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Chapter 1

Definition of the Different
Types of Green’s Functions

1.1 Introduction

Nonequilibrium Green’s function techniques, initiated by Schwinger and Kadanoff
and Baym [9] allow ones to study the time evolution of a many-particle quantum sys-
tem. Knowing the 1-particle Green’s functions of a given system, one may evaluate
1-particle quantities like carrier density or current. The many-particle information
about the system is cast into self-energies, parts of the equations of motion for the
Green’s functions. Perturbation expansion of the Green’s functions is the key to
approximate the self-energies.

Green’s functions provide a very powerful technique for evaluating properties of
many-body system both in thermodynamic equilibrium and also in nonequilibrium
situations. As an introduction, equilibrium Green’s functions at zero (section 1.2)
and then at finite temperature (Matsubara) (section 1.3) are summarized, before
the contour ordered Green’s functions for nonequilibrium situations are described
(section 1.4).

1.2 Equilibrium Green’s Functions at Zero Tempera-
ture

In equilibrium, one needs only one Green’s function to describe a given system. The
time-ordered (also called causal) zero-temperature single-particle Green’s function
is defined [1] as

i (W T (. )], (2, ) } o) |

Gz, t; 2, 1) =
( ) h (Wo|Wo)

(1.1)

Here, |¥y) is the ground state of the interacting system governed by the time-
independent Hamiltonian H with H|Vy) = E|¥y). H contains a non-interacting
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part Hy for which the system can be solved exactly and a more complicated part
V' with all the many-body effects like carrier-carrier or carrier-phonon scattering
and other effects like impurity or ionized dopant scattering, interface roughness,
etc. T€ is the time-ordering operator, always moving the operator with the earlier
time-argument to the right.

TYLA)B{ )} =0t —t)A)B{H) + 0t —t)B(t')A(t) (1.2)
T{A(t1)B(t2)C(t3)} = C(t3)A(t1) B(£2) (1.3)

if t3 > t1 > ¢2. Each time two Fermion operators are interchanged, the resulting
expression changes its sign, not for other operator types. The operators 1[1H(a:,t)
and @Z;E (2',t') are time-dependent, i.e. defined in the Heisenberg picture (Appendix
A) and evolve according to

P, 1) = UM () iHM (14)

with 1&(3:) destroying a particle at place x
b(x) = drlx)er. (1.5)
k

CL and ¢, are the usual creation and annihilation operators of a particle in state ¢y,

respectively.
Inserting equation (1.4) into equation (1.1), the physical interpretation of the Green’s
functions becomes obvious

_2 <\I,0|Tc{€z‘Ht/h1;(x)e—iH(t—t’)/hqﬁf (x/)e—z‘Ht’/h}‘\I,0>

Gz, t; 2, t) =
( =R (o)

(1.6)

If ¢t > ¢/, the Green’s function G(z,t; 2, t') is the probability that a particle created
at time ¢’ at place 2’ moves to time ¢ and place z. This comes from the definition of
G(z,t;2',t'): from the ground state |¥) at zero time, the system evolves to time ¢’
with the factor e *¢/h_ At this time a particle is created at place ' (1 (2')). Then,
the system continues its evolution from t' to t with the development e~ (t=t")/h
after which the particle is destroyed at place x with the annihilation 1/}(1‘) The
system comes back to the initial ground state (¥| with the evolution e***/? The
contrary holds if ¢ > t.

To obtain G(z,t;2’,t'), a perturbation expansion is very useful. However, the defi-
nition of the Green’s function does not allow a direct solution: it involves the exact
ground state |Ug) of the system, which is one of the things to be calculated. This
implies that |¥y) must be expressed in terms of known quantities, like the eigen-
states |¢p) of the non-interacting Hamiltonian Hjy. From Appendix A, in equation
(A.21), one adds to the operator Vi(t) a factor exp(—|e|t), which switches the in-
teraction on and off at t = +00. The non-interacting ground state |¢g) is assigned
to the system at ¢t = —oo and the connection to |¥g) is formed by the Gell-Mann
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and Low theorem [10]: [¥g) = S(0, —00)|¢o). Furthermore, the system returns to
its ground state |¢g) for t = oo, meaning S(co, —o0)|dg) = €F|¢g). For G(z,t; 2, t')
it follows

i (90l S(—o00, 0)T (s (, )Ly (2!, )} S(
0 (60]S(—o00,0)5(0, —00) o)
i {dolS (=00, 0)T{S(0, 8)dr(x, £)S(t,0)5(0, )} (', #)}S(¢, 0)5(0, o) o)
h (¢0]S(—00,0)S(0, —00)|¢o)
i ol S(00, 0TS (0, )by (2, 1)S(2,0)S (0, ) (a/, ) }S (¢, 0)5(0, —o0) )
h (¢0]S(00,0)5(0, —00)|po)
i (@0l T{S (00, —00) by (w, )} (a',t') }| o)
h (¢0|S (00, —00)| o)
i (00lT{eap (=4[22, dtVi(t))) drle, )5} (', ¢)} o)
= —2 4 . (1.7)
h (ol Te{exp (—4 [, dVi(t1)) Heo)

0, —00)[¢0)

Gz, t;2' t) = —

The third step was obtained by taking account of the return of the system to its
ground state. This important result generates the systematic perturbation scheme
for the Green’s functions. The calculation proceeds by expanding the S matrix as
sum of V7 products in the numerator and the denominator. A method to evaluate
the resulting expectation values is needed, for example Wick’s theorem (Appendix
D) or the Feynman diagrams (Appendix E), which are just another way to write
the results of Wick’s decomposition.

Unfortunately, it is not possible to give an analytical solution for G(x, t; 2, ') except
if the interaction perturbation V7 is set equal to zero. This gives the non-interacting
or free Green’s function Go(x — a’,t — t') which is central for the perturbation
expansions described in Appendix D and E. With the field operators given by
equation (1.5) and the free particle wave function ¢y (x) = %, one gets for the
free Green’s function

i ei(kx—k’x’)
5 -
kk' 4

Golz, t;a' b)) = (do| T{cr(t)ck (') o)

ik(z—az'

— _%Z € 7 ) <¢0|T{eiH0t/hcke—iH0(t—tl)/hcle—iHot//h}¢0>
k

i eik(@=a') —iBy,(t—t') /R T
= - T {e (Polckcyldo)}
k
= Golx —2';t—1). (1.8)

Fourier transforming both the relative coordinates = — 2’ and t — ¢’ yields Go(k,w)
with

Go(k,w) = /dx/dt e~ Rt Gy (25 t)
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i e~ ix(k=k") > i(w—Ey htin)t t
= 7> / dTU dt ¢! B/ (o cycl, o)

Y ’
0 , ;

_/ dt ez(w—Ek/h_ln)t<¢0|CL/Ck’|¢0>>
1— f Jk

= — + —. 1.9

ho—Er+1i1m hw— Ep —in (1.9)

where fj is the carrier distribution (Fermi distribution in this case because it is
in equilibrium). In the zero-temperature case, the carrier distribution is a step
function being 1 for energies lower than the chemical potential ¢ and 0 otherwise.

The constant n, which tends to 0, was introduced to force the integrands to be zero
at too.

1.3 Equilibrium Finite Temperature Green’s Functions

At finite temperature, the Green’s functions are expressed in the grand canonical
ensemble. The system is assumed in contact with a bath of temperature T, with
whom not only heat but also particles are exchanged. At zero temperature, a bracket
(---) represents a ground state expectation value, but at finite temperature the
system is no more in its ground state and a bracket will denote a thermodynamic
average, i.e.

tr (pO) _ tr (e_B(H_“N)O) ot (e=FK0)
tr(p) — tr(ePH-uN)) — tr (e PK)

(0) (1.10)

where H is the Hamiltonian describing the system, N the particle operator, u the
chemical potential, K = H — uN, 3 the inverse temperature and the symbol tr
stands for the trace. Then, the one-particle Green’s function at finite temperature
becomes

oy (T
T h tr (e=PK)
tr (e—ﬂKTc{eiKt/hqﬁ(x)e—z‘K(t—t’)/h,&T(l,/)e—iKt’/h}>
h tr (e=BK)
tr (e—ﬂKTC{eiK(t—t’)/hqﬁ(x)e—z‘K(t—t’)/hl&T(x/)})

R tr (e=PKE)

(1.11)

The last step in equation (1.11) is due to the cyclic property of the trace and the
commutation possibility between the operators e BH—#N) and e—iH-uN /R The
Green’s function G(x,t;2’,t") then becomes G(x — 2/,t — t') and the coordinate
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difference x — x’ is Fourier transformed. This yields

o b (e—ﬁKTc{eiKt/hcke—iKt/th}> )
( ) ) - ﬁ tr (e_ﬂK) . ( : )

At this stage, it is impossible to develop a perturbation expansion as in equation
(1.7) because the interaction Hamiltonian H sits in the time evolution of the field
operators and in the thermal average. The Wick’s decomposition described in Ap-
pendix D implies a dependence on Hy for the thermal average and for all the field
operators through the S matrix (Appendix A). This is obviously not possible for
real time ¢ and one has to define a new physical quantity, the Matsubara Green’s
function G(k, 7).

1.3.1 Matsubara Green’s Functions

To get the Matsubara Green’s function G(k, ), one replaces it in equation (1.12)
by 7, removes the ¢ factor in front of G and changes the chronological time-order
operator T to the chronological imaginary time-order operator T:-. As consequence,
one works with an imaginary time argument 7 and G(k, ) is given by [1, 5]

Lt (e—ﬂ(H—#N)TT{eT(H—uN)/hcke—T(H—#N)/ﬁcL })

Gik7) = -3 tr (e PUH—uN))
ptr (e_ﬂKTT{ck(T)cL})
~ e , (1.13)

The Green’s function defined in equation (1.13) has two important properties:

e 7 must be smaller than A3 otherwise the convergence of the trace is not
assured.

e G(k,7) is antisymmetric on the interval —hf < 7 < kS for Fermions. This is
due to the cyclic property of the trace. Considering a 7 between 0 and AS,
one has

1tr (e_B(H_“N)ck(T)cD
R tr (e_ﬁ(H—MN))
ptr (cLe_B(H_“N)ck(T))
A tr (e=AUH=1N))
1 tr (e_IB(H_/'LN) c—ll;:e_ﬁ(H_p’N) Ck (T)eﬁ(H_p'N))
_E tr (e_B(H_#N))
= —G(k,7 —hp) (1.14)

Gk, 1) =
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and for —hA8 <7 <0
G(k,7) = —G(k, T+ hp). (1.15)

This last property suggests a Fourier series expansion in the strip [—AS, hf]
D epenT (1.16)
n

(2n+1)

with w,, = for Fermions and

T/2 hB
= = dr G(k,7)e™nT = — / dr G(k,7)enT = — / dr G(k,7)e™n7.
/ T/2 2hp Je h3 )e

Defining G(k,iwy,) = hfBc, implies for the Fourier series that
1 - —iWwn T
Gk,7) = "5 zn: G(k,iwn,)e . (1.17)

It still remains to find a perturbation expansion for the Matsubara Green’s function

G(k, 7). Going back to equation (1.13) and transforming the creation and annihila-

tion operators to the pseudo-interaction picture described in Appendix B yields
1 - (e—ﬂKTT{eTK/he—T(HO—,uN)/thk(T)er(Hg—,uN)/he—TK/hc}k}>

g(kaT) = t’l"(e_BK)
1tr (&0t =1 N) = BE T, [S(0, 7)er (7)S(r,0)cly )

tr ( —B(Ho—pN) oB(Ho —#N)e—ﬂK)

1tr (e8NS (13, 0) T, {S (0, T)er (T)S(7,0)cly )
tr( ﬂ(Ho—#N)S(hﬁ’O))
tr (e BROT{S (B, 7)enn(7)S(7,0)c, })
N tr (=P 8(hB, 0))

tr (e PKOT {S(hB, )Clk(T)cIk})
tr (e=PEoS(R,0))

1tr (poT> {S§(h3,0 CIk:(T)C[k}>

- S0 = — (T {S(hB, 0)cr(r)cl o
(1.18)

The expression in the last line of equation (1.18) accepts the Wick’s decomposition
and the description by the Feynman diagrams because the thermodynamic average
is made with a single particle density operator pg and S, ¢y and c}k are operators
represented in the interaction picture, i.e. their time evolution is governed by the
one particle Hamiltonian Hy. Therefore, the rules defined in Appendices D and
E can be applied to the last line of equation (1.18). One notices that there is no
imaginary 4 for the Matsubara Green’s function G(k, 7). This must be taken into
account for the Feynman diagrams.
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1.3.2 Advanced and Retarded Green’s Functions

To make the link between imaginary and real time, two new Green’s functions
are introduced: the retarded G and the advanced G* Fermion Green’s functions,
defined by (also valid in the zero temperature case)

G, b/, 6) =~ 0= )G, 0,31 )

GMa i) = 200 = O 0), 51 1)) (1.19)

where the brackets (---) mean thermodynamic average for finite temperature and
ground state average for zero temperature. As usual in equilibrium, one has that the
retarded and advanced Green’s functions only depend on the variable differences
x—12' and t —t'. Therefore, a Fourier transformation of the space coordinates yields
for GR

G 1) = —10) (D), cl])
. . (6—3}( [t/ Py =it /R, CJ;L]Jr)
- _ﬁg() tr (e=BK)

<n|e—ﬁK6itK/the—itK/h|m> <m‘c£ n)

- _ﬁe(t) Z( tr (e=PK)

nm

(n\e_ﬁKcL\m><m|e”K/hc e~ HE/Rp)

tr (e=PK) )
g T el (¢ oK)
h - tr (e=BK)

(1.20)

with K|n) = K,|n). Fourier transforming with respect to the time ¢ yields

GRkw) = Z [nlexlm)? (77 + e 7
’ tr (e BK hw + K - K,, +1d

= [GA(k,w)]". (1.21)

Following the same procedure for the Matsubara Green’s function, one obtains a
similar expression

1 2 _ﬁK’m _ﬁKn
G(k,iwp) = — D '<”‘C’f'?”>' (e e ) : (1.22)
tr (e=PK) - ihw, + K, — K,,

Therefore, with knowledge of the Matsubara Green’s function G, for which a per-
turbation expansion can easily be derived, a real-time Green’s function G® can be
found.

GR(k,w) = Gk, iw, — w+ i) (1.23)
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1.3.3 Fluctuation-Dissipation Theorem

To complete the set of Green’s functions, two new ones are introduced, the lesser
G< and the greater G~ Green’s functions
i .
G (2,52, 1) = W@ ), 1))

G (b2 ) = —%@(x,t)w (@ t').) (1.24)

The chronological Green’s function G (equation (1.11), the retarded G and ad-
vanced G4 ones (equation (1.18)), as well as the lesser G< and greater G= Green’s
functions are not completely independent, but obey the relations [1]

Gz, ;2" ) = 0t -G (z,t;2',¢") + 0(t' —)G<(z,t;2',¢) (1.25)
GRAz t;2' 1) = +0(2t T )G (x,t;2',t)) — G (z,t; 2/, 1)) (1.26)
GR(z,t;2' t)) — GA(x, t;2' ) = G (x,t;2! 1) — G (x, t;2',1). (1.27)

All these properties hold both in equilibrium and in nonequilibrium case but the
main feature of equilibrium theory is that all Green’s functions G, G<> and G4
are linked via the fluctuation-dissipation theorem.

First of all, the spectral function A(k,w) is introduced

Alk,w) = i(GR(k,w) — GAk,w)) = i(G” (k,w) — G=(k,w)) (1.28)

with [ %A(k,w) = 1. Then, with the same procedure as in the last section for the
retarded Green’s function G, one is able to show the following relation between
the greater and the lesser Green’s function at equilibrium

G (w) = —eMmaE<(w) (1.29)
and for the spectral function

Alk,w) = —i(eP®= L 1HG<(k,w) (1.30)
or

G<(k,w) = if(w)A(k,w), f(w)=Fermi distribution. (1.31)

1.3.4 Relation to Observable

Observable such as particle densities or currents are directly linked to the greater
and lesser Green’s functions. For example

n(r) = —ihG<(z,t;z,1) (1.32)
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and for an homogeneous system
ih dw h dw
= ——= — k == —A((k 1.
= PR [ g Vg/% (k) f () (1.33)
where f(w) is the Fermi distribution in equilibrium and a distribution to determine
with the Green’s functions in nonequilibrium. This equation allows to give a physical
interpretation to the spectral function A(k,w) with

1 Alkw) ik GE(kw) — GA(k,w)
Zw) = v zk: oV - 27
_ _k S 23 (G"(k,w)) (1.34)

Vv 2w
k

where Z(w) is the density of states. A(k,w) corresponds therefore to the density of
state. To determine the carrier distribution in nonequilibrium, one has

i3, G<(k,w)
2305 S (GF(k,w))

fne(w) (1.35)

To give an example for the spectral function A(k,w), one considers the free retarded
and advanced Green’s functions:

1
Gihe) = o mTw
1

yielding for the spectral function A(k,w)
Ak,w) = 2w6(w — E/h) (1.37)
which is in agreement with the free density of states Z(w) = & > 6(w — Ej,/h). One
k

will see later that the many-body effects tend to broaden the § function present in
Ak, w).

The other observable directly related to the Green’s functions is the current density.
It can be expressed with the help of the lesser Green’s function G<

jlx,t) = — lim (V’—V) G<(z,t;2,t). (1.38)

This simple relation will be proved in Appendix G.

1.4 Nonequilibrium Time-Loop Green’s Functions

To derive the perturbation theory of the zero-temperature Green’s functions, one
used the fact that the system returns to its initial state for asymptotically large
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times. In non-equilibrium, there is no guarantee that this occurs because the initial
state at ¢ = —oo can be very different from the final state at ¢ = +o00. Therefore,
one should avoid any reference to large times in the nonequilibrium theory [1], [5]
and [11].

As consequence, one has to change the way to build expectation values of an op-
erator. If one considers the expectation value of an operator in the Heisenberg
representation with respect to a state specified at ¢, instead of 0 as in Appendix A,
and then transforms it into the interaction representation, one has

(Ou(t)) = (S, t)01(t)S(t, o))

= (T° {e:np <% /tot dt’ Vj(t’)> } Or(t)T° {exp <—% /tt dt’ Vz(tl)> }>
om0

(1.39)

where V7(t') is the interaction Hamiltonian in the interaction picture and T the
anti-chronological time-ordering operator defined in Appendix A. The perturbation
evaluation of this equation may be put in a form analogous to the usual Feynman
diagrams, when one joins the exponential functions from the left and right of the
Oj(t) operator and one introduces a time-ordering operator that recognizes whether
the field operator belongs to the chronological or anti-chronological parts of the
product. Accordingly, one defines the following contour, which may be imagined as
lying in the complex time plane, and an operator 1" ordering along the contour. The

to
t/

@ - -~

° - > -

t

Figure 1.1: Contour along the time axis for an evaluation of the operator expectation
value

T operator, reduced to the part of the contour running forward or backward in time,
will become the chronological T or anti-chronological T* time-ordering operator,
respectively, so that the parts of the contour will be named the chronological and
anti-chronological branched. Therefore, one can write equation (1.39) in the form

Ont) = e~ ]{:"dt'vxt’))}of(t», (1.10)

where fti" stands for the integral along the contour, further denoted by fC. By in-
serting extra S operators into (1.39), the contour of Figure 1.1 may be elongated,
so that it would run beyond the time ¢. Furthermore, there is no restriction for ¢,,
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which can be chosen equal to —oo. This simplifies the problem as will be demon-
strated later. For nonequilibrium situations, one defines a Green’s function on the
contour of Figure 1.1, i.e. with the time arguments from the contour,

Gt 1) = (T {0, 1)} (1.41)

and the contour C running beyond the largest argument of the Green’s function.
The field operators 1&71(33, t) and @L (2',t') are expressed in the Heisenberg picture
with respect to the total Hamiltonian H(¢). With the help of equation (1.24), which
also holds for nonequilibrium, one can rewrite (1.41) in the form

Gz, ;2 t") = 0@, )G” (x, t;2', ')+ 0, )G=(x,t;2', ) (1.42)

with the function 6(¢,t’) defined on a contour as:

N 1, if t is later on a contour than t/,
ot.t) = { 0, if earlier. (1.43)
The total Hamiltonian H(t) of the system is given by
H(t) = H+ H't)=Hy+V + H(t), (1.44)

where Hy is the non-interacting part of the Hamiltonian, V' contains all the inter-
actions (carrier-carrier, carrier-phonon, impurity scattering ...) and H®*!(t) is an
external perturbation driving the system out of equilibrium

HeH(t) = / dz Pf (2)U (2, t)i (2) (1.45)

containing U (z,t) the external potential.
With some algebra, one can prove that the Green’s function G(z,t;2’,t") defined
in equation (1.41) takes the following form (Appendix C) [12]

o i (T { S5 o, to)dur (. )9y (o7 ) )
Gz, t;2', 1) = — S o 2] (1.46)

where the term S%*(to, o) with
SSt(to,tg) = T {exp <—%/ dt Hfft(t)> } , (1.47)
C
does not allow the application of the fluctuation-dissipation theorem. C' is the con-

tour of Figure 1.1, (---) is the average with the statistical operator p(tg) of the
initial state

tr(p(to) . ) _ tr(e_Hinitial . )
rlp(to))  tr(e i)

Hinitial = Ho + V is a time-independent operator. It describes the equilibrium state

of the system before the external perturbation U(xz,t) is turned on. As for the

(1.48)
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equilibrium Green’s functions, carrier interactions are present in V but they are
switched on adiabatically at t = —oo. Therefore, it is interesting to let ¢y go toward
—00, where Hjnitiat = Ho is a 1-particle operator (first condition for the application
of the Wick’s theorem from Appendix D). The case where initial correlations are
present, i.e. tyg # —oo will be treated in Appendix H.

Neglecting the initial correlations (t9p = —oo) and rewriting equation (1.46) yields
an expression for the nonequilibrium Green’s function G(x,t;2’,t') admitting the
Wick’s decomposition and the Feynman diagrams

i (T { Sl tto.t0) S, (to,t0) oy (. )0}, (&', ) o
Gz, t;2' 1) = —— (1.49)
h (S¢Et(to, to) S}, (to, to))o

where tg = —oo and

Sﬁi}t(tg,to) = T{exp <—%/dt Hffff(t))}
C

SV (o to) = T{exp <—%/Cdt VHO(t)>}. (1.50)

Quantum transport at finite temperature can only be described by the nonequi-
librium Green’s functions. The zero temperature and Matsubara Green’s functions
are well suited for equilibrium situations, like reservoirs responsible for the carrier
injection in the device.



Chapter 2

Nonequilibrium Green’s
Functions

2.1 Introduction

In the previous chapter, the different types of Green’s functions were introduced and
it was highlighted that quantum transport occurs only in the frame of nonequilib-
rium Green’s functions. In this chapter, the main equations governing the behavior
of nonequilibrium Green’s functions are presented as well as the derivation of two
important physical quantities resulting from their solution, the carrier density and
the current density.

2.2 Nonequilibrium Equations of Motion

Apart from the Feynman diagrams and the Wick’s decomposition, another way
to calculate the time evolution of nonequilibrium Green’s functions G(x,t;2’,t')
consists in deriving its equations of motion, one for the time ¢ and another for ¢. For
that purpose, the time-independent part H = Hy+ V of the total Hamiltonian H is
required. H**(t) will be included through the time evolution operator S¢ (¢, to) of
equation (1.46). H contains only the carrier-carrier interactions here, carrier-phonon
scattering will be treated in Appendix F. This yields for H
H = Hy+V

- [t (-5 iw

2m
+y [ @ [ i @i Ve - Diwie. @

To derive the equations of motion for the nonequilibrium Green’s function, one has
to evaluate %G(w,t;x’,t’) or %G(:ﬁ,t;x’,t’) with G(z,t;2,t') defined as in equa-
tions (1.41) and (1.46). First of all, this requires the definition of some mathematical
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expressions: 1 = (z1,t1), V(1 = 2) = V(21 — 22)0(t1 — t2), [odl = [, dt; [day,
where the time is integrated along a contour C such as the one of Figure 1.1,

d d N — o :
Loty = st = { %tH(t t'y=40(t—1t'), on the chronological branch of C'

dt 50t —t) = —6(t —t'), on the anti-chronological one

and 6(11") = 0(t1,¢])d(x1 — «)). Furthermore, the following equation has to be
evaluated in order to obtain %G(w, t; ! t):

%T Uit 0t ) = T{%%(%WL@V’)} +O(LY) [, Ol 1) T
= T {%@@H(x,t)@ZL(x/’t/)} 8 )5 — o),

to take into account the time-ordering operator T,

ihT{%( ;f‘t(to,to)u}H(:c,t)u}}I(x’,t'))} - ihT{%( ;ft(to,ty/}H(:c,t)sgt(t,to)---)}

L d o »
- T{Sfft(tg,to)zhawH(a:,t)wL(a:’,t’)}
1 { S5 (o, 00)U (z )b (a0} (o ) }
to look after the time evolution S§*, and

iﬁ%@H(%t) = [@H(%t)aHH(t)}

h2 2 A R )
_ 2Vx1l)H(:Jc,t)+/dy V(z — ) (y, ) (y, ) dw (z, 1)

m

for the operator derivative (Heisenberg equation of motion).

