UNIVERSITE DU
LUXEMBOURG

PhD-FSTM-2022-086
The Faculty of Science, Technology and Medicine

DISSERTATION

Defence held on 27/06/2022 in Luxembourg

to obtain the degree of

DOCTEUR DE L’UNIVERSITE DU LUXEMBOURG

EN PHYSIQUE
by
Evandro MARTIN LANZONI

Born on 28 June 1988 in Itapira/SP, (Brazil)

GRAIN BOUNDARIES AND POTASSIUM
POST-DEPOSITION TREATMENTS IN CHALCOPYRITE
SOLAR CELLS

Dissertation defence committee

Dr Alex Redinger, dissertation supervisor
Professor, Université du Luxembourg

Dr Daniel Abou-Ras
Priv. Doz., Helmholtz-Zentrum Berlin Fiir Materialien und Energie GmbH

Dr Andreas Michels, Chairman
Professor, Université du Luxembourg

Dr Harry Monig
Priv. Doz., Physikalisches Institut Westfalische Wilhelms-Universitat Minster, CeNTech

Dr Susanne Siebentritt, Vice Chairman
Professor, Université du Luxembourg






Contents

Contents

IList of Figures{ Xiv
IList of Tablesi XV
|Acronyms and Symbols{ xvi
xvii
I[ntroductioﬂ 1
|1 Background and state of the ard 3
|1.1 The brief historical context of solar cellsl ................. 3
|1.2 State of the Art of Thin Film Solar Cellsj ................. 5
|1.3 Cu(In,Ga)(Se,S), solar Cellsl ........................ 8
|1.4 Grain boundaries in CIGQ ......................... 10
|1.5 Alkali post-deposition treatmenté ..................... 19
|1.6 Open questions that will be answered in this thesis‘ ........... 23
|1.7 Scanning Probe Microscopy (SPM)l .................... 24
|1.7.1 Scanning Tunneling Microscopy ( STM)l .............. 25

|1.7.2 Atomic Force Microscopyl ..................... 29

|1.7.3 Kelvin Probe Force Microscopyl .................. 35

}2 Materials and Method4 42
l2.1 Sample preparatiod ............................. 42
l2.2 Inert-gas transfer systeml .......................... 44
l2.3 Ultra-high vacuum (UHV) characterization setupl ............ 44

I2.3.1 Scanning probe microscopyl .................... 45




Contents

|2.3.1.1 Kelvin probe force microscopﬂ ............. 45

|2.3.2 X-ray photoelectron spectroscopyl ................. 47
|2.3.3 Alkali depositiod .......................... 50

|2.4 KPFM under air/Nitrogen Conditionsl ................... 53
|2.5 Other characterization techniquee{ ..................... 54
|2.5.1 Scanning electron microscopy ( SEM)l ............... 54
|2.5.2 Secondary-ion mass spectroscopy (SIMS)l ............. 54
|2‘5.3 Helium Ton Microscope-based Secondary-ion Mass Spectrometryl 55
|2.5.4 Photoluminescencei ......................... 55

|2.6 Calculation of the cantilever contribution to AM—KPFMi ........ 56

How different KPFM operation modes and environments impact theI

k}B investigation?l 57
b.l Gold on Si standard sampld ........................ 59
I3.2 KPFM measurements on single-crystalline C184 ............. 63
I?).3 KPFM measurements on Perovskite absorbersl .............. 65
I3.4 Splitting forces in AM—KPFMI ....................... 68
I3.5 Chapter summaryl .............................. 74

Properties of single-crystalline CISe absorber grown on GaAs ( 100)| 76

|4.1 Prior investigations of the CISe surfacei .................. 76
|4.2 Facet dependence Workfunctiod ...................... 80
|4.3 Chapter summaryl .............................. 83

Properties of CIGSe absorber epitaxially grown on multi-crystallinej

i

k}aAs substratel 84
b.l The multi-crystalline GaAs substrate! ................... 84

b.2 Surface characterization of CIGSe grown on multi-crystalline GaAs sub4

.................................... 86

b.S Grain boundary characterization of the CIGSe absorber epitaxiallyl

l?;rown on multi-crystalline GaAs substratel ................ 89
b.3.1 As-grown samplel .......................... 89
b.3.2 UHYV annealing to remove residues from the sample surfacd .. 96

b.4 Chapter Summard .............................. 101




Contents

b Alkali post-deposition on CIGSe absorber grown on multi-crystallinel
|GaAs substratel 102

b.l Workfunction changes after K deposition on single-crystalline CISe{ .. 103

b.2 K deposition on single-crystalline CIGSe epitaxially grown on GaAs ( 100)'105

ki.3 Grain boundary characterization of K-deposited CIGSe epitaxially growd

bn multi-crystalline GaAs Substratei .................... 112

b.4 Chapter summar}* .............................. 121

t? Summary and Conclusion4 122
124
IA.1 200°C annealing in UHV] . . . . . . 0o 125
|A.2 X-Ray sourcesi ................................ 127
|A.3 XPS K 2p peak during K—depositioﬂ ................... 129
A4 HIM-SIMS decayl . .« o v v oo 131
.................................... 133
|A.6 Sample holder for K—depositionl ...................... 135
IPublications and Presentationé 136
|Acknowledgment4 138

IBibliographyI 140

il



List of Figures

List of Figures

v

.1

CIGS solar cell efficiency over the yearsl .................

1.2

Crystal structure of CISe materiall ....................

Plot showing the linear dependence of the CIGS lattice parameter Withl

Irespect to the GGI. At CGI close to 0.5, the lattice mismatch is optimall

|f0r epitaxial growth. Reprinted from Regesch [49]' ............

.4

Band diagram at GB: (a) no barrier, (b) downward band bending, (c)l

|upward band bending (d) lowering the valence bandl ..........

1.5

Electron microscopy techniques applied to GBs. CL and EBSD mapd

Iacquired in the same spot of a CISe sample. Twin boundaries arel

Imarked in red in the EBSD map showing a higher density of nonl

Iradiative recombination at non-twin boundaries than the one found inl

|the twin boundaries. Figure reprinted from Abou-Ras et al., @(2009)|
IThin Solid Films - Elsevierl .........................

1.6

Typical APT applied to GBs. Cu enrichment of the >9 twin bound—l

Iary on Cu-rich CulnSy sample. Figure reprinted from Schwarz et al.J

|©(2020) Nano Energy - ElsevieII ......................




List of Figures

|1.7 STM applied to GB. Typical dI/dU information from GBs in CIGSEI

Isamples. (a) shows the average dI/dU spectra recorded on the graid

kgray dotted curve), adjacent to GB (red dashed curve), and at the{

bB (blue solid curve). The inset CITS map depicts the locations froni
|Where the dI/dU were collected. Figure 1.7 (b) shows the schematicl
lsnergy level diagram at the GB with the dI/dU spectra collected id

khe regions d, e, and f. (¢) Numerical calculation of the dI /dU spectral
Ievidencing a band bending caused by defect level D* at the GB. (d)l
|Numerically calculated dI /dU spectra with and without defect level D*I

IFigure reprinted from Monig et al., ©(2010) Physical Review Letters -|

|1.8 Typical KPFM applied to GB of polycrystalline Cu(In,Ga)(S,Se) (CIGS)I

I(a) topography and (b) surface potential maps acquired simultaneousld

|at the sample surface. (¢) shows how topography and surface potentiaj

L:hanges correlate at GB. Figure reprinted from Jiang et al., ©(2004)|
|Applied Physics Letters - AIP [87]' .................... 17

|1.9 KPFM applied to twin boundary ¥3. (a) topography and (b) surfacel

l:)otential maps of a CIGS absorber. Figure reprinted from Siebentrittl
|et al., ©(2006) Physical Review Letters - APS [58]| ............ 18

|1.10 APT of the alkali-treated CIGS sample. Typical alkali accumulatiod
lat the GB of CIGS absorbers. Figure reprinted from Siebentritt et al.]
|©(2020) Advanced Energy Materials - Wiley-VCH GmbH] ....... 21

|1.11 KPFEFM applied to GB. Typical KPFM image from GB characterizatiod

bf alkali-treated CIGSe sample. (a, b) surface potential and topogra—l

bhy maps of the non-KF-treated sample. (c,d) surface potential and

kopography maps of the KF-treated sample. (e.f) surface potential dis-l

kribution of the non-KF- and KF-treated samples. Figure reprinte(i

|from Jiang et al., ©(2016) Proceedings of 43rd Photovoltaic Specialistsl
bonference - PVSC - IEEEI ........................ 22




List of Figures

vi

|1.12 Tunneling effect and scanning tunneling microscopy (STM) principlesj

ka) Metal-Vacuum-Metal model that there is a probability of the Wave-l

|function to tunnel through a vacuum gap. (b) Sample—Vacuum—probel

Imodel for the STM working principle. FElectrons can tunnel throughl

|the vacuum gap if an energy eV is given to the systeml .........

|1.13 Interatomic forces in the AFM: (a) Lennard-Jones potential is usedl

|t0 describe the forces between probe and sample. Schematic for thd

|sta,tic operation mode (b) contact, and dynamic operation modes (c)l

|Non—contact and (d) Intermittentl ....................

|1.14 Cantilever resonance frequency for the AFM: (a) free resonance (Whenl

|the probe is far away from the sample surface), (b) shift to higheli

Iresona,nce frequencies due to repulsive forces (intermittent contact), andl

I(c) shift to lower resonance frequencies due to attractive forces (non—l

|contact mode)] ...............................

|1.15 Simplified KPFM schematic. A sharp probe is placed close to the saml

Iple surface and is mechanically and electrically excited. A deﬂectionl

|System based on a laser deflection measures changes in the cantileveri

bscillation to produce the topography and surface potential maps] C

|1.16 Schematic of the FM-KPFM Sidebands. An AC voltage is applied ad

|fmod producing sidebands at the main resonance frequency f—0. Duringj
IFM—KPFM f—0 =+ f,,,q4 is measured. Figure reprinted from Zerweck 67!
lal., ©(2005) Physical review B- APS!. . . .. . ... ... .. .. ...

