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Invitation to Wine
Li Bai

Do you not see the Yellow River come from the sky,
Rushing into the sea and ne’er come back?

Do you not see the mirrors bright in chambers high
Grieve o’er your snow-white hair though once it was silk-black?
When hopes are won, Oh! Drink your fill in high delight,
And never leave your wine-cup empty in moonlight!
Heaven has made us talents, we’re not made in vain.
A thousand gold coins spent, more will turn up again.
Kill a cow, cook a sheep and let us merry be,

And drink three hundred cupfuls of wine in high glee!
Dear friends of mine,

Cheer up, cheer up!

I invite you to wine.

Do not put down your cup!

I will sing you a song, please hear,

O hear! Lend me a willing ear!

What difference will rare and costly dishes make?

I only want to get drunk and never to wake.

How many great men were forgotten through the ages?
But real drinkers are more famous than sober sages.
The Prince of Poets feast’d in his palace at will,
Drank wine at ten thousand a cask and laughed his fill.
A host should not complain of money he is short,
To drink with you I will sell things of any sort.

My fur coat worth a thousand coins of gold
And my flower-dappled horse may be sold
To buy good wine that we may drown the woes age-old.
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Abstract

In this thesis, we study the transport of charged particles in mesoscopic systems where the long-
range electrostatic interaction plays a key role. In particular, we focus on the statistical properties
of currents which satisfy the relation known as fluctuation theorem. A stochastic approach is
presented in consistency with the laws of electricity, thermodynamics, and microreversibility. In
this approach, densities of charged particles are ruled by stochastic partial differential equations
and the electric field generated by the charges is determined with the Poisson equation.

We start by proposing a coarse-grained model to describe the long-time behavior of particle
transport in nonequilibrium systems in contact with several reservoirs. In this model, the particle
exchanges between the reservoirs can be determined after a long enough time by the first and
second cumulants of the probability distribution of particle transfers, thus enabling the numerical
evaluation of the driving forces. It is proved that, close to equilibrium, the coarse-grained model
is applicable to any system in nonequilibrium steady state. Moreover, the studies with specific
examples show that the range of application of the coarse-grained model can be extended to the
regime arbitrarily far from equilibrium if the detailed transition rates have linear dependence on
the local particle concentration. In addition, the finite-time fluctuation theorem is established for
systems with linear rates.

Then, we use our stochastic approach to study charge transport in diodes and transistors. The
counting statistics of the carrier current and the measured total current including the contribution
of the displacement current are performed. The fluctuation theorem is shown to hold for both
currents. The convergence of the finite-time affinities towards their asymptotic values over long-
time scales is tested using our proposed coarse-grained model. Accurate agreement between the
numerical affinities and the theoretical predictions is found when affinities take moderate values.
This brings further numerical support to the fluctuation theorem for the currents in these nonlinear
electronic devices. For diodes, the current-voltage characteristics is obtained, which can be well
fit by Shockley curve under the extreme condition where the concentration of majority charge
carriers is overwhelmingly larger than that of minority charge carriers. For transistors, the signal
amplifying effect is realized under their working conditions. Moreover, the Onsager reciprocal
relations and their generalizations to nonlinear transport properties deduced from the fluctuation
theorem are numerically shown to be satisfied.

Finally, we proceed to investigate the charge transport in a system of three tunneling junctions
coupled together through a conductive island or quantum dot. The cumulant generating function is
obtained by numerically solving the eigenvalue problem regarding the modified evolution operator
including the counting parameters. The symmetry relation implied by the fluctuation theorem is
verified, and the Onsager reciprocal relations together with their generalizations are again shown
to be satisfied. Furthermore, under certain conditions, the current-voltage characteristics shows
the staircase pattern due to the Coulomb blockade effect.
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Chapter 1

Introduction

Nature has a hierarchical structure of spatial scales, ranging from the subatomic to the supergalactic
scale. Accordingly, the physical theories are tailored for the system of interest at different levels
of description. However, as is often the case, the resulting phenomenological descriptions may
have apparent inconsistencies. The most prominent is the puzzling aspect of natural phenomena
manifested as the dichotomy between reversibility and irreversibility. Going from the microscopic to
macroscopic scale, the description of the evolution of systems should proceed from the Schrédinger
equation to hydrodynamical ones, e.g., the diffusion equation. It became one of the central issues
in physics during the past two centuries to reconcile the latter with the former. Since the 1970s,
great advances have been achieved in the understanding of this fundamental question by the advent
of a collection of relations called fluctuation theorem, from which irreversibility is interpreted as
an emerging property from the statistical description. Thus, the opposites that are reversibility
and irreversibility can be unified in statistical physics which is arguably the most unique universal
theory [1].

1.1 Historical Developments

The birth of thermodynamics dates back to the period of Industrial Revolution when there was
actual needs to improve the efficiency of thermal machines transforming heat to work [2]. In
various attempts, scientists and engineers gradually found the equivalence between heat and work,
which are unified in the concept of energy. This directly led to the establishment of the first law
of thermodynamics stating that the total energy of an isolated system is conserved. Besides, it
was further realized that heat cannot be completely transformed into work without any external
effect, thus ruling out the possible existence of the perpetuum mobile of the second kind. Based on
this observation, Carnot obtained a universal bound for the efficiency of heat-to-work conversion
of thermal machines, nyax = 1 — T./Th, where T, and T}, are the respective temperatures of the
cold and hot thermal reservoirs between which thermal machines operate. This so-called Carnot
efficiency implies no prescription on how the conversion is achieved. Inspired by Carnot’s work,
Clausius soon identified a new state function, the entropy S, and in 1851 declared an inequality
for thermodynamic processes of a system from state A to B,

B dQ
/A — <AS, (1.1)

which bears his name nowadays. This directly implies the property that the entropy of an iso-
lated system can never decrease over time, which is called the second law of thermodynamics. It
predicts that an isolated system will eventually evolve into an equilibrium state where the en-
tropy reaches its maximum value. There are now many applications of this celebrated second
law of thermodynamics, e.g., osmotic pressure, or chemical equilibrium. A macroscopic system is
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thermodynamically characterized by the way the entropy depends on its state through the funda-
mental relation S = S(E,V,N,---). The thermodynamic temperature can thus be well defined
as T = 0F/9S. According to this thermodynamic definition of temperature and the second law
of thermodynamics, the so-called zeroth law is postulated, which states that objects in thermal
contact eventually get the same temperature.

At the same time, statistics and fluctuations were brought into thermodynamics to account for
the discrete nature of constituent particles of a gas. By assuming that the motions of gas molecules
follow Hamiltonian dynamics, and that the gas contains many molecules, Maxwell derived the
distribution of velocities for the particles of a gas in equilibrium [3]. In 1872, Boltzmann established
his equation to describe the evolution the probability function f(r,v,¢) for finding a particle
of a gas in the neighborhood of (r,v), and he also introduced a quantity, H = f f1In fdrdv,
to quantify the state of a gas. In this way, he derived his famous H-theorem stating that a
gas inevitably evolves in time until the Maxwell distribution is reached, with the H function
decreasing to the minimal value. The Maxwell distribution describes a macrostate corresponding
to the largest number of microstates. This gave Boltzmann an insight to link the entropy and the
number of possible microstates by a novel expression, S = kg In {2, where kg is called Boltzmann’s
constant, 2 the number of possible microstates for a macrostate. However, Boltzmann’s equation
was based on the molecular chaos hypothesis assuming that the velocities of colliding particles
are uncorrelated, and independent of position. This drew objection from Loschmidt claiming that
it should not be possible to deduce an irreversible process from the underlying time-symmetric
dynamics (Loschmidt’s paradox [4]). Later, Gibbs took the system of interest as a whole, and
developed the ensemble theory [5]. In this theory, a configuration of the system is considered as
a point in phase space, the ensemble of possible configurations is described by the probability
distribution p. Gibbs also gave several ensemble distribution functions, of which the most useful
may be the canonical ensemble, p; = e #¥: /Z with partition function defined as Z = > e BB
and 8 = 1/(kgT) the inverse temperature. This canonical ensemble describes such a situation
where a particle system is imposed with fixed number of constituent particles N, fixed volume V,
and fixed temperature T by thermal contact with a heat bath. The free energy is related to the
partition function by F = —kgT In Z. The entropy formula proposed by Boltzmann is generalized
to S = —kg >, pilnp;. The expression for the canonical ensemble distribution is the summit of
equilibrium statistical mechanics [6]. The small fluctuations of any extensive quantity § X around
its equilibrium value are described by the following formula,

P(5X) ~ exp <22k:§) : (1.2)

where 025/2 is the second-order excess entropy evaluated around the equilibrium state and corre-
sponds to the change 6 X. However, Gibbs’ ensemble theory only applies in the equilibrium regime.
The searching for a satisfactory theory out of equilibrium was still going on.

In 1905, Einstein’s seminal work on Brownian motion opened a new chapter in the development
of nonequilibrium statistical mechanics [7, 8]. He explained the motion of Brownian particles as
the result of the incessant random collisions by the much smaller solvent molecules, and expressed
the mean-square of its one-dimensional displacement in terms of the diffusion constant: A =
V2Dt. Furthermore, Sutherland, Einstein, and Smoluchowski independently derived a relation,
D = pkpT, linking the diffusion constant with the mobility defined as the linear response of a
Brownian particle to applied force: (v) = pF' [9, 7, 10]. Later, the theory of Brownian motion
was further investigated by Ornstein, Uhlenbeck, and Wang [11, 12]. Around 1928, Johnson and
Nyquist discovered a similar relation between the resistance of a circuit and the spontaneous
voltage fluctuations [13, 14, 15]. These relations are the results of the fluctuation-dissipation
theorem which quantifies the relation between the equilibrium fluctuations in the system that
obeys detailed balance and the response of the system to the applied perturbations. Using the
fluctuation-dissipation theorem as the basic formula, Onsager derived the reciprocal relations for
the linear response coefficients in 1931 [16, 17], and this result was further treated by Casimir
in 1945 [18]. In 1951, Callen and Welton developed the fluctuation-dissipation theorem within
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a general quantum mechanics setting. They studied the time evolution of quantum-mechanical
system following Hamiltonian dynamics. The system is initially in thermal equilibrium, with the
state described by density matrix of canonical form. This approach was subsequently further
systematized by Green [19, 20], and in particular by Kubo [21, 22, 23].

The fluctuation-dissipation theorem is only valid for systems near equilibrium. Scientists were
still searching for a general statement regarding the dynamics of systems far from equilibrium. In
this regard, a breakthrough appeared in 1993 when Evans and his coworkers found the relation,

lim 1lnw =A
tooo t - P(E, = —A)

, (1.3)
in computer simulations of thermostatted shear-driven fluids in contact with a heat bath [24],
where P(%;) denotes the probability distribution of the finite-time entropy production ¥, =
(1/t) fot %(s)ds defined in terms of total irreversible entropy production X(t) = [, dVo(r,t)/kp.
This relation places a constraint on the fluctuations of entropy production, and is thus called
steady-state fluctuation theorem considering that it is valid in long-time limit. It implies that it is
exponentially more likely to observe a positive entropy production rather than a negative one. This
theorem was later mathematically proven for a large class of systems using concepts from chaotic
dynamics by Gallavotti and Cohen in 1995 [25, 26], for driven Langevin dynamics by Kurchan
in 1998 [27], for Markovian stochastic dynamics by Lebowitz and Spohn in 1999 [28], and it was
extended to several coupled currents by Gaspard, Andrieux, and coworkers [29, 30, 31, 32]. The
experimental verification of steady-state fluctuation theorem was first performed by Wang and
coworkers in 2002 with the motion of a colloidal particle in water [33], and subsequently by many
others with different experimental setups [34, 35, 36, 37, 38, 39].
In 1997, Jarzynski proved a remarkable relation,

(e7W) = e PBF, (1.4)

where W is the work done on a system that is initially in thermal equilibrium and driven out of
equilibrium by an external force evolving under a protocol which is parameterized by A from the
value A to B. AF = Fp — F4 denotes the free energy difference between the final equilibrium
ensemble and the initial equilibrium ensemble, and (-) stands for the average over the repetition
of driving [40, 41, 42, 43, 44, 45]. In his proof, Jarzynski used the property that the volume of
phase space is conserved by the Liouville theorem, as well as the time-reversal symmetry of the
Hamiltonian dynamics [46]. This relation was later called Jarzynski equality, allowing to express the
free energy difference between two equilibrium states by a nonlinear average over the required work
to drive the system in a nonequilibrium process from one state to the other. From the Jarzynski
equality, the Clausius inequality can be immediately obtained as a corollary, (W) > AF, thus in
accord with the second law of thermodynamics. In 1999, Crooks obtained his fluctuation relation,

Pr(W) _ SW-AF)
Pr(-W) , (15)

in the same scenario, where Pp(WW) and Pr (W) denote the probability distributions of work done
in a forward driving protocol and in its time-reversal, respectively [47]. Crooks fluctuation relation
is the constraint on the fluctuations of work, and the Jarzynski equality can be immediately derived
from [ Pr(—W)dW = 1. Since these relations hold for driving processes in finite time intervals,
they are thus called transient fluctuation theorem. These results are closely related to an earlier
work by Bochkov and Kuzovlev around 1980 [48, 49, 50, 51]. The experimental verification of
these relations were carried out with single-molecule manipulation experiments [52, 53, 54]. The
Jarzynski equality has many applications, including (i) the development of numerical methods for
estimating free energy differences in computational chemistry and physics [55], (ii) the analysis of
single-molecule experiments [52, 53]. Detailed accounts of fluctuation theorems are presented in
the reviews by Evans and others [56, 57, 58, 59].
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The fluctuation theorems have similar structure, concerning relations between the probabilities
of forward and time-reversed trajectories [60]. They are as a consequence of microreversibility, a
fundamental symmetry of Nature. They can be considered as a generalization of the second law
of thermodynamics. Close to equilibrium, the fluctuation theorems reduce to the well-known
fluctuation-dissipation relations such as the Green-Kubo relation for the transport coefficient.
Moreover, they also implies the Onsager reciprocal relations as well as the generalized nonlinear
ones up to arbitrary order [29, 61].

1.2 Outline

The purpose of the present thesis is to study the charge transport in mesoscopic systems with
three aims: (i) investigating the current fluctuations and their implications; (ii) elucidating the
influence of long-range electrostatic interaction between charged particles on the transport behav-
ior; (iii) with the settings of semiconductor devices, exploring their practical functionalities. The
fluctuation theorem can be derived from two fundamental ingredients: the time-reversal symmetry
of microscopic dynamics and the fact that thermal equilibrium is described by the Gibbs canonical
ensemble. The electrostatic interaction between charged particles is evidently beyond these two
fundamental ingredients, so it is reasonably hoped that new constraints on the fluctuation theorem
can be found. In particular, we are also interested in the extreme case where the electrostatic
interaction between charged particles can be safely neglected. Besides, the functionalities of the
semiconductor devices not only depend on the charge transport obeying fluctuation theorem, but
also on the detailed space- and charge-configurations. Therefore, the possible achievements with
respect to the second and third aims constitute the main highlights of this thesis.

The thesis is organized as follows. In Chapter 2, the general preparatory knowledge for the
remainder of the thesis is presented. Chapter 3 deals with the coarse graining of systems in
nonequilibrium steady state. This endeavor is similar in spirit to the characterization of systems
in equilibrium with a few parameters, such as energy, volume, temperature and the like. In this
chapter, a system in contact with several particle reservoirs is coarse grained such that two constant
transition rates are introduced to describe the long-time behavior of particle exchanges between
any pair of reservoirs. Based on this coarse-grained model, the counting statistics is performed to
establish the fluctuation theorem. Moreover, a somewhat more detailed stochastic model having
a single random state variable is used to test the validity of the coarse-grained model. In this
model, the transition rates have linear dependence on the state variable. In Chapter 4, we study
the transport of charged particles in conductive channels with a twofold purpose. One is to present
a stochastic approach for the charge transport at the mesoscopic level. This approach was first
introduced in Ref. [62], and serves in this thesis as a paradigmatic example for developing more
sophisticated approaches in subsequent chapters. Another is to further test the validity of the
coarse-grained model in this system where the transition rates are nonlinear due to the electrostatic
interaction between charged particles. Like the situation of a dilute gas, the electrostatic interaction
is found to diminish as the charge density becomes lower, and in the low-density limit the linear
transition rates are recovered. Chapters 5 and 6 are respectively devoted to the studies of charge
transport in the p-n junction diodes and bipolar n-p-n junction transistors. In these two chapters,
the preceding stochastic approach are extended to account for both the transport of electrons and
holes, as well as the generation-recombination process between them. Apart from the fluctuation
relation for currents and its implications, we particularly focus on the realization of the practical
functionalities of these two semiconductor devices in the framework of the extended stochastic
approach. Chapter 7 treats the charge transport in a system of three mesoscopic tunnel junctions
coupled with a quantum dot or conductive island. This system has one random state variable and
the transition rates are nonlinear. Thus, it allows the study of fluctuation theorem by numerically
obtaining the cumulant generating function for charge transport as the leading eigenvalue of the
modified evolution operator including the counting parameters. Moreover, the Coulomb blockade
effect on the transport properties under certain conditions is also investigated. Concluding remarks
are given in Chapter 8.



Chapter 2

Generalities

In this chapter, generalities are presented. They include the fluctuation theorem and its impli-
cations, the central limit theorem, the techniques that are essential for analyzing and simulating
master equation systems, as well as one example of stochastic processes.

2.1 Fluctuation Theorem

Let’s consider a system S in contact with n particle reservoirs R; (¢ = 0,--- ,n — 1), as shown in
Figure 2.1. When driven out of equilibrium, the numbers of particles flowing across the system
are stochastic variables. After the system has relaxed to a nonequilibrium steady state, the joint

probability distribution of particle transfers Z; (i = 1,--- ,n—1) flowing respectively from reservoir
R; (i=1,---,n—1) to system during the time interval [0, ¢] (taking Ry as the reference reservoir)
obeys the multivariate fluctuation relation [61], reading
Pa(Z,t)
—_— 0~ A-Z 2.1
Pa(—Z,1) t—00 €XP ( ) (2.1)
where we have used the vectorial notation
Zl Al
Z= : , A= : . (2.2)
Zn—l An—l

Here, {A;} are called affinities, which are the thermodynamic forces driving the particle exchanges
from the reservoirs {R;} to the reference reservoir Ry [63]. If the whole system is isothermal at
the temperature T, the affinities are given by

Ai = B (i — o) (2.3)

where p; is the chemical potential of ith reservoir, 8 = (kBT)_l the inverse temperature, and
kg the Boltzmann’s constant. When A = 0, the system is in equilibrium where we recover the
principle of detailed balance, according to which opposite fluctuations are equiprobable. We can
define the generating function of statistical cumulants in terms of counting parameters A according
to

1
QX A) = tlggonZPA(z,t) e ME (2.4)
VA

As a consequence of the multivariate fluctuation relation (2.1), we have the following symmetry
relation,

QA A) = Q(A - X A). (2.5)
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Figure 2.1: Schematic representation of a system S in contact with n particle reservoirs
Ro, Ry, Ry, Rp1.

Such a relation can be established using the time-evolution operator that is modified to include
the parameters A counting particle transport [30, 31, 28, 64]. For nonequilibrium systems modeled
by master equation, the affinities are determined by the transition rates through Schnakenberg’s
graph analysis (see Section 2.5).

The mean currents and their diffusivities can be obtained by taking the successive derivatives
of the cumulant generating function (2.4) with respect to the counting parameters:

KA = Jim ¢ (Z0)n = HEEER (26)
Diy(A) = Jim o (120 = T 12,06 = Tt = —5 TS| 27)

where the notation () stands for the sample average over the data from the counting statistics.
By definition, the diffusivities satisfy the symmetry relation D;;(A) = Dj;(A).

2.2 Thermodynamic Entropy Production

For nonequilibrium thermodynamics at the macroscale, the entropy production [65, 66, 67] is iden-
tified as the sum of affinities multiplied by the corresponding mean currents in units of Boltzmann’s
constant. In nonequilibrium steady states, the mean currents can be evaluated in the following
way,

J(A) = lim - ZPA (Z,t)Z Z(t), (2.8)

t—oo t t

where the ergodicity with respect to the probability distribution Pa(Z,t) is assumed in the last
equality. According to the multivariate fluctuation relation (2.1), the entropy production rate is
given by

1 d;S B PA(Z t)
A J(A) = Jim - ZPA (Z,1)1 PalZD) (2.9)

in terms of the Kullback-Leibler divergence between the distributions Pa(Z,t) and Pa(—Z,t).
Equation (2.9) is always non-negative, which is in accord with the second law of thermodynamics.
In this respect, the entropy production implied by the fluctuation relation can serve as a measure
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of the breaking of the time-reversal symmetry of nonequilibrium probability distribution Pa(Z, ).
In equilibrium where A = 0, detailed balance is recovered since Po(Z,t) ~ Po(—Z,t) by the
fluctuation relation (2.1), and the entropy production rate (2.9) is vanishing together with the
affinities (2.3) and the mean currents (2.8).

2.3 Symmetry Relations for the Response Properties
The fluctuation theorem provides a unified framework for deducing the Onsager reciprocal relations

and their generalizations to the nonlinear transport properties [68, 29, 69, 70, 71]. For this purpose,
we expand the mean currents in power series of affinities as

1
Ji = ZLMAJ» + 5ZMi,jkAj,ax,ch--- (2.10)
J Jik
in terms of the response coefficients defined by
aJ; QX A)
L, = _ TEAA) , (2.11)
’ DA; A=0 OXidA; A=A=0
0%J; PN A)
M = — 2t — %) , 2.12
T A4 [ \_y  ONOADAL |\ a_o (2.12)

where we have made use of Eq. (2.6). {L; ;} are the so-called Onsager linear response coefficients,
which characterize the linear transport properties and {M; ;i } are the nonlinear response coef-
ficients of second order in the affinities. We note that M; ;i = M;; by the definition of these
coeflicients. The response coefficients of higher order can also be introduced in a similar way.

If we take the derivatives of the symmetry relation (2.5) of the fluctuation theorem with respect
to A; and Aj, we find that

8%Q 0%Q 0%Q
; = — A—X\A) - A—-— XA 2.1
which can be further reduced to
0%Q 0%Q
by setting A = A = 0. So, we obtain
1 0%Q
9= g, 0 (219

Because of Eq. (2.7), we can get the fluctuation-dissipation relations
L;; = D;;(0), (2.16)
and thus the Onsager reciprocal relations [16, 17, 18]
L;;=1Lj,. (2.17)

If we take a further derivative of the identity (2.13) with respect to A before setting A = A = 0,
we find

M; jx = Rijx + Rk j (2.18)
in terms of the linear response coefficients of the diffusivities around equilibrium defined by
0D;,; 1 03
Ryp= Lol 198 ) (2.19)

T O0Ak Ay 20MONOA
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The Onsager reciprocal relations (2.17) as well as the relation (2.18) find their origin in the mi-
croreversibility underlying the fluctuation theorem for currents [68, 32, 57, 58, 59, 61]. The gener-
alization of these relations to higher cumulants and higher nonlinear response coeflicients can be
deduced.

2.4 Central Limit Theorem

According to the central limit theorem [72], the probability distribution Pa (Z,t) is expected to be
well approximated after a long enough time by the following Gaussian distribution,

1 1
PIN) = ———oxp |——(Z—Tt)- D - (Z— 1), 2.20
(2.1) = e | 523007 (231 2.20)
where

J1 Dy, Dis - Dina

Jo Dy Dy -+ Dgpa
J = . s D = . . . . ) (2'21)

Jn—1 Dyp_11 Dp_12 -+ Dp_i1p

are the mean currents and their diffusivities, with the elements given by Egs. (2.6)-(2.7). Substi-
tuting P(Z,t) for Pa(Z,t) into the multivariate fluctuation relation (2.1), we obtain that

‘@(Zat) —1
Z-A=ln————=7Z-D " -J 2.22
S , (2.22)
in which case the affinities are given by
A=D"'.J (2.23)

This evaluation of the affinities by means of the Gaussian approximation is only applicable when
systems are near equilibrium where the probability distribution P (Z,t) and its symmetric version
Pa(—Z,t) still share a large overlapping region in the space spanned by {Z} for large time t.
Actually, Eq. (2.23) can also be derived for systems near equilibrium from Eq. (2.10) by discarding
the terms of nonlinear responses and then substituting the fluctuation-dissipation relations (2.16)
into it, that is

J

which directly leads to Eq. (2.23). The reason why Eq. (2.23) is only valid in the linear regime close
to equilibrium lies in the fact that the central limit theorem only captures the top of the probability
distribution Pa (Z,t) with its first and second cumulants (2.6) and (2.7), although the multivariate
fluctuation relation (2.1) is a large-deviation property fully characterizing the distribution with all
its cumulants. In particular, the cumulants higher than the first and second ones are essential to
determine the tails of the distributions and thus the affinities. In this regard, a fundamental issue
is to understand the stochastic process beyond the central limit theorem. Addressing this issue
constitutes one of the themes of the thesis.

2.5 Schnakenberg’s Network Theory

Inspired by Kirchhoff’s method for linear electric circuits, scientists began to use network theory
to analyze the behavior of master equation systems in nonequilibrium steady states [73, 74, 75,
76, 77, 78, 79]. In particular, Schnakenberg developed the network theory in order to determine
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the properties of the steady state solution [78]. In his network theory of Markov jump processes,
a graph G can be associated with the master equation in such a way that each state of the
system corresponds to a vertex and the different allowed transitions w = w’ between the states
are represented by edges. In the so-constructed graph, cyclic paths are sequences of edges joining
a finite set of vertices and coming back to the starting vertex. Denoting by w the vertices and e
the edges of the graph, the affinity of the cyclic path C is defined as

wS W
=In 2.25
eel_[CWwew’) ( )

in terms of the ratio of transition rates along the path divided by the transition rates along the
reversed path. This affinity characterizes the nonequilibrium constraints imposed by the boundaries
on the cyclic path. Although the transition rates in Eq. (2.25) normally depend on the mesoscopic
states, the so-obtained affinity only depends on the macroscopic thermodynamic force which is of
physical importance. Schnakenberg’s network theory has shown that many of the fundamental
properties of a system in nonequilibrium steady state can be investigated and understood in terms
of the graph analysis associated with the master equation. Moreover, the implication of affinities
identified from the cycles of the graph leads to the establishment of the fluctuation theorem in its
early form [79].

2.6 Gillespie’s Algorithm

Gillespie’s algorithm is an exact method for generating random trajectories in Markov stochastic
processes [80]. Let’s consider a master equation system whose transition rates are grouped in
the set {k,}M . These rates are calculated according to the underlying physics. The probability
density for pth transition to occur at time 7 can be easily obtained and given by

M
P(7, 1) = Ky exp (— > k:ﬁ) : (2.26)

The whole procedure can be eventually divided into the following steps:

e Set the time variable t = 0 and calculate the transition rates according to the initial state.
Specify the "stopping time" tsop.

e By employing a suitable Monte-Carlo method, generate the random pair (7, ) according to
the probability density function P (7, ).

e Use the obtained pair (7, ) to advance ¢t by 7 and change the system state according to the
pth transition. Recalculate the transition rates according to the new state.

o Ift > ts0p, terminate the whole procedure; otherwise, go back to the second step for looping.
We now introduce the application of the Monte-Carlo method in generating a number p whose

probability is determined by the weight of the transition rate k, in the set {k,}}L,. Define the
cumulative distribution function

K(p)=> k. (2.27)

IThe library GSL provides the function gsl_ran_exponential for returning a random time step 7 according to
exponential probability law e~t/*, with k as one of the arguments.


https://www.gnu.org/software/gsl/

10 Chapter 2. Generalities

K (p) is a monotonically increasing function with K(0) = 0 and K (M) = Zﬂil k,. Let X be a
random variable whose value can be assigned by a random number generator rand()?, which is
tailored to produce random numbers that are uniformly distributed from 0 to Zyzl ky. In one
assignment, the random variable gets a value x, then the desired random number p is determined

according to the condition that

Kp—-1) <z < K(u). (2.28)

2.7 A Simple Stochastic Process

Let’s consider a simple Markov stochastic process that serves as an illuminating and illustrative
example. In this process, there are two constant rates W, and W_, corresponding to particle
transitions from the left to the right reservoir, and the reverse transition, respectively. The signed
cumulated particle transfers Z from the left to the right reservoir during the time interval [0, ¢] is
therefore the difference of two random numbers whose probability distributions are Poissonian with
parameters Ay = Wit and A_ = W_t. The probability distribution Z during the time interval
[0, t] obeys the master equation

%p(z, B = LP(Z,t) = (=% — 1) Wy + (e*92 — 1) W_] P(Z.1), (2.29)

expressed in terms of the raising and lowering operators such that et92P(Z) = P(Z £1). The
evolution operator L is thus expressed as L= ( —0z _ 1) Wi + ( +0z7 _ 1) W_, with its adjoint

operator given by Lt = ( +0z _ 1) Wi + ( 9z _ 1) W_. We can define the modified operator of
L to let it depend on the counting parameter A, reading Ly =e¢*Let™2. So we have

L\F(Z) = e [Wie 92eMF(Z) + W_et92eM F(Z)] — (Wi + W_) F(Z)
= [W+e DR(Z—1) + W_erZDP(7Z + 1)] — (W4 + W_) F(Z)

= [Wye F(Z - 1)+ W_e™F(Z+1)] — (Wy + W) F(Z)
[(e*e %7 — 1) W, + (e"e™?7 — 1) W_] F(2), (2.30)

from which we obtain the modified operator and its adjoint in the explicit forms:

Ly= (e_ke_aZ —1) Wy + (e+>‘e+8z -1)W_, (2.31)
LY = (e7e™2 — 1) W, + (eMPe 92 — 1) W_. (2.32)

According to Schnakenberg’s graph analysis, the affinity for this Markov jump process is given by
A =In (W, /W_). Thus, we find that there exists the symmetry relation

A

L\ =L, (2.33)

from which we can establish the fluctuation theorem for this Markov jump process. If W, = W_
that gives A = 0, the process is in equilibrium and detailed balance is recovered.
We now define the moment generating function of signed cumulated flux,

—+oo

G(s,t)= Y s7P(Z,1), (2.34)

Z=—00

2Pseudo-random numbers are actually used in computers. Readers are referred to Ref. [81] about seminumerical
algorithms for more detailed account. In the standard C/C++ library, the function rand returns independent
identically distributed random integers from 0 to RAND_MAX, a constant integer. This latter may take different values
on different platforms, but normally it should not be smaller than 32767. The library GSL also provides various
functions for generating random numbers.


https://www.gnu.org/software/gsl/
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whose time derivative is as follows,

+o0 too
G =W, Z —L)+Wo Y SIPZ ALt - (W + W) Y sP(Z0)
Z=—00 Z=—00 Z=—00
w_
For convenience, the initial probability distribution is taken to be P(Z,0) = dz,, so
G(s,0)= > s%0z0=1, (2.36)
Z=—00
and
W_
G(s,t) = exp |:<W+S +— Wi - W) t] . (2.37)
s
Using the generating series of modified Bessel functions [82]
U 1 =
_ z
exp {2 (9 + 9)] = Z;me I7(w) (2.38)
with
w=2t\/W,W_, (2.39)
Wy
0= — 2.40
5 W_ ’ ( )
we finally obtain the solution
Z
3
P(Z,t) = e~ WetW-)t <VV5+> Iy <2t W+W_> , (2.41)

where the modified Bessel function Iz (u) is defined as®

2/4
Iy(u)=1_y ( ) k| o (2.42)
The fluctuation relation is thus derived,
P(Zv t) AZ
— 2.43
PZt) (2.43)
holding at every time. We now define cumulant generating function,
Q) = lim —+ lnG (eMt)=Wy(1—e?)+W_(1—e"). (2.44)

t—o0

It can be easily check that Q()\) = Q(A — X\) which is implied by the symmetry relation (2.33).
The mean particle current and its diffusivity are calculated as follows,

oQ
— — W, —W._ 2.4
J= 5 . W, —W_, (2.45)
102 Wy +W_
=g AT 2.4
200 |,_, 2 (2.46)

3The Python package Scipy provides the function special.iv for modified Bessel function of the first kind of
real order.


https://www.scipy.org/
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20

—— In[P(Z,t=5.0)]
0] . In[%#(Z, t=5.0)]

-20

-40

In(Prob)

-60

-80

_10 /) ‘\
-q.OO -75 -50 -25 25 50 75 100

Figure 2.2: Comparison in logarithm scale between the probability distribution P(Z,t) and Z(Z,t)
whose explicit form are given by Eq. (2.41) and Eq. (2.47), respectively. For Eq. (2.41), the
parameters take the value W, = 2.0, W_ = 1.0. Correspondingly, J = W, —W_ = 1.0, D =
(Wi +W_)/2 = 1.5 are the parameter values for Eq. (2.47).

