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Highest efficiencies for solar cells and solar H-production:

HmHelmholtz
Zentrum Berlin
« 46 % in photovoltaics
« 14 % in direct solar-to-H-generation
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2. Interfaces, llI-V and Si(100) —
a highly attractive couple

Top cell: GalnP
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« Atomic scale analysis and control of defect-free nucleation
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. Critical points

» Physics:

3'd generation PV,

only type demonstrated to exceed
Shockley-Queisser limit

» Chemical physics:

Maximizing chemical potentials,
Interfacial reactions

> Materials science;

Atomic scale control, IlI-V
semiconductors

» Further aspects:

Optical management and more
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Source: Prof. R.E. Smalley, “Our Energy Challenge®, Colombia University, NYC, 23 September 2003
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Global PV regional installations per habitant
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Inherent losses in a single junction absorber

thermalization losses

t= 101 s

absorption

losses
a(ph ux) Ve dn,
(photon flux) 1E
dE
[vo!h]
0 1O 20 30 40
(%]
30r -
o L . . i Detviled Balonce ]
thermodynamic limits (radiative recombination l 20 oL
only ): K ! \
-~ \
,’sfcfsj icxuri;n:nhi\\
. . . ne!
single junction ~ 30 (44)% 0 [ {Siccas’
! AN
. i ¢ Somi-.En!piricat\
optimum system ~ 66 (86)% Limit
% z 4 6

Shockley, Queisser, J. Appl. Phys. 32 (1961) 510
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Reducing losses: 3" generation photovoltaics
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-12
O trelaxz 10 S o
!\ [ 2
1.6
14-

hv—(E,+Ep)

1.6
E 1.4-
1.2 S 12
£ 4] g T2 E +E
| + = ; e h
S 1.0 Ee Eh S 1.0-
(0] ] (0] ]
= 08_ — -
S | hv<band gap| % %
% 0.6- S 0.6-
S 0.4- S 0.4-
= ] =2
2 ]
T 0.2 2 0.2
J | J
0.0 VAR N 0.0 A MO
500 1000 1500 2000 2500 500 1000 1500 2000 2500
Wellenlange (nm) Wellenlange (nm)

' Thomas @ DPG
ILMENAU UNIVERSITY OF Hannappel

TECHNOLOGY




Theory: Multi junction solar cells & concentration C
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Photovoltaics:
Standard PV / Concentrator PV

light collection
and
conversion

IS one unit

Concentrator PV - light collection
. ZA | collection area
P & = *ftbl |
R 4 & [ separated from
=y o ‘ &Lﬁi L S e e, o _ ]
i al light conversion

FLATCN®-.ModuIe developed at ISE AQ,‘ cell area

concentration factor = collection / cell area

m.
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Concentrator photovoltaics - solar cell area
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source: FhG ISE
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Soitec Solar, Touwsrivier, South Africa
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44 MWp capacity, projected in South Africa
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Concentrator Photovoltaic (CPV) —
Largest HCPV-Installation Site: Golmud, China

140 MW, at Golmud, China

© Suncore
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Optimum bandgaps for a 4-junction solar cell —
problem: lattice-mismatch causes defects
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Solution: wafer bonding

Four-junction solar cell under con- 1.3

62.9% max efficiency g5
IF atE =097 eV, E '=0.52 eV

centrated sunlight via wafer bonding
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B.E. Sagol, U. Seidel, ..., K. Schwarzburg, T. Hannappel Low band
Chimia 61 (2007) 775 gap tandem

N. Szabo, B.E. Sagol, U. Seidel, K. Schwarzburg, T. Hannappel
phys. stat. sol. - RRL 2 (2008) 254
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. Tandem cell: tunnel junction, current matching, ...

y X y

bottom cell tunnel top cell

junction

=
%
?5 InP\ @ GaAsP

h. Sagol, Seidel, ..., Schwarzburg, Hannappel
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. Tandem cell: tunnel junction, current matching, ...

Y x A
bottom cell tunnel top cell
junctlon
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™ j BSF . InP 50 nm
| : tunnel pH GaAsSb 15 nm
& 0,0 contact n++  InGaAs 15 nm
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Interfaces

“Heterostructures, as I use the word here, may be defined as heterogeneous
semiconductor structures built from two or more different semiconductors,
in such a way thatjthe transition region or interface between the different ma-
terials plays an essential role in any device action. Often, it may be said that

the interface is the device.”

