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Non-Equilibrium Green’s Function Theory of
Quantum Photovoltaic Devices
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Outline

@ Quantum photovoltaic devices
@ NEGF theory of QPV devices

6 Application example: carrier photogeneration and escape in SQW
pin-diodes

9 Conclusions & outlook
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Motivation

Low-dimensional absorbers in high efficiency PV

= Multi-junction cells: multiple band gaps

= Intermediate band cell: absorption of
high and low energy photons

=  Multiple exciton generation: QE>1

= Hot carrier solar cells: reduced
thermalization losses

= Fluorescent concentrator: spectral
conversion

=  Quantum well solar cells: extended
absorption range in single junction

— based on quantum effects in semiconductor nanostructures
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— QW/QD-SL
— QD-SL

— QD, confinement

— QD, phonons
— QD

— QW

= need quantum theory of photovoltaic processes in nanostructures J
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Quantum photovoltaic devices

Structure
intrinsic absorber

contacts

+ low dimensional absorber

doped layers

“
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Quantum photovoltaic devices

Structure

+ low dimensional absorber

— quantum dots
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Quantum photovoltaic devices

Structure

+ low dimensional absorber

— quantum wells

CECAM Workshop, Manchester, 25.6.2010 U. Aeberhard, IEF-5: Photovoltaik, FZJ Folie 5




#) OLICH

FORSCHUNGSZENTRUM

Quantum photovoltaic devices

Structure

— new (localized) states
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Quantum photovoltaic devices

Processes

—new (optoelectronic) processes Ec~—_

optical electronic -

= new radiative
transitions: QW -

QW, QW - W

continuum
= optical
confinement, i
interference,
scattering
1 Energy
Z
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Quantum photovoltaic devices

Processes

—new (optoelectronic) processes

optical electronic

= new radiative = tunneling transport
transitions: QW -
QW, QW -
continuum

= optical
confinement,
interference,
scattering

CECAM Workshop, Manchester, 25.6.2010 U. Aeberhard, IEF-5: Photovoltaik, FZJ Folie 5




#) OLICH

FORSCHUNGSZENTRUM

Quantum photovoltaic devices

Processes
—new (optoelectronic) processes Ec~—¢
I~

= new radiative = tunneling transport

tcr)e\llr\;sgws: QW- | & escape and ~ -
i i capture QW- ~—_

continuum continuum

= optical
confinement,
interference,
scattering

y 4
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Quantum photovoltaic devices

Processes
—new (optoelectronic) processes Ec ~
Pay
= new radiative = tunneling transport §
Er)e\l/ssge\rl]s; QW - = escape and T~ &t
i ] capture QW- ~—__
continuum continuum
- Opt']f?al = nonradiative QW -
SIS transitions
interference,
scattering
4 y
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Quantum photovoltaic devices

Processes
—new (optoelectronic) processes Ec ~
A
o . ) —— A
= new radiative = tunneling transport §
Er)?/ssg?/\rl]s; QW - = escape and T~ &t
i ] capture QW- ~—__
continuum continuum
- Opt']f?al = nonradiative QW -
SIS transitions
interference,
scattering
4 y
T —— } Eneray Ey
Z
model/theory?
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Theoretical challenges and model requirements

Conventional approach

generation/recombination charge transport
~ localized (low-D) states J ﬁ ~ extended states J

- -

microscopic model J + macroscopic model J

————

nybrid approach: semiclassical transport theory with J

escape
capture

detailed balance rates from microscopic models

= Fitting model, but no coherent picture of mechanisms
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Theoretical challenges and model requirements

New approach

= Instead: consistent microscopic theory of

- optical properties (inter- and subband transitions, cavity effects)

= quantum transport (tunneling, confinement, coherence)
= open systems (contacts, injection)

= out of equilibrium (bias, illumination)

- scattering effects (phonons, carriers, impurities, .. .)

—— ——

quantum optics J T quantum transport J

————

microscopic quantum Kkinetic theory )
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Microscopic quantum kinetic approaches

= Electronic structure theories (— states)

— empirical:
effective mass

K-p
tight-binding
pseudopotential

— ab-initio:
DFT
= Quantum kinetic theories (— occupation)

Wigner-function, density-matrix
Non-equilibrium Green’s function
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Non-equilibrium Green’s function theory of QPV

optical electronic vibrational

photon field A fermion field & ionic displacement U

D{(1,2) = —L AMA@) | 1D =—zFOF@e | 21,2 = -G DY)

—1
(D' - TMeD =7 Gy — T ®G = (D)™~ ®D, =35
L > =3, + X.: scattering Dot R
ﬁ: ransverse polarization IT7: lattice polarization
transverse polarizat B i Sy A 5 4= 5, .