2.2.1 Dyson Equations

With the previous considerations, the equation of motion for G(xy,t1;2],t)) =
G(11') relative to t; becomes

o d EZV% / / . (2) —qla+
ih— + —~U@1))eal) = §ar)—in [ d3V(1—3) GP(1371'3%)
dtl 2m C

(2.2)

and relative to t}

—ih— +

d  KVZ
dt} 2m

- U(l’)) Gy = 6(11) —ih/ d3 V(1 —3)G?13713%)
C
(2.3)
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where the 2-particle Green’s function G(?)(131'3') is defined by

b (3)} (39111 o

m(l
St (to,t0))o

GA(131'3) = <_%>2<T{ m(tmtﬂ)f

(2.4)

The self-energy $!°/(12) can be introduced into equation (2.2) and (2.3) via varia-
tional derivation as described in Appendix F. This gives for the equations of motion
the two following fundamental expressions

i+

d n*v?
dtl 2m

—U(1)> G(11) = 5(11’)+/Cd3 o (13)G(31) (2.5)

d h2v%’ / / / tot /

—ih -U(1))G(1) = 6(11) + [ d3 G(13)X*"(31"). (2.6)
dtll 2m C

They correspond to the Dyson equations

G111y = Gg(ll’)+/ d2/cd3 Go(12)2%%(23)G(31) (2.7)

G(1) = G0(11’)+/ d2/ d3 G(12)x%"(23)Gy(31) (2.8)

where Gy(12) is the free or non-interacting nonequilibrium Green’s function and
Gy 1(12) its inverse, defined by

-1
Go(12) = (mditl + hzf - U(1)> 5(12) (2.9)
Gol(12) = (ihditl + R;Z% - U(1)> 5(12). (2.10)

This gives the following relations

/degl(m)Go(m’) = (11 (2.11)
C

_ N d = r2V? ,
/Cd2 Gyl(12)G(21) = <hd_tl+ 2m1—U(1)> G(11). (2.12)

The nonequilibrium equations of motion contain integrals over a time-loop |, ¢ Which
have to be divided into time-ordered integrals. This occurs by considering the equa-
tions of motion of all the previously defined types of Green’s functions, G4 and
G<~ among other.
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2.3 Langreth Theorem [1]

In the equations of motion (2.5) and (2.6), one encounters terms with the structure
C = AB, or, explicitly,

C(tl,t’l):/c dr A(ty,7)B(T, 1)), (2.13)

where C is the contour of figure 1.1. To evaluate (2.13), one assumes for definiteness
that ¢; is on the first half of C (chronological branch) and t3 on the second, as
shown on Figure 2.1. With the definition of C' analog to equation (1.42)

to t

[ - :

th

Figure 2.1: Contour C along the time axis for an evaluation of the operator expec-
tation value C' = AB

C(ty,t)) = 0(t1,t])C” (tr,th) + 0(th, t1)C=(t1, 1}), (2.14)

one immediately sees that the above placement of ¢; and ¢ leads to the definition
of the lesser function C'<(t1,t}). As stated before, the contour C; of figure 2.1 can
be elongated and/or deformed to give the sum of contours Cy and CY from figure
2.2. Thus, equation (2.13) becomes

te C
— " » ;1
( 1
- >
° - f
¢, h

Figure 2.2: Deformation of contour Cj into contour Cy and C) for the evaluation
of C' = AB

C<(t1,t}) = /dTA(tl,T)B<(T,t/1)+/ dr A<(t1,7)B(r,t}).  (2.15)
Cs cy

B(r,t}) is equal to B<(7,}) if 7 is on contour Cy because ¢ is always later than 7
in this case. The same proof holds for A<(t1,7) with 7 on C). Now the first term
in equation (2.15) is considered and the integral is divided into two parts

t1 o)
/dTA(tl,T)B<(T,t'1) _ / th>(t1,t)B<(T,t’1)—|—/ At A< (1, ) B<(,1})
Co

—00 t1

- /tl dt (A>(t17t) _A<(t17t)) B<(T7t/1)

—00

— /Oo dt AR(t,,)B<(r,t)). (2.16)

—00
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In the first line, A(t1,t) is equal to A~ (¢1,¢) if —oo < t < ¢ because t; is later than
t for this particular case. The same reasoning can be applied to find A<(¢1,¢) when
t1 > t > —oo. The last line is obtained by recalling the definition of the retarded
functions from equation (1.26). A similar analysis can be applied to the second term
of equation (2.15) involving contour C%. Putting the two terms together, one finds
Langreth’s first result

C<(t1,t)) = /OO dt (AR(t1,t)B=(t,t)) + A<(t1,t) BA(t,1})) (2.17)

— 00

and therefore in compact notation ‘C< = ARB< 4 A<BA ‘ The same result ap-
plies to the “greater” function C~, one just needs to replace all the <’s by >’s.
The retarded and advanced functions Cf* and C4, respectively are also of cen-
tral importance and are obtained from equation (1.26). For example, one has for

CR(tlatll)
CH(ty,t)) = 0(ty — ) (C7(t1,t]) — C=(t1,1}))
= 0(th —t’l)/oo dt (AR [B> — B<] + [4” — A7] BA)

—00

= 0(t —t)) [/tl dt (A~ — A<)(B” — B<)

— 00

+ /t,1 dt (A~ — A<)(B< — B”)

—0o0

_ /tl dt (A> — A<)(B> — B<)

t

= /tl dt AR(ty,t)BE(t,1)). (2.18)

t

In the compact form, this relation is expressed as and for the ad-

vanced function C4 = A4BA.
In the Dyson equations (2.7) and (2.8), products of three functions D = ABC
appear with

D(ty,t)) = /dﬁ/ dry A(ty,71)B(11,72)C(72, )
Ch Cq

= / dTl A(tl,Tl)B/(Tl,tll) (219)
C
and

Blnt) = / dry B(r1,7)C(ra,1)). (2.20)
C1

Hence, to get D= for example, equations (2.17) and (2.18) can be directly applied
and one finds in the compact notation

D< = ARBEC< 4 ARB<C4 + A<BACA. (2.21)
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Other structures are of great interest in order to evaluate the self energies
C(t,t") = A(t,t')B(t,t)
D(t,t) = A, t)B({,t)
where ¢t and ¢’ are contour variables. It is obvious that
C<(t,t') = A<(t,t)B=(t,1)
D<(t,t') = AS(t,t)B~(t,t)

and a little more complicated for C%, C4, DF and D4

cht) = ot—t)(C”(@tt) - Ot t’))
= 0t —1t) (A7 (t,t)B7(t, 1) — AS(t,t")B=<(¢,t))
= 0(t—1t) (A7 (t,t)B7(t,1') — A<(t,t") B~ (t,t)
+AS(t, t’)B>(t ')y — A<(t,t)B=(t,t))
= ARt B> (t,t)) + A<(t,t")BE(t,t)
= ARt B> (t,t) — AR, t)B<(t,t') +
ARt t)B<(t,t") + A<(t,t")BE(t,)
= ARt t)BE(t,t') + AR(t,t)B=(t,t') + A~(t,t')BE(t, 1)
CAt,t) = ANt t)BAL ) + ANt t") B> (t,t') + A (t,t')BA(t, 1)
= AL, t)BA(t, ) + AA(t, t)BS(t,t") + A<(t,t")BA(t, 1),
DRty = ARt ¢)B<(t' t) + A~(t,t)BA(t 1),

BA(,t

DAt = AL, t)B>(t,t) + A”(t,t)BE(t,1). (2.22)
All these relations will be useful to compute the time evolution and the self-energies
of the Green’s functions.

2.4 Eigenfunction Expansion

The Green’s functions G(11") depend on the continuous space variables r and r’. To
solve a real problem in 1-, 2-, or 3-D, it is better to work with discretized Green’s
functions Gp,(tt'). In this section, one will give an example for a 1-D structure
with transport in the z-direction and homogeneous potential in the x— and y—
transverse directions (the procedure is straightforward for 2- and 3-D). For that
purpose, one recalls equation (1.5), where the creation and annihilation operators
Yt (2, ') and ¢ (z,t) are expanded into a series of eigenfunctions. Thus, G(11') can
be written as [2, 13]

GUY) = 33 Guie (@) Gy (KK ) - 6, (1. (2.23)
ni,m1 k' k"
For homogeneity in the x— and y— directions and confinement in the z-one, one
can factorize the wave functions ¢ as

gbk(r) = %eikt'rtqf)kt (Z), (2.24)
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where A is the xy surface, k¢ = (kz, ky), and ry = (x,y). Furthermore, because of
the homogeneity in the z— and y— directions, the Green’s function G(11") depends
only on the difference ry — r; and, therefore, ki = k{. This gives

1 * ik;-(re—r}
GOL) = 5 D D buiag(2) - G (GG t8) - B, (1) - T (2.25)
ni,m1 ki

The wave functions ¢ should be very localized functions, for example orbital func-
tions around one lattice point [4, 14] or Wannier functions localized on one quantum
well [3] or on one period of a superlattice [15]. In accordance with the orthogonality
of the basis functions, one establishes the inverse transformation

Gunlitt) = [dlre—xy) [ @z [0 6140 (2) - G - i () et
(2.26)

The same relations are also available for the self-energies ¥ (11’)

1 * ikl - (r¢—r
(1) = 4 D0 s (2) - Ty (K 1) - 0, g () - M (227

ni1,m1 ki

S (ke 1) = / d(ry — 1)) / dz / 02 ¢ (2) - ST) - by () - e e e,
(2.28)

Recalling the equations of motion for the Green’s functions (2.5) and (2.6), one
finds therefore

. d
zhEGnm(kt;tt’)—zl:hanlm(kt;tt’) = 5nm(tt’)+§l: /C dty Sp(ke; tt1)Gim (Ke; 1)

and

o d N
_Zh@Gnm(kt; tt/) - zl: hmlGnl(kt; tt/) = 5nm(tt/) + zl: /C dty Gnl (kt; ttl)zlm(kt; tlt,)

where hy,, = [dr ¢f(r)Ho(r)¢m(r) and k', = Ay, because the Hamiltonian is
hermitian.

To conclude this section, one will give a small calculation example for ¥, (ke; tt1).
The starting point is equation (F.23)

(1) = W (1'1D)GL). (2.29)

With the help of equation (2.28), one gets

Som(ke; tt') = ik / d(re —r}) / dz / A2’ @1, (2) - W (L) - G(AL) - frasee (7)) - e ikt (re—ry)
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Expanding G(11') in this equation yields

Yoam(ke; tt') = Z Z/ (ry —ry /dz/dz Grym, (ki tt')

m,ml ki
X G, (2) e, (2) - WD) - by 1 (2)07,, 1t ())e ko) (rmre)
= B> > Wamnym (K — Ke; ') Gy, (ki3 12).

ni1,m1 ki

The same procedure must be applied to obtain the discrete self-energies for electron-
phonon or other interactions.

2.5 Closed Set of Equations

The carrier density and the current are two of the most important physical quan-
tities one is looking for in a device simulation. As seen in section 1.3.4 and for
nonequilibrium in section 2.7, to get the carrier n(z,t) and the current J(x,t) den-
sities, one needs the lesser Green’s function G<(xz,t; 2, '), for which the equation of
motion must be solved. This is only possible, because the self-energy ¥(12) has the
same symmetry properties as the Green’s function G(12). This result was already
used by Craig in [16] and the proof is given by Danielewicz in [11], yielding

$(12) = 29(12) + 0(t1,t2) X7 (12) + O(t2, 11)2<(12), (2.30)
2R(12) = $(12) +0(t — t2) (7 (12) — ©<(12)), (2.31)
$A(12) = T°(12) - O(t2 — 1) (7(12) — £<(12)), (2.32)
vR(12) - 24(12) = ©>(12) — ©<(12) (2.33)

with $9(12), defined in equation (F.26), being a singular part of ¥(12) on the con-
tour shown in figure 1.1.

As consequence, with Langreth theorem of section 2.3 and the eigenfunction expan-
sion of section 2.4, one obtains

d e
’lhdtG (kt; tt/) - zl: hanl<m(kt; tt/) = Z /to dtl Zgl (kt; ttl)Gfm(kt; tlt/)

+Z/ dty 35 (ke; tt1) G (ke t1t)

(2.34)
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and /or

. d
—zh@Gsm(kt;tt')—zl:G (kg 1) gy Z/ dty GE (ke tt1)25 (ks tat')

+Z/ Aty G5 (ke tt1) 21 (ks t1t').
;| Jto

(2.35)

To solve one of these equations, one needs different forms of the self-energy (3<
and ©4) as well as the retarded and the advanced form of the Green’s function
GTA | Therefore, an equation of motion must be solved for them, according to 2.18

. d
zhEGfm(kt;tt’)—Zl:hanﬁn(kt;tt’) = 5nm(tt’)+2/ dty 28 (ke; t11)GR (ke t1t)

1 Jto
or

d
—zhdt/GR (kg; tt') — ;Gﬁ(kt;tt’)hlm = Sum(tt) +Z/ dt; GB(ke; tt1) 2R (ke; t1t).

The equations for G are obtained by replacing the R’s by A’s. One can rewrite
them in a compact form

Sum(tt) = Z /t dt, <zh5m(t1t)d—tl — hyd(tit) —Eﬁl(kt;ttl)> GE (k; t1t))
l 0

-y / dty [GR (ke: tt1)] " GF, (ks tat)). (2.36)
1 Jto

Relation 2.36 can be used to simplify the equation of motion for the lesser Green’s
function G<

Z/ dty [GE (k)] GE (keitat”) = Z/ dty S5 (ke ') G (kes t1”).
1 to to

Multiplying each side of the equation by Gﬁn(kt;tt’ ), summing over n, and inte-
grating over t' yields

/ dtl/ dt’ G, (ke; tt) [Gﬁl(kt;t’tl)]_lGfm(kt;tlt”) = Z/ dt18,(tt1) G, (ke trt”)

1 Yt
= Gk tt")

and therefore
Grm(kestt') = Z/ dtl/ dty GF (kestt1) S, (Ke; trt2) Gy, (Kes tat'). (2.37)
to

This is the central equation for the lesser Green’s function, but there is still a
coupling between G< and G4,
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2.5.1 Non-Interacting Green’s Functions

In case of a non-interacting system, the solution of the Green’s functions can be
found from their definition. As example, one considers G§,, (k;t1t2)

1
Ginm(kstits) = 3{cf p(t2)ern(tr)), (2.38)
where the creation CL (t) and annihilation cy(t) operators are defined with respect
to the non-interacting Hamiltonian Hy

C-ll;:(t) — eiHot/the—iHot/h
en(t) = etlot/he, pmiHot/h, (2.39)

As consequence, one obtains for the lesser Green’s function
i »
Goom(kitits) = ﬁezEth/he zEntl/h<C1];7ka7n>. (2.40)

The same procedure can be applied to the greater non-interacting Green’s functions
leading to a similar result

i -
Gom(kstity) = —pePrte/hemiBti/Me, (o] ). (2.41)

Using equations (2.40) and (2.41) as well as the definition of the retarded and
advanced Green’s functions (1.26), one obtains the non-interacting expression for
G® and GA

Glm(kstits) = 0(t1 — t2) (G (K; titz) — GG (k; trt2))

= Bl ) BB o ] L)
— _%e(tl _ tQ)QiEth/he_iEntl/h(snm,

’ 0ty — tl)eiEth/he_iE”tl/hénm. (2.42)

G()Anm(kv t1t2) = ﬁ

2.5.2 Stationary Solution

Once the stationary solution of a nonequilibrium system is reached, the Green’s
functions Gy, (ke; tt') do not depend on both ¢ and ¢', but only on the difference
t — t'. Recalling that ¢ and ¢’ do not lie on an imaginary time contour (Langreth
theorem) anymore, it is advantageous to make the Fourier transformation of the
Green’s functions with respect to the time difference ¢ —t'. This will further simplify
the equations

G (kg B) = / A(t — ) PEO/RGS (ke t —t') (2.43)
and the inverse Fourier transformation

1 - /
Gkt —t') = o dEe " EU-/RG< (ki E). (2.44)
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The same relations hold for G4, This produces simplified equations of motion for
the stationary state of the system

EG;, (ke; E) = 3 huGrr (ks E) = Y. SE(ke; E)Gr, (ke E) + 355 (ke; E)GiL (ke E)
] 7 7

EGr,(ke; E) = > Gry(kes EYum = Y Gl (ke; E)S5, (ke E) + 3 Gy (ke; E)Sph, (k; E)
l l l

Grnki; E) = Y GE(k; B)SS (ki; E)Giy, (ki; E)

lLv
Grnke B) = —[Grnlke; B)]'

EGE (ki; B) — S huGR (k; E) = G + 3. 28 (ke; B)GE, (ki E)
l l

GA (k;E) = [GE (kE)]'
GE. (kg E) — Ga, (ks E) = Gr(ke; E) — G (ks E)

Ak E) = i (G, (ki; E) — G (ke; B))

(2.45)

Equation (2.45) forms a coupled system of equations, where G< and G have to be
found. It also remains to determine the self-energies ¥, (k¢; E) and 22 (k; E) for
the different interactions present in the device. This can be found in [1, 15, 5, 4, 3]
for example.

One considers a problem where there are Ny, lattice points, IV, wavevector k points,
Ng energy points, and the Hamiltonian h is a Ny x Ny matrix (tight-binding
model). In this case, N;, x N, X N x Ng x Ng x Np functions GE, G<, 2k and

¥ < must be calculated and stored.

e An initial value for G and G< is required, for example the free Green’s
function G and G°<, when no interactions are present in the system.

e The self-energies ©% and X< are calculated with the actual G and G< for
all the lattice, k, E, and H points.

e The values of the self-energies ©% and < are then used to calculate a new
G and G<. This is done until convergence is achieved with Jacobi iterations
for example.

e To take into account the carrier-carrier interactions on a mean-field level, the
Poisson equation is solved with the actual carrier density obtained with G<.
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The algorithm starts again with the new calculated potential until it does not
change anymore.

Thus, the calculation of current and carrier density with the help of Green’s func-
tions is very expensive and requires a lot of time. It can be accelerated by neglecting
some parts of the self energies as shown in the application section and by paral-
lelizing the computation of the self-energies.

2.5.3 Self-Energies Examples

The goal of this section is to describe different scattering mechanisms, first by giving
their Hamiltonian and then the corresponding self-energy (obtained from the Wick’s
decomposition, the Feynman diagrams or the variational derivation). The different
forms (lesser, greater, retarded, advanced) of the self-energies will be given as well
as their eigenfunction expansion for transport in one direction (z) and plane-waves
with the wavevector k = (k;, k) in the other transverse directions.

2.5.3.1 Carrier-Carrier Interaction [2]

The Hamiltonian for carrier-carrier interaction is defined in equation (D.6)
1 . . . .
H.,. = 5/(1.1:1 /dl‘Q@ZJT(l‘l)'QZJT(l?)V(xl - x2)¢('x2)¢($1)7 (2'46)

where @T and 1& are creation and annihilation operators, respectively. In Appendix
F, it is shown that this Hamiltonian leads to an infinite number of self-energies,
where one will retain the three first, the Hartree, Fock, and direct collision self-
energies.

pHartree(12) = —ihd(12) [d3 V(1 — 3)G(33T)
phock(12) = ihV (1 —2)G(12)
(2.47)
yde(12) = ih [d3 [d4 V(2 — 3)m(34)W (41)G(12)
= 4k [d3 [d4 V(2 — 3) (—ihG(34)G(431)) W (41)G(12)
with
yhock(12) + 14¢(12) = AW (21)G(12). (2.48)

pHartree(192) and LFo%(12) are instantaneous and build a singular part of the total
self-energy. Furthermore, £H%r¢¢(12) does not appear anymore explicitly in the
Dyson’s equations, it is included in the potential Ue¢f(1), as shown in Appendix F,
used to calculate the band bending

Uepp(l) = U(1) —ih/d2 V(1 -2)G(22%)
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= U(1) +/d3r2 V(ry — r2)n(rat)
— U@ - é / Prs —C oeat), n(rat) = —ép(rzt)

4melry — ra|
= U(Q1) —ep(1), (2.49)

where the potential ¢(1) generates the following equations

o(1) = [dra pr—p(rat)
E(l) = -grad¢(l) = [dr2 ;7172 mp(rat)
JE(1)-dA = [d’ridivE(l) = fd3r2f4m|:11 :jg,p rot)
= [ & [ fniee(rat)
= [d3s [y db fO% d¢ |r1 — rﬂ%in(ﬁmp(rzt)

— fd3 przt

= divE(l) = —divgrad¢(l) = £8,

€

The potential ¢(1) resulting from the Hartree self-energy is in fact the solution of
Poisson’s equation induced by the charge density p(1) present in the device.

Since RHartree(12) is treated separately, one will consider only the eigenfunction
expansion of XFPY(12) = nFock(12)4 »de(12)

SimC(kitity) = ih 3 3 Wamnymy (0 t21) Gy (K + @3 tata) (2.50)

nimi; q

where the inclusion of equation (F.13) delivers

annlml (q; t2t1) = Vnmnlml q; t2t1 Z Z/dt3/dt4 Vm4mn3m1 (q,t2t3)

n3manama ki
X Tnsmsnama (k17 k1 —q; t3t4)Wnn4n1m3 (Q; t4t1)7
(2.51)

1 .
Vimnym, (@ tat1) = 1 /d(rxyl - I‘xy2)/d21/dz2 b (21)Pm(22)V (2 = 1)@, (21) D, (zz)e_lq(r’(ﬂ—rxyl),

1 * * —1q(rxy2 —Trxyil
ann1m1 (Cl; t2t1) = Z/d(rxyl _rxyZ)/dZI/dZQ ¢n(zl)¢m(22)w(21)¢n1 (Zl)(bml(ZQ)e Alrxy *y )7
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Tngmanamas (K1, K1 — Qi t3ts) = —ihGpgms (K1itsts)Gnam, (k1 — q;tats), (2.52)

q = (¢x,qy), and ky = (ki4, k1y). For the Fock self-energy only, one has

EE%Ck(k§t1t2) = 5(t1_t2)ih Z ZVnmmml (q)Gmml(k‘Fq;tltf)
nimi; q

= 0(ti —t2)ih 30 3 Vamnim ()G m, (K + astity).
nimi q

The lesser and greater self-energies are obtained from equation (2.50), where the
Fock part is not considered because it is instantaneous

Ezcnf (k7 tlt?) = ih Z Z nmnlml( tQtl)Gglml (k +q; t1t2)' (253)

nimi q

de>(k; tyt9) is calculated by inverting < and >. It remains to determine Wirinymy
From equation (2.51), one finds by neglecting the indices

~ (tat) /dtg/dt4 V (tats)m i (tsty) W™ (taty) +/dt3/dt4 V (tots)m™ (ttg) WA (taty).

This implies that

/dt4(5(24) — /dtg V (tots)m (t3tg) YW (t421) /dtg/dt4 V (tats)m™ (t3tg) WA (taty),

—1
AU, 5(t2)
er(rata)=( ")

which can be proved by using equations (F.12), (F.42), and (F.44). These consid-
erations enable to write

/ dto / dty [eR(t'tg)] el (tat)) W™ (taty) / dts / dty / dty [ef(t'ts)] TNV (tats) 7 (b5t ) WA (tath)

W> (') WR(113)

and the final result

Wn>mn1m1 q; t2t1 Z Z / dis / diy Wm4mn3m1 (q7 t2t3) T hsmanams (k1> ki —q; t3t4)Wnn4n1m3 (q7 t4t1)

n3manama ki

The procedure to get W4 and 7> is similar to the one needed for W> and can
be found in [2, 13]. For the stationary case, all the variables depend only on their
time difference and a Fourier transformation of it as described in section 2.5.2 is
very useful. This yields for the direct collision self-energy

S E) = i[9 Y S Wanm (6 BN (k@ B~ E). | (254

nimi q

The energy-dependent screened interaction W= (E') is given by

A
Wn>mn1m1 q; E/ Z Z m4mn3m1 E,)ﬂ;3m3n4m4 (kl ) kl —q; E/)Wnn4n1m3 (q; E/)

n3manimy ki
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with
> ki,ki—qF) = — dE” G> ki E” G ki—qFE'—F
ﬂn3m3n4m4( 1,81 q; ) - i o ngmg( ) n4m4( 1 q; )

The retarded or advanced component of the self-energy can be obtained from the
definition

»REA12) = 29(12) £ 0(+t T )[X7(12) — ©<(12)] (2.55)

which can also be expanded into eigenfunctions or Fourier transformed.

2.5.3.2 Carrier-Optical-Phonon Interaction [3]

The Hamiltonian describing carrier-optical-phonon interaction has the following
form (see equation (F.57))

HER / dr W(r)z - (C’aq+0* ) o). (2.56)

where a4, and al  are the phonon annihilation and creation operators, respectively,

and

q

. egtho 1 1
~ifahao (L), 25

C is the Frohlich coupling constant. Using Wick’s decomposition or the second
Feynman diagrams in equation (E.22), one obtains for the self-energy (Appendix
F, eq. (F.68))

SPh(12) = ih|CP X ST Dlaiaz; tit2)G(12), (2.58)

with, derived from equation (F.62),

- f af
D(arqu;tits) = _%<T{S[aq1(t1)a_q2(t?;;— _ql(tl)aqz(tQ)]}>5q1,_q2.(2.59)

The eigenfunction expansion of (2.58) yields

S tits) = ih Y S Moy (@) My, (@)D(q; tit2) Gy, (k — q; tita)

nimi q

(2.60)

where the form factor M,,,(q) and D(q;t1t2) are

C * 1922
Mony(@) = H / Az 61(2)e T () and  Diasrts) — D( —at t1ts).
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To find the lesser and the retarded self-energies, Langreth theorem from section 2.3
is applied

Z;&h(k,tltg) = ih Z ZMnnl( ) mml (q)D (q7tlt2)Gn1m1(k_q||7t1t2)
nimi q
S (ks titg) = ih Y0 S My, (Q) My, (@) {DF(q; t1t2) Gy, (K — qs tata)
nimi q
+D (q7 tth)Gnlml (k q||7t1t2) + D<(q7 t1t2)Gn1m1 (k — q||7t1t2)}
(2.61)

and after a Fourier transformation for steady-state, one gets

(ki E) = i 3 3 [ Y M, (@) M, (@)D= (q; E') Gy (k — q s E — EY)
nimi; q
Sk B) = i 3 3 [ M, (@M, (@) { D (s E)GE, . (k— q; E — EY)
nimi; q
+D%(q; )Gy (k —q; E — E') + D<(q; E")Gf,, (k—q; E— E')}.

(2.62)

For a complete set of equations Dyson’s equation for the phonon Green’s function
D(q; E) should be solved, but it is more convenient to assume that the phonon
bath is in equilibrium so that the free phonon Green’s functions D) (q; E) from
equation (F.64) can replace D(q; F). Thus one will use the following expressions

1 1
DER(a:EY = —

(a: E) “hwq+i6 B+ hwg+id
DS(q;E') = —2mi [Ngd(E' — hwq) + (Ng + 1)6(E" + hwq)] - (2.63)

Ngq is the Bose distribution for the phonons and wq the phonon frequency. One has
four different integrals to evaluate to obtain both self-energies. For the retarded
component of the phonon Green’s function D, one applies the property

xiw - —i7r5(a:)+77{i}. (2.64)

The results are

i [SoD BN E-B) = [1B G5B ) [Nad(E' ~ o)
+ (Nq + 1o(E" + hwq)]

= NqG<(E — hwq) + (Ng + 1)G<(E + hwq)

i [E DENGRE - ) = NGHE ) + (Ng 4 DER(E + )
/dZE/DR(E’)G<(E E) = %/dE’ G<(E—E’) [5(E/—hwq)—5(E’+hwq)]
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|

P / dE' (GS(E-F) G<(E-E)
! 27 E' — hwq E' + hwq

W prpyare - gy = i/dE' ( GME-E) GHE-F) )

2 2n \ B —hwq+i0 B+ hwq+ 10

= GR(E — hwq) — GE(E 4 hwy).