The Gaussian approximation of the probability distribution (2.41) is

_Z-J tf] , (2.47)

P(2,t) = 4Dt

1
ex
Var Dt P

with the J and D given by Eqgs. (2.45)-(2.46). Figure 2.2 shows the comparison between the distri-
bution (2.41) and its Gaussian approximation (2.47) in logarithm scale. In this figure, the deviation
between the two distributions is very clear in the tails. This has been explained in Section 2.4
when saying that in the Gaussian approximation (2.47) there is an absence of cumulants higher
than second order, which are essential to characterize the tails of probability distribution (2.41).
Fortunately, according to Egs. (2.45)-(2.46), the values of the two constant transition rates W, and
W_ can be fully determined by the mean current J and its diffusivity D which can be numerically
evaluated in counting statistics through their definitions (2.6)-(2.7). Therefore, the affinity can be
calculated by

W, D+<4 g 1 (TN
A=Inot =1 2 L () 4. 2.4
"wo T "D D+12(D> + (248)

If the process is near equilibrium, J/D is very small and thus the affinity can be estimated from
Eq. (2.48) by discarding the nonlinear terms due to their negligible contributions, that is

A~ ok (2.49)
which can be directly obtained by comparing the probabilities of opposite fluctuations from the
Gaussian (2.47) according to the definition of the fluctuation relation (2.1).

It is here pointed out that, in order to increase the speed of numerical simulations, in following
chapters, the Markov stochastic process for the time evolution of the considered system is trans-
formed into the corresponding Langevin stochastic process (see Appendix B). In this way, only
Gaussian distributions can be obtained from counting statistics in simulation, supposing that infi-
nite number of data is available. So, one should be cautious in testing the fluctuation theorem from
the data-constructed distributions according to its definition. This can be easily seen if the Markov
stochastic process (2.29) is reduced to Langevin stochastic process for numerical simulation.

Further investigations about the determination of affinities from the first and second cumulants
of the probability distribution is presented in the next chapter.



Chapter 3

Two Stochastic Models

We have seen in Section 2.7 that for two-reservoir systems where the process of particle exchanges
is characterized by two constant transition rates, the mean particle current together with its
diffusivity can be used to recover the two rates and therefore the affinity. The superiority of this
method over the Gaussian approximation of the probability distribution has also been demonstrated
in this case. This motivates the need to develop a generalized method for systems in contact with
arbitrarily many reservoirs.

In this chapter, we study and compare two different Markov stochastic models in order to
understand whether the multivariate fluctuation relations are satisfied at finite times or asymptot-
ically at long enough times, and what are the implications of such relations. The first stochastic
model is a natural extension of the process discussed in Section 2.7. In this model, the stochastic
particle exchanges between reservoirs involve no internal variable and are characterized by con-
stant transition rates. The required conditions about these transition rates are obtained in order to
satisfy the multivariate fluctuation relation. Moreover, these conditions are used in evaluating the
affinities from the mean currents and their diffusivities. In the second stochastic model, there are
three reservoirs and a single internal random variable. The transition rates are linearly dependent
on fixed particle concentrations at reservoirs or on the internal random number of particles. By
comparison, we find that the long-time behavior of particle exchanges between the reservoirs can
be described by the first stochastic model in a coarse-grained way. In addition, the finite-time
fluctuation relation for the second stochastic model is established.

3.1 Model With Constant Rates

For a general nonequilibrium steady-state system in contact with n reservoirs (see Figure 2.1),
a model at the highest non-trivial level of coarse graining can be used to approximate the full
description of particle transitions through the system. In such a coarse-grained model, two equiva-
lent transition rates are hypothesized to exist between any two different reservoirs in the long-time
limit, that is

Wij
R; R, i, j =0, ,n—1;i# 7. (3.1)

3.1.1 Counting Statistics
The counting statistics is performed for particle transfers between the n—1 reservoirs (i = 1,--- ,n—

1) and the reference reservoir (i = 0) during some time interval [0, ¢], and the numbers of particle
transfers are denoted in vectorial notation by Z = (Z1,--+,Z,-1). The time evolution of the
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probability distribution P(Z,t) is ruled by the master equation

d n—1 ~
&P(Z,t) = { ; [WiO (e azi — 1) + WOi (e+aZz‘ — 1)]

n—1 n—1

+3 Y [Wij (e_azie+62j _1)+Wji (e_azje""azi —1)] }P(Z,t). (3.2)

i=1 j=i+1
The moment generating function of the signed cumulated fluxes is defined as [83]

+oo
G(Slv"' 7sn717t) = Z Slzl 552711 (Zlv"' 7Zn717t)a (33)

Z1,yee ydp—1=—00

whose evolution equation can be deduced from Eq. (3.2), reading

?

n—1
Woi
9G(s1, + ,8n-1,t) = lz <W1:051' + s? - Wio — Wm’)

1
n—1 n—1 5 s
+ . Z (stl + W]Z;jz — Wij — Wji> G(Sl, cer L 8p_1,t). (3.4)

J

With the initial condition
P(Z1,"' ,Zn_l,t:())2(52170"'(52717170 and thus G(Sl,”' ,Sn_l,tZO):l, (35)

the solution is easily to be found, i.e.,

n—1
Woi
G(s1, +  Sn-1,1) ZGXP{ lz (Wiosi + S(_J — Wio — Wm‘)

Subsequently, we can obtain the cumulant generating function

1
QO A1) = lim =2 G (7o e ™M)

n—1

Z [WZO (]. — e_’\'i) + Wm (]. — e/\")}

i=1

+ i X_j [(Wij (1 —e M F2) + Wy (1— M), (3.7)

i=1 j=i+1

which, under the condition of our hypothesis, can be regarded as a general form of cumulant
generating function for any specific system in the sense that every possible transitions are allowed
between the reservoirs. From the general cumulant generating function (3.7), we have the symmetry
relation

QM- A1) = QA1 — A, - Ao — A1), (3.8)

with the definition

(3.9)
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if the following conditions are satisfied,

AZ‘ — Aj =1In (310)

The symmetry relation (3.8) is now seen as a result of multivariate fluctuation relation, and thus
A; is identified as the affinity between the reservoirs R; and Ry (this latter considered as the
reference reservoir), which automatically leads to the required conditions (3.10). As such, the
affinity between the reservoirs R; and R; can therefore be given by

W;
Aijj=1In WJZ

(3.11)

So, in order to obtain the affinities between any two reservoirs, we must first determine the value
of the transition rates {W;;}. There is a total of

S=n%-n (3.12)

such transition rates. Our task is to find S conditions from which the values of {W;;} can be
determined. As shown above, the required conditions (3.10) gives the affinity relations

Aij + Ajr = A, (3.13)
which correspondingly lead to
WijokW]m‘ — WjiijWik =0. (314)

For a n-reservoir system, we can write down

S; == (n? —3n+2) (3.15)

~— l\')\l—‘

independent affinity relations such as (3.13). Additionally, from the consequences of the central

limit theorem, we can establish

So = % (n®+n— 2) (3.16)

conditions for the rates {W;;}. Surprisingly, it can be easily verified that
S1+ 85y =25. (317)

So all the necessary independent conditions are found. Detailed accounts about these S conditions
are given in following two subsections. Generally, these conditions constitute a set of nonlinear
equations which can be numerically solved with the Newton-Raphson method (see Appendix E).
After obtaining the numerical value of all transition rates {W;;} as roots, the affinities between
any two reservoirs can be evaluated by Eq. (3.11).

When evaluating the affinities, we now compare the computational/experimental expenses be-
tween this indirect method and the direct method which is based on the fluctuation theorem,
supposing that both methods are operationally feasible. Clearly, the indirect method developed
here above is much cheaper since it is using a finite number of quantities, although the direct
method is instead using a whole probability distribution.

3.1.2 Affinity Relations

We now introduce a convenient procedure to find all the independent affinity relations (3.13).
For a n-reservoir system, we can have a polygon with n vertices by analogy, with each vertex
corresponding to a reservoir. Each affinity relation (3.13) is represented by three vectors zy ]k
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Figure 3.1: Polygon representation of a n-reservoir system which facilitates the process of finding
all the independent affinity relations (3.13). Here, a pentagon (n = 5) is shown as an illustrative
example.

and z'_l%, forming a triangle A(;jx). Thus, the question has now been transformed into the problem
of finding all the independent triangles within the associated polygon. Here, by "independent"
we mean that any triangle can not be represented by other triangles through vector analysis. A
pentagon corresponding to 5-reservoir system is taken as an illustrative example (see Figure 3.1).
We describe the procedure in the following steps:

e Starting from vertex (0), sequentially draw vectors to vertices (2), (3), to the left-hand side
of which we can find the triangles A 21y and Ag3z);

e Starting from vertex (1), sequentially draw vectors to vertices (3), (4), to the left-hand side
of which we can find the triangles A 132y and A(143);

e Starting from vertex (2), there only exists one vector to vertex (4) to the left-side of which
we can find the triangle A (43);

e Combining the triangles found above and the pentagon itself, we can still find an extra
independent triangle A 34

So, there exists 6 independent triangles which is equal to the number of vectors inside the pentagon
plus one. The reason for the extra one is evident when the polygon itself is a triangle. Generalizing
to the polygon with n vertices, there is a total of

S1==(n"-3n+2) (3.18)

N | =

independent triangles, from which we can write down all independent affinity relations.

3.1.3 Consequences of the Central Limit Theorem

The Markov jump process can be approximated by a Langevin stochastic process in the limit of
large cumulated fluxes (|Z;| > 1 for all indices ). In this approximation, we expand the raising
and lowering operators in the master equation (3.2) up to the second order. Therefore, the Fokker-
Planck equation

n—1 n—1 n—1 n—1
1
22 =Y l ) (WijWﬁ)]azi@+ > |5 2 (Wij+Wji)]a%f@
i=1 =0 1=1 J=0,j#1i

n—1 mn-—1
1
+ Z Z l 3 (Wi; + Wji)‘|aZ,;aZj<@ (3.19)

i=1 j=1j
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is derived for the time evolution of the probability density &?(Z,t). The solution of this Fokker-
Planck equation (3.19) is nothing but the Gaussian distribution (2.20) whose governing equation
can be explicitly expressed as

8P =-V-IP)+V- (D - VP), (3.20)

where V is the gradient operator defined as (9z,,- -+ ,9z,_, ). Comparing Eq. (3.19) and Eq. (3.20),
we get

n—1
Ji= > Wiy =Wi) =l (3:21)
=057
1 n—1
Dii:§‘z ‘(Wij'f'Wji) i=1--,n—-1, (3.22)
Jj=0,j#i
1
Dij:_i(Wij‘i'Wji) hj=1-,n—1i#j, (3.23)

with the values of the mean currents {J;} and their diffusivities {D;;} being numerically evaluated
in counting statistics by Eqs. (2.6)-(2.7). These relations constitute

Sy = % (n®+n—2) (3.24)

independent conditions. Using Eqgs. (2.6)-(2.7), the relations (3.21)-(3.23) can also be directly
deduced from the cumulant generating function (3.7) without invoking the central limit theorem.

3.1.4 Fluctuation Relation

If we denote by X;; the particle numbers transferred during the time interval [0, ¢] from the
reservoir I2; and R;, the number of signed cumulated particle transfers from the reservoir R; to
the remaining part of the system can be expressed as

n—1
Zi(X) = Y (X - X) i=1,---,n—1, (3.25)
Jj=0,j#1i
where X = {X;;}. The mean value of the number X;; is given by (X;;): = W;;t in terms of the
corresponding rate W;;. These numbers X;; can be supposed to have Poisson distributions

X
Xij)e ”

. — o (Xt <
P(Xij,t) =e X, (3.26)

Now, the probability distribution ruled by the master equation (3.2) can be written as

P(Z1, -+ Zn—1,t) = ZH(SZi,Zi(X) HP(Xijat)- (3.27)
X i i#j

In this case, the moment generating function (3.3) is indeed given by the solution (3.6) of Eq. (3.4),

as can be verified by direct calculation. Therefore, the stochastic process is here a superposition
of several Poisson processes.

The fluctuation theorem can be directly proved starting from the expression (3.27) and using the

change of summation variable X;; = X ]’z As a consequence, we have that Eq. (3.25) is equivalent

to Z; = = Zy(X') = 320 (X}; — X};). Therefore, using Eq. (3.26) and (3.10), Eq. (3.27) becomes

SCTT 3)) (P SRy (D SRR
X’ i#j Jv
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Now, we have that

Z(A —Aj) ZA Z ~-X};) = ZAiZZ- =A-Z, (3.29)

i£] i j(#£1)
hence the fluctuation relation

¢%Z’ﬂ __eAZ

Pt (3.30)

which holds exactly at every time. However, the coarse-grained model with constant rates is
meant to describe the behavior of particle exchanges through the system in the long-time limit,
the asymptotic form of multivariate fluctuation relation (2.1) for the probability distribution of
currents flowing across the system can be naturally established from Eq. (3.30).

3.1.5 Proof of Consistency for Systems Near Equilibrium

We now prove that the method developed with the above coarse-grained model (3.1) is exactly
valid for any system near equilibrium in terms of evaluating affinities. Let’s consider a system
which is in equilibrium, then the affinities between any two reservoirs are equal to zero, and the
currents vanish. We now apply a small perturbation to this system through minor changes in the
values of the affinities, then the currents can be expressed as linear responses of affinities, i.e.,

n—1
b
§J; =3 Li ;oA (3.31)
j=1
where {L; ;} are the Onsager linear response coefficients and {Agt)} denotes the theoretical affinities
that are actual ones. Here, we have reasonably omitted the nonlinear terms due to their very

insignificant contribution. Considering the fluctuation-dissipation relations (2.16), we can further
write Eq. (3.31) as

n—1
3J; =3 DoAY, (3.32)

Jj=1

where {D;;} are the diffusivities of currents for the system in equilibrium. Let’s now turn to the
coarse-grained formalism (3.1). The equilibrium condition implies that

Z Wij, Dy =W = =Wy, (3.33)
Jj=0,j#i

so the variation of the numerical affinities Al(;’) = In(W;;/W;;) around equilibrium is as follows,

Wi\ Wi oWy 1
SAW =5 () =200 20 SWy; — 6Wi,) . 3.34
Y ( ! Wji) Wi Wi Wy (W ) (334

With Egs. (3.33)-(3.34), 6J; can also be expressed as

n—1

6J; = Z (Wi — Z lemw— Z VVchA(-;). (3.35)

Jj=0,j#1i Jj=0,j#i Jj=0,j7#i
Because of 5A§?) = 5Agn) - 5A§-n), §J; can be further expressed as

n—1 n—1

6di= Y Wi (641 —sal) = Z WiysA™ — 3 wieAr, (3.36)

J=0,j#i J=0,j#i J=0,j#i
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Due to Eq. (3.33), we reach the final desired form of §J;, i.e.,

5.J; = D6 A™ + Z DA = ZDU(SA : (3.37)
J=1,j#i

Comparing Eq. (3.37) with Eq. (3.32), we immediately conclude that
sA™ =54, (3.38)

which means that the numerical affinities Agn) evaluated as In(W;o/Wy;) can be identified as the
actual ones for systems near equilibrium.

3.1.6 Response Properties

The time-reversal symmetry relations in Section 2.3 can be obtained for the linear and nonlinear
response coefficients of the stochastic model with constant rates. The mean currents (3.21) can be
expressed in terms of the affinities given by Egs. (3.9) and (3.10) according to

Ji=Woi (e = 1) + > Wiy (474 —1) = > Wiy (e~ — 1) (3.39)
k>i k<i

The diffusivities (3.22) and (3.23) are similarly given by

Dy = Wm( P+ 1) Zsz A e 1 1) 4+ ZWM (et 1), (3.40)
k>1 k<7,
1
Dyj = =5 Wi (et=4 +1) for i< j. (3.41)
The linear response coefficients (2.11) are thus taking the following values,
L;; =Wy + Z Wi + Z Wik, (3.42)
k>i k<i
Li,j = Lj,i = _Wji for 1< 7, (343)

so that the fluctuation-dissipation relations (2.16) and Onsager reciprocal relations (2.17) are
satisfied in the linear regime close to equilibrium. Beyond, the nonlinear response coefficients (2.12)
have the following expressions,

z it WOz + Z sz Z Wzkn (344)
k>i k<i
Miﬂ'j = Mj,iz’ = 7Mi,jj = 7Mj7j1', = *Wji for 1 < j, (345)
Mi,jk: =0 for ) 7& ] 7é k‘, (346)
while the first responses (2.19) of the diffusivities are here given by
1 1 1
Riii:*Wi — Wi_* VVZ‘7 3.47
=gty Z M Z b (8.47)
k>1i k<i
1

R“"j = Rij,i = —Rij’j = —Rjj,i = _EWji for 1< j, (348)
Rij,k =0 for ) #] 7é k, (349)

so that the symmetry relations (2.18) are also satisfied, since M;;; = 2R;;; for i = j = k,
M; ;5 = 2Ry for j = k, My ;; = Ry j + Ry for k=4, and 0 = 0 for ¢ # j # k. These results
confirm for the model with constant rates that the nonlinear response coefficients of the mean
currents can be expressed in terms of the first responses of the diffusivities, as a consequence of
the multivariate fluctuation relation (2.1). These results will be used in the next section devoted
to a more complicated model.
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3.2 Model With Linear Rates

In this section, we consider a Markov stochastic model where the transition rates depend linearly
on an internal random variable N, representing the occupancy of the system by particles. This
model is used as an example to show how we evaluate affinities. The system is in contact with
three particle reservoirs Ry, R and Rs, which are here seen as spatial regions with fixed volume
and particle density. Correspondingly, the particle numbers inside the reservoirs are constant in
time, and denoted by the same notations Ry, R; and Ry for convenience.

3.2.1 Master Equation

The process of particle transitions in the whole system is schematically depicted by the kinetic
network

ki1 k_o
Rl N RO
b ko 3.50
ko 1] ks ( )
R,
with the transition rates given by

W (V) = ksoRo, W (N) = k_oN, (3.51)
WION) = kR, WION) = kN, (3.52)
Wi (N) = k2 Ra, Wi (N) = k_»N. (3.53)

The injecting rates {WZH)} are independent of the internal state N of the system because they
are all determined by the particle concentration of the corresponding reservoir. In contrast, the

releasing rates {Wi(f)} do depend linearly on the system state N. The probability distribution of
the internal state NV of the system is ruled by the master equation

2
—7? N =Y [ (e — 1) W(N) + (7 1) W.(*)(N)} P(N,1). (3.54)

i
=0

The evolution equation for the mean value (N) can be deduced from the master equation (3.54),
reading

d
&<N> = (k_;,_oRo + k’+1R1 + k+2R2) — (k_o +k_1+ k_g) <N> (355)

Consequently, the mean value in the steady state is given by

kyoRo + k41 Ry + k42Ro

N)g =
(V) E_o4+k_1+k_2

(3.56)

Since the rates {W } are linear functions of the system state variable NN, the kinetic equa-
tion (3.55) is linear. The stationary solution of the master equation (3.54) is thus given by the
following Poisson distribution,

_ N
Pa(N) = o=t N>' : (3.57)

3.2.2 Graph Analysis and Affinities

The graph associated with the kinetic network (3.50) is depicted in Figure 3.2. Taking the event
of a particle transfer from the reservoir R; to the reservoir Ry as an example, the cyclic path and
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Figure 3.2: Graph associated with the kinetic network (3.50).

its reversed path are

C:(N) o (N +1) Wy, (N), (3.58)
W W
C":(N) 2 (N +1) —— (N). (3.59)

Then, according to Schnakenberg’s graph analysis, the affinity between the reservoirs R; and Ry
is given by

w N W (N + 1) ki1Rik_o

A1 = A10 =In =1In . (360)
Wé-‘r)(N)Wl(—)(N +1) kioRok_1
Similarly, we have
k+2R2k_0
Ay = Ayg=In ——, 3.61
2 20 FeoRok 2 (3.61)

which is the affinity between the reservoirs Ry and Ry.

3.2.3 Counting Statistics

For the Markov stochastic process (3.50), let us introduce the probability distribution P(N, Z;, Zs, t)
to have N particles at time ¢ and signed cumulated fluxes Z; and Zs, respectively from reservoirs
Ry and Ry towards the system. This probability distribution evolves in time according to the
following extended master equation,

%P(N7 Z17 Z27t) = |: (eiaN - 1) k_l,_ORO + (e+aN - 1) k'_oN
+ (e e % — 1) kg Ry + (eFNe™0% — 1) kN
+ (e7e 972 — 1) kyoRy + (etPVet922 — 1) k,QN]P(N, Zv, Z,1). (3.62)

Let us define the moment generating function of the signed cumulated fluxes [83], reading

o] “+oo
G(s,81,892,t) = Z Z stlzISQZQP(N, Z1,Za,t), (3.63)
N=0 Zl,Zzzfoo

and set the initial condition according to the steady state distribution, i.e.,

N N
P(N,Zy,Zy,t =0) = e (Nst % 02,,002,,05 (3.64)

so that

G(s, 51,89, = 0) = eNV)st(s=1), (3.65)
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Then, from the master equation (3.62), we get the evolution equation for the moment generating
function

6tG(S, 81, S2, t) = []CJ,_()RQ(S — 1) + k+1R1(581 — 1) + k+2R2(852 — 1)} G(S, 81, S2, t)

1 1
+ |k_o(1—5)+k_ (s - s) +k_o <S - sﬂ 0sG(s, $1, 52, 1), (3.66)
1 2
which can be written in the following form,
G = (As — B)G + (C — Ds)0,G (3.67)
with
A= k‘_H)R() + k‘+1R181 + ]41+2R282, (368)
B =FkioRo+ ki1R1 + ki2Ro, (369)
k_ k_
C=k o+ —L4 =2 (3.70)
S1 S92
D=k _og+k_1+k_o. (3.71)

Obviously, we note that B = A(sy = s = 1) and D = C(s; = sg = 1). This first-order partial
differential equation with given initial condition can be solved using the method of characteristics
[83]. Accordingly, Eq. (3.67) is reduced to two ordinary differential equations:

% — (As— B)G, (3.72)
d
£ = —C + Ds, (3.73)

from the initial condition Gy and sg that are coupled together by Eq. (3.65), which reads Gy =
exp [(N)st(so — 1)] with (N)s = B/D. Integrating these ordinary differential equations and elim-
inating Gy and sg, we obtain the solution

AC-BD B (A-B)C

G(s, 81, 82,t) =exp {t D D Fo8

(1= )]

B _, A D
X exp { {De 'y D (1—e t)} s} . (3.74)
The cumulant generating function
BT 1 A1 —Xo . B.D - AC
Q(A\1,N\2) = tli)rgo—g InG (1,e M, e t) = —5 (3.75)

is therefore obtained with
A=kioRy+ ki1 Rie ™ 4 kioRoe 2, (
B=kioRo+ky1R1 + kyoRa, (
C =k_o+k_1eM + k_se™, (3.78
D=k _o+k_1+k_o. (

In Eq. (3.75), we have put s = 1 and this, according to the definition (3.63), amounts to summing
over the probability distribution of V. If we make the following identification

k’+1R1k’_0 k+QROkI_1
Wio = , Wi = , 3.80
10 k_o+k_1+k_2 o1 k_o+k_1+k_z ( )
kpoRok_o ko Rok_o
Wy = , Woe = , 3.81
T kot k1 + ko P Tk o+ ko1 + ko (3:81)
ki1 Rik— kioRok_
Wio = o2 Way = r2 2l (3.82)

k_o+ko1+k_o’

k_o+ ko1 4+ ko’
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then the cumulant generating function (3.75) becomes

QA A2) =Wig (L —e ™) + Wag (1 —e ) + Wip (1 —e 1 42)
+ Wor (1 — e+>‘1) + Wos (1 — e+>\2) + Way (1 — e+’\17/\2) s (383)
which has the same form as Eq. (3.7) with n = 3. So, the quantities given by Eqs. (3.80)-(3.82) are

the corresponding global transition rates between different reservoirs. Consequently, a symmetry
relation such as (3.8) is here also satisfied, reading

Q(A,A2) = QA1 — A1, Az — o), (3.84)
with the affinities
Wio kiiRik_o
A=A =1 =1 3.85
! =" Wo1 " kioRok—1’ (3.85)
Ay = Ay =1In Woo _y, Freflako (3.86)

Wo2  kyoRok—2’

which are equivalent with those of Egs. (3.60)-(3.61) given by Schnakenberg’s graph analysis. This,
to some extent, supports the hypothesis made at the beginning of Section 3.1.

3.2.4 Finite-Time Fluctuation Relation

We observe that the moment generating function (3.74) with s = 1 has the same structure as the
function (3.6). This observation suggests that the stochastic process is here also a superposition
of Poisson processes of type (3.26). Indeed, since Z; = X9 — Xo1 + X12 — X271 and Zy = Xo9 —
X02 + X21 — )(127 we may write

v,
G(S =1,s1, Sg,t) — E sflo—X01+X12—X21s§20—X02+X21—X12 He—wy % (387)
{Xi;} i3] Y

to obtain

1
G(S = 1,81, SQ,t) = exp [Vlo (81 — ].) —+ Vo1 (8 — 1) —+ V20 (82 — ].)
1

1
+ Vo2 ( - 1> + vi2 (51 - 1) + va (52 - 1) ] (3.88)
S9 82 s1

Comparing to expression (3.74) with s = 1 and the coefficients (3.68)-(3.71), we can identify the
parameters {v;;} of the Poisson distributions as

vio0 = (X10)¢ = Wiot + (Wi1 + Wia) %, (3.89)
vo1 = (Xo1): = Wort + (Wi + Way) %, (3.90)
Voo = (Xao)t = Waot + (Waz + Way) %, (3.91)
Vo2 = (Xo2) = Woat + (Wag + Wia) %, (3.92)
V12 = (Xi2)t = Wia {t - "Lf)ﬂ] : (3.93)

var = (Xo1)e = War {t - fg)] ; (3.94)
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in terms of the rates (3.80)-(3.82), the further quantities
kyiRik_;

Wi = A S for i=1,2, (3.95)
and the function
f(t)=1—exp(—Dt). (3.96)
We note that the relation
vo1 (t)via(t)vao(t) = voo(t)var (t)vio(t) (3.97)

is implied by the time-dependent parameters (3.89)-(3.94) of the Poisson distributions. If we
introduce the time-dependent affinities as

~ Vlo(t)
Aqo(t) =1 3.98
10(t) D (3.98)
~ V20 (t)
Ago(t) =1 , 3.99
20( ) n l/og(t) ( )
~ Vlg(t)
Aia(t) =1 3.100
12( ) n Vo1 (t) ) ( )
in terms of the parameters (3.89)-(3.94), we thus have the property that
AA(t) = Apa(t) — Ago(t) + Ago(t) = 0. (3.101)
The signed cumulated particle transfers between the three reservoirs are defined as
AXlO = X10 - X()l, (3102)
AXQO = X20 — XOQ, (3103)
AXlg = X12 — X21, (3104)
whose joint probability distribution is given by
i
P(AX10, AX20, AX12,t) = Z OAX10,X10—X019AX20,X20— X02OAX12, X12— Xa1 Heﬂ’” -
(X5} i#] Y
(3.105)

Comparing with the probability distribution for the opposite fluctuations of the signed cumulated
particle transfers, we deduce the following finite-time trivariate symmetry relation,

P(AX10, AXap, AX12,1)
P(—AX19, —AX2, —AX12,1)

which holds at every time in terms of the time-dependent affinities (3.98)-(3.100). Since the
numbers of particle transfers from the reservoirs ¢ = 1,2 to the remaining part of the system
are given by Z; = AXyo + AXy2 and Zy = AXyy — AXys, the finite-time trivariate fluctuation
relation (3.106) can be written equivalently in the following form,

P(_Z17 _227 _AX127 t)
in terms of the quantity (3.101) that vanishes. Consequently, the right-hand side of Eq. (3.107)

no longer depends on AXjy. Therefore, multiplying Eq. (3.107) by P(—Z1,—Z2, AX12,t) and
summing over AXis to form the marginal probability distribution

= exp [AlO(t)AXlo + AQO(t)AXQO + Alz(t)AXlg] y (3106)

= exp [Alo(t)Zl —+ AQO(t)ZQ + AA(t)AXlg} 5 (3107)

“+o0
P(Zy, Zot) = Y P(Zy, Z2, AX1a,t), (3.108)
AXi2=—00
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we obtain the bivariate fluctuation relation

P(Z1, Z2,t)

Pt —Zop) ~ P [An(Z1+ A (D) 2] (3.100)

here also holding at every time with the finite-time affinities defined by Egs. (3.98)-(3.99). In the
long-time limit, these affinities behave as A;g = A; + O [(Dt)’l], where A; are the affinities (3.60)-
(3.61) (for i = 1,2). Therefore, the asymptotic fluctuation theorem

P(Zy, Z,t)

A ant) e (A Zy + AsoZ 11
P(—Zr, 7o, 1) t—r00 €Xp (A10Z1 + A20Z2) (3.110)

is recovered in the long-time limit, which is consistent with the validity of the symmetry rela-
tion (3.84) satisfied by the cumulant generating function. The analysis shows that the asymptotic
symmetry (3.110) is slowly approached in time with correction going as t~1, and becoming negli-
gible over time scales t > D~ = (k_g + k_1 +k_2) .

The fact that the affinities can be expressed in terms of the rates defined by Egs. (3.80)-(3.82)
as for the coarse-grained model with constant rates suggests that the affinities can be determined
from the knowledge of the mean currents and their diffusivities. We now numerically test this
using the present stochastic model with linear rates.

The Markov stochastic process described by Eq. (3.54) can be exactly simulated using the
Gillespie’s algorithm presented in Section 2.6. However, it is computationally expensive since the
particles transit one by one in the corresponding simulation. To increase the simulation speed,
the master equation (3.54) is approximated by corresponding Fokker-Planck equation under the
condition that the particle number N is very large. In this way, the stochastic process of Langevin
type can be invoked and easily implemented with standard routines. The details of this procedure
are presented in Appendix B.

In the simulation, we perform the counting statistics of signed cumulated particle transfers
Zy and Zj respectively from the reservoirs Ry and Rs to the system during a large time interval
[0, t]. The joint probability distribution of Z; and Z; is well approximated by the Gaussian
distribution (2.20), from which we obtain the numerical values of Jy, Jo, D11, Daa, and Dio
according to Eqs. (2.6)-(2.7). Gathering all the independent conditions, we have the nonlinear
equations:

Wio — Wor + Wig — Way = Jy, ( )
Wao — Woo + War — Wia = Ja, ( )
Wio + Wor + Wiz + Way = 2Dy, ( )
Wao + Woo + War + Wig = 2Do;, (3.114)
Wiz + War = —2Dxo, ( )
Wo1Wi2Wag = WoaWa1 Who, ( )

which can be numerically solved using the Newton-Raphson method (see Appendix E). Here,
Eq. (3.116) can also be naturally recovered from the long-time limit of the time-dependent re-
lation (3.97). After finding roots of these nonlinear equations, we can readily obtain numerical
affinities through

Wio

Al = Al() =In Wiol, (3117)
W-
Ay = Agy = In W—E‘; (3.118)

In Table 3.1, we present the comparison for several pairs of numerical affinities (3.117)-(3.118) and
theoretical affinities (3.60)-(3.61). The agreement of each pair of affinities confirms the control of
the counting statistics by the first and second cumulants for the stochastic model with linear rates.
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Table 3.1: Model (3.50) with linear rates: Comparison between numerical affinities Ag“), Aén) given
by Egs. (3.117)-(3.118) and their theoretical predictions Agt), Agt) given by Eqgs. (3.60)-(3.61). We
set k1o = ki1 = kyo = 1 in the transition rates (3.51)-(3.53) for numerical simulation. The
numerical affinities are computed from the statistics carried out over time interval [0, ¢ = 100] with
2 x 10° data. Here, the parameter values satisfy t > (k_o + k_1 + k,g)_l, so that the computed
affinities are well representing their asymptotic values. The numerical method for estimating the
error can be found in Appendix E.

Case Ry Ry Ry A(lt) Agt) Agn) Aén)

(1) 1000 3000 2000 1.0986  0.6931 1.0890 £ 0.0076 0.6841 4+ 0.0072
(2) 3000 1000 2000 —1.0986 —0.4054 —1.0957 4 0.0049 —0.4033 £ 0.0029
(3) 2000 10000 1000 1.6094  —0.6931 1.5949 + 0.0118 —0.7063 £ 0.0106
(4) 1000 10000 1000  2.3025  0.0000 2.2698 4+ 0.0234 —0.0294 £ 0.0202
(5) 10000 2000 1000 —1.6094 —2.3025 —1.6076 4 0.0089 —2.3036 £ 0.0137
(6) 15000 2000 1000 —2.0149 —2.7080 —2.01504 0.0126 —2.7126 £+ 0.0193
(7) 3000 20000 1000 1.8971  —1.0986 1.8758 +0.0169 —1.1195 £+ 0.0184
(8) 1000 1000 15000 0.0000  2.7080 —0.0406 £ 0.0306 2.6512 4+ 0.0349
(9) 10000 1000 20000 —2.3025 0.6931 —2.3007 £+ 0.0237 0.6891 + 0.0053

3.2.5 Response Properties

As shown in Section 2.3, the symmetry relation (3.84) implies the fluctuation-dissipation rela-
tions (2.16) and the Onsager reciprocal relations (2.17) in the linear regime close to equilibrium,
as well as their generalizations such as Eq. (2.18) in the nonlinear regimes farther away from
equilibrium.

