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SURFACE PHOTOVOLTAGE IN THIN FILMS OF Cu2ZnSn(SxSe1.x)4

OBTAINED BY SPRAY PYROLYSIS
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Approach Experimental
Spectral and time dependent surface photovoltage (SPV) Preparation: Characterisation:
measurements were performed on CuxZnSn(S,Se )4 The morphology, stoichiometry and phases of the crystalline thin films were

studied by scanning electron microscopy (SEM), energy dispersive x-ray
analysis (EDX) and grazing incidence x-ray diffraction (GI-XRD), respectively.
Time dependent and modulated spectral dependent surface photovoltage
(SPV) measurements [3] were performed in the fixed capacitor arrangement
with a mica spacer (thickness ~ 30 um) between the sample and the reference
(SnO.:F on a quartz cylinder) electrodes. Excitation was performed with a
halogen lamp and a quartz prism monochromator (SPM) for spectral
dependent measurements and with a tunable pulsed Nd:YAG laser for time
dependent measurements. Measurements were performed in two regimes in-
phase and phase-shifted by 90°. In-phase means that the signals follow the
modulation period (fast processes), while phase-shifted by 90° means that the
signals are strongly retarded in relation to the modulation period (slow
processes); the modulation frequency was 5 Hz.

The CZTS thin films were prepared on
ITO/glass substrates by spray pyrolysis
at ambient atmosphere from aqueous
solutions of metal salts (CuCl, Zn
(O,CCHz3),, SnCl,) and thiourea (SC(NH,)
») [1,2] at temperatures between 350 and
410 °C. At the next step the CZTS films
were converted into CZTSSe films by
subsequent selenization with elemental
selenium in evacuated quartz ampoules
at 525 °C for 30 min.

(CZTSSe) thin films prepared on ITO/glass substrates by
spray pyrolysis at ambient atmosphere from aqueous solutions
and subsequent selenization of Cu,ZnSnS, (CZTS) layers.
The morphology, stoichiometry and phases of the crystalline
thin films were studied by scanning electron microscopy
(SEM), energy dispersive x-ray analysis (EDX) and x-ray
diffraction (XRD), respectively.

Physical properties
Morphology by SEM: R r e e ‘
* Film thickness of about 0.5 um - -
« Maximum crystallites size of ~200 nm I .

Structure by XRD:
 Most of the XRD peaks assigned to kesterite type CZTSSe phases
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(space group 14).
 Lattice constants of the main kesterite type phase calculated by using Le
; : Bail refinement: a=5.502 A, ¢ = 10.971 A . :
« The Cu,.4S secondary phase is present through the whole thin film E L y
* SnSe secondary phase is present at the top of the absorber layer ’

Intensity [arb. u.]

Composition by EDX: H rmemstarailiiiniviatraacriing this A hotretehe s
e Cu:Zn:Sn:S:Se=244:19.8:10.6:33.2:12.0 (all values in at.%)
 Cu/(Zn+Sn) = 0.80; (S+Se)/Metals = 0.82; Se/(S+Se) = 0.27

Electronic properties
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* Modulated SPV spectra set on at about 1.5 eV = The _ _
absorber band gap Eg = 15eV I agv1e(;ages |n-p.hase phase;shlfted by 90°

* A shoulder in the spectrum of the modulated in-phase SPV 100 . -
signals around 2.4 eV is a signature for the onset of the 1000 ' :
process leading to charge separation with the opposite sign.

 SPV signals derived from the maximum of transients appear
at photon energies below the E,czrsse and are temperature
dependent

 SPV signals derived from transients at 100 us appear only
at photon energies larger than Eg.czrsse

and - . o
Temperature dependent measurements demonstrate the ' s 0 00% ae

presence of a broad spectrum of electronic states which can ‘ -
be excited from the near IR to the range of the E, czrsse -10 -
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* Depth-dependent

charge
separation processes o
* Excitations < 370 nm: electrons separate towards
the surface

generation
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* Excitation range 370-1500 nm: holes separate

towards the surface .
* Two decay regions of the SPV signals point to two

different competitive recombination processes

. : 0.5
Comparison between slow and fast scans gives the

evidence for persistent processes in modulated charge
separation

Conclusions
The CZTSSe thin-films prepared by selenization of the spray pyrolysis deposited CZTS layers show mostly kesterite type CZTSSe phases

The as-prepared CZTSSe layers are Cu-poor and contain Cu,.,S and SnSe secondary phases
The onset energy of 1.5 eV observed in the SPV spectra corresponds to the band gap of the CZTSSe with about 25 % of Se content
The transition at 1.0 eV can be attributed to the SnSe secondary phase with an indirect band gap of 0.90 eV
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Motivation Results - In situ monitoring of secondary phases and CZTS synthesis

P Red shift up to 400/450°

o Kesterite (Cu,ZnSnS,) is an interesting material for solar cells; it has Monitoring of secondary phases Identification of Cu>SNS- is . .

a high absorption coefficent, suitable bandgap and earth abundant . | O°2C ’ 2] 3

constituents. ° Malnbmoge of ZQS at 319 Ocong-1 possible up to 55 e a2 202 "¢
e As a complex quaternary compound it has a small single phase regi- can be observed up to 49 A BT Em{ 2905

on and outside this region secondary phases are formed. zns cTs W A=532nm crs g 3% g
e Optimization of process parameters and process monitoring is requi- ﬁ‘j Mo 5 288 5

red to identify point of formation of CZTS and reduce its decomposi- ,_\ | Glass . —— e

tion and formation and loss of volatile secondary phases such as s | s Temperature (° C)

Sn,Sy and Zns. s : 7 = :C Recrystallization of film
e Raman spectroscopy has proven to be a valuable technique for pha- 2 | = g — s

se identification of secondary phases and other compound semi- = — e e || 0 | s

conductors. j — 252 Z
e Most CZTS fabrication processes involve an annealing step. A tem- 200 400 600 800 1000 1200 1400 1600 nal e i 3

perature dependent insitu Raman spectroscopy study is performed Raman shift (cm") 200 500 400 900 B0 o g

to mimic real annealing conditions. Raman shit {cm ) =

Monitoring of CZTS synthesis from ZnS/CTS stack
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e Inert atmosphere: Nitrogen is introduced Zns_soon S N Glass i 2e oo 3s s 3 a0
e Raman: Backscatter configuration R > SR Raman shift (cnt)
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Results - Ex situ characterization on secondary phases
1. Phase evolution and identification of = i GIXRD 05" - Cu,Sin S,
: 0 Mo
prominent secondary phases ZnS and Glass Glass R ~
CTS 350 ﬁaéi;’);nv:‘lavelength ;;
e Dominant phase Cu,SnS; 291,,3%9 325nm z
First, the secondary phases ZnS and CTS, that commonly appear in e Minor structures of other CTS phases =/ 2 o g
CZTS films, have been prepared by coevaporation and are observed s LSl | B
characterized ex situ by GIXRD 0.5° and Raman spectroscopy. The ‘% e .
temperature dependent evolution of the Raman spectra have been £ e O e
StUdied Up tO 5500C Cu4SnS4Orthor_|l]r(i)Crﬂﬁ:E .
Cu,SnS; Cubic : |
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2. CZTS formation from stacked ZnS/CTS S ) Raman shit (cm") 2 theta ()
film Mo Mo
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Excitation wavelength Zinc Sulfide
< N o fi . o . t e Dominant phase cubic ZnS o I ~
econdaly, a stacked 1iim was created by sputtering a £ns fayer on top Resonant enhancement of vibrational 286 — ;
of the CTS film. Two different thicknesses of ZnS were studied; 100 nm ’ mode where photon energy coincides 3 [ Glass | %
and 300 nm. Thickness of the ZnS layer was confirmed with a Dektak with bandgap energy = 5
reference measurement of a ZnS layer sputtered on Molybdenum in s -
the same run. The stacked layer was heated upto 550°C to study the B 697 o
formation of CZTS. 1044 Cubic o
Hexagonal . | |
Expected observations 200 400 600 800 1000 1200  Rhombohedral . L
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Temperature changes could induce structural changes in the material
due to recrystallization, diffusion of elements and evaporation. /Conclusion \
Linewidth broadening and peak red shift in the Raman signal were
explained by Balkanski (1983) by a model of a damped harmonic
oscillator that included contributions from thermal expansion and
phonon coupling.