I2.1 MOVPE basic working principle. Figure reprinted from Spindler [153]| .

|2.2 Picture of the inert-gas transfer systeml .................

|2.3 UHV characterization setup used in this thesisl .............

|2.4 XPS basic principles. Figure reprinted from [155]' ............

|2.5 Alkali evaporator under commissioning, showing the filament (red—ish)l

|and the straight aperture in front of it] ..................

|2.6 Potassium deposition on gold for the trial 10.0A for 2 minutesl .....

37



List of Figures

B.1

Contact potential difference CPDgp - CPDgpgin for CH3NH3PbIg and

bIGSe absorbers as a function of the reported PCE. Figure adapted

|fr0m Lanzoni et al., p. 2021 [160]' .....................

B.2

KPFM operation mode applied to Gold on Si standard sample: to-l

bography and surface potential maps acquired in AM-KPFM underl
Iambient conditions (a,c) and in FM-KPFM under UHV (b.d). (e) Line{

broﬁles extracted from the surface potential maps under ambient (red)l

Iand UHV conditions (blue). Figure reproduced with permission froni
ILanzoni et al., ©(2021) Nano Energy - Elsevier [160]] ..........

B.3

KPFM operation mode applied to Gold on Si standard sample underl

|UHV: Topography and surface potential maps measured in the samel
kegion using AM-KPFM (a,c) and FM-KPFM (b,d). (e) Line proﬁlesl
Iextra,cted from the surface potential maps in AM-KPFM (red) and

IFM—KPFM (blue). Figure reproduced with permission from Lanzoni ei
|al., ©(2021) Nano Energy - Elsevier [160]] ................

B.4

AFM and SEM images of the single-crystalline CISe sample showing]

khe faceting at the surface] .........................

B.5

The role of environmental conditions on KPFM. (a) FM-KPFM un—l

Her UHV, (b) AM-KPFM in air, (c) FM-KPFM under UHV after aii

CXPOSUIC) . . . . . o o o v v v e e e e e e e e e e e e e e e e e e

B.6

AM-KPFM under ambient conditions and changing the lift height everd

I25 pixels of the imagel ...........................

B.7

Topography (a-c) Surface potential maps (d-f) measured under UHVI

(FM-KPFM), ambient (AM-KPFM), and UHV (FM-KPFM) after ex

bosing it to air. Figure reproduced with permission from Lanzoni ei

|al., ©(2021) Nano Energy - Elsevierl ...................

B.8

Perovskite facet contrast. (a, b) topography and workfunction maps 011

berovskite. (c) line profiles extracted from the marked regions in (a, b)l

Iand showing that workfunction contrasts correlate only with the facet]

Iand no GB contrast is observed. Figure reproduced with permissiod

|fr0m Lanzoni et al., ©(2021) Nano Energy - Elsevierl ..........

vii



List of Figures

viil

B.9 CPD vs GB depth in AM-KPFM operation mode. Many line proﬁle4

|Were acquired in the topography and the surface potential maps showingl

|a correlation between the GB depth and the surface potential. Thié

L:orrela,tion cannot be theoretically explained. Figure reproduced Withl

Ipermission from Lanzoni et al., ©(2021) Nano Energy - Elsevier [160” . 68

I3.10 Acting forces in KPFM. (a) scanning probe microscopy (SPM) probel

|scanning the sample surface at a charged grain boundary (GB). Thd

kantilever, cone, and probe apex are highlighted. When the probe{

lapex enters the GB region, the distance between the cantilever andl

|the sample surface decrease by the GB depth. Positive charges at GBI

|cause a downward band bending of the vacuum level (VL), conductionl

|band (CB), and valence band (VL), and consequently, a Workfund

|tion difference will appear. (b) Calculation of the individual contri—l

|bution of the cantilever, cone, and probe apex to the total measuredl

|f0rce in amplitude modulation KPFM (AM-KPFM) with respect tol

|the probe/sample distance. Red dashed lines mark the typical rangel

bf AM-KPFM operation distance. (¢) The same calculation done f01|
|the frequency modulation KPFM (FM-KPFM) mode. Figure adaptedl
|fr0m Lanzoni et al., ©(2021) Nano Energy - Elsevier [160]] ....... 70

b.ll AM-KPFM simulation: (a) measured topography, (b) measured surfacd

Ipotential, and (c¢) simulated surface potential. Figure reproduced Withl

Ipermission from Lanzoni et al., ©(2021) Nano Energy - Elsevier [160]] .73

B.12 AM-KPFM simulation: (a) measured topography, (b) measured Surfacel

Ipotential, and (c¢) simulated surface potential. Figure adapted froml
ILanzoni et al., ©(2021) Nano Energy - Elsevier [160]] .......... 74

|4.1 Topography acquired via AFM of the Cu/(Ga+In) ratio above 1 ( Cu—rich)l

buInSeg (CISe) sample series. The samples are labeled according tol

|their Cu/(Ga-+In) ratio (CGI) ratio measured via energy-dispersive X-I
Iray spectroscopy (EDX) (a) 1.10, (b) 1.14, (¢)1.18, (d) 1.95| ....... 7

|4.2 (a, b)SEM maps of the large area of the Cu-rich CISe sample showingj

lsome material ageglomeration on the surface. (c¢) topography acquiredl

.................................. 9




List of Figures

1.3

KON treatment of the Cu-rich CISe absorber. (a,b) SEM image showingj

khe reduction in the amount of the agglomerated structures on thei

Isurface after KCN etching. (c,d) topography images of the CISe surfacei

before and after KCN. (e.f) amplitude images (also called error signals)l

|Where an easier visualization of small structures formed after KCN isI

bossible. (¢,f) phase-contrast images evidencing that the mechanical orl

lelectrical properties of the small structures are distinct from the CISd

bristine absorber. Figure reproduced with permission from Lanzoni ei

lal, ©(2019) IEEE [170]] . . . . . . .

Facet dependence workfunction. (a) topography and (b) surface poten—l

kial map of the Cu-rich CISe sample. (c) line profile extracted fron{

khe blue and red lines, topography, and surface potential images re-l

Ispectively. The line profile shows a facet dependence workfunction. (d)l

|shows the CISe crystal structure with the angles formed between the{
klOO), (112), and (312) facets. Figure adapted with permission frord
Lanzoni ef al., ©(2019) IEEE [170]) . . . . . . ... . ... .. .. ...

b.1

Multi-crystalline GaAs substrate: (a) picture of the 2-inch GaAs sub-l

|stra1:e. (b) electron backscatter diffraction (EBSD) map from a sisterl

..................................

5.2

GBs of the multi-crystalline GaAs substrate: (a) 80 ym x 80 pum topo-l

l@;raphic image of the GB region with a line profile. (b) 3 um x 3,uni

kopographic image showing 3 GBs and their respective line proﬁlesl o

b.3

SEM overview of the CIGSe sample epitaxially grown on multi—crystallinel

baAs substrate. Different morphologies are macroscopically visible id

khe larger images (a) and (b). A characteristic pyramid-like and trench—l

|like structures are visible in the high-resolution scan (c), showing thel

bB interfaces between 4 different grains. Yellow lines highlight a smali

kilt between the formed structuresl ....................

b.4

GBs in the CIGSe epitaxially grown on multi-crystalline GaAs sub-l

|strate: (a) 80 um x 80 um topographic image of the GB. (b) 20 um ><|

|20 pum topographic image showing different grains and GBs. (c¢) 20 ,uni

|>< 20 um topographic image showing a very smooth GBI ........

86

ix



List of Figures

b.5

CIGSe sample epitaxially grown multi-crystalline GaAs substrate. (a)l

IPicture of the 2-inch sample. (b) Picture of the small piece of the sampld
Imounted in the UHV AFM sample holder and showing the regions 011

...................................

b.6

AFM topography images of GBs in the Cu(In,Ga)Se; (CIGSe) a,bsorberi

Ispitaxially grown on multi-crystalline GaAs substrate. (a-e) regionsi

|labe1ed with blue color in Figure 5.5] ...................

FM-KPFM workfunction images of GBs in the CIGSe absorber epitax—l

|ially grown on multi-crystalline GaAs substrate. (a-e) regions labeledl

|With blue color in Figure 5.5] .......................

b.8

(a) KPFM image acquired in region 8 of the CIGSe sample. The coloredl

hashed squares indicate the areas used for the statistical Workfunctionl

|distribution plotted in (b). The upper graph shows the Workfunctionl

|distribution for the trench-like structures with three Gaussian ﬁttingj

lat positions 4.29eV, 4.36eV, and 4.41eV. The bottom graph showsi

|the workfunction distribution for the pyramid-like structures with twd

baussian fitting at positions 4.29eV, 4.39¢eV, and 4.41 eVI ........

