
and its macroscopic environment, the total entropy, total internal energy and total charge number are
given by sums of the classical and the quantum mechanical contribution

S (n7p7 p) = Scl (nap) + Sqm (p) ) (173.)
U(n,p,p) =Uy(n,p) + U (p) + Uy (p —n+Q (p)), (17b)
N (n,p, p) = Ng (n,p) + Ngm (p) - (17¢)

S
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Here also the energy contribution U, of the electrostatic field is taken into account. The extensive
thermodynamic quantities of the macroscopic system are expressed via volume densities

SCI (n7p) = / dST Sel (nap> )
Q
UCI (nvp) = / dST Ue (nap) )
Q
Ncl (nvp) = / dgr (77, _p>
Q
with the entropy density s and the internal energy density u.. We consider the continuum carriers

to be in a local thermodynamic equilibrium [40]. Hence, the internal energy density and the entropy
density can be expressed as functions of the local carrier density

_ n 5% _ n
st ==k (053 () = 3 (74 () ))
(P 5 (P
— kg (pFl/; (ﬁ) — §NUF3/2 (F1/§ (E))) , (18a)
3 T
ucl(n7p) - EkBTNcFS/Q F1/2 F + E.n

3 1 (P
+ ST N, Fyyo (F1 P (F)) — E,p. (18b)

The above relations are obtained for the quasi-free electron and hole gas with parabolic energy disper-
sion and Fermi—Dirac statistics in three dimensions [50]. The contributions of the quantum system are
given by the von Neumann entropy and the expectation values of the Hamiltonian H and the charge
number operator [NV

Sqm = —kptr (p IOg p) ) (19a)
Ugn = tr (Hp) , (19b)
Ngm =tr (Np). (19¢)

The free carriers interact via their self-consistently generated electrostatic field, which yields the con-
tribution Uy, to the internal energy. It is convenient to decompose the total electrostatic potential into
Y = Yy + Ve, where the internal field 1y = ¥ (pint) is generated by the total internal carrier
density

pn=p—n+Q(p),
whereas the external field 1. arises from the built-in doping profile and voltages applied at the electric
contacts. Then, the field energy can be written as [51]

1 e 9

1 .
UTl} (pint) =3 / dST € |v¢int (pim)’Z + Q/ dgr pintwext + - dA %n (pint) . (20)
2 Ja Q 2doy Jr o

The last term describes Gate contacts, which may occur in certain devices. See the Appendix |B| for
details.

Assuming the charge density of the quantum system as stated in Eq. (13), and finally minimizing the
grand potential 2s under the constraint tr (p) = 1, we obtain the equilibrium free carrier densities as

Neq = NcFl/Q (/8 (,ueq - Ec + Q¢eq)) )
DPeq = NUF1/2 (ﬁ (EU - qweq - ,ueq))
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Hybrid quantum-classical modeling of quantum dot devices 9

and the equilibrium density matrix

1 _ _
poq = e U1 ettt )), 1)

Here, Z = tr (exp (—B (H — (ueq +q (weq>w) N))) represents the grand canonical partition func-
tion,

), = / Erw (1) (r) @2

is the averaged electrostatic potential in the vicinity of the QD and the built-in potential 1)eq solves
Eqg. (1) with the right hand side ¢ (peq — Teq + C' + @ (peq)) at equilibrium boundary conditions. The
equilibrium density matrix is a grand canonical ensemble, which contains a contribution from the elec-
trostatic potential due to the electrostatic interaction with the macroscopic system. The field contribu-
tion in Eq. appears as a spatial average using the localization profile w of the confined carriers
as a weighting function, see Eq. (22). This is a remarkable result, which indicates that the quantum
system interacts only with its spatially averaged macroscopic environment. We emphasize that this is
a direct consequence of the ansatz Eq. and the variation of Eq. with respect to n, p and p.
See Appendix [B| for details.

In the following, the concept of a non-local interaction of the quantum system with its spatially averaged
macroscopic environment will be extended to non-equilibrium situations.

3.3 Microscopic transition rates and the quantum detailed balance condition

We assume the microscopic transition rates in the dissipator (9) to be functions of the spatially aver-
aged macroscopic potentials

Ya = Yo (<Mc>w ) <ﬂv>w ) <¢>w) y
Yo = Yo ((He) » (Ho)y (D) 5

where ()w denotes the spatial average according to Eq. . The quantum detailed balance condition
requires the dissipator to vanish in equilibrium. Hence, the condition

0 = Do, (peq) = Y (Aapeq -5 {A Aaapeq}) +Ya (AT Peala — 5 {A Aonpeq})

can be used to derlve a relation between the equilibrium transition rates 7% = v, (ueq, Hegs (@beq)w)
and 42%. From Eq. (10), one obtains for any A € R

M A e M = g Nwa g
AN A e W = g Ma g
which implies
ApPoq = e—ﬂ(ma—(ueq+q<weq>w)za)pqum
Al pog = €+ﬁ(ma—(u9q+q<weq>w)za)peq Al
Subsequently, one obtains
Do (peq) = (*ya 4% +B(hwa— (Neq+q<weq)w)éa)> o

(Aapquf —B(hwa—(peata(ven),, ) a) AT I DeqAa )
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which yields the desired relation between &2 and 422:

/?Zq — ZQG*[?(hwa*(Meq‘i’q(weq)w)ga)‘

This agrees with the relation imposed by the Kubo-Martin-Schwinger (KMS) condition on the equilib-
rium reservoir correlation functions [35] 43]. Since throughout this paper we consider only thermalized
reservoirs, we extend the above relation to non-equilibrium situations

S (e » (o) » (0),,) = e PUa=(adurat@u)le)y () ) (0),) (23)

With ftaer, = fte @nd fiaer, = [4y. For charge-conserving processes we require {7, = 0, single
electron-capture processes are described by ¢,c;. = —1 and for single hole-capture processes it
holds c;, = +1.

