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Part I:
Introduction to scanning probe
microscopy - SPM
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Scanning tunneling microscope: "‘

Developed by
G. Binnig and H. Rohrer

IBM Research Laboratory, 1982
Nobel Prize in 1986

tunneling
electrons

images from: http://www.fkp.uni-erlangen.de
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Scanning probe microscopy - SPM

The microscope is very sensitive to vibrations,

Therefore, a system for vibration insulation is required

Sources of vibration: building vibrations: 15 — 20 Hz
walking people: 2 - 4 Hz
vacuum pumps

sound

viton springs
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Block diagram of an STM

| [\V/-converter Pl controler
UHV fio ! !
l; = const
y4
—const-Az
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computer <
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scanpiezo X, ¥, Z
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Scanning probe microscopy - SPM

Scanning is realized through piezoelectric elements

L
sesiiGou
W T

Center of positive
and negative charge
do not coincide

Typical piezoelectric materials:
® quarz

e bariumtitanate

e lead zirconium titanate (PZT)
e etc.
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Deformation as a result

of application of an
electric voltage
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Scanning is realized through piezoelectric elements

bimorph )i

= .

Parallel Bimorph Series Bimorph

Electrodes

tripod

t
Piezo .

tube scanner

eete (=

louse

Ramp

Sample images from: http://www.fkp.uni-erlangen.de
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Block diagram of an STM

| [\V/-converter Pl controler
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Atomic Force Microscope

VOLUME 56, NUMBER 9 PHYSICAL REVIEW LETTERS 3 MARCH 1986

Atomic Force Microscope

G. Binnig'® and C. F. Quate'®’
Edward L. Ginzton Laboratory, Stanford University, Stanford, California 94305

and

Ch. Gerber'®’

IBM San Jose Research Laboratory, San Jose, California 95193
(Received 5 December 1985)

The scanning tunneling microscope is proposed as a method to measure forces as small as 1078
N. As one application for this concept, we introduce a new type of microscope capable of investi-
gating surfaces of insulators on an atomic scale. The atomic force microscope is a combination of
the principles of the scanning tunneling microscope and the stylus profilometer. It incorporates a
probe that does not damage the surface. Our prehmmary results in air demonstrate a lateral resolu-
tion of 30 A and a vertical resolution less than 1 A.

(a) B
SCANNERS, __KA C | FEEDBACK T
F| FEEDBACK 5 ery - lEL [yem
AFM El] 1
X
BLOCK (ALUMINUM) z
(b) 25 um .? ':\
A: AFM SAMPLE .25 mm
B AFM DIAMOND TIP DIAMOND
C:STM TIP (Au) TIP T
D: CANTILEVER, 8mm
STM SAMPLE
E: MODULATING PIEZO LEVER l
F: VITON LAl

> 11000 citations
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Scanning probe microscopy - SPM
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Force between two atoms:
chemical bond

Fchem = 1€V/ 0.1 nm
1.6 nN

Sensing
forces:

1 nm3 water (33 molecules) 0.01¢g
Fo=1022 N =10"nN F=0.1 mN =10°nN

Sascha.Sadewasser@inl.int 11
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Atomic Force Microscope

Interatomic force curve

repulsive force

intermittent-
contact

_ distance '
contact {tip-to-sample separation)

'.

Lennard-Jones potential:

van der Waals force

12 6 -
r go ap
Up g = e (—) —(—) g
I T altractive force
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Atomic Force Microscope
Cantilever and tip

Usually fabricated by silicon microfabrication techniques

http://store.nanoscience.com/

Carbon nanotube tip

http://www.nanoworld.com
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Atomic Force Microscope

Contact mode

repulsive force

N Operates ir_1 the repulsive part of
contact the force-distance curve

Cantilever with a small force

contact (tip-to-sadljﬁ[g?gggparation} constant (~02 N/m)
’..

There is also a capillary force
due to the water layer on the
surface in ambient conditions

Sascha.Sadewasser@inl.int 14
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Atomic Force Microscope

intermittent-
contact

contact

repulsive force

, distance .
(tip-to-sample separation)
’.

altractive force
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Non-contact mode

Operates in the attractive force
regime
The cantilever oscillates near its

resonance frequency (~ 70-350 kHz,
force constant 3-40 N/m)

Advantages over the contact mode:
- smaller force interaction with the
sample

- no lateral forces
- no contamination of the tip

—

Sascha.Sadewasser@inl.int
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Atomic Force Microscope

. Detection of the cantilever position:
Laser

Sensor (Sends info
to computer) optical:

a laser beam is reflected from the
back-side of the cantilever onto a four
guadrant photodiode

Cantilever

with tip

//7
Sample
T

ATOMIC FORCE MICROSCOPE

Sascha.Sadewasser@inl.int 16



Scanning probe microscopy - SPM

Atomic Force Microscope

Other deflection sensors

STM

Electron Tunneling

V

N\

N A
|

\\

N\

-
V

Beam Deflection
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AV4

V

Interferometry

L

Capacitance

V

A\

RV

R R

Piezoresistance

? v

Piezoelectricity
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Atomic Force Microscope

The tip radius determines the resolution of the

image

111 Careful with tip artifacts in the imaging !!!

Sascha.Sadewasser@inl.int 18
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Atomic Force Microscope

Contact mode

Cantilever in repulsive force regime

=

Vertical tip position

Constant height mode

Cantilever deflection The cantilever bending corresponds directly

to the topography

Copyright {€) NT-MDT, 2002 www.ntmdt.com

pelicula de: http://www.ntmdt.ru/SPM-Techniques/Principles/

Sascha.Sadewasser@inl.int 19
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Atomic Force Microscope

Contact mode

Cantilever in repulsive force regime

Vertical tip position

Constant force mode

Canevercarcetion A feedback circuit adjusts the height of the

‘ cantilever to maintain the bending of the

Copyright {€) NT-MDT, 2002 www.ntmdt.com

cantilever.

pelicula de: http://www.ntmdt.ru/SPM-Techniques/Principles/
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Atomic Force Microscope

—— free resonance Non-contact mode
0.4 - tip sample interaction
- ’ The cantilever oscillates close to its
8 resonance frequency:
)
S 02 = | k
3 27 \'m
© .
Force between tip and sample
0,0 = _ , .
74950 75000 75050 = Af, = — & or'
frequency (Hz) 0 2k Oz
In air: amplitude modulation technique

In vacuum: frequency modulation technique

Sascha.Sadewasser@inl.int 21
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Atomic Force Microscope

Non-contact mode

|l
‘ \ O The cantilever oscillates close to its
| N

W
A

Q

resonance frequency

Amplitude modulation technique
m The tip-sample forces change the amplitude

| of the oscillation.

