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What are thin films?

ae typically: 10 nm _~.. "

1nm=10°m

1 um =10°%m

xX20000
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tools coated Sy scratchresistant

to enhance thin film PV coatings

their lifetime

X to minimise decorative ical .
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MATENG Why ESTs are important? Energy losses.

1 Quad = 10?* Btu (British Thermal Unit) = 0.293 * 1012 kWh
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What is superconductivity?

Heike Kamerlingh
Onnes 1853 -1926
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Superconductivity: extremely concentrated transport

Cu-wires SC-tapes

‘ O 100-500 A/mm?
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losses

13

50% less electrical losses

Cu

generator
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| field scattering
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m frictions & stator cooling
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50% leighter and smaller

Cu SC

36,5 MW ship motor

(American Superconductor)
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torque motors / Oswald

Torque — Motoren bis 150.000 Nm
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Near future concepts

Japan, maximum speed 581 km/h

HTS wire Bi-2223, N, liqg.
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new solutions
for grids

Fault Current Limiter (moderate U)
/ Nexans, Siemens or Bruker
(~1 km wire per 1 MW)

110 kV cables / Nexans or
nkt-cables, Sumitomo (~200 km wire per km)
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Superconductive FCL

b At standard stable work the FCL does not affect the working circuit

b When the critical value of current is sponteniously exceeded the HTS-FCL
almost instantly (~ 0.001s) generates its own impedance that limits current
In a circuit up to the set value (today are the FCL realised with
lim= 0, 1@ @at14>10 ¢ ¢and voltages 1 0 é 2C4Y

b After the breaking of circuit the automatic recovery of FCL takes place
(recovery time < 30s)

steady current cooling of steady
| work limiting FCL work

I »|-------- L
Lo

VvV V ) V
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Power of synchronic generator depends on magnetic field value
between rotor and stator.

Use of HTS allows incensement the e-m field and radically
decrease volume and mass preserving ist power

generator 5[ W:
permanent magnet: B, ~0,9u Y V,, ~35m?®

HTS: By~2,4u5 Y Vg ~ 13 m3
generator 10 [ W:
without conventional
reductor 13m

Lé —
m~ 320t m ~ 70-150 t
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SC: world market development

Expected HTS market development

sup&cnndudi\}ity world market

HTS ®
motor, generator /
transformer ®
energy storage /
w 6 .. 3gnet4&beann?r,.
o 1 HF filter
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SC: entry price levels

U/kAm
80

70 -
60 -
50 -
40
30 -
20 -

10 -

0

actual marktprice: ~250 US $/ kAm for 2G HTS-wires
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SuperPower (USA)

~ 30 nm Homo-epi MgO
>~ 10 nm IBAD MgO

»ALO,

< (0.1 mm
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My experience: MOCVD + HTS (2"d Gen. Wires)

‘.
IOT, PerCoTech AG, TU Braunschweig

Tempus

in-line Multilayer-CVD-aPerCoTech /.

_ SUIEUEIUTE Ol SssVIre
Heating

Lines Ag i cap layer HTS-Film

\ /

Buffer-
layers

Precursor
Evaporatio

MFC

MFC

Solvent

Separation

S(qu)e? An alyt| CS.

condensation MFC
Solution XRD, SEM/EDX, XPS,
Feeding

inductive measurements of
T, & j. (CRYOSCAN),
direct |, measurements
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ENERGY GENERATION
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Why ESTs are important? Rise of consumption.

People population on the Earth and the primary energy consumption

Primary energy consumption refers to the direct use at the source, or supply to users without transformation, of crude energy,
that is, energy that has not been subjected to any conversion or transformation process.

primary energy consumption
200571 GJ/person

63 64 = 74 Welt 445 i
6.1 420
Ingien =)
§ e
44
3.8 e
e 1L
i =
I ' restl. Weit b
. indien
B China
QECD
1971 1980 1990 2000 2003 2005 1971 1980 1990 2000 2003 2005

people population, billions Global primary energy consumption, EJ

OECD: Organisation of Economical Collaboration and Development
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Why ESTs are important? Rise of consumption.

Life standards and energy consumption per person

13

PEB/Kopf in kW
3 2R
1 ! 1

Mittelwert fiir
3 1 die ganze Welt
®

2 . China e,
1 4 Indien L * Mittelamerika

i * Afrika
3 | 1 1 1 1

0 10

BIP/Kopf in 1000 €
(kaufkraftbereinigt)

BIP: Gross Domestic Product

PEB: Primary Energy Demand
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Why ESTs are important? Ecological problems.