Thus, supposing Eq. (23), the hybrid model obeys the quantum detailed balance condition for any
model of the transition rate vo, ({ftc),, > (to),, > (¥),,) = O that is non-negative. Physically, the latter
one must represent a parametrization of a microscopically derived transition rate (using Fermi’s Golden
Rule [52]) in terms of the averaged macroscopic potentials. In particular, this enables the inclusion of
microscopically calculated capture rates as presented e.g. in Refs. [53-58].

3.4 Entropy production and the second law of thermodynamics

From Eq. we obtain the entropy production rate as (see Appendix [C|for the derivation)

dStot 1 3
=— [ & (u.—p) R
pm T/Q 7 (He = o)

+ qLT Qd?’r (n - Ve +dp - Vi)

— kptr (BH +log p) Do (p)) (24)
— kptr (8 (H — pg'N) + log p) De (p))

— kptr (8 (H — pi'N) + log p) Dy (p))

with ,uif/fv = <uc/v>w +q (@/}>w. The first two lines are the entropy production rate of the van Roos-

broeck system [59] and the third line describes the entropy production rate arising from internal pro-
cesses within the open quantum system. The fourth and fifth line represent the contributions arising
from the coupling of the macroscopic and the quantum mechanical subsystem via capture and es-
cape. All terms are products of abstract thermodynamic forces and their corresponding fluxes, which
is in agreement with the general theory of linear irreversible thermodynamics [40}, [60]. All individual
lines of Eq. are non-negative and therefore

dStot
>
dt — 0,

where the equality holds only in the case of thermodynamic equilibrium. A proof is given in the Ap-
pendix|[D] This results relies on the specific coupling imposed in the previous sections, which involves
the spatially averaged macroscopic potentials. We emphasize, that if e.g. averaged carrier densities
were used instead, a non-negative entropy production rate could not be guaranteed in general. Finally,
we conclude that our hybrid quantum-classical modeling approach is consistent with the second law
of thermodynamics.

DOI 10.20347/WIAS.PREPRINT.2412 Berlin 2017



Hybrid quantum-classical modeling of quantum dot devices 11

symmetry axis —» _—p-contact

insulator

intrinsic

— n-contact/ bottom mirror

Figure 3: Cross section of the example device considered in the numerical simulations: A single QD
is placed on the symmetry axis within the center of the intrinsic zone of a cylindrical p-i-n diode with
etched mesa structure on top. The bottom mirror leads to a directed emission in vertical direction. Due
to the lack of a top mirror, the device represents a leaky photonic cavity with low () factor. The device
has electric contacts at the top and the bottom facets.

Our approach can also be interpreted as a damped Hamiltonian system in the framework of GENERIC
(general equation for the non-equilibrium reversible-irreversible coupling) [61], which automatically en-
sures a non-negative entropy production rate and the existence of an unique thermodynamic equilib-
rium. It can be applied to a wide range of physical problems [62H64].

4 Application to electrically driven single-photon sources

In this section we demonstrate the capability of our approach by the numerical simulation of an elec-
trically driven single-photon source based on a p-i-n diode including a single QD. Such devices have
been shown to act as single-photon emitters and are promising candidates for applications in quantum
communication networks [65-H69].

4.1 Model specification

The model equations are described in Sec.[2 and[3] For the hybrid system (1)—(4), we have to specify
the Hamiltonian H as well as the quantum jump operators A, and the transition rates ~,, which
constitute the dissipative interactions with the macroscopic environment. In particular, they need to
satisfy the conditions (8) and that guarantee charge conservation and the eigenoperator relations

(10).

4.1.1 Hamiltonian

We consider a single QD embedded in a very leaky dielectric cavity with low () factor, which is
sketched in Fig.[3] In such devices, the light-matter interaction is governed by spontaneous emission
and thus can be described by a Lindblad dissipator. Hence, we can model the quantum system by a
purely electronic Hamiltonian. We aim for a description of the electronic QD states in terms of many-
body states covering single particle states, excitons, trions and the biexciton as shown in Fig. [4fa). We
assume a single one-particle level (ground state) for the electrons and holes each, labeled by . and
€y, respectively. The Hamiltonian
H = Hy+ H;

contains the single-particle contributions

Hy = Z sceleg - Z 5vhlhg
g ag
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and their Coulomb interaction

H; = % > (Vecehelieaes + Viuhihl horhy — 2Ve el bl hore,).
o,0’!
The operators ¢! (e,) and h! (h,) create (annihilate) an electron or hole with total angular momen-
tum quantum number in z-direction o. We consider a single valence band describing heavy holes with
a pseudo spin +3/2 indicated by {f},{}}. Here, only direct (Hartree-like) Coulomb matrix elements
V;; = Vij.j: occur, which are of the order of several tens of meV (see Appendix|F). The creation and
annihilation operators obey the fermionic anti-commutator relations {e,, e/, } = {hy, hl,} = 050,
{es,0:} = {hy,hor} = 0and [e,, he] = 0. The single-particle energy levels and the Coulomb
matrix elements are obtained from Schdédinger’s equation with an effective confinement potential for
InGaAs-QDs [54, 56, [70]. With the number operators n., = ele,, nn, = hih, and the abbrevia-

tions
E Neo, np = E Nh,o,

o={1.} o={M{}

we can express the Hamiltonian in the occupation number representation as
1 1 1 5 1 9
H= Ec — 5%,0 Ne— | v+ 5%,1} np + 5‘/0,071@ + 5%,1}”}1 - ‘/c,vnen}r (25)

By diagonalization, we obtain the spectral representation of H in terms of multi-particle states
H =3 exlk) (k]
k

where k = (e, Ne,, Mh g, Nay) i @ multi-index labeling the 16 different electronic configurations
which are illustrated in Fig. [4fa, b). If excited states are included and full configuration interaction is
taken into account, the diagonalization of H is in general a non-trivial task. In this case, an approxi-
mative representation of the Coulomb interaction in terms of number operators as in Eq. can be
obtained by the Hartree-Fock approximation [71].