Since the cumulant generating function (3.83) is here precisely of the same form as Eq. (3.7)
with n = 3 for the model with constant rates, the response coefficients of the present stochastic
model have the same expressions as those obtained in Subsection 3.1.6 for the previous stochastic
model. We thus have that the linear response coeflicients and the diffusivities satisfy Eqgs. (2.16)
and (2.17) because

L1y = Wor + War = D11(0,0), (3.119)
Lio= Loy = —Wa = D12(0,0) = D21 (0,0), (3.120)
Loy = Wi + Way = D23(0,0). (3.121)
Moreover, the nonlinear response coefficients (2.12) are indeed related to the first responses (2.19)

of the diffusivities since

M1 = Wor +War =2Ry1 1, M 11 = —Wa1 = 2Rg1 1, (3.122)
M2 = —Wa1 = Ri12 + Ri2;1, Moz = Wa = Ro1 2+ Roo 1, (3.123)
Mg = —Wo = Rigq1 + Ri12, Moo = Way = Roo 1 + Rt 2, (3.124)
M 20 = Wo1 = 2Rq2,9, My 99 = Woo — Way = 2R 9, (3.125)

as predicted by Eq. (2.18).
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Charge Transport in Conductive
Channels

The general coarse-grained model for nonequilibrium systems describing the long-time behavior
of the particle exchanges between reservoirs has been given in Section 3.1. The validity of this
coarse-grained model is justified if the particle transition rates for the system of interest are linearly
dependent on local particle concentrations. Moreover, it has been proved in Subsection 3.1.5 that
this coarse-grained model is exactly valid for any system near equilibrium in terms of evaluating
affinities. It leaves open whether this coarse-grained model still works when it comes to the far-
from-equilibrium system with nonlinear transition rates.

In this chapter, we study transport of charged particles in conductive channels at the meso-
scopic level. The relevant stochastic approach has already been developed in Ref. [62], and is
presented here again for the purpose of inspiring the studies in subsequent two chapters for charge
transport in semiconductor devices. In this approach, the electric field is not only generated by
external means, but also self-consistently incorporates the contributions of the local deviations
from electroneutrality. In addition, the approach also assumes that the electric field propagates
instantaneously, the quasi-static limit of the Maxwell’s equations, which greatly simplifies the cal-
culation of the fluctuating electric field from the charge distribution that is constantly changing.
The channel is spatially discretized into cells, so that a master equation can be introduced to de-
scribe the Markov jump process of charged particles. In the master equation, the transition rates
are chosen such that the laws of thermodynamics and microreversibility are guaranteed. In the
case of equilibrium, the detailed balance is recovered.

Due to the long-range electrostatic interaction, the transition rates in the master equation are
typically nonlinear. Numerical evidences show that the numerically obtained affinity based on
the coarse-grained model is generally larger than expected, especially when the system is far from
equilibrium. This seems to give an interesting inequality between affinity, mean current, and its
diffusivity. However, we find that when the charge density is very low the fluctuating electric field
can be approximated as a static background field. In the limiting case, the transition rates become
linear and thus the coarse-grained model is proved to be applicable in the regime arbitrarily far
from equilibrium. Furthermore, the finite-time fluctuation theorem is established in this case of
low-density limit.

4.1 Conductive Channels

The conductive channel we consider here is modeled as a three-dimensional rod of length I with
its coordinate z extending from —I/2 to [/2 and of section area ¥ in the transverse y- and z-
directions. The position is denoted by r = (z,y, z). Two kinds of charged particles are supposed to
be distributed in this channel: mobile positive-charged particles with density n(r), and anchored
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negative-charged ions with uniform density n_(r) = n_. The charge density is given by

p(x) = e[n(r) —n_] (4.1)

in terms of the elementary electric charge e = |e|, and the densities of two kinds of charged particles.
The charge density determines the electric potential ®(r) by Gauss’s law and Poisson equation [84,
85]. In equilibrium, the density of mobile charged particles would be, moreover, related to the
electric potential by

Neg(r) ~ e, (4.2)

Both ends of the conductive channel are in contact with reservoirs with fixed potentials and den-
sities for positive-charged mobile particles:

O(z=—1/2) = P, O(z =1/2) = Pg, (4.3)
n(z =—-1/2) = ny, n(x =1/2) = ng. (4.4)

If the conductive channel is in equilibrium, then Eq. (4.2) holds and the potential difference is
related to the densities at the reservoirs according to the Nernst potential

(CI)L — q)R)cq =—1In—. (45)

If the conductive channel is out of equilibrium, the applied voltage with respect to Nernst potential
can be defined as

1 ni,
V=q, - —In— 4.6
L R+B€nnR’ ( )

which induces current flowing in the conductive channel. The equilibrium state is recovered if the
applied voltage is vanishing, V' = 0.

4.1.1 Stochastic Diffusion Equations

Because of thermal fluctuations, the mobile charged particles inside the conductive channel undergo
ceaseless erratic movements. Their mobility p is related to their diffusion coefficient D according
to Einstein’s relation p = SD. It should be noted that the diffusion coefficient here needs to be
distinguished from the diffusivity appearing elsewhere. Since particle transport is fluctuating, the
density obeys a stochastic partial differential equation. Due to the conservation of the number of
mobile charged particles, the continuity equation for their density is satisfied, reading

on+V-j=0, (4.7)
with the current density
j = pune&E — DVn + §j. (4.8)
Therein, the electric field is expressed as
E=-Vo (4.9)
in terms of the electric potential satisfying the Poisson equation

V2P = ,g (4.10)

where € is the permittivity and the electric charge density is given by Eq. (4.1).
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The contribution of the fluctuations, ¢j, to the current density (4.8) is given by Gaussian white
noise fields characterized by

(0j(r, 1)) =0, (4.11)
(8j(r,t) @ 6j(r', ")) = T(r,t)6%(r — r')o(t — )], (4.12)

where | is the 3 x 3 identity matrix and
I(r,t) = 2Dn(r,t) (4.13)

is the spectral density of the noise associated with diffusion. We note that the current density can
be equivalently written as

j=—De Petv (e’@eq’n) + 0j. (4.14)

4.1.2 Mean-Field Equations Under Stationary Conditions

By averaging the continuity equation (4.7) and the expression (4.8) over the noise using Eq. (4.11),
we can obtain the mean-field equations for the stationary mean profiles of density and the current
density of charged particles in the x direction. Together with Gauss’s law and the Poisson equation
for the electric field and potential, these mean-field equations are given by the following coupled
ordinary differential equations (ODEs):

dr(zi(zx) _ _% + Ben(2)E(), (4.15)
dﬁ(;v) o (4.16)
di;:z:) _ E () —n_], (4.17)
diix) _ ), (4.18)

with the boundary conditions given by Eqs. (4.3)-(4.4). The above ODE system constitutes a typ-
ical two-point boundary value problem that is not analytically solvable because of its nonlinearity,
but it can be solved numerically?.

4.2 Numerical Simulation Method

At the mesoscopic level, the evolution of distributions of mobile charged particles in the conductive
channel can be described as a Markov jump process, which is formulated in terms of a master
equation. The fluctuations down to the mesoscopic scale can be fully characterized by such a
process. For this purpose, the conductive channel is spatially discretized into cells, each containing
some numbers of mobile charge carriers. These numbers are supposed to change in time because
of random transitions. The stochastic approach introduced here incorporates the self-consistent
electric field which is generated by the fluctuating distribution of charged particles.

4.2.1 Discretizing the Conductive Channel in Space

The channel is discretized into cells, each with the same volume 2 and same length Az. Thus,
the cross section is given by ¥ = Q/Az, and there is total of L = [/Axz cells indexed from 1 to L.
The number of negative-charged ions in each cell is N_; = n_Q. Similarly, there are N; = n(z;)Q2
positive-charged particles in the ith cell, with z; = (i—0.5)Axz—1/2 (i = 1,2,--- , L). The reservoirs

IThe Python package Scipy provides the function integrate.solve_bvp for solving a first-order system of ODEs
subject to two-point boundary conditions.


https://www.scipy.org/
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are modeled as cells respectively indexed as 0 for the left reservoir and L+ 1 for the right reservoir.
The numbers of mobile particles in both reservoirs are maintained constant in time, and given by
Ny = Ni, = n,Q and Npy1 = Ngr = nrf. The particle numbers in the cells change every time a
particle jumps between two neighboring cells, or between a reservoir and the neighboring cell. The
discretized version of Poisson equation is given by

Dy —20; +P; €
=S (N, - N_ 419
AL? oL ) (4.19)

with the boundary conditions ®y = @1, and 1,1 = ®Pg. This linear system should be solved each
time a particle transition occurs.
4.2.2 Master Equation

The system state is specified by the numbers N = {N;}£ | of charge carriers in the cells and they
evolve in time according to the network

Ny

+ +)
Wé“ W1<+> W2(+) WLJ? W£71 W£+) B

-) M ) No ) ) Ni-1 (-) N ) Na.
W() Wl W2 WL72 WLfl WL

The probability P(IN, ¢) that the cells contain the particle numbers N for time ¢ obeys the master
equation

dP _ S +ON, o0, (+) — 9N, 40N, (-)
dr Z Ke NigTONip1 1) W+ (e Ni@TON 41 1) W, } P, (4.20)
i=0

with the transition rates?

D
W = 7A£L_2¢(AUi,i+1)Nia (4.21)
- D

AUj ;41 is the intrinsic energy change in the whole conductive channel associated with the one
particle jump from the ith to (i + 1)th cell, and is given by

e? LAz?
AUpit1 =e(Pi1 —®i) + o7 4.2

Uiit1 = e(Piy1 )+2(L+1)€Q (4.23)

For details about U and AU, see the Appendix A. The function ¥ (AU) is defined as

BAU
AU)= ——— 4.24
which guarantees the detailed balance condition in equilibrium,

Y(AU) = (—AU) exp(—BAU). (4.25)

At the ends of the chain, we have that exp(+dx) = 1 for X = Ny and Npy; in the master

equation (4.20). Indeed, the quantities Ny = Ny, and Nz 1 = N are associated with the reservoirs

2In the expression for the local transition rates (4.21)-(4.22), D/Ax? is due to the pure diffusion, and ¥ (AU) is
the contribution of drift driven by external electric force. In the case of pure diffusion, the mean current is expressed
as
on Q On
J=—k(Nit1 — N;) = —kQAz— =j¥X=—-D——,
(Wi ) ox J Az Oz
from which k = D/Ax? is obtained.
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and they thus take constant values. The boundary conditions are imposed at the left and right
reservoirs by setting Ny = ]\_/L, by =&y, N1 = NR, and @11 = Py in the transition rates.
For the numerical simulation of transport of charge carriers in the conductive channel, the
Markov stochastic process ruled by Eq. (4.20) is transformed into the corresponding Langevin
stochastic process (see Appendix B for the detailed procedure).
In equilibrium or nonequilibrium stationary states, the statistical average numbers of charge
carriers in the cells can be evaluated in numerical simulations by the time average,

(N,) = lim % /0 " N, (4.26)

T—00

which is equivalent by ergodicity to the ensemble average (N;) = > n N;Pst(N) over the sta-
tionary probability distribution Pg. In the continuum limit, the volume of the cells is supposed
to vanish together with the particle numbers, so that the densities obeying Eqs. (4.7)-(4.13) are
recovered through n(z;,t) = N;(t)/Q. We can also recover the stochastic partial differential equa-
tion (4.7) with the current densities (4.8) from the Langevin stochastic equations (B.7)-(B.8) (see
Appendix C). This method is similar to the one used in Refs. [62, 86].

4.3 Graph Analysis and Affinity

The affinity for this transport system can be identified from Schnakenberg’s graph analysis [78].
For example, we take a cyclic path such that a particle is transferred from the left to the right
reservoir:

W W) w, wn
C:N——-N+n ——N+ny —-—N+n, ;| —— N+n, — N, (4.27)

written in terms of the system state N and the notation (n;); = +6; ;. The corresponding nonequi-
librium constraint is determined by the applied voltage that we should recover by calculating the

affinity. Indeed, the transition rates Wi(+) defined by Eq. (4.21) involve the energy differences

e?(L — 2i)Ax?

AUiisr = UN +ni0) = UN+07) = e(@i1 = 8) + 5=y

= —AUi1;  (4.28)

for i = 0,---,L with &y = &y, and ¢p; = Pr. It should be noted that the discretized distri-
bution of electric potential {®;} here corresponds to the system state N. Equation (4.28) can be
obtained from calculations similar as those in Appendix A. Substituting Egs. (4.21) and (4.22) in
the definition (2.25) and using the detailed balance relation (4.25), we find that

A(C)=In |:nLe/8€(¢’L_¢’R):| = BeV (4.29)
nR

according to Eq. (4.6), which shows the consistency of the scheme for this cyclic path. Similar
results can be obtained for other cyclic paths.

4.4 The Current and Counting Statistics

Here, we consider the fluctuating electric current flowing across the middle of the conductive
channel at the location z = 0. The instantaneous electric current can be written as

—+oo

I(t)= > qud(t—tn) (4.30)

n=—oo
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with g, = £e depending on whether the charged particle moves towards > 0 or z < 0. The
corresponding random number of signed cumulated particle transfers over the time interval [0, t]
is defined as

Z(t) = 1/t Z(t")dt'. (4.31)
0

Through numerous repeated measurements in simulation, we get the counting statistics of Z(t),
and thus P(Z,t) can be numerically constructed. Moreover, according to Eqs. (2.6)-(2.7), the
mean current J and its diffusivity D can be evaluated.

4.5 Fluctuation Theorem for the Current

In order to evaluate the affinity from counting statistics, we can use the coarse-grained model

Wi

Left Reservoir Right Reservoir (4.32)

to describe the long-time behavior of transport in terms of two transition rates W, and W_
characterizing the stochastic exchange of particles between the two reservoirs. We have seen in
Section 2.7 that the stochastic process described by this model can be analytically solved, with the
affinity be given by

W, 2D+J

W~ hep

A=In (4.33)

which serves here as the numerical estimate of the value of the affinity (4.29).

We now simulate the process of particle transport according to the method in Section 4.2. In
simulation, the counting statistics is performed and the values of mean current J and its diffusivity
D are thus obtained. The numerical results from simulation are presented in Figure 4.1, where the
of mean currents J as a function of affinity A is shown in panel (a), and comparison between the
numerically obtained affinity (4.33) according to the coarse-grained model (4.32) and the theoretical
affinities (4.29) obtained from graph analysis is drawn in panel (b). In both panels of Figure 4.1,
the results for different densities are presented also for comparison. From observation, we have
several findings which are summarized as follows:

e The mean current J is a linear function of the theoretical affinity (4.29) with the slope being
proportional to the particle density.

e The numerical affinity (4.33) is indeed a good approximation of the theoretical affinity (4.29)
for this transport system close to equilibrium.

e The numerical affinity (4.33) is generally larger than the theoretical affinity (4.29), especially
when this transport system is far from equilibrium.

e The lower the densities inside the conductive channel, the wider the range of numerical
affinity (4.33) being able to approximate the theoretical affinity (4.29).

In the following, we try explain what we observe in Figure 4.1. The transport system behaves
like a resistor where Ohm’s law can be established, and it is very natural that the current J
is proportional to the particle density under the same affinity (4.29). We consider that it is
nonlinearity of the transition rates (4.21)-(4.22) arising from long-range electrostatic interaction
between the charged particles that make the coarse-grained model limited in application. The
repulsive force between the electric charges induce correlations in motion between them which
directly leads to a smaller diffusivity D than expected. So, the numerical affinity (4.33) is larger
than the theoretical affinity (4.29), especially when the transport system is far from equilibrium. In
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the low-density limit where the cell volume 2 can be seen as very large, Eq. (4.23) is approximated
as

AUi i1 ~ e(Pigp1 — ©i). (4.34)
Besides, Eq. (4.23) can also be expressed as
AU it1 = g (Pig1 — P; + Py — D)), (4.35)

in terms of the electric potential difference across the ith and (i + 1)th cells before and after a
transition event. So, we find that in the low-density limit we have

(I>i+1 — (I)l ~ (I)§+1 — (p;, (436)

which means that the electric field tends to form a static background. The electric field in such
case can be approximated by the mean electric field determined by the two potentials of particle
reservoirs from the Poisson equation with no charge source. The electrostatic interaction between
the charges are thus diluted by the large volume, and the transition rates (4.21)-(4.22) tend to
have linear dependence on the local particle concentration.

According to the findings from Figure 4.1, it seems that an interesting inequality

1 1
D < - 4.
_J(&_1+2) (4.37)

can be established between the (theoretical/exact) affinity, the mean current, and its diffusivity.
This inequality gives the upper bound for the diffusivity when the values of the mean current
and affinity are known. This inequality may be supposed to hold in general. The equality sign
holds if and only if there is no interaction between the constituent particles of the system under
consideration, or asymptotically holds when the system tends to equilibrium.

From the observation of Figure 4.1, we can write down the following relations for the low-density
limit,

J =W, —W_ =kA, (4.38)
Wy
In—=A4 4.39
nit =4, (4:39)
where k is a constant. From the above relations, we get the rate function
KA
W(A) = — 4.40
(4) = -2, (4.40)

with W, associated with the rate W for positive A, and W_ the rate W for negative A. In
Figure 4.2, we plot the rates determined as a function of the affinity A for the low-density case
in Figure 4.1, and fit them with Eq. (4.40) to get the value of constant k. According to J =
W, — W_ = D(0)A, k is physically interpreted as the diffusivity of particle current when the
transport system is in equilibrium.

4.6 Finite-Time Fluctuation Relation in the Low-Density
Limit
In the low-density limit, the fluctuating electric field is approximated as a static background field.

In this case, the energy difference associated with particle transitions between discretized cells are
given by

e(d, — @

AU ip1 = e(Pipq — @) = —%, (4.41)
P, -

AUsprs = e(@; — Bgyy) = 422 = 0R) (4.42)

L+1
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Figure 4.1: Panel (a): The behaviors of mean current versus the theoretical affinity. Panel (b):
The comparison between numerical affinities (4.33) and theoretical affinities (4.29). It is set that
N1, = Ng = N_, and takes different values N in three cases, as shown in legends. The asterisks are
numerical points with dashed lines joining them. The dot dash line indicates the equality between
both kinds of affinities. The parameter values used in simulation are § = e = 1.0, D = ¢ = 0.01,
Q = 10000, Az = 0.1, L = 10. The affinities are computed over time interval [0, 5000] with 20000
data.
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Figure 4.2: The transition rate W computed as a function of affinity A. The asterisks are numerical
points that are fit with the dashed line. The analytic expression and corresponding constant are
shown in the legend. The parameter values used in simulation are § = e = 1.0, D = ¢ = 0.01,
Q = 10000, Az = 0.1, L = 10, N;, = Ng = N_ = 100, which are the same as the case of lowest
density in Figure 4.1. The affinities are computed over time interval [0, 5000] with 20000 data.
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which can be uniformly expressed as

AU®) = :Fe(@zi;f“) (4.43)
Correspondingly, ¥ (AU) is denoted as
(£)
PE) = HAU®) = — (gig&)) —. (4.44)
The transition rates are thus expressed as
wt = %wmm = kNN, (4.45)
W) = A%Q (N 4y = k_Niy1, (4.46)

with the rate constants k4 and k_ defined as obvious. The rates corresponding to the transitions
from the reservoirs to the system are

Wi =k, Ny, W ) = k_Ng. (4.47)

Clearly, all these transition rates are determined locally, and as such the transport system in the
low-density limit is linear.
We consider the time evolution of the probability

P(Z7N1a"' 7NL;t) (448)

that the cells contain given particle numbers and that the signed cumulated number Z of particles
is transferred from the Ith to the (I + 1)th cells during time interval [0, t]. This probability is
ruled by the following master equation,

% =ky N (€71 — 1) P +k_ (e — 1) NyP + ky (eTO¥1e79% — 1) NP
I-1
+ k_ (etoMiemONien 1 NP+ k4 etONieg™Nit1 — 1) NP
S [i- ) ) )

k_ (ewNze*aNz—l - 1) NP + kst (ewwze*amle*f’z . 1) NP

+ o+

k_ (e+8NI+1 e ONretdz _ 1) Nij1P + ks <e+3N1+1 e ONip2 1) NiaP

L—-1
+ Z [k, (e+8N77 e i1 1) NP+ ky (e"'aNat e N 1) NiP}
i=142

+k_Ng (e7%"1 —1) P +k_ (e+aNLe_8NL—1 — 1) NLP +ky (et — 1) NP, (4.49)

Using the method of Ref. [87], this master equation is solved by introducing the moment generating
function

Gnysi,- sty = > n? [[sVP(Z Ny, NL,t). (4.50)
Z,Ni,-,Np, i

where

n=e?, (4.51)
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and A is the counting parameter for the particle transfers Z. This moment generating function is
ruled by the following first-order partial differential equation,

G+ [k—(s1 = 1) + ki (s1 — 52)] 05, G

-1
+Z i — Si—1) + ki (si — siv1)] 05,G
+ [k—(s; — s1—1) + k+(sr —ns141)] 05, G
+ [k (srer =0 tsr) + by (sra = s142)] 05, G
L—1
+ (si = si—1) + ki (si — 5i41)] 05, G
z:I+1
+ [k‘_ S, — SL_1) + ki+(SL - 1)] 0s, G
= [k+NL(81 — 1) + k‘,NR(SL — 1)] G, (452)

which, in vectoral notations, can be written in the following form,

G+ (L-s+f)-0:G=(g-s+h)G (4.53)
where
k_ +ky —ky
—k_ k- +ky —ky
_ —k_ k- +ky —mky
L= B , (4.54)
—k_ k- 4kt —k4
—k_ k- + k4
S1 k’7 kJrNL
S9 0 0
s= : , f=—1:1, g= : , (4.55)
SI1,—1 0 07
S ky k_Ng
and
h=—k Ny — k_Ng. (4.56)

The parameter 7 in matrix L appears in the Ith and the (I + 1)th rows. From the matrix L, we
can define Ly by setting n = 1 and thus A = 0. So, we have the relations

f=—Lg-1, (4.57)
h=-g-1, (4.58)

where 1 denotes the vector with all entries equal to one. Besides, the stationary values of particle
numbers are given by

o=L'" g (4.59)
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The first-order partial differential equation (4.53) can be solved by the method of characteristics.
The equations for the characteristics are given by

ds

o =Los+f, (4.60)
% =(g-s+h)G. (4.61)

The solution of Eq. (4.60) gives the characteristics
s=e [so+ L7 (1—e ) f]. (4.62)

Replacing in Eq. (4.61), we obtain after integration that
G=Goexp[g-L7" - (1—e™) - (s+L " f)+ (h—g-L7"-f)1], (4.63)

where | denotes the identity matrix. The initial condition being the Poisson distribution describing
the steady state and the counter reset to zero Z = 0, we have that

Go(11,80) = e~ (4.64)

which can be directly written down by generalizing Eq. (3.65). The solution of Eq. (4.53) is thus
given by

G(n,s,t) =exp [g~ L. (I —e_"t) - (s—|— L. f) + (h—g- L' ~f) t]
xexp{To- [ s = L7 (1—e™) £~ 1] |, (4.65)

The finite-time cumulant generating function of the signed cumulated transfers of particles from
the I'th to the (I + 1)th cell is defined as

QM) = —% In[G(n=e"*1,1)], (4.66)
so that we derive
QA t) = QA 00) — %E(A,t), (4.67)
where
QN oo)=g-(L+L7"-f) (4.68)
and
Ent) =g- (LT =LY - (1—e M) (1+L7"-f). (4.69)
We observe that
L=M-Ly-M!, (4.70)
where
M = 9Py, + Pr (4.71)
with the projection matrices
1 -+ 0 0 --- 0 0O --- 00 --- 0
I L O e | T I Y I B R BT
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The identity matrix in Py, is of dimension I x I, while the identity matrix in Pg is (L—1) x (L—1I).
Since the projection matrices satisfy the condition Py, + Pr = I, we thus have

M=1+(n—1)Py, (4.73)
M '=1+(n"'-1)PL. (4.74)

From the above related expressions, the finite-time cumulant generating function (4.68) can be
written in the following form,

QM) =g- {I—M-Lo‘l-M‘l-LO

1
- (M- L'—L M) - (1—e ™) (M —Lg"- M- LO)} 1. (4.75)
Because of Eqs. (4.73)-(4.74), we find that

Q\t) =g- [(1—n)PL+<1—n‘1)L01-PL-Lo— 2-n—n""PL- L' -PL-Lg

1
+@2=n-n"") (Lo PL—Pr-Lg") - (1—e ') (PL—Lgl.PL.LO)] 1.
(4.76)
Using Eq. (4.59) and Pgr = | — Py, the finite-time cumulant generating function becomes
QN =Wi(t) (1—e ) +W_(t) (1 —et), (4.77)
with the time-dependent transition rates given by
~ 1
Wi(t)=To-Lo-Pp-Ly* “ProLo- 1+ 20(), (4.78)
- 1
W_(t)=T¢-Lo-Pr-Ly'-Pp- Lo- 14 - 0(t), (4.79)
with
Ut)=To  (PL—Lo-Pr-Ly') - (I—e ™) (PL—Ly"-Pr-Lg)-1. (4.80)
Invoking Eq. (4.66), we obtain the finite-time moment generating function as
+o0 B R
G 1,t)= Y n?P(Zt) = exp [tln — YW (1) + t(n~" = YW (1)], (4.81)
Z=—00
with the probability distribution
P(Zt)= > P(Z Ny, ,Np,t). (4.82)
Ny, ,Np

Using Egs. (2.38)-(2.40), we get

P(Z,1) = o~ WO+ W- )]s [m] L (zt,/m(ﬂw_(t)) , (4.83)

where Iz(u) is the modified Bessel function defined by Eq. (2.42). Since Iz(u) = I_z(u), the
probability distribution (4.83) obeys the finite-time fluctuation relation

P(Z,t) _ Awz
sz =" (4.84)
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Figure 4.3: Time-dependent transition rates W, (t), W_(t) and A(t) = In [W+ (t)/W_ (t)] versus
time ¢. The blue and green dashed lines are for the two time-dependent transition rates according
to Eqgs. (4.78)-(4.79), while the red dashed one is for the corresponding time-dependent affinity. The
asterisks are obtained from simulation according to W, (t) = D(t) 4+ J/2 and W_(t) = D(t) — J/2,
where D(t) is the time-dependent diffusivity. The parameter values used in simulation are 8 = e =
1.0, D = e = 0.01, Q = 10000, Az = 0.1, L = 10, N, = Ng = N_ = 100 and V = &, — g = 1.0.
The time-dependent rates and affinity from simulation are computed with 20000 data. The counting
statistics is performed in the middle of the transport channel.

which holds at every time. A(t) is the finite-time affinity defined as

T WD)
Ay =m0 (4.85)

Figure 4.3 shows how the time-dependent transition rates (4.78)-(4.79) and the corresponding
time-dependent affinity (4.85) change in time and converge to their asymptotic values. In this
figure, the results from numerical simulation are shown in comparison with the calculation from
Eqgs. (4.78)-(4.79) and (4.85) in which the matrix exponential can be computed using Padé approx-
imation (see Appendix E)?, and we see striking quantitative agreement between them. In simula-
tion, the time-dependent transition rates are given by W (t) = D(t)+.J/2 and W_(t) = D(t)—.J/2,
where D(t) is the diffusivity of current calculated from the statistics carried out over the finite-time
interval [0, ¢]. In the long-time limit, P(Z,t) goes to Eq. (2.41), which is the solution corresponding
to the coarse-grained model (4.32), and, considering the positivity of L,

W+: lim VT/v_i_(t):].-‘0-LO-PL'|_071~1:)1:{-|.0~]_7 (486)
t—o0
W_ = lim W_(t)=T¢-Lo-Pr-Ly'-Pr-Lo-1, (4.87)

are interpreted as the global transition rates between the two particle reservoirs. The asymptotic
fluctuation relation

P(Z,t)
L~ AZ 4.
P(—Z, t) t— €xp ( ) ( 88)
is recovered in the long-time limit, with the affinity given by
. W,

According to Eqgs. (4.78)-(4.80), the asymptotic fluctuation relation (4.88) is slowly approached in
time with corrections going as t~!. The above analysis shows that the coarse-grained model with
constant rates (3.1) is exactly valid in describing the long-time behavior of the transport in the
low-density limit. The global transition rates (4.86)-(4.87) can be developed as

Wy =kINL (Lg") and W_ =k>Ng (Lg")

" (4.90)

L1-

3The Python package Scipy provides the function linalg.inv for computing the inverse of a matrix.
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Figure 4.4: The time-dependent components O;(t) and Oz(t) given by Eqs. (4.95)-(4.96) versus
time t. Weset Ni, = Ng = N_ = 100, and k+ are calculated with the parameter values § = e = 1.0,
D =¢=0.01, Az = 0.1, V = &, — &g = 1.0. Red lines are for the case of short channel with
L = 10 cells, while the blue ones are for the case of long channel with L = 30 cells. The counting
is performed in the middle of the transport channel.
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Figure 4.5: The quantity x given in Eq. (4.105) as a function of affinity A = fe(®Pr, — Pr).

Inverting the matrix Lo, we get

ki_i(ki—ki)(ki+1—j_k£+l—j . . .

1 (b —k) (KETT=RETT) it @<y,
(LO )zj == i—J (1.9 J L+1—i L+1—i (491)

ko (k+_k7)(k+ —kZ ) TR

(ky—k ) (KT —KET) i 2> ).

So, the two global transition rates are calculated as
w, = ke —k) DN Be(®y, — ¥r) (1.92)
+ L k‘iurl _ k£+1 Am2(L + ]_) 1 —exp [756(@11 _ (I)R)]v .

W_ = Ny KA (kg — ko) DNy Be(Pr — ) o)

KT LT T Az?(L+ 1) 1 — exp [~ fe(@r — r)]

which are in accord with the rate function (4.40) when Ny, = Ng, and thus the constant x in
Eq. (4.40) has the expression
DNy, DNy

AL +1)  AR(L+1) (4.94)

With the parameter values used in Figure 4.2, a simple calculation gives x ~ 9.091, roughly equal
to that obtained through fitting the data from simulation.

We now turn to study the convergence rate of time-dependent transition rates. For this pur-
pose, we split the time-dependent part U(t)/t of the transition rates (4.78) and (4.79) into two
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components
1 _ _
O4(t) = t[ro (PL—Lo-Pr-Lg')- (PL—Lol.PL-LO).1], (4.95)
1
Oa(t) = =3 {1“0 “(PL—Lo-Pr-Lg") e (P, — L' - Pp - L) - 1}. (4.96)

Because Os(t) is damped by the additional exponential factor, it is quite reasonable to expect
that Oy (t) is the dominant one in ¥(t)/t. In Figure 4.4, we show O1(t) and Os(t) from numerical
calculation, and find that Oz (¢) indeed decays faster. We also show the situations with different
lengths of transport channel in Figure 4.4. The comparison clearly tells us that the longer the
channel is, the slower the convergence of the time-dependent rates, as expected. We now write
01 (t) with four explicit terms,

1
ol(t)zg To-PL-1-Ty-Pp-Ly'-Pp-Lo-1
—To-Lo-Pp-Ly'-PpL-14Tg-Lo-Pp-Ly' - Lyt -Pr-Lo-1]. (4.97)

In order to simplify the calculation, we take the projection matrix Py, as

1 0 --- 0
o o0 --- 0

Po=|. . . ], (4.98)
o0 --- 0

with I = 1, which indicates that we perform counting statistics in between the first and second
cells of discretized channel. So, O;(t) is developed as

O1(t) = Zj{l—(k‘ ) (Lo )y, +E—ke (L1 Lol)u}

V ky +k_)(kE — KL _ Lo . _
= N{l_ ( ++ )( + —) + k k«‘r Z |:k3rlkl_1 (ki+11_k£+11)2:|}‘
i=1

t kJLrH _ kLt (k,L-H _ kL+1)2 ,
- ¥ L
(4.99)
Setting
k4
S 4.100
=1t (4.100)
we have
N (z +1)(z" 1) 1 L+1 2L+2 =
Ol(t)z? 1- oy w— +($L+1_1)2 —2Lz"" +x ;x +Z:c
n_Xl (x+1)(zF - 1) 1 L (25+2 4+ 1)
= —J1- —2La "t
Lt { xltl —1 (zL+l —1)2 Tt x— 1
(4 101)
where we have made use of
— _3
N=n_YAz = ”L 3 (4.102)
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The variable x defined by Eq. (4.100) is explicitly calculated as

T = exp {W} . (4.103)
In the continuum limit where I — oo with the total length of [ fixed, we have
O1(t) = n;EZX(A), (4.104)
where x(A) is a function of affinity A = fe (P, — Pr), and given by
x(4) = L 2e" (4.105)

-1 (ei_1)p
It is noted that x(A) has the symmetry property,
X(A4) = x(-4), (4.106)

with the limit towards the origin given by

1
AIXILHO X(A) = 3 (4.107)
The symmetry of Eq. (4.104) with respect to A is expected from the homogeneous configuration of
the transport channel in space. Figure 4.5 plots the x as a function of A, and the symmetry (4.106)
is clearly seen. In addition, Eq. (4.104) gives time scales, t; = n_3l, for the asymptotic symme-
try (4.88) to be approached in time with the correction going as ¢t~!. It indicates that the smaller
the transport channel is, the faster the asymptotic symmetry (4.88) is reached.