In situ phase identification at high process temperatures is possible with Raman spectroscopy
ZnS up to 450°C
. CTS up to 550°C
. Formation of CZTS from ZnS/CTS stack occurs around 450°C
\ CZTS main A-mode can be monitored in situ at 550°C /
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Impurities in Chalcopyrite Photovoltaic: Changing
the perception from an absolute to a relative and &z
cost efficiency perspective I

Motivation:
The basic intension of the presented research action is to overcome resource-economic bottlenecks of the further technological

development and market rollout of CIGS PV Products. The envisaged approach to overcome these bottlenecks is to find
possibilities to use precursor material with element specific purity levels. This approach followed the idea that knowing the
impurities elements which have a substantial influence on the device characteristic allows to modified recycling and cleaning
processes of precursor material which focused on impurities elements with substantial influence.

Background:

At the beginning of the research action it could be shown that marketable precursor material includes multiplicity of impurity
elements [1]. Furthermore it has shown that impurity profiles of the target are nearly complete transferred to the substrate with
some concentration effects while using evaporation deposition. [2]. As a preliminary result it could be shown that the purity of the
Indium target has only a small influence on the efficiency of the prepared solar cells. That means using high purity material does
not lead automatically to an improvement of the cell efficiency in the same dimension.

Some impurities like Fe are well known to severely deteriorate the efficiency of chalcopyrite devices when contained in the
absorber material in relevant concentrations. In opposition to that, possible impurity elements like Na, Ka or Sb are known to
improve the device properties by improving the crystalline structure of the absorber.

To explore the specific influence of the individual impurity element on the device characteristic deliberate impurities have been
iIntroduced to the precursor. These artificial contaminations of the precursor were realized by ILGAR-Technique which allowed a
coating with the dissolved impurities.

13

[] - t1h trati £ . | h Il effic & 1x 10mM CrCI3+EtOH+H2S
nriuence ot the concentrationo |mpur|tyeements on the celle Iciency @ 3x 10mM CrCI3+EtOH+H2S

Expe rl me ntal . 12 ® 1x 20mM Ag(hfacac)+EtOH (Ag NP)

Several impurities Impurity free @ 3x 20mM Ag(hfacac)+EtOH (Ag NP)
elements were 11 @ Al @ 1x 20mM Al(acac)3+EtOH+5%H20

applied in different O @ 3x 20mM Al(acac)3+EtOH+5%H20
concentration on the ] © 1x 20mM BiCI3+EtOH+H2S

O 3x 20mM BiCI3+EtOH+H2S
preCUFSOr Surface by . © 1x 20mM FeCI3+EtOH+H2S

ILGAR deposition. i © 3x 20mM FeCI3+EtOH+H2S
@ 1x 20mM MgCI2.6H20+EtOH+H2S
@ 3x 20mM MgCl2.6H20+EtOH+H2S
& 1x 20mM MnCI2.3H20+EtOH+H2S
@® 3x 20mM MnCI2.3H20+EtOH+H2S
@ 1x 20mM NiCIO4+EtOH+H2S
@ 3x 20mM NiClO4+EtOH+H2S
& 1x 20mM SbCI3+EtOH+H2S
O 3x 20mM SbCI3+EtOH+H2S
® 1x 20mM SnCl2.2H20+EtOH+H2S
@ 3x 20mM SnCI2.2H20+EtOH+H2S
& 1x 20mM V205+EtOH+H2S
®3x 20mM V205+EtOH+H2S
© 1x 20mM YCI2.6H20+EtOH+H2S
O3x 20mM YCI2.6H20+EtOH+H2S
O © 1x 20mM Zn(acac)3+EtOH+H2S

: O 3x 20mM Zn(acac)3+EtOH+H2S
© 1x 60mM Pb(Cl04)2.xH20+EtOH+H2S

@ 3x 60mM Pb(ClO4)2.xH20+EtOH+H2S

0 & 1x TiO2
@3xTiO2

Conclusion and Outlook:

As a result of this work information about the specific influence of impurity elements in indium precursor material can be given.

It can be shown that some impurities elements have a significant higher influence on the cell performance than other.
Furthermore it seems that the achievable improvement of cell efficiency does not fully justify the higher cost of high purity indium.
Lowering the overall purity of the precursor material and sparpen the element specific purity can have a significant contribution
on reduction the manufacturing costs of CIGS-PV.
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Process and Quality Control of
Cu(ln,Ga)Se, Co-Evaporation via White Light Reflectometry

MOTIVATION EXPERIMENTAL SETUP

Optical process analysis becomes an increasingly important area for the deposition of complex semiconductor al-
loys like Cu(ln,Ga)Se;. It allows a better understanding as well as better control of the semiconductor growth. Here substrate heater
we present an optical analysis technique, which is capable of providing in-situ data about deposition rate, rough-

substrate

ness, band gap as well as Urbach energy. Additionally we used energy dispersive X-ray diffraction to correlate the X-ray |
obtained optical properties to the structural properties, like roughness and crystalline phase transitions [1][2]. 1 11 Eoxap
PROCESS CONTROL 100 -
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ted with the refractive index as a fitting parameter. @ \ V/ Fig.3: Schematic drawing of the PVD chamber and the in-situ
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Fig.5: The surface roughness in comparison to the dominant
Fig.2: Optical and structural properties obtained in real time by in-situ white light reflection (WLR) and EDXRD/ XRD peak intensities.. The changes '” roughness can be well cor-
XRF during a multi-stage deposition process of Cu(ln,Ga)Se;. In the first and third stage In-Ga-Se is deposited related to the crystalline phase transitions.
and in the second stage Cu and Se.
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CONCLUSION AND OUTLOOK 3
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A method is presented that is capable of providing in-situ data about the growth rate, roughness, band gap
energy as well as Urbach energy during thermal co-evaporation of CIGSe thin films.

The film roughness indicates the crystalline phase development in the bulk, as well as indirectly the sec-
ondary phases on the surface.

[
10 15 20 25
Cu Concentration / %

The measurement of the minimum band gap energy during the process enables the control over the final
minimum band gap energy by controlling the gallium flux during stage 2.

Fig.6: Urbach energy and minimum band gap plotted versus the
Cu concentration in the growing film. The Urbach energy is mini-
mized during the Cu-rich phase at a Cu concentration above 25%.