4.1.2 Dissipators

We describe the spontaneous emission and the capture and escape of carriers by dissipators of the
type (9). A jump operator A, describes the transition between two multi-particle states |i) and |f)
and is given by the projector |f) (i|. These transitions are indicated by arrows in Fig. [4(a), e.g. the
dissipator connected with A, = | X7) <6T} describes the capture of a hole into a QD occupied by
a single electron leading to the formation of the bright exciton | X1 ). By using adjacency matrices to
encode the allowed transitions shown in Fig. [4fa), the dissipators for all processes can be written in a
compact form as

ZAz ess (Lipa (p) + €725 Ly (p)) (26a)
— ch
= Z A iy <L|f><i| (p) + €772 Ly (p)> : (26b)
i7f
_BAE0
=D Al (L|f><z'| (p) + e P850 Ligy (P)) : (26¢)
1:7f
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(a) wvww recombination Dy (p) electron capture D, (p)
hole capture Dy, (p)

4 carriers

3 carriers

o
el

QD GS reduced model with QD GS
effective transition rates
_)
- T abGgs 0 peeeyee QD GS
Tx \ QD ES i
NG - A\
! ~ bulk ~ bulk

Figure 4: (a) Diagram of electronic states of the QD-Hamiltonian (25) and possible (irreversible) tran-
sitions. The arrows indicate capture and recombination, for the corresponding reverse processes (es-
cape, generation) the arrows need to be reversed. We use short notations for the multi-particle states
T ts Me,y, Mhg, Mo,y ): €Mpty QD |0) = ]0,0,0,0), single-electron states [e') = |[1,0,0,0),
et) =0,1,0,0), single-hole states |h™) = |0,0,1,0), |[h*) = [0,0,0,1), two-electron state

ee> = 1,1,0,0>, two-hole state |hh) = 1]0,0,1,1), bright excitons ‘X1> = }1,0,0,1>,
Xs) = [0,1,1,0), dark excitons |D;) = |1,0,1,0), |D;) = [0,1,0,1), negative trions
| XM =11,1,1,0), | X*¥) = [1,1,0,1), positive trions | X1 ) = [1,0,1,1), |X1) = |0,1,1,1)
and the biexciton state |B> = ‘1, 1,1, 1>. (b) Schematic representation of the QD occupation for

some example states. (c) lllustration of the effective scattering cascade in the reduced model involving
only the single-particle ground states.

where the Lindblad superoperator reads
1
La(p) = ApAT + 2 {ATA, p}

and the indices 7 and f run over all multi-particle states. In accordance with Eq. (23), the effective
transition energies are given as

Agif =& —&r—4q <w>w - <:u0>w7
Aty =ci—er+q (), + (),
Aa?,f =g — €y
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and the adjacency matrix elements encoding Pauli blocking and the optical selection rules (conserva-
tion of total angular momentum) read

AS b= Stimeliyrr(tined) L] Otitmnolid (flmnolf)s
o={10}

h
AL = Smaliar,imnlr) L1 OitneslitFine.olf)-
o={1,4}
0
AG p = Oilng 1100, F1me 1 1) Otilne, 11— 1,(F1ne o | £ Olilnn 49— 1o Pl 4 | £) Odiln 1), (Fln o 1)+

+ Olilne +10)=1,(Fne 1) Oilne s 1), (Fne, 1) Oilnn 41i), Fln 4| £ Olilmn i) —1, (Flnn o £) -

Finally, we need to specify the transition rates 7y;_, ; occurring in the dissipators Eq. .

4.1.3 Transition rate models

The spontaneous decay rates of the various (bright) electronic states of the quantum system can be
modeled by the Weisskopf-Wigner rate [72]

P2 n - 3 _

0 i,fUeplir &; Ef E; €f

2= 1 27
T8 = Trhegcd ( h ) ( +”p‘( h )) (&7)

where ny (w) = (e — 1)_l is the thermally induced photon number, n, is the refractive index
of the material, dw denotes the interband dipole moment and cj is the vacuum speed of light. Due
to cavity effects, the decay rate is slightly modified with respect to the free space situation, which is
accounted for by the Purcell factors P; . The Weisskopf-Wigner rate is applicable in low () optical
resonators, where the photonic density of states varies insignificantly over the linewidth of the emitter

[17, [73]. Using the parameters given in Appendix [F all decay rates are found to be approximately
107s71.

For semiconductor QDs, Auger scattering and the Fréhlich coupling typically constitute the dominant
capture processes. As a rule of thumb, in the regime of low reservoir carrier densities, the LO-phonon
assisted Fréhlich coupling provides the dominant scattering channel, whereas at elevated reservoir
carrier densities the Auger scattering becomes increasingly efficient [10} 56, [74]. Due to the relatively
large Coulomb matrix elements in semiconductor QDs, the scattering rates into charged states differ
significantly from those into neutral states. This effect is known as Coulomb suppression or Coulomb
enhancement, respectively [74].