Evolution of greenhouse gases
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T r
- T - -

€C
| & l 0.5 | (a) Global average surface temperature

global warming
i n det ai

0-0 - A B '-,_, o e z - 4 = .-

1850 1900 1950 2000
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Why ESTs are important? Limits of non-renewable resources.

worldwide energy resources in carbon mass

GtC A
‘} coal crude oil naturalgas slash- air consumed
500, and-burn
CO, climb in air since
1850
0 107 ppmor 234 Gt C
200 —
400 —
600 —
750
800 —
1000 over resources
Y 4000
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Renewablesomarket in Germany
forecasting for Germany by 2020

gesamt: 566 TWh/a

O coal

m gas/oll
nuclear
renewables

® hydropower
wind energy
PV

biomass
= geothermal
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Solar Energy T unlimited?

| ANNUAL SOLAR
IRRADIATION
TO THE EARTH

A Total energy demand (2010):
~1,5 x 18 kWh/a
~ 17 TWEontiniously

~ 540 EJ/a
A electricity: ~60 EJ/a
- GLOBALANNUAL A till 2050: doubling of energy

demands are awaited
SOLAR (CONTINENTS) . COAL A for It, the CO”SUUCUO” Of

| o 1 GW/day is necessary!
B CIOMASS B oL
GEOTHERMAL B NUGLEAR
B OCEAN & WAVE B PRIMARY ENERGY A . .
HYDRO SONSIMETION A The main promise have the renewable

FOSSIL FUELS ARE EXFRESSED WITH REGARD energy SourceS!

TO THEIR TOTAL RESERVES WHILE RENEWABLE ENERGIES
TO THEIR YEARLY POTENTIAL.

source: DLR, [EA WED, EPIA's own calculations.
source InternationalEnergyAgency (IEA)
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Energy supply by PV

source InternationalEnergyAgency (IEA)
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MATENG Why ESTs are important? The daily/season beat.
L‘{

Jakob Brendli, Bachelor Thesis, Munich, 2011

excess electrical energy

energy ,'\ needed

60 MH«‘" & I
J v‘v Y

March 2020

Fed in Electric Power / Load [GW]

49

20 Germany 2012:

& Min. — Max. Load: 30 - 80 GW
Installed PV: 33 GW
Installed Wind: 33 GW

0
LZ3. & 5. 7-8 9 10.11.12.13.14.15.16.17.18.18.20.21.22.23.24.25.26.27.28.29.30.31.
Calendar Day
Wind PV other R. E. Basic Load Load

Power Plants
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Why ESTs are important? Energy density factor.

30
electro-chemical :
storage gasgme
- &
S Lol
= 20
= ‘_g Q ethanol
g S — methanol
= ] compounds O
= s (target)
5 10 o
T chemical storage
and combustion
+ compressad
drogen gas
e B | |
yAh 10 20 30 A0
supercapacitors  batteries energy,/ weight (MJ/kg)

x 30-50 smaller
energy densities
as by gasoline
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Why ESTs are important? Use of solar energy.

Solar electrolysis : - ; g
MHYDROG
LoPRH B Croge
3C + 30, -> 3C(
CH, + 20, -> C( '

Solar Fuel Cells: CARRIER ::3'3 e

energy A
ELECTRICITY

>l e
B S o

|t

—_—
LX)

Unused
Fuel and Gases
Water |H20 Out
ool
Anode ] Cathode
Electrolyte
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Why ESTs are important? Simple Smart-Grid.

By day...

Sunlight is used to produce solar fuels such as hydrogen.
Some of this hydrogen is used immediately for transport
and electricity generation and the rest is stored

Solar hydrogen storage

Electricity
generation
(fuel cell)

Capture sunlight
and produce fuel

Solar hydrogen
By night...
With light there i
Electricity ithout sunlight there is no energy source

to produce hydrogen. Hydrogen stored during
sunlight hours is used for transport and electricity
generation at night or during cloudy periods

DVFU i Vladivostok
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PHOTOVOLTAICS
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Photovoltaics (PV) is the direct conversion
of solar energy
into electrical energy.

Sunlight

]

Front Electrode (-)

Safety Glass ———»
Anti reflection coating ——

N-Type Silicon (P+) — &

P-Type Silicon(B-) — e @V

Back Electrode (+) —

R ——

Solar Cells Element Current
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PV:. important terrestrial applications.