A feedback controls the vertical position of
the cantilever to maintain the amplitude.

pelicula de: http://www.ntmdt.ru/SPM-Techniques/Principles/
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Atomic Force Microscope

Non-contact mode

The cantilever oscillates close to its

resonance frequency

Frequency modulation technique
- ﬁ The tip-sample forces change the resonance
frequency of the cantilever.

Z

A feedback controls the vertical position of
the cantilever to maintain the resonance

frequency.

pelicula de: http://www.ntmdt.ru/SPM-Techniques/Principles/

Sascha.Sadewasser@inl.int 23



Scanning probe microscopy - SPM

Atomic Force Microscopy
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Kelvin probe force microscopy-KPFM IV =
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Contact potential difference

tip o

i

sample e Y,

_— ] { CPD=A®

electrostatic i

@ r\’\/\-l force *
| — —

D E—
F
@ r\/\/\—l AcD — eUdC : ...........................
ol : e -
U= U, +U,.sinot e
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Kelvin probe force microscopy - KPFM

in UHV (p < 10-19 mbar)

4

detector

' cantilever

sample I‘

V(t)=(V,, - AD/e) +V,, sin(wt)

(Dsample = (Dtip te: Vdc

tip calibration on HOPG

AAAAAAAAAA

electrostatic force:

Fesz—la—CU(t) —F +F +F,
2 0z

2

F, =- (2C (Udc_A(D/e) Ve
'z

—> crosstalk to topography

F, = —Z—C[(Udc ~AD/e)U,, sin(oot)]
Z

(O

—> contact potential difference

2
B = +a—C&cos(2(ot)
oz 4

—> capacitance spectroscopy

Sascha.Sadewasser@inl.int
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%06, | <: '\" o <>§' - ac-frequency o at the second
%‘ _ i < |  resonance (f,) of the cantilever
- f
<< 200 1 - detection of the oscillation
g amplitude A, with a Lock-In
"é. 100 | f - _ _
= /\ | * A_ is proportional to F_

ol * limiting factor: bandwidth of
7461 7464 7467 41616 41622 416.28 i
frequencyf(kHz) the phOtOdIOde

®

F, = —2—C (U, —-AD/e)U, sin(wr)]
Z
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KPFM detection is sensitive on electrostatic forces
— long range interaction

— lateral averaging affects spatial resolution

tip

L

Simulation:
* Finite element methods to

describe field distribution
e summation over hole tip area
» metallic surfaces

Sadewasser et al., Appl. Surf. Sci. 210, 32 (2003).
Leendertz et al., Appl. Phys. Lett. 89, 113120 (2006).

Sascha.Sadewasser@inl.int 28
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Three examples:

only AEvac Only Dgp Dgp and AEvac

— tip radius = 20 nm
- - = tip radius =50 nm

0.0

surface potential (V)
o

0.5 . onlyAE__ only @ AE,.and g
et | : I SCR =50 nm SCR =50 nm
50 0 50 50 0 50 50 0 50
position (nm) position (nm) position (nm)
eak
Eeight ~45% —61% ~67% ~ 78%

— simulated KPFM peak shape very similar for all 3 cases

Sascha.Sadewasser@inl.int 29
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Surface Photovoltage
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Band bending at semiconductor surfaces and interfaces

* Surface }wation * Interface
EIV ....... . - E|V
SPV,
X N
E Dijgm. E,
Eg
Er ——
e YN -
Ev = \ Y
bulk « » surface
* SPV gives information about surface * Interface band bending contributes to
band bending SPV

* SPVtotal = SPVinterface + SPVSUFface

Kronik & Shapira, Surf. Sci. Rep. 37, 1 (1999).

Sascha.Sadewasser@inl.int 30



Part Il:
Grain boundaries in
chalcopyrites photovoltaic
materials
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Solar cells based on chalcopyrite materials Cu(ln,Ga)(Se,S),
« efficiency up to 23.35% [1]

* Band gap in visible spectrum (1.04 — 2.43 eV)

* Short absorption length: (a'1 ~ 100 nm)

» Stack of 5 different polycrystalline materials with layer thicknesses from 5 - 2000 nm

Ni/Al

/L)

n-ZnO:Al (~ 400 nm)
i-ZnO (~ 100 nm)

¥~ CdS (~ 50 nm)

Cu(Ga,In)(S,Se),
(~ 2000 nm)

Mo (~ 500 nm)

glass (2 mm)

From: R. Klenk, M.Ch. Lux-Steiner in Thin film solar cells -
[1] http://www.solar-frontier.com/eng/news/2019/0117_press.html fabrication, characterization (2006).

Sascha.Sadewasser@inl.int 32



Motivation — KPFM on chalcopyrite materials NN ey
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* high efficiency for polycrystalline chalcopyrite solar cells: Cu(In,Ga)(Se,S),

despite the presence of grain boundaries

* pn-junction at hetero contact chalcopyrite/CdS

effects at the
absorber surface ?

Cu(In,Ga)Se,

effects at the grain boundaries ?

Sascha.Sadewasser@inl.int 33
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CuGaSe,: CVD growth and peel-off in UHV, rear-side images

topograﬁby work function, dark

work function, illuminated SPV image
Fuertes Marrdn et al., Phys. Rev. B 71, 033306 (2005).

Sascha.Sadewasser@inl.int 34
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work function, dark

S
© 4.95 W\W’VJ\I\WW
_§ illuminated
(@]
5 4.90)
o) dark
=
4.85}
GB A GB B
Q0|
z
E SPV
(0p)

50
0

100 200 300
position (nm)

e Grain boundaries show potential drop
e Different potential drop for different grain boundaries

e Different electronic activity for different grain boundaries

Fuertes Marrdn et al., Phys. Rev. B 71, 033306 (2005).

Sascha.Sadewasser@inl.int 35
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How can we learn more about the GB properties ?