The scattering rates can be calculated microscopically by Fermi’'s Golden rule [53H58], however here
we restrict ourselves to phenomenological laws for the effective capture rate of continuum carriers
into the QD. This effective capture rate approximates the entire scattering cascade, see Fig. [4c). We
model the effective electron capture rates entering Eq. as

1+ ne 1
o P(Eeat)—lne)utaiotCs,) 4

Vi ((He) s (o) > () ) +

1 72 1 TP (282)

67}1 L 1— e,h 27
T 1+ (nwpw) '/
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and the effective hole capture rates in Eq. (26b) as

1+ NLo 1
h
3 c ) v ) = +
%—)f (</1’ >w <:u >w <w>w) TIfLO e—ﬁ(EU—q<7,/)>w—(,uv)—afo—02f) +1
. o (28b)
Lt Dy 1 Ty P
h,h _ b h,e o _ et
Tauw 1+ ]5721, Th Tauw 1+ (nwpw)l Tai /2

with 7, = ny, /NSt and P, = pu/Par. Please note that the ambient continuum carrier densities

o = NeFya (B ((pe)y, = Ee +q(¥),,) and pu, = NoFyyp (8 (Ey — g (¢),, = (p),,)) are func-
tions of the averaged macroscopic potentials. The first terms in Eq. and describe the
LO-phonon assisted relaxation of continuum carriers and the last lines are each attributed to Auger
scattering. The number of thermally excited LO-phonons is given by n o = (1o — 1)71. The time
constants 7%, as well as the parameters a;\,, 7o, A € {e, h} are considered as fitting factors that can
be extracted from microscopic calculations or experimental data. The phonon assisted capture rates
involve the Coulomb enhancement/ suppression factors

which describe the additional attractive or repulsive Coulomb shifts and thereby either enhance (if
C}’f < 0, A € {e, h}) or decrease (if C}J > 0, A € {e, h}) the capture rate. At low temperatures
the effect of Coulomb enhancement or suppression becomes increasingly important. For the Auger-
like capture processes the modifications of the capture rates due to Coulomb shifts are assumed to
be negligible due to strong screening effects at high carrier densities. The expressions in Eq.
and take saturation effects at high reservoir carrier densities into account. The functional form is
motivated from microscopically computed results presented in Refs. [58, [74]. In the low density limit
(Maxwell-Boltzmann approximation) the capture rate models asymptotically take the form

—Ba, —~MB)2 —~MB -MB
e ~ (nLO + 1) € Pato —BCff MB (nw ) Ty Pw
Timf e N € TNy + €,e + eh )
TiotVe Tau Tau
—Bal —MB\ 2 —MB -MB
o (no+1)e Pao —BCl, VB () 4 Ny P
Yisg & N € Py T Ty he
TLotVo Tau Tau

showing a linear dependency on the continuum carrier density in the case of LO-phonon assisted
capture and a quadratic dependency for the Auger capture processes. Moreover, the Coulomb en-
hancement and suppression effect becomes apparent in this form. The expression for ni‘ﬂB is obtained
by replacing F' /5 (-) — exp (+) in the above definition of n,, (analogous for pi?). The parameters

ngit, pt and YN X, X € {e, h} are fitting factors.

4.2 Numerical simulation method

The van Roosbroeck system (1)—(3) is discretized using a Voronoi box based finite volumes method
[28,[75] along with a modified Scharfetter-Gummel scheme [76H78] for the discretization of the current
densities. The latter one properly reflects the strong degeneration effects of the electron-hole plasma at
cryogenic temperatures and takes the Fermi—Dirac statistics and nonlinear diffusion via a generalized
Einstein relation fully into account [79]. For time-dependent simulations, an implicit Euler backward
discretization along with an adaptive time stepping method is used.
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The discretized van Roosbroeck system is solved along with the QME by a full Newton iteration
using the electrostatic potential v, the quasi-Fermi energies (i, (i, and the density matrix elements
<k‘p‘l> as independent variables. Therefore, in order to obtain a system of ordinary differential equa-
tions, the QME is projected on the Hilbert space basis spanned by the multi-particle eigenstates of H
(see Appendix [E).

The coupling terms () stated in Eq. and Sn/p given by Eq. introduce a non-local coupling
of the van Roosbroeck system with the QME by the spatial profile function w. This has an impact on
the sparsity pattern of the Jacobian of the discretized system, since the quantum system interacts in
general with a large number of control volumes in its environment. Since the discretized spatial profile
function wy = \QK]_I fQK d3r w (r) (with |Q | being the volume of the K-th Voronoi cell), quickly
decays, we discard small matrix elements below a chosen threshold. This preserves the quadratic
convergence of the Newton iteration while the overall numerical effort is reduced.

Single-photon sources are typically operated at cryogenic temperatures, which causes serious con-
vergence issues during the numerical solution of the van Roosbroeck system because of the strong
depletion of minority carrier densities [80},[81]. By using the temperature embedding method described
in Ref. [79], the problem becomes tractable in the vicinity of flat band conditions.

4.3 Device specification

In the numerical simulations presented in the following, we consider the cylindrical GaAs-based p-i-n
structure depicted in Fig. |3} where a single QD is placed on the symmetry axis within the center of the
intrinsic zone. The total height of the device is 800 nm, the intrinsic layer has a thickness of 200 nm and
the doped layers both are 300 nm in height. The doping concentrations are C' = Np = 2x10®¥ ¢cm™3
and C = —N,4 = —10' cm~3 in the n- and p-domain, respectively. The top radius of the mesa is
0.5 um and the total radius (at the bottom) is 2.5 um. The bottom facet is assumed to consist of a highly
reflective metal such that it simultaneously acts as an electric contact and a mirror leading to a directed
emission in vertical direction. The ohmic contact on the top facet is assumed to consist of an optically
transparent material, such that the structure forms a leaky cavity with a low () factor. The remaining
facets are modeled by homogeneous Neumann boundary conditions. The wetting layer (WL) indicated
in Fig. [3]is neglected in the simulation. The device is assumed to operate under cryogenic conditions
atT = 50K.

The numerical simulation exploits the rotational symmetry of the device, such that the computational
domain reduces to a 2D cross section with adapted cell volumes.

