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“We live in a world bathed in

5,000 times more energy than we consume
as a species in the year,

in the form of solar energy.”

global solar radiation/year

Peter Diamandis,
engineer, physician, entrepreneur,
founder and chairman of X Prize
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K. Mertens, Photovoltaik - Lehrbuch zu Grundlagen, Technologie und Praxis, Hanser Verlag, 2013.



Nettostromerzeugung in Deutschland HZ/B.....
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Nettostromerzeugung zur 6ffentlichen Stromversorgung (1. Halbjahr 2018)
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Relative Anderung der Nettostromerzeugung: 1. Halbjahr 2018 vs. 1. Halbjahr 2017
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weltweit installierte PV Anlagen Quellen: BDEW, AGEB, statistisches Bundesamt, PV-Welt

400 §
GW

p

mAndere
O GroBbritannien
O1Italien
OJapan

|| EChina

mUSA

B Deutschland

7.1%

300 | 6% 5oy 6%
. 3. 7%
250 1

200 | 4,9%
150 §& 1

1: 4.2%
100 %

50 {2

1.1%

U
5, "\ o oy o iy .
™ = ,-L';'.‘I- .-.IFI ,-E_‘l ,-.IE'.‘I- FEI ,-L';.‘_‘l .-.L‘f.‘l- 1'-'.3 ..-L'E‘_‘l "laﬁ

Photovoltaics (PV) is recognized as one of the main renewable energy technologies
for the achievement of targets defined by the EU Energy Roadmap 2050.
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Absorber: 500+

semiconductor with
— optimum E, between 1 -1.5eV
— high absorption coefficient

2000 2250 nm
Wellenlange

1750

900  750f 1000 1250 1500
sichtbares IR

Licht

Basic functions of a solar cell:
(1) Light absorption: generation of free excess charge carriers — photocurrent, |

(2) Charge separation: separate/extraction of excess electrons and holes — photovoltage, V

main parameters: J.. — short circuit current, V,. — open curcuit voltage, FF — fill factor



PV technologies nowadays
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Absorber materials: from mature tech

CHALCOPYRITE TYPE KESTERITE TYPE HYBRIDE PEROVSKITES
SEMICONDUCTORS SEMICONDUCTORS
thin film solar cells with basis for a critical raw promising absorber material
the highest efficiencies material (CRW) free PV for low cost devices
(also flexible solar cells) technology
Cu(In,Ga)Se, ... CIGS Cu,ZnSn(S,Se), ... CZTSSe CH;NH,Pbl; ... MAPI

demonstrated potential
and ability as future
emerging PV technology

critical issues:
lead toxicity
material and device stability

critical issues:
further increase of
power conversion
efficiency to be

- . : critical issue: power
competitive with c-Si

conversion efficiency level

\ J
|

highest power conversion efficiency is reached with
off-stoichiomeric material — intrinsic point defects
(vacancies, anti-sites, interstitials) & structural disorder




Efficiency limit for single junction device HZ/B.....

Zentrum Berlin

Shockley-Queisser limit for a single p-n junction as function of band gap energy

practical limit — nearly approached for c-Si (~ 29%)
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__ b Can the efficiency of a
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Shockley & Queisser, Journal of Applied Physics 32 (1961) 510
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multi-junction PV (tandem/triple) can provide efficiencies surpassing todays limits
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sunlight
high E, thin film top cell

transmitted
sunlight
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high efficiency
,normal“ bottom cell
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— high-E, material for top cell absorber layer

10
HZB: HySPRINT innovation lab
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Spectrum of solar radiation

top cell absorber

uv IR
— active layer for blue light — E,~ 1.7 eV

— tunable band gap energy

400500 600 700 800 900 A [nm]

— high absorption coefficient

— no critical elements (scarce, toxic,...)

— material with long term stability

New materials are needed!