The dip in the Urbach energy during the third stage may open new pathways for future improvement of ab-
sorber quality.
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Temperature dependence of the opto-electronic and structural properties of
e MgAQgs;-MoO3;,, system as recombination zone in tandem organic solar cells
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Abstract Experimental
¢ High efficiency tandem organic solar cells require efficient recombination zones for the series Thin-film Preparation
connection of thier individual sub-cells. . Zinc phthalocyanine (ZnPc) and Cg layers by organic vapour phase deposition (OVPD) **!
¢ Temperature induced changes in work function and structure have been investigated by Kelvin . MoOs. as hole transport layer by PVD in high vacuum (~10" mbar)
probe force microscopy and Raman spectroscopy. . Mg:Ag layers by physical vapour deposition e L W
¢ Surface properties of MgAgs;-MoOs., system are correlated with variation of MoO3 characteristics . Carrier gas: N, N; i [MT-Q (!Tanfe]:
depending on annealing temperature. OVPD Method - Reactor pressure p: 0.6 mbar Source | o o e R
. Substrate temperature T: 151°C MFC-source | \
. . . . N-— ——1 | Mask alignment stage \
Motivation Characterization T —— 4
Tandem OPV device | | & MgAgs-MoO,., intermediate layer . Electric and photoelectric properties cz)f OPVs by |-V measurements in
¢ Band alignment olll‘vﬁ_andem device| Mg:Ag (1:3 thickness ratio) the dark and illumination (100 mW/cm~ (Ha-Lamp), 25°C), external quantum efficiency (EQE)
— - Ohmic contact to Ceg . Work function by ultra high vacuum Kelvin probe force microscopy (UHV-KPFM (~107"° mbar))
. = o - Blocking contact to ZnPc . Raman spectroscopy, X-ray photoemission spectroscopy
Back N o, g 9 - Proper work function as a cathode :
Cell - SETIN 35 MoO Ultra high vacuum (UHV) KPFM
O O o — o 3.7 ) 3X Position
© . 0 g 37 %— % - Hole t rt | 5] Sensitive — High-pass filter h | LockinAmp. | )
Front | = e s -‘h LS g A0 o' HAnsPo _ayer Deteclor | ronpass T Aamp._ 8 11, Work function of the sample measured by KPFM
Cell PEDOT:PSS E 5.0 N o 5.3 592 N %T ¢ Interface anaIySIS: | aser (—:B—i— Low-pass fiiter h LC::::AQG (D — (D .+ eV
_ITO s 5.2 i = | Morphology and electronic properties X / Ampiitude Controller sample P crb o
Glass S:J related to device characteristics ‘\“ .""' ,_L-—\ i | Z controller (e: elementary charge, V.., :contact potential difference )
6.2 6.2 \& |pPiezol, N :
: Light ° Hfi%hest OdC%u%eq: rEoIefcuIarlgrl?it?I; (HOMO) and lowest occupied molecular orbitals (LUMO) Tipuv:—;lmslaﬁc el . Sample trans1|30rt from N filled glove box to UHV
o and ZnPc taken from Ref |1,2]. orce Ve — < Kelvin controlier — ~ 10 ' '
of o0 D o taken from Re Fgef []3]_ Sa,mp,'(iF_1 | KPFM (~ 10"~ mbar) without air exposure
Electronic properties of MgAQgs3-MoO3, system Optimization of Recombination Zone

¢ ITO/PEDOT:PSS /60 nm ZnPc:Cgo/ 10 nm Cgo/ 0.8 N MgAQds - 3 Nm M0oOs3 PV Parameters of organic tandem solar cells
Variation of MoOs;., thickness

As-prepared .
. breb EEE . at fixed 0.8 nm MgAQs; MgAgs MoOsx| Voc Jsc FF Eff
“ Surface Work function (eV) __900F 1 A A E (nm) (nm) (mV)  (mA/cm?) (%) (%)
materials i : 5 : 0.8 ) 790 5.61 39.0 1.7
As-prepared | Annealed 0 5 390 10.38 386 1.6
Cso 445 + 0.01 4.54 + 0.01 0.8 3 810 6.88 39.0 2.2
0.8 0 600 5.90 37.9 1.3
MgAg; 4.23 + 0.01 4.03 = 0.01 Cront 430 9.66 358 e
. MoOs 4.83 +0.01 5.21 £ 0.01 Back 440 10.26 39.9 1.8
Topography MgAgs;-MoO3,| 4.83 £ 0.01 5.21 £ 0.01 Maximum Eff. and Voc
Annealed at 150°C. 30min = 2.2% and 810 mV with optimized recombination

zone (close to the sum of Voc-s of the front and

back cells)
Recombination zone with single material
= MoQOs3 only: does NOT function as recombination zone
= MgAg; only: acts as recombination zone, but not optimized
Appropriate work function and band alignment EQE (Jsc) of the tandem device is nearly half of the reference
“ﬂ. s 0.00 nm | for the recombination zone due to reduced light intensity in the back cell and not optimized
Topography Work Function MoO,_ thickness (nm) absorber positions in the optical field across the device.

10.79nm 526 v . Annealing process conducted under the same
2 conditions as the OVPD process for tandem

. cell preparation

Investigating local morphology features and

electronic properties by UHV-KPFM

o

LI

Physical properties of MoOs,

Structural properties Raman analysis
¢ ITO/ 15 nm MoOs, ¢ ITO /200 nm MoQg3,

1 | | | Reference 'measurement

Electronic properties Temperature induced
KPEM analysis work function change

921 G2 ‘. o
¢ ITO/ 15 nm MoQs_, = Q 8 8
O 0 9 — S = =S
— ; ﬂ —_ ] [ [
As-prepared - =) = 0 QU QU Q
: = : o - = C
- - 20.33nm —~ Q , S
- - > o Q 5 . 300°C
| Py ?35 8 & N 275°C
'.% S 4? _B’ x0.5
c o L » 250°C
=) =) GCJ L S koS
Y T e As-prepared e 20°
S = 17O Q = "‘W ol |
; U As-prepared
Q ' ! ' ! ' ! ' ' ' ' ' ' ! | ! | ! | | ! | !
600 700 800 900 1000 1100
5 20 100 150 200 250 300 | . 600 700 800 | 900 . 1000 1100
x Mo 0.00 nm Temperature (°C) Raman Shift (cm™) Raman Shift (cm™)
Topography Work Function Crystallization of MoOs.,

 Temperature induces work function increase

Annealed at 300°C, 30min = regardless of the substrate. * The broad signal from 800 to 1020 cm™ is related to the MoOj; frame.!°!

* Increase of Raman band at 917, 935, 921, 918, 930 cm indicates crystallization by
annealing above 250°C.

XPS analysis » Evolution of Raman band at ~921 cm™ indicates increasing degree of crystallinity of
Oxygen vacancies are created by annealing 15 nm MoOs., films above 250°C.
Mo°®" (30°C) — Mo”*/Mo™** (310°C). * Increase of Raman line width:
= Oxygen vacancies can influence probably formation of nano-crystallinities in amorphous matrix and/or strain
Work Function work function and distort the structure.!”’ induced distortion of crystal structure.”
Conclusion

The efficient 0.8 nm MgAgs-3 nm MoOs, recombination zone for tandem solar cell has been studied by KPFM for surface morphology and work function.
Suitable band alignment in tandem organic device has been proved at the interface of recombination zone.

Temperature induced change in the electronic and structural of MgAgs;-MoO3s, has been investigated, which is related to MoOs properties.

« MoOs, shows structural changes after annealing over 250°C, which is correlated with the work function change of the layer and chemical composition.
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Influence of HOOC(CH,),NH;l on phase formation,
morphology and electronic properties in the solution
processed CH;NH;Pbl; / CH;NH;PbCI,; system

Motivation and samples Role of the concentration of AVA

preparation route of CH;NH;Pbl; (MAPbI;) for high-efficiency solar cells

preparation from a solution containing CH;NH;l (MAI) and PhCl, in a mole ratio of 3:1

formation of closed layers
of MAPbI3 on np-TiO2 for
relatively large
concentrations of AVAI in
the precuros solution

separation of CH;NH;PbCl; (MAPbCI;) induced by adding HOOC(CH,),NH;! (AVAI) to
the precursor solution.

closed films on ultra-thin np-TiO, with large crystallized regions and low density of
defects in MAPbI,

®
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PL analysis
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dependence of band gap
on annealing

EDX Analysis
GIXRD analysis
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(,(110) MAPB

(100) MAPCI,
1

f (:co) MAPLCI,

; S — ad
\\f:r::/ﬁ\_ﬁw iz

A g ]

mmmm"“
05%

Intensity (counts)

Intensity (arb. unit)

16 20 z;; g'g 1'2 1'3 GIXRD patterns. See for more details: P.
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Al-DOPED ZnO NANOSTRUCTURED ELECTRODES FOR SMALL MOLECULE ORGANIC SOLAR

CELLS
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Motivation and Approach

The application of nanostructured transparent conductive oxide (TCO) electrodes to organic solar cells (OSCs) is motivated by the creation of effective pathways for charge carriers and the need
of an increased optical thickness. In this work we focus on optimizing the conductivity of applied ZnO-nanorods (ZnO-NR) prepared by electrochemical deposition onto ITO substrates covered
with a sputtered ZnO-seed layer (ZnO-SL). We investigate the effect of Al incorporation into the ZnO-NRs and the sputtered ZnO-SLs on the morphology and the composition and correlate their
physical properties with the photovoltaic (PV) parameters of solar cells with Cgo/ZnPc:Cgg active layer stacks on top of the nanostructures. To achieve Al incorporation into the ZnO-NRs during
electrochemical deposition from aqueous solution, Al(NO3); was added to the solution in varied concentrations. ZnO-SLs were Al doped during sputtering process from an ZnO:Al target.