4.4 Stationary operation

The device operates as a p—i—n diode, which can be seen from the current-voltage curve shown in
Fig. [B|c). At cryogenic temperatures the Fermi energy levels in the doped domains are very close to
the band edges and therefore the diode’s threshold voltage approximately equals the energy band
gap of the material (around 1.52V). The population of the QD states (k) = <k|p|k> can be con-
trolled by the externally applied bias as shown in Fig. [5(a). Since the QD is located within the intrinsic
zone of the device, it is most probably unoccupied in the low bias regime. When the applied bias ap-
proaches the diode’s threshold voltage, the QD population turns into a non-equilibrium distribution: At
first, due to the increased continuum carrier densities in the vicinity of the QD, the single-particle and
excitonic states are populated. In particular, due to the lack of an radiative decay channel, the dark
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Figure 5: Numerical results at stationary injection. (a) Occupation of the QD states vs. applied bias. (b)
Single-photon generation rates of the different emission lines vs. injection current. (c) Current-voltage
curve of the diode. (d) Second order correlation function of the photons generated on the exciton line.
(e) Comparison of recombination and capture rates of free carriers along the symmetry axis of the
device. For the notion of QD states we refer to the caption of Fig. [4]

excitons <D1/2> have a high occupation probability. Finally, beyond the threshold, the QD is quickly
driven into saturation and the population is dominated by the biexciton state <B> Due to Coulomb
enhancement and suppression, the population of neutral states is favored in the whole bias range. In
particular, Fig. a) shows that the population of the doubly charged states <ee> and <hh> is strongly
suppressed.

The single-photon generation rates of the different emission lines are given by
0.0
Dy = ALy (k) (29)
!

Since the decay rates for all radiative processes are approximately equal, the occupation probabilities
are directly proportional to the single-photon generation rates, which are depicted in Fig. [5(b). At low
injection currents, the emission spectrum is dominated by photons generated via the decay of bright
excitons. Close to the threshold voltage the bright exciton line reaches a maximum and then decreases
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while the intensity of the biexciton line grows until it finally saturates. In this regime, the capture rates
exceed the radiative decay rates by several orders of magnitude. This simulation result agrees with
experimental observations presented in Ref. [65].

Another important figure of merit for single-photon emitters is the second order intensity correlation
function of the generated photons

_(d'(0)a'(r)a(r)a(0))
(af (0)a(0)®

where a' (a) correspond to the creation (annihilation) of a photon and 7 is a time delay. A value of
g(2) (0) < 0.5 indicates the presence of a single-photon Fock state in the radiation field. In our model
the decay of an optically active QD state is equivalent to the generation of a corresponding photon.
Therefore, the electronic operators can be used to evaluate Eq. (30), cf. Ref. [73]. For the bright exciton
line, we identify the photon creation operator with the projector a™ = |0)(X;| (with i = 1 or 2) and use
the quantum regression theorem [35, [82] to evaluate Eq. (30). The result is presented in Fig. [5(d) and
recovers the characteristic dip around 7 = 0 for high-quality single-photon sources [15] 65]. Since the
present model assumes an ideal quantum emitter and an instantaneous extraction of the generated
photons from the cavity, the value of g(2) (0) is exactly zero. For a refined description at this stage, a
coherent light-matter interaction must be included in the Hamiltonian and Dy (p) has to be extended
by a photon outcoupling mechanism.

g? (1) (30)

Finally, in Fig. [5[e) we show the recombination rate R of the continuum carriers and the capture rates
Sn/p along the vertical (symmetry) axis of the device. Close to the threshold voltage, the transition of
carriers into the QD imposes the dominant loss mechanism of continuum carriers in the vicinity of the
QD.

4.5 Pulsed operation

For many applications, the generation of single photons at certain instances of time is required. Electri-
cally driven QD-based single-photon sources offer an easy off-resonant excitation scheme [83], where
the QD is excited by short voltage pulses. This process shall be simulated in the following, where we
apply rectangular voltage pulses with a fixed duration of 100 ps superimposed on a DC bias of 1.35V
as illustrated in Fig. [f(a). We investigate the impact of the pulse repetition time and the peak bias,
which are the key external control parameters. The results of a numerical carrier transport simulation
for a single pulse with a peak voltage of 1.6 V are shown in Fig. [6[b, c). Due to the high carrier mobil-
ities at low temperatures (cf. Appendix [F), the carriers quickly spread out within the device such that
the intrinsic zone is highly populated at the end of the excitation pulse (100 ps). Subsequently, when
the applied voltage is switched back to the resting DC bias, the carriers are quickly withdrawn from the
intrinsic zone. In the snapshots taken at 116 ps and 200 ps we observe that in particular the vicinity
of the QD (which is located on the center of the symmetry axis at 0.4 um, cf. Fig.[3) is depleted first.
Moreover, a conducting channel underneath the insulating region is formed. The plot at 10 ns shows
the stationary state reached after a long time.

The impact of the voltage pulse on the occupation of the QD is shown in Fig. [7(a). In the case of
an excitation with a peak voltage of 1.6 V (high injection), one first observes a fast occupation of the
biexciton state which subsequently decays radiatively. Via the so-called biexciton-cascade, the bright
exciton states are populated in the following. Comparing the time scales of the carrier transport with
the life times of the bright QD states, see Fig.[6(b, c) and Fig.[7(a), it is apparent that the decay of the
bright exciton happens a long time after the continuum carriers have left the vicinity of the QD. This
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Figure 6: Carrier transport at pulsed excitation. (a) lllustration of the voltage ramp used in the simu-
lations. (b, c) Snapshots of the carrier density distribution on a 2D cross-section at several instances
of time. The carrier density is color-coded, the arrows indicate the current density vector field (arrows
point into the direction of particle motion). The peak voltage in the simulation was setto 1.6 V.
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Figure 7: QD occupation and single-photon generation under pulsed excitation. (a) Comparison of
the transient exciton and biexciton occupation probabilities in the low and high injection case. In the
low injection case the occupation probabilities have been multiplied by a factor 2 for better visibility.
(b) Number of generated photons per pulse on the different emission lines for different values of the
peak bias. (c) Single-photon generation rate on the bright exciton line vs. repetition frequency of the
time-periodic excitation pulse (for different values of the peak bias).
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Figure 8: Entropy production rate during the pulse with peak bias 1.6 V. The plot shows the five contri-
butions arising from the individual lines in Eq. and the total entropy production rate as a dashed
black line. The inset is a zoom on the first 200 ps.
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separation of time scales is of particular importance for the generation of indistinguishable photons
[84], since fluctuations of the carrier density in the vicinity of the emitter might shift the generated
photon’s energy.