5.9

Topography and workfunction line profiles extracted from the KPFMI

|image acquired in region 8 of the CIGSe sample. The red line in Fig—l

|ure 5.8 (a) indicates where line profiles were extracted to produce thd

kraph. Single line profile and the average of 128 lines are plotted, Withl

|black lines showing the topography and red lines showing the Workfund

b.10

(a)KPFM image acquired in region 10 of the CIGSe sample. The col—l

|ored dashed squares indicate the areas used for the statistical workfunci

|tion distribution plotted in (b). Lower workfunction values are presend

|in the vicinity of the GB. This region is highlighted in yellow and corre—l

|lates with a distinct morphology in the topography image (inset image)l

IDash lines in (b) highlight the peak positions for using Gaussian ﬁttingsl 95




List of Figures

|5.11 Topography and workfunction line profiles extracted from the KPFMI

|image acquired in region 10 of the CIGSe sample. Red line in Fig—l

|ure 5.8 (a) indicates where line profiles were extracted to produce the{

Igra,ph. Single line profile and the average of 128 lines are plotted, WitH

ialack lines showing the topography and red lines showing the Workfunc-l

15.12 XPS of the as-grown and annealed CIGSe epitaxially grown on multi—l

krystalline GaAs substrate. Black and red curves show the survey specl

kra of the as-grown and the annealed conditions, respectively. At thd

ioottom, the peaks are labeled. In blue, the peaks used for quantiﬁca—l

tion. O 1s and C Is regions are highlighted in red and black, the othex

brominent visible peaks in the survey. The inset figure shows the high—l

kesolution scan in the binding energy region of the C1s peak, and id

Ishows that C1s peak overlaps with Ga LMM Auger peaks. A properl

htting allows splitting the C 1s from the Ga LMM peak, which ShOWSI

Ino carbon on the sample surface after the annealing stepl ........ 97

I5.13 Kelvin probe force microscopy (KPFM) maps before and after anneal—l

|ing. An increase in workfunction was observed for all the analyzed

................................... 100

b.l KPFM workfunction maps after each stage of the K deposition. (a)l

Ias—grown condition. (b) with a thin layer of metallic K on the surfacel

I(c - f) after annealing stepsl ........................ 104

’6.2 Average workfunction after indicated samples treatment. The errorl

iaars were extracted from the RMS values of each imagel ........ 105

b.S XPS data showing the presence of K at the sample surface after depo-l

Isition. All the CIGSe elements can be identified in the survey spectra]

|with the blue labels highlighting the peaks used for quantification, the{

Lred show the oxygen and carbon peaks, and the black labels showingl

khe remaining predominant peaks. The inset confirms the presence 011

IK on the Surfacel .............................. 106

X1



List of Figures

xii

6.4

XPS spectra of the Cu/(Ga+In) ratio below 1 (Cu-poor) (orange) andl

bu—rich (blue) single-crystalline CIGSe and K-deposited. Darker Or—l

hnge and darker blue refer to the K-deposited sample (thin layer 011

|K on the surface). Brighter orange and brighter blue refers to the K-I

|deposited samples annealed at 200 °C' under ultra-high vacuum (UHV)J

IThe inset shows the amount of K present on the surface after annealingj

|using the K2s peak for qua,ntiﬁcationl ..................

B.5

SIMS depth profile of the K-deposited CIGSe sample showing the dif—l

|fusion of K into the bulk. Blue and orange curves represent the depthl

Iproﬁles for the Cu-rich and Cu-poor samples, respectively, being thd
IK—free the dashed darker colors and the K-deposited the solid brighterl

l:olor. In the Cu-poor case, there is an accumulation of K at the inter—l

|face between CIGSe and GaAsl ......................

6.6

PL imaging of the K-deposited Cu-rich CIGSe absorber. Figure repro-l

Iduced with permission from Lanzoni et al., ©(2022) Thin Solid Films 4

Flsevier| . . . . . . . s

6.7

KPFM from region 10 after each step of K-deposition: (a-e) topographyl

Iand (f-j) workfunction mapsl ........................

6.8

KPFM workfunction summary of the K-deposition of the CIGSe epi—l

|taxially grown on GaAs (100) and Multi-crystalline substratesl .....

6.9

Summary of the element ratios at the surface after each step of the K-I

heposition for the CIGSe sample grown GaAs (100) and multi—crystallinel

..................................

b.lO HIM-SIMS depth profile images for the K-deposited + long annealingj

bIGSe sample grown multi-crystalline GaAs substrates. The laterall
Iscale bar is Zurd ...............................




List of Figures

b.ll Sketch of the K diffusion mechanism on single-crystal CIGSe. (a) as-l

lgrown Cu-poor CIGSe with the presence of an OVC phase on the surfacei

|as proposed by Herberholz et al. [45]. (b) K-deposited sample showiné

la thin layer of K and no modification in the absorber composition. (C)l

IK—deposited and the annealed sample show the complete substitutiod

bf Cu atoms by K atoms in the OVC phase, which holds the CIGSGI
krystal structure and promotes Cu diffusion from the OVC to the bulkl 120

|A.1 Annealing effect: Topography (a-d) and FM-KPFM (e-h) images of thd

Iepitaxial CISe sample exposed to different levels of surface contamina—l

kion. (a) and (e) as-grown and non-air-exposed conditions. (b), (f)l

khe same non-air-exposed sample that was kept under UHV environ—l

Iment for ~ 20 months. (c¢) and (g) the same aged sample after UHVI

Iannealing. (d) and (h) air-exposed sample after UHV annealingl ... 126

|A.2 Comparison between the X-ray sources. Blue curve shows the surveyl

Ispectra of the CIGSe K-deposited sample acquired with the A1K o Xl

Lray source, while red curve is using the Mg K a source. The inset grapﬂ

|shows the high-resolution spectra in the region of K 2p peak, where the|

l)verlap with Se LMM Auger peak happens only in the case of using]
|Al K a X-ray sourcel ............................ 128

|A.3 XPS in the K 2p region. (a) K 2p peak after the various step of the KI

heposition. (b) K 2p peak of the K-deposited sample with two Gaussiad

beaks to fit the experimental data. (¢) K2p peak of the K—l—annealingj

I@ample with a single Gaussian peak to fit the experimental datal ... 129

|A.4 HIM-SIMS decay for the elements indium, gallium, and potassiuml

breen and vyellow curves represent indium and gallium, respectivelyl

IPotassium was split into two contributions, one in the grain (pink) and

lanother at the GB. The inset shows the normalized counts in fron{
bO nm to 400 nm depthl ........................... 132

|A.5 Raman shift of the dots observed in Figure 4.3. The red curve showsl

khe spectra acquired at the dot showed in the image. The black curvel

Ishows the spectra acquired in the surrounding of the dot] ........ 134




List of Figures

|A.6 Picture of the sample holder with the samples mounted for UHV ex-l

Iperiments. GaAs (100) (up) and multi-crystalline (bottom) GaAs sub-l

Istrates side by side in the holderl .....................

Xiv



List of Tables

List of Tables

|1.1 Advantages and disadvantages of the main AFM operation modesl .
|1.2 Summary of the KPFM techniquesi .................... 41
I2.1 Trials for the K evaporation on Gold surfacel ............... o1
I5.1 XPS surface quantiﬁcatiod ......................... 98

6.1

XPS surface quantification of the K-deposited and annealed Samplesj .. 109

6.2

The interplay between K and Cu after K deposition 4+ annealing asl

Imeasured via XPSI ............................. 117

6.3

XPS FWHM of the samples grown on GaAs (100) and multi—crystallind

|substrates after each step of the K depositionl .............. 118

XV



Acronyms and Symbols

Acronyms and Symbols

List of acronyms

kJISel buInSeJ
bGSeI quaSeJ
CIGSd [Cu(In,Ga)Se]

CIGS (Cu(In,Ga)(S,Se)4

bG]i k]u/(Ga+In) ratiol

bu—ricﬂ bu/(Ga—l—In) ratio above ]l

klu—poor{ bu/(Ga—i—In) ratio below ]J

k}G]i ba/(Ga—l—In) raticl
bBI lqrain boundard

de brdered vacancy compoundl

IPD'I1 l:)ost—deposition treatmentsi

IPCE‘ Ipower conversion efﬁciencyI

[P} il factor

ISPM] lscanning probe microscopyl

ISTNII Iscanning tunneling microscopd

bTﬂ Iscanning tunneling spectroscopyl

Xvi



Acronyms and Symbols

k}ITé kurrent imaging tunneling spectroscopyl

|AFM] latomic force microseopyl

IEFMj lelectrostatic force microscopd

IKPFMj IKelvin probe force microscopyl

IAM-KPFM hmplitude modulation KPFM

IFM-KPFMI |frequency modulation KPFM]

ij]j |contact potential diﬁerencel

IDOQ hensity of statesl

|1D-WKB| IlD model from Wentzel—Kramers—Brillouinl

|UHV| |ultra,—high vacuuni

|MOVPE‘ Lnetal—organic vapor phase epitaxyl

bEMj Iscanning electron microscopyl

IEDXI Ienergy—dispersive X-ray spectroscopyl

IEBS]j Ielectron backscatter diffractiod

@ ka,thodoluminescencel

h’EMl |transmission electron microscopyl

|XP§ IX—ray photoelectron Spectroscopyl

EIMQ Isecondary—ion mass spectrometryl

IHIM-SIMQ |helium ion microscope-based secondary-ion mass spectrometryl

@ bhotoluminescence{

|APT1 latom probe tomographyl

FWHM] full width at half maximumn|

IRMQ lroot mean squar&i

xvii



Abstract

Abstract

Over the last years, alkali post-deposition treatments (@) have been attributed
as the main driver for the continuous improvements in the power conversion effi-
ciency () of Cu(In,Ga)Se; () solar cells. All the alkali elements have shown
beneficial optoelectronic effects, ranging from sodium to cesium, with many reports
linking the improvements to grain boundary () passivation. The most common
process for alkali incorporation into the CIGS absorber is based on the thermal evapo-
ration of alkali fluorides in a selenium atmosphere. Besides the demonstrated improve-
ments in performance, disentangling the individual contributions of the @s on the
, surface, and bulk is very challenging because of the many concurring chemical
reactions and diffusion processes.