The analysis in this section fully demonstrated that a Markov jump process with linear rates
can be invoked to describe the transport of charged particles driven by external field in the low-
density limit. Moreover, the finite-time fluctuation theorem can be established in this case with
the defined time-dependent affinities converging in time to their asymptotic values with corrections
going as 1/t.



Chapter 5

Charge Transport in p-n Junction Diodes

Diodes are the basic semiconductor devices consisting of a single p-n junction!. In modern elec-

tronic applications, p-n junctions play a fundamental role and, therefore, receive considerable
attention. As shown by Shockley, the electric potential barrier generated at the junction induces
the highly nonlinear and asymmetric current-voltage characteristics that are used in rectifiers and
switching circuits?[88, 89, 90, 91, 92, 93, 94, 95, 96].

In electric systems, fluctuation theorems for nonequilibrium work and heat have been theoret-
ically and experimentally investigated in linear RC circuits [97, 98, 99], leaving open the study
of current fluctuations in nonlinear electronic devices. This is motivating the need to develop a
stochastic approach and to establish the fluctuation theorem for charge transport in diodes, con-
sistently with the laws of electricity, thermodynamics, and microreversibility. Stochastic models
have already been proposed for the random number of charges crossing a diode [100, 101].

In this chapter, a spatially extended stochastic description of the p-n junction diode is devel-
oped. Since there exists two mobile charge carriers inside diodes: negative-charged electrons and
positive-charged holes, while electron-hole pairs are randomly generated and recombined, this ap-
proach is an extension of the stochastic approach presented in Chapter 4 to additionally account for
two species and the reaction between them. As such, this approach is based on diffusion-reaction
stochastic partial differential equations for electrons and holes, including their Coulomb interac-
tion described by the Poisson equation. In this framework, the fluctuation theorem is numerically
shown to hold for both the charge carrier current and the measured total current including the
contribution of the displacement current [102, 62]. Moreover, the functionality of diodes under
ideal conditions is numerically realized.

5.1 p-n Junction Diodes

A p-n junction is formed when a p-type semiconductor and an n-type semiconductor are in contact,
as shown in Figure 5.1. Inside p-type semiconductors, the doped impurities accept electrons, leaving
the so-called negative-charged acceptors, and as such the majority charge carriers are holes and
the minority charge carriers are electrons. Inside n-type semiconductors, the doped impurities are
called donors which are positive-charged due to their donation of electrons, and therefore there are
more electrons than holes. We can consider the p-n junction as a three-dimensional rod of length [
with its coordinate 2 extending from —I1/2 to +1/2, and of section area ¥ in the transverse y- and
z-directions. The position is denoted by r = (z,y, z). For simplicity, the acceptor density a(r) and
the donor density d(r) are taken to be uniform respectively in the p- and n-sides and there is an
abrupt change at the junction. They can thus be expressed as

a(r) = af(—x), d(r) = db(x), (5.1)

LTf the p- and n-type regions are made out of the same semiconductor material, the junction is a homojunction.
2Some diodes can emit light (light-emitting diodes), and others can emit laser light (laser diodes).
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Figure 5.1: Schematic representation of diode (left) and p-n junction (right). In the p-n junction,
the black dots represent electrons and the white ones represent holes.

where 6(z) is Heaviside’s step function, which is defined such that 8(x) =0 if z < 0 and 6(z) =1
if x > 0. For simplicity, we set a = d. The charge density is given by

p(r) = elp(r) —n(r) +d(r) — a(r)] (5.2)

in terms of the elementary electric charge e = |e|, the hole density p(r), the electron density n(r),
the donor density d(r), and the acceptor density a(r). Here, we have assumed that every donor
gives one electron and every acceptor one hole. The charge density determines the electric po-
tential ® by Gauss’s law and the Poisson equation [85, 84]. According to electroneutrality, the
inhomogeneity (5.1) of the acceptor and donor densities is thus responsible for the global asymmet-
ric distribution of mobile electrons and holes across the junction, leading to current rectification
by the diode. In p-n junctions, electrons and holes undergo the diffusion process due to the their
inhomogeneous distribution and drift process under the electric field. Moreover, electrons and
holes are generated and recombined by the reaction

oy

0 e” +h7, (5.3)

where k4 and k_ are respectively the electron-hole pair generation and recombination rate con-
stants.
If the semiconductor is in equilibrium, then the electron and hole densities obey the condition

[k
NeqPeq = V2, where v= k—Jr (5.4)

is the intrinsic carrier density. In equilibrium, the electron and hole densities are, moreover, related
to the electric potential by

Neq (1) ~ eTAePeal®) and Peq(r) ~ e PePealr) (5.5)

The diode is in contact on its left- and right-hand sides with reservoirs at different potentials and
densities for electrons and holes:

O(x=-1/2) =, n(x=-1/2)=ng, plx=-1/2)=pL, (5.6)
(e = +1/2) = g, nle =+/2) =nr, plx=+1/2) = pr. (5.7)

For simplicity, we set ny, = pr and pr, = ny. Furthermore, we consider the boundary conditions
pL = ni +a, nr = pr +d, (5.8)

so that the whole p-n junction is symmetric under inversion and permutation between electrons
and holes, as depicted in Figure 5.1(b). The p-n junction diode is thus characterized by the ratio
of majority to minority carrier concentrations,

Cmajor _ PL _ "R (5.9)
Cminor nL Pr
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Figure 5.2: Energy-band diagram of p-n junction that is forward biased. Between pp’ and nn'
is the space charge region that is also referred to as the depletion region. The electric field is
concentrated in this region in which all electrons and holes are swept out. E., E, are the edges of
conduction band and valence band, respectively. Eg,, Er, are the quasi-Fermi levels for elections
respectively in the two regions. If we assume that no voltage is applied across the p-n junction,
then the junction is in equilibrium, and the Fermi energy level is constant throughout the entire
system, Er, = Er, = Ep.

If the diode is in equilibrium, Eq. (5.5) holds and the potential difference is related to the densities
at the reservoirs according to the Nernst potential

1. np 1. pr
P, — O =—In—=—In—. 5.10
(P~ PR = B = B (10

The diode is driven out of equilibrium if the applied voltage with respect to the Nernst potential,

T S S L S S o (5.11)
pe  nr pe  pr

is non vanishing. As a consequence, there is an electric current flowing in the diode. The equilib-
rium state is recovered if the applied voltage is zero, V = 0. In this case, the diffusion force and
electric force exactly balance each other. If V' > 0 the junction is said to be forward biased, and
if V' < 0 it is reverse biased. Figure 5.2 shows the energy-band diagram of the forward biased p-n
junction. According to energy band theory, the applied voltage makes the Fermi level of electrons
unbalanced across the p-n junction, and as a consequence the current is induced.

5.1.1 Stochastic Diffusion-Reaction Equations

The thermal agitation inside the p-n junction generates incessant erratic movements for electrons
and holes, in turn causing local fluctuations in the currents and reaction rates. These fluctuations
can be described within the stochastic approach by introducing Gaussian white noise fields in the
diffusion-reaction equations for the electron and hole densities. The advantage of this approach is
that the usual phenomenological parameters suffice for the stochastic description. The mobilities
of electrons and holes are related to their diffusion coefficients through Einstein’s relations:

tn = BD, and tp = BDp. (5.12)

In general, the parameters D,,, D,, and k1 are spatially dependent in an inhomogeneous medium.
However, for simplicity, we assume that they are uniform across the whole p-n junction.
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The balance equations for electrons and holes of respective densities n and p can be expressed

as
8tn+VJn = Onp, (513)
Op+V -jp, =0p, (5.14)
with the current densities
jn = —pnne€ — D,V n + djn, (5.15)
Jp = +pppe€ — D,V + §jp, (5.16)
and equal reaction rate densities
on =0p =kt —k_np+do (5.17)

since the same reactive events determine both of them. The electric field is expressed as
E=-Vo (5.18)

in terms of the electric potential satisfying the Poisson equation

v = -2, (5.19)
€
where € is the permittivity and the electric charge density is given by Eq. (5.2).

The Gaussian white noises 0j,,, djp, and do are characterized by

(0jn(r,)) = (djp(r,t)) =0, (5.20)
(63n(r,1) @ 8jn (', 1)) = Tpn(r, )83 (r — ')5(t — )1, (5.21)
(63, (r,t) @ 0jp(x/, 1)) = Tpp(r, 1)0° (xr — /)3 (t — )], (5.22)
(8jn(r,t) ® 8jp(x', ")) = 0, (5.23)
(do(r,t)) =0, (5.24)
(6a(r,t) 6o (v, 1)) = Too(r,t)63(r —v/)o(t — 1), (5.25)
(60 (r,t)0jn (', ")) = (6o (r,t)dj, (', ') = 0, (5.26)
where | is the 3 x 3 identity matrix and

Tpn(r,t) = 2D,n(r,t), (5.27)

[yp(r,t) =2Dpp(r, t), (5.28)

Loo(r,t) =k + k_n(r,t)p(r,t), (5.29)

are the spectral densities of the noises respectively associated with the electron diffusion, hole
diffusion, and reaction.
We notice that the current densities can be equivalently written as
jn = —DpeP°TV (e77°n) + dj,, (5.30)
ip = —Dpe PPV (eP°%p) + 6jp. (5.31)

5.1.2 Mean-Field Equations Under Stationary Conditions

By averaging the balance equations (5.13)-(5.14) and the expressions (5.15)-(5.16) over the noises
using Egs. (5.20) and (5.24), we can obtain mean-field equations for the stationary mean profiles of
the densities and current densities in the z-direction. Together with Gauss’s law and the Poisson
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equation for the electric field and potential, these mean-field equations are given by the following
coupled ordinary differential equations (ODEs):

dn(z) _ ju(x)

=~ Pen@E), (5.32)
B = ¢ pertae(a). (533)
djdnif) = ky — k_n(z)p(z), (5.34)
dﬂg;x) — ky — k_n(@)p(e), (5.35)
di;x) _ S p(z) — n(z) + d(z) — a(z)] , (5.36)
di(;v) — &), (5.37)

with the aforementioned boundary conditions (5.6)-(5.7). The discontinuity of a(x) and d(z) at the
junction makes it hard for numerical integration, so we use the following continuous alternatives
as approximations,

a d

~ 1+ exp(a/d)’ ) = a3y (5:38)

a(z)
with the width § being sufficiently small, say, 6 = 0.01 that is actually adopted. The electric field
remains uniform in contact with the reservoirs according to Eq. (5.36) with the conditions (5.8). In
addition, the current densities also remain uniform at the reservoirs by Eqs. (5.34)-(5.35). So, only
the potential difference between the ends of the diode is responsible for inducing particle currents.
We notice that the first four ODEs are nonlinear. In this set of ODEs, the net current density

J = Jp(2) = jn(2) (5.39)

is a constant of integration, as a consequence of electric charge conservation. Moreover, the electric
potential does not appear before the last equation, which is thus decoupled from the other ones.
Accordingly, the set can be reduced to four ODEs for n(x), p(x), jn(z), and E(z).

5.2 Numerical Simulation Method

For the numerical simulation of the p-n junction diode, the system is spatially discretized into cells,
each containing some numbers of electrons and holes, respectively, and a Markov jump process in a
accord with the stochastic partial differential equations (5.13)-(5.19) is associated to fully describe
the stochastic evolution of electron and hole distributions.

5.2.1 Discretizing the p-n Junction Diode in Space

The p-n junction is spatially discretized into L cells of length Az = [/L, section area 3, and
volume 2 = YAxz. These cells are labelled with index ¢ = 1,2,---, L. The indices ¢ = 0 and
t = L+ 1 are respectively used to refer to the left and right reservoirs, which impose certain
boundary conditions on the p-n junction. The numbers of electrons and holes in each cell are
respectively given by N; = n(z;)Q, P; = p(z;)Q, with z; = (i — 0.5)Az —1/2 (i = 1,2,---,L).
The numbers of electrons and holes in the reservoirs are maintained constant in time, and given
by N() = NL = TLLQ, NL+1 = NR = nRQ, PO = PL = pLQ, and PL+1 = PR = pRQ. ACCOI‘diDg to
the boundary conditions (5.8), the number of acceptors in each cell of the p-type semiconductor
is given by A = aQ = P;, — Ny, and the number of donors in each cell of n-type semiconductor
by D = dQ = Ng — Pg. The electron and hole numbers in the cells change every time a particle
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Table 5.1: The values of quantities for the physics of semiconductors.

permittivity e =10.01
inverse temperature B=1.0
elementary charge e=le|=1.0
diffusion coefficient for electrons D, =0.01
diffusion coefficient for holes D, =0.01
electron-hole pairs generation rate constant ky =0.01
electron-hole pairs recombination rate constant k_ =0.01

Table 5.2: The values of parameters for specifying the discretized p-n junction diode.

Meaning Set 1 Set II

number of cells in left region 20 20
number of cells in right region 20 20
width of each cell Ax 0.1 0.1

volume of each cell 2 800 8 x 10°

section area ¥ = Q/Ax 8000 8 x 108
number of electrons in left-reservoir cell 400 400

number of holes in left-reservoir cell 1600 1.6 x 10°

number of electrons in right-reservoir cell 1600 1.6 x 10°
number of holes in right-reservoir cell 400 400

jumps between two neighboring cells, between a reservoir and the neighboring cell, or if a reactive
event occurs generating or recombining an electron-hole pair. The Poisson equation is replaced by
its discretized version
D1 —20; +P; 4 €

N = —E(Pi —N;+D,; — Ai) (5.40)
with the boundary conditions ®g = ®1, and ®y; = ®r. This linear system should be solved
every time a particle transition occurs. Table 5.1 lists the values of physical quantities adopted in
numerical simulation. In Table 5.2, two sets of parameter values for specifying the discretized p-n
junction diode are listed for different purposes discussed here below. These parameter variables
can be rescaled into dimensionless ones with the procedure presented in Appendix D.

5.2.2 Master Equation

The system state is specified by the electron numbers N = {Ni}{;l and the hole numbers P =
{P;}L | in the cells and they evolve in time according to the network

. W,ﬁ*m WJ(+N) W2(+:\'> Wétz‘) Wﬁt",\’) wEN) )
N Twem N Twem N ( o (-N) N (=) N (-N) Na
(-N S(-N (= N) (N SN S(-N

w w W wih W w
wit T w wit T wio .- wit Twi) wH Tw
W) ) WP WD WP Wi

P, —— P = P - Py == P = R

wih wi" wi P wizh wizh wi"
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The probability P(N, P,t) that the cells contain the particle numbers N = {N;}L | and P =
{P,}E, for time ¢ is ruled by the master equation

% = i [(eJraNi e MNip1 — 1) WZ-(JFN)P + (e_aNi etONip1 — 1) Wl-(fN)P

=0

b (ePome O 1) WP 4 (et 1) W,.<—P>p]

+ XL: (e ie 0 — 1) WP 4 (etPMietor — 1) W P|. (5.41)
=1
with the transition rates
Wz'(+N) = #w(AU;ﬁl)Ni? (5.42)
Wi = zw(AUZH ) Nit1, (5.43)
Wit = e (AUS)P, (5.44)
Wit = %w(AUfffz) i1 (5.45)
W(+) Qky (5.46)
w Qk,%% (5.47)

where AU ;41 is the intrinsic energy change in the whole p-n junction diode associated with the
transition of one particle from the ith to (i+1)th cell. According to the calculation in Appendix A,
we find that

2 2
(V) s e*LAx
AUZ Z+1 ((p’H’l q)l) + 2(L + 1)697 (548)
2LAz?
A P _ D, — D 67 4
Uz i1 —|—€( i+1 Z) + 2(L+ 1>EQ (5 9)

We notice that, for transitions at the boundaries, these expressions hold by taking the values of
the potentials in the reservoirs, &, = ®r, and &1 = Pg. The function (AU) is defined by
Eq. (4.24). At the ends of the chain, we have that exp(+9x) = 1 for X = Ny, Py, Npt1, and Pr 4
in the master equation (5.41).

For numerical purpose, the Markovian stochastic process ruled by Eq. (5.41) is approximated
by its corresponding Langevin stochastic process (see Appendix B for the detailed procedure).
After the system has relaxed to its stationary state in simulation, every mean quantity in some
cell can be estimated by the time average

(X) = lim = / X(t (5.50)

with X = N;, P;, ®;, or the fluxes F(P) F(N) By ergodicity, this is equivalent to the ensemble
average (X) = > n p X (¢)Pst(N, P) over the stationary probability distribution Py. Due to the

electron-hole pair generation and recombination, the mean fluxes <F¢( )> and (Fi( )> vary with the

position x;. However, by charge conservation, their difference <Fi(P)> — <Fi(N)) is independent of
the position in the junction, which defines the mean net current in the diode. In the continuum
limit where Az — 0 and At — 0, the densities of electrons and holes obeying Eqs. (5.13)-(5.29) are
recovered through n(xz;,t) = N;(t)/Q and p(x;,t) = P;(t)/Q. We can also recover the stochastic
partial differential equations (5.13)-(5.14) with the current and rate densities (5.15)-(5.17) from
the Langevin stochastic equations (B.12)-(B.16) (see Appendix C).
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Figure 5.3: The junction for different values of the applied voltage V. Top panels (a), (c), (e):
the profiles of the electron density n (blue dashed lines) and hole density p (green dashed lines).
Bottom panels (b), (d), (f): the corresponding profiles of the mean electric potential. The lines
depict the profiles obtained by solving the ODEs and the asterisks by simulating the stochastic
process. The values of physical quantities and parameters listed in Table 5.1 and the Set I in
Table 5.2 are used. The statistics in simulation is carried out over 4 x 10° iterates.

5.3 Density Profiles of Charge Carriers and Potential

Here, we study the effect of the different boundary conditions on the densities and electric potential
across the p-n junction, in order to explore the properties of the junction. In the following, the
results of the numerical simulations are compared with the solutions of the ODEs (5.32)-(5.37)
giving the mean fields.

Figure 5.3 shows the profiles for different values of the applied voltage V. Now, the profiles
are deformed by the nonequilibrium constraint of the applied voltage V. The slope of the electric
potential gives the electric field by Eq. (5.37), which is nonvanishing under the nonequilibrium
voltages V' = £1. In the panels (a) and (e) of Figure 5.3, the density profiles are also deformed
in their approach towards uniform profiles away from the junction. As expected [90, 91], there is
an excess of holes on the p-type side of the junction under a positive voltage with respect to the
situation in equilibrium. Again, there is a good agreement between the results of the simulation
and the mean-field profiles, which brings a strong support to the validity of the stochastic approach.

5.4 The Current and Counting Statistics

Here, we consider the fluctuations of the electric current in the middle of the junction at the
location x = 0. This current is composed of electrons and holes moving in either directions and
crossing the section area ¥ at x = 0 for random times ¢,,. Accordingly, this instantaneous current
can be defined as

+oo

I(t)= > quo(t—tn) (5.51)

n=—oo

with ¢, = e depending on whether the carrier is positive- or negative-charged and moves towards
x>0 or z < 0. We also define the instantaneous total electric current including the contribution
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of displacement current as
T'(t) = Z(t) — €0;0, D%, (5.52)

which are the experimentally measured electric currents [62, 102, 103, 104].
In the framework of the Langevin stochastic process (see Appendix B), the net charge current
at the location x = 0 is approximately given by

I(t) = e/dz Gy —jn) ~ e (Ff/’; - ngg) : (5.53)

in terms of the fluxes (B.14)-(B.15). The current that is experimentally measured is the total
current, which includes the contribution from the displacement current. After spatial discretization
and surface integration over the section area ¥ = /A, this contribution becomes

L
eex _ _ _ _
SeOi€oi ¥ 5 ) [(c Yoprg — (€, — (€Y, +(C 1%} (F;PLF;N)),

j=0
(5.54)

where the matrix C is related to the discretized Poisson equation (5.40) with the explicit form
given by Eq. (A.2), and

LAz? Az?
-1 -1 -1 -1y _ o s
(C )i+1,j+1 - (C )i+1,j - (C )i,j+1 + (C )” o (L+ 1)695” (L + 1)69(1 dij). (5.55)
Therefore, the discretized form of the total charge current is given by
L
_ s s ~ € (P) (N)
() = /dE ety —dn) + il ~ = 37 (FP = V) (5.56)

J=0

which is independent of the location.
The corresponding random numbers of charges accumulated over the time interval [0, t] are
defined as

1 K ! !
2() = /O I(#)dt, (5.57)
Z() = é /O ()t (5.58)

Through numerous repeated measurements in simulation, we get the counting statistics of Z(t),
and thus P(Z,t) can be numerically constructed. Similarly, P(Z’,t) can be numerically constructed
from the counting statistics of Z’(¢). The mean charge current J is given by

t—o0 t—o0

J = lim %(Z(t)) — lim ~(Z'(1)), (5.59)

and the corresponding mean electric current by I = |e|J. The equality between the mean values
without and with the displacement current comes from the fact that the displacement current are
given by a time derivative. The time-dependent diffusivities are given as

~ 1

D(t) = =([Z(t) — Jt] [Z(t) — Jt]), (5.60)

D'(t) = —([Z'(t) — Jt|[Z'(t) — Jt]). (5.61)

t

1

2t
In the long-time limit, we obtain the asymptotic diffusivity,
_ . P _ . ~/

D= tlgrolo D(t) = tlggoD (t), (5.62)

which also take the same value whether the displacement current is included or not.
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Figure 5.4: Full-counting statistics of the carrier electric current through the section area at the
middle of the junction: (a) The probability distributions P(+£Z) for time ¢ = 0.5 versus the charge
number Z with peak value normalized to one. The statistics is carried out over 106 random
trajectories. (b) In[P(Z)/P(—Z)] versus Z showing the linearity with the slope A(t = 0.5) ~ 0.08
for time ¢t = 0.5. (c)-(d)-(e) Histograms P(Z) of the carrier charge distributions for relatively long
time ¢ = 100 and different values of the applied voltage (¢) V = —1, (d) V =0, and (e) V = 1.
The histograms are obtained with 5 x 10* data and they are fitted to Gaussian distributions (2.47).
(f) The affinities computed with these fitted Gaussian distributions according to Eq. (5.67) versus
the applied voltage V', checking the linear dependence A ~ V with a unit slope up to numerical
accuracy (dashed line) for relatively long time ¢ = 100. The values of physical quantities and
parameters listed in Table 5.1 and the Set I in Table 5.2 are used.

5.5 Fluctuation Theorem for the Current

By extending the method of Section 2.7, the current of such a Markov jump process obey a
fluctuation theorem. For the current (5.51), the fluctuation theorem can be expressed as
P(Z,t)
T~y AZ), 5.63
BTpps St exD(AZ) (5.63)
in terms of the probability P(Z,t) that the number (5.57) of charges crossing the section area ¥
during the time interval [0, ¢]. With the same analysis as in Section 4.3, the macroscopic affinity
is given by
A=1In [pLe’@e(q’L_q’R)} = feV (5.64)
Pr

in terms of the applied voltage, as expected. In equilibrium, A = 0, we recover the detailed balance
condition, according to which the probabilities of opposite fluctuations are equal. If the logarithm
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Figure 5.5: Full-counting statistics of the total electric current including the contribution of the
displacement current: (a) The probability distributions P(+£Z’) for time ¢t = 0.05 versus the
charge number Z’ with peak value normalized to one. The statistics is carried out over 10°
random trajectories. (b) In[P(Z’)/P(—2")] versus Z' showing the linearity with the slope A’(t =
0.05) =~ 0.83. (c)-(d)-(e) Histograms P(Z’) of the total charge distributions for relatively long time
t = 0.1 and different values of the applied voltage (¢) V = —1, (d) V =0, and (e) V = 1. The
histograms are obtained with 5 x 10* data and they are fitted to Gaussian distributions (2.47).
(f) The affinities computed with these fitted Gaussian distributions according to Eq. (5.67) versus
the applied voltage V', checking the linear dependence A’ ~ V with a unit slope up to numerical
accuracy (dashed line) for relatively long time ¢ = 0.1. The values of physical quantities and
parameters listed in Table 5.1 and the Set I in Table 5.2 are used.

of the ratio of the probabilities P(£Z,t) is linear in the random variable Z, we may consider the
time-dependent affinity

. 1., P21
A(t) 7 In Pz

(5.65)

for the given time ¢. The prediction of the fluctuation theorem is that its asymptotic value should
be equal to the macroscopic affinity given by the applied voltage,

lim A(t) = A = BeV. (5.66)

t— o0
In order to test numerically the prediction of the fluctuation theorem, we consider the full
counting statistics of the random variable (5.57) as simulated by the Langevin stochastic differential
equations (B.12)-(B.19). These quantities are shown in Figure 5.4(a)(b) for the short time ¢ = 0.5.
In this case, the probability distributions P(£Z, t) have a strong overlap so that the time-dependent
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affinity (5.65) can be directly evaluated to be A(t = 0.5) ~ 0.08, which is much smaller than the
asymptotic value giving the macroscopic affinity A = fl(oo) = peV =1.

In order to reach the macroscopic affinity, the time interval is increased. However, the overlap
between the probability distributions P(+Z,t) soon becomes very narrow as time increases if
V # 0. Indeed, P(+Z,t) are distributed around their mean value +(Z), which increases linearly
with time at a rate equal to the mean current. As seen in Figure 5.4(c) for time ¢ = 100 and
voltage V = —1, the distribution P(Z,t = 100) is centered around (Z) ~ —4017 so that its overlap
is tiny with the opposite distribution P(—Z,¢ = 100), which is centered around (Z) ~ +4017. A
similar feature holds for the distribution of Figure 5.4(e) at time ¢ = 100 and voltage V' = 1, which
has the mean value (Z) ~ +4366. Therefore, the method based on coarse-grained model is used
here to evaluate the affinity in such circumstances. In the same way as in Section 4.5, the global
transition rate W is introduced for charge transfers from the left reservoir to the right reservoir in
the long-time limit, and W_ for the reverse process. On the other hand, in Figure 5.4(c)(d)(e), we
observe that the histograms P(Z, ¢ = 100) for three different values of the applied voltage are very
close to Gaussian distributions, from which we get the mean charge current J and the asymptotic
diffusivity D according to Egs (5.59) and (5.62). In Figure 5.4, the histograms P(Z,¢ = 100) are
fitted to Gaussian distributions (2.47). The relations between the mean current J, diffusivity D,
transition rates W and W_ are given by using Egs. (2.45)-(2.46) and the affinity is thus evaluated
with
Wy 2D+ J

A:IHW_ 71n2D—J’

(5.67)

for relatively long time ¢ = 100 and different values of the applied voltage. The values of the
numerically calculated affinity are plotted in Figure 5.4(f) as a function of the applied voltage V,
showing agreement with the prediction (5.64) of the fluctuation theorem (8 = e =1 in the figure,
see Table 5.1). Therefore, the time-dependent affinity converges to the macroscopic value (5.66),
as predicted by the fluctuation theorem (5.63) for the carrier electric current.

The fluctuation theorem with the macroscopic affinity (5.64) also applies to the fluctuations of
the random variable (5.58),

P(Z',t)

I S A A !/
Pz f) St exp(AZ"), (5.68)

by extension of the previously considered theorem [62, 31]. Figure 5.5(a)(b) shows the probability
distributions P(+2,t) for time t = 0.05, as well as the associated time-dependent affinity A’(t)
given in a similar way as Eq. (5.65). Remarkably, for this short time, this affinity is already close to
the asymptotic value given by the macroscopic value (5.64). In Figure 5.5(c)(d)(e), the histograms
are fitted to Gaussian distribution to compute the time-dependent affinity A’ for relatively long
time ¢ = 0.1 and different values of the applied voltage. In Figure 5.5(f), the affinity is plotted
versus the applied voltage, showing that they are equal up to numerical accuracy. Therefore, the
fluctuation theorem (5.68) is confirmed by these results. Furthermore, the convergence to the
macroscopic affinity is observed to be much faster for the measured total current fluctuations than
for the carrier current fluctuations.

An implication of the fluctuation theorem is that the thermodynamic entropy production is
always non-negative. Indeed, the entropy production rate can be expressed as [61]

1 d4;8 .1 , , , P(Z',t)
- = — P —P(— > .
o dr thm > /dZ [P(Z't) (=Z',t)]In P(—2'.1) 0 (5.69)

in terms of the probability density P(Z’,t) and this expression is always non-negative because
(p—¢q) In(p/q) > 0 for any non-vanishing real numbers p and g. Using the fluctuation theorem (5.68),
the expression (5.69) gives the dissipated power divided by the thermal energy,

1ds 1 VI(V)
=82 gim SAZ' () =
kp dt | toeo (Z(®) kT

>0, (5.70)
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as expected. Hence, the entropy production is non-negative in accord with the second law of
thermodynamics.

Here, it is necessary to mention that the coarse-grained model would fail to evaluate the asymp-
totic affinity if the p-n junction diode is farther from equilibrium. That is, the fitted dashed lines
in Figure 5.4(f) and Figure 5.5(f) would severely deviate from being with the expected slope if the
the applied voltages V' are too large. As we have already discussed in Chapter 4, the reason lies
in the nonlinearity of the local transition rates (5.42)-(5.47) as well as those at the boundaries. In
contrast with the situation for the conductive channels, the nonlinearity here not only arises from
the long-range electrostatic interaction, but also from the stochastic process of electron-hole pair
generation and recombination.

5.6 Current-Voltage Characteristics

In this section, we study the nonlinear response of the electric current to the applied voltage with
the stochastic approach. The heterogeneous distributions of charge carriers induce the effect of
current rectification in diodes. This rectifying effect is characterized by the nonlinear dependence
of the mean electric current on the voltage. The basic theory of current-voltage characteristics of
p-n junctions was established by Shockley [88, 89]. Based on the following four assumptions:

e The built-in potential and applied voltage are completely loaded in the small depletion layer?,
and outside this region the semiconductor is assumed to be neutral.

o The densities of charge carriers are scaled by Boltzmann factor?.
e The injected minority carrier densities are small compared with the majority carrier densities.

e No generation-recombination current exists inside the depletion layer, and the electron and
hole currents are constant throughout the depletion layer.

the ideal current-voltage characteristics can be described by so-called Shockley equation

-1 o () 1] .

Here, the reverse-bias current I is called the saturation current, which is independent of the applied
voltage. It is, however, quite dependent on temperature. The second assumption has already been
assumed by Eq. (5.5).

We see in Figure 5.6(a) the current-voltage characteristics of the junction under the same condi-
tions as in Figure 5.3. Under this condition, the ratio of majority to minority carrier concentration
i Cmajor:Cminor = 4. As expected, the mean electric current increases more rapidly for a positive
than a negative voltage. However, the rectification effect is moderate and the I-V curve differs
from the Shockley equation (5.71) because the barrier of the electric potential at the junction is not
sharp enough with respect to the voltage drop across the diode, as seen in the inset of Figure 5.6(a).
If the current-voltage characteristics (5.71) was realized, the rectification ratio Z = |I(V)/I(-=V)]
would be equal to Zs = exp(V). However, this ratio takes the value #Z =~ 1.5 at V = 4, much
lower than the expected value Zs = 54.6, which confirms that the Shockley model does not apply
in the conditions of Figure 5.6(a).

In order to reach the Shockley regime, the concentration ratio of majority to minority carriers
is increased up to the very large value cmajor:Cminor = 4 X 10%, so that the potential step takes

31t is a small region around the junction, where there is a abrupt potential change and the mobile charge carriers
are swept out in equilibrium. See Figure 5.2 for the region between pp’ and nn'.
4The Fermi-Dirac distribution is approximated as an exponential function, that is

1
I = e B (E = B

when F is larger than Ep by several orders of magnitude with respect to 1/8 = kgT.

~exp[B8(Er — E)]
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Figure 5.6: The current-voltage characteristic curves of the p-n junction. I denotes the mean
electric current and V' the applied voltage. The inset in each panel shows the electric potential
profiles under several values of the applied voltage. The asterisks show the results of the stochastic
simulation. In panel (a), the line is joining the data points. In panel (b), the line is the Shockley
curve fitted to simulation data. The values of physical quantities listed in Table 5.1 are used for
both panels. The two sets of parameter values listed in Table 5.2 are also used, with Set I for (a)
and Set II for (b). The statistics is carried out over 4 x 10° iterates.

the value (A®)qq = In(4 x 10°) a2 15.2 in equilibrium. The low-injection assumption is reasonably
satisfied under this condition. Figure 5.6(b) shows that the I-V curve indeed follows the Shockley
equation (5.71) in this case with the relatively small value Iy ~ 0.063 (x10°) of the saturation
current at negative voltage. The step-like shape of potential profile along the p-n junction con-
firms the first assumption. The generation-recombination currents can be safely neglected in the
depletion region with such a small width, as we see from the potential profile in Figure 5.6(b). The
last assumption is thus also valid. The small number of charge carriers across the depletion region
undergoes pure diffusion and recombine with the majority charge carriers.