Next, we study the impact of the peak bias value. Figure[7{b) shows the number of generated photons
for different peak voltages after 10 ns. The number of generated photons on line k until time ¢ is
obtained from

Ny (t) = /0 AT (1)

using the single-photon generation rate defined in Eq. (29). The plot clearly reveals the existence
of two regimes: A subthreshold (low injection) regime, where the peak voltage is insufficient for the
excitation of the QD (cf. Fig. [7{a)), and a high injection regime where the biexciton-cascade can be
observed practically after each pulse. For the exciton-photons, this implies a generation efficiency of
around 50 % for both polarizations. The generation efficiency of the two differently polarized photons
on the biexciton-line is a little higher than 50 %, due to additional recombination during the excitation
period, see Fig.[7[a, b).

Finally, we investigate the optimal repetition frequency of the excitation cycle for the generation of sin-
gle exciton-photons. The optimal repetition frequency f* = 1/t* maximizes the number of generated
photons per time: .
Py () = Y B) _ l/ d¢' Ty (') — max.
t* t* Jo

Figure [7{c) shows a clear maximum at a pulse repetition rate of f* ~ 650 MHz (t* =~ 1.5 ns), which
corresponds to a maximum single-photon generation rate of I' (t*) ~ 185 MHz. Even though in this
optimal case the photon generation efficiency per pulse shrinks to 28%, the high repetition frequency
leads to an enhanced overall performance. Moreover, Fig. [7|c) indicates that this result is practically
independent of the peak voltage. In order to obtain the photon emission rate, the generation rate must

be multiplied with the photon extraction efficiency [85].

We conclude this section with a consideration of the entropy production during an excitation cycle,
which is depicted in Fig. |8l The plot shows, that during the first 2ns the entropy production rate is
clearly governed by the contributions arising from the macroscopic system, whereas at later times
the slow decay of the QD-exciton becomes dominant. Our numerical result is in accordance with the
theory presented in Sec. which predicts a positive entropy production rate at all times.

5 Discussion and outlook

The presented quantum-classical modeling approach can be extended into several directions, mostly
by improving some of the simplifying assumptions made above.

First, the inclusion of nanostructures leads to a modification of the local density of electronic states,
which has been neglected here. For a more realistic simulation, this effect can be accounted for by a
modification of the Fermi—Dirac integral in the vicinity of the nanostructures. Moreover, we introduced
the spatial profile function w in order to embed the QD into the spatially resolved macroscopic system.
This approximation can be greatly enhanced by incorporating a Schrédinger—Poisson model into the
hybrid model system. Besides a better description of the localized charges due to the usage of realistic
wave functions, this would also enable a precise modeling of the quantum confined Stark effect and
tunnel injection. Previous works on the 1D drift-diffusion-Schrédinger-Poisson system [86, 87] indicate
the feasibility of this approach.
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Furthermore, semiconductor QDs are often grown in the Stranski—Krastanov mode and therefore come
along with a thin WL [1], which has been neglected in the current presentation. The WL represents
a 2D-like carrier reservoir, which may be important for a refined description of the carrier scattering
cascade from the continuum states to the QDs. For the inclusion of the WL into the drift-diffusion
equations, previously developed approaches for quantum wells can be adopted [36 [37].

In this paper, the van Roosbroeck system was used to describe the semi-classical carrier transport
on macroscopic scales. For certain applications (e.g. strong internal fields, very short length scales,
hot carrier effects) the drift-diffusion approximation becomes insufficient. Higher order models like the
hydrodynamic transport model or the six-moment model are more suitable then [88H90]. In this case,
the inclusion of the QD system into the macroscopic model can be achieved in principle along the
same lines as in Sec. [2land [3] of this paper.

In the transient numerical simulations presented in Sec. 4} the system shows an extremely fast re-
sponse to the external excitation. This behavior can be assigned to the lack of external circuit elements
like external resistors and capacitors. If RC elements were included in the simulation, we would expect
a slower response of the system to the applied voltage pulses.

Finally, the inclusion of a reversible light-matter interaction into the Hamiltonian of the quantum system
enables the simulation of devices showing pronounced cavity-QED effects. In particular, this allows
for a spatially resolved simulation of electrically driven nano-VCSELs and exciton-polariton lasers with
one or a few QDs as gain material. The self-consistent photon number equation, which is needed for
the simulation of laser devices [36}, 41], is automatically delivered by the QME. Moreover, the model
should also be supplemented with a Helmholtz equation for the calculation of the cavity modes and
photon lifetimes. Finally, in the case of multiple QDs a spatially resolved simlation of superradiant
emitters [91] may be achieved.

6 Summary

Nowadays, quantum optical technologies are on their way from the lab to real world applications. To
advance this development, device engineers will need simulation tools, which combine classical device
physics with models from cavity quantum electrodynamics. As a step on this route, we have presented
a new modeling approach for the simulation of single and few quantum dot devices.

By connecting semi-classical carrier transport theory with a quantum master equation in Lindlad form,
our approach has lead to a hybrid quantum-classical system, that allows for a comprehensive de-
scription of electrically driven quantum dot devices on multiple scales: It enables the computation of
the spatially resolved carrier transport together with the calculation of quantum optical figures of merit
(e.g. photon generation rates, higher order correlation functions) in realistic semiconductor structures
in a unified way. This has been demonstrated by numerical simulations of an electrical single-photon
source based on a single quantum dot. We have presented a thorough theoretical analysis of the
approach and showed that it guarantees the conservation of charge and the consistency with the ther-
modynamic equilibrium. Finally, we have proven that our hybrid quantum-classical system obeys the
second law of thermodynamics.