Experimental
100 nm Ag Preparation: Characterisation:
10 nm MoO3 . Zn0O, ZnO:Al (2 wt% Al,O5 in sputter target) seeding layer (SL) by . Film morphology by scanning electron microscopy (SEM)
rf-sputtering . Al:Zn ratio by laser-induced breakdown spectroscopy
I I I I I I I I I I . ZnO nanorods (ZnO-NRs) by electrochemical deposition at 75 °C' (LIBS) and X-ray photoelectron spectroscopy (XPS)
& —30+01 oV - aqueous solution for ZnO-NR growth: 5 mM Zn(NO3); . Al content of ZnO nanostructures by energy dispersive
ZnO-NRs ZnO-NR = 9.9 = L. - Al incorporation: 0...15 uM AI(NO3); X-ray spectroscopy (EDX)
ZnO-SL - deposition time: 400 s . Electric and photoelectric propertles of OSCs by
TO . Ceo and ZnPc:Cy, layers by organic vapour phase deposition (OVPD) 4 J-V measurements [100 mW/cm? (Ha-Lamp), 25°C]
. 50 nm Cq . MoO; as hole transport layer by PVD in high vacuum (~107" mbar)
glass 80 nm ZnPc:Cyy Ag back contact by PVD in high vacuum (~10" mbar)
Morphology of 1-ZnO nanostructures Morphology of ZnO(Al) nanostructures

‘ -y p .
p 3

p. time: 400 s, 0 uM AI(NO3)3 | dep. time: 400 s, 5 yM AI(NO3); | dep. time: 6000 s, 15 M AI(NO3)3

&

Bol A P P s

E )Y 5 f’ 3 | «%
37/ SN N
B P I T\
e = e o Sl 5 EAN S Y. el A,
* NR diameter adjustable: 50-250 nm « Addition of AI(NO3); to solution — growth of “nanosheets™ with larger height
* NR length adjustable: 100-2000 nm  Number of ,nanosheets” depends on Al(NO3); concentration
Al content in ZnO nanostructures and sputtered ZnO:Al films
035 1200
) _n — sputtered ZnO:Al (2 w% ALO,)
0.30 - PP — ZnO-NR (0 uM AI(NO,),)
% I I - \\ \ 1000 — ZnO(AI)-NR (30 uM AI(NO,),)
N - \ 0
< 0.20 o \ I=
é 0.15—- \\\ :_:::800—
@ 10- ‘. c nanorod nanosheet
0 L " 01 Al 2p ,
0.00 —
sputtered ZnO:Al ZnO(Al)- NR ZnO-NR A I S A ISR Qle(y(;?r)]%-_gosogl\g
(35uM AI(NO,),) binding energy (eV) ' '
LIBS: XPS: EDX on ZnO(Al) nanostructures:
» Al content in ZnO(AIl)-NRs higher than in sputtered ZnO:Al layers « ZnO(Al)-NRs prepared with reduced Al precursor concentration « Nanosheets contain both Al and Zn
* Al content of Al free prepared ZnO-NRs approx. one order of « Al 2p intensity higher than that of sputtered ZnO:Al films * Nanorods contain mainly Zn
magnitude lower

Al treated ZnO-NRs on ZnO-SLs ZnO-SLs vs. ZnO:Al-SLs
o AI(NOs);-conc.| R T W zoSL || .
450 4 . 10 - u n " u ( ?;)&)CO“C (Q XS;mZ) 450 © O zZnO:AI-SL R ] o o
‘ésso__ o u E _ 0 3766 "8400- (.) E - - u -
> 300 3 6- > 1 u = 3 " B ZnO-SL
250 - - 5 87 350 - > 9'5__ O ZEO:Al-SL
J = e [ = W zosL [ "B z0s
. 25 - 10 99 50'_ O zZnO:Al-SL 2'5'_ - o (-) gng:ill:SL
;\; 40_: = - :\g 2.0-_ 15 83 :\o\ 45- o) . ;\; 2.0- o
oo m = 15 - - L m m = 18 n .
LL 304 L | LL L ]
25: 1.0 S 35 4 - 1.0 4
: ;\I(NOB)3 (pl\/]; " 0 :Z\I(NO?))3 (pl\/;; " 0 fA\l(Noa)3 (|.J|\/|1)0 ) : ,SA\I(NO3)3 (|..I|\/|1)0 )
 ZnO(AI)-NRs: reduced Voc, FF and Eff compared to Al free prepared ZnO-NRs * ZnO:Al-SL: improved PV parameters compared to ZnO-SL
« Formed ,nanosheets“ might cause shunting of the photovoltaic device — reduced Rg;, due to higher conductivity of the Al doped SL
Conclusion

Formation of additional “nanosheets” during electrodeposition of ZnO nanostructures in the presence of an Al precursor with larger height than ZnO-NRs
Incorporation of Al in nanostructures demonstrated, however a preferential accumulation in the “nanosheets” is observed

Reduced performance of solar cells prepared on ZnO(Al) nanostructures, probably due to shunting of the photovoltaic device by the “nanosheets”
Insertion of an Al doped ZnO-SL improves the device performance compared to undoped ZnO-SL
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Emitter patterning for IBC-SHJ cells using laser hard mask writing and self-aligning
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N [ N
Summary Motivation and Background
. Alaser-based emitter/absorber patterning method for IBCSH) cells is presented . Rear-contacted a-Si:H/c-Si heterojunction (SHJ) cells allow to combine high voltage
Key features: and high short circuit current densities [1-5].
single step laser patterning Rear-contacted cell concepts however require patterning steps—usually separate
contact-free patterning steps for emitter and absorber are used.
lithography-free . Standard photolithography is too costly for production processes.
. gap-free repassivation Laser patterning is increasingly adopted in the PV industry e.g. for contact firing
self-aligned contact layer deposition [6], and for patterning of emitter and BSF areas separately [7].
sacrificial hard mask required - Develop a fast and simple emitter patterning process for IBC-SHJ cells
\\§ J
Proof-of-concept cells show Vo up to 665mV,
FF is Roc-limited (metalization w. lithography) / \
\_ ) Proof-of-concept cell
( . SifSi0. T scribing \ . Cell design: 1cm?, pitch 600um,
Patterning process scheme S N P .
i-,p-asi | 90% emitter coverage
Full area deposition of Emitter, FSF, and hard Bl 1 Laser line (width 60 micron) per finger
mask stack I, neaSi . Lithographic patterning of ITO/Ag con-
wet etch
Laser scribing of absorber contact area tacts
Here: each finger consists of a single scribe line - PLimage after metalization
n-cSi
(355nm ps laser, flat top profile) |
Wet chemical etch sequence to PECVD
Fully open the laser scribed area 20 10
SIS SS— 5
Emitter removal = ::
an
Damage etch sl L i
Full area deposition of BSF § 2 #05 -
wet etch 15 0.4
Lift-off etch to remove mask - e
5 02
n-cSi & 01
\ / 0o o1 0z 03 [T 05 06 o7 L
v 300 400 500 600 VOO 800 900 1000 1100 1200
. Voc 620mV, FF, 58%, pFF 74% . e 33.2 mA/cm2 determined from EQE
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Modifying the Sulfur Gradient in Sequentially Processed CIGSe Absorber under
Atmospheric Pressure Using Elemental Chalcogenides
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Motivation 5 Current world record by ZSW » L8 ]
—217% s | o ‘
. . . . . . . . . — 208 % 4 £10 N
 Designing band gap profile is crucial for high efficiencies [1][2]. _ 40} |
: _— 3 ’ ol B N i v
 |n sequentially processed thin-film CIGSe absorbers Ga tends to accumulate at back contact. g . oo Npe
e To adjust interface near band gap, S is incorporated in sequentially deposited CIGSe absorbers O E =1.16eV vor “
—> Sulfurization after Selenization ,SAS” 20/ ey -
 First tests: SAS of complete absorbers lead to agglomeration of S at back contact and no 00 0T I TR 20 25 R SR .
possibility to influence S-depth profile d(CIGS) (um) o | w0 20 3w e 5w
. . . . . . . ime [s]
e Solution: less aggressive sulfurizations requires unfinished absorbers to get a decent amount of | | ' o
. . . . . Example of GGI (= band gap) of recent record solar cell by ZSW First experiments at PVcomB about sulfurization of
sulfur in the absorber = Sulfurization of partlally selenized absorber show increasing band gap to the absorber front [1] complete CIGSe absorbers at 580 °C showed
significant accumulation of sulfur at the back contact
(at 350 s sputter time in shown GDOES depth profile)
Sulfurization of partially selenized CIGSe absorbers Composition and depth profiles