— Combine macroscopic and microscopic methods

Electron back scatter diffraction: local structural information
Resistance + Hall-effect: carrier type, concentration and mobility

KPFM: local surface potential

Problem:

- how to provide electrical contact

Sascha.Sadewasser@inl.int 36
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Approach: CuGaSe, growth on a GaAs wafer with a single grain boundary

- mm-size grains !

;§=408_7m-. ! twin grain boundary, 23

grain boundary

— Successful growth of

23 and X9 grain boundaries

HR-TEM
Siebentritt, Sadewasser et al., Phys. Rev. Lett. 97, 146601 (2006).

Sascha.Sadewasser@inl.int 37
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2.3 grain boundary - KPFM Siebentritt, Sadewasser et al., Phys. Rev. Lett. 97, 146601 (2006).
Topography: agl
= grain
= 60f boundary
>
S 40f
>
E; 20}
] o
0 500 1000 1500 2000
position (nm)
Work function:
520}
=
°
§5.18
3
{ =
3
o4
s 5.16
s

0 500 1000 1500 _ 2000
position (nm)

No band bending at grain boundary = charge neutral grain boundary

Sascha.Sadewasser@inl.int 38
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2.9 grain boundary - KPFM Hafemeister et al., Phys. Rev. Lett. 104, 196602 (2010).

Topography: 120 [253], . [35 3l

100} -~ N\pa/-}---- R EEEEEEEE !

(0]
o

S
o

topography (nm
(o)}
o

N
o O

Work function:

—_
1000 nm 100

-124 mV I 48 mV 0 1000 2000
position (nm)

Band bending ~ 90 meV at grain boundary = Presence of charged defect states

Sascha.Sadewasser@inl.int 39
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2.3 grain boundary — electrical characterization

Hall-effect Resistance (T)
' ' ' | = experiment
2 meV TE-simulation ($=30 meV) |
003fe® ¢ ° 10°F =,
N 6F | ]
: g10°} .
S c i .
X 2 T
0.014 l §10 "
10°F
0004 0006 0008 0010 0012 80 100 120 140 160 180
1T (1/K) temperature (K)

e Hall-effect shows transport barrier of ¥~30 meV

e Simulation of transport across 30 meV barrier by thermionic emmission:

— Similar shape, BUT: absolute value too low
1/2

2xm k,T k,T

- C )
Thermionic emission: J,. =e” pV

Siebentritt, et al., PRL 97, 146601 (2006).

Sascha.Sadewasser@inl.int 40



o
Experimental Results on Bicrystal Samples |NL.‘:‘¢

NNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNN
LABORATORY

2.9 grain boundary — electrical characterization

Hall-effect Resistance (T)

.................................... ———T ﬁ??mﬁﬁ - V)i
i ] -simulation (¢ =93 meV) |3
10°F ° o 10°} ° 1
5 dyiqy = (100 £ 10) meV 3 "t 1;
ERTS 310 ‘Q
CAN S 1001 e ]
p [ IZa | !
= g2l o I 1
103k . . . S 0 . . s
4 6 8 10 -100 120 140 160 180 200 -

inverse temperature (1000/K) temperature (K)

e Hall-effect shows transport barrier of ¥100 meV, similar to KPFM
e Simulation of transport across 93 meV barrier by thermionic emmission:

— Similar shape, BUT: absolute value too low

Hafemeister et al., Phys. Rev. Lett. 104, 196602 (2010).

Sascha.Sadewasser@inl.int 41
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2.9 grain boundary — new model for electronic structure

Lim—— Size and shape from KPFM measurement
P in agreement with Hall-mobility
>
Q
§ > New:
'-“' Thin and high barrier at grain boundary
X (nm) [4 4 1]

Transport across this barrier by thermionic emission and tunneling:

1/2
Jtotal:JTE_‘_JT:ezp:BV[ IB *j |:
2rm

with: [ = (kgT)?
T.cr(E): transmission probability for space charge barrier

,(E): transmission probability for thin barrier
Hafemeister et al., Phys. Rev. Lett. 104, 196602 (2010).
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l | 1%

S

< Q

Q bsc S

n ny Op

Y

43210123 1.  xom T
4 -0 < - 112 X (nm 4 41
x (nm) 17 2heey (nm) [4 4 Vg
= experiment E [ m experiment ]
N TE-simulation (9,=30 meV) of TE-simulation (¢, =93 meV) |}
10" F —O— TE + tunneling simulation 10 ] =O=TE + tunneling simulation |1
o 1 (9p=30 meV + ¢, =170 meV) o r (9,,=93 meV, ¢ =540 meV) 1
010° o107} :
(&) 1 S E ]
c ! ] c ] 1
8 ] o 5F E
210} : w107} !
@ 3 - 1 g 3 [ ]
10%} 1 107 !
3 = 1 !- -!
1 1 1 1 1 i 10 - L L L 1 1 1 ]
80 100 120 140 160 180 -100 120 140 160 180 200 -
temperature (K) temperature (K)

Excellent fit to resistance(T) for electronic structure including thin and high barrier
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e Atomic structure different for
different orientations

e High hole barrier caused by
Cu-depletion, as proposed
by Persson & Zunger,

PRL 91, 266401 (2003):
barrier ~ 200 — 500 meV

e Space charge region

caused by charged defect
states

Engie (V)
&

""""" — -
x (nm) 411,

Hafemeister et al., Phys. Rev. Lett. 104, 196602 (2010).

Sascha.Sadewasser@inl.int
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In-line holography in transmission electron microscopy

— Determines the mean inner potential
Cu(In,Ga)Se, absorber

profile AVy,p =A@/ct

-200

400 33 o

-600 &

_800_. .
] Cu(In,Ga)Se, A ]
-1000-_ random

-1200 =

Relative phase A@ of the
electron wave function

14004 CulnS, random \5‘1 i

mean inner potential (mV)

-1600 .