The stochastic process of charge transfers between the two sides of the junction can be approx-
imately described by the coarse-grained model, in which there are two associated global transition
rates W and W_. In general, both of these rates have a complicated dependence on the applied
voltage V. In the case there is a sharp potential barrier at the junction, and if the transition rate
W_ to descend the barrier becomes independent of the voltage while the transition rate to climb
the barrier can be expressed as W, = W_exp(feV) in terms of the Boltzmann factor exp(BeV),
then the mean electric current is given by

IT=e(W; —W_)=eW_[exp(feV) — 1], (5.72)
which is exactly the Shockley equation (5.71). Considering that the limitation of the coarse-grained
model far from equilibrium has already been discussed, it seems that these two rates can not be
understood in a stochastic way. However, the staircase potential profile in Figure 5.6(b) indicates
that the p-n junction in the Shockley regime can be seen as two regions respectively in equilibrium.
The coarse-grained model is supposed to work very well in this Shockley regime. However, the issue
remains open whether W, and W_ behave as stated above under ideal p-n junction conditions.
Actually it is difficult to extract the accurate values of these two rates from the counting statistics
in numerical simulations, since the W_ is relatively too small compared with W,.. Nevertheless, the
agreement between simulations and the predictions of the Shockley equation supports the validity
of these assumptions if the concentration ratio of majority to minority carriers is large enough.



Chapter 6

Charge Transport in Bipolar n-p-n
Junction Transistors

The proper combination of two p-n junctions produces a bipolar transistor, the main compounds of
electronic devices'. Therefore, bipolar transistors have an unprecedented impact on the electronic
industry in general and on solid-state research in particular. Inside a bipolar transistor, there are
three types of semiconductors separated by two junctions. The middle semiconductor is doped
with charged impurities different from those in the two other semiconductors. Unlike diodes, there
are three terminals in a bipolar transistor and electric currents flow between pairs of them. The
resistance between two terminals can thus be controlled by the third. This enables transistors to
amplify electric signals [105, 106, 90, 107, 94, 93, 92, 95, 96].

The fundamental issue is that the coupling between the electric currents is ruled by microre-
versibility, as in any type of device or process. In linear regimes close to thermodynamic equilib-
rium, microreversibility implies the Onsager reciprocal relations. However, bipolar transistors are
functioning in highly nonlinear regimes beyond the domain of application of the Onsager reciprocal
relations. Remarkably, the generalizations of these relations beyond the linear regime are known
(see Section 2.3). Moreover, the novel aspect is that two coupled currents are flowing in bipolar
transistors, instead of only one in diodes that are studied in Chapter 5. This motivates us to
numerically test all these relations with the electric currents in bipolar transistors.

In this chapter, the stochastic approach developed in Chapter 5 for the diodes is extended
to the studies of charge transport in bipolar transistors. In this way, the fluctuation theorem is
numerically shown to hold for the joint probability distribution of two electric currents. Similar
results are obtained including the displacement currents. The Onsager reciprocal relations as well
as their generalizations to nonlinear transport properties are numerically shown to be satisfied.
In addition, signal-amplifying capability is numerically demonstrated for bipolar transistors under
their working conditions.

6.1 Bipolar n-p-n Junction Transistors

Depending on the configuration, there are two types of bipolar junction transistors (BJT): the n-p-
n transistors, in which a p-type semiconductor is sandwiched between two n-type semiconductors,
and the p-n-p transistors, where an n-type semiconductor is confined between two p-type semicon-
ductors. They are complementary devices. In the following, we only consider the case of bipolar
n-p-n_junction transistors that are widely used devices (see Figure 6.1). The electrons e~ and
holes h™ are the two mobile charge carriers across the bipolar n-p-n junction, with electrons being

IThe first bipolar transistor was invented in 1947 by Brattain, Bardeen and Shockley at Bell Laboratories. The
three of them received the Nobel prize in 1956 for their invention. Apart from bipolar transistors, there also exists
two other basic types, namely, the metal-oxide-semiconductor field-effect transistors (MOSFET), and the junction
field-effect transistors (JFET).
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Figure 6.1: Schematic representation of (a) the transistor and (b) the bipolar n-p-n junction. In
panel (b), the black (respectively, white) dots represent electrons (respectively, holes). The three
reservoirs, called Collector, Base, and Emitter, fix the values of the electron density, the hole
density, and the electric potentials at their contact with the transistor.

the majority ones in n-type semiconductor, and holes the majority ones in p-type semiconductor.
The positive-charged donors and negative-charged acceptors are the impurities respectively doped
in n-type and p-type semiconductors. Each doped region has a terminal and the three terminals
are in contact with some charge carrier reservoir. They are respectively called Collector, Base,
and Emitter (see Figure 6.1). To model the transistor, a Cartesian coordinate system is associated
with the system. As shown in Figure 6.1(b), the semiconducting material extends from x = —[/2
to = +1/2 and is divided in three parts. The part from z = —1/2 to x = —[,/2 is of n-type, the
one from « = —1,/2 to © = +1,/2 of p-type, and the one from z = +1,/2 to x = +1/2 of n-type.
The three parts are respectively of lengths [,, = (I —1,)/2, {,, and l,, = (I —{,,)/2. The Collector
is in contact at x = —1/2, the Emitter at x = 4+1/2, and the Base along a length [ symmetrically
located around the origin = 0. The length of the contact with the Base is smaller than the one
of the p-type part: Ip < l,. The geometry is chosen to be symmetric with respect to z = 0 for
simplicity. In addition, the bipolar n-p-n junction has the section area Y, in the transverse y- and
z-directions. The section areas of the contacts with the Collector and Emitter are assumed to be
equal, Yo = X g = X,. Accordingly, the semiconducting material extends over a domain of volume
V = [3;. Moreover, we denote by ¥Xp = ¥, the section area of the contact with the Base. The
donor density d(r) and acceptor density a(r) are supposed to be uniform in the different types of
semiconductor. Therefore, they can be expressed as

d(r) =do(—x —1,/2) +d0 (z —1,/2), (6.1)
af(z+1,/2)0 (—z +1,/2), (6.2)

in terms of two constant values a and d, combined with Heaviside’s step function 6(x) defined
such that #(xz) = 1 if z > 0 and 6(z) = 0 otherwise. The charge density p(r) is thus expressed
as Eq. (5.2). Because of the electrostatic interaction between the charges, these densities are
coupled to the electric potential ®(r). Electrons and holes are generated and recombined by the
reaction (5.3) with the electron-hole pair generation and recombination rate constants ki and k_.

The electron and hole densities as well as the electric potential have fixed boundary values at
the contacts with the three reservoirs. They are respectively given by n¢, pc, ¢ at the Collector;
ng, pg, Pp at the Base; and ng, pg, ®g at the Emitter. The three parts of the transistor are
supposed to be doped from a semiconducting material of uniform intrinsic density v, so that the
boundary values of the electron and hole densities should satisfy the conditions

nepe = nppp = nppp = V2. (6.3)

For simplicity, we set nc = ng and pc = pg to have a system that is symmetric with respect to
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x = 0, as depicted in Figure 6.1(b). Furthermore, we consider the boundary conditions
nc = pc +d, pB =np +a, ng = pg +d. (6.4)

If the transistor is in equilibrium without flow of charge carriers, detailed balance between the
generation and recombination of electron-hole pairs requires that negpeq = v?, where v = \/ky [k_
is the so-called the intrinsic carrier density. Moreover, the Eq. (5.5) holds for the electron and hole
densities in equilibrium. Thus, if the BJT is in equilibrium, the inhomogeneous distributions of
the charge carriers produce the Nernst potentials

(P~ Ppleg = 5-In < = —-In "2 (6.5)

and

1. np 1 pE
O —Ppleg=—In— = —1In—. 6.6
( Jea Be ng Pe pp (6.6)
The transistor is driven out of equilibrium by applying voltages with respect to the Nernst poten-
tials

1 nc
Vo= — P — —In— 6.7
C C E ﬁenn};’ ( )
1 np
Vg =bp— by — —InE, 6.8
B B E BennE ( )

which induce currents across the BJT. When Vp > 0, the Emitter-Base junction is said to be
forward biased, and when Vp < 0 it is reverse biased. Similarly, the Collector-Base junction is
forward biased when Vo — Vg < 0, and reverse biased when Vo — Vg > 0. If no bias is applied to
the terminals, i.e., Vo = Vg = 0, both junctions are in equilibrium and there is no electric current
flow. A BJT with a forward biased Emitter-Base junction and a reverse biased Collector-Base
junction is said to operate in the forward active mode?.

Considering the electrostatic interaction, the diffusion, and the generation-recombination re-
action, we have the following stochastic partial differential equations obeyed by carrier densities,
current densities, and electric potential:

jn = —pnen€ — D, Vn + 8j,, (6.9)

Jp = +1pep€ — DV + 8y, (6.10)

on+V -j,=ky —k_np+do, (6.11)

Op+V - jp=ky—k_np+do, (6.12)

v.e="2 (6.13)
€

E=-VO, (6.14)

where the mobilities p,, and p, are related to the diffusion coefficients through Einstein’s rela-
tions (5.12), while 0j,, djp, and do are the Gaussian white noises characterized by Egs. (5.20)-
(5.29).

6.2 Numerical Simulation Method

For the numerical simulation of the BJT, the system is spatially discretized into cells, each contain-
ing some numbers of electrons and holes, respectively, and a Markov jump process in a accord with
the stochastic partial differential equations (6.9)-(6.14) is associated to fully describe the stochastic
evolution of electron and hole distributions.

2Several combinations of forward- and reverse-biased junctions are possible, leading to different operating modes.
The transistors are therefore referred to as active devices whereas the diodes are passive.
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Table 6.1: The values of parameters for specifying the discretized BJT.

Meaning Set 1 Set II
number of cells in each side region 10 10
number of cells in middle region 3 3
width of each cell Ax 0.1 0.1
height of each cell Ay 0.2 0.2
volume of each cell 1000 109
section area ¥, = Q/Ax 10000 1010
section area ¥, = /Ay 5000 5 x 109
number of electrons in Collector cell 10000 1013
number of holes in Collector cell 100 105
number of electrons in Base cell 100 108
number of holes in Base cell 10000 1010
number of electrons in Emitter cell 10000 1013
number of holes in Emitter cell 100 10°

6.2.1 Discretizing the Bipolar n-p-n Junction Transistor in Space

The BJT is spatially discretized into L cells of length Ax = /L, section area ¥,, and volume
O = ¥, Az, located at the coordinates z; = (i —0.5)Az — /2 (i =1,2,--- ,L). The indices i =0
and ¢ = L + 1 are respectively used to refer to the Collector and Emitter cells. Consistently with
Figure 6.1(b), there are L,, = l,,/Az cells in both parts of n-type, L, = I,/Ax cells for the part
of p-type, and L = lg/Ax cells in contact with the Base. The numbers of electrons and holes in
each cell of the BJT are related to the corresponding densities respectively by N; = n(z;)2 and
P, = p(x;)Q. At the contacts with the three reservoirs, the boundary conditions on the charge
carrier densities determine the boundary values for the corresponding particle numbers:

]\_fc = an, PC = ch, (6.15)
]\_[B = TLBQ, pB = pBQ, (616)

According to boundary conditions (6.4), the number of donors in each cell of the p-type semicon-
ductor is given by D = dQ) = No — Po = Ng — Pg, and the number of acceptors in each cell of
n-type semiconductor by A = a2 = Pg — Ng. The electron and hole numbers in the cells change
every time a particle jumps between two neighboring cells, between a reservoir and the neighbor-
ing cell, or if a reactive event occurs generating or recombining an electron-hole pair. Moreover,
the Poisson equation is also discretized along the chain of L cells forming the system, taking into
account the electric potentials of the Collector, the Base, and the Emitter. The discretized Poisson
equation reads
D1 —29, +P, _’_@B_Qq)i""(I)B e

Az Ay? XiB = ) (P; — Ni + D; — A;) (6.18)

with the boundary conditions &y = ®¢ and ¢y = ®g at the two ends of BJT, and the symbol
xip = 1 if the i¢th cell is in contact with the Base and y;p = 0 otherwise. This linear system
should be solved after every electron or hole transition between cells. We suppose that the electric
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potential @5 of the Base is set on both sides of the chain in the transverse y-direction, in order
to get a symmetric geometry. In numerical simulations, same values of physical quantities as for
p-n junction diodes in Chapter 5 are adopted here, and listed in Table 5.1. Two sets of parameter
values for specifying the discretized BJT are listed in Table 6.1 for different purposes explained
here below. Additionally, for convenience, we set the middle cell with index m to be the only one
in contact with the Base, in which case the sum )., in the subsequent master equation (6.19)
has the sole term 7 = m. These parameter variables can be rescaled into dimensionless ones with
the procedure presented in Appendix D.

6.2.2 Master Equation

The state of the discretized BJT is fully characterized by the electron numbers N = {N;}; and
the hole numbers P = {P,}% | in the cells and they evolve in time according to the network

Np
(N (=N
Wi T wiY
Wi wiy WEN) W
Neg =——= Ny e Nip—a T——— Ny, —_— Nt e Ny, - Ng
i oy Wi Wi
WO LW, fw, Wi Lo WL WL W e
P +P) . (+P)

_ wt? Wy wirE w _
Po ———= Py o Py e Py, _— Prt1 e P, = g
W) Wi WP W)
w1l wi”

Pp

The probability P(N, P, ¢) to find the system in a certain state for the time ¢ is governed by the
master equation

dp _ Z [(ewme—amﬂ _ 1) WP (efaNi oFONip 1) WwNp

i (e+ap —0p _ 1) Wi(+P)7) n ( —0p, o TOP, 1y _ 1) Wi(P)»P‘|

+3 (e — ) WP+ (et 1) WP
iB
+ (e — ) WEPP 4 (et —1) W}g”h)]
L
+3 [ (e7Nie 0 — 1) WP (eFOMietOn — 1) WP (6.19)
=1
with the transition rates given by
Wi = TE(AU )N, (6.20)
Wi = TEHAULY )N, (6.21)
Wi(+P) .~ w( ; z+1)P (6.22)
-P P
Wi = BT )P, (6.23)
W“) = Ok, (6.24)
N; P,
W) = k_ 59 (6.25)
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The transition rates at the boundaries are given by

Wit = %w(AUS?)NC, (6.26)
wy = f;w(AUfﬁ))Nl, (6.27)
Wit = f;w(AUﬁVL)H)Nu (6.28)
Wi = f;zzb(AUﬁ)LL)NE, (6.29)
Wi = fy’;w(AUg))NB, (6.30)
Wiy = A%Lgdf(AUf,ﬁ))Nu (6.31)

for electrons, and similar expressions for holes. AU, ;11 denotes the intrinsic energy change in the
whole BJT associated with the transition of one particle from the ith cell to the (i 4 1)th cell, and
AUg,;, AU; p the intrinsic energy changes in the whole BJT for the particle transitions between
the ith cell and the Base cell. The detailed calculation is presented in Appendix A. The function
Y(AU) is defined by Eq. (4.24). At the ends of the chain, we have that exp(£dx) = 1 for X = Np,
Py, Np41, and P4 in the master equation (6.19).

For numerical purpose, the approximated Langevin stochastic process is simulated instead of
the Markovian stochastic process ruled by Eq. (6.19) (see Appendix B for the detailed procedure).
In the continuum limit, the Markovian stochastic process leads to the stochastic reaction-diffusion
equations (6.9)-(6.14), as shown in Appendix C for the p-n junction diodes.

6.3 The Currents and Counting Statistics

We consider the fluctuating electric currents flowing respectively across the contact with the Col-
lector and the contact with the Base. These electric currents are due to the random motion of
electrons and holes crossing the contact sections between the transistor and the corresponding
reservoirs. The instantaneous electric currents are thus defined as

+oo

To(t) = Y qgc)a(t—t;@), (6.32)
+oo
Ipt)= > ¢Ps (t—t;m), (6.33)

where t%c) (respectively tslB)) are the random times of the crossing events and qflc) (respectively

qle)) are the transferred charges equal to e depending on whether the carrier is an electron or a
hole and if its motion is inward or outward the transistor. We also define the instantaneous total
electric currents including the contribution of displacement currents as

Ze(t) = Zo(t) — 0,0, 2%c, (6.34)
Tio(t) = Tp(t) — €0,0,03p. (6.35)

In the framework of the Langevin stochastic process (see Appendix B), the net charge current
at the contacts with the Collector and the Base are approximately given by

To(t) = e/dEx Gy — ju) ~ € (Fg”) - FgN)) , (6.36)

Tp(t) = e/dEy Gy —dn) e (R - ), (6.37)
iB
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in terms of the fluxes (B.23)-(B.24) and (B.26)-(B.27). After spatial discretization and surface
integration over the section areas, the contribution of the displacement currents can be added to
get the total charge currents Z(,(¢) and T (t).

The corresponding random numbers of charges accumulated over the time interval [0, ¢] are
defined as

Zo(t) = é/o Ze(t)dt, (6.38)
Zp(t) = é /O To(t)dt'. (6.39)

For the total electric currents, the accumulated charge numbers Z/,(t) and Zj(¢) can also be defined
similarly. Through numerous repeated measurements in simulation, we get the counting statistics
of Zc(t), Zp(t), and thus P(Z¢, Zp,t) can be numerically constructed. Similarly, P(Z(, Z5,1t)
can be numerically constructed from the counting statistics of Z(,(t) and Z;(t). The mean charge
currents are given by

Jo = lim 1 (Ze(t) = lim (Z6(0), (6.40)
Jp = lim $(Z5(1)) = Jim +(Z5(0), (6.41)

and the corresponding mean electric currents by Ic = |e|Jo and Ip = |e|Jp. The diffusivities of
the currents are defined as

1 1

Dee = tli)r(r}o %Varzczc( )= tli)rgo o5 Yz, 2, (1), (6.42)
1 1

Dpp = tlggo 51 VA2 25 (t) = liglo o Varz, 7, (t), (6.43)
1 1

Dcp = tlgrolo 21C0VZ0Zs (t) = tlirrolo 2:C0V2, 2, (t) (6.44)

in terms of the variances and the covariances between the accumulated random charge numbers

varz, ze (t) = (Zo(t) Zo(t) — (Zo(1))?, (6.45)
vary, 7, (t) = (Zp(t) Zp(t)) — (Zs(1))%, (6.46)
COVZ-Zp (t) = <Zc(t)ZB (647)
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6.4 Fluctuation Theorem for Currents

We suppose that the voltages (6.7) and (6.8) are applied at the boundaries of the transistor.
Consequently, the transistor is driven out of equilibrium and the stochastic process of charge
transfers between the reservoirs eventually reaches a nonequilibrium steady state. This latter is
expected to depend on the applied voltages, or equivalently on the affinities,

Ac=In [ic Be(@c— %)} In [%E pe(Po- ‘PE)] = BeVe, (6.48)
E C
P N

A —In |: B ﬁe(CPB ¢‘E):| = In |:Eeﬁe(¢‘B¢'E):| = ﬁeVB’ (649)
PE Np

which are determined by the differences of electrochemical potentials between the corresponding
reservoirs. Here, the Emitter is taken as the reference reservoir. The dependences of the mean val-
ues of the currents on the affinities define the characteristic functions of the transistor: Jo(Ac, Ap)
and Jp(Ac, Ap). In equilibrium, the affinities are vanishing together with the applied voltages
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and the mean values of the currents, so that Jo(0,0) = Jp(0,0) = 0. However, the diffusivities do
not necessarily vanish in equilibrium.

Beyond the mean values of the currents and the diffusivities, the process can be characterized
by higher cumulants or the full probability distribution P(Z¢, Zp, t) that Zo(t) and Zg(t) charges
are crossing the Collector and the Base during the time interval [0, ], while the transistor is in a
nonequilibrium steady state of affinities Ac and Ag. This steady state is given by the stationary
solution of the master equation of the Markov jump process. Using the network representation of
this Markov jump process and its decomposition into cyclic paths [78] combined with the method
of Section 2.7, the process can be shown to obey a fluctuation theorem for all the currents as
a consequence of local detailed balance [31, 62]. This theorem states that the joint probability
distribution of random variables Zo and Zp at time t satisfies the following fluctuation relation,

P(Zc,Zp,t)

— T~y AcZ ApZp). .
P—Zo,—Zn 1) exp (AcZc + ApZp) (6.50)

A similar fluctuation relation holds if the displacement currents are included in the accumulated
charge numbers [62].

As a consequence of the fluctuation theorem, the thermodynamic entropy production is always
non-negative in accord with the second law of thermodynamics. The entropy production can indeed
be expressed as the Kullback-Leibler divergence between the probability distributions of opposite
fluctuations of the currents [61], giving the dissipated power divided by the thermal energy,

1.diS
ke di

=AcJo+ ApJp = (chc + VBIB) >0, (6.51)

as expected.

We notice that the fluctuation relation (6.50) holds in the long-time limit. The time-dependent
affinities converge towards their asymptotic values (6.48) and (6.49). While the time-dependent
affinities Ac(t) and Ag(t) can be defined such that

P(Zc, Zp,t e -
7?(—(22,—23,)6 = exp [Ac(t)Zc + Ap(t)Z5] - (6.52)
Similarly, the time-dependent affinities A/ () and A4(t) can also be defined when the accumu-
lated charge numbers Z((t) and Zj(t) are used instead. The convergence time is determined by
diffusion [108] and it can be estimated to range between the time of diffusion across the middle
part, taig ~ [2/D ~ 9, and the one before recombination, taig ~ £2/D ~ 100.

The direct test of the fluctuation relation (6.50) requires the availability of an overlap be-
tween the probability distributions P(Z¢, Zp,t) and P(—Z¢, —Zp,t). Since the maxima of these
distributions move apart under nonequilibrium conditions, the overlap rapidly decreases as time
increases. Therefore, the direct test of the fluctuation relation is restricted to short times. Nev-
ertheless, the test is possible as shown in Figure 6.2 for the joint probability distributions of the
accumulated charge numbers without and with the displacement currents. For the bare charge
numbers, Figure 6.2(a) depicts the joint distribution itself at time ¢ = 20, which is roughly Gaus-
sian and shifted with respect to the origin because of the elapsed time. There is a significant
overlap with the opposite distribution P(—Z¢, —Zp,t) and Figure 6.2(b) shows several contours
of the two-dimensional function In[P(Z¢, Zp,t)/P(—Zc,—Zp,t)] in the plane of the variables Z¢
and Zp. These contours appear straight given the presence of statistical errors, in agreement
with the prediction of the fluctuation theorem that the function should be linear. The function
In[P(Zc, Zp,t)/P(—Zc,—Zp,t)] can thus be fitted to a linear function Aq(t)Z¢ + Ap(t)Zp,
defining the finite-time affinities A (t) and Ap(t). However, their values remain smaller than the
applied affinities Ac = Ap = 0.1 because convergence is expected for ¢ > tqix and has not yet
been reached in Figure 6.2.

As shown in Figure 6.2(c)(d), we have similar results for the joint probability distribution
P(Z{, Zj,t) of the charge numbers with the displacement currents. As seen in Figure 6.2(c),
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Figure 6.2: (a) Joint probability distribution P(Z¢, Zp,t) of the transferred charges Z¢ and Zp
at time t = 20. The center of this distribution marked with the symbol "+" corresponds to the
mean values (Zp) = 117.43 and (Z¢) =~ 75.21. Several contours of the distribution are also plotted.
(b) The function In [P(Z¢, Zp,t)/P(—Zc, —Zp, t)] versus Z¢ and Zp at the same time ¢ = 20. Sev-
eral contours are shown. The arrows indicate the gradient of the distribution. The time-dependent
affinities take the values Ag(t = 20) ~ 0.0387 and A (t = 20) ~ 0.0326. (c) Joint probability dis-
tribution P(Z(,, Z,t) of the transferred total charges Z(, and ZJ; including the displacement cur-
rents, at the same time ¢ = 20. This distribution is centered on the same mean values (Zj) ~ 117.43
and (Zp) ~ 75.21. (d) The corresponding function In[P(Z, Z,t)/P(=Zg, —Zp,t)] versus Zg
and Zj at the same time ¢ = 20, giving the time-dependent affinities A%z(t = 20) ~ 0.0659
and Al (t = 20) ~ 0.0752. For both cases, the affinities are set in the simulation to the value
Ac = Ap = 0.1. The simulation is carried out with the time step d¢t = 0.1 and the statistics over
3 x 107 trajectories. The pixels in the four panels are all of size 4 x 4. The values of physical
quantities and parameters listed in Table 5.1 and the Set I in Table 6.1 are used.
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the displacement currents have for effect that the distribution P(Z(, Z%,t) is narrower than
P(Zc, Zp,t) depicted in Figure 6.2(a). Consequently, the time-dependent affinities AL (t) and
A (t) are larger than Ag(t) and Ag(t) and the convergence in time towards the asymptotic val-
ues of the affinities should be faster for the statistics of the transferred total charges Z;, and Zj
including the displacement currents, than for the statistics of the transferred charges Z¢ and Zp.

In order to test the convergence of the time-dependent affinities towards their asymptotic values
over longer time scales, the method developed in Section 3.1 is used here. In this method, we have
the coarse-grained model

WcE

Collector Emitter, (6.53)
Weo
Base Emitter, (6.54)
Wes
Wes
Collector Base, (6.55)
Wse

where the charges are supposed to be transferred directly between the three reservoirs in the long-
time limit with the global transition rates {Wy; }x i=c,5,g. Similar to Egs. (3.111)-(3.116), we have
the following set of six nonlinear equations for the global transition rates:
Weg —Wge + Wep — Wee = Jo, (6.56)
Wgg —Wgp + Wee — Wep = Jg, (6.57)
Wer +Wge +Wep + Wee = 2Dcc, (6.58)
Wge +Wgp + Wee + Wep = 2Dgs, (6.59)
Wep + Wee = —2Dcs, (6.60)
WesWpeWee = WeeWesWeE, (6.61)
where Jo, Jg, Dcco, D, and Decp are the mean currents and diffusivities whose values can
be evaluated from counting statistics according to Eqgs. (6.40)-(6.44). The values of the rates

{Whii}ki=c B g are determined from solving the nonlinear equations (6.56)-(6.61) with the Newton-
Raphson method (see Appendix E). Thereafter, the affinities are readily evaluated by

WeE
A=A =1 6.62
C CE n WEC7 ( )
Ap = App — In VBE. (6.63)
WeB

Figure 6.3 shows the comparison between the numerical affinities given by Eqs. (6.62)-(6.63)
and the theoretical predictions given by Eqs. (6.48)-(6.49) for several cases. Accurate agreement is
found if the affinities remain moderate, confirming the convergence of the time-dependent affinities
Ac(t) and Ap(t) towards their expected asymptotic values within the domain of validity of the
model (6.53)-(6.55). Subsection 3.1.5 gives an exact proof of the agreement between numerical
affinities and the theoretical predictions if the system is near equilibrium. It is also notable in
Figure 6.3 that for case (8) there exists obvious deviation beyond errors between the numerical
affinities and the theoretical expectations. The reason lies in the nonlinearity of the rates (6.20)-
(6.25) as well as those at the boundaries.

Despite the limited scope of application of this method, the agreement between the numerical
and theoretical values of the affinities brings further numerical support to the fluctuation relation
for the currents.

6.5 Response Properties

In this section, we focus on the numerical test of the fluctuation-dissipation relations (2.16), the
Onsager reciprocal relations (2.17) as well as their generalizations (2.18). The methods given in
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Figure 6.3: The comparison between the numerical affinities A(C? ), Ag,l) given by Eqgs (6.62)-(6.63)
(marked with asterisks) and the theoretical expectations A(CE), Ag) given by Egs. (6.48)-(6.49)
(marked with circles). The values of both kinds of affinities as well as their errors are listed on
the right part of the figure. The statistic data used to evaluate numerical affinities are obtained
by simulation with the time step dt = 0.05, the total time ¢t = 2.5 x 102, and 5 x 10° iterates for
every case. The values of physical quantities and parameters listed in Table 5.1 and the Set I in
Table 6.1 are used. The numerical method for estimating the error can be found in Appendix E.
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Figure 6.4: The mean charge currents as a function of the affinities Ag and A¢: (a) The current
Jo from the Collector to BJT; (b) The current Jp from the Base to BJT. The asterisks are the
numerical data points from the simulation. The surfaces are obtained from Lagrange interpola-
tion using the data points. Furthermore, the data points are used to get the second derivatives
82Ji/8Aj8Ak\(070) around the equilibrium point (Ac = 0, Ag = 0), as explained in Appendix E.
The numerical values of these second derivatives are labeled and also listed in Table 6.3. The
simulations are carried out with the time step d¢ = 0.05 and 10 iterates for every data point. The
values of physical quantities and parameters listed in Table 5.1 and the Set I in Table 6.1 are used.
The numerical method for estimating the error can be found in Appendix E.
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Appendix E for the numerical evaluation of derivatives and their error analysis are used.

The evaluation of the linear response coefficients relies on the determination of the mean charge
currents as a function of the affinities. To achieve this evaluation, we have computed the mean
charge currents for several values of the affinities, as shown in Figure 6.4. We have used the
Lagrange interpolation method (see Appendix E) to obtain one-variable polynomials approximating
Jo(Ac, A =0), Jo(Ac =0, 4g), Jg(Ac, Ap =0), and Jg(Ac = 0, Ap) based on the numerical
data plotted in Figure 6.5(a)(c)(e). Subsequently, the linear response coefficients can be computed
by taking the first partial derivatives of the Lagrange polynomials at the equilibrium point (A¢c =
0,Ap = 0). Their numerical values are listed in the first column of Table 6.2. The observation
that the two dashed lines in Figure 6.5(e) are tangent with each other at the equilibrium point
(Ac = Ap = 0) already confirms the Onsager reciprocal relations (2.17), which can be also checked
from the values of Lo p and Lp ¢ within the numerical accuracy.

Furthermore, the equilibrium values of the diffusivities are computed from the linear regression
of several points of the quantities 0.5 x varz,z, (t), 0.5 x varz, z, (t), and 0.5 X covz,z, (t) versus
t, as shown in Figure 6.5(b)(d)(f)3. The values of diffusivities are identified as the slopes of the
resulting lines, and given in the second column of Table 6.2. The differences between the linear
response coefficients and the diffusivities are reported in the third column of Table 6.2, showing
that the fluctuation-dissipation relations (2.16) are also satisfied within the numerical accuracy.

Next, the numerical values of the charge currents Jo and Jp are computed for different values
of the affinities Ac and Ap in order to construct the two-variable functions Jo(A¢, Ap) and
JB(Ac, Ap) using two-dimensional Lagrange interpolations, as shown in Figure 6.4. The values of
second derivatives at the equilibrium point (Ac = Ag = 0),

02J;

Mijk = 54,94, (

for 1,5,k =C, B, (6.64)
0,0)

are thus numerically evaluated using the numerical method explained in Appendix E. On the
other hand, the diffusivities D;; are again computed with the same method as illustrated in Fig-
ure 6.5(b)(d)(f), but for the transistor driven away from equilibrium. They are plotted in Figure 6.6
as functions of the affinities. Therefore, the derivatives of the diffusivities with respect to the affini-
ties

k =
Ak {(0,0)

Ri;, for i,j,k=C,B (6.65)

can also be evaluated numerically at the equilibrium point (Ac = Ap = 0). The results for
the quantities M; ;i and R;j ) are given in Table 6.3 where we calculate the differences, M; ji —
Rijk — Rk j, testing the validity of the prediction (2.18) of the fluctuation theorem beyond the
linear transport properties. We see that these differences are smaller than the numerical errors in
agreement with the predictions.

6.6 Current-Voltage Characteristics

The purpose of this section is to show that the properties characterizing the functionality of
transistors can be described within the stochastic approach. In electronic technology, transistors
are primarily used to amplify signals in electric circuits. This amplification results from the coupling
between the two electric currents, I and Ig. By this coupling, one current can serve as input and
the other as output. The basic transistor action is the control of electric current at one terminal by
voltage applied across two other terminals. This is called the transistor effect. The amplification
factor is defined as the electric current at the Collector divided by that at the Base, I¢/Ip, which is
simply called the electric current gain. We may also introduce the differential amplification factor

3The reason that the values of diffusivities are computed from linear regression instead of directly from Egs. (6.42)-
(6.44) is to increase the accuracy.
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Figure 6.5: Panels (a)(c)(e): the mean charge current as a function of one affinity with another
affinity being zero. The asterisks are numerical points from the simulation. The dashed lines show

the Lagrange polynomials interpolating numerical points.

The first partial derivatives around

equilibrium point (Ac = Ap = 0) can be estimated from the Lagrange polynomials, with the
approximate values labeled. Panels (b)(d)(f): the quantities 0.5 X varz,z,, 0.5 X varz,z,, 0.5 X
covz, 7 respectively as a function of the time ¢ used to compute them. Here, varz, z., varz,z,,
covgz. z, are respectively defined by Egs. (6.45)-(6.47). The asterisks are the numerical points,
from which dashed lines are obtained by linear regression. The resulting linear functions as well
as the values and errors of coefficients are labeled. The values of diffusivities are identified as the
slopes. The values of ¢ in all panels denote the errors of numerical points. The values of physical
quantities and parameters listed in Table 5.1 and the Set I in Table 6.1 are used. The numerical
method for estimating the error can be found in Appendix E.