We believe that our approach serves as a blueprint for the simulation of further quantum dot based
photonic devices, in particular nanolasers.
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A Boundary conditions

We assume a decomposition of the domain boundary

090 = (U n») UTqUdQy

into several ohmic contacts, a gate contact and artificial boundaries of the device [28]. The boundary
conditions on the artificial boundaries are given by the homogeneous Neumann conditions

n-Vy=0, n-Vu.=0, n-Vyu,=0

on 02, where n denotes the outer normal vector. For the ohmic contacts, we assume the Dirichlet
boundary conditions

w = weq + Uappl,i7 Me = Hiy oy = i,y
on I';, where Uy ; represents the applied voltage at the i-th ohmic contact and 1; = fteq — qUappi.i-
The value of the built-in potential )¢, is obtained from the local charge neutrality condition at the
ohmic boundaries and zeros bias conditions (1; = fteq V) [75]. On the gate contact I';, we impose a
boundary condition of third kind for the electrostatic potential

Eox
en - Vi 4 = (4~ Usgn) = 0

along with “no flux” conditions for the carriers
n-Vu.,=0, n-Vy, =0.

Here, ., and d, describe the permittivity and the thickness of the insulating layer between the semi-
conductor material and the metal electrode.

B Electrostatic field energy

Following [51], we split the electrostatic potential

w = wint + wext

into an internal field v;,; generated by the internal charge density and an external field 1)y, which
arises from the built-in doping profile and the applied voltages. Consequently, the Poisson problem
on (2 is decomposed into

=V - eV = qpint;

=V - eVipen = ¢C,
such that the internal field ¥y = Vi (pim) can be written as a functional of the total internal carrier
density

P =p—n+Q(p).
On the domain boundaries it holds

n-eVyy, =0 on 9Ny,
Yt = 0 on I,
n- ngint + %wint =0 on Fg,
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and
n- 6v77Z}ext =0 on 8QN,
wext = weq + Uappl,i on Fi,
Eox Eox
n- vaext + diwext = d_anppl,G onlg.

A variation of the internal carrier density piy — pi + @dp (0 < a < 1 is a small parameter) in the
interior of the domain yields a variation of the electrostatic field §7) according to

—V eV =qdp onf

with the same boundary conditions for 1 as for v;,, stated above. The variation of the internal energy
given by Eq. leads to

Uy (pit + adp) = Uy (pim) + a/ d*r Vb (ping) - VU + aq/ d3r 6 pthe+
Q Q

+ a? AA Vi (o) 58 + O (a?) .
0X FG

Finally, using the identity
/ d37“ 5V¢int (pint) . VCSw - Q/ d3T wint (pint> 5p + / dA : V(5¢ 51/}"“ (pint) ’
Q Q F'e

one obtains the Gateaux-derivative

— (Pint + adp) — Uy (pint)
a—0 a

= q/ dgr (djint (pint) + wext) 5P
Q

The central feature of the field’s internal energy expression Eq. is [50, 51]

Uy _

5 q. (31)

C Entropy production rate

This section gives some details on the derivation of the expression for the entropy production rate.
Starting from Eq. (5), one obtains by using Eq. and the entropy production rate as

dStot 1 3 aU/cl (n7p) aScl (n,p)
== ~T
a T /Qd " < ot ot
1

-7 (tr (HL (p)) + ksTtr (log (p) L (p)))

1 qu/, 2% /
—=—+ — [ dA - (Jn+J»)-
Taking the partial time derivatives, using the state equations (5), Eq. and

v, I(p—n+Q ()
E/ﬂdg’”qw o ’

DOI 10.20347/WIAS.PREPRINT.2412 Berlin 2017



Hybrid quantum-classical modeling of quantum dot devices 25

we arrive at

dsm__g/dgr o op
a T/, Hear — Hoar

— — (tr (HL (p)) + kgTtr (log (p) £ (p)))

223 . .
+) = dA-(n+Jp),

i>1

where we have explicitly used Eq. for the charge density of the quantum system. For different
@ (p) and multiple QDs, the calculation follows the same lines. With the help of the carrier transport
equations (2)—(3), the macroscopic capture rates (14), partial integration and the boundary conditions
given in Appendix[A] this is

dSi 1 3
— 2 =— [ & (pe— )R
1
+— [ & (Gn Ve +jp - Vit

+ % {pe), tr (ND,) + % (Hv), tr (N Dy)

% (tr (HD (p)) + ksTtx (log (p) D ()
q

+410), 6 (ND ().

In the above expression, the surface integrals have canceled out. Using Eq. and (12), one finally
arrives at Eq. (24).

D Second law of thermodynamics

In this section we proof the non-negativity of the entropy production rate of the hybrid system
-@.

First, we introduce the (auxiliary) density matrices

* 1 —
b= ¢ o (32a)
1 ff
o B(H-uN) 32b
bi= gt , (320)
1 eff
or = —*efﬁ(Hf”” N) (32c)
Zh

with 4% = {fiefw),, +4 (1), Using Eq. (23) it can be shown by direct calculation that D, (p};) = 0,

c/v

v € {0, e, h}, for the dissipators given in Eq. (11). Then it holds [92, 93]
tr ((log pj, —log p) D, (p)) = 0 (33)

forv € {0,e, h}.
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The entropy production rate Eq. can be written in the form

dSi Bl
(izt = ]{JB/ d?’rﬁ (,U/c - /JJU) (1 —€ Blye #U)) er
@ j
1 3 2 2
+ T Qd r (0n Vie|™ + 0p [V o )
+ kptr ((log py —log p) Do (p)) (34)

+ kptr ((log p; —log p) D. (p))
+ kptr ((log pj, —log p) D (p)),

where we have used Eqgns. (6), (32), the trace conservation property of the dissipator and a recombi-
nation rate of the form [75]

R = (1 _ e—ﬁ(uc—uv)) Z T; (n,p, w) .
J

Here, j labels the recombination channels and the functions r; = r; (n,p,1) are assumed to be
non-negative. Using the inequalities and z (1 — e %) > 0 Vx € R, itis easy to see that each
line of Eq. is non-negative.