S.S. Schmidt et al., Phys. Rev. Lett. 109, 095506 (2012). Distance (nm)

Sascha.Sadewasser@inl.int 45
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KPFM work function EBSD orientation distrib. EBSD pattern quality

{e)*

‘ - ‘ / - Nv,‘

270nm —
I
’>" 60 - I
Experimental procedure: E s} ]
@ 20 | 4
° 1 X I
rpeasure? :f,urf?ce in KPFM 2 0 3¢ | A
e find position in SEM 5 20l 9outof 10 4outof 10
* EBSD measurement for orientation map 5 - I
. . S -40f A
e correlate GB symmetry with electronic = . X [
information g 60 '
5 -80F !
5 L1 A
Baier et al., Appl. Phys. Lett. 99, 172102 (2011). >3 GBs non-x3 GBs
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Different alkali-fluoride post-deposition treatments of

Cu(In,Ga)Se, investigated by Kelvin probe force microscopy

Nicoleta Nicoara?l, Roby Manaligod?, Philip Jackson?,
Dimitrios Hariskos?, Giovanna Sozzi3, Roberto Menozzi3,
Wolfram Witte?, Sascha Sadewasser?!

lInternational Iberian Nanotechnology Laboratory (INL), Braga, Portugal

=2
UNIVERSITA
DI PARMA

2 Zentrum fir Sonnenenergie- und Wasserstoff-Forschung Baden-Wiirttemberg (ZSW), Stuttgart, Germany

3 Department of Engineering and Architecture, University of Parma, 43124 Parma

SHARC 25
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24_ @ N\REL | | .
&

ZSW

N
N

EMPA -
@ SolFront

&
&
"

N
o

Efficiency (%)

Na K Rb Cs
2008 2010 2012 2014 2016 2018 2020
Year

e Efficiency improvements since 2011 through alkali-fluoride post deposition treatments
(AIkF-PDT)

* PDT process successfully applied in many labs

 PDT enabled efficiency > 20 %

» PDT effective for CIGSe by co-evaporation (NREL, EMPA, ZSW) and sequential
deposition (Solar Frontier)

* Employing PDTs with heavier alkalis apparently leads to increased efficiencies

* Are heavier AIKF-PDTs better ?
 Are and how are grain boundaries relevant for this?

Sascha.Sadewasser@inl.int 48
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Cu(In,Ga)Se, with different alkali — PDT prepared at ZSW: "SW
* Standard procedure for high-efficiency CIGSe solar cell manufacturing ~—

» Reference solar cells reach efficiencies around 20% (w/ ARC).

CsF

8 min CBD (3 nm)
Zn(0,S)

KF
Air-annealed - -
and rinsed

e Growth of CIGSe identical between the different AlkF-PDTs

* Growth optimized for CIGSe with RbF-PDT
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KPFM of grain boundaries: analysis procedure

Topograph CPD

KF-PDT sample

* Locate GB position in topography image

e Extract line profiles from topography and CPD images o
* Determine variation of CPD at GB S o4
- Average of CPD on left and right grain E

- CPD at GB position © 06

e Extract 20-60 GBs per sample

NNNNNNNNNNNNNNNN
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RIAN
0GY

0 100 200 300

position (nm)

| —G.BBI-

ACPDGB= +320 mV

* Plot the CPD difference at the GBs for each sample.

Baier et al., Sol. Energy Mater. Sol. Cells 103, 86 (2012)

0 100 200 300

position (nm)
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Alkali-dependent electronic properties of grain boundaries IN .:g‘d
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NANOTECHNOLOGY

LABORATORY

annealed and rinsed GB + 8 min CBD Zn(0,S)
400 T T T N 400 T T T
(m] '
g0 >A
oo |
. udju':":' g % A
L o ! L -
= 200 d:h':'nn W | Electron barrier < 200 E% %
£ . | £ O
E ? >A 5 m A
® O} oooooooooo < —_ ) 0 | O VAN\\\\\\"2722727A8
& 2 5 a
< . W Neutral %
<
200F  TeC 1 ., 200} O ]
>
(@]
_400 . . . W Hole barrier _400 . . .
KF RbF CsF KF RbF CsF
coo  29% 44% 60% 60% 50% 64%
12% 56% 40% 37% 3% 50% 36%

(i) For all samples, about half of the GBs show no potential barrier (except for annealed-
rinsed KF-PDT)

(ii) All samples show GBs with electron barriers

(iii) Only the KF-PDT samples shows a non-negligible fraction of GBs with hole barriers

(iv) The magnitude of potential barriers for RbF-PDT is significantly smaller than for KF-
and CsF-PDT.
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Simulations to understand impact of grain boundaries
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* 3D numerical simulations with Synopsys Sentaurus TCAD suite S ‘
* Poisson, electron and hole continuity, and drift-diffusion D PARMA
equations

* Shockley-Read-Hall for non-radiative recombination

* Light propagation by transfer matrix method under AM1.5G

* CIGS absorber with the double-graded [Ga]/([Ga]+[In]) (GGI) AZnO (N, 4-10" cm®)
composition of the 21.7% efficiency cell

ARC-MgF,

i-ZnO (N, 1:10" cm®)

. . . CdS (N,, 1:10" cm®
Base line result without grain boundary: ( )

¢ V,.=0.742V

* J,.=36.8 mA/cm? :
e FF=80.6% CIGSe (N,, 1:10" cm?)

* N=22%

For grain boundaries:

* cylindrical CIGSe grain with a 1 um diameter surrounded
by a 1-nm-thick grain boundary

* fixed charges of different density and polarity to simulate
band bending

| o o o
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Simulations to understand imp ING:

Simulations to understand impact of grain boundaries

IIIIIIIIIIIIIIIIIIII

AAAAAAAAAA

> i
9 —
GC) 1 E !
W| Hole barrier Neutral Electron barrier S T
h) @EEEEO 000 PEPEOO® 0000 D PARMA
0.8 Ll L) L) L) L) Ll Ll 85 T T T T T 1] T
0.7 80}
0.6} S
< ~ 70¢ 1 <+ Hole barrier is detrimental
2 05 S
O =~ 65} :
S04 L ol | for V,.and FF
0.3 55 F .
* Electron barrier has nearly
e sl
600 -400 -200 0 200 400 600 600 -400 -200 0 200 400 600 no impact on device
ACPD , (meV) ACPD_, (meV)
e 6 performance
H—O—O""H-..'w_._'_'_._. L
%6l . 20
‘“g 15F
é u 10F
Q L
B3 s
30 i i i i i i i O i i L M i i i
600 -400 -200 0 200 400 600 600 -400 -200 0 200 400 600
ACPD , (meV) ACPD , (meV)
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Experimental device characteristics
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1 — 1 T
40 SR EEEE S R IR Il .
o 20 Febe e -
e
L
<
E 0 | \
I= —— RbF-PDT + CdS
o — KF-PDT + Zn(0,S)
8 20k RbF-PDT + Zn(0O,S)
CsF-PDT + Zn(0O,S)
e ————
L e ., - -
[ [ [ [ [