The last integral solution is obtained because GF(E — E’) has only poles for
S(E —E') <0 or S(E") >0, due to the 6(t — t’) factor present in equation (1.26).
Hence, it is possible to integrate with a loop containing the lower part of the com-
plex plane, where the only pole is hwgq — @6 for the first part of the integral and
—hwq — 10 for the second. This is done with the residue theorem without forgetting
that a contour integral in the lower part of the complex plane yields a negative sign
and a contour integral in the positive plane a positive sign. Finally, the self-energies
become

S (k; E)

S (k; E)

Sibl (k; E)

>0 3 My, (Q) M, (@) { NgG=(k — q); E — hwq) + (Nq + 1)G<(k — q|;; E + hwq) }

nimi q

> 2 M, (Q)Mﬁmml (a)[(Ng + 1)GR(k —q; - hwq) + NqGR(k —qpiE+ fuwg)

nimi q

+ % (G<(k—q||;E— hwq) — G<(k—q||;E—|—hwq))

R e )

E'+hwq

> 2 M, (@) My, (@) [(Ng + 1)GA(k —q; £ - fuwgq) + NqGA(k —qi B+ fuwg)

nimi q

+ L (G(k—q; E + hwg) — G<(k — q); E — hwg))

. dg’ (G<(k—q;E-E') G<(k—q|;E-FE')
‘HP{ Qn( E—hog ___ E'thog J

(2.65)

The details for the advanced self-energy Ef&h(k; E) are not given, but the procedure
is the same as for S22 (k; E), starting with equation (2.22).

2.5.3.3 Carrier-Acoustic-Phonon Interaction [4]

The Hamiltonian for carrier-acoustic-phonon interaction looks like the one for carrier-
optical-phonon

where aq and aT_

Fpacph /d?“ Q/A)T(r) Z el |q| (an + U*df_q) 1])(1") (2.66)
q

q are the annihilation and creation phonon operators, respectively,

and U = i,/-£22 . D is the material deformation potential, p the semiconductor

5 2V pcs
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density, V the volume, and ¢, the velocity of sound in the crystal. As consequence,
one obtains the same self-energies as for the carrier-optical-phonon interaction ex-
cept for the form factor My, (q)

My, (q) (2.67)

\UHQ\/dZ D (2)€ 4% Py, (2) Ullal M, (q2)
which is slightly different. In contradiction to the previous section, it is possible
to simplify the resulting carrier-acoustic-phonon self-energies by assuming that the

phonon frequency wq is small. One has therefore

1
T hwa/(ksT) _ 1

kpT

N,
a hwq

wq = ¢sla, ~Ng+1, FE +hog=FE. (2.68)

These assumptions lead to the following expressions

S (k; E)

S (k; E)

D2kpT
Vpc?

D2kgT
Vpc2

Z Z M;znl (qz)

nimi q

2 2 My, (g2)

]\4’/>}<

mmi

M/*

mmi

(qz)Gilml (k- qj; E)

(¢:)GE ., (k—qp; E).

nimi q

(2.69)

With the above simplifications, the self-energies for carrier-acoustic-phonon inter-
action are elastic because there is no energy exchange during the phonon absorption
or emission process.

2.5.3.4 Impurity Scattering [5]

Impurity scattering is an interaction between a moving carrier and a fix ionized
atom. Its Hamiltonian is given by

H* = Z / dr ¢ (r)V (r — Ry)e(r), (2.70)

where @T and 1& are creation and annihilation operators, respectively, and V (r —R;)
is the potential describing the interaction between a carrier at site r and an impurity
at site Rj. The potential can be expressed through its inverse Fourier transform

1 iq(r—R;
Vzv(q)e a Rl)a
q

V(I‘ — Ri) = (2.71)

where V(q) is the Fourier transformation of V(r) and V the volume. The Wick’s
decomposition described in Appendix D gives the following expression for the im-
purity scattering self-energy, if one retains only the second order perturbation

»5(12) =

T > V(a)V (@) e By o e e Glig)
q192 i

(2.72)
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The brackets () mean that the quantity in the middle must be statistically averaged

<Z e—i(uRie—iqu Z e —i(q1+92)R Z e~ ta1Ri —iq2R; > (2_73)
ij i#j

Obviously, the first term is only different from zero if q; + q2 = 0, the second if
q1 = q2 = 0. The result is then

<Z e_iquie_iquj> = N5q1+q2 =0 —+ N (N )5(11 05(:12 =0 (274)

neglected

where N; is the number of impurities present in the device. The second term is
neglected because it has less importance than the first one. The self-energy is then

SE(12) = %5 V(@)V(—q)eam TG 12)

= % ZqV(q)V(—q)eiQ(rl—TZ)G(lz), (2.75)
a

p is the impurity density. The eigenfunction expansion of equation (2.75) and the
consideration of the lesser and retarded part of the self-energies yields

Sen(kitite) = § > D V(@QV(=a)My,, (¢:) My, Grym, (k — qps tita).
nimi q

Efmﬁf(k;tth) = % Z ZV(q)v(_q)Mnnl(qz)MT/;;mlGnlml(k qH,tth)
nimi q

Sie(ktits) = & X L V(QV(=a) My, (¢:) M, GF oy (k= as tits).
nimi q

(2.76)
The matrix elements M, (q.) and M) are defined in equation (2.67). For sta-
tionary regime, where the Green’s functions and the self-energies depend only on
time differences, a Fourier transform leads to

nimi q
' (2.77)
S E) = 3 S V(QV(—a)My, (¢:) M, G, (k — q B).
nimi q

The other scattering mechanisms mentioned in this report like alloy disorder, or
interface roughness are very similar to impurity scattering in the way they are
calculated: each time, there is a potential V (r, R) depending on the carrier position
r and on another quantity (dopant or roughness amplitude...) at position R which
must be statistically averaged.
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2.6 Boundary Conditions [3]

In order to solve the above defined system, boundary conditions have to be specified.
An important point is the treatment of equilibrated contacts, which act as a source
or drain for the electric current. For that purpose, one considers equation (2.45),
first of all for the retarded Green’s function G®. As it is obvious, this equation can
be written as a matrix equation, where one separates the system into submatrices:
a central region with index C' and a lead region with index L. Then the matrix
equation (2.45) can be written in the form

E — hoe +i0* 0 [ G&- GE, _ 10
0 E —hpp 140" GR, GE, - 0 1

Ucc Uct ) < 2 0 >] ( Gléo G@y )
+ + . 2.78
[( Uc UL 0 ng; ch GgL ( )
where all the functions are matrices, Yy and Xy are neglected, hoco and hpp
are diagonal matrices corresponding to hp, in equation (2.45) and the U’s are the
other elements h,,,n # m, E — hco + 10T = Ga(}, and E — hrp +i0" = GO_LI.
Goc and Gy, are not the non-interacting Green’s functions in the device and in the

lead, respectively but just help variables. Starting with the equation for ch, one
obtains

GorGle = UncGc + (Uir+2{1)Ge (2.79)
or
G = GoLUncGEq + Gor(Upr + 25,)GEo
= (Gor + Gor(Urr + 21,)Gor
+Gor(Upr + 25,)Gor(Urr + =)Gor + - ) ULcGEe
= 911.UrcGee, (2.80)
where the second line is obtained by reiterating GIL%C. gfL is the lead Green’s func-

tion when the lead and the device are separated (but to compute X1, the Green’s
functions in the device should be known)

gfr = Gow+ Gor(UiL + 271)gfy- (2.81)
The equation for ch is given by
GEo = Goc + GocUccGEc + GocUcrLGRe + GocEccGle
= Goc (1+UcrGRe) + Goc (Uce + Zcc) GEc
9bc (1+UcLGic)
= gl +98cUcLgirULoGoc. (2.82)

The third equality results from the same procedure as for ch where ggc is the
device Green’s function when the leads are not coupled

ggc = éOC + éOC(UCC + ch)ggc (283)
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The iteration procedure gives the following expression for GfL
G = 9it(1+ULcGEy). (2.84)

It remains to evaluate Ggp for which one has to consider the commutative rule
HGR=GRH =1

Géo G&L\ ([ E—hco+i0t 0 _ 10
ch GfL 0 E — hpp, +40" o 0 1
GE. GE U Uct »k 0
n cc Gcr > . [< cc Yo ) + < cc ﬂ . (2.85
< G, GE, Ue ULt 0 =7 (289)

This gives for Gg I

GéL = GEcUcrGor + G8r(Unr + %£p)Gor
= GE&:UcrL(Gor + Gor(Urr + £5,)Gor
+Gor(Urr + 28)Gor (U + Z8)Gor + - ++)
= GécUcLgry (2.86)
The contact properties are included in the lead Green’s function gfL, where one
can assume equilibrium and thus that electrons and holes are governed by a Fermi
distribution. This approach enables the definition of the boundary conditions for
G<, too [3]. This gives,
Gie = GlcE5cGec +GELET Gl
= G8cS5cGec + GécUcw 91155191 ULoGec
Nl it
9rL
= GEcS5cGec + GécUorgi UneGec

R A R A
Gor = GéeE5eGon +Gorr Gy
= GgCEéCGé’C Ucrgis + GécUct QELZngfL(l +UrcGar)
e —————— N——_——
Géc QEL neglected

= G&oUcLgiy + GEcUcrary

R A R A
Gie = GI1E5.Gio+GrleXscGee
= (14 UrcGEr) 911271911 ULcGée + 9inULe GEe S5 oG e
—_— —_———
neglected gfL Géc
= 97.ULcGéo + 9iULeGee
R A R A
Gip = GLLXiGrr+GreXseGer
1 5
= QELZELQfL + ggLULCGgCUCngLEELgfL +

la 1b




34 2 Nonequilibrium Green’s Functions

9L ST L9 ULcGécUcryty + 9fUncGee e cGacUcLyir +
lc 2

911 ULcGlcUcLgt S 9t UneGecUcLyty,
1d
@ +2iS{g} L UcGécUcrgis} + 911 UrcGecUcrary,  (2:87)
1a 1b11c 1d12

A complete treatment of the boundary conditions is also given in [4, 14].

2.7 Current and Carrier Density[6, 7, 8]

The carrier density n(r,t) as function of the Green’s functions was already given in
equation (1.32). This relation remains the same in nonequilibrium

n(r,t) = —ihG<(r,t;rt). (2.88)

Assuming a one-dimensional eigenfunction expansion (z) of the Green’s functions
and stationary regime, one finds for the carrier density with equations (2.25) and
(2.44)

n(z) = ZZ/—G< (ke; B) P (2) Py (2 (2.89)

kt,O’ nm

where o represents both spin polarization. It is more complicated to determine
the current than the carrier density. The starting point is the continuity equation
relating the current density J(z,t) to the carrier density p(z,1)

d

Ep(z, t) +div J(z,t) = 0. (2.90)
The density p(z,t) is directly related to the lesser Green’s functions G<(11’) with

d (z,t) = lim(—ih) iG<( t t)+iG<( t,z,t) (2.91)

Eac = lim(=dih)e | 2,t, 2, 7 2,t, 2 .

Choosing eigenfunctions centered around one lattice point as described in [4] and
assuming a current flowing in the z-direction enables to write equation (2.90) as

d € d i
Epn(t) = A kg E(amkt (t)an (1)), e>0 for h, e<0 for el.
t,0
= 1im(—z'h)i E iG< (ke tt') + iG< (kg tt')
vt AA k dg " dg
t,0
In(t) — Jn—1(t)
= - 2.92
A : (2.92)
where a nk, Creates an electron at position z,, state k¢, and time ¢ (within a volume

V= AA) an k. (t) annihilates an electron with the same properties, p,,(t) and J,(t)
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are the charge and current density at place z,, respectively, A the area in the zy
plane, A = z, — z,_1, and e is the charge, positive for holes, negative for electrons.
In fact, J,(t) represents the current density for a point situated between n and
n+ 1.

To find an expression for the current density J,(t), the two derivatives of the lesser
Green’s function Gj,,(ke;tt') are required. They can be found in equations (2.34)
and (2.35) and inserted into (2.92)

d e
) = —x DD A (G (e tt) — G (s ) hann) +

kt,O’ m

/ dty ([zﬁm(kt;ttg)G;n(kt;tgt) + Ejm(kt;ttg)ng(kt;tQt)] —

[GE | (ke; tto) S (ke tat) + G, (ke t2) 520 (ke s tat)]) }

=0, because of condition (G.6)
In(t) — Jn—1(t)

= - 5 . (2.93)

It is important to note that the boundary conditions are not included in the self-
energies but the index m takes into account points from the device and from the
leads. The next step consists in separating J,, from J,,_1 by decomposing equation
(2.93). Caroli proposed an useful ansatz in [6]. The current J at a point between
n—1 and n (called J,, for simplicity) is the difference between the flow of particles
from left to right and from right to left. Thus on operator J of the form

) o 3 Tinlafam) =D Y Tinlafam)

[>n+1m<n I<n m>n+1
x 3 Y (Timlafam) — (aha) T (2:94)
[>n+1m<n

is expected. This leads to the following expression for the current J,(t), valid for
stationary and non-stationary cases, even when scattering mechanisms are present

Jn(t) = —% S TS (G (ke tt) — G (ke ) Rt (2.95)

I>n+1m<n kg,o

and as it can easily be shown, this expression in combination with the one for J,,_1
satisfies equation (2.93).

For stationary situations, the current is the same everywhere in a device and one
can choose the place where it is computed. Therefore, assuming that the device
contacts are in equilibrium and that no scattering occurs between any contacts and
the active part of the device, the current can be evaluated at the interface between
a contact and the active region. This means that the index m corresponds to points
in the contact and [ to points in the active region. With the help of (2.44), equation
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(2.95) reduces to

b= 5 XYY [ (G B) - G (ks B

l>n+1 m<n kg,o

- X XY [ 5 e G B} (296)

l>n+1 m<nkg,o

The second line is obtained with the help of equation (2.45). The boundary con-
ditions from section 2.6 allow a simplification for G, (k¢; E), where m belongs to
any point of the device contacts with Fermi distribution of the carriers, [ to the
active part of the device, and n is at the interface between both regions. Urc cr
in equation (2.87) corresponds to Ay im. Hence, one obtains for the lesser Green’s
function

Gk B) = Y D (g es )1, G1yy (ke E)

I1>n+1min

gy (Kt B, 1, Gy (ke E)) (2.97)

and for the current density
le'ﬂllmlll(kt; )

dF
Jn = Z Z Z/ 2Re{hlm9mm1 kg; )hmlllGlll(ktv )}

l>n+1 1 >n+1 kg,o
m < n m; <n

+ 2Re { himGm, (Kt; By 1, Gy (ke E) })

JP

Immqlq

(ki; E)

(2.98)
Under the assumption that the contacts are in equilibrium, equation (2.98) can
be further simplified. One starts with the first line of (2.98): because of the Fermi

distribution in the contacts, the fluctuation-dissipation theorem from section 1.3.3
can be applied for gy, ,,,. This leads to the following expression (see eq. (1.31))

(ke; E) = if9"(E)Apm, (ke; E), (2.99)

<
Imm,y

where f€"(E) represents the Fermi-distribution function of the considered con-
tact. The first line can then be rewritten as

2Re {hlmgéml (kt; E)hmlh Gﬁl(kt; E)} = Jllﬁzmlll (kt; E)
= hlmgmm1 (ktv )hmlllGlll(kt? )
(hlmgr<nm1 (kt; E)hmlllGlll(kt; E))

= TumGrm, (ke; B)hmy, G1h (ke B) +
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T
h;rm [géml (ktv )] h;rnlll [Glll(kt’ )}
= hlmg;ml (kt7 )hm1l1Gl1l(kt7 )
hmlgrfllm(kt; )hllmlGlll (kt; )(2100)

The third equality is derived from the properties of the Green’s functions described

in equation (2.45). It is important to note that the sum over the index m () ) is
m<n
the same as the sum over m; ( > ). The same holds for the sum over [ and [;. As
mi1<n
consequence, m can be replaced by mi, m1; by m, [ by l1, and I; by [ in the last

line of (2.100). This yields

Tty K6 E) = i G, (Kes By 1, Gy (ks B) —
Rty Gy (K65 B Gy (ke E)
= ~lumGrm, (kt; B) by, (GLy(kes E) — Giy(ke; E))
= _fcont(E)hlmAmml(kt;E)hmlll (Gzlz(kt» E) - Gzlz(kta ))
= — O E) i Ay (Kt E) o1, Ay (K E). (2.101)

The same argumentation is also applied to the second part of equation (2.98)
Jlmmll (kt; E) with the following result

Jr?

Immaily

(ke; E) = 2Re {himglt, (ke E)huny1, Grsy(ke; B) }
= D Ay (ks ) 116 (ki E) (2.102)

It remains to insert equations (2.101) and (2.102) into the expression for the current
density (2.98)

To=ga XXX [ETm ke B) (OB Ak B) + G (ke E) )
I>n+111>n+1kg,0

(2.103)
with

ﬁlom(kt’ = Z Z hlmAmml (thE)hmlll- (2.104)

m<nmi<n

Equation (2.103) corresponds to equation (5) of [8] and as the authors note, it is
valid even when scattering processes and many-body interactions are present in the
active part of the device. The only assumption is that the self-energies between
contacts and active region vanish.
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2.7.1 2-Contact Device

One considers now a device with two different contacts L and R on the left and the
right side of a central active region, respectively, discretized with N points. The
current flowing from the left contact inside the device is given by equation (2.103)

o= 1A ZZZ/dE Tli, (ke; E) (F5(E)Ani(ke; B) 4 iGF (ke; E)) -

I=1l1=1k¢,0

The current flowing from the central part of the device to the right contact Jr(t) is
calculated as Jr(t) but gets a minus sign because the active region (and therefore
the index [) is situated on the left side of contact R. As consequence, [ in equation
(2.103) must be smaller than n — 1 and this causes the minus sign (eq. (2.103)
describes the current flowing from one reservoir into the device. The relative position
of each other must be taken into account and is contained in the minus sign of Jg)

Z Z Z/ zzl (ke; ) (fR(E)Alll(kt§E) + iGlfl(kt§E)) :
l 1 lhi=1k,0
The index R in Fl}l%l and f(F) indicates the right contact and must not be confused
with “retarded” like in GF. Because the current flowing inside the device J7, must
be the same as the one flowing outside Jp for a stationary regime, equation (2.103)
can be symmetrized

- ()

9 5 4 {(Th ks E)E(E) ~ T ks E) ) Auithes )

I
=
:Li‘b
||Mz

+ i (T, (B) = T (B)) Gy (ke E) }

2.7.2 Non-Interacting Device (Ballistic Transport)

Keeping the same device as before, but assuming that no interaction occurs in the
central active region, equation (2.103) can be simplified by expressing the spectral
function A;,;(k¢; E') and the lesser Green’s function Glfl(kt; E) with the help of the
boundary conditions described in section 2.6. After some algebra, one obtains

R A R A
Glll = Z( Z GlllQhZlegélmthQZSGlgl+ Z Glllgh12m39§13m4hm413Gl3l>

la,l3 \m1,ma2 ms3,mq

where the indices l» and I3 belong to the non-interacting active part of the device,
my and my to the left contact, and m3 and my to the right contact. gy, ,,, and g,
represent the carrier distribution within the equilibrated contacts, which enables the
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use of the fluctuation-dissipation theorem of section 1.3.3. Furthermore, recalling
the definition (2.104) leads to the following equations

E < _ § : s el
hlgmlgmlmthglg - 'lf hlgmlAmlmghmglg
mi,ma mi,m2
_ L
- f Fl2l3
< —
§ hl2m3gm3m4hm4l3 - E 'lf hlgmgAm3m4hm4l3
ms,maq m3,mq
_ R
= if I‘blg
and as consequence
L R
G E Gl (f Flm f FZQZJ) Glgl (2.105)
la,l3

Similarly, for the spectral function A; ;, one obtains

A = i(Gp, - Gyy)

= Z( Z Gﬁlzhl2m1Amlm2hm213G£l

la,l3 \m1,m2

R A
+ Z Glllg h12m3 Am3m4 hm4l3 Gl3l>

m3,mq

= Z GlllQ lng l2l3) Gldl (2106)

l2,l3

The insertion of equations (2.105) and (2.106) into (2.103) yields the usual two-
terminal Landauer formula for the non-interacting case

AZZZ/% [T, Gl T, Gil] (ke B) (FH(B) — fR(E))

Iy 12l3 kt,o
(2.107)

where the indices [, 1, l2, I3 run over all the points within the non-interacting active
part of the device.

2.7.3 Interacting Device

One considers a device with non-interacting leads/contacts and an interacting cen-
tral part. The starting point remains equation (2.103) but for interaction in the
central part of the device, one obtains a different expression for Gl<1l and A;

L R
Glll = ZGhlz Zf I_‘lQZs—i_Zf I_‘l2l3 l2l3) Glgl

la,l3

Ay = Z Gl1l2 I_‘l2l3 + Fljzl;; +1 (El>gl3 lgld)) Gldl (2.108)

la,l3
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The interactions like carrier-phonon scattering are cast into the self-energies El<213
and ZZZS. The new equations (2.108) for the Green’s function Gl<11 and for the
spectral function A;,; cause a two-part current density .J

J = Jeon + Jin, (2.109)

where J,,p, is given by equation (2.107), but its value is different from the one in the
previous section because Gle and Gf;l are calculated in the presence of interaction.
The evaluation of J;, yields

Tu = g SN [ G h ke EYGE (0 B) {57, (ks E)VHE)

iy lal3 kt,o

+5i5, (ke; E)(L = fH(E))} Gy (ke; E)

- D303 / S P Ay (03 By, GFY, (i B) G ks )

llllglg mima2 kt (o

xS, (kes BYif 2 (E) + X, (kes B)i(1 — fH(E))}

= hA Z Z Z/ hlml m211Gl1l2(kt7 )Ggl(khE)

ll11l2l3 mim2 ke, o

X {2;13(kt;E) <

Iy (

ke; B) — 3, (ke; E)gy,

Grmyms

kt;E)}a
(2.110)

where the indices [, Iy, l2, I3 run over all the points within the interacting central
part of the device and m1, mg are situated in the left contact/lead. The last equality
in (2.110) is obtained from the fluctuation-dissipation theorem (section 1.3.3).

2.7.4 Buttiker Probes

To compute current when scattering events are present requires the knowledge of the
self-energies ¥~ and X =. Because it is very difficult to obtain them self-consistently
with the Green’s functions, a simpler way to take into account scattering is of great
interest. The idea is to approximate the retarded self-energies by a phenomenologi-
cal decay time 7 which can be energy-dependent or not. This gives for the retarded
self-energy Y2 (k¢; E) (unit [eV]) assuming that it is only diagonal

YR (ke E) = —igénm. (2.111)

Because of the current condition presented in Appendix G, the lesser self-energy
Y= (k¢; E) cannot be chosen without restriction, but must be diagonal and must
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fulfill

2 / AE (T8, (ki B)Gr, (kii B) + T (ke E) G (ke E) - —
k¢

G (ks B)T5, (kei B) = Gr (ks B)Siby (ks ) = 0. (2112)

n

At equilibrium, as in the reservoirs, there is a relation between the retarded and
lesser Green’s functions/self-energies due to the fluctuation dissipation theorem of
section 1.3.3

Ginke; E) = if(E)Apn(ke; B), Ann(ke; E) = i(GE (kg E) — GJ,(ke; E)),

f(E) is the Fermi distribution of the electrons for energy E. All these equilibrium
conditions can now be applied to determine the lesser self-energies from the retarded
one given in equation (2.111). This yields

S5 (ks E) = ifn(E)Ton(ke; E)
= 2ifn(E)§. (2.113)

Taking this into account, with some simple algebra and previously defined relations
for the Green’s functions, condition (2.112) becomes

S [ B (G B)(SE (ks B) - S (ks ) -
k¢

Siia(ke; B) (GR, (e E) = Gty (14 E)) ) =
S [ 4B (65 ks B)E7 0 B) - 5, (ks E)G (ki ) =
k¢

> [aB (GhkaB) SiniE) Gha0B)  SikaB) -

k¢,m

© i fm (E)D i (ke ; E) i(fn(E)=1)nn (ke;E)
Sinki B) GRL&6E)  SomkeE) Gk B)) =
—_——— —_————
ifn(E)nn (ke; E) i(fm (BE)=1)Tmm (ke; E)

3 /dE T (ky; E) (fm(E) - fn(E)) ~0 (2.114)

kt,m
with
T (ke; E) = Tpn(ke; E)GE (ke; E) i (ke; E)G2 . (kg E). (2.115)

T™(ky; E) is the transmission from point n to point m where m covers all the
discretization points and n only the ones where scattering events occur, i.e. not the
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boundary condition points.

The current condition (2.114) as obtained by the use of the quasi-equilibrium ap-
proximation for the self-energies, is valid for each point n where scatterings are
present. If there are N points, this implies that N free parameters must be present:
they will be the Fermi level at each point, which are no more physical parameters
but mathematical tricks to keep the current constant along the device. The replace-
ment of the self-consistent self-energies by a phenomenological decay time for the
retarded ones as well as the application of the equilibrium condition for the lesser
ones is equivalent to the use of Biittiker probes as scattering centers [17].