Table 6.2: The numerical values of the quantities used for testing the fluctuation-dissipation rela-
tions (2.16) and the Onsager reciprocal relations (2.17).

(27‘7) Li,j

D;;(A=0)

Liﬁj — Dij(A = 0)

93.106 £ 0.019
—56.288 £0.019
—56.303 £ 0.020
112.603 £ 0.020

92.991 £ 1.039
—56.343 £ 0.488
—56.343 £ 0.488
113.158 £ 0.487

0.115

0.055

0.040
—0.555
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Figure 6.6: The diffusivities D;; versus one affinity Ay, the other affinity being zero. The numer-
ical data points are plotted together with the error bars and the dashed lines give the Lagrange
polynomial interpolations of the data points. These interpolations provide the first derivatives
0D;;/0Ak|(0,0y at the equilibrium point (Ac = Ap = 0). Their numerical values as well as the
errors are labeled and also listed in Table 6.3. The simulations are carried out with the time step
dt = 0.05, the total time ¢t = 2500, and the statistics of 5 x 10* trajectories for every data point.
The values of physical quantities and parameters listed in Table 5.1 and the Set I in Table 6.1 are
used. The numerical method for estimating the error can be found in Appendix E.

Table 6.3: The numerical values
tions (2.18).

of the quantities used for testing the nonlinear transport rela-

(4,7, k) M; i Rijk Rik,j M; jx — Rijr — Rij
(C,C,C) —67.388+£0.620 —33.642+9.897 —33.642 +9.897 —0.104
(C,B,B) —45.3254+0.620 —22.474+4.639 —22.474+ 4.639 —0.377
(C,C,B) 68.747 + 0.097 47.409 £ 9.900 20.992 + 4.642 0.346
(B,C,C) 42.064 + 0.667 20.992 4+ 4.642 20.992 4+ 4.642 0.080
(B, B, B) 90.066 + 0.665 45.068 + 4.644 45.068 + 4.644 —0.070
(B,C,B) —44.777+0.107 —22.474+4.639 —22.330+4.630 0.027
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Figure 6.7: The profiles of (a) the charge carrier densities, (b) the current densities, and (c) the
electric potential across the BJT which is used as signal amplifier under the working conditions
Ve =20 and Vs = 6. The simulations were carried out with the time step dt = 0.00015 and 10°
iterates. The values of physical quantities and parameters listed in Table 5.1 and the Set II in
Table 6.1 are used.

as follows. When the voltage V¢ is fixed, the variation of the other voltage Vp leads to variations of
Ic and Ip. The amplification factor is defined as the ratio between these two variations (regarded

here as signals),
oI
o= (C) , (6.66)
olp ) v,

under specific working conditions. Since this definition does not involve the electric current at the
Emitter which often is grounded, the configuration is said to be "common-Emitter'. To achieve
the functionality of signal amplification, the transistors should satisfy the following requirements:

e The concentration of the majority charge carriers in the Collector region should be over-
whelmingly larger than the concentration of minority charge carriers in the Base region.

e The concentration of the majority charge carriers in the Emitter region should be overwhelm-
ingly larger than the concentration of minority charge carriers in the Base region.

e The Collector-Base junction should be reverse biased.
e The Emitter- Base junction should be forward biased.

e The Base region should be very thin so that the majority charge carriers in the Emitter
region can easily get swept to the Collector region.

e The contacting section areas X and X g should be larger than X p.

The third and fourth conditions just require the bipolar n-p-n junction transistor to work in
the forward active mode. The Set II in Table 6.1 gives a set of parameter values approaching
these requirements in order to show that the present stochastic model can describe transistors
in such regimes. The first two conditions are satisfied since No = Ng > Np, and the last
one because ¥ = Yo = X > Y. If the transistor was in equilibrium without applied voltage
(Ac = Ap = 0), the Nernst potentials (6.5) and (6.6) would take the values (Do — Pg)eq = 0 and
(P — Pg)eq = —11.5 with the parameter Set II in Table 6.1. In equilibrium, the electric field
would have a symmetric profile around z = 0 with (P¢ — Pp)eq = (Pr — PB)eq = 11.5.

Figure 6.7 shows the profiles of charge carrier densities and current densities together with the
electric potential under nonequilibrium conditions with applied voltages corresponding to Vo = 20
and Vp = 6. In Figure 6.7(a), we see that the Base region is thin in the model, so that the fifth
condition is satisfied. As observed in Figure 6.7(b), the current densities are non-vanishing because
the transistor is out of equilibrium. According to Eqgs. (6.7)-(6.8), we here have that & — &g = 20
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Figure 6.8: (a) The mean electric currents I and Ip versus the voltage Vi, with the other voltage
fixed to the value Vo = 20. The lines join the numerical points depicted by the asterisks. (b)
The electric current I versus the other electric current I'g. The line also joins the asterisks.
The dashed line in the middle region is determined from Lagrange interpolation using the five
asterisks of this domain. The derivative of I¢ with respect to Iz at the point (Vo = 20, Vg = 6)
is evaluated giving the amplification factor (6.67). The simulations were carried out with the time
step dt = 0.00015 and 10° iterates for every data point. The values of physical quantities and
parameters listed in Table 5.1 and the Set I in Table 6.1 are used.

and &5 — by = —5.5, so that ¢ — b = 25.5 and P — P = 5.5, in agreement with the
electric field plotted in Figure 6.7(c). Since ®¢ — ®p = 25.5 is larger than (o — Pp)eq = 11.5,
the Collector-Base junction is reverse biased, as it should by the third condition. Moreover,
O — &p = 5.5 is smaller than (®g — ®p)eq = 11.5, so that the Emitter-Base junction is forward
biased and the fourth condition is also satisfied. Under these working conditions, the transistor
can indeed achieve signal amplification, as demonstrated in Figure 6.8. The electric currents I¢
and Ip are shown in Figure 6.8(a) as functions of Vg, with V¢ fixed. Since the current I¢ is
greater than I, the amplification factor I¢/Ip is larger than unity, as expected*. Furthermore,
Figure 6.8(b) depicts how the current I¢ increases with the other current Ip and the associated
voltage Vp. For Vg = 6, the differential amplification factor (6.66) is evaluated to be

a(Ve = 20, Vg = 6) ~ 4.278, (6.67)

which is also larger than unity, as required. It should be noticed that the amplification factors can
take different values for different working conditions of the transistor.

These results show that the stochastic approach is relevant to study transistors in their regimes
of signal amplification. Under the working conditions, a large number of electrons are injected from
the Emitter to the Base. Some of these electrons recombine with holes in the Base, giving rise to
the electric current Ip. The majority of electrons, however, go through the middle n-type region
without recombining and give rise to the electric current I. The electric current I is directly
proportional to the electron current injected by the Emitter in the Base, and the electric current
I is proportional to the hole current injected by the Base into the Emitter. It is worth noting
that the magnitude of electric current flowing in the Collector does not depend on the magnitude
of the Collector voltage. The Collector-Base junction simply needs to be reverse biased. Rather,
the electric current I is fixed by the bias applied to the Emitter- Base junction.

4The typical value of electric current gain, Ic/Ip, ranges between 50 and 300. Since the one-dimensional
modeling of the transistor in the study, the electric current gain takes relatively low values. It is expected that,
if the transistor was modeled in three spatial dimensions, much higher values of electric current gain would be
achieved.



Chapter 7

Charge Transport in Tunnel Junctions

We have investigated in previous three chapters the properties of charge transport in mesoscopic
systems. The common point of these systems is that they are all spatially extended and, therefore,
multiple random variables are needed to characterize their discretized state. In this case, it becomes
impossible to obtain the explicit matrix form of evolution operator from the master equation ruling
the Markov jump process of the system under consideration. However, such an awkward situation
can be naturally circumvented if the system of interest is compact and has a single internal random
variable.

In this chapter, we study the charge transport across three mesoscopic tunnel junctions con-
nected to a common conductive island or quantum dot [109, 30]. Particularly, such a system
describes single-electron transistors [110, 111]. The number of excess electrons occupied in the
central region, N, constitutes the only single internal random variable that characterizes the state
of this system. In contrast with the stochastic model in Section 3.2, the rates for electron tunneling
have nonlinear dependence on the state variable. This leaves us only the numerical way to com-
pute the cumulant generating function for the currents as the leading eigenvalue of the modified
evolution operator including the counting parameters. Starting from the numerically obtained cu-
mulant generating function, the fluctuation relation is shown to hold, and the Onsager reciprocal
relations together with their generalizations to nonlinear transport properties are also shown to
be satisfied. Moreover, the staircase pattern of current-voltage characteristics due to the Coulomb
blockade effect is realized under certain conditions.

7.1 Tunnel Junctions

We consider three mesoscopic tunnel junctions coupled to a common conductive island or quantum
dot, as shown in Figure 7.1 [109, 30]. Electron tunneling events across the junctions frequently
happen when the energy E. = ¢?/2C is larger than the thermal energy kg7, with C' = Cy+C1+Cs.
The voltage of electrode 0 is fixed to the value Vy = 0 and taken as the reference. According
to classical electrodynamics (see Appendix A for detailed calculation), during the time interval
between two tunneling events, the voltage of the central region is found to be

0 _ WG+ WViCi + Va0 Ne n
M= Co+ C1 4+ Cy Co+C1+ Oy

Vi, (7.1)

where N is the number of excess electrons concentrated in the central region characterizing the
state of the system in the semiclassical description, and V,, is included to account for any possible
misalignment of the Fermi level in the central region with respect to the three electrodes when the
junction system is in equilibrium, i.e., V; = Vo = V; = 0. This parameter can also be interpreted
in terms of the background charge g9 = —(Co + C1 + C2)V, in the central region, or as a gate
voltage tuned by a capacitively coupled electrode. From Eq. (7.1), we note that the shift of N in
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Figure 7.1: Schematic representation of the three junctions which are characterized by their re-
spective resistances {Ro, R1, Rz} and capacitances {Cy, C1, Co}. Two electrodes are set with
voltages V1, Vo and the other is fixed to V = 0 as the reference. V), is included to account for any
possible misalignment of the Fermi level of the central region with respect to those of the three
electrodes when V; = Vo, = V5 = 0.

discrete way can offset the influence of V), on the junction system. So, only the remainder of V,
divided by e/(Cy + C1 + C3),

€

V, d ————+
p O 00+C1+02’

(7.2)

serves as an indicator of influence (except the number of excess electrons in the central region) of
Vp on the junction system. We will see in Figure 7.7 that the currents flowing across the junction
indeed show periodic pattern as a function of V.

7.2 Master Equation

We now denote by P(N,t) the probability of the system at time ¢ having N excess electrons in the
central region. Then, P(N,t) obeys the master equation

%P(N, n= 3 Y [WHEEFPW F LY - wH NP, (7.3)

i=0,1,2 +
with the transition rates computed using Fermi’s golden rule and thus given by
1 AUH (V)

Wz‘(i)(N) = :
A R; exp [ﬁAU}i)(N)] 1

(7.4)

Here, AUi(i) (N) denotes the intrinsic energy change of the whole junction system associated with
the tunneling of an electron. They can be expressed by

AUP(N) = Fe[Vu(N) - Vi] + Ee. (7.5)
Appendix A provides detailed derivation of AUi(i) (N). The long-range electrostatic interaction is

embodied in all transition rates (7.4) being nonlinear functions of excess number of electrons in
the central region.
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7.3 Counting Statistics

The graph 3.2 can be associated with the process of electron tunneling across the junctions. Ac-
cording to Schnakenberg’s graph analysis [78], two affinities A = (A1, A) are calculated as

(+) N (=) N +1
A= 2D ey, (7.6)
wHONWEI(N +1)
) Ny ()
N N+1
Ay =1In W2(+)( )WQ_)( D gews. (7.7)
wHONWII(N 1 1)

We now perform counting statistics by modifying Eq. (7.3) to include the counts of electrons
Z = (Zy,7Z>) tunneling respectively from electrodes 1 and 2 to the central region, yielding the
extended master equation

CPIN 21, 20,1 = [ (7 — ) WD (N) + (42 — 1) W (V)

4 (efaNefazl _ 1) W1(+) (N) + (e+6Ne+8Z1 _ 1) Wl(_)(N)
+ (6702 1) W (N) + (e¥PvetP22 — 1) Wé*)(N)}P(N, 741, Za, ).

(7.8)
The cumulant generating function can thus be defined as
1
QA1 Xo) = lim ——In D PN, Zy, Zp, t)e M0, (7.9)

N,Z1,Z>

where A = (A1, A2) are the counting parameters. The cumulant generating function Q(A) can be
obtained by solving the eigenvalue problem

LATA(N) = —Q(A)TA(N), LiTA(N) = —Q(N)TA(N), (7.10)

with the operator L defined through the equation

%F(N, t)= LaF(N,t) = {(e‘aN ~ D)W (V) + (et — 1) Wi ()

+ (e*aNe”\1 -1) W1(+)(N) + (eJrafVe>+’\1 -1) Wl(_)(N)
T (e e™ e — 1) WD (W) + (40t — 1) WD (V)| F(N, ),
(7.11)
and IA& denotes its adjoint. In Eq. (7.10), —Q(A) is the leading eigenvalue, ¥ (N) the correspond-

ing right-eigenfunction, and ¥ A(N) the left-eigenfunction. The elements of the operator Ly are
given by

EA(N, N') =TSO (V)ax 10 + T (V) = [T67 (V) + T8V [, (7.12)
where
(V) = WE (V) + W (V)eF + Wi (N)eFe. (7.13)

For numerical purpose, the operator with the elements IA/)‘(N ,N') is truncated as a square matrix
with boundaries Nyin = N/ . and Npax = N/ The solution of Eq. (7.11) has the general form

min max"*

F(N,t) = el* ' F(N, 0). (7.14)
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Figure 7.2: The normalized distribution Wy, »,(N) for Ay = Ay = 0 and for Ay = 2\ = 2.
Asterisks are from numerical results with dash lines joining them. The parameter values are
Co=C1=Co=1,Ry=Ri=Ry=1,8=e=1,V,=0,V; = -1, Vo = —2. The corresponding

affinities are 41 =1 and Ay = 2.

where the initial condition F(N,0) can be randomly chosen to assume that it has the component
of Ux(N)!. The matrix exponential elat can be computed using Padé approximation (see Ap-
pendix E). Since elx > 0, the Perron-Frobenius theorem applies and the leading eigenvalue —Q(A)
of Ly corresponds to the the real maximum eigenvalue e =@ of elx in magnitude (for some value
t > 0). So, Ux (V) can be asymptotically evaluated as

UA(N) ~iyo0 AP (N, 0), (7.15)
which is then normalized?
UA(N) Ua(V) . (7.16)
VN UAN)UA(N)
The cumulant generating function Q(\) is calculated as®*
(7.17)

Q) == D UA(N)LA(N, N)WA(N).
N,N’

The stationary distribution is given by P (N) = Wo(N) (see Figure 7.2). Because of the non-
linearity of the transition rates (7.4), Ps; (V) is no longer Poissonian in contrast with that of the

model with linear rates, e.g., the one in Section 3.2.

7.4 Fluctuation Theorem for the Current

According to the fluctuation theorem, we should have the symmetry relation

QM A2) = Q(A1 — A1, A2 — A2), (7.18)
which is the consequence of the symmetry [64, 112]
M™YLN =L, (7.19)

1Because of the inevitable roundoff error in numerical computation, this assumption is always reasonable.

2The computation in Eq. (7.15) with large time ¢ makes ¥y (N) too small, thus leading to numerical instability.
The solution to this issue is that we can repeat the following operations many times: (i) do the computation in
Eq. (7.15) with moderate time ¢; (ii) then normalize the obtained result with Eq. (7.16).

3Q(A) can also be directly obtained by diagonalizing the matrix IA/A(N, N’) and then finding the largest eigenvalue.

4In BEq. (7.17) the function to the left-hand side of Ly (N, N’) can be replaced by any other function, only if it
has the inner product unity with ¥y (N). Here, ¥ (N) itself is used for numerical convenience.
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Figure 7.3: The gray scale map of the cumulant generating function Q (A1, A2). Three contours are
shown. The symbol "+" marks the center located at (A; = 0.5, A3 = 1.0). The two circles indicate
the coordinates (A; = 0.0, Ay = 0.0) and (\; = 1.0, A2 = 2.0), which are respectively joined by the
contour for Q(A1, A2) = 0.0. The parameter values are Cp = C; = Cy = 1, Ry = R; = Ry = 1,
B=e=1,V,=0,V; = -1, Vo = —2. The corresponding affinities are A; =1 and Ay = 2.

where the operator M is defined as the diagonal matrix M (N, N') = M(N)dy x+ with the diagonal
elements obeying the recurrence

M(N) = PAUs (N[N — 7). (7.20)

The symmetry (7.19) can be established by first noting that we should have Fg\f)(N JM(N) =

FXZ)A(N— 1)M (N —1). Next, the relations (7.6) and (7.7) for the affinities lead to the simplification
W N)M(N) = WEP(N = 1)M(N — 1). Finally, we have that AU (N) = —AUSP (N - 1)
because of Eq. (7.5), so that the expression (7.4) for the rates implies that WéH (N— 1)/W(§7) (N) =

exp [BAU(E*)(N)}, hence the result (7.20).

Using the method developed above, the symmetry relation (7.18) is confirmed by the numerical
calculation of the cumulant generating function Q(A1, A2). Figure 7.3 shows the gray scale map of
Q(A1, A2) with several contours in the plane of the counting parameters A\; and As for the affinities
A; =1 and Ay = 2. In this figure, the symmetry (7.18) is apparent with respect to the inversion
transformation (A1, A2) = (A1 — A1, Aa — A2). We observe that the cumulant generating function is
not symmetric under the reflections (A1, A2) = (A1 — A1, A2) and (A1, A2) — (A2, A — \2), showing
the evidence of correlation between the fluctuations of the two currents. Moreover, the cumulant
generating function in Figure 7.3 is partially displayed along the line Ay = 1.0 in Figure 7.4(a) and
the line A; = 0.5 in Figure 7.4(b). These functions are compared with their transformation by the
symmetry (7.18). Their coincidence again confirms the validity of the fluctuation relation.

With the method presented in Chapter 3, the counting statistics of electron tunneling is per-
formed in simulation to numerically compute the affinities of this tunnel junction system. Gillespie’s
algorithm is implemented here in simulation according to the master equation (7.3). The values of
the mean currents and their diffusivities are evaluated in simulation. In the same way for the model
with linear rates in Section 3.2, six global transition rates {W;;}; j=o,1,2 between electrodes are sup-
posed to exist, and their values are calculated by solving the nonlinear equations (3.111)-(3.116).
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Figure 7.4: The slices of the cumulant generating function Q(A1, \2), i.e., the function of A\ for
A2 = 1.0 in the panel (a) and the function of Ay for Ay = 0.5 in panel (b). In both panels,
the asterisks are numerical results and the dash lines join them. The circles are plotted from the
function Q(1.0— A1, A2 = 1.0) in panel (a) and Q(A; = 0.5,2.0—X2) in panel (b). Clearly, each circle
surrounds an asterisk. The difference between each asterisk and the center of its corresponding
circle is smaller than 1.0 x 107!*, so that the numerical error on cumulant generating function is
negligible. The parameter values are Cop = C1 =Ch =1, R =R =Ry =1, =e=1,V, =0,
Vi = —1, V, = —2. The corresponding affinities are A; = 1 and Ay = 2.

If the process was Poissonian, the affinities would be given by

1%

A1 = AlO =In Wi(l)(l)’ (721)
%1%

A2 = A20 =In Wiiz (722)

Figure 7.5 presents the comparison between so-obtained numerical affinities and their theoretical
predictions. In this figure, the agreement is found between the two sets of affinities, especially in
the vicinity of equilibrium (A; = As = 0). However, discrepancies beyond numerical error are also
clearly seen for large affinities. As such, the process can no longer be regarded as Poissonian if the
system is far from equilibrium. The reason lies in the nonlinearity of the rates (7.4) whose effect
on counting statistics has already been discussed in Chapter 4.

7.5 Response Properties

The mean current J; of electron tunneling is depicted in Figure 7.6 as a function of the affinity A,
for different values of As. According to Eq. (2.6), the value of J; in Figure 7.6 is obtained from
two different methods, by numerical simulations (asterisks) and by numerically differentiating the
cumulant generating function Q(A1, A2) with respect to the counting parameter A; (circles). An
excellent agreement is found between both methods. The results show the nonlinear dependence
of the mean current on the affinity, so that the expansion around equilibrium should involve not
only linear, but also nonlinear response coefficients. The formulae for numerical differentiations
can be found in Appendix E.

As shown in Figure 7.6, the mean current J; clearly manifests itself as the nonlinear response
of affinities A; and As. So, the consequences of the fluctuation relation at the level of the linear
and nonlinear response coefficients (2.11)-(2.12) can be investigated. In contrast with the way we
study the response properties in Section 6.5 for bipolar n-p-n junction transistors, we here start
from the cumulant generating function to evaluate the mean currents and their diffusivities using
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Figure 7.5: The comparison between numerical affinities (marked with asterisks) and their theo-
retical expectations (marked with circles). The values with corresponding errors are listed. The
parameter values are Cp = C1 =Cy =1, Ry = R = Ry =1, 8 =e =1, V, = 0. The numerical
affinities are evaluated from the statistics obtained in simulation over the time interval [0, 10000]
and 1 x 10* iterates for every case. The numerical method for estimating the error can be found
in Appendix E.
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Figure 7.6: The mean current J; of electron tunneling as a function of A;, with Ay fixed. The
asterisks are the results from numerical simulation, and the circles are obtained from J; = 9Q /0,
with numerical differentiations. The dash lines join the asterisks. The parameter values are
B=e=1,Cy=0.02 C;y =0.03,Cy =0.05, Ry =1, Ry =3, Ry =2, V, = 3.0.
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Table 7.1: The numerical values used for testing the fluctuation-dissipation relations (2.16) and
the Onsager reciprocal relations (2.17). Three significant digits are obtained. The derivatives are
approximated by numerical differentiations, which are accurate up to O(10~*) with the methods
implemented here. The parameter values are the same as those used for Figure 7.6.

(,7) Li D;;j(A =0) Lij — Dij(A =0)
(1,1) 7.59 x 1072 7.58 x 1072 1.15 x 1074
(1,2) —2.53 x 1072 —2.53 x 1072 2.75 x 107°
(2,1) —2.53 x 1072 —2.53 x 1072 3.03 x 107°
(2,2) 1.01 x 1071 1.01 x 107! 1.43 x 1074

Table 7.2: The numerical values of the quantities used for testing the nonlinear response rela-
tions (2.18). Three significant digits are obtained. The derivatives are approximated by numerical
differentiations, which are accurate up to O(107%) with the methods implemented here. The
parameter values are the same as those used for Figure 7.6.

(i, 7, k) M; i Rijx Ry ; M; s — Rij e — Rk j
(1,1,1) 527 x 1073 2.63 x 1073 2.63 x 1073 3.60 x 1076
(1,2,2) 2.54 x 1073 1.27 x 1073 1.27 x 1073 —1.51 x 1076
(1,1,2)  —124x107%2 —1.15x10"2 —8.81x 1074 —7.48 x 1076
(2,1,1) ~1.76 x 1073 —881 x107*  —8.81 x10~* 3.26 x 1076
(2,2,2) -1.01 x 1072  -5.07x 107  —5.07 x 1073 —2.13x 1076
(2,1,2) —6.75 x 1073 1.27 x 1073 —8.01 x 1073 —6.33 x 10~

numerical differentiations (see Appendix E) according to Egs. (2.6)-(2.7), and then proceed with
the evaluation of the response coefficients also with numerical differentiations.

Table 7.1 presents the values of all the linear response coefficients and diffusivities in the same
conditions as in Figure. 7.6. The fluctuation-dissipation relations (2.16) and the Onsager reciprocal
relations (2.17) are verified up to numerical accuracy. Beyond, Table 7.2 gives the values of the
nonlinear response coefficients (2.12) and the first responses (2.19) of the diffusivities, again in the
same conditions as in Figure 7.6. Table 7.2 shows that the relations (2.18) are also satisfied up to
numerical accuracy. Therefore, the implications of microreversibility beyond the linear regime are
verified in this nonlinear model.

It should be mentioned that the response coefficients of even orders are all vanishing if V}, is
an integer multiple of e/(Cy + C1 4+ C3), because the transport properties have the symmetries
Ji(A)+ Ji(—A) =0 and D;;(A) = D;;(—A) in this case. So, the non-zero response coefficients of
even orders can find their origin in the effect that excess electrons can not completely compensate
the voltage V,, due to the their discrete nature.

7.6 Current-Voltage Characteristics
The nonlinear dependence becomes stronger at lower temperature, as seen in Figure 7.7 where

the electric current I; = —|e|J; is shown as a function of voltages Vi and V,, for Cy > Cy = Cy,
R1 > Ry = Ry, and the temperature a hundred times lower than in Figure 7.6. We observe in Fig-
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Figure 7.7: Current-voltage characteristics for the tunnel junction system when the parameters are
chosen such that a pattern of Coulomb staircases is produced. The electric current defined as I; =
—|e|J; is shown versus the voltages V4 and V. The asterisks are numerical results from simulation
and dash lines join them. I;-V; curves for V, = —24,0,24 and I;-V), curves for V; = —16,0, 16
are depicted. The parameter values are g = 100, e = 1, C7; = 0.1, Cy = Cy = 0.001, R, = 100,
Ry = Ry =1 and V5 = 0. This set of parameters is such that the tunnel junctions 0 and 2 play
identical roles, so an equivalent circuit would be given by replacing both junctions in parallel with
a single one having a capacitance twice larger and a resistance half smaller.

ure 7.7 that, under such conditions, Coulomb staircases manifest themselves in the current-voltage
characteristics, as for single-electron transistors. For the parameter values taken in Figure 7.7
where Cy = C3, Ry = R, and V) = V5 = 0, an equivalent single tunnel junction can be considered
to replace the tunnel junctions 0 and 2 connected in parallel, a capacitance twice larger, and a
resistance half smaller. Therefore, in the analogy with a single-electron transistor, the roles of the
source, the gate, and the drain would be respectively played by the electrode 1, electrode with V,
and the electrodes 0 and 2. The Coulomb staircases appear on the lines given by

_ Co+C1 4+ Cy

Vi
1 Cy

V,+ — (N ¥ 1) with Nez (7.23)
C 2

in the plane (V}, V1), as indeed observed in Figure 7.7. If V; is fixed, the staircases are separated

by AV, = ¢/(Cy + Ci + C3), corresponding to the period of current-voltage characteristics as a

function of V,. In the following, we call tunnel junction 1 the source channel, and the tunnel

junctions 0 and 2 collectively the drain channel.

The mean current I; as a function of the voltage Vi forms plateaus separated by steep jumps.
Accordingly, the effective conductance G = dI;/dV; forms sharp peaks, which is the manifestation
of the Coulomb blockade effect, as in single-electron transistors [111]. If ﬂ|AUi(i)| > 1, the
rates (7.4) are given by Wi(i) ~ 0 for AUi(i) > 0 and Wi(i) ~ |AUi(i)|/(€2Ri) for AUi(i) < 0.
Because C7 > Cy = (4, the voltage of the central region (7.1) can be approximately written
as Vm = V4 — Ne/C1, where we have omitted the contribution of V), for convenience. Since the
resistance R; is significantly larger than Ry = Ra, the rates Wl(i) play negligible roles with respect
to Wéi) and Wéi). In such conditions, Vs is closer to the drain voltage V = Vo = 0 than to
the source voltage V7, in such a way that the currents in both source and drain channels can be
balanced. Figure 7.8 shows the fixed voltage levels of the source, drain, and possible levels of the
central region. In this figure, the voltage level of source is lower than that of drain. According to the
Coulomb blockade effect, it can be inferred that the system switches between two states, with V)
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(a) (b) (c)

Vo=V=0 VWw=V2=0 Vo = V3 = (=——————————
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Figure 7.8: The voltage levels the source (electrode 1), drain (electrodes 0 and 2), and central
region corresponding to the Coulomb staircase pattern in Figure 7.7. The drain voltage is fixed
Vo = Vo = 0. The whole junction system switches between two states, during which electrons are
constantly transducted from the source to the drain. The subfigures (a) to (b) to (c) shows the
evolution of the voltage levels as the source voltage V7 being manipulated.

changing frequently. During the switches, AUi(f) for ¢ = 0,2 change signs accordingly, and AUZ.(Jr)
for i = 0,2 always stay positive. So, when V) is in its higher level, the drain channel is closed,
whereas when V) is in its lower level, the drain channel is open. The source channel is always open
due to the large gap between V)1 and the source voltage V3. When the central region receives an
electron from the source, its voltage Vj; drops from the higher level to the lower level and at the
same time the drain channel becomes open. After that, an electron is quickly transducted from the
central region to the drain, V31 goes back to its higher level, and the drain channel closes again.
The electric current I; depends on the gap between V1 and V;, which determines the frequency of
the switches of the system. If the source voltage V1 slowly decreases, the two possible voltage levels
of the central region also decrease as a whole, keeping the gap between V}; and V; unchanged and
thus I; being constant (see Figure 7.8b). This explains the presence of plateaus in the current-
voltage characteristics in Figure 7.7. However, when the two voltage levels of the central region
as a whole gradually mismatch the location where they initially are, the drain channel suddenly
becomes always open, and subsequently an extra electron is transducted from the central region
to the drain. After that, the two voltage levels of the central region suddenly jump to where they
initially are, and continues to switch, but with a higher frequency as Viy — V7 becomes larger (see
Figure 7.8¢). This is the underlying mechanism why plateaus jump steeply.
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Conclusion and Perspectives

The present thesis has been devoted to the study of charge transport in mesoscopic systems, with
the focus on the fluctuation theorem and its implications. Moreover, the influence of long-range
electrostatic interaction between the constituent charged particles on transport properties has been
investigated and qualitatively clarified.

In Chapter 3, we studied the transport properties of particles in two Markov stochastic models.
In the first model, the system is composed of several reservoirs between which the particles are ex-
changed with constant transition rates. This indicates that the particle transport is a superposition
of several Poisson processes, and as a consequence the multivariate fluctuation relation was shown
to be satisfied at every instant of time. The remarkable point of this model is that the constant
rates can be fully determined from the mean values of the currents and their diffusivities, thus
enabling us to numerically evaluate the affinities as natural logarithm of two rates between every
pair of reservoirs. This normally requires to numerically solve the nonlinear equations where the
input parameters of the mean values of the currents and their diffusivities are obtained from the
counting statistics of signed cumulated fluxes. Moreover, this property suggests that this model
could be used to describe in a coarse-grained way the long-time behavior of particle transport in
other nonequilibrium steady state systems in contact with arbitrarily many reservoirs. In this re-
gard, it was proved that this coarse-grained model is exactly valid to estimate the values of affinities
in near-equilibrium regimes. In the proof, we used the fluctuation-dissipation relations linking the
linear response coefficients of currents and their diffusivities in equilibrium. In the second model
studied in Chapter 3, there are three reservoirs and the state of the system is fully characterized
by a single random variable, giving the concentration of particles inside the system. The transition
rates have linear dependence on the system state of particle concentration. We calculated the
finite-time moment generating function of signed cumulated fluxes, and from this we established
the finite-time fluctuation theorem. The time-dependent affinities were defined, converging in time
as 1/t to their asymptotic values. The global transition rates associated with the particle exchanges
over long enough time intervals between reservoirs were identified from the cumulant generating
function. The so-obtained affinities are equivalent with those evaluated from Schnakenberg’s graph
analysis. On the other hand, the numerically computed affinities are in good agreement with their
theoretical predictions. The successful description of the long-time behavior of particle transport
in the second model in terms of the first model brought a strong evidence that the first stochastic
model can serve as a coarse-grained description of those systems having linear transition rates in
regimes far from equilibrium. Moreover, the quantities defined by Eqs. (3.89)-(3.94) preserve the
structure of the nonlinear equations (3.111)-(3.116) with the diffusivities replaced by the time-
dependent ones. This indicates that the coarse-grained model is also suitable for the description
of particle transport over finite time intervals. The so-obtained affinities are thus time dependent
and, inferred from the analysis in Subsection 3.2.4, they are supposed to converge in time to their
asymptotic values with corrections going as 1/t. Numerical support can be found in Section 4.6
for a Markov jump process with linear rates between two particle reservoirs.
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To test whether the coarse-grained model is applicable to the nonequilibrium systems with
nonlinear transition rates, we proceeded in Chapter 4 to study the charge transport in a conduc-
tive channel maintained between two reservoirs. The stochastic approach developed in Ref. [62]
was adopted. The description is based on stochastic partial differential equations for the charge
densities. These balance equations are coupled to the Poisson equation for the electric potential
generated by the charges. This description is consistent with the laws of electricity, thermodynam-
ics, and microreversibility. In the noiseless limit, the macroscopic description is recovered. For
the purpose of numerically simulating the stochastic process, the channel was spatially discretized
into small cells, and a Markov jump process is introduced, which is ruled by a master equation
for the time evolution of the probability that the cells contain given numbers of particles. If these
numbers are large enough, the Markov jump process can be replaced by a Langevin stochastic
process involving Gaussian white noises, as shown in Appendix B. The numerical simulation of
the Langevin stochastic process is significantly more efficient than the one of the Markov jump
process, although giving results of comparable accuracy for large numbers of particles in the cells.
The key point for the stochastic evolution is to determine the intrinsic energy changes associated
with the particle jumps between cells (see Appendix A). Then, the transition rates are weighted by
the function (4.24), which satisfies the detailed balance condition (4.25) under equilibrium. How-
ever, due to the long-range electrostatic interaction, the transition rates no longer depend linearly
on the local particle concentrations. We performed the counting statistics of signed cumulated
particle transfers over a long enough time interval, and then calculated the values of the mean
current and its diffusivity, which further led to the numerical evaluation of the affinity according to
the coarse-grained model. It turned out that the numerically obtained affinity is generally larger
than its theoretical prediction, especially when the system is far from equilibrium. This is a strong
evidence that the range of application of the coarse-grained model is restricted to near-equilibrium
regimes for the system with nonlinear rates.