* No ARC
* No post-annealing
* No light soaking
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Quantitative comparison of experiments and simulation

800 ——————

700

o4 P>oD0@®e

Present study

» Simulation

Baier 2012
Stokes 2017
Nicoara 2017
Zhang 2012
Jiang 2004

)]
-
o
T
.
.
[m]

-loss (mV)

oC
.
.
.
[m]
g

Vv

500 f O v e

‘.I a CsF

9

<ACPD__> (mV)
* Decent agreement of experiments with simulations
* Most data points above the simulated curve
—> grain boundaries are not the only loss mechanism

e KF-PDT sample below optimum performance

300 200 -100 0 _ 100 200

AAAAAAAAAAAAAAAAAAAA
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- Optimization of CIGSe growth process in conjunction with AlkF-PDT process required
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Analysis of optoelectronic properties of grain boundaries INL
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o®

(72} A
‘
.a(Q

CPDO SPV- | CPD- SPV- neg. charged

CPD+ SPV+ ‘ CPD 0 SPV+ ‘ CPD- SPV+ ‘ pos. charged ‘
A GB A GB A GB 70l ' ' <) j
&) O (O @, &) 60 .’ .
X .
A_/\ Evac A-\/-:r- Evac A-/\ Evac \U-; 50 i = A ‘ T
_ ; 5 S 40f AT : :
> 2N & ® = n 5 . 4
o Ec ) V" E. o E c 30} te .
LICJ . LICJ : LICJ : je) 20 . WL -
SRR N [ A 2 N m——— E [ - . .
A : ] —1~— © - -B - neg. charged
E, S E, E - 10} © - @ - uncharged -
A pos. charged | A
(-) trapped charge (+) trapped charge (+) trapped charge 0 KF-PDT RbF-PDT CsF-PDT

Electron barrier Hole barrier and band offset
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Model of alkali-compound passivation at grain boundaries

11
Na 0.5
<]
1.5 p
) =
— ]
2 -
.
1-2.5
-3
1-3.5

M. Malitckaya, J. Phys. Chem. C 121, 15516 (2017)

Schematic process for the effect of AIkF-PDT on grain boundaries

before AIKF-PDT during AIkF-PDT

AAAAAAAAAAAAAAAAAAAA
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* Increasing size of the

stability range of the
AlkInSe, phase

* AlklnSe, phase has larger

band gap than CulnSe,

- Passivation effect due to
conduction and valence
band offset

after AIkKF-PDT

AlkInSe,
N) AIk\ %
N » o > e L
W Ny i Na
Na W Na
CIGSe GlI CIGSe GlI CIGSe GI CIGSe GlI CIGSe GI CIGSe GlI
GB GB GB
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Interface evolution during buffer deposition

AAAAAAAAAAAAAAAA
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» 3-stage CIGSe by ZSW on Mo/glass 5 min 18 min
at the high efficiency line 2 n > 20% CdS
S Y 30nm  zp0,5
(w/ ARC) C B
20 nm a
* Alkali post deposition treatment ]
3 min .
(PDT): RbF PDT [2] 8 min
Ees Zn(0,S)
- 3-10 . 2l
* Buffers: Chemical bath deposition nm A
(CBD) of CdS (T=65°C)
and Zn(0O,S) (T=80°C) 1 min 6 min
Cd> 1nm Zn(0,5)
* Sealedin N, before shipping L
(exposed to air 5-10 min before
loading in the UHV — base pressure 1s
10°10 Os
< 10° mbar) | cds <1nm B
CIGSe - e
: Mo 3 ClGSe :
[2] P. Jackson et al., Phys. Status Solidi RRL 10, 583 (2016). 5LG x‘é
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KPFM data analysis procedure |Nt°’°°‘}
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RbF-CIGSe/CdS (1sCBD)

Topography CPD gar CPD histogram
w : ' I in dark ]

CPDmax =-65mV
2E3| 1/e *counts= 66mV

SPV = CPDyym - CPDdark

1E3} | mm ‘|| SE3 [ in dark " SPV~60mV
P illum.
‘ H‘ “ SPV=CPD,,, - CPD,,,
0200 -150 -100 50 0 g SEOT
0.0nm HET /410nm  -240mV EEE -10mV - §2]
CPD (mV) 2
o
1E3}
A=635nm
CPD illumination
3E3Ff . ! T ] 0 Lias
D illum. 200 150 -100 50 0 50
ICPDmax = -5mV CPD (mV)

1/e *counts= 100mV

* Related to band bending
* Related to V. of device

-(%50 -100 -50 0 50
0.0nm M 410nm _{37mV BT | 65mV CPD (mV)

* Simultaneous topography and CPD maps are taken at different locations
* Atotal of 25-30 images were analyzed per sample

e Measurements are done in dark and under illumination => SPV
N. Nicoara et al., ACS Appl. Mat. Interf. 9, 44173 (2017).
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Surface morphology and electronic properties '.“;i

11111111111111111111

RbF-CIGSe/CdS CdS thickness

Topography

* Facetted CIGSe surfaces

* Presence of clusters; increased density and size with increasing CBD time

* Lateral inhomogeneity in the surface potential (CPD maps) for 2 and 3 min CBD
observed only at larger scale (> 3 um?)