2.7.4.1 Current Calculation with Biittiker Probes

The current density J,, at position z, is given by equation (2.96) when scattering
mechanisms are present or not. Because of the form of the Hamiltonian parts h;,,,
as described in the next chapter, the equation for J,, becomes

e dE
Jn = _ﬂ Z / % (hn-i-lnG?fn—i-l (kt; E) - G??—i-ln(kt; E)hnn""l) : (2116)
kt,O'

The goal is now to make the Fermi distribution functions appear in equation (2.116)
in order to obtain an expression similar to the ballistic case (2.107). First of all,
the boundary conditions from section 2.6 are used: the point n + 1 will belong to
the central part of the device and the other remaining points are assumed parts
of the leads. As in section 2.6, the small Green’s functions g(k¢; E) come form the
leads (all the points except n + 1) and the big ones G/(kg; E) from the device. The
variables k¢ and E are neglected if they do not contribute to the signification of
the equation. This leads to

< — < _ < A R <
Gnn+1(: GLC) - gnnhn'fl+1Gn+1n+1 + gnnhnn+1Gn+1n+1

_ A
G;—&-ln(: GE'L) = G;—i—ln—&-lhn-‘rlngnn + Gf—&-ln—i—lhn-&-lng?fn (2117)

and therefore

< < _ < A R
hn+lnGnn+1 - Gn+1nhnn+1 - hn+1ngnnhnn+1(Gn+1n+1 - Gn+1n+1) +

< >
Gn+1n+1 _Gn+ In+4+1

R A <
hn+1n ( 9nn — Gnn ) hrm+1Gn+1n+1
——
gn>n_gn<n
_ > < < >
= hptinGnnhnnt1Griine1 — PnvinGnn i1 G pn -
(2.118)

To close the equation, one has to find an expression for ¢ and G as function of the
Biittiker self-energies. This is done with

<> _ § : R <> A
gnn - gnml 2mlml gm1n7
mi<n+1
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R <> A
Gn+1n+1 = Gn+1n+1hn+1n9nn hnn+1Gn+1n+1+
R <,> A
Gn+1n+1hn+1n+2gn+2n+2hn+2n+1Gn+1n+l +

Gn+ln+ n+1n+1Gn+ln+17

<,> R
Intont2 = E Ty Sy G- (2.119)
ma>n+1

Inserting these results into the last line of equation (2.118) yields
hn+1n95nhnn+1G§+1n+1 - hn+1n9§nhnn+lGi+1n+1 =

> R < A
Pt 1nGmnhnnt1 Gn+ 1In+1 hn+ln+29n+2n+2hn+2n+1 Gn+ Int+1 —

< R > A
hn+1n9nnhnn+1Gn+1n+1hn+1n+29n+2n+2hn+2n+lGn+1n+1 +
R A > < < > _

Gn+1n+1hn+1nhnn+1Gn+1n+1 (gnnzn—i-ln—‘rl - gnnzn—i—ln—H) -

R A R R A
E E hn+1ngnm1 gmlnhnn+1Gn+1n+lhn+1n+29n+2m29m2n+2
mi<n+1mo>n+1

A < < >
hn+2n+1Gn+1n+l (Emlml ngmz - 2mlml EQOg) +

R R A A > <
Z Gn+1n+1hn+1ngnm1 gmlnhnn+1Gn+1n+1 (Emlml z:n—i—ln—i-l -
mi<n+1

Erfmlml Ei+1n+1> : (2120)
From the boundary conditions of section 2.6, it is known that
Gt = 9l (1 + ULchL)
= 9 (1 + ULCGgCUCngL)
Gic = 9i1ULcGec (2.121)

so that one has

R R R R
GmlmQ = gmlnhnn—FlGn—i-ln—‘rlhn+1n+29n+2m2
R R R
Gm1n+1 = gm+1nhnn+1Gn+1n+1' (2122)
To obtain these results, the fact that gﬁlmz = 0 is taken into account: this comes
from the definition of the lead Green’s function g% which are calculated when

hnnt1 = Pntint2 = 0. Furthermore, due to the form of the Green’s functions
equation, one has the following property

gk . = gl because ((QR)_I)* = ((QR)_I)T- (2.123)

This is only valid for an homogeneous space discretization. With the help of equa-
tions (2.122) and (2.123), the expression (2.120) can be further simplified and one
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obtains for the current density J one also needs to rewrite the self-energies as

n—o—% (
derived in (2.113))

Jn-s-% = _ALh Z Z Z de [Fm1m1G§L1m2szszﬁzgm1] (kt;E) (fmz(E) - fm1 (E))

kio mi1<n+1 ma>n+1

Tm1m2 (ke E)

(2.124)

If one evaluates now J,_1 and builds the divergence of the current density .J, one

2
can easily prove that it disappears and that the current is therefore constant over
the device.




Chapter 3

Applications

In this section, four different approaches to solve Quantum Transport problems
with Green’s functions are presented:

3.1 Resonant Tunneling Based Quantum Devices

This application is based on the paper of Roger Lake and al. [4] and describes
the simulation of resonant tunneling based quantum devices (fig. 3.1). Their design
requires accurate modeling of the quantum charge, resonant levels, and scatter-
ing effects for complicated 1-D potential profile made possible by hetero-epitaxial
growth. Nonequilibrium Green’s functions theory is formulated to meet these three
main challenges.

3.1.1 Model Summary

First of all, the structure to simulate is discretized with N points for the active
device (central part of figure 3.1) going from 1 to N, N, for the left reservoir (emit-
ter) going from -Np + 1 to 0, and Ng for the right one (collector) going from N + 1
to N + Npg. The potential in the reservoirs does not need to be constant and can
be large: it is no more necessary to inject carriers from the flat band region of the
contacts. This approach is based on Dyson’s equation treatment of the contacts
developed by Caroli in [6].

Furthermore, the effects of the scattering mechanisms (optical (H,p,) and acous-
tic phonon (H,gp) scattering, alloy scattering (Hy;), interface roughness scattering
(H;), and ionized dopant scattering (H,;q)) are treated as perturbation via ¥ while
the effects of the contacts are taken into account exactly through a boundary self-
energy 25,

All these effects are included in the Hamiltonian given by

H = HO“‘Hopp“‘Hacp“‘HiT +Hal +Hid> (31)

by
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Reservoir
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Figure 3.1: Resonant tunneling quantum device. The structure is partitioned into
two large reservoirs, with Fermi distribution and a short device.

I
|
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Reservoir

where Hy is broken down into five parts, the device (HP), the left (H’) and right

contacts (H'), and the tunnel Hamiltonian between the device and the left /right
contact (HPL and HPFR)

Hy = HY+H+ 8+ HPR + HPE. (3.2)

EB

The required eigenfunctions to expand the Green’s functions, as in section 2.4,
are cation and anion orbitals situated around one of the N layers of the device
corresponding to the lattice points. For example, in the sp? model, there are 1 s
and 3 p orbitals neglecting spin and in the single tight-binding model which will be
used for the rest of the section, there is only one orbital per layer (the anion and
cation are lumped into a single orbital). In this case, one can imagine the orbital
as a pseudo-Wannier function centered around a lattice point. Hy is given by

B2 A2 B2k

Ho = C2m*dz? * 2m* +Vi) (33)
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and as consequence, hy,,, from equation (2.45) becomes
2 thQ
n(kt) QhAQ (ml— ml“') n 2mlz l n

hnm = /dz ¢Z(Z)H0¢m(z) = —tpm = — m=ndz+1

- (m+my,)A2
0 otherwise,

where m_ = (my,+mj,_1)/2, my = (my+my ., 1)/2, A =z, — 2,1, and V;, = V(z,)
(1D Potential with Hartree correction). To prove these equalities, one starts from
the eigenfunction expansion of G(z1t1;x2t2) given in equations (2.25), (2.26) and
the result (2.34) so that one obtains (with a position-independent effective mass
m*)

> huGr (ke tits) =
I

J a1 [ dz 63(n) (— V2 +V(21) + 555 ) Glkes 21t1: 20t2) 6 (22) =
Jdz1 ¢(z1) [ (mh—QAz +V(z1) + 7222qu2> Gk 215 tite)—
s (G (s 21+ Astits) + G (ks 21 — A t1t2))} = (3.4)

5[ der ()| (e + V(1) + B8 ) G o) -
ni

% (Gry+1m(ke; tite) + Gy —1m(kes tita)) } bny (21) =

Dy, Grm (ke tita) — tont1Grpim (Kes t1t2) — thn—1Gn_1m(ke; tita).

For completeness, one derives the expressions for the boundary self-energies, where
the effects of the contacts on the device using Dyson’s equations are included ex-
actly. For that purpose, one refers to the boundary conditions described in section
2.6 with the same assumptions as there. In the single-band tight-binding model,
Urc (lead-center) and Ugy (center-lead) have only two possible values

Ue = to, tn+in and Ucr, = ti, tnN41- (3.5)

If i and j are two points in the device between 1 and N, one obtains with Eq. (2.82)

R R, R R R |, R R R
Gii = Gij + g1 (—t10)g00(—to1) G1j + gin (=tNN+1)IN+1N+1 (—EN+1N) Gy
~——
B =R

(3.6)
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The G’s are exact Green’s functions while the g’s are Green’s functions when con-
tacts and device are not coupled, i.e. t19, o1, tNN+1, and L1y are set to zero. For
instance, gf} obeys the following equation, combination of (2.45) and (2.83)

Z (B —Di)oq+ta—S] gt = 6. (3.7)
leEN —
[f]

Operating with [gfﬂ ~!on Gl]? from equation (3.6) and summing over [ yields

ST - D) da+tu—SF|GE = 6+ 61SFPGE + iwSERGR,  (3.8)
leN

This equation can be rewritten in matrix form as follows

RB R R R R R
E— D1 — %377 - %3 t12 — X5 -3 N1 1N
tor — X8 E — Dy — 3E taz — 2L .- -2 -xiy
R R R R R
-3 t32 — Xg5 E—-D3—X35 - SN -5
R R R " wR C$R
_ENR—ll _EN§12 _EN§13 o BE—-Dno1— ZRN—lel IN-1N _REévleR
—XN —2N —2N3 T tNN-1 = X¥ N E—Dn —Ex% —XxnN

In the first part of Lake’s paper [4], all the interaction self-energies L were set

equal to 0 and only the boundary self-energies EﬁB and Zﬁ% introduced in equation
(3.6) remain. The size of the matrix is N x N and the full matrix must be inverted
NEg (number of energy points) x Ny (number of wave vector k points) times. The
number of energy points Ng must be quite large because if the resonant levels are
sharp, a fine energy discretization is required to take account of them.
The matrix equation can not be solved as long as the contact Green’s functions gé%
and gﬁ 11N +1 are not known because they are included in the boundary self-energies
YIB and ©EE . In order to get them, one recalls equation (2.81) from section 2.6
and sets X1z, equal to 0. One has therefore for the left reservoir

0

Y (B =Da)bay+tan] gl = bap. (3.9)
y=—Nr+1

A similar equation can be found for the right reservoir. Eq. (3.9) can also be written
in a matrix form but the first equation presents some difficulties, because it has to
account for the coupling with the semi-infinite lead. One has therefore

R R
(B = DNp+1)9=Ny 41, Ny 41+ - Np 1, - Np 129Ny +2,- Ny 41

+oteng,-N 98N, N1 = L (3.10)

~~

Y RB gB
—Np41,—Np+19—-Np +1,-Np +1

where Eljﬁw—l,—Nﬁrl = (—t_NLH’_NL)ngL’_NL (—t—n,,—N,+1) represents the cou-
pling with the lead after Eq. (2.82) and ngL’_ n, 18 the first Green’s function in
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the lead when lead and reservoir are not coupled (t—n, —n,+1 = t_N,+1,—-N, = 0).
It will be evaluated with the following assumptions: the potential for layers v =
[—00,--+,—Nr] is equal to the potential at layer v = —Np+1 (flat band condition),
the carriers are in equilibrium (Fermi distribution), there is no interaction, and the
Green’s functions behave like plane-waves in this region, i.e. gfﬁ x etkela—Bl-A (this
is easily proved by solving the retarded Green’s function equation of motion for
flat band condition. k. is the longitudinal wave vector in the emitter contact). This
implies that

ezkEA R

R —
g—NL—Z,—NL - g—NL—l,—NL

R ike A R
9N —1-N, = €N, Ny (3.11)

Inserting these results into Dyson’s equation for gl_%NL_ n, and gl_%NL_L_ N, vields

R R
(E_D_NL)g—NL,—NL +t_NL7_NL_1 g—NL—l,—NL
N—_————

eikeAgR
9-Np,-NL,

R
+tNy,-N+1 9N 41N, = L
————
0
R R
(E_D_NL_I)g—NL—I,—NL +t—NL_1:_NL g—NL,—NL
———

e—ikeA R
9N —1,-Np,

+l-Np-1,-N,—2 gl_%NL_27_NL = 0. (3.12)
—_—

eikeAgR
9-Np—1,-Np,

Two different conditions are obtained from these equations, if one recalls the flat
band behavior of the lead (D_y,-1 = D_n, and t_n, N, -1 = L_N,—1,-N, =
t—NL—l,—NL—2 = te)

(E — D_]VL + teeikeA)gl_%NL’_NL = 1
(E — D_p, +tee*e® 4 t,e72) = 0 (3.13)

where the insertion of the second condition into the first one enables to find a
value for the unknown Green’s function ngL’_ n, and thus for the self-energy
ZﬁﬁL F1-Np+1 coupling the reservoir with the semi-infinite lead
R gihel RB ke A
9-Np,-N, = — t and E—NL+17_NL+1 = —tee™m (3'14)
[

Then one calculates the longitudinal wave vector k. with the help of the second
condition

— E). (3.15)

_NL

ke = — arccos( 5
e

A
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The calculated retarded self-energy El_%]%L +1,-N,+1, the condition for k. and equa-

tion (3.9) are the starting points to construct the matrix equation for the left reser-
voir, the emitter, (the same procedure holds for the right reservoir, the collector)

E_D*NL‘Fl _E§§L+1,—NL+1 L_Np+1,—Np+2 0 0 0
t_Np+2,—Np+1 E—-D_nN;y2 t-Np+2,-Np+3 - 0 0
R 0 t_Np+3,-Np+2 E—D_np 43 - 0 0
[9 e] = : .
0 0 0 .. E—D_4 t_1,0
0 0 0 cee to,—1 E — Dy

True bound states may be present in the spectrum of gé%e (and also gfﬁrl N41) since
the transfer elements tg; and t1o are set to zero (¢f* represent the exact solution
of the emitter reservoir when emitter and device are uncoupled). To give a realistic
energy width to these states, an energy-dependent optical potential, in, is added
to the diagonal element of the matrix (¢7¢)~!. The originality in the treatment of
the boundary conditions comes from the fact that carriers are not directly injected
from the reservoirs with varying potential but from the semi-infinite leads.
Quantum transport means calculating carrier and current density as described in
section 2.7. To achieve this goal, the lesser Green’s function ij is required. Thus,
one finds with the boundary conditions from section 2.6

A A
Gy = E {ngE;nan} + GE (—t10) 955 (—to1) GY;
|
mneN 21<1B
+ va (—tNN+1)9]ff+1N+1 (—tny1N) G]f\lfj' (3.16)
SN

g5 and gy, can be obtained from the fluctuation-dissipation theorem (section
1.3.3)

g0 = —fo(af —g6) = if‘Aw
INvaiver = —F(ORGN o — 9N ve) = iffANfaNa (3.17)
and
S5 = (“ti)go(—tor) = if*(—ti)Aw(—tn) = if°T
5P = (—ho)go(—ta) = i(fC = 1)(=tw)Aw(—te) = i(f°—1Iry
Syn = (tnne)gn v (Ctvean) = if Ty
SN = (—tNN+D)IN v (Ftven) = i(fC = DYy (3.18)

The four last equations result from (2.104) and are always valid.

All the above considerations form a closed set of equations with the same properties
as (2.45). The last open point is the calculation of the self-energies ¥ and £<. Some
examples are available in section 2.5.3 but general expressions can also be found in
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the literature [2, 5, 4, 13, 3.
The final step consists in computing carrier and current density from equations
(2.89) and (2.103), respectively. The calculation flow looks as follows

1.

To start the simulation, the non-interacting Green’s functions GOR’A and G§’>
are evaluated from the definition in section 2.5.1. They are then used to
calculate the first iterated self-energies X4 and £ <>,

G4 is calculated with the matrix equation for [GR] described in this section

and the actual values of the self-energies 4 and X <>. This enables the
computation of G~ with equation (3.16).

The updated values of G4 and G<*> are used to calculate new self-energies
YA and <> as described in section 2.5.3, and to calculate the new Hartree
potential which goes directly into the Hamiltonian Hy through V(z). This
is equivalent to compute Poisson’s equation with the carrier density given
in equation (2.89) and to modify the device potential. If the self-consistent
iteration procedure between the Green’s functions and the self-energies has
converged, one can proceed to the next step, otherwise, the loop between step
2 and step 3 must be repeated until convergence is achieved.

The self-consistent Green’s functions and self-energies obtained from the defini-
tive device potential are used to calculate the current density with equation
(2.103).

3.1.1.1 Ballistic Transport

An interesting method is presented in the paper of Lake to solve the matrix equa-
tion for [GR], but it works only for ballistic transport, where all the self-energies
disappear except the boundary terms. With this method, one calculates only the
Green’s functions required for the carrier and current density in equations (2.89)
and (2.107), respectively

n(zn)

zn—i-%

- %/z—A dzn(z) = Z/dE (ke )

= Z/—{G PG (ks B) + [GEVERRGAL] (ke B) )
kty

- AAZ/_{fe [GRTH G (ke; B) + f€ [GinT iG] (ke B) }

- AA Z/ dE F) [GRTH G, (ke B) + fCAnn(ke; B) }

_ RAZ [ 5 TGS Gil] (e B) (77(E) - F(E)
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= > [ 5 [T (An - GETHGH)] (ki E) (F(B) - £(B)) (3.19)
k¢,o

because only I'{; and I'§;; are different from 0 and

= GATHGH, + Gin Dy G (3.20)

For ballistic transport, the first column and the diagonal of the matrix representing
G' are needed. A recursive algorithm providing them is developed. In the following
derivation, all upper case G’s and lower case ¢’s are retarded Green’s functions and
hence one will drop the superscript R. Upper case G’s are reserved for the exact
Green’s function elements, the term ¢g" indicates that the Green’s function takes into
account everything on the right exactly with the coupling elements immediately to
the left set to 0. For instance, to compute g,.,,, tnn—1 and ¢,_1, are equal to 0. The
equation for gZ;:N’n:N and 9£+1:N,n+1:N can be written as

ToNnNGpNgN = 1 DTaptNat1:NInpiNpr:y - = L (3.21)

where T is a tri-diagonal matrix equivalent to the one resulting from equation (3.8)
but with all the self-energies equal to 0 except the ©75’s. In matrix form, one has

T r

Tnn Tn,n+l:N > . < Inn gn,n—i—l:N > o < 1 0n,n+l:N
s r -

gn+1:N,n gn—i—l:N,n—i—l:N

with T 1.8 = [Tnt1 0 -+ 0] and Tq1npn = [Tnt1n 0 - O]T. One can ex-
tract two equations

Toundnn + Tans1:NGns1nn = 1
Tn+1;N7ng:m+Tn+1:N,n+1:Ng:L+1;N,n = 0n+1:N,n- (3'22)

From the first one and the properties of 1" described above,
Tnng:zn + Tnn+1g;+1n = 1 (323)

and from the second equation

( T )—1 r _ T
In+1:N,n+1:N In+1:Nn = “Ln+1l:Nnpn
r _ r r
In+1:Nn = _gn—i-l:N,n—i-l:NTn-i‘llN,ngnn
r _ r r
gn+1,n - _gn+1n+1Tn+1ngnn (324)

The combination of both results yields

—1
g:;n = (Tnn B nn+lg£+1n+1Tn+1n) . ‘ (325)

0n+1:N,n 1n+1:N,n+1:N

)
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Once gn4Np N+Ng (which is done with the boundary and flat band conditions
described in equation (3.11)) is known, all the other ¢"’s can be found. For the
exact Green’s functions, the equation to be solved is

Tl:n,l:n Tl:n,n+1:N . Gl:n,l:n Gl:n,n—i—l:N . 11:n,1:n Ol:n,n—i-l:N
Tn+1:N,1:n Tn+l:N,n+l:N G'n—&-lsN,lsn Gn+1:N,n+1:N 0n+l:N,l:n 1n+1:N,n+1:N

or
Gl:n,l:n Gl:n,n—i—l:N . Tl:n,l:n Tl:n,n+l:N . 11:n,1:n 01:n,n+l:N
Gn+1:N,1:n Gn+1:N,n+1:N Tn—i—l:N,l:n Tn+1:N,n+1:N On—i-l:N,l:n 1n+1:N,n+1:N

Two different equations are extracted from these systems, coupling G.p 1., and
Gn+1:N,n+1:N

T 1:N1:0Grnmt t:N + Tng t:N it NGt Nk N = Lnp Nt 1N
GrninTinni1:N + Grnnit:NTor NN = OLppntin. (3.26)
From the first line of (3.26) and with consideration of (3.21), one obtains
Gri 1Nt :N = Ini1:Nat+ 1N T Int 1N+ 1N Lt 1N 10 Grnn1n, — (3.27)
from the second

Gl:n,n—i—l:N - _Glzn,1:nTlsn,n+1:Ng£+1:N,n+1:N (328)
and the combination of both delivers
_ r
Gn+1:N,n+1:N - gn+1:N,n+1:N
r r
_gn+1;N7n+1;NTn+1:N,1:nGl:n,l:nTI:n,n—i-I:Ngn_;,_l;N’n_;'_l:N. (329)

Because of the properties of the tri-diagonal matrix 7', one element of the last
equation can be isolated

‘ Gnitnt1 = 9£+1n+1 + 9:z+1,n+1Tn+1nGnnTnn+1g;+ln+1' (3.30)

It remains to determine the first point G(1,1) to be able to reconstruct all the other
diagonal Green’s functions recursively. It obeys the following equation

(E — D1)G11 + t19Goy — 2RBGyy = 1. (3.31)
From the first matrix equation above, one has

Trn+1:N1:nG1im i + T t:N b t:NGrgt:N1m = Ongi:N 1 (3.32)
which can be written as

Grnt1:N1n = —Ini1t:Nat 1N Int1:N,1:0G 1, 1o (3.33)
The isolation of the first element yields

‘Gn—&-ll — _g;+1n+1Tn+lnGnl‘ (334)
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and for the case n = 1, one finds G21 = —g5,151G11, one puts this result into
equation (3.31), and one obtains

‘ Gi1 = (E— Di—tiaghyta — EﬁB)_l : ‘ (3.35)

With equations (3.30) and (3.34), all the elements required to compute carrier and
current density in the ballistic regime are determined recursively in an efficient
way. If one now includes self-energies, the algorithm does not work anymore for two
reasons

e the properties of the matrix T disappear because T is no more a tri-diagonal
matrix but is full,

e even if one can find an algorithm to isolate the Green’s functions required for
carrier and current density, the self-energies needed for that are calculated
with the full set of Green’s functions.

Furthermore, one also needs the lesser Green’s functions Gy, for all the points
in order to calculate the new self-consistent potential resulting from the charge
density. They can be obtained from the advanced and retarded Green’s functions
or calculated with a recursive algorithm: as for the retarded case, upper case G’s
are reserved for the exact Green’s functions while the terms ¢" indicates that the
Green’s functions take into account every point greater or equal to n exactly with

the coupling T},,,_1 = 0. The equations for gﬁ%n N and gs_ff]lvn +1. are therefore

<n _ < An
Tn:N:n:Ngn:N,n:N En:N,n:Ngn:N,n:N
<n+1 _ < An-+1
T”+1:N’”+1:Ngn+1:N,n+1:N - En—i—l:N,n—i—l:Ngn—',-lsN,n-',-lsN' (336)

EZ NN and 2; 1:Nnt1N are diagonal matrices representing the boundary condi-
tions of the lesser Green’s functions. In case of Biittiker probes used as scattering
centers, they also represent the diagonal scattering self-energies. In matrix form,
equation (3.36) can be written as

<n <n
Tnn Tn,n+1:N Inn gn,n+1:N
T T ’ <n <n
n+1:N,n n+1:Nn+1:N 9n+1:Non  Int1:Nnt+1:N

< An An
Enn On,n—i-l:N . Inn gn,n+1:N (3 37)
0 3 An An : .
n+1:N,n n+1:Nn+1:N gn+l:N,n gn+1:N,n+1:N

Two coupled equations can be extracted from (3.37)

< < = X< g4
TG + T 1N G v = Zindan (3.38)
TosiNagmn + Dot LNt LNG 1N = St LNtk LNG 41N

The second equation can be transformed, with the help of the property coming from

-1
the lower case retarded Green’s functions Ty 41:N,n4+1:8 = (gf_ﬁf}vn Iy N) , into

<n _ Rn+1 <n Rn—+1 An
In+1:Nn = _gn+1:N,n+1:NTn+1:N7”gnn +gn+1;N7n+1;NEn+1:N,TL+1:Ngn+1:N,n' (339)

1) 2)
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Furthermore, the lower case advanced Green’s function gﬁj:l: N 18 given by equation
(3.24)

An _ An-+1 *
gn—i—l:N,n - _gn+1 :N,n+1: NT +1: Nngnn (340)

The first part of equation (3.39) becomes
(1) - ggﬁf}v nt1:N In1: NnGmm
gg—trll\f n+1Tn+1 ngnn (341)
Then inserting result (3.40) into the second part of equation (3.39) yields the fol-
lowing expression
R
(2) : gn—ﬁ—}\f 1N Dt LN a1 Ngn+1 Ny

An+1
~ 9nt1:N n+1:N Tn+1 :N, ngnn

<n+1
n+1:Nn+1:N gn+1:N,'rL+12N

—Lit1:Nn+1:N

<n+1
“Int1:N n+1: NTn—H Nngnn

(3.42)
This gives for gs_ﬁl: ~ ., and for its reduced form gTﬁLl n
<n _ Rn—+1 <n+1 *
gn—i—l:N,n —9n+1: Nn+1Tn+1 ngnn ~ 9p11: Nn+1T +1, ngnn
<n — <n+1 *
gn+1,n - _gn+1,n+1Tn+1,ngnn gn+1 n+1tn+1, ngnn (343)

gjfl N is then inserted into the first equation of (3.60) to obtain a recursive for

<n+1
g depending on g7

(Tnn - Tn,nﬂgf_ﬁfanTan) g?f# = Tn,n‘f‘lg;ﬁi%n—&-lT*ﬂ-lngnn + Enng??r? (344)

~~

-1
(953)

which yields

‘ 957? - gT}L%n Tn n+1gn+1n+lT +1ngnn + anmegﬁ'r? (345)

Starting from g]f,ﬁ;\r,gf}v 4Ny, and going back to gf;,ivf_ n,» all the lower case Green’s

functions can be obtained. For the exact Green’s functions, the equation to be
solved is

<
< Tl:nl:n Tl:n,n+l:N ) . < Gl mlin Gl:n,n+1:N >
<
Tn—i—l:N,l:n TTH-l!N,TH-l!N Gn—i—l :N,1:n Gn+1:N,n+l:N

< A

21 ‘nln Ol:n,n—i-l:N . Gl mln Gl:n,n+1:N (3 46)

0 ) Ga Ga '
n+1:N,1:n n+1:N,n+1:N n+1:N,1:n n+1:N,n+1:N
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or

< Ginl:n Gin,n—l—l:N > . < Tl*:nlzn Tf:n,n—&-l:N > _
G

< < * * -
n+1:N,1:n Gn+1:N,n+1:N Tn—i—l:N,l:n Tn+1:N,n+1:N

R R <
Gl:nl:n Gl:n,n+l:N . Zl:nl:n 01:n,n+1:N (3 47)
GE GR 0 ) ' '

n+1:N,1:n n+1:Nn+1:N n+1:N,1:n n+1:N,n+1:N

Two different equations are extracted from these systems, one coupling GfL LN LN

(which is searched) to G7,,,, 4.y, and the other G5, ..y to GT,, 1, (Which is

. . . . < <
known) in order to obtain a recursive algorithm between G ;. N1y and Gy, g,
For that purpose, one uses

< < _ < A
{ Tn+15N715nG1:n,n+1:N + Tn+15N7n+15NGn+1:N,n+1:N - ZTII,%+1:N,TL+1:NGTL+1:N,TL+1:N7
< * < * _ <
Gl:n,l:nTlsn,n—‘rl:N + Gl:n,n+1:NTn+1:N,n+1:N - C711:n,n-&-l:Nzn—i-lzN,n—f—1:N'
(3.48)

One starts with the first equation of (3.48) and separates the result into two parts
< _ Rn+1 <
Gn+1:N,n+1:N - _gn-tl:N,n+1:NTn+11N711nG1:n,n+l:N+
(1)
Rn+1 < A
9n11:N,n+1:N2n+1:N,n+1:NGn+1:N,n+1:N . (3.49)

2)

The first part (1) of equation (3.49) can not be simplified for the moment. However,
some work can be accomplished for the second one (2)

. Rn+1 < A
(2) . gn—i—l:N,n—i—l:N2n+1:N,n+1:NGn+1:N,n+1:N

An+1 * A * An+1
gn+1:N,n+1:N (1 + Tn+1:N,1:nGl:n,1:nTl:n,n+1:Ngn+1;N,n+1;N

<n+1
T 1:Nn41:N Yy 4 1N+ 1:N -

In+1:N,n+1:N
The second equation from the system developed in (3.48) is also composed of two
parts

< _ < * An+1
Gl:n,n+1:N - _Gl:n,lznTI:n,n+1:Ngn+1;N,n+1;N +

(3)
R An+1
GIZTL,TL+12NZT<L+12N,TL+12NQTL1IN,TL+12N ' (350)
(4)

For part (4), the two last terms are replaced according to equation (3.36) while the
first part is expanded with the help of (3.28). As consequence, one obtains

(4) - _Gﬁn,l:nlen,n-f—l:Ngst]l\[,n_i_l;N- (3.51)

)
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It remains to evaluate the sum of (3) and (4)

< _ < * An+1 R <n+1
Gl:n,n+l:N - _Glzn,nTn,n+1gn+17n+1;N - Gl:n,nTn,n+1gn+17n+1;N (352)

to insert it into part (1), which is added to part (2) to find the desired G35, 1.y 1 1.5

< <n+1 <n+1 * A * An+1
Gri1N 1N I t:Nnt1:N T Init:Nnt 1 Lot 1,0 Grn Lo n19n1 ne1:n+

Rn+1 < * An+1
gn+1:N,n+1Tn+17nGn,nTn,n+1gn+1,n+1:N+ (353)
Rn+1 R <n+1
gn+1:N,n+1Tn+L”Gn,nTn’”“'lgn—&-l,n—l—l:N
or
< _ <n+1 <n+1 * A * An+1
Gn+1,n+l gn+1,n+l + gn+1,n+l n—i—l,nGn Tn,n+1gn+1,n+l+

Rn+1 < * n+1 Rn+1 R <n+1
In+1 n+lTn+1,nGn,nTn,n+lgn+1,n+1 + In+1 n—i-lT'fH‘LTLGTL,TLTH,”‘Flgn—i—I,n—O—l'

(3.54)

This concludes the derivation of the recursive algorithm for the lesser Green’s func-
tion. It can be applied in the leads for example, or in the presence of Biittiker probes
as scattering centers.