T

Sample

0,6
A

Pat 30-41
o A O
; 30-56 i i

XbB>

 Procedure:
1. Sputtering of Mo/CIG on glass
2. Partial selenization
3. XRF measurement =2 Se content 0,4
4. Sulfurization
5. XRF measurement = S/(S+Se)
6. GDOES measurement = Depth profiles

Soak (Se)

—I 11

Direct cooling

—+
wm
o

— N0

— N3

5

Indirect cooling

S/(S+Se) after SAS
o
w

0,2

e Variations:

- Sulfurization after Selenization — 01

Teo [°C] Temperature of Selenium soak 360 — 580

Te. [°C] Temperature of Selenium source 350 - 420 Eq u | p me nt . 0,0

teo [Min] Duration of Selenium soak 1-30 : .- : . 30 32 34 36 38 40 42 44 46 48 >0 >2 >4

= e |ndustrial like in-line RTP furnace Se before SAS [at%]

Te, [°C] Temperature of Sulfur soak 450 - 580 by Smit Thermal SOI utions \ I I I

T Ul GG GFDEEIES 190-210 Selenization/Sulfurization in N, atmosphere at [ [ [

ts, [Min] Duration of Sulfur Soak 1-20 atmOSpheriC pressure | I [1]
Elemental chalcogen sources Sulfur concentration in finished CIGSSe absorbers versus Se concentration before sulfurization

and selected GDOES depth profiles of resulting CIGSSe (each color of ID corresponds to one set
of sulfurization parameters) with different intervals of Se concentration (see table below)

Sulfur amount and $ depth profile -M

0.9 s/(S+Se) 14 14

o | - Y1 swengh | " : <47 Only little S amount decreases nearly linear from
£ gi Strength _E:is , Strength 08 f Seleniz. [
Sos | ofen o | e | 500, Of selentz _ T om influence on S front contact to back contact
os %ﬁ | o i 3 4 o4 profile  Similar sulfurizations get similar S/(S+Se)
" | . 6 47 0,22 .
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 100 . 9 49 011 I I 47 - 51 PrOflle ~ FrOm Steep tO flat
Time [s] Time [s] Time [s ’ . . .
GDOES depth profiles of CIGSSe for differnet SAS Example of GDOES depth profiles and XRF results of CIGSSe for adJUStabIe ° S/(S+S€) Smal er Wlth INCreasing Se content
(Variation: T, Ts, te, ) Left/Right: Different selenizations different Selenizations (Variation: duration of Se-soak Constant: of pa rtiaIIy selenized absorbers
Teop Tser SAS)
. . — . . : [l >51 Only little S e Aggressive Sulfurization necessar
S amount is adjusted by sulfurization settings  * S profile and incorporated amount . v . 52 : v
incorporation e Agglomeration of S at back contact

Nearly no influence on shape of S profile depends on Se content after
by SAS setting selenization

=
]

Influence on IV CharaCteriStiC 22 g 1.0 15 3 Conclusion and outlook Desired influence on S depth profile:
£, £ 06 133 Adjustment of S amount
2 o D § Our experiments point towards a AEJHSTmERt ©F 5 amou
02 & S/(S+Se) = 0.59 £ - Sulfurization settings
520~ T —— o . o2 i Bromlsmg way to control the surface near
S 500 L % —- ? 0.9 _/ 000 2w 300400 500 0100 20 3000000 and gap profti ile via mcorporatlon of
£ 430 L X N WP s elemental sulfur during our sequential in- \_
S 460 J : | g 3 line absorber formation in N, atmosphere \
440 ' 1T HE E | sfisiseizot0 | B under ambient pressure
_ T 0.6~ 0.2 2z " < E
12— — ? - 1 Wwosl — 0.0 gz 1; : Distance from interface
E 10° 1 x ol o 0 200 20 am 50 o 10 20 30w s Further challenges:
Log{ o~ T : L . L , 10 s 3 e Shift resulting band gap minimum
1 il il *“g”gi E 0| s/(s+se)=0.18 - further to absorber surface [5] Adjustment of S profile
—_— 02 — 526 mV ) s E 0. 12 & . . 4 =2 Selenization settings
T 4 « o — 480mV | = 11 B e Change Ga gradient during
o 107 no Sulfurization 0.0 0.0 1.0 . .
E - : ool T A inosdiumaren N dag T T sequentially absorber formation
O 6- < T 400 600 800 1000 1200 1400 Time [s] Time [s] ] ] ]
8 1 1 = = | —~ Wavelength [nm] 4 —n —ca orse e Avoid chalcogenization of back K
e 24 % o — — . . . ¢ ——Mo ——RNa ——G/GlIn
1= | | | | EQE spectra of samples out of different selenization . o [oV] contact S
0 1 3 5 8 and sulfurization experiments with given open circuit . .
t_Sul [min] voltage of the respective cell GDOES depth profiles and estimation of band gap * Adjus’Fment of buffer and i:Zn0 to Distance from interface
using total composition (XRF), depth profiles (GDOES) sulfurized absorbers
IV results for different selenizations and sulfurizations CIGSe . : .
and formula for Eg™%(Ga, S) from [3] * Investigation of role of alkali metals

(ts,, = O was baseline reference without sulfurization)
Selenization settings chosen to achieve different S

profiles * E,,,can beincreased by increasing S/(S+Se) ...
Nominal DeSIred S- se|em Resultin ® [ ] [1] PJackson, D.Hariskos, R.Wuerz, O.Kiowski, A.Bauer, T.M.FriedImeier, M.Powalla; Properties of Cu(In,Ga)Se, solar cells with new record
Se% before S/(S+Se)gfor t1 oo yet n Ot das muc h as expeCted 4 REfe rences efficiencies up to 21.7%; (2015); physica status solidi (RRL) - Rapid Research Letters Volume 9, Issue 1, pages 28-31
. . . e e [2] T.Hara, T.Maekawa, S.Minoura, Y.Sago, S.Niki, H.Fujiwara; Quantitative Assessment of Optical Gain and Loss in Submicron-Textured
SAS [at%] and t2 e Constant profile helps increasing minimum band gap Cull, . GaxSe, Solar Cells Fabricated by Three-Stage Coevaporation; (2014) Phys. Rev: Applied 2, 034012
47.4 Steep 5 min at 1 min: 0.06 . . . [3] M. Bar, W. Bohne, J. Rohrich, E. Strub, S. Lindner, M. C. Lux-Steiner, Ch.-H. Fischer, T. P. Niesen, F. Karg; Determination of the band gap depth
400°C 5 min: 0.13 o I ncregse d S/( S+Se ) | ea d S tO h |g h er seria | resi Sta nce profile of the penternary Cu(In,,_,,Gay)(S,Se;_y), chalcopyrite from its composition gradient; (2004) J. Appl. Phys. 96, 3857
[4] M.Turcu, I.M.Kétschau, U.Rau; Composition dependence of defect energies and band alignments in the Cu (In,,Ga,)(Se; S ), alloy system
50.0 Flat 10 min at 3 min: 0.12 ( 1 ?) (2002) Journal of applied physics, 91, 1391-1399.
450°C 8 min: 0.20 ba Ck CO nta Ct ba rrle r ‘ [5] M. Gloeckler , J.R. Sites. Band-gap grading in Cu(In,Ga)Se, solar cells. Journal of Physics and Chemistry of Solids, Volume 66, Issue 11,