This thesis aims to investigate how pure metallic potassium interacts with
epitaxially grown on GaAs (100) and multi-crystalline GaAs. Surface sensitive Kelvin
probe force microscopy () and X-ray photoelectron spectroscopy () mea-
surements are used to, in-situ, analyze changes in workfunction and compositional
changes before and after each deposition step. Inert gas transfer systems and ultra-
high vacuum () are used to keep the pristine surface properties of the .

An in-depth understanding of how different operation modes and environ-
ments influence the measured workfunction is discussed in detail in this thesis. It

is shown that AM-KPFM, the most common [KPFM operation mode, leads to mis-

interpretations of the measured workfunction at @s on rough samples. Frequency

modulation KPFM (FM-KPFM)), on the other hand, turns out to be the most suitable
mode to investigate band bending.

Pure metallic potassium evaporation on epitaxially grown on GaAs (100)
leads to diffusion of K from the surface down to the / GaAs interface even in the

absence of @s. Evaporation of metallic K is performed using a metallic dispenser, in
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which the evaporation rate can be controlled to deposit a few monolayers of K. The
deposition is done in , and an annealing step is used to diffuse K from the surface
to the bulk.

Pure metallic potassium is also evaporated on epitaxially grown on multi-
crystalline GaAs substrate, where well-defined s are present. Negligible workfunc-
tion changes at the @ were observed. m shows a strong Cu depletion after K
deposition followed by annealing. Interestingly, the amount of K on the absorber sur-
face after the K-deposition and subsequent annealing is almost equal to the amount of
Cu that diffused into the bulk, suggesting a 1:1 exchange mechanism and no KInSe,

secondary phase.
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Introduction

Introduction

Polycrystalline Cu(In,Ga)(S,Se)y () thin-film solar cells can be considered one
of the best alternatives to the well-established silicon-based devices [1], [2]. Typical
solar cells are usually deposited on low-cost glass substrates, flexible polyamide,
or steel foils, producing polycrystalline absorbers full of grain boundary (@)S [2]-
[4]. Surprisingly, the power conversion efficiency (PCH) of polycrystalline solar
cells consistently outperformed the single-crystalline counterpart [5]. Many studies
attribute it to some intrinsic properties of the s in absorbers that reduce
or even neutralize internal barriers [6]-[L0]. Additionally, @ has been identified as
the main driver for continuous improvements of the of solar cells [L1]-[L7].
However, the number of parameters that are influenced during @ is complex which
makes it hard to disentangle the actual contribution of each involved element and

process [16].
This thesis aims to analyze absorbers with a reduced number of variables

in order to develop a proper understanding of the interaction mechanism of alkali
elements with the . To do so, thin films will be epitaxially grown on
different types of GaAs substrates. After that, pure metallic elements will be post-
deposited on its surface. The entire process will be done without air exposure to

preserve the pristine conditions of the absorbers.

In , the reader will find the background information and the state of
the art of chalcopyrite solar cells. A review of the properties and some of

the most relevant theoretical and experimental literature regarding their consequences
on solar cell devices will be presented. In addition, an introduction to the most recent
passivation strategies for the in will be discussed. The chapter ends with a
review of scanning probe microscopy () techniques, the primary characterization
technique applied throughout this thesis to analyze the @ properties.



Introduction

In the materials and methodologies used in the thesis will be described.
will dive into the limitations and differences between the two main
operation modes: amplitude modulation KPFM () and frequency
modulation KPFM () Usually, in the air is the most used

operation mode for measuring workfunctions; however, [FM—KPFI\/ﬂ in IUHVI is report-

edly the most precise. A systematic comparative study will be presented to elucidate
the influence of environment and operation conditions on the real workfunction values
measured at s in solar cells.

In , the single-crystalline sample will be studied. It is essential to
first understand the electrical properties of the sample in its simplest case, without any
, alkali elements, or even contamination, before moving moving to a more complex

system. This chapter will detail the criteria for choosing the most appropriate and
reliable sample for subsequent investigations.

discuss the characterization of well-defined s employing the
epitaxially grown on multi-crystalline GaAs substrates. This sample has macroscopic
grains, each with a different surface orientation. The target of the experiments in this
chapter is to investigate the well-defined S of grains with different crystallographic
orientations. This approach has several advantages for m characterization, where
individual @s can be measured multiple times at a micrometer scale before and after
Fo1.

In , the samples epitaxially grown on GaAs (100) and multi-
crystalline GaAs will be studied after alkali @ The most common mechanism for
alkali incorporation into the absorbers is based on the thermal evaporation of
alkali fluorides in a selenium atmosphere. This chapter presents how pure metallic
potassium element reacts with the surface and bulk. First, results in the
absence of s7 the case of the single-crystalline grown on GaAs (100), will be
shown. The chapter ends with the analysis of K in the presence of @s, the case of
epitaxially grown on multi-crystalline GaAs substrate.

Finally, summarizes the findings, concludes, and gives a brief outlook.
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Chapter 1

Background and state of the art

This chapter provides the background information and the current state of the art
about the relevant physical mechanisms and theories describing the grain bound-
ary () and alkali post-deposition treatments (@) in polycrystalline chalcopyrite
Cu(In,Ga)(S,Se), () solar cells. Firstly, a historical overview is presented, em-
phasizing thin-film solar cells. The main physical properties of the material are
then introduced. Afterward, a review of the @ properties with some of the most
relevant theoretical and experimental results regarding their consequence on solar cell
devices is presented. The passivation strategy of @s in based on alkali ele-
ments is introduced. The chapter ends with a review of techniques, the primary

characterization technique applied in this thesis to access the @ properties.

1.1 The brief historical context of solar cells

The first observation of a photovoltaic effect was made by Becquerel in 1839 [1§].
His experiment consisted of a platinum electrode immersed in an electrolyte that pro-
duced an electrical current in the presence of light. Nearly forty years later, Adams
and Day investigated the first solid-state photovoltaic device, where photocurrent was
demonstrated in a sample made of selenium. The next significant step in solar cells
came with Fritts, in 1883 [20] by compressing a layer of selenium between two metallic
plates. It was the first “thin-film” solar cell in history, even though a commercial
application was impossible due to high costs and low efficiency [20]. In the following

years, no remarkable developments in the photovoltaic field were achieved, except by
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Einstein explaining the quantum theory of the photoelectric effect during his “mirac-
ulous year” [21]. Attention returned to the photovoltaic field only a couple of years
later, with the observation of the photovoltaic effect in copper — copper oxide thin-
film structures [22] and developments of the Schottky barrier devices [23]. Intensified
research in selenium, lead sulfide, and thallium sulfide was achieved in the same pe-
riod [24]. Simultaneously, developments in silicon-based devices were growing, driven
by the discovery of well-defined barriers on silicon ingots, which later originated the
terminology n-type and p-type and the p-n junction [25]. Shockley published the p-n
junction theory in its full detail in 1949 [26], which later, in 1954, led to the devel-
opment of the single-crystalline silicon solar cell with an efficiency of 6% [27]. In the
same year, Reynolds et al. [2§] reported the photovoltaic effect in cadmium sulfide
heterojunction with of about 6% too. Motivated by applications in space, other
promising semiconductor materials for solar cell application were also tested. GaAs,
for example, first exceeded 6% efficiency in 1956 but rapidly became the most efficient
single-junction solar cell [29]. From there on, new materials and technologies appeared,

bringing a fast growth of the solar cell s [30].

Over the last years, photovoltaic modules have been considered essential devices
for powering satellites in space, but the production cost was the main drawback for
terrestrial demands [24]. This is where thin-film solar cells appear, with the premise
of using only small portions of expensive semiconductor materials that could reduce
production costs. The Cu,S/CdS can be considered the beginning of the CIGS thin-
film solar cells development, where indium was first introduced into the matrix to
make it more stable and form the new compound CulnS [3] . Subsequently, gallium

and selenium were also incorporated to change the bandgap of the absorber.

Silicon technology has always dominated the shared market of solar cells, repre-
senting > 90% of the global market [31]. On the other hand, thin-film technologies
appeared as an alternative to silicon by producing cheap and sufficiently competitive
solar cells [32]. However, the current decrease in the price of silicon solar cells requires
the thin-film technologies to be cost-effective, have high performance, and be stable
over prolonged usage, which still makes the thin-film a worthwhile technology [33]—
B5].