3.1.1.2 Multiple Sequential Scattering

The last part of Lake’s paper [4] is dedicated to the solution of the quantum trans-
port problem in resonant tunneling devices when scattering processes are included
but where a truncation is applied in the self-consistent calculation of the Green’s
functions and the self-energies. The algorithm is well explained in the paper, con-
taining a lot of pictures describing the procedure and the possible simplifications.
The only inelastic scattering mechanism which is included in the algorithm, is the
carrier-optical-phonon interaction. However, for convenience, the principle integral
present in equation (2.65) is neglected.

3.1.2 Strength and Weakness

The model presented in [4] contains all the desirable effects like carrier-phonon
interactions, impurity scattering or quantum mechanical calculation of the charge
and the current except the carrier-carrier interactions which are responsible for
Coulomb blockade in very small devices.

A very efficient algorithm is derived to take into account large reservoirs in the
calculation of the Green’s functions through boundary self-energies. This allows one
to concentrate on the device physics but without neglecting the injection regions,
where the potential does not need to be flat.

The paper of Lake [4] also presents an original method to compute the Green’s
functions for ballistic transport (i.e., when all the interactions are neglected) where
the diagonal and left column elements of the matrix Green’s functions are found
recursively. The only disadvantage of this method is that it does not work if self-
energies are present so that it restricts its domain of use.
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At the end, an algorithm taking into account multiple sequential scattering is shown,
enabling gain of time in the calculation but violating some physical rules, like the
zero current at equilibrium but keeping the current conservation.

3.2 Two-dimensional Nanotransistors

The simulation of ballistic quantum transport for two-dimensional nanotransistors
(metal oxide field effect transistor) is analyzed in the paper of A. Svizhenko et
al. [14]. Since MOSFETs with channel lengths in the tens of nanometer regime
have recently been demonstrated by various research labs, it is important to be
able to simulate such devices. Despite the best modeling approach for design and
analysis of nanoscale MOSFETSs is presently unclear, it is generally accepted that
semi-classical methods are inadequate and that quantum mechanical modeling is
necessary. Svizhenko et al. present a framework for 2D quantum mechanical simula-
tion of MOSFETSs as shown in figure 3.2. They developed a nonequilibrium Green’s
functions scheme solved self-consistently with Poisson’s equation.

semi-infinite
boundary

— = = (Lp + toy)

L2 Lg/2I

—Hgf2 - - > lox
= —m = 0
b 4 —
eo o - ¢e e
L] L S — -I-LB
-1 0 l il (i'l'l Nyiht::n
A
- semi-infinite semi-inﬁnitev
boundary boundary

Figure 3.2: Nanoscale MOSFET with 2D Grid. Each column ¢ corresponds to a
submatrix of equation (3.40).
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3.2.1 Model Summary

The model presented in [14] is a 2D generalization of Lake’s one explained in the last
section, but it is derived only for ballistic transport. Therefore, it is not necessary
to present all the equations, but just their 2D form. It will be assumed, as in figure
3.2, that the transistor is situated in the x — y plane and that the carriers can move
freely in the z direction. The eigenfunction expansion of the Green’s functions with
orbital functions (or pseudo-Wannier functions) will contain four indices, two for =
(7') and two for y (jj’), and it will depend on k.: Gy (k.; t1t)),

G(lll) = L ZZZQSU zy) Gy Jj’ (kZ7tt )¢zg ( ) ikZ(Z_Z/)a

g k.
Gijjr (ki tt) = / dr/ dr’ 67 (xy) G ) gy o (a'y e~ =077, (3.55)

where ¢;;(xy) is an orbital or pseudo-Wannier function situated at position (z;,y;).
In the stationary regime, the Green’s functions depend only on the difference t —t/,
thus they can be Fourier transformed and depend only on the energy F.

The equations of motion for the retarded (Gt) and the lesser (G<) Green’s functions
are then derived from (2.45)

EG“ '35 (kz’ E) l% hul]lelll 515" (kz’ E) - z%l 2”1]]1 (kz’ E)Glll 15’ (kz; E>+
12]1 S5 (ks EYGL 5 (kes E)

EGE (ki E) = Y hinjjGRys (ki ) = Gibjy+ 5B (ki B)GE, (ki E)

171 11J1

(3.56)

where for ballistic transport the self-energies are neglected. The Hamiltonian Hy is
defined by
R d? R a2 R2k?

Hy = — - _ _ \% 3.57
0 2m*® da?  2m*Y dy2+ 2m*z +V(ey) (3:57)

and one introduces the transfer matrix t;’;, whose elements are (here one will only
consider the case with equidistant mesh points, the other case is straightforward
and is treated in [14])

(45 2 . . . .
tl'l':l:l = —( *””—i—fn )A_Q 'Ll =1x 1, j/ =7,
- i R gy
L bis1 = vpmetyag VS0 T = +1, (3.58)

0 otherwise
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with A, = 2; — 2,1 and A, = y; — yj_1, so that the matrix element h;y;; are
given by

iy = [ da [ dy 6iyGen) ooy o) (3.59)
hiigy = B5T B L Vi B =, =
hiitrj; = —t05" i'=itl, j =
hiijje1 = =104 i'=i, j'=7+1.
0 otherwise

\

For the structure defined in figure 3.2, there are IV, points in the x direction running
from 1 to N, and NV, points in the y direction running from 1 to N,. However it
remains to derive the boundary conditions with the help of the procedure developed
in section 2.6 to take into account the semi-infinite injection regions. If ¢ and ¢’ are
two points between 1 and N, while j and j" are situated between 1 and N,, one
obtains

R _ R R 1171 R 1212 R
Giirjir = iy + E Jiirj1 ( 2] )%‘moo( )ngz’lj
1112
Efi%n
+ 1111 tzgzg GR ]
E :gszy ENyNy+1 gzlzzNy+1Ny+1 Ny+1Ny ) Figi' Ny 7
1112
Eﬁ%NyNy
R 10 R 01
+ 2 :giljjl t]l]l) 90071 52 ( t]2]2) GlZ "j23"" (3'60)
J1j2
RG
1051 4o

The G’s are exact Green’s functions while the ¢g’s are Green’s functions when Gate,
Drain, Source, and device are not coupled, £%% is the boundary self-energy for the
source contact, 1P for the Drain, and £E¢ for the Gate. Furthermore, gf;, Y obeys
the following equation, similar to (3.7), but for ballistic transport

Z Z [E hiijj) 5”05”04_%1]00} igitjojr = Oiirjjr- (3.61)
10€ Nz joENy

—1
R
[g“ojjo]

-1
Operating with [ggojjo} on GE from equation (3.60) and summing over ig

0%’ jog’

and jg yields

iig R _ oS . RS R
Z Z { E - hm] 5@@05]%) + tmo} Gloz "jog’ T 5%’5JJ’ + 531 Z ZiizllGigi’lj’
10ENz joENy

+5]Ny§ 2zngyNy zgz’N]
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+0i1 Z 211332 14/ ja5'*

This equation can be rewritten as a matrix equation whose size is (N Ny) X (NyNy),
but made of N, x N, submatrices of size N, x NN,

A-GR = 1. (3.62)

The elements of the matrix A are A;;(ii"), where j, j/ indicate in which submatrix
the element is and ¢, ¢’ the place within the submatrix. As consequence, a subma-
trix A;; corresponds to a column with a constant y and = running from 1 to N, in
Figure 3.2. In addition to these considerations, if the boundary self-energies 211 iz
are set to zero when jy ¢ {j,j £ 1}, then the matrix A is a tri-block-diagonal ma-
trix, allowing the derivation of an efficient algorithm to compute only the required
Green’s functions determining carrier and current density. This recursive algorithm
is similar to Lake’s one presented in the previous section and will not be repeated
here. In this case, the elements of the matrix A are

E — higjj — X100 — B0 v, 0w, — 2500 =1, j' =
) t% 205 — zz’[])\/ N, 03Ny i #i,j' =]
Ay, = (3.63)
iy — 24500 =i, =j+1
0 otherwise.

To evaluate the boundary Green’s functions ©%5, £8P and L8 ag they appear in
equation (3.60), the lower case Green’s functions g are required and one obtains
them with the same procedure as for the 1D resonant tunneling device: the Green’s
functions in the separated reservoirs are calculated, using the flat band condition
and wave behavior of the Green’s functions at the end of the reservoirs.

3.2.1.1 Carrier and Current Density

The quantum transport problem requires the solution of carrier and current density.
Thus an equation must be found for them, starting with the carrier density, derived
from equation (2.89)

n(xly]) = LZA Ay Z deszyj kz;E)' (364)

The continuity equation introduced in (2.92) gives
d e d d
i = lim(—ih)——— > (= ks it/ (ks et
dtp]( ) t’linnt( ¢ )LzAmAyk U<dt 'L'L]J( ) dt/Gzzgy( ))

() = Jimai(8) T3 () = Ji—a (@)
A, A, ‘

(3.65)
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For ballistic transport, the evaluation of equation (3.65) yields

d
dtﬁw() = L A Ay ZZ( 111571 111]13(k27tt) Gzilyjl(kﬁtt)hhiﬁj) (3.66)
kZ7U 7'1‘71

and because hj;, ;j, is either diagonal in the x (ii1) or y (jji1) direction

d
dtng() = LA A Z{Z( 1417 111]J(kz,tt) G;lﬂ(kz;tt)hilz’jj>

+Z(hiijjl(;;jlj(kz;tt) G;m(kz;tt)hﬁjlj) (3.67)

J1

With the ansatz proposed by Caroli in [6], the total current becomes

X 2 Y [ oth (hiniiiGiiyi (ke B) = Giriyji (ks E)higiy s
Joi — e 11>21+112<i k,,0 Y
ij

" RL.
SN Y S5 (hiisnGiigag, (e B) = Gy (s B )

J12j+152<j k0

(3.68)

It is important to note that the current between Source and Drain contacts is not
conserved because a part of it can flow through the Gate contact. Only the total
current is conserved.

3.2.2 Strength and Weakness

A. Svizhenko and al. describe in [14] a 2D generalization of the formalism presented
by R. Lake in [4]. The Green’s functions are used to compute carrier and current
density for a MOSFET nanotransistor but only for ballistic transport. In this case,
the authors of [14] show an efficient algorithm to compute only the desired Green’s
functions for the evaluation of the current and the carrier density. The problem is
that it does not work if interactions are included in the model, which is a strong
restriction.

3.3 2D Nanotransistor with Mode Space Method

M. Lundstrom and co-workers apply a two-dimensional quantum mechanical simu-
lation scheme based on nonequilibrium Green’s functions to study the behavior of
nanoscale transistors[18] as shown in Figure 3.3.

The method consists in an expansion of the Green’s functions in coupled mode
space: this is equivalent to solve the Schrodinger equation in the z-direction (see
Fig. 3.3) and to use the resulting eigenfunction as basis for the Green’s function.
This method reduces the size of the problem (because instead of discretizing the
z-direction with N, points, a small number of transverse modes are considered)
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ut M nNx

Figure 3.3: Double Gate Nanotransistor with transverse (z-direction) mode decom-
position and 1D solution in z-direction.

which becomes single-dimensional and thus enables the inclusion of rigorous scat-
tering mechanisms. However, this technique only works if the transverse size of the
transistor is not too large, otherwise a lot of eigenmodes must be taken into account
and one does not gain any size reduction.

A three-dimensional extension of the method seems to be possible but with the
same restrictions as mentioned before: the lateral dimensions must remain small.
A detailed description of the model follows with a particular attention on the im-
provement and drawback compared to the method proposed by A. Svizhenko et al.
and presented in the previous section.

3.3.1 Model Summary

The simulated device structure is shown in Figure 3.3, where a uniform rectangular
grid with a grid spacing of A, and A, is used. The discretization procedure is
similar to the one presented in the previous section for the 2D-nanostructure. Only
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a rotation of the coordinates occurs: & becomes z, z y, and y x. Hence, the expansion
of the Green’s functions with pseudo-Wannier functions ¢;;(xz) centered around x;
and z; yields

1 i} e
G(lll) = L_y ZZZCbij(l’Z)Gii/jj/(ky;tt/)gbi/j/(l‘,zl)e ky(y—y )’

i jil ky
Giirjjr (ky;tt) = / dr / dr’ ¢ (22)G (11 ) gy jo (a2 e~ hv =0, (3.69)

The equations of motion for the retarded (G?) and the lesser (G<) Green’s functions
obtained from equation (2.45) are similar to (3.56) and can be cast into matrix
equations

(E-H-3Z®)G< = =<g*

(E-H-3®)GFr = 1, (3.70)
where E and I are diagonal (N,N,) x (N,N,) matrices and G<, GR G4, B
and X< are full (N,N,) x (N,N.) matrices. In fact they are composed of NN,
submatrices of size IV, INV,, each of them representing a slice in the z-direction. This

is important when one considers the Hamiltonian matrix H whose elements are
given by

Y S R NS R i Rk
higy = 8557 + 45 T H A Vit gy =0, 0=
it 1 . . . .
hiit1j; = —15; i'=i%1, j =
hiirjjr =
higjj+1 = =344 i"=i, ' =j£1
0 otherwise.

The t%,’s have the following values

ikl _ h? o o
tij = ermaaz L =t1ELl 7=,
L, - 5
tiy = § thi = pmegy =i, = *1 3.71
35’ J3EL T (mrrmii, A2 y J J ) ( )
0 otherwise.

By taking into account all these definitions, the Hamiltonian matrix H can be
written in a simple form, where each element is a N, N, submatrix

ar iz 0 '
P21 a2 B23 0

ONx—1Nx—2 ON, — 1  ONg—1N.
o - 0 BNxNx—1 QN
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hiitn hii2 0
hiio1 hiio2 hiiaz 0
o = | o - 0 , (3.73)
hiin,—1iN,—2 hunN,—1N, -1 hiin,—1N,
0 ne 0 hiin, N, -1 hiin. N,
hivig11 0 ne
0 Nijigo2 0
Biis = 0 R - 0 . (3.74)
; RivigN.—1N.—1 0
0 hiligNzNz

The idea behind the mode space expansion of the Green’s functions is the search
of the eigenfunctions vi (size N, x 1) and eigenenergies E! of the a’s matrices (n
corresponds to the n® mode and i determines it position, i.e. 2;). From the N,
found eigenfunctions vi, only the first N,, modes with small eigenenergies E,, are
taken into account, so that one gains a factor (N,/N,,)? because the new size of
the problem is (N, N,,)? x Ni, x Ng instead of (NN.)? x Nk, x Ng. These sizes
correspond to the number of unknown Green’s functions one is looking for. One has
therefore

vl = Eivi (3.75)

and the eigenvectors vi are used to build the transformation matrix U whose size
is (NgN:) x (N Ny)

v% Vll\Tm 0 ... 0 o ... 0
0 0 v2 0 0 0
U = VA, : (3.76)
0 0 0 vae b0 0
0 0 0 0 v~ NE

U has interesting properties due to the orthogonality of the eigenvectors vi: UT -
U =1In,N,,xN,N,,- If one defines now the N, x N,,, matrix v! = [v]v}-- -vi\Tm], the
notation for the matrix U can be further simplified and becomes

vova| DT 0| (377

In the mode space expansion, the Green’s functions do not explicitly depend on the
z-coordinates any more but on the confined eigenmode obtained in this direction.
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As consequence G (ky;tt') is transformed into Gijpm (ky; tt') where m and m/
run from 1 to N, and the relation between the Green’s function matrix G, in the
real space and G,s in the mode space is given by

Gnms = UTGLU, Grs = UGpUT. (3.78)

The second equality results from the eigenmode expansion of the real space Green’s
function, written in a matrix form. Therefore, if one multiplies equation (3.70) for
the retarded Green’s function matrix G® (the same holds for the lesser) on the left
with UT and on the right with U, one obtains

U'(E-H-Z®)GRU = Iy, nxN.N,

UNE-HU-U'SRU | GER, = Iy nv.xnv,n,. (3.79)
—_— ——— T
Hms =R

The second part is obtained by replacing GE by its mode space expansion given in
equation (3.78). It remains to evaluate the mode space form Hy,g of the Hamiltonian
and SR of the retarded self-energy. Hyys is evaluated with

E — El —Y12 0
—v21 E-—E? —723 0
Hpe — 0 0 (3.80)
: YNe—1N,—2 E—EN<"1 4y N,
0 - 0 "}/NxNx_]_ E — :El\Ix
where
Ei 0 -~ 0
. 0 E, . 0
E = Ex INmXNm7 E' = . . . 0 (381)
0 .- - E}\Tm
and
_ vilg
’Yij = V ﬂijV (382)

whose size is N,,, X N,,,. Note that if the effective mass m*® is constant in the z-
direction (i.e. no hetero-interface in this direction), then all the elements of the 3;;
submatrices are identical, and furthermore, if the eigenmodes between two adjacent
slices situated at z; and x;y; are almost the same, then the ~;; submatrices are
diagonal. If for simplicity one assumes that 7;; is diagonal without considering the
two conditions mentioned above (no hetero-interface in the z-direction, no strong
potential variation in the z-direction), then subbands with different energies do not
couple and secondly, coupling information of a subband with itself is lost [19].
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The transformation from real space to mode space is also required for the self-
energies. Normally, the real space self-energy is given by an expression similar to
equation (3.69)

Siirjjr (ky; tt') / dr/ dr’ ¢} (22)B(11 )y (a2 e vy (3.83)

where, as usual, ¢;;(2zz) is a pseudo-Wannier function centered around the point
(i, zj). To represent the real space self-energy in the mode space expansion, it can
be very easily proved that the part of the pseudo-Wannier function ¢;;(xz) centered
around z; must be replaced by the eigenmode v%,(2) coming from the submatrix o;
situated at x;. This yields the following expression

Siirmm (y; tt) / dr / dr’ ¢F (@)vE (2)S (11l (2 dir (2 ) Hv =¥ - (3.84)

This concludes the description of the mode space expansion for the Green’s func-
tions. Current and carrier density are evaluated with equations (3.64) and (3.68).
For that purpose, the mode space Green’s function is transformed back to real
space.

3.3.2 Strength and Weakness

M. Lundstrom et al. develop in [18] a mode-space expansion of the Green’s func-
tions in order to get a 1-dimensional problem instead of a 2- or 3-D one. In that
configuration, the discretization of the device in one or two directions is replaced by
the eigenmodes obtained in that direction, so that the size of the problem is reduced
by a factor (N, /N.)?* where N,, is the number of modes taken into account and
N, the number of discretization points in the confined direction. As consequence, a
matrix equation of size (NyNp,) X (NizNp,) must be solved Ng x N, times: N, is
the number of points in the transport direction, Ng the number of energy points,
and N, the number of wavevector points. If the number of confined modes is low,
the gain in computer resource is high because one has to solve a quasi 1D prob-
lem, where the scattering events can be taken into account rigorously. This is a
big advantage in comparison to the method proposed in [14], where only ballistic
transport is possible.

However, the mode-space method has some drawbacks: if the submatrices ~;; are
assumed diagonal and the confinement potential quickly varies in the transport di-
rection, as described in [19], then coupling informations are lost and the method
fails. Furthermore, the mode space expansion is adequate as long a transport di-
rection can be selected and the eigenmode calculated in the transverse directions.
If three contacts are present and current can flow either from drain to source or
through the gate, i.e. in a direction perpendicular to the main current direction, the
eigenmode expansion is no more possible because the system is also open in what
should be the confined direction.
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As conclusion, the mode-space approach is more efficient than the real-space be-
cause it allows the inclusion of accurate scattering mechanisms but fails if certain
confinement conditions mentioned above are not fulfilled.

3.4 Quantum Cascade Structures

A. Wacker and S.-C. Lee investigate in [3, 15] the transport and gain properties of
quantum cascade (QC) structures using a nonequilibrium Green’s functions theory
which includes quantum effects beyond a Boltzmann transport description. With
this theory, one obtains the nonequilibrium stationary state of QC structures un-
der an applied bias, and hence one determines transport properties, such as the
current-voltage characteristics of these devices.

Quantum cascade (QC) structures are grown as a complicated sequence of alter-
nating layers of different semiconductor materials and with varying thickness. This
sequence of layers is repeated many times, up to tens or even over a hundred periods.
Figure 3.4 shows an example of the conduction band line-up in a QC structure.

N 1 period i
oy
™ [
"\h‘ -
- ﬂ‘fﬁ\h ] \/k -
'\I |\I IR
active ~ L M MMM
region = U T [~
injector ~—
active N
region ~ L

Figure 3.4: Example of the conduction band line-up in a quantum cascade structure
with an applied bias. The different Wannier functions of the system are shown.
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3.4.1 Model Summary

The QC structure is modeled as a periodic superlattice structure, in which each
period contains Ny semiconductor layers with varying thickness. The Hamiltonian
H for this system contains two parts, H = Hy + Hgcatt, where Hy = Hgp + Hg is
treated exactly and Hg.qt as perturbation through self-energies. Hg; models the
superlattice potential while He = —efz describes the effects of the electric field &£
applied in the growth direction.

3.4.1.1 Bloch States

ejk~r

N @Y (2), where
the position vector r and the in-plane wave vector k are two-dimensional (2D)
vectors, z is the growth direction, A the device area, and v indicates the subband.
The 1 (r, 2)’s are eigenstates of the bare superlattice Hamiltonian Hgr,

The Hamiltonian H is expressed in a set of basis states 9y (r, z) =

R?  d? h? d? h?  d2
<_ o2m*(z) dz2  2m*da?  2m* dy?

+v<z>) W) = B ).

Because the superlattice potential is periodic with period d, one has for the potential
V(z+d) = V(z) and the wave function must fulfill the periodic boundary condition

Y(r,z+d) = %Y (r,2), (3.85)

where ¢ takes values between —Z and Z. This implies that the energy EY(k,q)
o ejk~r

and the wave function ¢y (r, z) ¢y (2) also depends on g, and that one has

VA
minibands in the superlattice structure instead of discrete energy levels. Therefore,

the energy minibands can be written as

h2k2
2m*

E'(k,q) = EY+) 2T}cos(hdq) + (3.86)

h=1

To find the energies and wavefunctions, the transfer matrix method between the first
layer of a superlattice period and the first layer of the next period must be applied.
The boundary conditions are the continuity of the wave functions, the continuity
of the probability current, and the periodicity of the potential. This procedure is
well explained in [3].