selfconsistent solution for

DY, 1IY,G, %, D', I1”

n(1) = lim ih G= (1, 2) (carrier density)
2—1
: N < . .
jd) =1lm —[V(1) = V(2)]G™(1,2) (carrier current density)
ih O
. L , v> v < R va v> v<
$i(1) = Jim o= E.#_:{Wz) [D)” 1,2+ D)< 1,2)] - Vi) [D)” (1,2) + D)< (1,2)] }
JFI
1=(r1,n) (Poynting vector)
4
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Non-equilibrium Green’s function theory of QPV

Electronic conservation law

macroscopic photovoltaic balance equation

V- je(r) =Ge(r) = Re(r),  je(r) = —sgn(ge) pe (1) e VU(r) — pe(r)DeVpe(r), ¢ =e;h

microscopic conservation law (electronic)

lim {ih (8, + 8,,) G(12)+ [Ho(r1) — Ho(r2)] G(lz)}

2—1

= lim [ d3[2(13)G(32) — G(13)X(32)] }
2—1 C

— steady state:
dE
V-jr) = — 2e/ — /d3r’[ S, v'; E)GS(r',r;E) + 2 (r,x'; E)G' (v, r; E)
T
—GX(r,v;E)S~ (', r;E) — G=(r,v'; E)S (¢, r; E)]

%ﬂ

= R, (r): total local electronic rate (intra- and interband)
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Non-equilibrium Green’s function theory of QPV

Optical conservation law

microscopic conservation law (optical)

R‘;pt(hw) = /d3r/d3r/ [Hi (r, r, hw) — Hi (r, r, hw)] D§ (r/,r, hw)  absorbed flux

— /d3r/d3r'1'[§ (r,r', hw)D~ (x', r, hw) emitted flux

total radiative rate = interband current

3 el 0,
/d rR.(r) = Ry = dhwat(hw)
generation +<—  absorption

recombination —> emission

(electronic) (optical)
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Non-equilibrium Green’s function theory of QPV

Microscopic model for quantum well solar cells

Tight-binding representation: basis, GF and Hamiltonian

= Basis states: planar orbitals = Bloch sums over transverse plane

1 K -
—Zek” R“|O{,L,R”>
Vaul R,

|Oé,L,k||> —

= Field operators: (k = k)

— Green’s functions, e.g.
L/, .
G;,L;a’,Ll (k; t? t/) — % <CL/,L/,k(t/)CO‘aLak(t)>

— Hamiltonian A
Hy oo o0 (k) = (o, L k|H|a', L k)

(Lake et al., J. Appl. Phys., 81, 7845 (1997))
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Non-equilibrium Green’s function theory of QPV

Microscopic model for quantum well solar cells

Tight-binding representation: optical matrix elements

= Electron-photon interaction Hamiltonian in POB

7‘167 (1) = ;: ;j Sj MZz,L;a’,L’ (k, q, A)&L,L,k(t)&a’,L’,k(t) [];que—lwqt + B;,_qelwqt]

L,L/ oz,oz’ k’q,>‘

= Coupling matrix elements
e
MZz,L;a/,L/ (k’ q, >\) = - m_()AO(q, )‘) "Po,L;a’ 1/ (k)’

Po.riar (k) =(a, L k[p|la’, L’ k)

1 (x'RL’ —KkRL . /
- Z el( I ”)<Oé,L, Rl|i|p|a/7L/>Rl|i >7
Nip 7 o

N / my o / img /
<C¥,L, Rl|]|p|a/7L/7RIn > — E<Q7L7 Rl”l |:r> HO] IalaL,aRIﬁ > — ?(RL T RL)[HO]a,L;a/,L’

y

(Graf & Vogl, Phys. Rev. B 51 (1995), 4940; Lew Yan Voon & Ram-Mohan, Phys. Rev. B 47
(1993), 15500)
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Non-equilibrium Green’s function theory of QPV

Microscopic model for quantum well solar cells

Tight-binding representation: Electron-photon self-energy

= electron-photon self-energy (Fock term of SCBA)
/
S (ke ) —i ¥ dE” < "NGS (k- E — E' Y (k. —
=50 5) <h M (k0 N){ [ 305 (@ EN6Z (G E— E) M7 (k —q, )

= for equilibrium propagator (optical isotropy)
DS (q,E) = —2ni [Ng’qé(E F hwg) + (NS _y + DS(E+ hwq)]

— continuum limit
\%

(2mhc)3

< <
=2 (K E) = Z/dQ/dEWEiMW(k,EW,Q,A) [Ni‘(EW,Q)G>(k;E:|:E7)
A
+ (N (Ey, Q) 4+ DG (K E + E,y)]M’Y(k, E.,Q,\),

N,? (E~, 2): excitation spectrum (angle resolved)
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Single quantum well photodiode

Model system
geometry:

= gshort active device region ~ 70 nm
= 30 ML doping Ny, = 10'® cm—3
= 18 ML quantum well

material parameters:
= two-band tight-binding model

u Eg,high = 1.77 eV, Eg,low = 1.42 eV,
AEc = 0.2 eV, AEy = 0.15 eV

interaction parameters:
= monochromatic illumination

18/30 ML

= radiative limit
= equilibrium POP- and AC-phonons
— SCBA self-energy

= coupling constants for
GaAs-Aly 3Gag 7As
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Single quantum well photodiode

Local density of states

LDOS [10°° eViem™]

— 1.8
L1 1.6
1.4
> 1.2
o,
[ 1
5 0.8
(D]
5 0.6
0.4
0.2
0

10 20 30 40 50 60 70

position z [nm]
18 ML QW, Vs = 1.3V, Eppor = 1.55 €V, Ly = 17.7 KW/m?
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Single quantum well photodiode

Spectral density of excess carriers

excess carrier density [1012 cm'3eV'1]

3.6 [ [ [ [ [
Z 35 2
m 3.4 1.5
2 3.3 ]
5
2 3.2 0.5
3.1 0
1.8 5
=
3 17 15
m 1.6
%15 1
S 1.4 0.5
(D]
13 | | | | | | | O

10 20 30 40 50 60 70

position z [nm]

18 ML QW, Vs = 1.3V, Eppor = 1.55 €V, Ly = 17.7 KW/m?
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Single quantum well photodiode

Current spectrum

spectral current density [mA/cmz(eV)'l]

3.5 [ [ [ [ [ [
x // 40
3 L 1 35
% 30
= s | | 25
%>,3 20
5 2 2 15
10

/

15 E ’ = . .
] ] ] ] ] ] ] ] O

30 32 34 36 38 40 42 44

position z [nm]
18 ML QW, Vs = 1.3V, Eppor = 1.55 €V, Ly = 17.7 KW/m?
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Single quantum well photodiode

Photon scattering rate

3.5
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spectral optical rate [1011 s'lm'?’(eV)'l]

34
3.3
3.2
3.1

3 |

energy E [eV]

1.8 |

1.7
1.6 F
1.5
1.4
1.3 !

energy E [eV]

30

18 ML QW, Vs = 1.3V, Eppor = 1.55 €V, Ly = 17.7 KW/m?

CECAM Workshop, Manchester, 25.6.2010

32

34 36 38 40 42 44

position z [nm]

U. Aeberhard, IEF-5: Photovoltaik, FZJ

3
2.5
2
1.5
1
0.5
0
0
-0.5
-1
-1.5
-2
-2.5
-3

FORSCHUNGSZENTRUM

Folie 18



#) OLICH

Single quantum well photodiode
Phonon scattering rate

spectral scattering rate [1011 s'lm'3(eV)'1]

_ 3.5 [ [ [ [ [ [ 0.5
E 34 F il 0
m 3.3 -0.5
> -1
3.2
2 15
= 3.1 -2
3 | | | | | | | |
18 [ [ [ [ [ [ [ [ 25
> 1.7 1F4 2
2 16 L — [ 1s
2 1.5 F 1E4 05
- -1 0
= 1.4 - 7 i -0.5
13 | | | | | | | | '1

30 32 34 36 38 40 42 44

position z [nm]

18 ML QW, Vs = 1.3V, Eppor = 1.55 €V, Ly = 17.7 KW/m?
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Excitation dependence
spectral current density J [mA cm_zeV'l] spectral current density J [mA cm'zeV'l] spectral current density J [mA cm’zeV'l]
) 18
16 e 25
= '-. 1.5 ': 20
E | 12 |
. — . 10 | BE
z 8
© 0.5 4 5
E=1.45¢eV ) E=1.75¢eV
0 0 0
25 30
2.5
_ 20 25
> 2 20
- s 15
% ) 15
5 10
| 1 10
o
0.5 5 5
0 0 0
30 32 34 36 38 40 42 44 30 32 34 36 38 40 42 44 30 32 34 36 38 40 42 44
position z [nm] position z [nm] position z [nm]

18 ML QW, Viias = 1V, Loy = 17.7 KW/m?
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Summary & Outlook

Quantum photovoltaic devices:

= |ow-dimensional states & quantum effects — modified optical and transport
properties

— consistent unified description: quantum kinetic theory + electronic structure
calculation methods (e.g. TB-NEGF)

= valid for almost arbitrary operating conditions (high fields, high injection,...)
= same (realistic) electronic structure for optical excitation and transport

= Perspectives: Theory & Simulation

carriers: excitons, plasmons, non-radiative recombination, defects
photons: photon recycling, multi-photon processes, subband transitions
phonons: confined modes, non-equilibrium (— hot carriers)

first-principle methods for electronic, phononic and photonic structure
parallel implementation and use of supercomputing ressources
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