4
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1.2 State of the Art of Thin Film Solar Cells

The very basic idea of a solar cell working principle is to convert the sunlight energy
into electricity. Visible light can have sufficient energy to remove electrons from the
ground state of an atom and bring them to their excited state, but these excited
electrons can quickly release their energy going back to the ground state. In the case
of semiconductor materials, electrons (for a p-type semiconductor) and holes (for an n-
type semiconductor) will be generated upon illumination, provided that the energy of
the incident light is equal to or greater than the semiconductor bandgap. If the excess
of electrons and holes are not extracted, they will easily recombine; consequently, no
current or power will be generated. However, in photovoltaic devices such as [CIGS,
an asymmetry in the band diagram is created to extract the charge carriers. A p-n
junction is commonly used to create asymmetry in solar cells. The junction
can be either a homojunction, where the doping within one material is changed (e.g.,
Si solar cells), or a heterojunction, where two different semiconductors are combined
(e.g., ) In the presence of sunlight, the p-n junction produces electron-hole pairs
that, due to the built-in electric field of the junction, pull the excited electrons to an
electrode producing a potential difference. Thus, a current is generated by connecting
the electrodes to an external circuit [2], [4], [36].

The most efficient solar cells are usually made of expensive and sometimes rare
inorganic materials, which turned out to be one of the main drawbacks to the vast
implementation of solar cells as energy generation over the last years [24], [30], [34],
[B7]. That is why thin films are of great interest, where the amount of expensive
materials could be reduced. However, a few parameters need to be considered for
an efficient single-junction solar cell. Firstly, the semiconductor bandgap needs to be
in a specific range, which is well defined by the Shockley-Queisser theory [26], [B5].
This theory is based on the balance between absorption and emission of light and
describes the maximum achievable for a solar cell according to its bandgap. A
semiconductor bandgap is ideal for a single-junction solar cell application if it ranges
between 1 — 1.6 eV [3]. Another critical parameter is related to the optoelectronic
properties of the material, which combines high quantum yield for the excited carriers
and high solar optical absorption in the wavelength region of 350 — 1000 nm. Together,

these two parameters can describe how much light will be absorbed and how much
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of this light will generate carriers in the semiconductor [3]. Long diffusion length
and low recombination velocity are also very important since it describes how much
of the generated carrier will be collected and transformed in power [3]. Multiple
semiconductor materials are generally eligible, but only a few are sufficiently attractive.
Thin-film solar cell devices can be manufactured if these constraints are fulfilled, and

the primary material is available for thin-film production.

Thin films are materials created by random nucleation and growth processes of in-
dividually reacting atomic species on a substrate [B§]. As their thickness range varies
extensively, from a few nanometers to tens of micrometers, thin films are best de-
fined in terms of production processes rather than by their thickness. Several methods
can produce thin-film materials, such as sputtering, evaporation, deposition from the
liquid phase, printing, etc [3], [89]. The physical, chemical, structural, and metallur-
gical properties of thin films depend on many deposition parameters and may also be

thickness-dependent [3§].

It is well known that silicon is the principal material in the photovoltaic market
[B1]. The silicon solar cell can be processed whether in crystalline or amorphous
form. Silicon has an indirect bandgap (Eg = 1.12eV), which is close to the ideal for
reaching high as described by Shockley [26]. Due to the indirect bandgap, silicon
has a relatively low absorption coefficient, which needs relatively thicker material to
absorb incoming light, usually between 100 ym to 200 um. Nonetheless, a significant
research and development effort has allowed the development of thin-film solar cells
based on crystalline Si, where optical enhancement occupies a substantial part of it

[B1]. However, their s are still far beyond their single-crystalline counter part [30].

The record for a single-junction solar cell has been achieved using GaAs [30].
GaAs has a direct bandgap with a high optical absorption coefficient, allowing rela-
tively small thickness for the absorber (=~ 2 ym) [31]. Although compound materials
made of ITI-V elements of the periodic table (e.g., GaAs, InP, and their derived alloys)
are ideal for photovoltaic applications due to their direct bandgap character, they are
far too expensive for large-scale commercial applications. Nevertheless, complex mul-
tijunction solar cells made of III-V elements are the most efficient and reliable devices
for space applications[37]. The high cost of ITI-V solar cells is due to the precursors
and the deposition methods [3]. Additionally, polycrystalline GaAs suffer from high
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recombination at @s, with simulations showing that grain sizes smaller than 50 pm
can not deliver efficiencies in the range of 20%, which limits the use of cheap substrates

[40], [41].

Hybrid organic-inorganic perovskite solar cells have recently attracted much atten-
tion from the photovoltaic research community. With only a few years of research,
perovskite devices achieved very close to Si single-crystalline solar cells, currently
25.7% against 26.1% for the silicon counterpart [30]. These thin-film materials have
the general composition ABX3, where A, B, and X are, respectively, the organic cation
(commonly methylammonium, CH3NHj3), the inorganic cation (usually Pb), and the
halide (typically I or Br). Perovskite has the advantage of tunable bandgap depend-
ing on halide and inorganic cation [31]. The manufacturing costs are low, allowing a
solution-based process that can be easily extended to mass production. Despite their
excellent performance, perovskite solar cells degrade quickly, within days [31], which
is the main drawback for commercial applications. Perovskite material will be used in

this thesis as a proof of concept for the characterization via @

Together with Perovskite, the chalcogenides compound materials, CdTe and ,
are the thin-film solar cell technologies surpassing the barrier of 22% for B2].
Apart from the easy processability and low-cost materials and depositions [1], it is
possible to highlight two additional essential properties of chalcogenides compounds:
the low recombination activity at the @ and the tunable bandgap [1], [39]. For the
former, the external and internal (grain boundaries, interfaces) surfaces are assumed
to be well passivated and are characterized due to the low recombination velocity for
excess carriers. The low recombination activity at the grain boundaries allows high
efficiencies for the solar cell device even when the material is polycrystalline with grain
sizes of only a few um. As the polycrystallinity is not a big issue, it allows multiple
substrates to be used (e.g., steel foil, glass), which is also compatible with low-cost
deposition techniques, as there is no need for epitaxial growth or high temperatures
to obtain large grain sizes. The second property allows tailoring the bandgap; for
instance, by substituting Se by S or Ga by In, the number of possible material combi-
nations with a large bandgap range can be achieved. Although commercial activities
are still limited, they already indicated competitive payback time compared to the

highly mature Si-wafer-based photovoltaic technology [32]. solar cell absorber

7
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is the primary material to be investigated in this thesis. In the following, a more

comprehensive review of the main properties of material will be presented.

1.3 Cu(In,Ga)(Se,S), solar cells

The first synthesis of a solar cell was a single-crystalline p-type combined
with an n-type CdS layer that dates from 1970. This experiment was the first evidence

that chalcopyrites could be commercially used as a solar cell device [42]. Since then,
several types of research with the goal of improving the optical, electrical, and crystal-
lographical properties of the was proposed. Attentions to the intermixing of ele-
ments in the form of Cu(In;_,Gay)(Se;_xSx)2 (x = 0 to 1), resulted in one of the main
characteristics of the materials, which is the tunable properties. Additionally,
the Cu/(Ga+In) ratio () can also be changed, giving origin to the nomenclature

Cu/(Ga+In) ratio below 1 () or Cu/(Ga+In) ratio above 1 () Further

intermixing is possible, e.g., exchanging Cu with Ag has also been investigated [43].

25 T I 1
—eo— CIGS — Solar Frontier
20 |- ‘~\\\\\:"“* RbF
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Figure 1.1: CIGS solar cell efficiency over the years.

Regarding its , the —based solar cells had three highlighted moments

in their development. The first one is associated with the Ga and Na incorpora-

tion into the absorber. This period is highlighted in in the middle of the
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90s. From 2000 to 2010, developments in the so-called 3-stage processes also helped
improve . Finally, another significant increase came from introducing alkali post-
deposition treatments in the last couple of years.

Compounds from chalcopyrites materials usually exhibit tetragonal, with a space
group of 1-42d [E] The lattice is a body-centered tetragonal (space group 1-42d) with
four atoms per unit cell in the form of CuBCs, with B = Ga, In and C = Se, S. Each
A and B-atoms are tetrahedrally coordinated to four C-atoms, while each C-atom is
tetrahedrally coordinated to two A-atoms and two B-atoms in an ordered manner.

The lattice constant ratio ¢/a in the chalcopyrite structure generally differs from
the ideal value for the tetragonal structure of (c¢/a = 2). The quantity [2 — (¢/a)]
measures the tetragonal distortion and is associated with the different strengths of the

Cu-Se and the In-Se or Ga-Se bonds [E] It results in a structure similar to the one

shown in [Figure 1.2

d

Figure 1.2: Crystal structure of material.

It has been shown via X-ray photoelectron spectroscopy (XPS) that slight
CulnSe, absorbers have a composition close to CulngSes on their surface, called the
ordered vacancy compound () phase [@] Herberholz et al. [@] proposed that
Cu-poor formation at the surface is due to band bending induced by surface charges

that drive Cu into the bulk via electromigration. They also proposed that this deple-

9
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Figure 1.3: Plot showing the linear dependence of the lattice parameter with
respect to the . At close to 0.5, the lattice mismatch is optimal for epitaxial
growth. Reprinted from Regesch [@]

tion would self-limit when the composition is that of CulnzSes; otherwise, structural
changes would be necessary.