E Projection on eigenstates

In order to convert Eq. into a system of ODEs, the density matrix must be projected on a basis of
the Hilbert space of the quantum system. In order to reduce the numerical complexity, it is beneficial
to choose the eigenbasis of the Hamiltonian H, for which we assume the spectral representation

H = Xk:gk|§0k><90k|-

For the sake of simplicity, we consider the energy spectrum {c; } to be non-degenerate here. Then, the
jump operators are projectors between energy eigenstates A, — A, ; = ‘(,Di><(,0j|. The equations
of motion for the diagonal elements of the density matrix are obtained as

0kl pler) =Y (Mui{pilp|es) — Mjxlek|p|en)) .

J
whereas the off-diagonal elements k £ [ obey
O(wr|pler) = —% (ex — &1) {prlp|eer) — % D Mk + M) (erlpler)
J
with the (non-negative) transition rate matrix elements
M =i+ Vi
= i <1 + 6—5(5,7'_52'_(<Ni,,7')w+‘I<¢)w)éi,.7')> > 0.

Obviously, in the case of non-degenerate energy spectra the diagonal elements decouple from the off-

diagonal elements. The off-diagonal elements are fully decoupled each and show damped oscillations
(dephasing).
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The above observation has strong implications on the numerical simulations. Starting from the thermal
equilibrium state, where only diagonal elements of the density matrix are occupied, the dynamics
never excite any off-diagonal elements (in the representation using the eigenbasis of H). Hence, the
off-diagonal elements can be omitted from the numerical simulation. This is a consequence of the
restriction to dissipators of the form (9), which satisfy the quantum detailed balance condition. This
feature is of outstanding importance, since the number of degrees of freedom of the quantum system
grows only with N instead of N2, where N is the dimension of the (possibly truncated) Hilbert space.

F Parameters and auxiliary models

This section lists the parameters used in the numerical simulations presented in Sec.

F.1 Van Roosbroeck system

We use GaAs parameters at 7' = 50 K. The effective masses are m; = 0.068 m, m; = 0.503 my,
where m denotes the (free) electron mass and the band edge energies are taken as £, = OeV
and E. = 1.516eV. The (static) relative permittivity is set to £, = 12.9, the LO-phonon energy is
hwo = 36.5meV and the refractive index is n,, = 3.55 for the considered wavelengths (around
950 nm). The recombination rate in Eqgns. (2), (3) is modeled as

R= RSRH + Rsp + RAU

with

_ np —B(pre—pv)
Repy = 1 — e Bloe—m)y
S (n A+ na) + 7o (9 + pa) ( )

Rsp — Bnp (1 _ e—ﬁ(uc—uu)) ’
Raw = (Ciun + Clap)mp (1 — ¢~ P0e))

and ng = nelEr—a—pe) p. = pe=PEr—av—iw) The non-radiative life times are sensitive to the
impurity concentration and modeled via 7,,/, = Tu/p0/ (1 + (|C|/Crer) ™) With 7,0 = 7,0 = 10ns,
Ysrn = 1.72 and Cies = 9 x 1017 cm~3 [94]. The trap energy level Er is assumed to be in the center
of the energy gap. The radiative recombination coefficient is taken as B = 1.06 x 10 8cm3s!
and the Auger recombination coefficients are set to C%, = 6 x 107%em = %s™!, CF, = 1.6 x
1072 cm~%s~! [94]. The conductivities are given as o, = ¢M,n, o, = qM,,p, where we model the
carrier mobilities M, ;, according to the model given in Ref. [95]. The mobility model is reported to
hold down to 7" = 50 K. The doping densities are setto C' = Np = 2 x 10'® cm~— in the n-domain
and C = —N4 = —1 x 10" cm™3 in the p-domain. Despite the low temperatures, we assume
complete ionization due to the metal-insulator transition at heavy doping [96].

F.2 Open quantum system

The eigenenergies of the Hamiltonian are obtained from the parabolic/step-like confinement po-
tential (relative to the respective continuum band edge) Uy, (r, z) = —Ug'© (h/2 — |z|)+3mjws or?,
A € {e, h}, by solving the stationary Schrédinger equation at flat band conditions [54} [70]. The
parameters for the InGaAs-QD are taken as U, = 350meV, U, = 170meV, m} = 0.067 my,
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= 0.15my [54] and hw.y = 45.5meV, hwyo = 20.3meV. The QD height is assumed as
h = 3 nm. For the computation of the Coulomb matrix elements we set the background dielectric
permittivity to €, = 12.5 [b54].

With the parameters above, the QD conduction band ground state €. is found at 137.7 meV below
the continuum band edge and the QD valence band ground state ¢, is 44.7 meV above the valence
band edge. The Coulomb matrix elements are obtained as V.. = 23.2meV, V, , = 24.5meV and
Vew = 23.7meV. The interband dipole moment is assumed as d.,, = ¢ X 0.6 nm and the Purcell
factor is setto I°; ; = 1.8 for all allowed optical transitions. The emission energies are obtained around
1.31 eV with radiative life times of approxmately 1 ns according to Eq. ( . The fitting parameters in
the carrler scattering rates are setto 75 = 7% = 10 ps, aLo = 25meV, al'; = TmeV, T;(\UA = 1ps,
v =0.7 (forall A, X € {e,h}), nS" =1 x 10" cm™3 and p&t = 5 x 10'8 cm3.
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