November 2005, Pages 1891-1894
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Characterization of CZTS films grown using vacuum and solution based
methods, through UPS, XPS and XANES measurements

G. Gordillo!, R. A. Becerral, S. D. Cruz?, C. L. Calderon?, P B. Perez3, E.A. Ramirez!, |l. Lauermann?

' Grupo de Materiales Semiconductores y Energia Solar, Universidad Nacional de Colombia, Bogota, Colombia
2Facultad de Ciencias Fisico Matematicas, Universidad Autonoma de Nuevo Ledn, Monterrey, México
3 Departamento de Fisica Aplicada, CINVESTAV-IPN, Mérida, Yuc., México

HZB 4 Helmholtz Zentrum Berlin fiir Materialien und Energie
Helmholtz

Zentrum Berlin Email: ggordillo@unal.edu.co
This work describes novel procedures to grow Cu,ZnSnS, (CZTS) thin Normalized XANES spectra at the sulfur K-
films using vacuum and solution based methods. The solution based edge of CZTS prepared by co-evaporation 5
approach includes sequential deposition of Cu,SnS, (CTS) and ZnS films, and by CBD are compared in Fig. 4. Both ¢
where the CTS compound is synthesized in a one step process by types of samples exhibit a strong pre-edge
simultaneous precipitation of Cu,S and SnS, in a thiosulphate solution, peak at 2470 eV of similar intensity and g
using diffusion membranes to control the supply of Cu* and Sn?* cations, in shape, indicating that the growth method
order to promote growth in heterogeneous phase. The vacuum based does not significantly affect the band X
approach includes simultaneous evaporation of metallic precursors from structure and that the absorbing atom in
one coaxial crucible in the presence of sulfur supplied from an effusion cell. both types of CZTS samples exhibits the 2
XPS (X-ray photoelectron spectroscopy) depth profile analysis revealed same oxidation state.
that the CZTS films prepared by co-evaporation using a coaxial source of Differences in the intensity between 2472 ' ' ' s
evaporation built with an advanced design, show high homogeneity in and 2480 eV could be attributed to multiple | ** Igilgotonenergif(?gV)
chemical composition throughout the volume. X-ray absorption near edge scattering of photoelectrons ejected at low  pio 4. xANES spectra at the
structure (XANES) measurements at the sulfur K-edge indicate that the Kinetic energy, where the scattering cross  gyifur K-edge of CZTS thin
growth method does not significantly affect the band structure and that the section of co-evaporated CZTS samples is  films prepared by co-
absorbing atom in both types of CZTS samples exhibits the same oxidation larger than that of the prepared ones by  evaporaton  and  CBD
state. The influence of the preparation method on the work function of CBD respectively
CZTS films was also studied by ultraviolet photoelectron spectroscopy UPS measurements
(UPS).
u hv-0cep
Preparation methods V) e O] [N e |
PShe ] I~ . I \ \ 3.E(CDJat18.8ev§ ;
a) o) ot | b) el i o e N 5| \pemeanie |
Nolor d — S A L X | ? 1
S Refuxofvater I ;;ag”grxe : :;2. ...... ;;2- ;
— = pmpl | | 28| |2 % g c
M» iy || ' BN
T ==Y : = }kGraphite - O ———r— 0 i ;
HINGrap - - 70 65 60 55 50 45 40 35 30 200 195 190 185 180 175 170 165 16,0
1 W F_Zhr:p':l i R Binding energy (eV) Bincing energy ¢V)
] R T ‘ . Fig. 5: a) Comparison of the He | UPS spectrum of a typical Cu,ZnSnS, thin
NSNS | et : film prepared by co-evaporation with that of a typical CZTS sample prepared
— ihj]—ﬁemde by CBD. Also shown is inelastic cutoff (circle a) and Fermi edge (circle b). The
S Thermcoupe relation between spectrum width, hv and work function ¢ is illustrated. b)

Fig. 1. Scheme of the systems used for the preparation of CZTS thin films by (a) CBD

and b) co-evaporation Shows a detailed spectrum of inelastic cutoff region. It also shows the cutoff

energy with a vertical bar; c) is similar to b), but shows Fermi edge region.

TABLE 1: Values of ¢, spectrum width , E- and E, . from UPS measurements

XPS Analysis for CZTS films deposited by Co-evaporation and CBD
The elemental composition homogeneity in the volume of CZTS films Sample hv-¢ ¢ E E.ac
grown by both methods was studied through XPS measurements carried (eV) (eV) (eV) (eV)
out at three different depths (sputter time of 0.5, 5 and 10 min respectively). CZTS - 134 78 35 113
Coevap. ' ' ' '
Cu2p, 4 - 42020, CZTS-CBD 13.9 7.3 2.4 9.7
§ oo i P s .
5 gAWMIn. . a s 5ec * e 3 i CO“CIUSIO"
% % e % i Lo e g } :15':: i;/‘ ;‘: 30 Sec anp,s,
o ; *i 5l & s |8| 3 4w i Single phase Cu,ZnSnS, thin films with kesterite type structure were grown
2 c A I : by co-evaporation and by sequential deposition of Cu,SnS; and ZnS thin
€ # % ’.J films following a new solution based route.
) ggésindigr:g E&:sfgyezg\/)sss ® 1015 100 é?rzmit|1r1og;30E1r?;?g1y04?e1\%s 1050 @ 90 9'35_ “ W5 % 5 %0 o 7 ?'025. I A XANES and XPS analysis revealed that the oxidation states of the
Binding Energy (eV) Binding Energy (eV) constituent elements of CZTS samples prepared by both methods
Szp?’% 05 T 520, : correspond to the Cu,ZnSnS, phase; XPS measurements revealed
f A 0hin ;‘f ‘;‘ . 'f’}l ;‘{S”“"" additionally that the evaporated CZTS films present a very good
3 Vo 4 - 3 e f L 3 [< o 3 - homogeneity in chemical composition along all the volume, while the
kel 2 E . & '-.:.:SZF“ 5 (AR samples grown by CBD are significantly more inhomogeneous. It was also
é H é i & el ‘ é ,* : % found from XANES that the preparation method do not significantly affect
2 5 o ) s By & 4 band structure. UPS analysis allowed us to prove that the work function
j N fooy .../"; ol A and density of states in the valence band of the films of CZTS is affected by
..................... F‘J \M"I = the method of growth; samples prepared by CBD have a work function
‘Binding Energy @) o gfgd‘l‘fg “Egﬁe‘fgzy“(gg\;)% e i aﬁi’,mg"'@n;ﬁ yf:;/;es' b A LR lower than those prepared by co-evaporation and greater density of states.
Fig. 2: XPS high resolution core level Fig. 3: XPS high resolution core level ACKNOWLEDGEMENTS: This work was supported by Colciencias (Contract
spectra of the Cu2p, Zn2p, Sn3d and S2p spectra of the Cu2p, Zn2p, Sn3d and S2p #038/2013) and Universidad Nacional de Colombia, Sede Bogota, Facultad de
peaks measured at three different depths of  peaks measured at three different depths of Ciencias, Grupo GMS&ES, Bogota DC, Colombia ( Proy. 20287 supported by DIB).
typical CZTS thin films prepared by co- typical CZTS thin films prepared by CBD

evaporation
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Improvement of Elemental Vapor Distribution Systems in

CIGS Sulfo-Selenization Furnaces

H.F. Myers*, P.v.d. Heuvel and P. Diepens
Smit Thermal Solutions, Son, The Netherlands
S.S. Schmidt, C. Wolf, H.Rodriguez-Alvarez, C.A. Kaufmann and R. Schlatmann
PVcomB, Berlin, Germany
S. Villain, A. Weber, S. Bodnar, C. Guillou and C. Broussillou
NEXCIS, Rousset, France

pv CO m B -HNVIAL SO N PFHOTOVOLTAIC TECHNOLOGY

INTRODUCTION

Smit Thermal Solutions (formerly Smit Ovens), based Netherlands, develops custom-built chalcogenization platforms for CIGS. Three such systems, located
at Solliance (High Tech Campus, Eindhoven), PVcomB (Berlin) and NEXCIS (Rousset, France), have been upgraded with advanced elemental chalcogen vapor-
phase distribution systems. This work comprises a comparative study of the old and new vapor distribution systems in all three tools, exploring the

\ homogeneity of Se concentration over the area of a panel, the Se usage, and the subsequent electrical results of the finished products.