Over the years, thin-film absorbers have been mainly grown on glass sub-
strates, originating polycrystalline materials with up to 23.4% [@] Only recently,
single-crystalline reached of 20% [H] However, single-crystalline was
extremely important for understanding the elementary material’s optoelectronic and
crystallographic properties [@], [@] One way of preparing single-crystalline is
by epitaxially growing on a GaAs substrate. GaAs substrate is usually chosen due to
a minor lattice mismatch with . Regesch [@] observed a linear relation of the
lattice parameter of with respect to the Ga/(Ga+In) ratio (|GG]1) tFigure 1d
depicts this relation, showing that close to 0.5 should minimize lattice mismatch

with GaAs at the growth temperature.

1.4 Grain boundaries in CIGS

It was shown in the previous section that absorbers are usually grown on glass,
and consequently, polycrystalline films with many s are formed. For many semi-
conductor materials, it is well established that s are detrimental to the electronic

10
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and optical properties of the studied material [50]-[b5]. It happens for the two most
efficient materials for single-junction solar cells, Si and GaAs [50], [53], [54]. Conse-
quently, their solar cells’ is typically reduced in the presence of s [B0]. The
main reason is the increase in recombination at the GBs [40], [41], [pO], [61]. Con-
versely, polycrystalline solar cells reached excellent s, currently at 23.4%,
while the single-crystalline counterpart only recently reached the 20% [30]. Therefore,
it is usually assumed in the community that s either exhibit benign electronic prop-
erties or even support the charge collection process [10], [56]-[60]. However, despite
intensive research on this phenomenon, the optoelectronic properties of s in CIGS
thin films remain at the heart of controversial discussions [6], [9], [61]-[64]. Indeed,

the controversial discussions in the literature underline the importance of a better

understanding of the electronic activity of s in CIGS.

The primary consequence of a @ in a crystalline structure is the interruption of its
crystalline periodicity. It is well-established that such interruption results in dangling
or strained bonds that often lead to energy states in the bandgap with a possible
appearance of charges at the @s [9]. However, in the case of Cu-chalcopyrite-based
solar cells, the large variety of preparation methods and the wide range of possible

alloy compositions lead to very different grain sizes and surface morphologies.

A few theoretical models are proposed in the literature to explain the behavior
of the m to the electric properties of the absorber. Rau et al. [9] reviewed
four available simulation approaches and tried correlating them with some available

experimental data. The analyzed models are:

Crystallography: This model assumes that most of the @s present in the

absorbers arise from twin boundaries. In twin boundaries, no strained or dangling

bonds are formed, which does not produce a potential barrier at the @ 6], [65].

Intrinsic passivation: This model assumes that no electronic defects are formed
by relaxing the defect structures. It is the case for all kinds of s, even the ones

with a high density of structural defects. [66]

Extrinsic GB passivation: The beneficial effect of post-deposition treatments
are considered in this model. It assumes that the passivation of electrically active @s
has beneficial effects on device performance. Such passivation strategies range from

oxygenation of @s to post-deposition treatments of alkali elements. [11], [67], [68],

11
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Figure 1.4: Band diagram at @: (a) no barrier, (b) downward band bending, (c)

upward band bending (d) lowering the valence band.

Band Structure: This model assumes a neutral barrier at the @s, resulting
from a composition of the region adjacent to the GB [6], [7], which would

lower the valence band locally.

In the end, these theories would lead to a change in the band diagram at the ,

as represented in .

(a) shows the band diagram at the @ for the condition where no barrier
is assumed. It would be the case for the twin boundaries, where no dangling or strained
bonds are assumed. (b) represents the downward band bending at the .
One could argue that downward band bending at s helps the current collection by
reducing recombination since only the majority carriers would be repelled [39], with
the minority carrier being attracted and guided through this @ channel until the
junction. However, numerical simulations showed that a beneficial effect on the device
performance is expected only when a type inversion happens. It requires a significant
band bending as shown in (b) (blue line), and considerable open-circuit
voltage losses in the devices are expected [9], [59], [69]. Taretto et al. [69] also showed
that upward band bending ( (c)) would, in certain situations, enhances
the short circuit current, but no beneficial effect on the cell efficiency was observed.
Lastly, the case of valence offset (Figure 1.4 (d)) predicts that the offset barrier could
potentially reduce the @ recombination by impeding holes from reaching the s.

However, it requires a valence band offset region of at least 3nm wide [9].

In summary, simulations suggest that charges at the @S reduce the solar cell
performance mainly because of losses in open-circuit voltage (Voc) accompanied by a

reduction in fill factor (@) 9], [69]. A few conditions could occasionally reduce the
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recombination at @s, but none of the simulations suggests a beneficial effect of the
@s in absorbers.

Along with simulations, a few experimental techniques with high spatial resolu-
tion have been used frequently by the community to measure the influence of s
on solar cell performance locally. Examples of techniques applied to this field are
scanning electron microscopy (), transmission electron microscopy () [70]—-
(73], atom probe tomography () [74]-[76], photoluminescence (@) [77], [78], and
scanning probe microscopy () [79], [80], such as scanning near-field optical mi-
croscopy (SNOM) [81], scanning tunneling microscopy () [82], [83], and Kelvin
probe force microscopy () [60], [84]-[86]. Highlighted results from literature

using the abovementioned techniques on GBs will be shown.

Abou-Ras et al. [§] combined several electron microscopy techniques to investigate
the @ types in thin films. The authors showed that the density of non-radiative
recombination at non-twin @S is much larger than the one found at twin @s.

shows the cathodoluminescence (@) and maps acquired at the same

region of the absorber. From , they could identify the twin boundaries,
marked in red on the m map, and correlate them with the @ contrast. They also

observed via that the mean inner potential wells are lower for the twin bound-
aries, and they correlated it to a possible reduction in the recombination velocity at

@, which is less pronounced in the twin boundaries.

is usually used to quantify the elements at the . Schwarz et al. [75] showed
the measurements on CulnS, absorbers, depicted in . In this experi-
ment, different types were investigated, called here random boundaries (RHAGBSs),
and two twin boundaries, 39 and »3. A twin boundary is a particular class of bound-
ary where the crystallographic orientation on one side mirrors the other side of the
crystal, with the ¥ number designating the angle formed between them. Lower values
of ¥ mean that small misorientations are happening, also called "small-angle twin
boundaries”, with >1 denoted as perfect crystal or no boundary at all. Larger values
of ¥ denote a higher angle between the two sides of the crystal. Schwarz et al. observed
chemical fluctuations of the matrix elements at the RHAGBs and 9 boundaries, fol-
lowed by co-segregation of impurities. Their CulnS,; samples exhibited Cu
depletion and In enrichment as well as segregation of Na, K, and O at the RHAGBs
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Figure 1.5: Electron microscopy techniques applied to s. @ and maps

acquired in the same spot of a sample. Twin boundaries are marked in red
in the map showing a higher density of non-radiative recombination at non-

twin boundaries than the one found in the twin boundaries. Figure reprinted from

Abou-Ras et al., ©(2009) Thin Solid Films - Elsevier
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Figure 1.6: Typical applied to s. Cu enrichment of the >9 twin boundary on
Cu-rich CulnS, sample. Figure reprinted from Schwarz et al., ©(2020) Nano Energy -

Elsevier

and X9 boundaries. In contrast, their CulnS, samples showed Cu enrichment
with In and S depletion as well as segregation of Na and C. All the investigated >3
did not show any fluctuation in the elemental composition. @ data from Keller et
al. [@] also showed that, within the same absorber, the Cu depletion or enrichment
could occur depending on the location of the , if closer or far away from the back
contact.

Both APT and electron microscopy techniques showed that different morphologies
and the consequent appearance of different types of @s could be observed in the
materials. They also showed that the composition might vary at the s with the
appearance of distinct electrical properties depending on the @ type and absorber

compositions.
Combining different techniques is also a powerful way to access the electrical
properties of the @s. Monig et al. [@] used to access the local density of

states ([DOY) at the @s of a KCN etched absorber [@] In STM, the [DOY

can be written as ~ dI/dU when U is in the close vicinity of the Fermi energy level.
shows the dI/dU spectra acquired on the grain and at the @ and the

respective numerically calculated dI/dU spectra. (a) shows the average

dl/dU spectra recorded on the grain (gray dotted curve), adjacent to @ (red dashed

curve), and at m (blue solid curve). The physical locations from where the dI /dU
were collected are marked in the inset current imaging tunneling spectroscopy ()

map. (b) shows the schematic energy level diagram at the @ with three
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Figure 1.7: applied to . Typical dI/dU information from @s in

samples. (a) shows the average dI/dU spectra recorded on the grain (gray dotted
curve), adjacent to (red dashed curve), and at the (blue solid curve). The inset
CITS map depicts the locations from where the dI/dU were collected. (b)
shows the schematic energy level diagram at the with the dI /dU spectra collected
in the regions d, e, and f. (¢) Numerical calculation of the dI/dU spectra evidencing a
band bending caused by defect level D* at the . (d) Numerically calculated dI/dU
spectra with and without defect level D*. Figure reprinted from Moénig et al., ©(2010)
Physical Review Letters - APS [@]
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dI/dU spectra collected in the regions d, e, and f. They showed that a defect level
D* at the @ could be well justified by the observed band bending in the dI/dU
spectra. A numerical calculation of the dI/dU spectra for band bending = 0, 150, and
300meV was done to prove their assumption. (c) shows the shift in the
calculated dI/dU spectra for positive bias voltages, which is attributed to the sample
workfunction dependence in the tunneling current. They concluded that a downward
band bending is present at the @ of their absorber. (d) shows the
numerical calculations of the dI/dU with and without a defect level D*. The authors
proposed that a high density of defect levels resonate with the bottom end of the
conduction band, which does not extend into the bandgap.