The Green’s functions are proportional to the creation (r,t) and annihilation
1&(1‘, t) operators, which will be given by

e—jk-rxy

Z/dq chZ”(Z)aﬂq(t)
v,k

Wi(r,t)

bty = Y / Ao S () 1), (3.87)
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ai]:q and ay g Creates and destroys an electron in miniband v and state (k,q), re-

spectively. Furthermore, one has the property

/dz O (2)02(2) = Guymd(ar — q2). (3.88)

The Green’s function is then defined in the Heisenberg representation by
N = _2 7, A
c(1) = —=(r{d@ it}
1 v i v v KU S
= Z Z /dQI/dQQ gbqi (Z) <_ﬁ> <T {(Ikl’ql (t)ak%;(t/)}>¢q22(Z/)ejk( xy —Txy)
k

V17V27

1 *1: ik(ryy—1"
Y > /dq1/dqz P (2) G2 (kquqa; tt) g2 () el Ky ~rxy),

vi,v2,k

3.4.1.2 Wannier States

The eigenfunction expansion with Bloch states is not very useful for two reasons:
first, there are two integrals over ¢; and ¢o, which are not present in equation (2.25)
and secondly, the wave functions ¢} () and ¢;"2(2) are not localized over one pe-
riod of the superlattice but are delocalized, which induces, for the self-energies
as described in section 2.5.3, large matrix elements, like M, ~given by equation
(2.67). Furthermore the goal is to investigate carrier interactions not only between
two energy levels, but also between different superlattice periods, which induces a
current through the superlattice. This is numerically possible only when the matrix
elements between two wave functions can be neglected, if the wave functions do
not belong to the same period, or, if the periods are not adjacent . The solution to
meet this requirement consists in transforming the Bloch eigenstates of the super-
lattice Hamiltonian Hg;, into Wannier functions centered around one period of the
superlattice, as shown in Figure 3.4. This is done with the following rule

w/d )
w%—m::J§[W@fm%w
¢W>=J§;M%MwM> (3.59)

where ¢”(z—nd) is a Wannier function constructed from the superposition of Bloch
eigenstates coming from Hgy. It obeys the normalization rule

/ s 0™ (2 — nd)d (2 — md) = Sy O (3.90)

VY (z — nd) is associated with miniband v and centered around period n. If the

wave functions are changed from Bloch ¢;(2) to Wannier 1”(z — nd) states, then

.|.

v
the operators ey

and ay, o must also be modified, in order that the position and time
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dependent annihilation and creation operators ¢ (r,t) and ¢ (r, ) remain constant.
For instance, 9 (r,t) must destroy an electron at place r and time ¢

R e]k rxy .
¢(r7t) = Z/dq ) k,q(t)
ejk'rx)’ d
= Y(z — nd)ay, , (t
v d m/d in v
= a’k,n - % —7/d dq ¢ qdakvq
v d —Jn v
ag, = 7 Ze J qdakm (3.91)

where aﬁ,n annihilates an electron situated in period n, miniband v, and state k.
Inserting these results into the definition of the Green’s functions yields

G1l) = _%<T{1ﬁ(r,t)1ﬁ(r’7t’)}>
) % 2 2 <_%> (T {aj (Dal2 () b2 (2 — md)e(esr —rky)

l/1,1/2,k nm

B A YD Wz — nd) G (ks )R (2 — md)elK ),

vi,v2,k nm

This equation is similar to (2.25) and enables one to derivate Dyson’s equation for
the Green’s functions. The Wannier expansion of the Green’s functions implies that
all the matrix element or overlap integrals are computed with Wannier eigenfunc-
tions instead of Bloch or orbital [4, 14] functions. For example, h¥1"2 from equation
(2.45) becomes

v / dz ¥ (2 — nd) Hot™ (2 — md)
= /dzw”l*(z—nd)Hngm(z—md)
—I—/dz Y (z — nd)Heyp"? (2 — md)

— Y HE

Enm

128% d vy v in i
Hle'r?m = %/dql/dQQ/dZ ¢q11(z)HSL¢q§(Z)eJ qlde jimqad
d o
= %/d(h/dQQ E" (0, q1)60, 1,0(q1 _q2)€](n Vqad
d , .
= %/dq E 1(0’(1)5”1,”26]( Yad

_ 5 BN m =n,
T LT m=n+h, h>1
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P2 = /dz P (2 — nd)eEz"? (z — md)
- _ / dz " (z — (n — m)d)eE(z + md)yp"?(z)
= —e&- RSWQ + nd(sl/l,llza m=mn
- R'™2, m=nxth h>1
Ry = / dz (2 — hd) 29" (2). (3.92)

These are all the elements required to compute h!1"2. The self-energies are cal-
culated as presented in section 2.5.3, but with Wannier functions for the matrix
elements. Then, Dyson’s equations for the retarded and the lesser Green’s func-

tions for stationary state are given by

EG 2 (kg E) — ZZ hAVSGErs2 (ks B = ZZ SRS (ke B)Gr8Y2 (ky; E)+
v3 v3
SIS (ks B)GY (ky; B)
lvs

EGEnv: (ky; E) = SR GI2 (ks E) = Sumbuyvs + 3. D01 (ks E)G2 (ke E).

nl
lvs lvs

(3.93)

The advantage of the Wannier functions is that they are localized, in this case over a
superlattice period, so that the overlap integrals, and therefore the self-energies ¥,
and the Hamiltonian h,,; get smaller as the difference |l —n| increases. A procedure
to obtain as localized as possible Wannier functions is explained in [15] (the position
operator Z is expressed in the Wannier basis obtained from equation (3.90), then
diagonalized, and the resulting eigenfunctions give the required set of Wannier
functions). Hence one can assume that ¥,,; and h,,; vanish if [ ¢ [n—1,n,n+1]. This
simplifies the matrix equation (3.93). For example, the equation for the retarded
Green’s functions becomes

> {[(E — E"'(k,0) + nefd) b,,,, + eERG?] GEYsv2—
v3

V1 vivs Rusvo Rusvo . Rvivs .~Rursvg
(Tl 51’1113 - egRl ) (Gn—i-lm + Gn—lm)} - 5nm5u11/2 + Z:i: ETLTL:EI Gn:l:lm'
Vs,

The boundary conditions must be defined, so that one can solve the system of
equations given in (3.93). Because of the periodicity of the structure, one has

Gr(k E) = GM (ki E+e&d). (3.94)

n—Ilm—1

All the conditions are fulfilled to solve the system of equations. One considers the
following example: a superlattice structure has nine different minibands below the
conduction-band offset and one above (the indices v run therefore from 1 to 10).
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The Green’s functions of one period are only coupled to themselves, and the Green’s
functions of the the preceding and following periods. Through the boundary condi-
tions and the self-energies, Green’s functions of different energies and wave vector
are coupled. Thus, if there are Ng energy points and Ny wavevector points, the
number of Green’s functions to be found is (3 x 10)? x Ng x N.

As in the previously described applications, carrier-carrier interactions are taken
into account on a mean-field level, i.e. Poisson’s equation must be solved self-
consistently with the Green’s functions.

3.4.1.3 Carrier and Current Density

As soon as the Green’s functions have been calculated, the quantum transport
problem can be solved by evaluating the carrier and current density. For the carrier
density, one obtains

n(z) = —% kz >N / g—f Giv2 (ks B (2 — nd)y™2(z — md).  (3.95)

The calculation of the current density is more complicated than for the resonant
tunneling device [4] or for the nanoscale MOSFET [14], because interactions are
present everywhere. The current density is therefore given by an adapted equation

e . e/ d .
J o= o) = V<£z> (3.96)
where ¥ is the velocity and Z the position operator

5 — viva T ve
z = g g Eznm Uy 1 O3

nm viv2 ko
= Z Z Z / dz Y™ (2 — nd)z"? (2 — md)at’%af’m. (3.97)
nm vive ko
The current density can then be written as

- 9 E viva 13 i i 1253%1 gl
J = thZZZznm lim <dt+dt’ G721 (k; tt')

nm viv2 ko

= P X S e { e ks - G ks i) +

nml V1v2v3 ko

/ ity ([ S ks ) G2 (ke tat) + Sy (kes th2) G (ki tat) | —

[GR”2”3 (ks t2) 555" (s tot) + Gy (ke ) D1 (ke t2t)} ) }

ml ml
€ e Vivg v2vs vive V2rs <v3vi
- _WZ Z Z %{ (an hml — hym Zmi )Gln (ke; B) +
nml viv2vs ko

s (SR ks B)GR" (s B) + St (s E)GR" (ki F) ) —

n in
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2z (Gﬁ72”3 (ke; E)S5057 (ks B) 4 Gv2vs (ks B)Srs (ky; E)) } :
(3.98)

This equation looks like (2.95), but has some form differences due to the position
operator Z. However, the equivalence of both equations can be proved, if one care-
fully expands (3.98). The current density has two contributions, one from Hy, Jy
which corresponds to the first line of the last equality in equation (3.98) and one
from the interaction Hamiltonian Hgeqit, Jscarr corresponding to the two last lines
of (3.98).

3.4.1.4 Gain Spectra

In Wacker’s paper [15], a way to calculate optical gain from the Green’s function
is derived. Since it is not the purpose of this work to calculate gain and absorption
spectra, the subject will not be treated here, but many details are given in [15] and
the references therein.

3.4.2 Strength and Weakness

A. Wacker and S.-C. Lee use the nonequilibrium Green’s function theory to solve
quantum transport in quantum cascade structures. The Green’s functions are ex-
panded into Wannier states localized over one period of the superlattice structure.
Interactions are only possible between states belonging to the same period or to
two adjacent periods. This is very efficient to calculate current and carrier density,
but this method does not allow to have interactions between two quantum wells or
between two points in the same quantum well. A period in the superlattice structure
must be viewed as a single element, being able to interact with other elements. This
is surely a weakness of the method, but at the same time it makes the numerical
problem solvable.

The interaction mechanisms which are taken into account in [15] are carrier-phonon
(optical and acoustic), interface roughness, impurity, and carrier-carrier scatter-
ing on a mean-field level (Poisson’s equation). To compute the corresponding self-
energies, a summation over the 2D wave vector k¢ must be accomplished. This
summation is transformed into an integral over an angle 6 and over the norm k
of the wave vector. To simplify the numeric, the terms which should be integrated
over the angle 6 are pushed out of the integral and a mean value is taken. Detailed
explanations of this method are presented in [15]. The advantage of this procedure
is a huge gain of time, but it causes loss of accuracy.

3.5 Conclusion

In this chapter, four different applications of the nonequilibrium Green’s function
theory were shown to compute 1D or 2D nanostructures. Once the equations to
solve a problem are found, including the boundary conditions, the difficulty resides
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in the numerical evaluation of them. For ballistic transport, i.e. without carrier in-
teractions, efficient algorithms can be found to obtain current and carrier density.
However, as soon as scattering mechanisms are present, the computational burden
explodes to run a simulation. To avoid such a problem, simplifications are possible,
either by truncating the self-consistent procedure between Green’s functions and
self-energies [4] or by using localized eigenfunctions, like Wannier functions centered
on a period of a superlattice or on a quantum well [15], which reduce the number
of points needed to obtain accurate results.

A 3D derivation of Dyson’s equation for a quantum dot or for other complicated
nanostructures is straightforward, but the numerical implementation is hard. Ballis-
tic transport will be possible within reasonable simulation times, but the inclusion of
scattering mechanisms does not seem to be possible, except if a good simplification
algorithm is found as in [18].






Appendix A

Interaction Representation

A.1 Schrodinger Picture

In the Schrodinger picture, the operators Og are time-independent. The time-
dependence is contained in the wave functions |V g(t)), obtained from the Schrédinger
equation. The time-independent Hamilton operator H = Hy+V has a non-interacting
part Hy, whose eigenvalues and eigenvectors can be solved exactly, and a perturba-
tion part V. One has therefore

. d

in < |Us(0)) = HIWs (1) (A1)
with the formal solution

[Ws(t)) = e R Tg(0)) = e /P wg). (A.2)

As consequence, the wave functions are time-dependent.

A.2 Heisenberg Picture

It is possible to solve the quantum mechanical problem differently, resulting in
the same answers, but using methods that look quite different. The Heisenberg
representation has the following properties:

e time-independent wave functions
e time-dependent operator.
The Heisenberg wave functions are given by
Uu(t) = MM Ws(D)) (A.3)
= [gH(0)) =[¥o)
because

d b i YR imen 4 _
3| Vr () = S HeWIRWs(1)) + e [Ts(t)) = 0. (A.4)
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A Interaction Representation

In order to get the same matrix elements as in the Schrodinger representation, the
Heisenberg operators are defined as follow

OH(t) — eth/hOSe—th/h (AE))

which corresponds to a time evolution according to the new equation of motion

ih%OH(t) — (Ou(®), H]. (A6)

A.3 Interaction Picture

A.3.1 Definition

In the interaction representation, both the wave functions and the operators are
time dependent. This is achieved by taking V, the interaction part of H, as a
perturbation. Then the time dependences are given by

(1)) = M W(0)) (A.7)
_ engt/he—th/h‘\Il0>
= Ui(t)|%o)
for the wave function and
O1(t) = ¢Hot/h ) oo —iHot/h (A.8)
for the operators whose time evolution is governed by the unperturbed Hamiltonian
Hy

S04 (1) = 04(1), Ho). (A.9)

Putting everything together, it is possible to calculate the time evolution of the
wave function,

S (1) = Vi(DI (1) (A.10)

and of the development operator Ur(t) = eot/he=tHt/h with U;(0) = 1, which
obeys the following differential equation

d
ihEUI(t) = Vi(t)Ur(t). (A.11)
Integrating both sides of the equation with respect to time ¢ yields, with the initial

condition Uy(0) =1

UL(t) — U (0) = —% /0 ViU (1) (A.12)
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or

Up(t) = 1— %/Ot At Vi (t) U (1), (A.13)

If this equation is repeatedly iterated, one gets

. t1
Ui(t) = 1—%/ dt1Vi(t1) + ( ) / dtl/ dtaVi(t)Vi(t2) +
—1 tl n—1
+<—> / at [t / At Vi(t)Vi(t2) - Vi (t)
h 0 0 0
e —i\" t t1 tn—1
= 3 (F) [an [Ca [T avievien Vi)
n=0 0 0 0

With the help of the chronological time ordering operator T defined in equation
(1.2), the expression for Ur(t) can be simplified [5]:

Uit) = 1+Z( UV [ [ [ anemievite - vty
= ean (1 [ anvite)) (A1)

For the inverse operator U, 1(t), the following equation has to be solved

b S U () = U (Vi) (A15)

with the solution

Ul = 1+i(z/h> / dt, / dts - / At T Vi (t)Vi(t) - Vi(ta))

n=1

= T%exp <;/ dtlvl(tl)>}

= Ul). (A.16)

T® represents the anti-chronological time-ordering operator. If A and B are two
general operators, this yields

T{A)B{)} =0t —t)B(tA®t) +0(t' —t)A(t)B(t'), (A.17)
but if they are Fermion field operators

T*{At)B(t")} =0t —t')B(t")A(t) — 0(t' — t)A(t)B(t'). (A.18)
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A.3.2 S Matrix

The time development operator Uj(t) takes the wave function from zero time to
the time ¢. A more general operator S(¢,t") which takes the wave function from ¢
to t can be introduced

Ur(t) = SE)V(E))
= Ur(OU[ ()] ¥r() (A.19)
with the following properties:
o S(t,t)=1
o St(t,t') = S(t,t) because Uj(t) is a unitary operator
o S(t, S, t") = S(t,t")
e S(t,t') can be expressed as a time-ordered operator,
ih%S(t,t’) VS Y) (A.20)

which has the solution
-
S(t,t') = T{exp <—% / dthI(tl)>}. (A.21)
t/

If t > t/, T is the chronological time-ordering operator T, otherwise, the
anti-chronological one T.

A.4 Usual Relations between Pictures

The relations between matrix elements in the Heisenberg picture like the Green’s
functions and the interaction picture are derived

<OH(t)> — <€th/hOSe—th/h>
<€th/h€_iH0t/hO[(t)eiHot/he_th/h>. (A22)
With equations (A.8), this relation is rewritten as
Ou(t) = (U[HO01B)UI(H))
(5(1,000r(1)S(t,0))
(5(0,t)01(t)S(t,0)). (A.23)

If the reference time is taken at ¢, instead of 0, the relation between the Heisenberg
and the interaction picture becomes

On(t)) = (S, t)01(t)S(t,to))- (A.24)

As it will be seen later, the Wick’s decomposition holds exactly and therefore can
only be applied for operators in the interaction picture.



Appendix B

Interaction Representation for
Imaginary Times

As in Appendix A, a straightforward procedure to treat the perturbation V of H
given by H = Hy + V will be derived in case of imaginary times.

B.1 Pseudo Schrodinger Picture

The starting point is the equation for the density matrix p present in the thermo-
dynamic average of equation (1.10) for example

ps = e BH=EN), (B.1)
The density operator pg obeys the following differential equation

dps
0 —(H — puN)ps. (B.2)
B.2 Pseudo Heisenberg Picture

The pseudo Heisenberg density operator pg is given by:

ps (B.3)

which implies that d(f—g = 0 and the operators in this representation become:

oy = ePH-uN)

Op(r) = eTH=1N)/h )y o=T(H=pN) /b (B.4)

B.3 Pseudo Interaction Picture

In this representation, the density operator p; is given by

pr = eﬂ(Ho—#N)pS:eﬂ(Ho—#N)eﬁ(H—uN) (B.5)
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and the operators in the pseudo-interaction picture obey the following equation
O;(7) = e7Ho=nN)/h(y g o=7(Ho—pN) /R (B.6)

To recall a formalism similar to the one described in Appendix A, a time develop-
ment operator U(7) is introduced with

.
Ur)y = pr (ﬂ— > ﬁ) . (B.7)
Then, U(7) is governed by a differential equation very similar to (A.11)
d
REU[(T) = Vi(r)Ur(r). (B.8)

Integrating both sides of the equation with respect to the imaginary time 7 yields

ir) ~ur0) = — | " dry Vi(m s (n) (B.9)
U(T) =1- %/OT dry Vi(m)Ur (7). (B.10)

If this equation is repeatedly iterated, one obtains

U(T) = 1—%/Td7'1VI(7'1)+< > /dﬁ/ draVi(m)Vi(re) -~ Vi(Tn)

- < )/dﬁ/ dry - / dr, Vi(m1)Vi(72) - V(7).

With the help of the imaginary time-order operator T, the expression for Ur(7)
can be simplified [5]

Up(r) = 1+Z( ”h) / dry / dry - / Ar, ToVi (r)Vi(72) -+ Vi(ma)}

— T feap (—% [ dnmn))}. (B.11)

B.3.1 S Matrix

The time development operator U;(7) describes an evolution from zero time to the
imaginary time 7. A more general operator S(7,7’) that takes the wave function
from 7’ to 7 can be introduced and has the following important properties:

o S(r,7) =1
o S(r,7)S(r',7") = S(r,7")
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e S(7,7') can be expressed as a time-ordered operator,

hS(r,7') = Vi(r)S(r, )

which has the solution

S(r.7) = T\ {exp <—% / dﬁvl(n)> 1.

/

(B.12)

(B.13)






Appendix C

External Perturbation

If an external perturbation H®!(t) is applied to an equilibrium system, the total
Hamiltonian H(t) becomes

HEt) = Ho+V+H™(t) = H+H"t) (C.1)
where Hy, V and H!(t) are given by equations (1.45) and (2.1) for example. The
time-dependent Schrodinger equation takes then the form

nShs(t) > = HDlus() >

= (H+H"™"t)) [ps(t) > . (C.2)
The time evolution operator Ug(t,tg) with [1(t) >= Us(t,to)|vs(tg) > obeys the

same Schrodinger equation as [¢g(t) >. One has therefore

ih%Ug(t,to) = H()Us(t, to). (C.3)

To solve this equation, it is convenient to separate the influence of H and H®*(t).
This is possible with the ansatz

Us(t,to) = e "HUTMRGE (¢ 1), (C4)
For S¢(t,to) follows a differential equation very similar to (A.11)
d . ,
’ih&S;}ct(t, t(]) — elH(t—tO)/hHeuTt(t)e—lH(t—tO)/hS?t(t, t(])
= Hy'(t)SF'(t, o). (C.5)
The solution is obtained by repeated iteration of the equation
St
Seet(t, tg) = T{eajp (—%/ dt, H,eft(tl)>}. (C.6)
to

As t, is the initial time of the system, ¢ is always larger than ¢, and the time
operator T corresponds to the chronological time-ordering operator T.. Sfft(t,tg)
has the same properties as the S matrix introduced in Appendix A.



C External Perturbation

C.1 Heisenberg Representation

A wave function [i(¢) > and an operator Ox(t) in the Heisenberg representation
with respect to H are introduced

() > = Ug'(tto)lvs(t) >
On(t) = Ug'(t,t0)OsUs(t, o). (C.7)

Therefore, one obtains for the expectation value (Ox/(t))

<OH(t)> = <U§1(t7t0)OSUS(t7tO)>
— <Sea¢t—1(t7t0) iH(t_tO)/hOSe_iH(t_to)/hS;{xt(t,t0)>
(SE (t, 1) O (1) SE (t, 19)). (C.8)

C.2 Application to Nonequilibrium Green’s Functions

The nonequilibrium Green’s functions G(z,t;2’,¢') in the presence of an external
perturbation H®*'(¢) included in the Hamiltonian H(t) are defined by

Gt 1) = (T (il 0P80 ) (C.9)

Changing the picture reference for the operators given in the Heisenberg represen-
tation from H(t) to H yields

Gz t;2' ) = —%<T{ (to, ) () S(t, to) S (to, )l (2, t)S(t’,to)})
@ { St u (@ S, S 1) )
T h (S(to,t0))
L {sem%to,toﬁfff(x DR )}) 0
h (SH* (to, o))

where S¢(to,tp) contains an integral along a time contour as the one of figure 1.1,
the denominator (S (to,%0)) is equal to 1, but will be useful in the variational
derivation of the self-energies (Hartree term originated from the derivative of the
denominator), and

St(toty) = T {exp <—% jqfto diy Hfft(tl)> } (C.11)

to



Appendix D

Wick’s Decomposition

Wick’s decomposition allows a perturbation expansion of the Green’s functions of all
types. It always holds for zero-temperature Green’s functions and only under certain
conditions, if the temperature is different from zero (in this case the expectation

value of the operator O, which is the product of field-operators 1]) and ﬂ}T becomes

(0) = THegh) [11):

e the density operator p must be of the form

p =exp(A) (D.1)

with A being a 1-particle operator like A = 3 Ajc}cj. Therefore, if the system
possesses initial correlations, this is not satisfied and the expectation value
(O) must be first modified (Appendix H).

e if the Hamiltonian H is given by H = Hy + V, the field operators @Z; and
@T included in the operator O must be given in the interaction picture (Ap-
pendix A), i.e. their time evolution must only contain Hy. V is treated as a
perturbation.

If these conditions are fulﬁllecl, Wick’s theorem states that the expectation values
of products of field operators 1; and @Z}} (many-particle Green’s functions) factorize
into expectation values of pairs of operators (free 1-particle Green’s functions).

(T{A;Br---Yi1Z1}) = AyBp-Y;Zj+ AiBj - YiZj + -

= sum over all possible contracted products (D.2)
where the contraction
ApB; = (T{A1Br}) (D.3)

and T is the contour-order operator. Further terms called "normal order products of
operators” appear in the last equations but their expectation values vanish. Hence
they are omitted.
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D Wick’s Decomposition

Each time a Fermion operator is displaced in order to bring a pair of contracted
operators side by side, the total expectation value must be multiplied by a minus
sign. A proof for Wick’s theorem is given in [10] for zero- and non-zero- temperature
expectation values for equilibrium situations and in [11] for nonequilibrium ones.
Before going through an example, the contraction A;B; has to be considered. If both
Ar and By are annihilation operators or creation operators, the contraction A;B;
disappears, otherwise one obtains an expression proportional to the free Green’s
function Gy which is equal to the Green’s function G when the interaction part V'
is set to zero

A'I(xl,tl)B'I(xQ,tg) = ’ihGo(l’l,tl;l’g,tg) (D4)

if A; is the annihilation operator and Bj the creation operator. In the opposite
case, one has

Aj(21,t1)Bi(2,t2) = ihGo(za,t2; 21, t1). (D.5)

There is no imaginary factor ¢ for Matsubara Green’s functions. As an example,
V will describe the carrier-carrier scattering. One has the following interaction
potential

vV = %/dl’l/dxﬂw(xl)f(&uxg)‘/(l’l _xQ)lﬁ(xQ)lﬁ(xl), (DG)

In each kind of Green’s functions (equilibrium or nonequilibrium, zero or finite
temperature), there is a term of the form

7

(T{exp <—ﬁ/dt1V1(t1)> iz, )}, t)})

in the numerator, where the limits of the time integral [ d¢; and the averaging
method () depend on the considered Green’s function. Expanding the exponential
function, the first term is trivial and is equal to the free Green’s function

FY = (T{di@ @, 00 = ihGo(a,tia',¥). (D7)

Therefore, the second numerator term will be studied, corresponding to n = 1 in
equation (A.14)

B = it / At Vi ()i ()0 (', )

11
_ —Ei/dtl/dxl/d*f?V(xl_M)'

(T{ ] (1, 00) 0} (a, 11 )b (o, t1)dr (w1, 1) (2, )} (2, ¢)}). (D.8)

There are six non-vanishing possibilities to contract equation (D.8) with the Wick’s
theorem
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F](Vl) _ _%%/dtl/dxl/dm‘/(m )
X [0 (w1, )] (2, )by (2, )0 (@, 00) 5 (e, D) (2 ) +
D (1, 40)0] (@2, 1) Dy (w2, 1)y (w1, 1) 5 (1, 0] (27, ) +
OF (@1, ) B (w2, 00)dj (22, 01) g (@1, t)dy (2, )0 (@ 1) +
Of (w1, 0) P} (w2, 1) 5 (w2, 1)1 (w1, 1) 7 (2, )] () +
G (@1, )] (w2, 1) (w2, 01)07 (w1, 01) by (2, 1)) (2!, 1) +
@'(m,tl) A} (w2, )07 (a2, 1) 05" (21, 1)y (2, 8) A}..(x/’t/) J. (D.9)

Replacing the contraction products by free Green’s functions Gy (no i for the Mat-
subara Green’s functions),

F](Vl) _ ___/dtl/dajl/dxgv 1 — T2)

X[ — tho(xg,tl,xl,tl ) ( tho(azl,tl,xg,t+)th0(az tix' ) —
ihGo(,t; 29,11 )ihGo (21, t1; 2", 1))
+ihGo (21, t1; 21, 1) (ihGo (32, tr; w2, t] )ihGo (z, ;2 t') —
ihGo(x,t; 29, t1)ihGo (T2, t1; 2", 1) )
+ihGo(x,t; 21, t1) ( ihGo(m1, t1; 29, 1] )iRGo(m2, t1; 2, ') —
ihGo(za,t1; 12,6 )ihGo (21, t1;2,) ) |.

The same procedure can be applied for the denominator when n = 1. In this case,
one has only two non-vanishing contraction products. These are the disconnected
diagrams from the previous equation:

F( — ___/dtl/dxl/dxgv $1—$2)

- ZhGQ(fL’Q,t]_,(L’]_,tl )'thO(fL’]_,t]_,fL’Q,tl )
+ ihGo (1, t1; 21, 1] )ihGo (w2, t1; 22, 1) ) ] (D.10)

The interpretation of the equations for the numerator and the denominator are
given in Appendix E. Wick’s theorem can be applied for all the other interaction
effects between particles like carrier-phonon scattering or impurity-scattering and
for higher-order perturbations, i.e. for n = 1,2,---,00. This is straightforward but
requires a lot of place and concentration due to the form of the equations. The
Feynman diagrams described in Appendix E provide a better way to solve the many-
body problems and illustrate the perturbation expansion of the Green’s functions.