Consumer applications

oy ‘;‘L e
— —

rid connected
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& PV world market:
annual production of solar cells (199971 2011)

il Tempus

40.000 MW
35000 2011: production of 37GW
-9.8GW
W1 1999-2011: production of 97GW
25.000 i -,-7 .
20,000 from 2009 to 2010 production_
increased by 120%
15,000 g
(Q\
| il tz.m/ §
10000 2 [ | %
S
soo0 000 IS
1.256 1.819 E
0 m:zle740%40139§55034%_£7“68 o

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 20M
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PV world market: solar cell technologies in 2011

e Photon 4/2012 _
multi-Si mono-Si

(57.0%)

(30.9%)

Others
(8.7%)
[e.g. CdTe 5.5%, CIS: 2.4%)]

silicon solar cells are dominating on market (about 91 %)

DVFU 1 Vladivostok
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PV world market: comparison of the commercially
available solar cell technologies

*  Mono crystalline : 7-9 m?

*  High power type : 6-7 m?

* Poly crystalline: 7.5-10 m? e : - — i
s €IS 9-11 m?

« CdTe: 12-17 m?

*  Amorphous Si: 14-20 m?

€ module size 1is

to produce 1 kWp

150Mw on 200 hectar in Senftenberg (Germany)

Source: presseanzeiger.de
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PV world market: up-scaling effect

20000 1981
10000 oltaics
Doubling of the installed
5000 e power leads to a price
3 reduction of about 20 %.
& 2000
> \
1000 ~{ W/
h.‘\ !’b
600 h““«..‘ "?'-‘30
200 ! : ! ) h"n\‘
0.01 0.1 1.0 10.0 100.0 Wy ’ ~.
Cumulative GW installed 7104y y

M. Green, 3rd WCPEC, Osaka, Japan (2003)
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PV world market: module price development by 2011

average price of PV modules (05/2010-05/2011)

2,0 €/ Watt

Price reduction:

mono-Si: 18% multi-Si: 21% a-Si: 20% CdTe: 32%
0 < ‘
05 06 07 08 09 10 11 12 01 02 03 04 05
2010 2011
Photon 6/2011
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PV world market: price/efficiency technological criteria

A generationl:
crystallineSi

A generationl!:
thin film PV

A generationlll:
onew conceptsi

M. A.GreenUNSW

DVFU 1 Vladivostok
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0.20€/W,

il Tempus

304

Efficiency [%]

N
e

10+

ConventionalF
primary ’
energy

-
Ld
R
L4
&
-
Ld
K
Ld
R

L4
R
L4
Ld
&
L4
R

breakthrough
IS necessary

Electrical supply

~1 1L.0e/W,

200 300 400
Module costs[e/m?]

100

500
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Thin Film PV
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Thin Film PV: GEN I

CIGS Module interconnects (source ZSW)

P P2 P3

DVFU T Vladivostok
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Process-chain at PVcomB

Vorbehandlung | ] Modulfertigung

DVFU i Vladivostok
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What is PVcomB?

Si Baseline Glassleaning

CIS Baseline o Thinfilm

front contact -
Silicon

é cleaning
PlasmaPVD PECVD

ThermatPVD Sideposition

Glaszleaning

Pllaserscribe

\4\
-

Mo backcontact etching

cleaning

PlasmaCVD
Wet Chemistry

CIGS

o~ ZNOCAI Ag
backcontact

Cuin/Ga
sputtering
Seevaporation ChemicaBathDeposition
Cd$KCN
—d
Encapsulation
www.pvcomb.de

DVFU 1 Vladivostok
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Comparison of all solar cell technologies (2015)

. = . ?‘l‘j
Best Research-Cell Efficiencies bod
NATIONAL RENEWABLE ENERGY LABORATORY
50 Sharp
Multijunction Cells (2-terminal, monolithic)  Thin-Film Technologies (IMM, 3082;%60
LM = lattice matched © CIGS (concentrator) i |
48 = MM =metamorphic ® CiGs Boeing- Solr |4, 297%)
IMM = inverted, metamorphic O CdTe (Sl_pﬁctargLa)(b) soireunction [ . rsrglllf&l?lfer .
V' Three-junction (concentrator) O Amorphous Si:H (stabilized) Spectrolab | Fraunhofer ISE Semicgnductor e Ji g = S—
44 = 'Y Three-junction (non-concentrator) Emerging PV (MM, 299x) | (MM, 454x) "\ (MM, 406x) g =T NREL 44.4%\°4
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Hybrid Perovskite as very thin absorber (ETA concept)