11



Concept of accelerated materials sea HZB.....
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AlM:
creation of materials libraries
new of wide gap compound semiconductors
material (1.5-2.1eV)

suitable for solar energy applications

systematic o o
synthesis of powder systematic investigation of

series structure-properties relations in
& cation/anion mutation series

in-depth characterisation of
their structural properties

Identification of materials with figure of merit = a-VvDt > 1

promissing properties
o, — absorption

D — diffusivity
7 — life time

12




New materials for tandem solar cell ap HZ/B.....
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hybrid halide perovskites

Jost et al., Energy Environ. Sci. 11 (2018) 3511

Perovskite
Perovskite

Silicon

“nc-SiOx:H
Silicon

monolithic perovskite/silicon-heterojunction tandem solar cell with 1 = 25.5%

quaternary chalcogenides ternary nitrides
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simulated EQE Energy (eV) Lattice Constant, a (A)
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Gupta et al.: arxiv.org/pdf/1801.08498 A. Martinez et al., J. Mater. Chem. A 5 (2017) 11418-11435
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hybrid lead halide perovskites

lead halide perovskites are mixed electronic—ionic semiconductors
that have recently revolutionized the photovoltaics field

COMM U N |CAT|ON View Article Online

View Journal | View Issue

CrossMark Cesium-containing triple cation perovskite solar
cells: improved stability, reproducibility and high
Cite this: Energy Environ. Sci, o
oo efficiencyf
Received 24th December 2015, : ; ] et i s a . a
Accepted 14th March 2016 Michael Saliba,£**° Taisuke Matsui, i~ Ji-Youn Seo,” Konrad Domanski,
. Juan-Pablo Correa-Baena,® Mohammad Khaja Nazeeruddin,® Shaik M. Zakeeruddin,?

BOE: 10.1035/c5:e03874) Wolfgang Tress,” Antonio Abate,” Anders Hagfeldt” and Michael Gratzel®

www.rsc.org/ees

Today's best perovskite solar cells use a mixture of formamidinium

and methylammonium as the monovalent cations. With the addition of Broader context
inorganic cesium, the resulting triple cation perovskite compositions Due to their enormous potential for use in the future of photovoltaics,
are thermally more stable, contain less phase impurities and are less perovskite solar cells have attracted much attention recently. However,

achieving stable and reproducible high efficiency results is a major
concern towards industrialization. To date, the best perovskite solar cells
use mixed organic cations (methylammonium (MA) and formamidinium
~18% after 250 hours under operational conditions. These properties (FA)) and mixed halides. Unfortunately, MA/FA compositions are sensitive

are key for the industrialization of perovskite photovoltaics. to processing conditions because of their intrinsic structural and thermal
instability. The films frequently contain detrimental impurities and tend

sensitive to processing conditions. This enables more reproducible
device performances to reach a stabilized power output of 21.1% and

Csp.05(MAG 17FAG 83)0.95PP(l9.83Brg.17)3 n=21.1%

14
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Perovskite is a mineral (CaTiO;) and a name of a crystal structure type — Perovskite type structure

Graphics by A. Franz (2007)

cubic aristotype of the perovskite type structure

space group: Pm3m

A — cubo-octahedral coordination

ABX; compounds
Alt2lplely,

B — octahedral coordination

NETWORK of
CORNERSHARING
PbX, octahedra

many lower symmetry variations (hettotypes)

Breternitz, Schorr, Adv. En. Mat (2018) 1802366



Crystal structure of halide perovskites

/" MAPbl,

MA - methylammonium
[CH;NH,]*

tetragonal perovskite

FAPbI, \
FA - formamidinium

[H,NCH=N

hexagonal non-perovskite
structure (0-phase)

i
space group I —cm

structure

Franz et al.,
Cryst.Res.Technol. 51 (2016) 534

ﬁgroup P6;mc

H,]*

cubic perovskite
structure

S. g.p Pm3m
— not staW

Weller et al.,
J. Phys. Chem. Lett. 6 (2015) 3209

Stoumpos et al.,
Inorg. Chem. 52 (2013) 9019
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/" MAPbBr,

=

cubic perovskite
structure
space group Pm3m

- /

Baikie et al.,
J. Mater. Chem. 3 (2015) 9298

Figure from: Weller et al.,
Chem. Commun. 51 (2015) 4180




Halide diffusion in perovskite semicondu HZB.....
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* halide diffusion distinguishes perovskite semiconductors from ,,classical“ semiconductors

* mixed ionic — electronic semiconductors — high intermixing of ionic and electronic current

* jonic conductivity has been identified as a key player for operational mechanisms in
photovoltaic devices (Penget al., ACS Energy Lett. 3 (2018) 1477)

cubic CsPbl, tetragonal CsPbl, orthorhombic CsPbl,
Perovskite-type structure Perovskite-type structure non-Perovskite structure
(high-T phase) (not stable) (stable at RT)

bond-valency-energy-landscape method — calculation of halide diffusion pathways

T< ’ e . .\.
| &

" . ‘;.,.- s 5

- CRYSTAL STRUCTURE MATTERS! g
NOT ALL ABX, COMPOUNDS ARE PEROVSKITES! |& 'Q‘!"