~

SYSTEM OVERVIEW

Modular heated reaction chambers with Se/S devlivered to substrate by means of carrier gas (N or Ar).

Example R&D set-u
(30x30 cm?)

oe

int Soa
(Un)Load [fLoadLock|l] Dir.Cool | || 4 COOI I RTP I SOAK ] | |
- = —

Example Pilot-scale set-up
(120x60 cm?)

: Picture of 4-chamber R&D system
Eyap Evap for 300x300 mm? substrates.

WRTP1 I llnt SoakI ﬂ RTP 2 I Ifop SoakI ﬂlnd COOl Locklock Unload

Evap
Se

Load Loadlock! | Condition

Evap

~* |mproved subheader network
leads to more even Se flux at
product surface.

 Exhaust is from roof
In new system,
eliminating Se build-
up in at sides (see
CFD at right).

* Symmetric design for
scalability to large-
sized substrates. Interior of old (left) and new (right) systems.

CFD analysis on old (top) vs new
(bottom) distribution system,
showing improved uniformity,
particularly around edges.

IMPROVEMENT OF Se/S DISTRIBUTION SYSTEM S \

a _BENEFITS OF IIMPROVED Se/S DISTRIBUTION SYSTEM ™~

: : 1= - 2
delta delta S8 . | Sg
XRF Se Std dev. 0.8 0,39 Uniformity £ § 0.5~ . £ o -
Efficiency (mean) X % 0% | x+1.6% 0% Improved efficiency 3 . . . S %’; :
Efficiency (median) | x+ 1 % 1% | x+1.8% 0,2%]| with reduced spread § § ) : S g, - '
Efficiency (max) X+3,2% 32%|[x+3.5% 1,9% § w -0.5- o : % L §
Pick-up flow 16 slm 10 slm Se flux 40%<, with - % . Z §:<_ - -
(optimized process) improved uniformity R = Y= 5 M'
Increased Se compositional uniformity and corresponding higher S P e s W e
average in small-area devices isolated from larger panels run in
pilot-scale system at NEXCIS (1200x600 mm? total area, Similar improvement and reduced spread seen in chalcogenide

\\csnsisting of four 300x600 mm? modules). Further optimizing  distribution using R&D systems at PVcomB (left) and Solliance/

as resulted in a 17.3% champion device (CIGSSe). (right — courtesy of C.H. Frijters and H. Steijvers of TNO)).

/

CONCLUSION

This article reports on the impact of hardware improvement on the material and optoelectronic properties of CIGS absorbers made from 2-step processes,

in which metallic Cu-In-Ga precursors are reacted with Selenium and Sulfur vapors. Specifically, the next-generation chalcogenide distribution system was

shown to improve material uniformity and overall performance while lowering costs. These results demonstrate that low-cost fabrication based on smart
\_ hardware design and innovative processes can provide high efficiency materials suitable for CIGS module production.

\

J

*corresponding author: h.myers@smitthermalsolutions.nl
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The e-learning platform of the FP7-SOPHIA Project: obtained results and
perspective for its future exploitation

Francesco Roca?, David Casaburi';, Francesco Beone?!, Giuseppe Cipoletta!, Giorgio Mencuccini!, Luigi Pavia!, Anna Vita?
Iver Lauermann?, Yael Augarten?®, Ya Brigitte Assoa?, Ignacio Anton Hernandez!?, Fabien Bergeron?, Suren Gevorgyan?’ , Jiirgen Hiipkes®, Michael Koehl®, Jan Kroon3, Jens Merten?, Siwanand Misara®,
Tania Pettersen?, Martin Schubert®, Gerald Siefer®, Niger Taylori?, loannis-Thomas Theologitis!!, Philippe Malbranche?

1ENEA- Agenzia Nazionale per le Nuove Tecnologie, I'Energia e lo Sviluppo Economico Sostenibile, Italy; 2 CEA-INES Commissariat a I’'Energie Atomique Aux Energies Alternatives,France; 3 ECN-Stichting Energieonderzoek Centrum
Nederland; 4 SINTEF > FH-ISE Fraunhofer-Instituts fiir Solare Energiesysteme ; ® FH-IWES Fraunhofer-Gesellschaft zur Foerderung der Angewandten Forschung E.V,Germany; ‘Danmarks Tekniske Universitet; 8 Helmholtz-Zentrum Berlin fiir
Materialien und Energie GmbH; ® FZ-Jiilich Forschungszentrum Juelich Gmbh; °EC, Joint Research Centre, Ispra; 11SolarPower Europe, Belgium; 12UPM-IES Istituto De Energia Solar de la Universidad Politécnica de Madrid;

SOPHi@Webinar background:

FP7-SOPHIA, the European PV Research Infrastructure project coordinated by CEA-INES ended on 31st of January 2015. The project focused on strengthening and
optimising the research capabilities of outstanding European Research Infrastructures by pulling together numerous scientists and researchers of more than 48
relevant Research Infrastructures to share a common vision and to conduct efficient and coordinated research work in the field of PV technologies.
SOPHi@Webinar is the internal e-learning platform that has organized a set of online courses/seminaries/guest lectures in parallel to more conventional training
initiatives held physically. It has also been opened to non-SOPHIA members

SOPHi@Webinars: the short-hand on e-learning platform

http://connect.portici.enea.it/sophiawebinar Electronic Conferencing requires no more than a set

PRESENTER MODERATOR/HOST of interconnected computers with suitable software
SpEEEiEaer | —> Adobe® Connect™ web Chairperson(s) and hardware. Participants can connect with
e e ne. Alom? € conferencing platform Heishe organizes and manages the even, conferences and workshops at their convenience,
. ) | u \Y} . . .
audience can also follow ENEA —  speakers, manages questionsicomments to regardless of their time zone and geographical
lecture/presentation on site l' 1‘ the speaker by “chat” or directly by location,
microphone at the end of presentation

Time saving and reducing travel costs

On line Participant _ | This is a great advantage for those who, perhaps due to financial

Audience/classroom* : — = ! constraints or lack of time, would be unable to attend physical

the groups of students/researchers or events due to their own full booked agenda. Physical meetings
Individuals who follow the event on line. can take place only when strictly necessary

Fluid and improved Communication

Video conferences enhance the possibilities for all to interactively
review a subject, allowing them to share efficiently ideas,

SOPHi@Webinar Topics

= Si TECHNOLOGY documents, conclusions and concerns.
Live = THIN FILM TECHNOLOGY c ey e .
chat . LIGHT TRAPPING CONCEPT No limitation on event location
= ADVANCED INORGANIC MATERIALS E-conferences can be realized by laptops, tablets and mobile
C f- Individual = OPV ORGANIC PHOTOVOLTAICS phones and can be followed from everywhere
onicrence rooms  Individuals = CPV-CONCENTRATION PHTOVOLTAICS
Classrooms = MATERIAL CHARACTERIZATION Focused Involvement
" MATERIAL AND CELL MODELLING Participants can focus on the topic issues of direct interest, saving
. 2 = MATERIAL DEGRADATION . . : . )
time from topics in which th re not involv r interested.
SOPHi@Webinars Platform key roles . MODULE AND SYSTEM PERFORMANCE e from topics ch they are not involved or interested