CH;NH,PDbI,CI

Tempus

zwei Konzepte

/

Ag
Spiro-OMeTAD
Cathode
X R
% % Ph%;oa\gﬂj)t/‘se Laver p-type hole transporter
[ M Oxid
5 g esoporofjs e Perovskite absorber 33?(nm
ABX; A =CHy;NH,, B=Pb,andX=Cl,I 83 2| _Compact TiO, ic
= n-type compact layer
FTO
0 T FTO (anode)
R e
-.5f E 5 Glass Glass
21.0-
§ 20F 2., 3 )
Sisf o Ascaffoldi-Konzept flach Konzept
2 Time (hours;
jé) 10r ( | / \ / \
0.5 —— 24 hours ) 9 . -
e 1000 hoUIS TiO, AlLO, Asolution- Avapor
00 500 600 700 w0 leitend isolierend processedfi depositedi
Wavelength (nm)
7,6 % (AM1,5) | | 10,9 % (AM1,5) 8,6 % (AM1,5) | | 15,4 % (AM1,5)

12 % ?

n u solutfon-processediimdglich nur mit dem TiO, maoglich

Michael M. Lee et al., Science 338, 643 (2012)
Mingzhen Liu, Michael B. Johnston & Henry J. Snaith, Nature 501, 395 (2013)
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Hybrid Perovskite Absorber films: deposition routes

Vapor deposition a Spin-coating b

1) 2)
Wichtige Parametern:

> Var*©

Dampfzusammensetzung
CH;NH,l / PbCI,
1/1 + 7/1 (Dicke 125 nm)

|
Best ETA fiir 4:1 3) 2) ”

. @ P4 1
Schichtdicke Sensor 1 Sensor 2 ° = — ° 55 54 l DY,
125 + 500 nm (3,5/1) e @ T 1 — ]

Best ETA fiir 330 nm ; |
b Solution-processed

a Vapour-deposited

Ppasic = 10°mbar Tempern:
s—Hing?’l _':k_’cézo Perovskite-Kristallisation
WS - 1eoe = 325%C unter N, Fluss
T =100°C
t =45 min

Solution-processed

Mingzhen Liu, Michael B. Johnston & Henry J. Snaith, Nature 501, 395 (2013)
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Emerging Applications of TCOs
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2. Self healingheatable 3. Anti-sun und
Privacy
covered

Anti-Reflex
— 5,
complex 3B

integrated auto- /

photovoltaic

4.
Glaswith integrated

Lightsource

6. Hydrophilic,
/ antibacterial -3
glass

7. Top emitting

8. Arrays
for

10. Enginecontrol via' "9 HighenergyLEDs with
S RtR and

R. Muydinov: Thin Films in Energy Saving Technologies
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M Tempus

R

What is low-E?
reflection of ideal

n spectrum .
100 - (Air Mass1.5) bare floatglass  _ 5554 Low-Efilm
— 9| {2000 B _ _
S g —— reflection of ideal
2 80 L -1 1800 al tacti
2 ol 11600 & sun protection
8 ol 14005
& 0 1200 & .
- 50 . singleAg LowE
- o
8wl 1999 5 t, = 84 %= 55%
s - 800 2
= 30} -600 =
5 0l {3 — double Ag
|c_E 10 B Black body at room 200 é LO\N‘E SUFCOH'[I’O|
| temperature (& v t,= 68 %t:= 34 %

1OO-C‘)‘0'~
Wavelength [nm]
A solar Engineering: no overlapping of thermaldRd solaf spectra

A spectral selective films: combination of transparency & conductivity

DVFU 1 Vladivostok
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What can single Ag-Film do?

HRTEM, LowE film on Si:

.0 * transparent
%2~ Dblocker

SnQ

caplayer

Tibased
0, sublayerwith
o, highrefractiveindex

Ag (¥ 12 nm)

B. Szyszka et al., Glasstech Singapur 2004

DVFU 1 Vladivostok
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Tempus

...weights0,1g pro mz.

...costsl,5 Cent pro m2.

... reducesthe warm-lossedrom 3 W/m2K
to 1,1 W/m2K.

... savesduring heat-seasorfor singlefamily house
(windowsarea 20m?) about 3501 fuel oil.

...savesduringgarantiedg A y R #festiné (30years
X 4000more energythan wasusedfor fabrication

of thin film (includngdepositionsysten).

R. Muydinov: Thin Films in Energy Saving Technologies
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OUR EXPERTISE
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ARGON
PRESSURE
(mTorr)

2 um Ag
1 p,m Y832CU3°7_6
~ 30 nm LaMnO3

~ 30 nm Homo-epi MgO
>~ 10 nm IBAD MgO

.Y,0
— 2 ALD;
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