J,{ 5] X o

4 ..‘. "-'— I -..

Vi A
. L 2n

0.3 eV percolation energies
~0.9-1eV

percolation energies ™



Stabilization of the cubic perovskite-ty HZ/B.....
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Anion mutations Cation mutations

MAPb(1,Cl); & MAPD(1,Br), CsPbl, MA, ,FA Pbl;: phase behaviour
large miscibility gaps 0 <x<0.1 — tetragonal perovskite
0.1 < x< 0.8 — cubic perovskite
MAPb(I,Cl), « 0.8<x<1 - fast degradation to
chlorine substitution — %7 non-perovskite structure (0-phase)

leads to a weakening of the
hydrogen bonds

94 MA_,FA, Pbl;: band gap energy
6/ 180
>

/
[ ]
cublc g lattice parameter / A

-
|||||||||| |
¢ 10 20 30 40 50 e 70 a0 80 10 FAPDI,
molar fraction of FAPB_ 7 %

stabilization of

the cubic phase 10
by annealing

10

tetragonal perovskite
type phase
FAPbl, MAPbl,
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. . I pIl A1V vVI
... in quaternary chalcogenides (A, B''C'" X
q y & ( 2 4) Cu,ZnSnSe, — CZTSe

Cu,ZnGeSe, — CZGSe
Cu,ZnGeS, —CZGS

Shockley-Queisser limit Cu,ZnSiSe, — CZSiSe
CZTSe CZGSe CZGS CZSiSe
: 1.0eV 1.4eV 2.0eV 2.2eV
Cu,ZnSn,,Si,Se, o - Cu,ZnSn,  Ge, Se,
2.4 : : : ; ! ' : ' 4 ‘§ 30-: | b I ¥ | b I T I " ] ]-4
B calculation > 1 _ 7
[ % experiments /‘ c 20 L3tr=10K 41.3
—— fitting g 1 12 ._E’g (T=300K)
19 F & 101 ":; i 41.2° @
uJ + u o
o . :.,§~1 | 111
1.0 .-]_D"nl
14} g l;i. .
000204060810
X
9 ﬂ.:Il ' U.;ZS ' ﬂ.:jl'J ' U.'?'S ' 1_;30 Grossberg et al., Thin Sol.

Concentration (x) Films 582 (2015) 176

Jibran et al., Chem. Phys. Lett.
705 (2018) 92 19



Adamantine compound fa HZB....
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main feature: tetrahedral coordination

elements binaries ternaries quaternaries
Silicon (Si) # 7nS ‘ CulnSe, # Cu,ZnSnSe,
Germanium(Ge) GaAs CuGaSe, Cu,ZnGeSe,
ZnSnN, Cu,ZnGeS,
Cu,ZnSiSe,
Diamond-type structure - cubic Lonsdaleite-type structure - hexagonal

building block




Adamantines: the cubic branch HZB....
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Binaries: ZnS Ternaries: CulnSe, CuGaSe, Quaternaries

T T

¢ > Cu,FesSns, . -~ Cu,ZnSnSe,
Cu,CdSnSe, Cu,ZnGeSe,

Sphalerite type Chalcopyrite type Stannite type Kesterite type
structure structure structure structure

cubic tetragonal tetragonal tetragonal
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Adamantines: the hexagonal branch