LIFETIME PREDICTION AND RELIABILITY Storage and streaming of produced output

The acquired material (i.e. slides and video presentations ) can
be easily proposed by webcasting them even after the event

SOPHi@Webinars: Achieved results
SOPHIA Webinars has offered:

7 d Comprehensive information on different aspects of the utilization of PV research
° infrastructure/techniques and research protocols.
5
. 1 An overview on advantages/ disadvantages and point of
3 strength/weakness/opportunity/ threat respect other similar
2 infrastructure/characterization techniques.
i = Seriel A presentation on several outstanding technical-scientific results highlighting the
OO & é& \c? \o* \e @ eo O\e potential in utilizing the infrastructure/technique/scientific protocol
QS oé & & ¥ a & S N
S O F & KO L A
&Q’O '\({/O Q\$® @O Qéo \2\& ?g« \>’® QQ/O Qp\ @VQ‘ . . . . . o . .
> g\&\ & & 20 A ego@ & &Q‘* o Further information is available on the following pages: http://uttp.enea.it/sophiawebinar
SN, P & F & &
T SCQIPHIC yuing
| QP H|
. . 7 webinar
j M o re t h a n 40 S p e a ke rs I nvo Ive d I n 1 6 d Iffe re n t eve n tS SO P H l @ we bl n a rs :(0)13 ABOUT US TECHNICAL INFO UPCOMING WEBINAR PAST WEBINAR SPEAKERS EVENTS NEWS FP7-SOPHIA
d 30 webinars organised since March 2013 Web site

= around 2-4 events/month organised

d 830 registrations of participants ( + >150 in live streaming)
=  more than 560 different scientists/researchers/professionals participated
= widely represented by students and younger researchers

Organic PV mini module @ IMEC

1 1 SOPHIA is an FP7-funded Infrastructure project with the aim of Main SOPHi@ Webinar Topics
B IVI aJ O r I ty Of n O n _SO P H IA m e m b e rS strengthening and optimizing PV research capabilities within Europe. binar ; d
) Further details on SOPHIA are available at the website SOPHIA eeeeeeeeeeeeeeeeeee
.- H H . . http:/ /www.sophia-ri.eu. o TeCh"]O]?gy _
D b I d I I h I d h I I i : ® OPV Organic Photovoltaics
A balanced participation in comparison to events usually held physically SOPYS@ Webinar
is the internal e-learning platform offering on-line in-depth training ® CPV Concentrated Photovoltaics
. 11 M and discussions to all SOPHIA partners. The initiative is also open, on ® Material and Cell Characterization
. I n res pECt to ge n d e r fo r bOt h S pea ke rS a n d p a rt I CI pa nts h a S bee n a C h I eve d request, to interested universities, research organizations, and Ph.D e Material and Cell Modelling
cccccccccc tside SOPHIA. e Lifetime prediction and reliability
° . . . . . The SOPHIA Webinars offer: e Module and System Performance:data base and procedures
- A Ve ry W I d e p a rt I C I p at I O n by CO u nt ry Cove rl n g a I S O n O n = E u ro p e a n CO u nt rl e S e Comprehensive information on different aspects of the ® BIPV & Smart Bunding Integrated Photovoltaics
/ utilization of PV research infrastructure/techniques and research e BOS: architectures,Safety and Conversion
. . . protocols. Sophi@webinar also proposes online short courses organized by
e An overview on advantages/ disadvantages an oint 0 webinar on a common theme
(USA, Asia, South America, Australia, etc.) dvanages dsacanages and pone of | prosingseverawe ,

We would like to thank all SOPHi@Webinar speakers for their support and contribution. Their excellent presentations have helped to make this initiative possible and successful also for its exploitation in
the frame of other initiatives and projects. We also thank all webinar participants that have reacted with enthusiasm and interest to our initiative. We acknowledge the technical staff of ENEA has
consistently supported both the development and the use of applications for the realization of the very useful and well structured website. Finally, we would like to thank the European Commission that,
with the funding of the 7FP7-SOPHIA grant agreement n ° 262533, has supported the SOPHIA Project and SOPHi@Webinar initiative.
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/-—b FP7-CHEETAH Project Knowledge Exchange Portal:
CH an advanced tool to efficiently bring information to the
Know[edgeExchange Web Area European phOtOVOltaIC RTD Communlty

Francesco Roca?®, David Casaburi!, Karsten Bittkau®, Martha C. Lux-Steiner’ lver Lauermann’, Suren Gevorgyan?, Philippe Malbranche3, Oriol Nos Aguila3,
Thomas Rachow5, Guillermo Sanchez-Plaza?, Paul Sommeling?, Nigel Taylor8, loannis-Thomas Theologitis!!, Kris Van Nieuwenhuysen’, Jan Kroon?

1ENEA- Agenzia Nazionale per le Nuove Tecnologie, I'Energia e lo Sviluppo i ibile, Italy, 2 ECN-Stichting {0 Centrum Nederland; 3 CEA-INES Commissariat a I'Energie Atomique Aux Energies
i rance; Tekniske Uni itet, SFH-ISE i fiir Solare i Germany °IEKS - Forschungszentrum Juelich GmbH; Juelich, Germany 7 HZB- Zentrum Berlin fiir ialienund
Energie GmbH, Germany Joint 8JRC-Research Centre, Ispra,ltaly ° Universitat Politécnica de Valéncia,Spain 1%Joint JRC-Research Centre, Ispra, 'SolarPower Europe, Belgium

FP7-CHEETAH- is a combined collaborative project (CP) and coordination and support action (CSA), funded under the European Commission’s 7th Framework
programme, and coordinated by ECN, NL with the aims to solve specific R&D issues and to overcome fragmentation of European PV R&D in Europe by
intensifying the collaboration between R&D providers and industry to accelerate the industrialization of innovations.

The project is also tightly linked to EERA — the European Energy Research Alliance and its Joint Program on Photovoltaics.

CHEETAH Knowledge Exchange Web Area background:

approach of social, scientific and professional networks, from the collection of
availability of expertise/infrastructure (supply site), to its elaboration (management) and
its final offer to project partners (demand site)

. . . CHEETAH KEAP Rationale _
The CHEETAH Knowledge Exchange Portal (KEAP), in parallel to the project web site and — e
other dissemination activities (newsletter, communication, etc), constitutes the pillar of e i o i N
. . . . . S tionnaries &

the project to bring information from different sources on demand and availability of } | o eaipient: | .
. . . . . . . B28 interview ‘ b
mfrastructutﬁes, equipment, expertise, techm'cal documents, in a umform and simple } [Forumrors I [Expertiva. |
way, to any interested CHEETAH partner and interested external organization. W News | ; e

|
CHEETAH KEAP represents a significant step forward in the knowledge exchange in PV ] }
RTD sector among scientists, professionals, students, and companies . ; | Demand = Equipment |

| Expression on
It operates by utilizing user-friendly, dedicated media tools based on the typical } B | nierest
Procedures 1
1 0
| e

CHEETAH KEAP web site

The web site is based on utilization of structured cataloguing criteria for PV technologies / PV RTD topics / PV Equipment /PV Expertise and organizations
involved in CHEETAH. It facilitates all steps to connect information among the community, to share scientific, educational and technical content, because the
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MATERIALS AND DEVICE DEVELOPMENT FOR COST-EFFECTIVE SOLAR HYDROGEN PRODUCTION
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efficiency of 4.9% [1]

[1] F.F. Abdi, L. Han, A.H.M. Smets, M.
Zeman, B. Dam, and R. van de Krol,
Nature Commun. 4:2195, 1-7 (2013)

electrolyte Ptcoil Co-Pi grad-doped FTO glass ITO 2-jn a-Si Ag/Cr/Al
BiVO, contact
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