An explanation was given as to why the use of the coarse-grained model is limited. This
reason lies in the nonlinearity of the transition rates, which arises from the long-range electrostatic
interaction. Physically, the correlations between the charged particles induced by the long-range
electrostatic interaction make the diffusivity of the current smaller than expected, and therefore
the affinity numerically obtained is larger. This numerical observation seems to imply an inequality
between the mean current, the diffusivity, and the actual affinity. If the values of mean current and
affinity are known, we can determine the upper bound of the value of diffusivity. The equivalent
relation of the inequality remains to be found for nonequilibrium systems in contact with more
than two reservoirs.

We also noticed an interesting feature about charge transport in the conductive channel. The
charge density in the channel modulate the intensity of influence of the long-range electrostatic
interaction on the charged particles. When the density becomes very low, the fluctuating electric
field in the channel tends to be approximated as a static background field. In the low-density limit,
the transition rates are linear due to the static nature of the electric field in this case. In such
limiting case, we proved that the coarse-grained model can be applied in regimes arbitrarily far
from equilibrium. Moreover, the finite-time fluctuation theorem can be established, with the time-
dependent affinity converging to its asymptotic value in time as 1/t. This finding shows that the
density of charged particle flowing across the nonequilibrium system should be as low as possible
for those properties to hold.

In Chapter 5, the preceding stochastic approach was extended to describe charge transport
in p-n junction diodes, taking into account the random motion of electrons and holes as well
as the process of generation and recombination of electron-hole pairs. The spatially extended
description allows us to define the measured electric current by including the contribution of the
displacement current, which is essential for the study of current fluctuations [102, 62]. The profiles
of charge carrier densities and electric potential obtained with this stochastic approach agree with
those calculated with the macroscopic mean-field equations under equilibrium and nonequilibrium
stationary conditions. Since the stochastic description satisfies local detailed balance in consistency
with microreversibility, the fluctuation theorem holds for the carrier current and the measured total
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current. Using the coarse-grained model, the macroscopic affinity given by the applied voltage is
reached asymptotically in time as predicted by the fluctuation theorem. The convergence to the
macroscopic affinity is remarkably faster for the total current than the carrier current. The reason
is that the inclusion of the displacement current in the total current expresses the effects of the
long-range electrostatic interaction on the measurement of the current fluctuations. Therefore, the
random jumps of the charge carriers anywhere inside the diode have an instantaneous effect on
the measured total current in the quasi-static limit of Maxwell’s equations. The current-voltage
characteristics were computed for different concentration ratios of majority to minority carriers.
The Shockley model for the I-V characteristics of the p-n junction diode was shown to be valid
under the extreme condition where the concentration is overwhelmingly larger for the majority
carriers than for the minority carriers.

In Chapter 6, we continued our study of charge transport in other semiconductor devices,
bipolar n-p-n junction transistors, with the same stochastic approach. We have shown that a
fluctuation theorem holds for the two electric currents that are coupled together in the bipolar
n-p-n junction transistor. Using the coarse-grained model, the asymptotic values of affinities were
recovered from the first and second cumulants numerically obtained in counting statistics. However,
according to the reason that has been explained, the deviations of the numerically computed
affinities and their theoretical predictions were also observed to be beyond the error. We also
showed that, as corollaries of the fluctuation theorem for the currents, the fluctuation-dissipation
relations and Onsager reciprocal relations are satisfied. In particular, we verified in detail that the
second-order nonlinear response coefficients of the currents are related to the first-order responses
of the diffusivities, as predicted by theory [29, 69, 71]. The signal-amplifying effect, the typical
functionality of transistors, was realized within the stochastic approach.

In Chapter 7, we investigated charge transport in three tunnel junctions that are coupled to
a common quantum dot or conductive island, thus giving rise to two currents. Like the second
stochastic model in Chapter 3, the state of the present system is also characterized by one random
variable, representing its charge occupancy. The difference is that the transition rates for the
electron tunneling are nonlinear. The evolution operator of the master equation of this system is
modified to include the counting parameters. Because of the one-variable characterization of the
state, the modified evolution operator can be written in a matrix form, thus enabling the numerical
calculation to find the leading eigenvalue which is the cumulant generating function of the system.
The symmetry of the so-obtained cumulant generating function were checked, as predicted by
the fluctuation theorem. Moreover, the mean values of the currents and their diffusivities can
be obtained by numerically differentiating the cumulant generating function with respect to the
counting parameters. Continuing the procedure of numerical differentiations with respect to the
affinities, the responses of the cumulants can be evaluated. Comparing the results, the Onsager
reciprocal relations together with their generalizations were again tested. Under certain conditions,
the staircase pattern of the current-voltage characteristics was obtained. This finds its origin in
the Coulomb blockade effect.

In summary, we have studied in this thesis charge transport in several mesoscopic systems. In
particular, the functionalities realized in the two semiconductor devices, i.e., diodes and transistors,
illustrate that the stochastic approach provides a powerful computational tool for the simulation of
electronic devices. Besides, these mesoscopic systems were used to address the fundamental issue
of microreversibility in nonequilibrium statistical mechanics. The fluctuation theorem was shown
to hold in various cases. The coarse-grained model for nonequilibrium systems in contact with
several reservoirs was developed. The aim of this coarse-grained model is to give an estimation of
affinities from the first and second cumulants of the probability distribution of currents. The scope
of its application was clarified, and an interesting inequality was also found. Because of the relative
easy access to the first two cumulants in counting statistics, it is hoped that this coarse-grained
model can find more broader applications in physical, chemical, and biological systems.

Finally, an open question can be raised. It is naturally to conjecture that the dynamic nature
of electric field according to Maxwell’s equations would also make an impact on the transport
properties. The stochastic approach for charge transport that we have used relies on the assumption
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that the electric field propagates instantaneously, thus abruptly imposing interactions between
charged particles, no matter how long in the distance between them. However, this is not the
case in reality according to the Special Relativity. Therefore, a more complete stochastic approach
incorporating the dynamic nature of electric field remains to be developed, and with this approach
we may hope to obtain more realistic transport properties including all the electromagnetic effects.



Appendix A

Intrinsic Energy Change in Electrostatic

Systems

In this appendix, we explicitly give the calculation of the intrinsic energy change associated with
the transitions of charged particles in discretized mesoscopic systems that are studied in this thesis.
This intrinsic energy change is defined as the result of total electrostatic energy change minus the

work done by the external voltage source.

The Conductive Channel in Chapter 4

Using the results of Ref. [62], the discretized Poisson equation (4.19) is written in the matrix form

C-»=0,
where
2 -1
-1 2 -1
C=qa -1 2 -1 with
-1 2 -1
-1 2
and
P, Ny — N_
Dy Ny — N_
@: (bz , O:e Nl_N— + «
Qr Np—1—N_
[0y N, — N_

o,

0
O

(A1)

{N;}L_ | are the numbers of mobile particles of positive charge +e in discretized cells, and N_ is
the number of fixed ions of negative charge —e in each discretized cell. The electrostatic potential

is given by

®=Cc'.0,

(A4)
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with
(Cfl) _JsamL+1-g) i i<y, (A5)
ij s (L +1—4) if i>j.

The intrinsic energy change AU associated with the transitions of charged particles is calculated
in terms of the change of U defined as'

1 1
U:§<I>~C-<I>:§O-C’1-O. (A.6)

When a charged particle transits from the ith to the (i + 1)th cell, then

AUj 41 = % (00.ct.0’-0-Cc'.0), (A7)
where
O}, = O — ebi + €bp iv1. (A.8)
We thus have that
AU; i1 = +e(Pig — ;) + %2 [ (c—l)m -2 (c—l)i,H1 + (C_l)m,m } (A.9)

Using Eq. (A.5), we find that

e2 LAz?

AUi,H-l = +€(@i+1 — (I)Z) + m

(A.10)
We notice that, for transitions at the boundaries, the above expression holds by taking the values
of the potentials in the reservoirs, &g = &1, and ¢, 1 = PR.

The p-n Junction Diode in Chapter 5

The calculation of intrinsic energy change in p-n junction diodes is much the same as that in
conductive channels, except that there are more species of charge carriers. The discretized Poisson
equation (5.40) is written in the matrix form (A.1) with the same expressions for ® and C as those
in Egs. (A.2)-(A.3). Instead, O is expressed as

Pl—N1+D1—A1 (I)L
P, — Ny + Dy — Ay 0
O=c¢ P,—N;+D; — A, + « 0 R (A.ll)
Ppy—Np 1+ Dp 1 —Ap 0
P, — N+ Dy — Ay dr

where
e {P;}L | are the numbers of mobile holes of positive charge +e in discretized cells;

e {N;}L, are the numbers of mobile electrons of negative charge —e in discretized cells;

LU is defined such that it not only includes the electrostatic energy stored in the system, but also accounts for
the work done by the external voltage source.
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e {D,}£ | are the numbers of fixed donors of positive charge +e in discretized cells;
o {A;}L | are the numbers of fixed acceptors of negative charge +e in discretized cells.

The intrinsic energy changes associated with transitions of electrons and holes between cells are
given by

2 2
(N) _ ] . ) e“LAx
AU, = —e(Pipr — ) + T (A.12)
2LAz?
AU — P — D 67. Al
Uz,z+1 —|—€( i+1 Z) + 2(L + 1)€Q ( 3)

For transitions at the boundaries, these expressions hold by taking the values of the potentials in
the reservoirs, &g = @1, and ¢y = &R.

The Bipolar n-p-n Junction Transistor in Chapter 6

The species of charge carriers in n-p-n junction transistors are the same as those in p-n junction
diodes. The discretized Poisson equation (6.18) is written in the matrix form (A.1) with the same
expressions for ® as that in Eq. (A.3). Instead, C is here expressed as

2 -1 0
-1 2 -1
C=a -1 2 -1 ty 2 (A.14)
. 0
-1 2 -1
-1 2 0
with
e e
= — = — A.15
g2 V= A (A.15)
and
P — Ny +Dy — Ay (oSt 0
Py — Ny + Dy — As 0 :
: : 0
O=c¢ Pi—Ni-f—Di—Ai + 0 +2’}/ ‘I)B . (A].G)
: : 0
P, —Np1+Dp1—Ar_ 0 :
P, — N, +Dp —Ap (OF5 0

Here, we have assumed that only the discretized cell with index ¢ = m is in contact with the Base,
as the case of the actual scheme. The intrinsic energy change associated with the transition of an
electron of charge —e from the ith to the (i + 1)th cell is given by the change in the energy of
U (A.6), reading

AU, =

i1 =5 (0-Ct.0-0-Cc".0), (A.17)

N |

where

2 = Ok + eék,i — 35k7i+1' (Alg)
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‘We thus have that
2

N € — _ _
AUz(er)l —e(Pip1 — i) + 9 { (C 1)” -2 (C 1)i,i+1 + (C 1)i+1,i+1 } (A.19)
A similar expression holds for hole transitions since they have the charge +-e,
2
P € — _ _
AUi(,iil = te(®ip1 — @) + 0 { (c 1)“ -2(C 1)i,i+1 +(C 1)i+1,i+1 } (A.20)

The inverse of the matrix C here is computed numerically?. For transitions at the boundaries, we
have

e
AU = e~ 00+ S (), a2
2
6
AU = —e(® ~ +5 (€0 (A-22)
& _
A@QHZF_@E_¢Q+§4CIML, (A.23)
62 1
AU = —e(®p — Pp) + o (C )L’L , (A.24)
AUSY) = —e(®; — ®p) + % (€., (A.25)
2
AULY) = —e(®p - @;) % (€M), (A.26)

for electrons, and similar expressions for holes.

The Tunnel Junction in Chapter 7

Suppose there are N excess electrons in the central region between the three tunnel junctions (see
Figure 7.1), and for convenience, V,, = 0. Thus, we have

Q1 Qo

Cl CO ‘/1 - ‘/07 (A27)
Q2 Qo _

Q1+ Q2 — Qo = Ne. (A.29)

Here, @Q; denotes the charge stored in the ith capacitor, and the positive directions are set from
the electrodes 1, 2 to the electrode 0. Solving the above equations, we get

Qo VoCo + ViC1 4 Vo Ne

—_— = - — Vo, A.30
Co Co+ C1 4+ Cy Co+C1+ Oy 0 ( )
@1 VoCo + V101 + V2 (s Ne
— =V - , A.31
(& ! Co+C1+Cy +C0+C1+C2 ( )
Q2 VoCo + ViCh 4+ V2Cs Ne
= =V5 — + . A.32
c, 7 Co+C1+ Cy Co + C1 + Cy (A-32)
Consequently, we obtain the voltage of the central region,
VoCo + ViCq + Vo (s Ne
Vm(N) = — . A.33
M( ) Co+ C1+Cy Co+C1+Cy ( )

2The library GSL provides the function gsl_linalg_LU_invert for computing the inverse of a matrix from LU
decomposition. Since this is a C/C++ library, it can be conveniently called in highly computationally demanding
simulations.
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The total electrostatic energy stored in the three junctions is given by

_ Q5 QL @
BN) = 50 + 50+ 0 (A.34)

and therefore the change of electrostatic energy is

2 N2 2 N2 2 N2
AE =E(N')— E(N) = OQOOQO + Qllel + 22026227 (A.35)

The work done by the external voltage source can be calculated as
W = VoAQo + V1AQ; + 15AQ,, (A.36)

where AQ; denotes the charge transferred from the voltage source to the ith electrode. If an
electron tunnels form electrode 1 to central region, for example, then

AQI = Qll - Ql — € (A38)
AQy = Q5 — Qa. (A.39)

The intrinsic energy change associated with the tunneling of an electron across one junction is
given by

AU =AE-W. (A.40)
In this way, we finally obtain that
AU = Fe[Vu(N) - Vi] + E., (A.41)
where
Ee ¢ (A.42)

T 2(Co+ Ch + Ca)

Analogy Between the Discretized Conductive Channel and
Capacitors Connected in Series

The discretized conductive channel can be seen as many identical capacitors connected in series,
with each cell being the middle region between two neighboring capacitors. We set the positive
direction to be from the left reservoir to the left reservoir. Let qg, q1, ¢2, - , qr, denote the charges
stored in capacitors, then from electrodynamics we have

g5 = a(®; — O;11), (A.43)

where o = €Q)/Ax? is the capacitance of each capacitor. Summing Eq. (A.43) with subscript
running from j =0 to j = L, we get

1 L
- > g =@ - Pr. (A.44)
=0

where the notations &1, = ¢y and P = ¢ are used for convenience. From the law of charge
conservation, we have the recurrence

4j+1 — ¢5 = e(Nj41 — N-), (A.45)
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according to which we can write down the following expressions:

qo0 = qo,
q1=qo+e(Ny1 —N_),
g2 =¢qo+e(Ny — N_)+e(Ny — N_),

gn=qo+e(N1 —N_)+e(Ny— N_)+---+e(Np — N_).
Summing the above expressions and using Eq. (A.44), we obtain

L
1
N — O — b)) — L+1— N, — N_
W=7 a (P, — PRr) €k§:1( +1—k)(Ng )

(A.46)
(A.47)
(A.48)

(A.49)

(A.50)

When a particle of charge +e transits from the ith to (i + 1)th cell, the charges stored in the

capacitors redistribute themselves, giving the following values,

! € 6
GhT T T
The intrinsic energy change associated with this transition is calculated as

AU i1 =AE-W

L
o q2 >4} — (2LAQL + PrAQR)
Jj= j=0
1 L

= Zq]+qﬂ 4;) — [®L(g6 — q0) — Prlqr —qr)] -

2
i=0

<.

Substituting Eqs. (A.44) and (A.51) into Eq. (A.52), we finally obtain that

e’ LAz?

INI— b, P -
4,41 +6( i+1 z)+ Q(L—‘rl)EQ’

(A.51)

(A.52)

(A.53)

which is in agreement with Eq. (A.10). For transitions at the boundaries, the above expression

holds.
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Stochastic Process of Langevin Type

The numbers of particles in the cells of discretized mesoscopic systems studied in this thesis are
typically large. In this large-number limit, the Markov jump process describing the time evolu-
tion of the mesoscopic systems can be approximated by the corresponding Langevin stochastic
process [86]. In this way, much faster simulation can be implemented. This appendix is meant to
explicitly present the details of such approximation.

The Markov Stochastic Model in Section 3.2

In the limit where N > 1, the operators exp(+0y) can be expanded up to second order in the
partial derivatives dn in Eq. (3.54). In this way, we get the Fokker-Planck equation

2
P = Z { — 0N {(Wi(-‘r) B Wi(_)> (@} +812V [(Wi“_) + Wi(_)) :@} } (B.l)
i=0
for the time evolution of the probability density &?. This shows that the variables N obeys the
following stochastic differential equation of Langevin type,

2

dN

— = F;, B.2
a2 (©2)
expressed in terms of the fluxes

Fr=w™ —w 4w e w e ), (B.3)

and the Gaussian white noises &;(t) satisfying the properties:

(&) =0, (B.4)
(&)E;(t) = di50(t —1'). (B.5)

The Conductive Channel in Chapter 4

In the limit where N; > 1, the operators exp(£dy,) can be expanded up to second order in the
partial derivatives dy, in Eq. (4.20). In this way, we get the Fokker-Planck equation

=L o [(wd -l i) o

=0
+ %, B (W + W+ w D e w) 3@} +on.0n,, [- (W W) 2] }
(B.6)



94 Appendix B. Stochastic Process of Langevin Type

for the time evolution of the probability density &2. This shows that the variables N; obeys the
following stochastic differential equations of Langevin type,
dN;
dt

i-1— F; (B.7)
expressed in terms of the fluxes

F=wP w4+ W&(t), (B.8)

and the Gaussian white noises &;(¢) satisfying the properties:

(&(t)) =0, (B.9)
(G)& ) = dijo(t —t'). (B.10)
The p-n Junction Diode in Chapter 5
In the limit where X > 1, the operators exp(+0x) can be expanded up to second order in the

partial derivatives dx in Eq. (5.41) (X = N;, P;). In this way, we get the Fokker-Planck equation

(2

0P = XL: { — On; KW,:LIN) _ Wi(:lN) _ Wi(-&-N) 4 Wi(_N)> @}
1=0

1 _ _
+ 0%, {2 (WS + WY+ WY L w W) g@}

+ N, O, [— (WﬁN) + W}‘N)) @} +(N= p)}

+ XL: { — (0N, + 0p,) [(Wi@r) _ Wi(_)> gZ} 4 (On, + Op,)> B (Wi(+) n Wi(_)) 9} }
) (B.11)

for the time evolution of the probability density &2. This shows that the variables N; and P; obey
the following stochastic differential equations of Langevin type:

dN;

FTR FY) — FY 1 Ry, (B.12)
dp;

FTa FE) - B+ R, (B.13)

expressed in terms of the fluxes and reaction rates:

FN W) )\ Jw i L w e, (B.14)

I I () (B.15)

Ry =W —w ) W e w ), (B.16)

and the Gaussian white noises ﬁgN) (1), fi(P) (t), ni(t) satisfying the properties:

&™) = ") = ) =0, (B.17)
(€™ e ) = &7 07 (1)) = mOmy () = 555~ ), (B.18)
€V 0" ¢ = g™ (¢)) = (g @) =o. (B.19)



Appendix B. Stochastic Process of Langevin Type 95

The Bipolar n-p-n Junction Transistor in Chapter 6

In the limit where X >> 1, the operators exp(+0x) can be expanded up to second order in the
partial derivatives Ox in Eq. (6.19) (X = N;, P;). In this way, we have the following Fokker-Planck
equation

o ZL: { o, [(WED WL W L wM) )
+ 0% {1 (W”fv) + WY 4w W.(‘N) ]
i 2 11— 11— 3 K2
+ N, 0N,y [— (W}*m + W}*M) 32} +(N = P)}
Jrz { (On, +0p,) [(W;H - Wi(_)) 32}

1 _
T (O, + 0 )? [ (Wf” - )) 9} }

2
3 o [l w5 )
+ 0%, B (ng + W}gm) @} +(N = P)}, (B.20)

for the time evolution of the probability density &?. This shows that the variables N; and P; obey
stochastic differential equations of Langevin type:

dN;

A S (B21)

dP;

o = FO - F7 4 Rt xinF, (B.22)

with the following fluxes and reaction rates:

FNY — N e \/WHN T WM ), (B.23)
FP =W w4 Jw D s WP P ), (B.24)
Ry =W —w( 4 V Wi+ W ), (B.25)
F = WG — w4 Jwi™ e wimVed @), (B.26)

FP — ) ) +\/Wi(§P) + WGP ), (B.27)
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(V)

and the Gaussian white noises fi(N) (t), §EP) (t), mi(t), & (1), fg) (t) satisfying the properties:

B
N<mwkw> €D =0

Discretized Langevin Stochastic Process in Time

<5(N) (1) = (€70 = (1)) = (&5 (1) = (€5 (1))
(€M) M) = o0t — 1),

(€0 &7 (1)) = dy0(t — ),

(ni(8) my (1)) = 8i;0(t — 1),

(€5 (1) <N><t'>> = 50(t — 1),

(€5 () ER (1)) = d0(t — ),

(€l

(

:0,

ni(t) €)= () €57 () = (€7 ) €57 (1)) =

To simulate the Langevin stochastic process, time is discretized into equal intervals At and the
white Gaussian noises are replaced by Gaussian random variables. The typical stochastic differen-

tial equation of Langevin type reads

dX
= F
dt ’

with the fluctuating flux given by
F=W, —-W_+ /W, +W_£(t)

Here, £(t) is the Gaussian white noise that satisfy the properties:

By discretization in time, we get

where

t
F=W,-W_+ W++W_G()

VAL

(B.36)

(B.41)

with G(¢) being the independent identically distributed Gaussian random variables of zero mean
value and unit variance'. After the discretization of time into equal intervals At, the evolution can
be simulated with a recurrence involving independent Gaussian random variables. Moreover, the

currents can be expressed in the framework of Langevin stochastic process.

IThe library CGSL provides the function gsl_ran_gaussian for generating the Gaussian random numbers, with

the mean p = 0 and the standard deviation o as one of the arguments.


https://www.gnu.org/software/gsl/

Appendix C

The Continuum Limit

The Conductive Channel in Chapter 4

In the continuum limit where Ax — 0 and At — 0, we can recover the stochastic partial differential
equations (4.7) with the current density (4.8) from the Langevin stochastic equations (B.7)-(B.8),
as follows. First, we note that the approximation ¥(AU) = exp(—BAU/2) holds if AU « 1.
Next, using Eqgs. (4.21), (4.22), and (4.23) in the limit Az — 0, Eq. (B.8) gives the flux

D 1
F, ~ _me_ﬁ8¢i+l/2 (eﬁe¢i+1Ni+1 _ eﬁeq)iNi) + ~ /D(N; + Niy1)&(t), (C.1)

where ®; /5 ~ (®; + ®;;1)/2. Substituting this expression into Eq. (B.7), we find the continuity
equation (4.7) with the current density (4.8) in the form (4.14). Because of Egs. (B.8)-(B.10), the
noise fields obey Eqs. (4.11)-(4.13). The stochastic partial differential equation is thus recovered
in the continuum limit.

The p-n Junction Diode in Chapter 5

In the continuum limit where Az — 0 and At — 0, we can recover the stochastic partial differ-
ential equations (5.13)-(5.14) with the current and rate densities (5.15)-(5.17) from the Langevin
stochastic equations (B.12)-(B.16), as follows. Again, we note that the approximation ¥ (AU) =
exp(—BAU/2) holds if BAU < 1. Next, using Egs. (5.42), (5.43), and (5.48) in the limit Az — 0,
Eq. (B.14) gives the flux

D, . e, e, 1
PN a B eletinne (o Pt Ny — e 0N+ Du(Ni + NV (1), (C2)

where ®; /5 ~ (®; + ®;;1)/2. Besides, using Eqs. (5.46) and (5.47), the rate (B.16) becomes

Substituting these expressions into Eq. (B.12) and dividing it by 2, we find the electron balance
equation (5.13) with the current density (5.15) in the form (5.30), together with the source (5.17).
The hole balance equation (5.14) is similarly deduced from Eq. (B.13). Because of Eqgs. (B.14)-
(B.19), the noise fields obey Egs. (5.20)-(5.29) since 8;;/Q — 6%(r — r’) in the limit & — 0. The
stochastic partial differential equations are thus recovered in the continuum limit.







Appendix D

Variable Rescaling

For numerical convenience, the values of physical quantities and parameters listed in Tables 5.1, 5.2
and 6.1 are directly used in simulation. Accordingly, the results in Chapters 5 and 6 are also given
in terms of these values that are used in the simulations. In this appendix, we present a procedure
for recaling the variables so that dimensionless quantities can be defined. In this way, it becomes
possible to the compare these dimensionless quantities with those from experiments which should
be also converted to dimensionless ones according to the same procedure.

The intrinsic carrier density v = /k4 /k_ introduced in Eq. (5.4) is used to define the dimen-
sionless densities of all charge carriers!,

ne =n/v, p.=p/v, a.=alv, d.=d/v. (D.1)

The intrinsic carrier lifetime is introduced,

1 1
T=E T ﬁ, (D.2)
so that we can define the dimensionless time
t. =t/7. (D.3)
Considering that D,, = D, = D is supposed in simulation, the position is rescaled as
Ty = x/laist, where lasg = VD1 = L (D.4)

Vi

is the intrinsic carrier diffusion length before recombination. As a consequence of these definitions,
the dimensionless current densities are given by

' . ’ . . viai
In ) Jpx = -]p ) with Junit = — =
Junit T

(D.5)

jn* =

Junit

The dimensionless electric field and potential are defined by

£ 1 Virk— 1
& = with Enit = = S (D.6)
5unit ldiffﬁe D ﬂe

IThis v denotes the electron and hole densities in the so-called intrinsic semiconductor where there is no impurity
doped.
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and
iiJ 1

- with R 5 (D.7)

Using the values listed in Table 5.1, we have

Q.

vV = 1, T = 100, ldiff = 1, junit = 001, gunit = 1, (bunit = 1, (DS)

and the relevant numerical results in Chapters 5 and 6 can be easily converted to the dimensionless
ones by dividing values in Eq. (D.8).

According to the above procedure of variable rescaling, the set of ODEs (5.32)-(5.37) takes the
following dimensionless form:

. —Jnx — i, (D.9)
P o+ pik (D.10)
ij;: =1~ nups, (D.11)
% =1 — nypsx, (D.12)
ji: =a(pe — N +die —ay), (D.13)
ji): = —&.. (D.14)

These ODEs only depend on the unique dimensionless parameter

2
a= (ldlﬂ> = ¢ 'BevDr, (D.15)

)
4 /@ (D.16)

where

is the intrinsic Debye screening length.



Appendix E

Numerical Methods

In this appendix, we briefly introduce some numerical methods that have been used in this thesis.

Newton-Raphson Method

In numerical analysis, the Newton-Raphson method is a root-finding algorithm for iteratively
producing better approximations to the roots of nonlinear equations. Suppose that F(x) is an
operator from the linear normed space H to the linear normed space ). These two spaces can be
identical with each other, and their norms are denoted by || - ||3 and || - ||y, respectively. If when
[|h||z — 0 we have

IF(x+h) - F(x) = P-hlly = O(//h|f3), (E.1)

then we call P the derivative operator of F(x) at point x from H to ). We henceforth use F'(x)
as the notation for the derivative operator P. In vector form, F, x, h are written as

F1 X hl
F=|: |, x=| 11, h=1| : |. (E.2)
Fr, Tm hm

If the function Fj is continuous and differentiable in the neighborhood of x, then

—~ OFi(z1,- -, am
By 4 e b h) = B, )+ 30 20 o). ()
=1 !

So the derivative operator F/(x) can be expressed in matrix form as

Now, suppose that X is the root of equation F(x) = 0, x,, is an approximation to X, then we have

(E.4)

IF(X) = F(xn) = F'(x5) - (X = x")|ly = O(|X = x| [3,), (E.5)
which can be approximately written as
F(xn) + F'(xn) - (X = x5) # F(X) (E.6)
if || X — x™|| is very small. Because F(X) = 0, we have

F(xn) + F/ (%) - (X — x,) ~ 0. (E.7)
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F(x) /

Figure E.1: Schematic diagram of the Newton-Raphson method in the one-dimensional case.

If the root of equation
F(x,) + F(xp) (X =x,)=0 (E.8)
exists, then it can be used as a further approximation to X and calculated as
Xni1 = X — (F(3,)) 7" Fx,). ()

This iterative process begins with an initial guess x¢ for the root of F(x) = 0, and successively
gives better and better approximation. Figure E.1 schematically shows how the Newton-Raphson
method implemented with a one-dimensional function f(x). For more detailed account of the
Newton-Raphson, readers are referred to Ref. [113].

Numerical Differentiation and Interpolation

In numerical analysis, differentiation describes the procedure for estimating the derivatives of a
mathematical function using several data points of this function. The simplest method is to
use finite difference approximations. In the following, we list some central-difference formulae
approximating the derivatives with the truncation error of different orders. Given some values of
a one-variable function f(z) at several equispaced nodes

{in} for i=—n,--,n, (E.10)
we have
1(0) =~ % (E.11)
(0) = % (E.12)
FE(0) ~ f2—2h J; h23f—1 — f_g’ (E.13)
F@(0) n L2 AN ¥ Of0 ZAfa ¥ oo (B.14)

h* ’
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all with the truncation error of order O(h?). Here, h denotes the equispaced interval and f; is the
short-hand notation of the function value f(ih). The formulae of higher order O(h*) are given by

~ —fo+8f1 —8f_1+ f2

7(0) o : (E.15)
F(0) ~ —F2 16— 3102];?; 16f1—fos (E16)
()~ —f3+8f2 =135 ;—hlg?,f,l —8f2+ /g (EB.17)
() n —F3+12f2 = 39f1 +56f0 = 30f 1 +12f 2 f-5. (E18)

Gh4

These formulae can be checked with Taylor series. For mixed partial derivatives of f(z,y), the
function values f; ; [short-hand notation of f(ihq,jha)] at a grid of equispaced nodes

{(ih1,7h2)} for i=-n,---n and j=-m,---,m, (E.19)

are used. Here, h; and hy are equispaced intervals in the x-axis and y-axis, respectively. Some
relevant formulae are

O*f fit—fi—1—foii+fo1a

= 2h3 E.2
axay (070) 4h1h2 +O(h‘1h’2)7 ( 0)
>Pf fii—2fo1+fo1i0— fi,—1+2f0-1— fo1,-1 979
_ , , , , , 91
6x28y( 0) 2h2h, + O(hih3), (E.21)
o'f fii—=2fo1+ f-11—2fi0+4fo0—2f-10+ f1,-1 —2fo,—1 + f-1,—1 2,9
0z20y? (0,0) = W23 + O(hih3),
(E.22)

which can be deduced by integrating the formulae for one-variable functions.

In numerical analysis, interpolation describes the procedure used to construct a function which
goes through a given set of data points. According to the Weierstrass approximation theorem [114],
for every continuous function f(x) defined on an interval [a, b], there exists a set of polynomial func-
tions P, (z) for n =0,1,2,-- -, each of degree n, that approximates f(z) with uniform convergence
over [a, b] as n tends to infinity, that is

lim (max () — Pn(x)> = 0. (E.23)

n—oo \ a<z<b
One the other hand, the polynomial P, (z) of degree n interpolating the n + 1 points
{z;, f(x;)} for 1=0,--,n, (E.24)

is unique. Three standard interpolation methods are available, i.e., those of Vandermonde, Newton,
Lagrange [115, 116]. In the following, we only present the Lagrange interpolation which is the most
clever construction of the interpolating polynomial directly leading to an analytical formula. We
henceforth use L, (x) as the notation of P, (z), indicating that the polynomial is obtained with the
Lagrange method. The Lagrange polynomial is constructed as follows,

Ln(x):i ﬁ <§__ZJ]> (@), (E.25)

i=0 | j=0.j#i

with the residual given by

_
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where

n

Wpt1 = H(J: —xj). (E.27)

J=0

For the two-variable function f(zx,y), the Lagrange polynomial

ey =3 | II (jiz)(jji) P ;) (B.28)

ij | m#in#j

is constructed using the points distributed on a regular grid. Interestingly, some formulae of
numerical differentiation can be obtained by differentiating Lagrange polynomials interpolating
the several given points. One thing to be cautious is the Runge’s phenomenon which is the
problem of oscillations at the edges of an interval that occurs when using polynomial interpolation
with too high degree over a set of equispaced interpolation points. For more detailed account of
interpolation, readers are referred to Refs. [115, 116].