N. Nicoara et al., ACS Appl. Mat. Interf. 9, 44173 (2017).
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Surface potential dependence on CdS thickness |NL;:‘:‘~

RbF-CIGSe/CdS  ¢pp,

400 T —7#

~1nnl1 CaS | '~3nm ~3dnm
300} |

> 200} @
e . \
100} \
// \\

E O i 7 \
O /// \\
100} é é
-200F
0 1 2 3 5
CdS CBD time (min)
SPV = CPI:)illum. - CPDdark
250 T T T T T T T l'l" T
~1nm CdS ~3nm ~30nm
200 } % /,é .
9 150 o /// "1
E ¢
§ 100 -
ew-f-é---«}-_-ﬁ.-.
ol— : : s
0 1 2 3 5

CdS CBD time (min)

AAAAAAAAAAAAAAAAAAAA
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Increase of CPD (+ 0.3 eV) up to 2 min,
followed by a decrease for 3 min CBD

Uniform CPD for 1 s and 1 min

For CBD times = 2 min, variation in CPD
(solid, open symbols)

Uniform, low SPV for 1 s and 1 min
For longer CBD, two tendencies:

i) constant~50-60 mV

i) increasing with buffer coverage

Lateral inhomogeneity: high CPD areas show
low SPV and low CPD areas show high SPV

N. Nicoara et al., ACS Appl. Mat. Interf. 9, 44173 (2017).
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Surface potential dependence on CdS thickness
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RbF-CIGSe/CdS ¢pp,

400

~1nmCdS  ~3nm ~30nm| [ e—
300+ J vac

ark

< 200} 4 .
E AN :
£100f ; 1 * i
Q" o + -' Deiese ®
O /,’ y 4
00| ¥ 0 ] CIGSe +RbF-PDT
200}
0 1 2 3 e 5 EF Ve
CdS CBD time (min)
SPV = CPDiIIum. - CI:’Ddark
250 r r r r T . —tf f——
~lnmCdS ~ ~3nm ~30nm] . [or15to 2 min CBD = CPD increases:
200 .
%” é  Complex interface with Rb, Cd, In, and Se
S 130 ' observed in XPS
€ '3
> 100 {1 * The “thin” CdS layer does not provide sufficient
7 i Qw§é+ | charges to change the initial surface band bending
- The SPV remains const. ~ 50 - 60 mV
0 : g p—s
3

0 1 2 5
CdS CBD time (min) N. Nicoara et al., ACS Appl. Mat. Interf. 9, 44173 (2017).
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Surface potential dependence on CdS thickness
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RbF-CIGSe/CdS ¢pp,

400

ark

‘~1nmCdS  ~3nm ~30nm! E

300

vac \

Sooob 4 ; | A
E . N :
<100} \ + -
o ol / + | Deiose O
o é/,’ \\ |
e é ] CIGSe +RbF-PDT
-200
S R R S - Ep =mmmmmmmmmmmm e kooos
CdS CBD time (min)
SPV = CPDiIIum. - CI:’Ddark
250 r r r r T . —tf f——
~1nm CdS ~3nm ~30nm
200 é ]+ For >3 min, the CdS layer is thick enough and provide
l% sufficient charges to modify the band bending, which
% 190 é | now is stronger downwards
g 1% Q - The CPD decreases due to downward band bending
50F = é+ 1 2 The surface photovoltage increases
0l— . - —a—
0 1 2 3 5
CdS CBD time (min) [N. Nicoara et al., ACS Appl. Mat. Interf. 9, 44173 (2017).
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Surface morphology and electronic properties |Nt‘gf:‘§$

RbF-CIGSe/Zn(0,S) Zn(0,S) thickness

>

N LS ‘,. R — -

a) Omin 6 min 8 min

>
-
o
(1)
| -
o0
o
o
|_

* 7Zn(0,S) deposition induced changes at the CIGS surface; tip instability due to
presence of small features on the surface
* For20 nm (18 min) Zn(O,S) clusters formation is observed
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Surface potential dependence on Zn(0,S) thickness INE::‘g‘.\
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RbF-CIGSe/Zn(O,S)

CI:’Ddark
jzz "~1nm CdS © ~3nm ~20nm ]* Uniform CPD for all thicknesses
[ .- A
300 i //// ﬁ . . . . e, .
—~ é e CPD increase with increasing deposition time
S 200} .
% 100 /'/
o of v |
O 100} I '
200F @ i
ool L
0 2 4 6 8 16 18 20
Zn(0O,S) CBD time (min)
200 —r S PV .C.PI.)".gh:‘ .C,!)Ddark
~1nm CdS ~3nm ~20nm |
100§ 1+ Homogeneous, positive (35-55 mV) SPV up to 8 min
s |8 o-- |
£ of |
E |* Larger and negative SPV (up to ~ 170 mV) for 18 min
_100 CBD Zn(0,S)
-200f

0 2 4 6 8 1 18 20
Zn(0,S) CBD time (min)

Sascha.Sadewasser@inl.int 65



Surface potential dependence on Zn(O,S) thickness INL:::':‘.\

RbF-CIGSe/Zn(0,S)

CPD,_,, (mV)

500

400
300
200
100

o}
-100 |
200 F

-300

200

100

CI:’Ddark

~1nm CdS ' ~3nm ~20nm |

//ﬁ “ |
. .
7

0 2 4 6 8 16 18 20
Zn(0O,S) CBD time (min)

~1nm CdS ~3nm ~20nm

0 2 4 6 8 16 18 20
Zn(0,S) CBD time (min)
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Evac \

(DCIGSe
CIGSe +RbF-PDT

 Up to 8 min Zn(0,S) deposition, the CPD increases:

* Complex interface formation ?

* The “thin” Zn(0O,S) layer does not provide sufficient
charges to change the initial surface band bending.

— The SPV remains const. at ~ 50 mV
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Surface potential dependence on Zn(O,S) thickness INL:::':‘.\
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RbF-CIGSe/Zn(0,S)

500 CI:’Ddark ,
"~lInmCdS  ~3nm ~20nm |
400} /,ﬁﬂ | E
300¢ e ] vac N\
% 200F é’f e A
~, 100 / |
Eg °f /’/é | CD
O -100} Il - CIGSe
Pt A A CI)
200} O |
soola e 0 ClIGSe +RbF-PDT
0O 2 4 6 8 16 18 20
Zn(0,S) CBD time (min) F_ cemececccccccccccccccce——————— N
oo SPV = CPDgy, - CPDyan "
""""" " . min, the “thick” Zn layer n
Anm CdS  ~3nm =20nm For 18. in, the “thic (O,S). aye c.zloes ot. |
100} ] result in downward band bending (with a positive
% 8- G- : SPV) as expected
S I 1 : .
> | * Possible explanation:
*.
e . * Fixed charges (traps) at the surface of Zn(O,S)
200} —> The surface photovoltage is negative !