Appendix E

Feynman Diagrams

Feynman diagrams represent the different contributions obtained from the Wick’s
decomposition (Appendix D), but in a shorter way. Therefore, the Green’s functions
G can be represented by an infinite sum of Feynman diagrams, each term of the
sum corresponding to a decomposition of G into contracted products. For example,
the perturbation expansion of the first order given in equation (D.10) generates six
diagrams, but not all are different. There are a lot of rules to handle with these
diagrams, depending on the Green’s functions (equilibrium, non-equilibrium, zero
or finite temperature ...). They are well explained for example in [20], [5], [11] or
[10]. Here, one will only show how to work with the Feynman diagrams when the
rules are known and one will only briefly repeat the main features of the diagrams.

E.1 Definitions

The Green’s function
Glatia't) = —3 ()il (@ 1) (E1)

can be interpreted as the creation of a particle at point (2/,t’), the propagation
of the corresponding perturbation to the point (z,t), where the particle is annihi-
lated. Hence, the full Green’s functions are represented by a double line (no 4 for
Matsubara Green’s functions) joining these two points

(a',t) —— (z,t). (E.2)
ihG (xt; 2't))

The non-interacting Green’s functions are characterized by a single line and are
proportional to the contraction of a creation and an annihilation field-operator in
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the interaction picture

(a',t') — > (x,1). (E.3)
ihGo(xt; 2't")

The Coulomb interaction V (z; — x2) becomes a wavy line with two inputs and two
outputs which can be coupled together to describe a self-interaction (for example,
an electron is knocked out of a state at time ¢ and comes back to this state at this
same time ¢, diagram for the Hartree potential)

—%V(:cl — x9).

Each time a Fermion loop occurs (i.e. it is possible to start from one point and to
reach the same point again following only free Green’s functions), the perturbation
expression corresponding to this Feynman diagram must be multiplied by a factor
(—1). Example of Fermion loops

or (E.5)

The last important point for Fermion Green’s functions concerns the internal vari-
ables available in nearly every Feynman diagram. They could be space x and time ¢
or wave vector k and frequency w, or a combination of them. Because these variables
describe events taking place between the start and the end of the Green’s function,
but without any constraints for the exact time or place, they must be integrated or
summed over the considered time, place, room, or frequency domain

't x, = d dz;. E.6
(t)_>(_x1.tl_)>_(t) > /tl/ 1 (E.6)

where x1 and t; represent the time and the place at which the internal event sym-
bolized by the black dot occurs.
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The carriers can also interact with phonons: it is necessary to define the diagrams
for these physical quantities. For phonons, it is better to work in the (k,w)-space
than in the (z,t)-space. A free phonon and the interaction between carriers and
phonons are represented by

, respectively. (E.7)

0000000, and
ihDO) (g;w)

E.2 Simple Application

In this section, one will study the perturbation expansion of a Green’s function
resulting from the Wick’s decomposition for the carrier-carrier interaction. Many
orders of perturbation occur in the expansion

Gz, t;2' 1) = GO (x,t;2" 1) + G(l)(;v,t;:l:’,t’) +G® (v, ;2" )+ (E.8)

For quantum transport, this hierarchy is usually stopped after the second order
because this mini-series already contains the Hartree-Fock renormalization and
the collision between carriers, the higher order terms being considered implicitly
through screening, for example.

In equation (E.8), the first term G©) (xt; 2/t') is obviously the free Green’s function
described by the Feynman diagram E.3. For the first order perturbation G(!) (xt; 2't'),
one recalls equation (D.10) and transforms it into Feynman diagrams with the help
of the rules formulated previously. The diagrams follow the same order as the terms
in equation (D.10). First, only the numerator N is observed.

(@it) € (w2t

ihGS\l,) (v, t;2", ) = +

(l‘/t/) (.Tl)t) (.CL‘/t/) (.1}1251) (I‘Qtl) (.Tl)t)

(z1t1) O“O (w2t1) (1t1)

——
(2't) (t) (@'t)  (zaty) (@)
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(zat1)

(@) (29t1) (z1t1) (1) @'t)  (x1ty) (xt)
(E.9)

For the denominator, only the first and the third diagram remain. They are called
disconnected diagrams, because the interactions are not coupled to the line joining
(',t') and (x,t). Two important consequences need to be highlighted:

e the disconnected diagrams from the denominator will cancel the disconnected
diagrams from the numerator. This is due to the fact that higher-order terms
in the perturbation, like Gg\z{) (xt; 2't") or Gg\?) (xt; 2't') bring, among others,
diagrams which are combination of connected and disconnected diagrams: in
the second order perturbation, a Feynman diagram composed of the first and

the second diagram of equation (E.9) is present

(z1t1) @ (zat1)
('t!) —>—Q> (xt).

(z3t3) (w4t3)
Considering all orders of perturbation, a common factor, the disconnected
diagrams, can be extracted and is canceled by the denominator. Hence, it is

only necessary to draw the connected Feynman diagrams to describe a Green’s
function.

e in equation (D.10), the perturbation V' is multiplied by a factor %, which dis-
appears in the diagram expansion. The connected diagrams appear in pairs
for the first order of perturbation (for example, the second and the fifth dia-
gram) and it is obvious that they represent the same physical quantity. Only
internal variables are exchanged and due to the integration of these variables
(E.6), the two diagrams are equivalent. For each order n of the perturba-
tion, the repetition of the same diagrams will compensate the factor (%)n of
the perturbation V™ and the factor % appearing in the development of the

exponential function.
These two remarks hold for all orders of perturbation. As consequence, one has to
draw only the different connected diagrams to compute the Green’s function G.
This gives for GV (z, t; 2/, t')
ihG(l)(;U,t;:L",t') = +

(2t (xt) (wt) (2't').



E.3 Equation of Motion and Self-Energy 95

Going through the second order perturbation G(2) (z,t; 2, '), one obtains many dif-
ferent connected diagrams but the two most important are the direct and exchange
collision contributions which occur eight times and therefore compensate the % and
the %% factors. This yields for these two terms

RGP (z, ;2 ) = +
(2't") (xt) (2't)) (xt).

E.3 Equation of Motion and Self-Energy

Considering all the diagrams obtained by a perturbation expansion of the Green’s
function GG, one sees that they all begin and end by a free Green’s function Gy. These
two contributions can be treated separately and the middle part called sel f —energy
part remains. Example of self-energy parts

T X

(a) (b) (c) (d) © (®10)

There are two kinds of self-energy parts as it is obvious from equation (E.10)

e the reducible self-energy part. This is a self-energy part which can be divided
into two other self-energy parts by removing a free Green’s function Gy like
(a) and (d) in (E.10).

e the proper (or irreducible) self-energy part which can not be divided into two
smaller self-energy parts by removing a free Green’s function like (), (¢) and

(e).

The sum of all proper self-energy parts coming from all the orders of perturbation
is called self — energy and denoted by . With the first order and the two most
important diagrams of second order, one gets for the self-energy X

N

0
= (—E)Z(xl,tl;xg,tg) (E.ll)
The proper self-energy parts contain only free Green’s functions, but going to higher

order perturbations and considering for example the second Feynman diagram in
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equation (E.11), one notices the appearance of the following sum of parent diagrams

Ao X —P— = (E.12)

This means that every free Green’s function in equation (E.11) must be replaced by
a normal Green’s function G, represented by a double line as in (E.2). This gives
for the self-energy X the following self-consistent equation

P 2R

Then, the total Green’s function G(x,t;2’,t") is nothing else than the sum of all
the connected self-energy parts. Therefore, one can write all the Green’s functions
as

2

- — O

Converting the Feynman diagrams into mathematical expressions yields

(mw::Gmm+/m/MGmmmmamv

:Gmm+/w/%Gmmmmmm (E.13)

with 1 = (z,¢) and [ 1 = [da [ d¢. This is the equation of motion for the Green’s
function G(11).

3
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E.4 Screening
Repeating the same procedure as in equation (E.12) but extracting the interaction
V instead of the free Green’s function, one obtains the shielded interaction V or

W. The only condition is that the considered Feynman diagrams must begin and
end by an interaction V. This gives

i T
oY g

Keeping only the Feynman diagrams which are combinations of the bubble diagram
preceded and followed by the interaction ~ , one gets the screened interaction

within the RPA (Random Phase Approximation)
i
——Wgrpa(12) = =~ = +
h RPA

Converting the Feynman diagrams into mathematical expressions gives the follow-
ing equation for the screened interaction within RPA

Wrpa(12) = V(1-2) —z‘h/d3/d4 V(1 —3)G(34)G(43)Wrp4 (42)

= V1-2)+ /d3/d4 V(1 - 3)m(34)Wrpa(42)
(E.14)
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with
V(l - 2) = V(‘l’l - xg‘)é(tltg) (E15)
and
m(12) = —ihG(12)G(21) (E.16)

As consequence, one obtains a direct relation between the bubble diagram O and

the factor m(12) in the RPA approximation.
ihr(12) = (E.17)

Special care must be taken to include the screened potential W (12) into equation
(E.11) for the self-energy 3. The second diagram (Fock term) and the third (direct
collision) require the same sum of diagrams to screen their interaction V. It is
therefore impossible to have both terms screened at the same time and in most
of the applications, the Fock term remains unscreened while W replaces V' for the
direct collision term.

As conclusion, the self-energies for the four different diagrams of equation (E.11)
are given, including the total Green’s function G instead of the free Green’s function
Gy and the screened interaction W instead of V, if it is possible. One begins with
the Hartree term (no screening because the sum required to replace V' by W is not
physical in this case)

—> 32 - —ih5(12)/d3 V{1 - 3)G(33).

(E.18)

The second first-order contribution is the Fock term where screening is not possible,
because the sum of diagrams required for this effect is the same as for the direct
collision contribution where screening will be used

m => 2(12) = ihV(l—Q)G(l‘l,tl;.fL‘g,tl).

(E.19)

The direct collision term has only one interaction screened and not both, because
the sum of diagrams required to screen the first interaction is the same as the sum
required to screen the second interaction. Therefore, only one interaction V' becomes
W and one obtains
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=> ¥(12) = z‘h/d3/d4 V(1 - 3)m(34)W (42)G(12).

(E.20)

In the exchange collision term, screening occurs for all the interactions V'
=> X(12) = —hQ/d3/d4 W(13)G(14)G(43)G(32)W (42).
(E.21)

E.5 Carrier-Phonon Example

Another important many-body effects is the carrier-phonon interaction as described
by equation (E.7). One notices the equivalence between carrier-carrier and carrier-
phonon Feynman diagrams: for each carrier-carrier diagram, one can find a carrier-

phonon diagram where the interaction line s replaced by a phonon line including

the carrier-phonon interaction at both extremities . For example, for the two

parent diagrams below, one can extract the Green’s function and replace the sum
of the carrier-carrier and the carrier-phonon interactions by a zigzag line:

= X WWW = m

Therefore, the self energy containing both carrier-carrier and carrier-phonon inter-
actions can be rewritten as the following self-consistent equation:

o 9. A m.



100 E Feynman Diagrams

The replacement of V' by the sum of the carrier-carrier and carrier-phonon interac-
tion (zigzag line) is not possible for the Hartree term (first diagram).

The new screened interaction W, taking into account both the carrier-carrier and
carrier-phonon interaction is given in the RPA approximation by the dressed zigzag
line and the following equation:

_% erf(12) = YW = W +V§WN

For many applications, it is interesting to separate W,y into two contributions,
one resulting only from the screened carrier-carrier interaction W given in equation
(E.14) and another from the carrier-phonon WP?", including the influence of W.
Hence, one has

—%th(m) _ —%(Weff—W)(m): W At

To solve this diagram equation, the transformation into the (k,w) space provides
great advantages, because the equation for W”h(12) can be simplified. Fourier trans-
forming space and time gives

MW A

1_W . 0

—%th(kw) =

(E.22)
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where the last diagram of equation (E.22) represents the dressed phonon interaction.
This interaction contains different parameters:

e the intraband susceptibility x(k,w) which obeys the following equation

0
05"

e the phonon dressed line governed by this equation:

ihx(k,w) =

(0.0)

ihD(k,w) = SEBY — el _ QW

Fourier-transforming back in the time domain, but remaining in the k-space yields
following equations for the intraband susceptibility x(g;t1t2), the phonon Green’s
function D(q;t1t2) and the dressed electron-phonon interaction WP"(g;t;ts):

x(g;tait2) = w(gtita) +/dt3 Vam(g; tits)x(g; tsta)
D(g;tita) = DO(g;tita) /dts/dt4 92D (q; tat3)x(q; tsta) D(q; tata)

WP (gitits) = /dt?,/dm ga€ " (q; trt3) D(g; tata)e " (q; tata)






Appendix F

Self-Energy Variational
Derivation

The equations of motion (2.2) and (2.3) for G(11’) depend on the two-particle
Green’s function G?) (1323) defined in equation (2.4). To evaluate G (1323), there
are two possibilities:

e cither to write a new equation of motion for it, which will be coupled with
a three-particle Green’s function G® | in turn coupled with a four-particle
Green’s function G| leading to infinite hierarchy

e or to try to express it as products of single particle Green’s functions G(11’),
yielding an infinite perturbation expansion. This is the more convenient method
[2, 11,9, 13].

To derive this perturbation theory, one has to study how a nonequilibrium Green’s

function G(11’) reacts after the changes of the external potential U(x,t) applied
dG(11’)

on the system: hence, the central point is the quantity G Recalling equations
(1.45) and (1.46), one obtains

de(1ry i<T{dSZUﬂ¢H(1) ()}>
W) f (S (to, to))
i<T{S?t(to,to)@;H(l)dA}L(ll)}> <_%(g)m>
h (5% (to, to)) (S (to, to))
_ _(_1‘> (T {Sext(to,to) (1)) (3)1/, (3) (1,)}>
" (S5t 10))

o) (TS o to)dn (B (3) )
+G(11 ) <_g> <S;}Et(t0,t0)>
= —G(1371'3%) + G(11)G(33™). (F.1)
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Inserting this final result into equation (2.2) yields

th— +

d v}
dtl 2m

U(1)> car) — 5(11')+m/0c13 va —3)de(2;;)

- ih/ d3 V(1 -3)G(337)G(11)
C

= 5(11’)+/Cd2 it (12)G(21)
(F.2)

where the total self-energy X% (12) = X yariree(12) + £(12). First, the Hartree self-
energy X partree(12) will be considered. If one compares the first and the second line
of equation (F.2), one finds that

YHartree(12) = —ih5(12)/ d3 V(1 -3)G(337) (F.3)
C

in accordance with the result previously obtained with the Feynman diagrams in
equation (E.18). It is more complicated to derive an expression for 3(12) from
equation (F.2). For that purpose, one needs to define the inverse Green’s function
G~1(12) with the following property on contour C' from figure 1.1

/ d2 G71(12)G(21") = / d2 G(12)G71(21") = 4§(11) (F.4)
C C

which only holds, if the conditions required by the Wick’s decomposition in Ap-
pendix D are fulfilled by the Green’s function G(12) on contour C. If, for example,
initial correlations are present at tg, then the contour of figure 1.1 must be deformed
to take them into account. This point will be explained in Appendix H.

Recalling equation (F.2) and the property of the inverse Green’s function G~1(12)
yields

, dear) _ L dGae)
zh/cd?)V(l—?)) = h/cd?)/CdM/(l 3) 5(41")

dU (3) dU(3)
= 3 o dG(14) -1 /
= h/cd2/cd3/cd4 V(1-3) ) G1(42)G(21")
= /d2/ »(12)G(21) (F.5)
C C
and
$(12) = ih/cd?)/cdél V(1—3)(if;]((1;)0—1(42). (F.6)

To define the self-energy 3(12), which contains information on the renormalization
of the one-particle energies as well as the scattering rates, and to derive its per-
turbation expansion, only the existence of the inverse Green’s function G~!(12) on
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the contour C is required, but not its explicit form. Technically, the perturbation
expansion is based on a repeated change of variables in equation (F.6). First, one
introduces the additional functions generated by the change of variables:

e the longitudinal polarization function 7(12), already defined via the Feyn-
man diagrams in equation (E.16), which describes the possible one-particle
transitions as a result of longitudinal electric fields,

e the screened Coulomb potential W (12), introduced in section E.4, which dif-
fers from the bare Coulomb potential V(1 — 2) because of one-particle tran-
sition possibilities as described by 7(12),

o the vertex function I'(123) to complete formally the set of equations.

To take account of the screening effects, one has to define an effective perturbation
Ues¢(1), containing both U(1) and the Hartree self-energy ¥ pgartree(12), with

Uepp(l) = U(l)—ih/CdZ V(1 —2)G(221). (F.7)

One starts from equation (F.6) and repeatedly changes variables:

»(12) = ih/ d3/d4 V(1—3)(;C;]((1;)G‘1(42)

_ —zh/d3/d4V1—3 G(1 )d(le(())

- B dG~1(42) dUes4(5)
— ;—L/Cd3/cd4/cd5 V(1 -3)G(14) AU 1 (5)  dU(3)

= —ih/cd4/cd5 W (51)G(14)T(425). (F.8)
The transition from the first line to the second was obtained because
%(3) [/C d2 G(12)G_1(21’)} = (ifél(;;) = 0
/ d2 ‘ifgg)) G121 +
1o
/Cd2 G(u)‘M’YTg)l). (F.9)

In going from the third to the fourth line, one introduced the screened Coulomb
potential

dUesr(2)
21) = 1-3)———~ F.1
wen = [ asvi-sSEl (F.10)
and the vertex function
-1
r(123) = M (F.11)

AUess(3)
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Recalling the definition of Uesf(1) from equation (F.7) and inserting it into (F.10)
yields

ng{g) ~ 50 )—m/ 3 V(1 — )dfl(]?’(g’;)
.
— 5(12) —m/ d3/ d4 V(1 - 3) jgff(g dgg{g} (F.12)

and

n
w2l = V(1-2) - ih/ d3/ d4/ b V(1 -3)V(2—-4) jge(;l;l(5; ddUg{?)()E))
d4/ d5 V(2 -

B oy dG(447)
= V-2 h/ dUeff()

= V1-2)+ /Cd4/cd5 V(2 — 4)7(45)W (51), (F.13)

4)——"" W (51)

where the polarization function is defined in the following way

dG(ll*)
AUes (2

= —ih / d3 / d4 ——— dG(13) “1(34)G(417)
dUess(2)

— m/ d3/ d4 G(13) dUeff(( ))G(41+)

= ). .
= h/ d3/cd4 G(13)[(342)G(417T) (F.14)

m(12) = —ith——==

It remains to make changes of variables for the vertex function. For that purpose,
an expression for G~1(12) is required, which is obtained from the slightly modified
equation of motion (2.5)

<hdit1 + E;Z% _ Ueff(1)> Ga2) - /C as [@9,13)] " 632

~ 5(12) + /C A3 5(13)G(32)  (F.15)

with

2%72
ca] " - ( hditl " RQZl - eff(1)> o2 (10

Multiplying and integrating each line of equation (F.15) by [ d2 G~1(21"), one
finds that

{G“(n)} T e +3ar) (F.17)
eff :
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or

Glar) = [G(f)f(ll)} s, (F.18)
The vertex function I' is now defined by
_dGT(12)
T(123) = T76)
_ [fo}f( )} dx(12)
dUesp(3)  dUess(3)
B d2(12) dG(45)
= —o02)008) - /c % S s
= —5(12)5
dG( 46
/ d4 / d5 / d6 / a1 S G N a)
= —5(12)6
dG~1(67)
/d4/ d5 /dﬁ/ a7 G( 46 dUeff(?)) — U G(75)
= —5(12)5

dx(12)
+ /C d4 /C d5 /C d6 /C 47 S CUOT TGS, (.19)

This is the starting point of the perturbation theory. The equation for the vertex
function I is reiterated and each time inserted in the equations for the polarization
function m, the screened Coulomb potential W and the self-energy >, which in turn
contributes to the next iteration of I':

r = o4 I‘(l)(z(o)’ F(U)) + F(Q)(E(l), r »0), F(U)) 4.

r = aO@O) 4 7zO@®y 4 7A@y 4 ...
W = W(O (7 ) + WD (7Y W (7 4 ...
Yo 00) (W@ 1) 4 200 (™ 1Oy 4 wOD O 7MWy 4 ... (F.20)

where the first iteration is I'®)(123) = —§(12)(13), according to equation (F.19).

F.1 First Iteration

In the first iteration, the polarization function 7 is replaced by
r(12) = 7©(12)
= zh/ d3/ d4 G(13)r0(342)G(41%)
= —ihG(12)G(21T) (F.21)



108 F Self-Energy Variational Derivation

and then inserted into the equation for the screened Coulomb potential (F.13),
which becomes Wrpa = W instead of W. This approximation for the screened
potential is called RPA for Random Phase Approximation and one obtains for the
self-energy

$(12) = 2©@12)
— —ih / d4 / d5 WO (51)G(14)1© (425)
C C

= ik / d4 / d5 Wrpa(51)G(14)8(42)8(45)
C C
= iIWWgrpa(21)G(12). (F.22)

For the later treatment of the time dependence of the self-energy 3, it is convenient
to separate it into two parts resulting from equation (F.13) for the screened potential

X(12) = ihWgpa(21)G(12)
= AV (1 —-2)G(12) +ih/ d4/ d5 V(2 — 4)m(45)Wgrpa(51)G(12).
C C
(F.23)

F.1.1 Fock Self-Energy

The first part of equation (F.23) is instantaneous because V(1 —2) = V(x; —
x2)0(t1t2) and is called Fock self-energy, defined by

Sroen(12) = AV (1 —2)G(12) (F.24)

and in accordance with equation (E.19) resulting from the Feynman diagrams.
It can be combined with the previously defined Hartree self-energy to form an
instantaneous part of the total self energy [11]

nht(12) = 29(12) + 2(12) (F.25)
with
2 = SHartree + rock
= RV (1 —2)G(12) — ih6(12) /C d3 V(1 -3)G(337). (F.26)

F.1.2 Direct Collision Self-Energy

The second part of equation (F.23) is the direct collision self-energy given by
Yac(12) = ih/ d3/ d4 V(2 — 3)m(34)W (41)G(12). (F.27)
C C

This result is similar to the Feynman diagram equation (E.20).
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F.2 Vertex Correction

To get the next order of perturbation for the self-energy, while keeping the RPA for
the screened Coulomb potential, one has to consider X" where the vertex function
' (123) occurs.

r23) = /d4/ d5/d6/ d7 — =/ dz(12) G(46)I' ) (673)G(75)

dG(45)
= / d4 / ds fg 4;2 G(43)G(35) (F.28)
where
a=©12) (o) 96 012)
Gy - Y@
= iAW (21)6(14)6(25). (F.29)

Therefore I becomes
rW123) = —ikW(21)G(13)G(32). (F.30)

This gives for the self-energy X.,(12) = 200 (12), which describes the exchange
collision effects:

Yer(12) = —ih / d3 / d4 W (31)G(14)rM (423)
C C
= —(h)Q/ d3/ d4 W (31)G(14)G(43)G(32)W (42) (F.31)
C C

in accordance to Feynman diagram from equation (E.21).

F.3 Carrier-Phonon Interaction

The influence of the nuclei on the carriers (carrier-phonon interaction) can be taken
into account by considering the following potential

yen = / d2 V(1 -2)p"2), (F.32)

where V(1 — 2) is the Coulomb potential between a particle at position x; and
p"(2), the nuclei density, at position 5. This gives in the second quantization

He = / a1 / 42 V(1 - 201 (1)d(1)p"(2)
— /dl/dQ V(1 —-2)p%(1)p"(2). (F.33)



110 F Self-Energy Variational Derivation

Then the total Hamiltonian H(t) contains the unperturbed part H°, the carrier-
carrier interaction V', the carrier-nuclei interaction H“~" and an external perturba-
tion H®®!(t) acting both on the carriers and the nuclei

Hel(t) = / dz U(z,t) (pel(x,t) + p”(a:,t)). (F.34)

The equation of motion for the Green’s function G(11’) given by equation (1.46)
but including the carrier-nuclei interaction has the following form

( d n*v?

e+

dt; '~ 2m u) - /Cd?’ V(- 3)<p"(3)>> G(11') =

6(11') — ih/ d3 V(1 —3) G?(13F23++).
C
(F.35)

This is done with
ihT{;lt (Sewt(to,towH(x,t))} - {m% (Sm(tg, ) (2, 1) S (2, t0)>}
- {Sext(to,to)ih%qﬁf](:c,t)}

+ ihT{Sm(tO,tO) /d:c2 Uz, t) [ig(l),pel(xz) +p"(m)”

_ {Seﬂ(tmm)m%%(%w} AT { S5 (10, t0)U (1) (1

and

ih%ﬂ;H(%t) = [?])H(JC t), HH(t)}

2Y72 N ~ A
= et + [y Ve )i b, 00 ()

4 / dy V(& — 4)p™(y, ybar (x, 1),

Furthermore, modifying equation (F.1) to take into account the carrier-phonon
interaction yields

dG(11) _( Z) (T {57t (t0, to) b (1) (D (3)6}1(3) + p"(3)) ¥ (1) })
dU(3) (S¢rt(to, t0)>
iy TSt to) (V3] 3) +"3)) )
soan) (5 557 0, 10))
= —G(13T13TH) — G(11)A(3) + G(11') (G(33%) + A(3))
= —G(13T13TH) + G(11)G(337), (F.36)

)

}
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(T {S% (to, t0)p™(3)})
h (S (to, to)) '

Using equation (F.36) and the equality (p®(1)) = —ihG(11%) allows to rewrite
equation (F.35) as

A@3)

th— +

d  mvi
dtl 2m

v - [ v (e + <p“<3>>)> car) =

5(11') +m/cd3 V(- 3)?0(%;;).