Herbert Kromer, German Physicist and
Nobel laureate (..For developing
semiconductor heterostructures used in
high-speed- and opto-electronics *), 2000

""God created solids,
but surfaces were the work of the devil"

Wolfgang Ernst Pauli (* 25. April 1900
in Wien; 1 15. Dezember 1958 in
Ziirich), one of the most significant
physicist of the 20th century and
Nobel laureate.

h' Thomas @ DPG
ILMENAU UNIVERSITY OF Hannappel

TECHNOLOGY



RAS

photoelastic
modulator

" polarizer
“f

E

ingerprint”

1 2

*w/o contamination

RAS, Re(Ar/r) [107]

Lo s laay
3.0

2.5
Ene

3.

rgy [e

R N I T T )
C T
L

V]

. || —(SiH) - s-polarised

10 —— ¥(SiH) - p-pola

|||||

rised

2099

2140 2120

2100

2080 2060
wavenumber [cm]

LEED

FTIR

Thomas @ DPG
Hannappel

106 105 104 103 102 101 100 99 98

ST M Binding Energy [eV]
XPS

h- T. Hannappel et al.,

Rev. Sci. Instr. 75 (2004) 01297

ILMENAU UNIVERSITY OF
German patent (1999) DE 19837851

TECHNOLOGY




Routes to generate solar fuels (H,, methane, ...)

Photocatalysis and Photoelectrochemistry

Tragermaterial
Tragermaterial

Photoanode: Absorberschicht

Tear contact oide

Solar cell  plus electrolyser [3]

[1] Cook, ..., Nocera, Chem. Rev. 110 (2010), [2] May, ..., Hannappel, Nature Comm. (2015),
[3] Luo, ...Gratzel, Science 345 (2014).
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Routes to generate solar fuels (H,, methane, ...)

Photocatalysis and Photoelectrochemistry

I/////
<

©
Photoanode: Absorberschicht

Tragermaterial

+2e=H, 2HO+4h =0, +4H | 2H +2e =H,
Protonen-Austausch-Membran

[1] Cook, ..., Nocera, Chem. Rev. 110 (2010), [2] May, ..., Hannappel, Nature Comm. (2015)
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Tandems for unassisted water photolysis
bias-free solar watersplitting needs energy gap > 2eV
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He T Hy = Epc — Epy

m- T. Hannappel, M.M. May, H.J. Lewerenz, chapt. 9 in:
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Tandems for unassisted water photolysis
solar exploitation — tandem
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Potential efficiencies of tandems for water-splitting

. Bias-free solar watersplitting requires band gap > ca. 2.2 eV
« Beyond that: maximisation of the current
> Tandems for efficiency optimum

Theoretical limits
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S. Hu et al. Energy Environ. Sci. 6:2984, 2013
h- M.M. May, H.-J. Lewerenz, D. Lackner,
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Top cell: Bottom cell: L——
GalnP GalnAs S
E=178eV 1t Eg=126eV 1

ab- M.M. May, H.-J. Lewerenz, D. Lackner, F.
Dimroth, T. Hannappel,

Nature Comm. 6 (2015) 8256
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Monolithic 14 % water splitting tandem

E vs. sputtered RuO; (V)
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« In situ functionalization of a lll-V tandem
> Rh electrocatalyst deposition & interface functionalization
> 14 % STH Iin a bias-free setup under AM 1.5G

m- M.M. May, H.-J. Lewerenz, D. Lackner, F.
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Study of liquid-solid interface

Theory + Experiment:

« Surface configuration
iImpacts interaction with H,O

« Metal-oxide—metal bonds
affects charge transfer
dynamics [1,2].

M.M. May, PhD thesis

[1] Wood et al., J. Phys. Chem. C 118 (2014).
[2] Kaiser et al., ChemPhysChem 13 (2012).
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H,O/O,-adsorption on In-rich InP(100)

« In-rich InP(100) surfaces enable

efficient & stable photocathodes [1]

« Exposure of well-defined InP(100)
to water and oxygen

. In situ study of surface chemistry with RAS

(¢}

ILMENAU UNIVERSITY OF

[1] H-J Lewereng, ..., T.H,, ..., En. Environ. Sci. 3:748 (2010).
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[2] MM May, ..., T.H., J. Phys. Chem. C 118:19032 (2014).
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. 111-V semiconductor heteroepitaxy
on Si(100): potentials and issues