Along with , (sometimes called SKFM or KFM) is also commonly
applied to investigate band bending. In principle, the band bending can be
directly accessed via by measuring the change in surface potential between the
@ and the surrounding. That is because the acquired surface potential map can be

immediately converted into a workfunction map (difference between the vacuum level

and Fermi level). The complete theory of the will be shown in .

Height {nm}

Potential {mV)

Figure 1.8: Typical applied to @ of polycrystalline . (a) topography and

(b) surface potential maps acquired simultaneously at the sample surface. (c) shows
how topography and surface potential changes correlate at . Figure reprinted from
Jiang et al., ©(2004) Applied Physics Letters - AIP [@]

shows a typical image, where a workfunction contrast is observed
right at the . (a) shows the topographic image and (b) the surface
potential map (written SKPM in the figure). In the KPFM)| the topography and the

surface potential maps are usually acquired simultaneously, and a physical correlation
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of the images can be easily drawn. By extracting line profiles from both images
( (¢)), the authors showed that changes in the surface potential are directly
linked to the @ region. Jiang et al. proposed the existence of a local built-in potential

at the E with positive charges, which causes a downward band bending.

Well-defined s from epitaxially grown (CuGaSes ()) were also investigated
via . Siebentritt et al. [@] investigated the 33 twin boundary of CuGaSe, that
was epitaxially grown on GaAs twin wafer. (a) depicts the topography and
(b) the workfunction maps acquired at the region. The topography shows some
trenches at the sample surface on the left-hand side of the image, which is attributed to
the preferential growth direction of GaAs (100). On the right-hand side, a formation
of the (112) facet is observed. (b) shows a slight difference in workfunction
close to the region but no dip or dump higher than the noise level of the
setup (= 5mV’) was observed. Therefore, the authors concluded that a neutral barrier

is formed at X3 twin boundaries in CuGaSes,.

Figure 1.9: applied to twin boundary ¥3. (a) topography and (b) surface
potential maps of a absorber. Figure reprinted from Siebentritt et al., ©(2006)

Physical Review Letters - APS [@]
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1.5 Alkali post-deposition treatments

Simulations and experimental results suggest that defects and compositional changes
at the @ induce charge accumulation at the @s, which could be harmful, or in the
best-case scenario, neutral to the solar cell device performance. Over the last
years, alkali @s have been identified as the main driver for the continuous improve-
ments in the of solar cells by passivating the @s [11], [88]-[90]. Ranging
from sodium to cesium, all the alkali elements have shown beneficial optoelectronic
effects [15], [17], [46], [91]. In the following, an overview of the main observations in
this field will be presented.

The alkali metals are the six chemical elements from Group 1 (Ia) of the periodic
table, namely, Li, Na, K, Rb, Cs, and Fr. Sodium and potassium represent 2.6 and 2.4
percent of Earth’s crust, making them the sixth and seventh-most abundant elements
in the Earth’s crust, respectively. Alkali metals are usually bonded to other elements
in nature because they are very reactive. Additionally, they have high thermal and
electrical conductivity, ductility, and malleability. One of the main electronic char-
acteristics of the alkali atoms is the single electron in its outermost shell. Because of
it, their atomic radius is usually very large, with only one weakly bound electron in
the outer s orbital. As a result, the alkali metals tend to form positive ions (cations)
when they react with nonmetals [92].

The first notable results of improvement in the electrical performance of CIGS
in the presence of alkali elements were made by Stolt et al. and Holz et al. [93],
[94]. Stolt et al. [93] compared the growth of absorbers on soda-lime glass
(SLG), borosilicate, sapphire, and alumina substrates. They observed that the CIGS
solar cells grown on soda-lime glass had a better device performance. They linked
it to a higher concentration of Na inside the bulk and a stronger (112) texturing
[03]. At that time, they could not disentangle which effect was responsible for the
solar cell improvement. Holz et al. [94], on the other hand, showed that low doses of
Na increased the electrical conductivity of the device. Several studies confirmed
that the incorporation of Na into the absorber improved the device performance,
and some theories to explain this observation were proposed [L1], [67], [95]-[97]. For
example, Heske et al. [96] showed the formation of two different species on the surface

of the grown on soda-lime glass. These two species reduced the presence of Se

19



Chapter 1. Background and state of the art

native oxide on the surface, induced a band bending, and reduced the surface dipole.
Kronik et al. [67] showed the chemical effects of oxygenation of Cu(In,Ga)Se2 (CIGS),
which involved passivation of Se deficiencies and Cu depletion. The authors showed
that Na promotes oxygenation of the , which promotes the creation of Cd-Cu

interface donors and the possible removal of O-Se interface acceptors.

After this first boom of good results related to sodium, new alkali elements were
also incorporated into the solar cells. The terminology adopted by Siebentritt
et al. [17] will be used here, in which “light alkalis” are referred to as the elements Li

and Na, and “heavy alkalis” to the elements K, Rb, and Cs.

Potassium fluoride (KF) was the first heavy alkali element incorporated into
[12], [13]. Back there, the incorporation of alkali was already a synonym for high Voo
and FF of the device [14], [98], [99]. It also became clear that the surface
composition changes due to @s, with a pronounced Cu-depletion and suggesting
an ion-exchange mechanism between K (from PDT) and Na (from the substrate) [12].
Furthermore, a high bandgap secondary phase was theoretically predicted [100] and
sometimes observed at the absorber surface [L01]-[103]. One important consequence
of changing the surface composition is the possibility of reducing the CdS buffer layer
thickness, which reduces parasitic absorption, improving the short-circuit current den-

sity.

With new incorporation methods being reported, many contradictions in the effect
of the alkali elements also appeared. The review paper from Muzzillo [16] from 2017
summarized quite well all these contradictions. One of them is related to the chemistry
at the surface. Chirila et al. [12] showed that the KF @ led to a Cu- and Ga-
depletion at the surface. Indeed, several other studies corroborate their observations of
Ga depletion [102], [104]-[107] and Cu depletion [14], 98], [99], [L0§]-[110]. Contrary,
there are data in the literature showing no Cu depletion at the surface [13], [14], [111],
[112]. Similarly, the formation of K-In-Ga-Se [[104], [113], K-In-Se [43], [98], [102], [105],
[112], In-Se [105], [112], elemental Se [112] is highly debated. More recently, Siebentritt
et al. [17] showed that independent of the absorber or the used alkali material, the
chemical changes on the surface appear to be similar, while the electronic properties
differ. The authors proposed that changes at the surface are not the only effect of the
alkali @, whereas bulk recombination due to @ should have an even stronger
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contribution to the device performance.

Things get even more complicated when discussing the effect of alkali elements in
absorbers in the presence of @S. As previously shown, many open questions and
discrepancies in the literature regarding the only are still unsolved. Nevertheless,
some concepts are widely accepted in the community, such as the segregation of alkali

elements at the @S.
Figure 1.1(0) depicts an exemplary measurement, showing the accumulation of
alkalis at the of the absorber. Siebentritt et al. [] investigated changes

in the @s composition with (RbF) and without alkali @s. The sample
without alkali @ had Na and K inside the bulk.
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Figure 1.10: of the alkali-treated sample. Typical alkali accumulation at
the of absorbers. Figure reprinted from Siebentritt et al., ©(2020) Advanced
Energy Materials - Wiley-VCH GmbH.

Figure 1.1( depicts the 3D reconstruction of both samples (a-c) and their equivalent

relative concentration across the @ region. Na was found in higher concentrations
than K at the in the sample without |PDT| (IFigure 1.1d (a,b)). Interestingly, after
the RbF @, larger amounts of Rb were found at the , with a significant increase

in the Na content inside the grain interior. They also showed, in both cases, a Cu
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depletion and In enrichment at the . A similar accumulation of alkali elements at
grain boundaries was also observed via and X-ray fluorescence investigations for
similar absorbers [], [115].

is constantly used to check the @ passivation after alkali treatments. A

typical image showing the s of a absorber after KF @ is presented

in IFigure 1.1]]. IFigure 1.1]] (a) and (c) depict the surface potential maps of the sample

with and without KF @, while (b) and (d) depict the simultaneously

acquired topography maps.
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Figure 1.11: applied to @ Typical image from @ characterization

of alkali-treated sample. (a, b) surface potential and topography maps of
the non-KF-treated sample. (c,d) surface potential and topography maps of the KF-
treated sample. (e,f) surface potential distribution of the non-KF- and KF-treated
samples. Figure reprinted from Jiang et al., ©(2016) Proceedings of 43rd Photovoltaic
Specialists Conference - PVSC - IEEE.