Padé Approximation

In mathematics, Padé approximants form a particular type of rational fraction approximation to
the value of the function. They often gives a better approximation of the function than truncating
its Taylor series and may still work where the Taylor series does not converge. For these reasons
Padé approximants are extensively used in computer calculations. A function f(x) is represented
by a formal power series,

flz)=co+cz+ c2x2 + .= Z cl:rl7 (E.29)
=0

where ¢y # 0 by convention. The Padé approximation to f(x) is the quotient

Pm(x) a0+a1x+a2x2+...+amxm
m,n = = ’ E.
Ry n () Qn(x) bo + b1 & box2 + - + by (E.30)

where P,,(z) and @, (z) are polynomials of degrees m and n, respectively. The denominator is
usually normalized by setting by = 1. So, f(z) = Ry, n(z) gives

(CO + 12 + cox? +) (1 + by + boa? +~~+bnx”) =ag+ az + ax® + -+ ama™, (E.31)

the m 4 1 independent numerator coefficients and n denominator coefficients making m +n + 1

unknown coefficients. Equating the coefficients of 2™, a™m*2 ... xm+" in Eq. (E.31), we get
bncm7n+1 + bnflcmfnJrQ +temy1 = 0, (E32)
bncm—n+2 + bn—lcm—n+3 + ot emg2 =0, (E33)
bnCm + bn_1¢me1 + -+ Cman =0, (E.34)

which becomes a set of n linear equations for the n unknown denominator coefficients. By solving
the system of linear equation we find b;. The numerator coefficients ag, a1, - -, a,, immediately
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Table E.1: A portion of the Padé table for exponential function e”.

1 1 1 S S
1 1—x 1—z+41a? 1—z+ia2—1a3
l+a 1+iz 1+iz 1+iz
1 1-1a 1— 224 a2 1-3a4 22— a3
1+‘L+% 1+§x+%x2 1+%w+%w2 1+%I+20.L
1—1a 1—La4 522 1-3a4+ 22— 5
1+a+ iz’ +1ia® 1+%w+%7;2+2*141’3 1+%““2%121+$"L3 1_%7;4’_1%0% +@LS
1 1-jx 1-2z+5522 1-sz+1522— 552
follow from Eq. (E.31) by equating the coefficients of 1, z, 22, - -+, @,,:
aog = Co, (E35)
a; =c1 + blco, (E36)
as = o + bicy + baco, (E37)
m
m = Cm + E biCm—;- (E38)

After obtaining all the coefficients in the polynomials P, (z) and @, (z), the Padé approximant
R, n(z) is calculated. It is common practice to display the Padé approximants R, in a table
which is therefore called Padé table. Table E.1 is a portion of Padé table for the exponential
function e®. For detailed account of Padé approximation, readers are referred to Refs. [117, 118,
119

Error Analysis

The formula for derivatives approximated by numerical differences can be written in the following
general form,

aernf

S = O ki (@ us) + Oi3). (E.39)

¥
Apart from the truncation error itself, another source of error is the numerical evaluation of the

function at different points. Suppose that the variances of the numerical values of the function
are denoted as o2 [f(x;,y;)], then the root-mean-square errors on the derivatives (E.39) can be

evaluated as
RMSE 6m+nf amnf 202 [f (i, y5)] (E.40)
may &vmay i ’

up to a correction of O(hih3) coming from truncation error.
Given a random sample {Z3,---,Z,} of size n from a Gaussian distribution of mean value u
and variance o2, the sample average is defined as (Z) = (1/n) Y., Z;, having the expected value

IThe Python package Scipy provides the function linalg.expm for computing the matrix exponential using Padé
approximation.


https://www.scipy.org/
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w. The sample average (Z) has the root-mean-square error

n

n 2
RMSE ((Z)) = |E <71122M> =/ Z. (E.41)

The unbiased sample variance S2_; = > (Z — (Z))?/(n — 1) has the expected value o2 and the

root-mean-square error on it is equal to

n

2
RMSE (S2_)) = |E ( ! Z(Z<Z>)202> = 24, (E.42)

n—1+4 n—1
1=1

If we define the mean current J = (Z)/t and the diffusivity D = S2_,/(2t), then the root-mean-
square errors on them can be estimated as

o2 2D
MSE =\/— =~/ — E.4
RMSE (1) = |/ 3 ~ /22, (543
4 2
RMSE (D) = {/—22_ ~ /2P (E.44)

4t2(n — 1) n—1

The procedure used to estimate the error on numerical computation of the affinities A; =
In(W19/Wo1) and As = In(Wae/Wpe) in the Section 3.2 is as follows. From Egs. (3.111)-(3.118),
the expressions of the numerical affinities are expanded with respect to the values of the mean
currents and their diffusivities up to linear terms such as

AAl ~ CLAJl + bAJQ + CADH + dADQQ + 6AD12, (E45)

in terms of some coefficients a, b, ¢, d, and e, which are related to the transition rates in Eqs.(3.111)-
(3.116). Accordingly, the root-mean-square error is estimated as

RMSE (Al) ~ \/a202(J1) + bZO'Q(Jg) + 020'2(D11) + dQO'Q(DQQ) + 620'2(D12), (E46)

where 02(.J;) and o?(D;;) are the variances which apparently can be obtained as the square of
Egs. (E.43)-(E.44). A similar expression holds for the error on As.
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Computer Programming

Computer programming is an art, because it applies accumulated knowledge to the world,
because it requires skill and ingenuity, and especially because it produces objects of beauty.
A programmer who subconsciously views himself as an artist will enjoy what he does and
will do it better.

— Donald E. Knuth

Computer programming plays an increasing important role in scientific research. Actually, it has
become one of the pillars in scientific research, to be complementary with theory and experiment.
A scientist might build a model to describe a physical system according to the underlying laws,
then use a computer to calculate the results and display them. This has become a widely adopted
paradigm in scientific community. So, computer programming is an essential part of training
for a student to become a scientist. A set of easy-to-adopt and effective practices for computer
programming are described in Ref. [120]. In order to give readers a glimpse at the numerical work
behind presented results, the present appendix is devoted to some general aspects of computer
programming in this thesis studies. In this appendix, we will have some general remarks about
object-oriented programming, briefly introduce some useful softwares and libraries, and show some
C++ codes used for numerical simulations.

Object-Oriented Programming with C++ and Python

Object-oriented programming (OOP) is a programming paradigm focusing on objects, which are
entities associated with attributes (also known as member data) and methods (also known as
member functions). The most basic concept in OOP is the class, which is a compound data type
constructed from the elementary data type, such as integers and floating-point numbers. The
corresponding methods are also offered in class definition. The defined class then serves as a
blueprint of the thing of interest that can either be concrete or abstract. An instantiation of the
defined class is called an object. The advantages of OOP include but are not limited to

e structured way of programming (intuitive and very quick to develop for a prototype);
e casy to adapt and maintain;
e easy to package up code into libraries for use by others.

There are many general-purpose programming languages with the object-oriented feature, such as
C++ [121, 122, 123, 124] and Python. C++ is at low-level and compiled, with the capability of
performing stunning feats of computation. It is often used in simulations, especially those that
are computationally expensive. On the contrary, Python is at high-level and interpreted, allowing
developers to write programs with fewer lines than some other programming languages. The most
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notable advantage of Python is that there are a lot of well-documented libraries available for data
analysis, visualization, and so on. It should be mentioned here that there are API (Application
Programming Interfaces) for bridging C++ and Python together. This is what is called hybrid
programming, and in doing so we can have strengths from both sides.

Some Useful Softwares and Libraries

There is no point to reinvent the wheel, as the saying goes. Using a variety of available softwares
and libraries can greatly improve the efficiency of scientific research. Here, we list some softwares
and libraries with brief introduction. They are

Linux — It represents a family of open source Unix-like operating systems widely used in
scientific computing. The common distributions are Ubuntu, CentOS, Debian, and so on.

Vim — It is a highly configurable text editor for efficiently creating and changing any kind of
text.

GNU Make — It is a utility that requires a file, Makefile, which defines a set of tasks to be
executed. It is used to facilitate compiling a program from source code. Ref. [125] gives more
detailed account.

GSL (GNU Scientific Library) — It is a numerical library for C/C++ programmers. It a free
software under the GNU General Public License.

g+-+ — It is an open-source C++ compiler included in GCC (GNU Compiler Collection).

OpenMP (Open Multi-Processing) — It is an application programming interface (API) that
supports multi-platform shared memory multiprocessing programming in C/C++ and For-
tran.

OpenMPT — Tt is an open-source message passing interface (MPT). It is often used in parallel
computation in computer clusters.

CUDA (Compute Unified Device Architecture) — It is a parallel computing platform and ap-
plication programming interface (API) that allows software developers to use CUDA-enabled
graphics processing unit (GPU) for general purpose processing.

Matplotlib — It is a Python 2D plotting package which produces publication quality figures
in a variety of formats.

Numpy — It is a fundamental package for scientific computing with Python. It offers many
routines for processing the operations between arrays.

Scipy — It is a Python-based ecosystem of open-source softwares for mathematics, science,
and engineering.

C++4 Code for Simulating the Diode System

Here, we show the code for simulating the diode system. It is written in the following files:

Class_vector.cpp, Class_vector.h,
Class_matrix.cpp, Class_matrix.h,
Class_diode.cpp, Class_diode.h,

Function_diode_evolving.cpp,


https://www.linux.org/
https://www.vim.org/
https://www.gnu.org/software/make/
https://www.gnu.org/software/gsl/
https://gcc.gnu.org/
https://www.openmp.org/
https://www.open-mpi.org/
https://developer.nvidia.com/cuda-toolkit
https://matplotlib.org/
https://numpy.org/
https://www.scipy.org/
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e Function_random_number_generating.cpp,
e Main.cpp,
e Makefile,

which are compiled and linked with the tool Make according to instructions written in Makefile.
Object-oriented programming is implemented such that we define a diode class named Cdiode. An
instantiation of Cdiode is a diode object which is a state specifying the discretized distribution of
electrons, holes, and potentials. The time evolution of the diode system is driven by a function
which takes a diode object at time ¢ and the time step d¢ as the arguments and return another
diode object at time ¢ + d¢t. The brief description of functionalities of the code in each file can be
found in the captions of the code appended below.

Listing F.1: Class_vector.cpp. The definition of the vector class Cvector. This class is used as
a supporting data type in the definition of the diode class Cdiode.

#include <iostream>

‘| ¥

#include "Class_matrix.h"
using std::cin;
using std::cout;
using std::endl;
class Cvector
{
public:
int m_dimensions;
double *m_vector;
Cvector(void);
Cvector(double num, int dim);
Cvector(const Cvector &vector);
~Cvector(void);
Cvector &operator=(const Cvector &vector);
Cvector operator+(const Cvector &vector) const;
Cvector operator-(const Cvector &vector) const;
Cvector operator*(double multiplier) const;
double &operator() (int);
private:
friend Cvector operator*(double multiplier, Cvector vector);
}s
Cvector: :Cvector ()
{
m_dimensions=0;
m_vector=nullptr;
}
Cvector: :Cvector(double num, int dim)
{
m_dimensions=dim;
m_vector=new double[m_dimensions];
for(int i{0}; i<m_dimensions; i++) *(m_vector+i)=num;
Cvector::Cvector(const Cvector &vector)
{
m_dimensions=vector.m_dimensions;
m_vector=new double[m_dimensions];
for(int i{0}; i<m_dimensions; i++) *(m_vector+i)=*(vector.m_vector+i);
}
Cvector: :~Cvector ()
{
delete [] m_vector;
m_vector=nullptr;
m_dimensions=0;
}

Cvector &Cvector::operator=(const Cvector &vector)
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{
if (this==&vector) return *this;
delete [] m_vector;
m_vector=nullptr;
m_dimensions=vector.m_dimensions;
m_vector=new double[m_dimensions];
for(int i{0}; i<m_dimensions; i++) *(m_vector+i)=*(vector.m_vector+i);
return *this;
}
Cvector Cvector::operator+(const Cvector &vector) const
{
Cvector vec(0.0, m_dimensions);
for(int i{0}; i<m_dimensions; i++) *(vec.m_vector+i)=+(m_vector+i)+*(vector.m_vector+i);
return vec;
}
Cvector Cvector::operator-(const Cvector &vector) const
{
Cvector vec(0.0, m_dimensions);
for(int i{0}; i<m_dimensions; i++) *(vec.m_vector+i)=*(m_vector+i)-*(vector.m_vector+i);
return vec;
}
Cvector Cvector::operator*(double multiplier) const
{
Cvector vec(0.0, m_dimensions);
for(int i{0}; i<m_dimensions; i++) *(vec.m_vector+i)=*(m_vector+i)#*multiplier;
return vec;
}
double &Cvector::operator() (int index)
{
return *(m_vector+index);
}
Cvector operator*(double multiplier, Cvector vector)
{
return vector*multiplier;
}

Listing F.2: Class_vector.h. The declaration of Cvector.

#ifndef class_vector_h

#define class_vector_h

class Cmatrix;

class Cvector

{

public:

int m_dimensions;
double *m_vector;

Cvector(void);

Cvector(double, int);

Cvector(const Cvector &);

~Cvector(void);

Cvector &operator=(const Cvector &);
Cvector operator+(const Cvector &) const;
Cvector operator-(const Cvector &) const;
Cvector operator*(double) const;

double &operator() (int);

private:
friend Cvector operator*(double, Cvector);
}s
#endif

Listing F.3: Class_matrix.cpp. The definition of the matrix class Cmatrix. This class is used as
a supporting data type in the definition of the diode class Cdiode.

l‘#include <iostream>
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#include "Class_vector.h"
using std::cin;

using std::cout;

using std::endl;

class Cmatrix

51

{
public:
int m_dimensions;
double **m_matrix;
Cmatrix(void);
Cmatrix(double num, int dim);
Cmatrix(const Cmatrix &matrix);
~Cmatrix(void);
Cmatrix &operator=(const Cmatrix &matrix);
Cvector operator*(const Cvector &vector) const;
double &operator() (int row, int column);
}s
Cmatrix::Cmatrix()
{
m_dimensions=0;
m_matrix=nullptr;
Cmatrix::Cmatrix(double num, int dim)
{
m_dimensions=dim;
m_matrix=new double*[m_dimensions];
for(int i{0}; i<m_dimensions; i++) *(m_matrix+i)=new double[m_dimensions];
for(int i{0}; i<m_dimensions; i++)
{
for(int j{0}; j<m_dimensions; j++)
{
if (i==j) *(*(m_matrix+i)+j)=num;
else *(*(m_matrix+i)+j)=0.0;
}
}
}
Cmatrix::Cmatrix(const Cmatrix &matrix)
{
m_dimensions=matrix.m_dimensions;
m_matrix=new doublex*[m_dimensions];
for(int i{0}; i<m_dimensions; i++) *(m_matrix+i)=new double[m_dimensions];
for(int i{0}; i<m_dimensions; i++)
{
for(int j{0}; j<m_dimensiomns; j++) *(*(m_matrix+i)+j)=+(*(matrix.m_matrix+i)+j);
}
}
Cmatrix::~Cmatrix()
{
for(int i{0}; i<m_dimensions; i++)
delete [] *(m_matrix+i);
*(m_matrix+i)=nullptr;
}
m_dimensions=0;
delete [] m_matrix;
m_matrix=nullptr;
}

Cmatrix &Cmatrix::operator=(const Cmatrix &matrix)
{

if (this==&matrix) return *this;

for(int i{0}; i<m_dimensions; i++)

delete [] *(m_matrix+i);
*(m_matrix+i)=nullptr;
}

delete [] m_matrix;
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m_matrix=nullptr;
m_dimensions=matrix.m_dimensions;
m_matrix=new doublex[m_dimensions];
for(int i{0}; i<m_dimensions; i++)

*(m_matrix+i)=new double[m_dimensions];
for(int j{0}; j<m_dimensions; j++) *(*(m_matrix+i)+j)=+(*(matrix.m_matrix+i)+j);

}
return *this;
}
Cvector Cmatrix::operator*(const Cvector &vector) const
{
Cvector vec(0.0, m_dimensions);
for(int i{0}; i<m_dimensions; i++)
{
for(int j{0}; j<vector.m_dimensions; j++) *(vec.m_vector+i)=x(vec.m_vector+i)+* (*(
— m_matrix+i)+j)**(vector.m_vector+j);
}
return vec;
}
double &Cmatrix::operator()(int row, int column)
{
return *(*(m_matrix+row)+column);
}

Listing F.4: Class_matrix.h. The declaration of Cmatrix.

#ifndef class_matrix_h

#define class_matrix_h

class Cvector;

class Cmatrix

{

public:

int m_dimensions;
double **m_matrix;

Cmatrix(void);
Cmatrix(double, int);
Cmatrix(const Cmatrix &);
~Cmatrix(void);
Cmatrix &operator=(const Cmatrix &);
Cvector operator*(const Cvector &) const;
double &operator() (int, int);
};
#endif

Listing F.5: Class_diode.cpp. The definition of the diode class Cdiode.

#include <iostream>

#include <cmath>

#include "Class_vector.h"

#include "Class_matrix.h"

using std::cin;

using std::cout;

using std::endl;

class Cdiode

{

public:

static int m_L[2];
static double m_epsilon;
static double m_alpha;
static double m_beta;
static double m_e;
static double m_dL;
static double m_D_electron;
static double m_D_hole;
static double m_k_generation;
static double m_k_recombination;
static double m_volume;
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};

int Cdi

/| double

double
double
double
double
double
double
double
double
double
double
double
double
double
double
double
double
Cvector
Cvector

)| Cvector

Cvector
Cmatrix

bool Cd
{

static double m_section;

static double m_electron_L;

static double m_electron_R;

static double m_hole_L;

static double m_hole_R;

static double m_potential_L;

static double m_potential_R;

static Cvector m_acceptor;

static Cvector m_donor;

static Cvector m_electron_initial_state;

static Cvector m_hole_initial_state;

static Cmatrix m_c_inverse;

static bool initializing(double e_L, double h_L, double p_L, double e_R, double h_R,
< double p_R);

Cvector m_electron;
Cvector m_hole;
Cvector m_charge;
Cvector m_potential;

Cdiode(void);
bool coordinating(void);
Cdiode &operator=(const Cdiode &state);

ode::m_L[2]={20, 20};
Cdiode: :m_epsilon=0.01;
Cdiode: :m_alpha=0.0;
Cdiode: :m_beta=1.0;
Cdiode::m_e=1.0;
Cdiode::m_dL=0.1;
Cdiode::m_D_electron=0.01;
Cdiode::m_D_hole=0.01;
Cdiode: :m_k_generation=0.01;
Cdiode: :m_k_recombination=0.01;
Cdiode: :m_electron_L=0.0;
Cdiode::m_electron_R=0.0;
Cdiode::m_hole_L=0.0;
Cdiode: :m_hole_R=0.0;
Cdiode: :m_potential_L=0.0;
Cdiode: :m_potential_R=0.0;
Cdiode: :m_volume=0.0;
Cdiode: :m_section=0.0;
Cdiode: :m_acceptor (0.0, 0);
Cdiode: :m_donor (0.0, 0);
Cdiode::m_electron_initial_state(0.0, 0);
Cdiode: :m_hole_initial_state(0.0, 0);
Cdiode::m_c_inverse(0.0, 0);

iode::initializing(double e_L, double h_L, double p_L, double e_R, double h_R, double p_R)

int L=m_L[0]+m_L[1];
m_electron_L=e_L;

m_electron_R=e_R;

m_hole_L=h_L;

m_hole_R=h_R;

m_potential L=p_L;

m_potential_R=p_R;
m_acceptor=Cvector(0.0, L);
m_donor=Cvector (0.0, L);
m_electron_initial_state=Cvector(0.0, L);
m_hole_initial_state=Cvector(0.0, L);
m_c_inverse=Cmatrix (0.0, L);

for(int i=0; i<m_L[0]; i++)

{
m_electron_initial_state(i)=400;
m_hole_initial_state(i)=1600;
m_acceptor(i)=m_hole_initial_state(i)-m_electron_initial_state(i);
m_donor(i)=0;

}

for(int i=m_L[0]; i<L; i++)

{
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m_electron_initial_state(i)=1600;
m_hole_initial_state(i)=400;
m_acceptor(i)=0;
m_donor(i)=m_electron_initial_state(i)-m_hole_initial_state(i);
}
m_volume=std::sqrt(m_k_recombination*m_electron_initial_state(0)*m_hole_initial_state(0)/
< m_k_generation) ;
m_section=m_volume/m_dL;
m_alpha=m_epsilon*m_volume/(m_dL*m_dL) ;
for(int i{0}; i<L; i++)

14

{
for(int j{0}; j<L; j++)
{
if (i<=j)
m_c_inverse(i, j)=1.0%((i+1)*(L-j))/(m_alphax(L+1));
else
m_c_inverse(i, j)=1.0%((j+1)*(L-1))/(m_alpha*(L+1));
}
}
return true;
}
Cdiode: :Cdiode()
{
int L=m_L[0]+m_L[1];
m_electron=Cvector (0.0, L);
m_hole=Cvector(0.0, L);
m_charge=Cvector (0.0, L);
m_potential=Cvector (0.0, L);
m_electron=m_electron_initial_state;
m_hole=m_hole_initial_state;
coordinating();
}
Cdiode &Cdiode::operator=(const Cdiode &state)
{
m_electron=state.m_electron;
m_hole=state.m_hole;
m_charge=state.m_charge;
m_potential=state.m_potential;
return *(this);
}
bool Cdiode::coordinating()
int L=m_L[0]+m_L[1];
m_charge=m_e* (m_donor-m_acceptor-m_electron+m_hole) ;
Cvector 0=m_charge;
0(0)=0(0)+m_alpha*m_potential_L;
0(L-1)=0(L-1)+m_alpha*m_potential_R;
m_potential=m_c_inversex0;
return true;
}

Listing F.6: Class_diode.h. The declaration of Cdiode.

#ifndef class_diode_h

#define class_diode_h

class Cvector;

class Cvector;

class Cdiode

{

public:

static int m_L[2];
static double m_epsilon;
static double m_alpha;
static double m_beta;
static double m_e;
static double m_dL;
static double m_D_electron;
static double m_D_hole;
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};
#endif

static double m_k_generation;

static double m_k_recombination;

static double m_volume;

static double m_section;

static double m_electron_L;

static double m_electron_R;

static double m_hole_L;

static double m_hole_R;

static double m_potential_L;

static double m_potential_R;

static Cvector m_acceptor;

static Cvector m_donor;

static Cvector m_electron_initial_state;
static Cvector m_hole_initial_state;
static Cmatrix m_c_inverse;

static bool initializing(double, double, double, double, double, double);

Cvector m_electron;
Cvector m_hole;
Cvector m_charge;
Cvector m_potential;

Cdiode(void);
bool coordinating(void);
Cdiode &operator=(const Cdiode &);

Listing F.7: Function_diode_evolving.cpp. The function that drives the time evolution of the
diode system. The algorithm is based on the stochastic process of Langevin type.

#include
#include
#include
#include
#include
#include
#include

<iostream>
<tuple>

<cmath>

<vector>
"Class_vector.h"
"Class_matrix.h"
"Class_diode.h"

std: :vector<double> random_number_generating(int);

using std::cin;

using std::cout;

using std::endl;

std: :tuple<Cdiode, Cvector, Cvector, double> diode_evolving(Cdiode &state, double dt)

{

int L=Cdiode::m_L[0]+Cdiode::m_L[1];
double alpha=Cdiode::m_alpha;

double beta=Cdiode::m_beta;

double e=Cdiode::m_e;

double epsilon=Cdiode::m_epsilon;

double dL=Cdiode::m_dL;

double D_electron=Cdiode::m_D_electron;
double D_hole=Cdiode::m_D_hole;

double kg=Cdiode::m_k_generation;

double kr=Cdiode::m_k_recombination;
double volume=Cdiode::m_volume;

double potential_L=Cdiode::m_potential_L;
double potential_R=Cdiode::m_potential_R;
double electron_L=Cdiode::m_electron_L;
double electron_R=Cdiode::m_electron_R;
double hole_L=Cdiode::m_hole_L;

double hole_R=Cdiode::m_hole_R;

Cvector F_n(0.0, L+1), F_p(0.0, L+1);
double current{0.0};

double k_electron, k_hole;

double CDU, DUp, DUm, fp, fm;

double Wg, Wr;

double R[L];

double Wp_electron[L+1], Wm_electron[L+1], Wp_hole[L+1], Wm_hole[L+1];

k_electron=D_electron/(dL*dL) ;
k_hole=D_hole/ (dL*dL) ;
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CDU=0.5%e*exL/ (alpha*(L+1));

DUp=e*(state.m_potential(0)-potential_L)+CDU;
fp=beta*DUp/ (exp(beta*DUp)-1.0) ;

DUm=e* (O-state.m_potential (0)+potential_L)+CDU;
fm=beta*DUm/ (exp(beta*DUm)-1.0) ;
Wp_electron[0]=fmxk_electron*electron_L;
Wm_electron[0]=fp*k_electron*state.m_electron(0);
Wp_hole[0]=fp*k_holexhole_L;
Wm_hole[0]=fm*k_hole*state.m_hole(0);

for(int i{1}; i<L; i++)

DUp=e*(state.m_potential(i)-state.m_potential(i-1))+CDU;
fp=beta*DUp/ (exp(beta*DUp)-1.0);
DUm=e* (O-state.m_potential (i)+state.m_potential(i-1))+CDU;
fm=beta*DUm/ (exp(beta*DUm)-1.0) ;
Wp_electron[i]=fm*k_electron*state.m_electron(i-1);
Wm_electron[i]=fpxk_electron*state.m_electron(i);
Wp_hole[i]=fp*k_hole*state.m_hole(i-1);
Wm_hole[i]=fm*k_hole*state.m_hole(i);

}

DUp=e* (potential_R-state.m_potential(L-1))+CDU;
fp=beta*DUp/ (exp(beta*DUp)-1.0) ;

DUm=e* (O-potential_R+state.m_potential (L-1))+CDU;
fm=beta*DUm/ (exp(beta*DUm)-1.0) ;
Wp_electron[L]=fmxk_electron*state.m_electron(L-1);
Wm_electron[L]=fpxk_electron*electron_R;
Wp_hole[L]=fp*k_hole*state.m_hole(L-1);
Wm_hole[L]=fm*k_holex*hole_R;

std: :vector<double> gaussian{random_number_generating(3*L+2)};

int j{0};

double S;

S=(Wp_electron[0]+Wm_electron[0])/dt;

S=sqrt (8)*gaussian[j++];

F_n(0)=Wp_electron[0]-Wm_electron[0]+S;

S=(Wp_hole[0]+Wm_hole[0])/dt;

S=sqrt (8) *gaussian[j++];

F_p(0)=Wp_hole[0]-Wm_hole[0]+S;

for(int i{1}; i<L; i++)

{
S=(Wp_electron[i]+Wm_electron[i])/dt;
S=sqrt(S)*gaussian[j++];
F_n(i)=Wp_electron[i]-Wm_electron[i]+S;
S=(Wp_hole[i]+Wm_hole[i])/dt;
S=sqrt(8)*gaussian[j++];
F_p(i)=Wp_hole[i]-Wm_hole[i]+S;

}

S=(Wp_electron[L]+Wm_electron[L])/dt;

S=sqrt (8)*gaussian[j++];

F_n(L)=Wp_electron[L]-Wm_electron[L]+S;

S=(Wp_hole[L]+Wm_hole[L])/dt;

S=sqrt (S) *gaussian[j++];

F_p(L)=Wp_hole[L]-Wm_hole[L]+S;

for(int i{0}; i<L; i++)

{
Wg=kg*volume;
Wr=kr*state.m_electron(i)*state.m_hole(i)/volume;
S=(Wg+Wr) /dt;
S=sqrt (8) *gaussian[j++];
R[i]=Wg-Wr+S;

}

Cdiode next_state;

for(int i{0}; i<L; i++)

{
next_state.m_electron(i)=state.m_electron(i)+dt*(F_n(i)-F_n(i+1)+R[i]);
if (next_state.m_electron(i)<0) cout<<"alarm"<<endl;
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next_state.m_hole(i)=state.m_hole(i)+dt*(F_p(i)-F_p(i+1)+R[i]);
if (next_state.m_hole(i)<0) cout<<"alarm'"<<endl;
}
next_state.coordinating();
for(int i{0}; i<L+1; i++)
current+=e*(F_p(i)-F_n(i))/(L+1); // total current including the contribution of
< displacement current
}
return std::make_tuple(next_state, F_n, F_p, current);
}

Listing F.8: Function_random_number_generating.cpp. The function that generates indepen-
dent identically distributed Gaussian random numbers of zero mean value and unit variance.

#include <iostream>

#include <tuple>

#include <vector>

#include <gsl/gsl_rng.h>

#include <gsl/gsl_randist.h>
using std::cin;

using std::cout;

using std::endl;

static gsl_rng* generator=nullptr;

bool random_initializing()

{
generator=gsl_rng_alloc(gsl_rng_default);
gsl_rng_set(generator, 0); // seeded with O
return true;
}
std: :vector<double> random_number_generating(int num)
{
gsl_rng_env_setup(); // setup the environment for random number generation
double sigmaf{1l.0};
gsl_rng* r=generator;
std: :vector<double> gaussian(num, 0.0);
for(auto &gau:gaussian) gau=gsl_ran_gaussian(r, sigma); //generating gaussian distribution
< numbers with mu=0 and sigma
return std::move(gaussian);
}
bool random_finalizing()
{
gsl_rng_free(generator);
delete [] generator;
generator=nullptr;
return true;
}

Listing F.9: Main.cpp. The main function in which the counting statistics of the signed cumulated
charge transfers is performed.

#include <iostream>

#include <fstream>

#include <cmath>

#include <iomanip>

#include <tuple>

#include "Class_vector.h"
#include "Class_matrix.h"
#include "Class_diode.h"

std: :tuple<Cdiode, Cvector, Cvector, double> diode_evolving(Cdiode &, double);
bool random_initializing(void);
bool random_finalizing(void) ;
using std::cin;

using std::cout;

using std::endl;

int main(int argc, char *argv[])

| {

random_initializing();
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int L=Cdiode::m_L[0]+Cdiode::m_L[1];
double e=Cdiode::m_e;
double beta=Cdiode::m_beta;
double dt=0.05;
int e_L{400}, h_L{1600};
int e_R{1600}, h_R{400};
double V{1.0};
double p_L=V-std::log(h_L/h_R)/(betaxe);
double p_R{0.0};
Cdiode::initializing(e_L, h_L, p_L, e_R, h_R, p_R);
Cvector F_n(0.0, L+1), F_p(0.0, L+1);
double current;
Cdiode state;
for(int i{0}; i<50000; i++) std::tie(state, std::ignore, std::ignore, std::ignore)=
< diode_evolving(state, dt);
std::ofstream fout("Statistics.out");
fout.setf(std::ios_base: :showpoint);
fout.setf(std::ios::right);
int runs{5000};
double Delta_t=10.0;
int times=static_cast<int>(Delta_t/dt);
for(int i{0}; i<rums; i++)
double charge_1{0.0}, charge_2{0.0};
for(int j{0}; j<times; j++)
{
std::tie(state, F_n, F_p, current)=diode_evolving(state, dt);
charge_1+=(F_p(L/2)-F_n(L/2))*dt;
charge_2+=current*dt/e;
}
fout<<std::setw(15)<<std::setprecision(8)<<charge_1<<" ";
fout<<std::setw(15)<<std::setprecision(8)<<charge_2<<’\n’;
if ((100*i)%runs==0) cout<<100.0*i/runs<<endl;
}
fout.close();
random_finalizing();
return O;
}

Listing F.10: Makefile. The file to be read by the compiling-and-linking utility Make.

objects=Main.o Class_vector.o Class_matrix.o Class_diode.o Function_diode_evolving.o
< Function_random_number_generating.o
Main: $(objects)
g++ -std=c++11 -o Main $(objects) -1lgsl -lgslcblas
Main.o: Main.cpp Class_vector.h Class_matrix.h Class_diode.h
g++ -std=c++11 -c Main.cpp
Class_vector.o: Class_vector.cpp Class_matrix.h
g++ -std=c++11 -c Class_vector.cpp
Class_matrix.o: Class_matrix.cpp Class_vector.h
g++ -std=c++11 -c Class_matrix.cpp
Class_diode.o: Class_diode.cpp Class_vector.h Class_matrix.h
g++ -std=c++11 -c Class_diode.cpp
Function_diode_evolving.o: Function_diode_evolving.cpp Class_vector.h Class_matrix.h Class_diode.h
g++ -std=c++11 -c Function_diode_evolving.cpp
Function_random_number_generating.o: Function_random_number_generating.cpp
gt++ -std=c++11 -c Function_random_number_generating.cpp
clean:
rm -rf $(objects)
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