Therefore, with the same procedure as at the beginning of this Appendix, one
obtains for the effective external potential

Uepp(l) = U(1) — ih/cd2 V(1 -2)G(22%) + /Cd2 V(1 -2)(p"(2))

= v+ [ a@va-2 (@) + e e)) (F.37)
which implies
2v72 /
(ihd% + 5221 - Ueff(1)> Gy = 6(11) + z’h/cd?, V(- 3)de(g)).
(F.38)

In order to compute the carrier-phonon interaction, one has to introduce a source
term in the external Hamiltonian H®*!(¢) from equation (F.34) [13]

Hel) = / dr [U(e,0) (o (@.0) 4 p"(.0)) + T 00" (@.0)] . (F.39)

The importance of this source term becomes clear in the variational derivation of the
interaction. Starting from equation (F.12) yields for the derivative of the effective
potential

dg%é()l) = §(12) +/Cd3 V(1-3) <d§1§l((23))> + dé§é§;>>
) ' dG(33%) dU.sp(4)
= 5(12) — Zh/cdg/c‘(M V(l-3) dU.;;(4) dU(2)

d(p"(3))
+ /Cd3 V(- 3)T(2)‘ (F.40)

One can rewrite this equation

dUcss(4)  _ 4 (3))
/Cd4K(14)T(2) = 5(12)+/Cd3 V(1-3) 10 (F.41)
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with

K(12) = §(12)+ik / a3 v(1 - 336630 (F.42)

c dUes5(2)

Afterward, one defines the inverse dielectric function e~!(12) without the influence
of carrier-phonon interaction by the following equation similar to (F.12)

_ AU, (1)
L(12) a0 )
= §(12) —zh/ d3/ d4Vv(1-3 %6—1(42), (F.43)

where U¢ el ¢ contains only the influence of carrier-carrier scattering. Assuming that
for weak carrier-phonon interaction Ugyf ~ Ue £, OnE finds

K(12) = €(12) (F.44)

because of equation (F.43) and

1 _ 1) dG(33+) -
/Cd4 K(14)e 1(42) = ¢ '(12) h/ d3/ d4 V(1 dUeff( e (42)
~ §(12 (F.45)
The consequence for equation (F.41)
dUeps(4) _ d(p"(4))
e - 1(12) /d3/d4e Y13)v(3 — 4)T(2)
= 1(12) + /C d3 W( 13)%&”. (F.46)

It remains to evaluate the derivative of the nuclei density dé’;g’)» . For that purpose,
one introduces the expectation value of the nuclei similar to the Green’s function

for electrons and holes
n (T{Sp"(1)})
(1) o

This enables to calculate the reaction of the nuclei under the action of the external
potential U(z,t)

(F.47)

dipn(1)) i (T{S [ + ")) "))
du(2) h (S)
L4 (T{Sp"(MI(T{S [p7(2) + p"(2)] 3’
h ()

i (T{S [ApT(2) + Ap™(2)] Ap™(1)})
- - 5 , (F.48)
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where Ap = p — (p). Equation (F.48) results from the fact that (XY) — (X)(Y) =
(X = (X)(Y — (Y))). The source term in H®*!(t) plays an important role to
evaluate (F.48). First, one considers the reaction of (p") and (p®) on a variation of
the source

dlp"() _ i (T{SAp"(2)Ap"(1)})
dJ(2) h (S)
= D(12) (F.49)
and
d(p(D)) i (T{SAP" (A (1)})
dJj(2) R (S) ' (E-50)
Going back to equation (F.48), one finds
dip"(1) _ d{p"(2)) | d{p(2))
dU(2) dJ(1) dJ(1)
_ d(p”(2)) dUeff(3)
=P [ s 1
_ (2)) d(p”(4)) | d(p"(4))
- D(12) /d3/d4 dUeff )V(3—4)< R T )
_ pa2) / a3 / a4 dUeff ;V(3—4)d(<1€;((i))> (F.51)
d{p"(1)) _
/Cd4 0 L(42) = D(12) (F.52)
with
el
L(12) = 5(12)—/Cd3 V(1—3)%
B ; 5 dG(227)
— 512) +ih /C BV (F.53)

Comparing equations (F.42) and (F.53) shows that they are similar, except for the
arguments 2 and 3 in 7(23) = dG(22")/dU.s(3), that are exchanged. However,
the first order approximation for 7(12) in equation (F.21) has the property that
7(12) = w(21). One can conclude that L(12) = €(12). As consequence,

d{p"(1)) / -1
= d3 D(13 32 F.54
W = ) Brasete) (F.54)
and the insertion of this result into equation (F.46) gives
dUer (1) -1 / / -1
——— = € (12)4 [ d3 [ d4 W(13)D(34)e " (42)
dU(2) c Je

= eff(12) (F.55)
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With this equation, it is possible to compute the total screened potential W, rr(12)
when carrier-carrier and carrier-phonon interactions are present. Recalling the def-
inition of W (21) in equation (F.10) and replacing the derivate of the effective po-
tential by the value with phonon-interaction yields

Wepp(21) = /Cd3 V(1 —3)e;(23)

= Wu(21) + /C d3 /C d4 W, (23)D(34) W, (41) . (F.56)

Wpr(21)

Hence, the presence of carrier-phonon interaction adds a second term W, (21) to
the screened potential W¢;(21) coming only from carrier-carrier interaction.

F.3.1 Optical Phonon Example
In the second quantization, the Hamiltonian for carrier-optical phonon interaction
within the Frohlich approximation is given by

PR / dr @LT(T)Z‘TZ (Cag+Cal,) b (F.57)

q

where a4, and al  are the annihilation and creation phonon operators, respectively

and

q

. 62 hWLO 1 1
=iy — —— ). F.
C ’L\/V B <Eoo 60> ( 58)

C is the Frohlich constant. Therefore, comparing this Hamiltonian with the Hamil-
tonian of equation (F.33), one finds

HIR(1) = /d3 V(1 -3)p"(3) (F.59)
and
ph(1) = /d3 V1 - 3)HIR(3) (F.60)

This results is inserted into equation (F.49) and after some algebra, one finds for
D(12)

i (T{SA"(2)A0" (1))

D(12) =

h (S)
|C‘2 1q17T3 ,tq2ray —1 -1
= [4d3 [ d4 Zme 2Ty~ = 3) V(2 — 4)D(quq2; tsts)
41492

(F.61)
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where D(q1q2;tsts) is the phonon Green’s function and is defined as

D(qiq2;tsts) = _%<T{S AT(Q1<,;1>)A(L]2,t2)}> (F.62)

with A(q,t) = ag (t)+a—q(t). As for the electron Green’s function G, there are differ-
ent phonon Green’s function, the lesser, the greater, the retarded, the advanced and
so on. One can find an expression for the free phonon Green’s functions D(©) (q,t),
where t1 —to =1, g1 = ¢ and S = 1. In this case, one has

aq(t) — eiHot/ﬁaqe—iHot/h
(ag) = 0 (F.63)
and therefore [5]
Dg(¢q,t) = —% [(Ng + 1)e ™" + Nye™a']
D§(g,t) = —% [(Nq + 1)eiw‘lt + qu_i“qt]
2
DE@.1) = —20(t)sin(wqt)
2
DNat) = 20(~1)sin(uy)

(F.64)

By inserting equation (F.61) into (F.56), an expression is found for the effective
potential where carrier-phonon interaction is present

cPro
Won(21) = / d3 / d4 / d5 / SCY) ©] TS 2T 7, (23)V (3 — 5)
C C C C aq

. \Q1|\CI2|

V(4 — 6)We(41) D(q1g2; tst)- (F.65)

According to equation (F.22), the self-energy accounting for carrier-phonon inter-
action is derived

YPh(12) = ihW,,(21)G(12). (F.66)

Further simplifications can be applied if one neglects screening effects ih the elec-
tronic part of the effective potential, i.e. W,;(21) becomes V(1 — 2). In that case,
one has

/ A3VI-3)V(E-2) = 6(12), (F.67)
c
and the carrier-phonon self-energy is
cP® . ,
YPh(12) = iR |76“11’“16"127“21) t1t0)G(12). F.68
( ) Z|Q1HQQ| (QIQZ 12) ( ) ( )

q1492






Appendix G

Derivation of the Current
Equation

G.1 Mathematical Representation

To derive an appropriate equation for the current density J(z,t), one will use the
conservation law of quantum mechanical variables after reference [21]. The starting
point is the subtraction of equation (2.3) from (2 2), where a general carrier-phonon
interaction term of the form HP* = [dz e )2 q "9 M (q)t)(z) is added to the
total Hamiltonian of (2.1). This gives

h(%*a%) G(12) + [( o+ Vo) (Va1 — Vi) G(12) =

(U@1) —=U(2)) - zh/ d3 (V(1-3) = V(2-3))GP(13723%)
C
i~C

g Gy (T{szu) (aq—a*_q) %(2)}> =

(U(1) - U(2) GO12) + /C 43 (S(13)G(32) — G(13)£1(32)) . (1)

The last equality results from equations (2.5) and (2.6). By taking the limit xo — 21
and to — tf, one obtains
Ld oo R <
lh—G (:Ultl;xltl) -+ Vxl -_— hm (vxl — ng) G (:Ultl;xgtl) = 0. (GQ)
ditq 2m za—a1
Recalling the definition of the carrier density from equation (1.32) yields
d R <
——n(l‘l, tl) + le — lim (le — ng) G (l‘ltl; l‘Qtl) = 0. (GS)
dtl 2m za—x1

This is equivalent to the continuity equation

d
En(arl,tl)—kdivJ(:cl,tl) = 0, (G.4)
1
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where now the current density J(x1,¢1) is defined by

h2

J(l’l,tl) = 2— lim (VIQ—Vxl)GK(Jthl;JZQtl). (G5)

m x2—x1

The equivalence of the second and the third equalities of equation (G.1) implies in
the limit x9 — z7 and t9 — tf that

/d3 (th(l’ltl;Jthg)G(xgtg;xltl)—G(l’ltl;$3t3)2t0t($3t3;$1t1)) = O. (GG)
C

The approximation used to calculate the self-energies ¥(12) must verify this rule.
This is the case for the Hartree, Hartree-Fock, Born, T-matrix, and RPA approxi-
mations.

As consequence, the second part of equation (2.93) vanishes and the equation for
the current density J,,(¢) is simplified.

G.2 Example

In this section, one will prove that the approximation made for carrier-phonon in-
teraction self-energies (see section 2.5.3.2) preserves the current conservation law.
For that purpose, the 1-dimensional case is considered and pseudo-Wannier func-
tions centered around one lattice point are chosen as basis. In order that conditions
(G.4) and (G.5) are fulfilled, the following equation must be valid (this is just the
transformation of (G.6) for the lesser Green’s function)

dF
S [ 2 (S0 B)G O B) + 55500 E)GA ) -
K.l

GE(k; )5 (k E) — G5 (k; E)SA (k; E)) — 0. (G.7)

The self-energies L (k; E), ©<(k; E), and 4 (k; E) are given in equation (2.65).
Due to the pseudo-Wannier functions basis, the matrix element M, ,,(q) can be
written as

Myin,(q) =

eiQZ(znl _an)_ (G8)

‘ C
q

Taking a look at the form of equation (G.7) and of the self-energies, one sees that
the term GE (k; E)X; (k; E) can compensate one part of X5 (k; E)Gy (k; E) for
each different index !

2 .
C ‘ (e%qZ<Zn—Zl> [(Nq + 1G5k —qi E — hwg) + NgG5(k — i E + hwq)} G5 (k; E)

— Gy (s B)et=Gi2n) NG G (k — s B = Bg) + (Ng + DG (K = ays B + )| ).
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One immediately sees that this term is equal to zero if one makes some variable
transformations: first, in the second line q is replaced by —q’ (sum over ¢’ instead
of q) and thus k + q"‘ by k' (sum over k', G5 (k; E) — G (K — q"‘;E)). Then,
still for the second line, the terms depending on Ngq and Ng + 1 must be treated
separately:

e E —hwg becomes E', the integral over E an integral over E’, and the Green’s
function G5, (k" — qh; E) — G5 (K — qh;E’ + hwq). This term is canceled by
the second one of the first line.

e E + hwq is replaced by E’, the integral over E by an integral over E’, and
finally G5, (k' — qh; E) — G5 (K — qh; E' — hwq). This term is equivalent to
the first term in the first line and disappears as consequence.

With the variable transformation procedure, it can be proved that all the terms
present in equation (G.7) are canceled by each other and that the current conser-
vation law is satisfied. Condition (G.7) must hold for all types of interactions and
all the approximations made for the self-energies.






Appendix H

Initial Correlations

H.1 Introduction

In this section, the case where initial correlations are present in the definition of the
Green’s function will be treated [22, 23]. This is an important effect if one wants to
simulate the transient behavior of a device. For steady state transport, it appears
plausible that the initial correlations have been washed out by the interactions
when one reaches the steady state. One starts with the expression for the Green’s
function G(11')

i tr (plto) T {0yl (o) })
G(11) = —— . (H.1)
h tr (p(to))
p(to) describes the initial state of the system and contains one- and two- particle

operators

plty) = e B = e BUBY) (H.2)

I

where B is a one-particle operator and B(Y) a two-particle one with
B o= [dedi@n by [ / dy B @) )N (2, )b () 2).

In equation (H.1), the creation and annihilation operators ﬂ)H(:L‘,t) and @@L(z’ )
are given in the Heisenberg picture and are governed by the Hamiltonian H =
HO 4+ 7O where H® is a one-particle operator and HV) a two-particle operator,
as for B with

_ i RV b + L o ()t D)l
o= [ ) e+ 5 [ [ @i ve - nieie),

There are two crucial points with the definition of the Green’s function in equation
(H.1):

e the time-development operators for @ZAJE and ?])H involve many-particle contri-
butions via the Hamiltonian H
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e p(to) is a many-particle density matrix due to A(2).

However, to apply Wick’s theorem, one has to work with noninteracting operators
and a non-correlated initial density matrix p(tp). Therefore, the definition of the
Green’s function must be adapted to meet these two statements. First of all, p(¢o)
can be rewritten as

plty) = e P = B0 =B w0 ,=BO ;B (@o+1) ,—B(wo+1) (H.3)

with —1 < 29 < 0. One defines two new quantities, U (1) = eBY7e=BT with 7 > 0

BTe—B(O)T

and its parent Us(T) = e where 7 < 0. With some algebra similar to

Appendix A, one finds for U; (1)

Uy (7)), = Tc{exp <— / " B§”(T’)>}. (H.4)

0

For Uy(7), the procedure is the same as in Appendix B, except that T is replaced
by T° because 7 is smaller than 0.

Us(),ep = Tc{exp < /0 " ar B}”(#))}
- T° {exp <— /T "4 B}”(#)) } (H.5)

The index I in B}l) (7') represents a time evolution in the interaction picture
BO() = B g0 7B, (H.6)

Obviously, the definitions for U; and Us are identical and one can introduce an
evolution operator SIB (11,72) (I because interaction picture and B because relative
to the B operator) with

SPrum)|. .. = Tc{exp <— / Tar B§1>(T')>} (H.7)

T2

and relate it to U; and Us
Ur(r)l,50 = SP(1,0),  Ua(7)l,ey = SP(0,7). (H.8)
These results are inserted in the definition of the Green’s function
i tr (SPO,20)e B 5P (w0 + 1,07 {du(w, )0y (") })
B tr (SB(0, z0)e B SB (zy + 1))

i (880 + 1,0)T {dpr(w, 000}, (@', #') } SP (0, 20))0
R (SP (w0 +1,20))o |

GY) = —
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The second line is obtained because of the cyclic property of the trace operator. It
remains to change the time evolution of the creation and annihilation operators to
ensure that they are noninteracting

Y (x,t) = SH(to,t)r(x, t)SH (t,t0)
P ) = SH(to, )i t)SH (Y, to) (H.10)

where one has for the time evolution S{{ in the interaction picture and relative to
H

. t ’
H / o v _1 (1) . o C, t>1
Sty = T {exp( h/t’ dt; H; (t1)>}, with v = { o t >t

and
HY () = HOMgQ—H/n (HL.11)

The second requirement of Wick’s theorem is therefore fulfilled and the modifi-
cations of the operators given in the Heisenberg picture can be included in the
definition of the Green’s function

: (SB(z0+1,0)Te {exp (—% [ dty H}”(tl)) by (2, )l (), t’)} SB(0,20))o

car) = 3 SP(e0 + Lao)

where the operator T¢ orders the time along the contour C' from Figure 1.1,
for example. The twofold expansion of the initial density matrix and the time-
development of the creation and annihilation operators may conveniently be com-
bined to one single expansion. To this end on utilizes the striking similarity between
the treatment of the initial density matrix and the time-development operators,
both of which are exponential functions. One defines a contour C, which elongates
C'in Figure 1.1 to take account of the parts going from xg to 0 and from 0 to zg+1.
To reduce the complexity of the problem, x is set to 0 and one obtains the contour
in Figure H.1. Then one introduces an imaginary time £ = (¢,7), where ¢ is the

-y
gend = (tO; 1)

C- N
&0 C

- N -
° > 7 -
gin C +
Figure H.1: Contour C for the evaluation of the Green’s function with initial cor-
relations. This is the special case, where x is equal to 0

real part of the time and 7 the imaginary one. £ goes along the contour C form
Figure H.1. The new time-ordering operator Tc orders the elements of the Green’s
function along C. Hence a point on C = C* + C~ is always “earlier” than a point

I
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on C.
Furthermore, one defines an interaction picture with respect to

(1) _ H( )(t) §onC
Hi' (&) = { —ZhB( )( ) £onC, (H.12)

which is a combination of the interaction pictures defined in equations (H.6) and
(H.11). Finally, one collects the expansion of the initial density matrix p(ty) and
the time-development operator and insert it into equation (H.1) for the Green’s
function

car) e fean (-4 Qd&H(l)(€)>ﬂ)I( Oula ) o -
h (e {erp (— Jode 7 ©) o

The contour C; of the denominator was elongated with C' to form C.

Wick’s theorem is valid for equation (H.13) because firstly the average is taken over
—_B)

a one-particle density matrix p(tg) = e and secondly, all operators are given
in an interaction picture corresponding to a non-interacting system. Unfortunately,
the application of Wick’s theorem immediately reveals that such an expression for
G(11') will contain contractions of operators for which one is a real-time operator
and the other an imaginary-time operator. This means that for real-time functions
G(11') the system of equations is not closed because H gl) is defined on the contour
C. Therefore, one has to continue G(11') to C and one obtains the C-contour-
ordered mixed Green’s function G(11'), which means that the time argument of G

are on the contour C

iy i (T {eap (<4 J e ] (5))@1(1@;(1’)}%' .

B me{ean (—4 Jpde 2©) Do

Because Wick’s theorem holds exactly for equation (H.14), the equations of motion
for G(11’) can be derived with the procedure outlined in the first chapter and in
Appendix F.

H.2 Equations of Motion

To derive the equations of motion for G(11'), one starts with its definition in the
Heisenberg picture, without the expansion for the initial density matrix

cr) = —me {d, ]}, (H.15)

The equation of motion for G(11") follows directly the equation of motion for the

field operators ﬁ (1) and ﬁ;(l’ ) in the Heisenberg picture on the extended contour
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C. For an operator OE(T) = ¢"B0e P in the Heisenberg picture relative to the
imaginary time 7 and the operator B, one has

ih%Ofl(T) = [Of(7),—ihBE(T)] (H.16)

and for an operator Og (t) = et/hQe=tH/h 150 in the Heisenberg picture, but for

real time ¢ and with respect to the operator H
d
mdtog@ = [0, Hi®)]. (H.17)

As in the last section, one defines a common Heisenberg picture with respect to

_ [ Ofw)., cocC _[ Hi®, &m0
Ou(§) = { —ihgfl(T), ¢ on C, ‘ Hy(8) = { —ihgf}(f), § on Cr

and a common equation of motion

md%QH@) = [0u(E), Hy(©)]. (H.18)

Furthermore H () is defined as
Hy() = /dw 7, (. €0 (7, 6)
45 [ do [ ay 9}, @00} 0. OV (0. 6,98 0.0 2,6)

with

R2V2
_) g o0 =4 Vs vh o fonC
h(x7£) - { _'Lh)\%l) (-'L')a 5 on CT ‘ z<x,§,y7§) a { _2}7’)\(2) (:I:a y)a 5 on CT'

To find the paired equations of motion for the mixed Green’s function G(11’), one
has to solved both of the following equations

ol

A ] SO = 03,0, H(€)],

o) = [0,(0.Hp@©)],  ind

hd
q ac' e

¢

where one will concentrate on the first equation

ey (@€ = b 00,0+ 5 [ Vo600 0.0, .0

§—H
-5 [ V6. 00098, . 00,06

— b, O, (2,0 + / dy V(. &y, 0 (1,608, (1, O, (. ).
The third line is obtained because of the symmetry properties of V'
Vi(z,&y,8) = V(y, &2, 6). (H.19)
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Recalling the definition of the mixed Green’s function G(11’) in equation (H.15)
and using the relationship derived above, one finds the mixed equation of motion
on contour C from Figure H.1

i i / _ / — (2) /
<hd£+b(1)> G(11) = §(11) h/cdzz(lz)g (121'2), (H.20)
where
V(A2) = V(x1,&522,61)0(6 — &2), (H.21)
and
% N N ~t R
6Pan) = ;) (1o {d, i, @8, )0} (1.2

As for the real-time Green’s function G(11'), one can introduce a self-energy % (11")
for the mixed G(11). It is given by

211y = —ih/CdQ/Cd3 V(12)G?(1232)G1(31) (H.23)

To find analytical expressions for X(11’), the same procedure as described in Ap-
pendix F can be used. Furthermore, the inverse mixed free Green’s function G, 1(12)
corresponding to equation (2.10) is defined as

. (s d
Gyl(12) = <mdgl+ﬁ(1)>g(1z). (H.24)

H.3 Dyson Equation on the Extended Contour

Collecting all the previous equations, one sees that the mixed Green’s function
G(11') satisfies the Dyson equation on the extended contour C' (Figure H.1). This
equation and its adjoint can be written in the form

/d2 G,t(12)G(21) = §(11’)+/d2 %(12)G(21)

c c

/d2 G(12)G,1(21) = §(11’)+/d2 G(12)2(21"). (H.25)
c c

The difference between the mixed Green’s functions G(11’) and the usual real-time
(on part C' of the contour C') and thermodynamic Green’s functions (on part C;
of C) is conveniently illustrated by expressing G(11’) in terms of its components.
With the definition of the contour C from Figure H.1, one writes

G(11) = _%<T {@Z}H(l) ALG’)}), 1,1’ on C,
G(11) G- (11') = _%@&Hsl)i&}{ 1), lonC;, 1" on C,

= (H.26)
lonC, 1" on C;,
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where G(11') and G(11’) are the real-time Green’s function form equation (1.41)
and the thermodynamic Green’s function from (1.11), respectively. One also has to
consider the “cross Green’s functions” G<(11’) and G~ (11’), which are constructed
from Heisenberg operators with different types of evolution. These functions satisfy
the obvious boundary conditions

g>(11,)‘t’:t0 = %g(lll) =0 g<(11/)|t:t0 = %Q(ll’)‘TZO,

G110 = G (1), . G-(AV)] g = G=(11) ]y, »
which relate them to the thermodynamic and real-time Green’s functions. Secondly,
the operator G '(11") from equation (H.24) is defined as

Gyl(11) = (ih% + B2 5t )0 (x — o), 1,1’ on C
Gy (1) = § —ingy (A1) = ifi (& + XD(2)) 6(r — )d(x — 2'), 1,1’ on C;
0, otherwise.

Finally, the components of the self-energy 3(11') from equation (H.23) will be
denoted by

X(117), 1,1’ on C,
K<(11"), lonC,1 onC,,
K=(11), lonC;,1"on C,
—ihKC(117), 1,1 on C;,

() =

where X(11") contains ¥<(11’) and X4(117).

H.3.1 Real-Time Components of the Mixed Green’s Function

If 1 and 1’ in equation (H.25) correspond to the real part C' of the contour C
from Figure H.1, one has, since the part C; is later along C than C' (only the first
equation will be considered for each case)

< d hr*v?

4
! dt+ 2m

)G(ll’) = 5(11’)+/ d2 B(12)G(21")
C
+/ d2 K<(12)G~ (21). (H.27)

Recalling the Langreth theorem from section 2.3, one obtains for the different com-
ponents of G(11)

od o RAV2\ o ™ R > o RS Ao
ih—+—L1)Gz(11) = @2xf12)62(21) + | d222(12)GA(21)
t t

dt 2m o 0
+/ d2 £<(12)G~ (21) (H.28)
and
d h2v2 [’
ih— + —L ) GRA11) = / d2 »B412)GR4A (21 H.2
(g + ot ey = [ (12)6%4 (21) (1.20)
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with ftzo d2 = ftzo dthdeQ.
It is obvious that the integration over C disappears for the Dyson equation of
G™A(11") because of the relationship defined in equation (1.26).

H.3.2 Thermodynamic Component of the Mixed Green’s Function

Starting again with equation (H.25), one places 1 and 1’ on the part C; of the
contour C (Figure H.1). Thus one arrives at equation

/ d2 (Gy'(12) — K(12)) G(21') = 5(11’)+/Cd2 K> (12)G<(21)

g

- 5(11’)+/00d2 K> (12)G<(21)
—/Oodz K> (12)G<(21)

= 5(11) (H.30)

The second term on the right-hand side of the first line of equation (H.30) vanishes
because the values of £~ (12) and G<(21") do not depend if the time argument of
2 corresponds to the chronological (CT) or anti-chronological (C'~) branch of the
contour from Figure H.1. Therefore, one sees that the thermodynamic component
of G(11') satisfies a Dyson equation which is not connected with other Green’s
functions. This is only true as long as the self-energy K(12) is not connected with
the real-time evolution of the system.

H.3.3 Cross Components of the Mixed Green’s Function

To complete the set of Green’s function being part of G(11’), one derives the equa-
tions of motion for the cross components G<. In equation (H.25), 1 is now on the
C part of the contour C and 1’ on C,. Hence one obtains

/ d2 (Gy'(12) — £(12)) G=(21") = %/ d2 £<(12)G(21"). (H.31)
C T
With the definitions of ¥(12) given in [11]
$(12) = X%+ 0(t1, t2)L” (12) + O(ta, t1)X(12)
$R12) = 20 40(t —t2) (27(12) — £(12)),

where Y0 is the time-independent Hartree-Fock part of the self-energy defined in
equation (F.26). Therefore, whatever the branch on which the time argument ¢; is,
it can easily be checked that in both cases, one gets the same equation

/ d2 K<(12)G(21").

g

/d2 Go'(12)G=(21) = /OO d2 ER(12)g<(21/)+%
C to

This equation describes the evolution of G<(11') = G<(z,t;2’,7") with respect to
its real-time argument ¢. To derive the equation describing the imaginary evolution
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of G<(11), one uses the second equation in (H.25), still with 1 on the C part of the
contour C and 1’ on C;

/ d2 G=(12) (Gy'(21) — K(21)) = %/ d2 GR(12)K<(21").  (H.32)
o2

to

The analogous procedure can be repeated for G~ (11’). The results are given in [22].
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