0 2 4 6 8 16 18 20
Zn(0,S) CBD time (min)
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Part IV:
Time-resolved
Kelvin probe force microscopy
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Quick Introduction to Time-Resolved KPFM INL:::‘:‘A
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* Macroscopic tr-SPV measures directly the SPV decay after a short light pulse
* |In KPFM the CPD is measured by a controller with time constant ~1-10 ms
— Direct measurement of SPV decay not possible

— Use a fast pulsed light sequence and measure the averaged CPD to obtain SPV(t)

Effect of light on the surface potential Repeated light pulses and measured CPD
light on light off 80} Atg, = 100ns i

1 00 B " 60} light pulse |
o~ = = =averaged CPD
S
£ 80}
©
o 60 1 =100 ns
8 40 T4 = 300 ns
]
®
v 20}
-
(7p]

OF
0 | 3
time (us)
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Quick Introduction to Time-Resolved KPFM INL:::‘:‘A
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Assume simple exponential CPD increase and decay:

During light on: SPV,.(t) = ASPV - e~ t/Ton

During light off: SPV, ¢ (t) = ASPV - (1 _ e—t/Toff)

Measured CPD = Integral of the increase and decay curves during the on- and off-time

of the illumination:

80} Aty = 100ns :gig ;:lilse
60F ) bl - -g%:trggl;eCPD -
40 2

< 20¢ /

£ / /

E T,, =100 ns At =200ns

) 80
60
40 -----------------
20F

0 /////////,,
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Chemical instability at chalcogenide
surfaces impacts chalcopyrite devices
well beyond the surface

D. Colombara, H. Elanzeery, N. Nicoara, D. Sharma, M. Claro, T. Schwarz, A. Koprek,
M.H. Wolter, M. Melchiorre, M. Sood, N. Valle, O. Bondarchuk, F. Babbe, C. Spindler,
O. Cojocaru-Miredin, D. Raabe, P.J. Dale, S. Sadewasser, and S. Siebentritt

INL — International Iberian Nanotechnology Laboratory, 4715-330 Braga, Portugal
... and 7 other institutions

Nature Communications 11, 3634 (2020).

Sascha.Sadewasser@inl.int 71



Cu(In,Ga)Se, solar cells INC3
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* best optoelectronic properties for Cu-poor stoichiometry
* best structural properties for Cu-rich stoichiometry
 Cu-rich CIGSe leads to segregation of Cu,_Se which can be etched by KCN solution

» KCN etch can lead to formation of different point defects below the surface

Cu-poor G.B.

Cu-poor Cu-rich

CuSe

1 KCN etching

KGN . [CuCN LI+ ._KCN

memh

D. Colombara et al., Nature Communications 11, 3634 (2020).
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Cu(In,Ga)Se, solar cells INGS

AAAAAAAA

* TR-SPV on Cu-rich and Cu-poor CIGSe after KCN etching

Cu-poor CIGSe v . . ey f—————
250 F | I -
Topography | 3 A Cu-poor
' 200 | -
150 F -
S‘- 3 . -
é 100 . ___N,i\___$_/7_lft€d_bx_l_QQm!( ______ -
>
% [ 1 ‘
S0 f Ml Cu-rich 1
I AL LA
[ '% 10 -ONT
—50 } '§°'5" HH| H| H‘ | ‘ - -
» Region I: 1 s light pulse > fast decay B P —
* Region II: Pulse sequence 100 ns — 10 ms 61 2 3 1213 14 15 16
Time (10°s)

* Region lll: very slow decay - metastable defects
D. Colombara et al., Nature Communications 11, 3634 (2020).
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Cu(In,Ga)Se, solar cells INGH
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* TR-SPV during pulse sequence (region II) Frequency / Hz
100 10° 10° 10° 10° 10°

250 |

p—
=

200 f

150 f

-
[~ W
wn
-
=Ty
«
S
T oo _shifted by 100mY__ - 0.8
5 -
S0 r Cu-rich 1 @
W, W = 0.6} ,
O [l - A - = Tpp~(0.2 £ 1.0) pus
| (] ] " T S + v '
50 | o0 g E Cep~(0.75 £ 0.2) us Cu_poor
0 1 2 3 1213 14 15 16 ; 0.4 10-7 10-6 ]0-5 10-4 10-3 ]0-2
Time (10%s) .
Period / s

* Fit curves with exponential dependence [1] to evaluate decay time constants:

* Tou-poor ~ (6.2 £ 1.0) s —(1-D)
Vav (f):Vdark‘l_SPVD+TSPV 1 —e
®* Tcu-rich =~ (075 + 02) NS & T f

- TR-SPV results corroborated by admittance spectroscopy and photo-electrochemical transients

- Data consistent with metastable amphoteric di-vacancy (V¢ Vse)

[1] M. Takihara et al., Appl. Phys. Lett. 93, 021902 (2008). D. Colombara et al., Nature Communications 11, 3634 (2020).
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Fast photodetectors from 2D 3-In,Se;
grown by molecular beam epitaxy

Marcel S. Claro, Justyna Grzonka, Nicoleta Nicoara, Paulo J. Ferreira,
and Sascha Sadewasser

INL — International Iberian Nanotechnology Laboratory, 4715-330 Braga, Portugal

Adv. Optical Mat. 9, 2001034 (2021).
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Motivation

2D materials have numerous interesting
properties

* Fundamental science & applications

* Most devices fabricated from flakes and by
manual transfer and stacking

e One device at a time

- Need to develop
industry-compatible
fabrication techniques

Castellanos-Gomez et al., 2D Mater. 1,011002 (2014).