Binaries: GaAs, InP Ternaries: ZnSnN, Quaternaries

r r
e

(SN ;
F 7 F 7 Cu,ZnGeS, Ty e
T/; )T Cu,ZnSiSe,

,,,,,,,,,,,,,,, A\ e —
)iD

Waurtzite type B-NaFeO, type wurtz-stannite type wurtz-kesterite type

structure structure structure structure

hexagonal orthorhombic orthorhombic monoclinic



Quaternary compound semiconductor Cu, HZ/B.....
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Cu,GeS; — ZnS phase diagram
Kesterite-type

t t Parasyuk et al. J. Alloys Comp. 397 (2005) 85 Wurtz-Stannite type
structure ® heating data‘ - a-ZnS\L structure
" O cooling data o L + a-ZnS :
space group.I 4 00 Liquid (L) sk (toseec| space group Pmn2;,
® \ /\ ,
R [CuCeSi e e acuznmes. | T 1308 K (10
( /’A) 1200 1242 K (969 °C)
(&X&\ Cu,GeS, + oc—phase 0-Cu,ZnGeS, + -ZnS
| X X a-Cu,ZnGeS,
/\_\%g | = ~ 7 Tessk@occ) | T 7]
&\ g \ | 1000
| / o Cu,GeS, +
/ § B-Cu,ZnGeS, p-Cu,ZnGeS, + B-ZnS
0T B-phase a- Cu,ZnGeS,
600 - : . ' ' : ' :
Cu,GeS, 20 40 60 80 ZnS
ZnS, mol%
CRYSTAL STRUCTURE
band gap energy DETERMINES THE band gap energy
E,=1.7eV OPTOELECTRONIC PROPERTIES! E,=2.2eV

Schnabel et al. Energies (2017) 10, 1813. Fan et al. Nanoscale (2015) 7, 3247. 23



Cu,ZnGeS,: influence of synthesis HZ/B.....
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sulfur excess during synthesis

0%S 5%S 10% S
B orthorhombic

sulfur pressure during synthesis influences 0O tetragonal
formation of tetragonal / orthorhombic phase

synthesis by solid state reaction of the elements

influences the
band gap energy E,

oooooo 0o i
o° o
0 o i
° 7] L
bo &p i
~ I ~ é)o ~ i
> o . = g >
< p < s i <
L / L £ f_\ i
o« P o [
= Iy T ey =
I qa'f5 1 ' - 1
» o Eg=21 eV | B &‘.‘.c‘ Eg=185 eV | /I Eg=225 eV
::;(«::u::(«::((:u(".!'““"'““. R T | X | X L _ + / L L L — L L L X L X L X L
1.6 1.8 2.0 2.2 2.4 2.6 1.2 14 16 18 20 22 24 26 20 21 22 23 24 25 26 27
hv,eV hv,eV hv,eV

band gap energies determined by UV-VIS spectroscopy and Kubelka-Munk analysis

Work in progress: intrinsic point defects & structural disorder — neutron diffraction 24



Band gap tuning in Cu,ZnGe,_Si Se, HZ/B.....
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lattice parameter band gap energy
Rietveld analysis of X-ray diffraction data Kubelka-Munk analysis of UV-VIS data
550 ] A a_ (orthorhombic phase) _ . | | l | ' |
® a_ (tetragonal phase) :
: I I 2,2 F
5,58 ! o 9-
i i © 20
5,57 | e i
z i o 15 gl
: 5,56 - AE A 'Y : 4 v 1,8
o N ) ! N
° A : iy
5,55 - A i i _ 1,6 -
A E i
554 A | | . 1,4 |
s34 7 o o — v g
0,0 0,2 0.4 0,6 08 1,0 0,0 0,2 0,4 0,6 0,8 1,0
Ge/(Ge+Si) Ge/(Ge+Si)