11I-V on Si(100)

Epitaxial challenges:
* lattice constants
» thermal expansion

e polar on non-polar
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lll-V advantages: Sj ¢

+ high band gaps
+ high mobility

+ direct band gaps —

ternary indirect J

56 58 6.0
lattice constant (A)

54
+ heterostructures

+ MOVPE

Thomas Hannappel

+ optoelectronics

Si(100) advantages:

+ mature technology
+ manufacturing cost
+ material quality
+ availability
+ substrate size
+ mechanical integrity
+ thermal conductivity

+ abundance

+ microelectronics
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S. Briickner, ..., T. Hannappel
New J. Phys. 15 (2013) 113049
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M.M. May, ..., T. Hannappel
New J. Phys. 15 (2013) 103003
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Phys. Rev. B 83 (2011) 155316
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RAS, Re(arf) [107]

RAS, Re(arf) [107]
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S. Briickner, ..., T. Hannappel
New J. Phys. 15 (2013) 113049
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Phys. Rev. B 86 (2012) 195310
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11I-V on Si(100)

. 111-V semiconductor heteroepitaxy
on Si(100): potentials and issues
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In situ RAS: GaP/Si(100)

[011] [100]

[ GaP/si(100)

RAS, Re(Ar/f) [107]
o i
1 | L gl ]
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Energy [eV]
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Doscher et al., Appl. Phys. Lett. 93 : 172110, 2008.
Kroemer, J. Cryst. Growth 87 : 193, 1981.

Si(100) single step

Hahn, Schmidt et al., Phys. Rev. B 68 : 033311, 2003.

Toben et al., Surf. Sci. 494 : 755, 2001.
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. Si(100): Influence of step type and domain ratio on RAS signal

Si(100): (2x1)/(1x2) Si(100): (2x1) Si(100): (1x2)
l‘°°1 [100]
s | Q-O T
I
Q DA
DA

D.J. Chadi, Phys. Rev. Lett. 59 (1987) 1691

single domain two domain “unequal”
(1x2) (2x1)/(1x2) domain ratio

RAS at SI(100):H ~  |jeeyecia : +
b TR

To11] ¥ Mo11] ‘
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Sl(lOO) |n H amblent Da steps
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vacancy generationt+ anisotropic diffusiort annihilation at Se edges
Swartzentruber et al., Surf. Sci. 329 : 83, 1995 ; Bedrossian and Klitsner,, Phys. Rev. Lett. 68 : 646, 1992.
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H coverage [ML]

vacancy generationt+ anisotropic diffusiort annihilation at Se edges
Swartzentruber et al., Surf. Sci. 329 : 83, 1995 ; Bedrossian and Klitsner,, Phys. Rev. Lett. 68 : 646, 1992.
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Observation of layer-by-layer removal

In situ RAS at Si(100) 0.1° — [011]: annealing at 770° C and,9 har
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vacancy islands » layer-by-layer removal S. Briickner et al., New J. Phys.
15 113049 (2013)

Brackner, ..., Hannappel Phys. Rev. B 68 : 195310, 2012.
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Observation of layer-by-layer removal

In situ RAS at Si(100) 0.1° — [011]: annealing at 770° C and 950 mbar
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Oscillation = alternating formation of
A- and B-type majority domains

« STM — nucleation of vacancies
« anisotropic diffusion of vacancies alongside dimer rows
— elongated vacancy islands
* removal of subjacent Si layer limited by size of vacancy island

» layer-by-layer removal

vacancy islands

wibat@proe6au.de Bruckner, ..., Hannappel Phys. Rev. B 68 : 195310, 2012. Thomas @ DPG
ILMENAU UNIVERSITY OF Briickner, ...., Hannappel, New J. Phys. 15 113049 (2013) Hannappel
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4| window n+InP 20 nm
emitter n+InGaAsP 20 nm

Conclusion

S
2.0
E)/ absorber p InGaAsP 2pm
>
e’ 15} barrier p+ InP 50 nm
o LT W U
[} diode n++ InGaAs 15nm
o 1.0 InGaAsP 11.0 eV barrier  n+ InP 30 nm
> S | Ge [lingaas | |
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L= o \
J c 0.5¢ 3
h* © L
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1. Record cell development:

e 46 %in PV, > 50 % accessible
« 14 % in direct solar H-generation,
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