Sascha.Sadewasser@inl.int 76



Indium-Selenide Properties INGS

Indium-Selenide Properties
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[Ime—] In,Se;:
p-2H y-3R
(P63/mmc) (R3m)

o and [3 phases

e Layerd 2D material
:gg: * Quintuple layers

o v phase
E 3D material

...................... ° Wurtz'te Structure

I I
.:g::g:: InSe and GaSe:
B and y phases
e Layered 2D
material
T e Quadruple layers
C

Inorg. Chem. 2018, 57, 11775-11781

rotate 60°
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Molecular Beam Epitaxy at INL |NL-‘$

AAAAAAAA

e @
2@ ¢

)

MBE Indium‘IQ Ssleniun;l l 9,‘
: S0 * Molecular beam epitaxy

. S0 e & ° )
* | °

B o

e 2inch c-sapphire wafers

2-inch wafers
Substrates: sapphire, Si (111)

Materials:
* Indium
* Gallium
* Copper
* Bismuth
* Selenium

s B In-situ control by RHEED
Omicron Nanotechnology, EVO 50
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Large-area growth of 2D materials INL:::"%
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Controlling the phase of Indium-Selenide
* Substrate temperature
* Se flux (Se valve opening)

00 cosoniie D] b EB"nzselg, pinSe, | . " Sapphire (006) C
002 (0o4)  rin;Se, [ InSe .
* 4\ (002) (006) 550 | . .B In,Se, i
1 05 v-In,Se_+p-In,Se,
:_,U? B-In.Se, 500 | E]SG A B-I n2893
g (006) p-in,Se, 8 InSe+ y-In,Se,
3 10* (008) s
~ ) 450 B -
_?) I v-In,Se,
CIC) 10° |_?> 400 F =mynSe, N
<
InSe (002) InSe (boD) 350} -
1 02 y-In,Se, (006) i
InSe y-In,Se, —— B-In,Se, ‘
L 3 I i L 3 L 3 300 2 [ 2 [ 2 [ 2 [ " [ 2 [ " [] M
10 20 30 40 50 o 1 2 3 4 5 6 7 8
20-0 (°) Se valve apperture (mm)
13nm g 3 : % o] [18nm
10 7t
6l 10.95 nm 4 T
'g 4
s
5 N
4} .
(2 £ 1) QL thickness
% 200 400 600 800
0 X (nm) 0

M.S. Claro et al., Adv. Optical Mat. 9, 2001034 (2021).
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B-In,Se; Materials Quality IN AAAAAAAA i
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Sapphire

Sapphire

(-222)
. . . 1Y (N

(.114?'.... A-112) T
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Transmission electron microscopy

* Homogeneous over wide area

* Very few defects

e Atomic structure confirmed through HR-TEM and SAED

Sascha.Sadewasser@inl.int 80



Device Fabrication INUC:

Device Fabrication 2220202020000 V= g

NANOTECHNOLOGY
LABORATORY

e Fabrication of devices in INLs cleanroom
e Full 2-inch wafers

* “Standard” processing

sputtering - 4-_
"’ photoresist otolithograp HClaq
-Zn0 -
Sapphire

- 2 HClaq+H, 0,20
. ¥
Pl el
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Wafer-scale fabrication of 2D photodetectors

Responsivity (mA/W)
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* Time dependent response
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M.S. Claro et al., Adv. Optical Mat. 9, 2001034 (2021).
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TR-SPV on B-In,Se, INC3
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* |s the time constant of photodetector controlled by interfaces in the device
(contact/transparent dielectric), or is it a materials property of the 3-In,Se; ?

—> TR-SPV on bare material !
* 20 nm thick B-In,Se; on GaN/sapphire substrate

0.50

‘v — 10 nm
- Sem | * 635 nm laser pulses (10 Hz— 10 MHz, 100 ns - 100 ms)
3 9
= T
. 1.0 =
®
7 L o5 \\
a
6 00 OFF
S OIO l 1 (I)m 2.(I)m 3.(I)m 4.Cl)m l 5 (;m
4
3
2

o Exp. data

(=]

N _
%Q%% %%v%%ﬁ%% ji +

0.46

V)

CPD

10°  10° 10? 10°  10* 10° 10° 10’
M.S. Claro et al., Adv. Optical Mat. 9, 2001034 (2021). f (Hz)

Sascha.Sadewasser@inl.int 83



TR-SPV on B-In,Se, |NL;:::‘;‘4
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* Fit frequency-dependent CPD curve [1,2]

-(1-D) -D
* one build-up process: 1, CPD(f) = CPDgqry + SPV1D (1(1—5) Ta1f efbl'g)
» two decay processes: t4; and Tg,. +SPVy(Tg1- f — Tp1 - f) (1 — ¢ tarf ) (1 — em)
—(1-D)
+SPV,D + SPVy(tg5 - f) (14— ea?)

[1] P.A. Fernandez Garrillo et al., ACS Appl. Mater. Interfaces 8, 31460 (2016).

[2] P.A. Fernandez Garrillo et al., Beilstein J. Nanotechnol. 9, 1834 (2018).
D — duty cycle, f — frequency

CPD,, = (545+3) mV
o

7 SPV,+SPV, = (-110 £ 4) mV | 7 Exp. data :
0.49 -_.,I,-l 1, = (14+£2) ms - 049¢F % Tttt T, contribution

. b 9y T, = (24 +8) s N
E % 1aN T = (62+11) ps >
—=0.48F xR 1 3048 |
E Xe. 3 A
O . 9lil.. % O % ]

047E iy 1 B0 ¢ : 047: ?ﬁ
! t‘ 0:465 h'%gﬁ% |

o Exp. data
Fit
| .- 1,, Contribution

10° 10" 10> 10° 10* 10° 10° 107 10° 10" 10* 10® 10* 10° 10° 107
f (Hz) f (Hz)

* Time constant of main decay process: 14; = 14 ms agrees with photodetector t =7 ms

—> Likely inherent materials process _
M.S. Claro et al., Adv. Optical Mat. 9, 2001034 (2021).
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Conclusions |NL»

NNNNNNNNNNNNNN
LABORATORY

* Introduction to Atomic force microscopy and Kelvin probe force microscopy
* Grain boundaries in Cu(In,Ga)Se, solar cell materials

* Epitaxial model samples with individual grain boundaries

» Surface photovoltage gives insights about electronic activity of interfaces

e TR-KPFM and TR-SPV measure dynamics of charge separation and relaxation
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m‘ WILEY-VCH Springer Series in Surface Sciences Springer Series in Surface Sciences

Edited by Daniel Abou-Ras, Thomas Kirchartz,

and Uwe Rau
égvanced. . hni Sascha Sadewasser Sascha Sadewasser
aracterization Techniques Thilo Glatzel Editors Thilo Glatzel Editors

for Thin Film Solar Cells / .
Second, Extended Edition Ke|V|n PrObe Force KeIVIn PrObe Force

— Microscopy Microscopy

Measuring and Compensating From Single Charge Detection to Device
Electrostatic Forces Characterization

@ Springer @ Springer
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