tetragonal phase a= (az2c)/2

orthorhombic phase a ;= 1/(a,b,c,)/2

25
Adachi, Earth-abundant materials for solar cells, Wiley 2015
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il ' TRIVAVA:
* [lI-V (e. g. GaAs) solar absorbers are S
. .. 2.5F msAIP  MgGeP; w |-V
highly efficient =y ZnSiP, uGaP O
o ® 20l AlAS me |
* applications of llI-V depend on the P ZnGeP; 7nsp e * e
use of epitaxial heterostructures (‘5“ 1.5 S As InP-.. % o
. o o
* need for lattice matched alloys to S 1.0f ZnGeAs, L
enable low defect densities — limits o0 . .
. . 0.5- . -
the parameter space available in o it .
device applications 0.0 ' ' ' £
GaN 5.4 5.6 58 . 6.0 6.2
j \ \ Lattice Constant, a (A)
ZnGeN, T — .
AN _
* 1I-IV-N, materials are very efficient optical _ B o i
absorbers and emitters E 5I- ZnSiN, 5
* both ZnSnN, and ZnGeN, have direct band gaps g £nialie 3
|
% 31 GaN .
Control of cation order in the [I-IV-V, materials can ~ § 2 .
produce significant changes in optoelectronic il zosnN, ™ A
properties at fixed chemical composition ol . . 4 ’
3.0 3.2 3.4 3.6 26

A. Martinez et al., J. Mater. Chem. A 5 (2017) 11418-11435

Lattice Constant, a (A)



Ordered and disordered cation distribution HZB... ...
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statistic
cation distribution

first proof-of-concept devices
being demonstrated

;nSeNNZ NE E:* ,Q,Al-ole:trodf/ g |m§mmm P.-'
o 2o — Wi 025V @
nan 2 E 30- 2ol )/ Jie  4.16 mAfem? fd'
= {a.] A AAar  0.06 cm? 9
= 5. B . .| FF 0.36 b
- 89U M ey O Pax 0.023mW 2
. 2 m o PCE 037% o
ordered ; 1Y » 10- @
. . . . < e 9‘0
cation distribution &l 2 {mw o®
e 0 | o?
o ‘ - : "q&; ‘ Light 20%°
. ol M
F \T ’ T wurtzite-type 3'10 —a—Al-electrode

cation o rd erin g K. Javaid et al., Phys. Status Solidi RRL, 2018, 12, 1700332.

— Eg variation

A s structure 1.0 0.5 0.0 0.5 1.0
T | Voltage (V)
g&\v T

band gap tuning through
v’ cation order/disorder
B-NaFeO,-type v alloying (Zn-Ge)
structure
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Intensity / a.u.

Synthesis of ZnGeN, by ammono

precursor

~intermediate

Zn,GeO,

X-ray diffraction

" Zn, GeO, N,

880 °C & 0.15 NH; L/min

| I 1 | h sim. B-NaFeO, type ZnGeN,
k. A ah |
M T . rose grey 15 hours *GesN,
S SO U = A~ AN
N | N 12 hours
. A A
I U ’\ 10 hours
yellow "
i | A ﬂ ‘\ 8 hours
TR ... ... SO I\, S~
30x zoom - ,\ : 6 hours
bt e st e AN
h sim. wurtzite-type ZnGeN,
- e A L
— — I —T T |
20 30 40 50 60
6/

Breternitz et al., Phys. Sat. Sol. A (2019) accepted

Zn/Ge ratio
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final product
ZnGeN,

Zn/Ge atomic ratio
e X-ray fluorescence
spectroscopy

O/N atomic ratio
* hot-gas extraction

a=

N\

O/N ratio

—40.6

404

402

—40.0

-0.2

T ! T
8 8 10

reaction time / h

12 14

16
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lattice parameter [A]

Indication for order/disorder transition
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orthorhombic lattice parameter Rietveld analysis of X-ray diffraction data
(using B-NaFeO,-type structure)

»pseudo wurtzite” lattice parameter a,, =
Zn/Ge ratio

28 1.67 1.33 1.12 1.06 1.06
3,22.. ] —[]— L=l
a2l B—n |

' ordered
3,20 -

. @ cation distribution
3,18 -
3I1a- “
3-17'_ statistic Oa
3484 cation
&15_' distribution

reaction tlme/ h

18

work in progress

* transition from statistic to ordered
cation distribution
— neutron diffraction

e correlation cation distribution - Eg

Breternitz et al., Phys. Sat. Sol. A (2019) accepted
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1 multi-junction PV (tandem/triple) can provide efficiencies surpassing
todays limits

 new materials /materials class needed

[ systematic investigations of structure-property

new relations in cation/anion mutation series
material
v" hybrid halid perovskites
v’ quaternary chalcogenides
_ v’ ternary group-IV nitrides
systematic
structure — property
investigations

1 next step: accelerate material discovery

/ materials libraries \
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