The sample not treated with KF showed a stronger surface potential contrast at the

@, whereas a massive reduction is seen for the KF-treated sample. The histograms

( (e) and (f)) show that the average workfunction reduction was in the
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order of 44 mV, which was attributed to the passivation of the @s.

Indeed, combining the accumulation of alkalis at the @, local changes in work-
function, and higher Ve of the device, suggest an efficient passivation on
absorbers. But recently, Abou-Ras et al. [117] questioned the passivation effect by
showing no improvements in the GB recombination velocities. Ramirez et al. [118]

also showed an astonishing result when they presented an improved quasi-Fermi level

splitting of up to 30 meV for KF IPDT1 on |CIGS€| single crystals absorbers (e.g., no

grain boundaries). Their results showed a strong dependence on the Cu-content. The
improvements in quasi-Fermi level splitting after PDTs were attributed to changes in
absorber doping.

Similar to the discussion, the interplay between the alkali metals and the
polycrystalline absorbers is extremely complex, and many different observations
were reported. The fact is, besides all the discrepancies in the literature data, the
solar cells gained another upgrade in efficiency after introducing the alkali elements,
as shown in . However, a better understanding of the real effect of alkali
elements on materials is still needed, which could improve the efficiency of

solar cells even further.

1.6 Open questions that will be answered in this

thesis

This chapter presented an overview of some published results relevant to this thesis.
It was shown that many efforts in the thin-film were made, highlighting this
technology as one of the most important alternatives to the well-established silicon
solar cells. However, besides the enormous developments over the years of research,
many contradictions related to the nanoscale properties of this material after alkali
deposition are still a drawback for further improvements. The reason is the multitude
of parameters that can change when adding alkali elements into an already complex
material such as [CIGS. In this thesis, new insights on how pure metallic potassium
interacts with epitaxially grown on GaAs substrates will be presented. The
goal of using a presumed “simplified” model is to answer the following open questions

that are still not clarified in the community.
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o Is KPFM a proper technique to study s?
e Are downward or upward band bending detectable via ?

o Isit possible to simplify the alkali deposition in order to analyze the contribution

of pure alkali elements into the absorber?
o What are the mechanisms for the alkali diffusion into the absorber?
o Does the alkali material diffuse into the grain interior?

o What is the impact of pure alkali elements on the S of absorbers?

At this point, the reader might ask why the first two open questions are explicitly
related to the [KPFM)| techniques. The reason is that one of the starting points for all
the discussions related to @ band bending in polycrystalline solar cells is related to

data. Although is a very established characterization technique, a few

limitations are not considered when measuring the s. In this thesis, a methodology
for proper KPFM| characterization at @ will be present in . Therefore, the
background theory related to the techniques will be presented to introduce the

reader to the topic.

1.7 Scanning Probe Microscopy (SPM)

Scanning probe microscopy () is a family of versatile techniques to image a sample
surface with nanometer lateral resolution. The development of dates back to
1981, when Binnig et al. [119] observed the tunneling effect through a controllable
vacuum gap for the first time. For this experiment, they used a sharp tungsten (W)
probe mounted in a very precise piezoelectric z stage. They measured the tunneling
current, while keeping the distance between the probe and a platinum sample constant.
In 1982, the same authors combined the tunneling effect with piezoelectric materials’
precise movement in the x, y, and z directions to give birth to scanning tunneling
microscopy () [120]. It was the first time in history that individual atoms were
measured in real space. This experiment awarded Binnig and Rohrer the Nobel Prize

in physics in 1986.
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is, until nowadays, one of the most powerful nanoscale imaging techniques
for (semi-)conductive materials or very thin insulator materials. However, it has some
limitations, such as; the need for special preparation for , the tunneling current
requires an electrical circuit between probe and sample, and insulators with more
than a few nm thick cannot be measured. In 1985, Binnig et al. [121] proposed
atomic force microscopy () to overcome these issues. Their solution consisted of
using an as a probe to detect movements of a metallic cantilever placed in close
vicinity to a sample surface. The idea was that the interatomic forces between the
metallic cantilever and the sample surface would bend the cantilever and consequently
change the measured tunneling current. This experiment allowed forces in the order
of 107! N to be measured on insulator materials under ambient conditions [121]. The
development of triggered a series of new opportunities for measuring different
kinds of physical properties, such as electric [122]—[125], magnetic [126]-[128], and optic
[129]. Nowadays, more than 30 —based techniques are commercially available,
which goes far beyond only the topography acquisition of a specific material. In the
following, the elementary theoretical background of the main —based techniques

used in this project will be presented.

1.7.1 Scanning Tunneling Microscopy (STM)

The basic principle of all —based techniques consists of placing a sharp probe near
or even in contact with the sample surface and measuring some physical properties.
In the case of , the measured property is the tunneling current.

In classical physics, considering an electron with energy E inside a potential bar-
rier U(z), this electron will never escape if £ <U(z). However, there is a non-zero
probability for this electron to go through the barrier in quantum physics; it is called
the “tunnel effect.” As demonstrated by Davisson et al., in 1927 [130], electrons can
be described as waves, confirming the wave-particle duality theory from De Broglie.
By describing the electron as a wavefunction (z), it needs to satisfy Schrodinger’s
equation.

n d?
— S () +UGN(R) = BY(e) (11)

Solving it for the classically allowed region, meaning £ >U(z), results in the fol-
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lowing solution.

U(z) = (0)e™" (1.2)

where the wave vector k is defined as:

2m(E —U)
= (1.3)

It shows that in the classically allowed region (E >U(z)), the electron can either

move with constant momentum p = hk or move with constant velocity v = p/m.

Solving for the classically forbidden region (E <U(z)) results in the

following solution:

U(z) = ¢(0)e™™ (1.4)
with the wave vector,
= w (1.5)

which gives the probability density to find the electron in the classically forbidden
region [1(0)[2e=2* £ 0. It is illustrated in (a), where v(z) propagates
from one metal to the other through the vacuum barrier U.

Assuming the case of a metallic probe and sample separated by a distance z under
vacuum, and defining the vacuum barrier as the energy required to remove an electron
from the sample surface and place it in the vacuum (called the workfunction ®). For
simplicity, it will also be assumed that the sample’s and probe’s workfunction are equal,
with Fermi and vacuum levels aligned. When the probe is near the sample surface,
electrons from one side could tunnel to the other side and vice versa. However, as
long as the probe and sample are in the same electrical potential, in other words, their
Fermi levels are aligned, even if the electrons can tunnel, they will not do because
there are no empty states on either side. By applying a bias voltage V, there will be
a change in the population of the energy level near the Fermi level, and consequently,
it will induce a constant tunneling current. Applying a positive bias to the probe will

lead to electrons tunneling from the sample to the probe, as seen in (b).

While negative bias will promote electrons to tunnel from the probe to the sample.
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Figure 1.12: Tunneling effect and principles: (a) Metal-Vacuum-Metal model
that there is a probability of the wavefunction to tunnel through a vacuum gap. (b)
Sample-Vacuum-probe model for the working principle. Electrons can tunnel

through the vacuum gap if an energy €V is given to the system.

This condition makes the bias voltage much smaller than the workfunction (el < @),

meaning F =~ 0. It simplifies as follows,

K = (1.6)

Thus, it defines an essential parameter for the , called Transmission coefficient
T. It is the ratio of the tunneling current at the probe/sample distance z divided by

the tunneling current at the probe/sample distance z = 0.

I(Z) _ ”QD(Z)|2 _ e—2m/z
100) — [#(0)?

Solving numerically by using 5eV for the workfunction results in a
decay constant ' ~ 11.4nm~!. Substituting &’ into , the relation between

distance and tunneling current appears. A change of 0.1nm in the probe/sample

T= (1.7)

distance leads to one order of magnitude change in the tunneling current. It results

in the control mechanism for the topography measurements in . If the probe is
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approached against the sample surface and scans it by keeping the current constant,
the surface topography can be acquired by moving the probe up and down. This
scanning method is called constant current. On the other way around, if the probe
and sample positions are kept constant and the current is monitored, the method
receives the name of constant height. These are the two main modes for topography
acquisition during , which is very sensitive to the last atom in the probe apex

interacting with the atoms at the sample surface.

In a general theoretical model, the tunneling current in is given by

I =327 VU2, (Ep) Rk 4™ " |0y(2)*6(E, — Er) (1.8)

where U = ¥, 4+ W, is the average workfunction of probe and sample, p, is the
density of states (IDOS) of the probe at the Fermi level, and v4(z) is the local @
of the sample surface at a distance z. This model was proposed by Tersoff et al. [131]
and uses the planar tunneling junction problem treated by Bardeen [132], but now
assumes a flat surface and a spherical probe apex, temperature at zero Kelvin, and
very low gap voltages between probe and sample (10 mV) [133].

Another model, which is most widely used in simple models of , is the one-
dimensional 1D model from Wentzel-Kramers-Brillouin (ID-WKB) approximation.

Here the tunneling current can be expressed as

Ameh?

2m?2

eV
1) = 0o [ TG0, Vi (E - e)E (1.9
0

which does not depend on 5(z) anymore, differently from the Tersoff and Hamann [131]
approach. Instead, it depends on the of probe and sample, p, and p, respectively,

and the transmission function 7'(z, ¥, ,, V, E') that can be written as

2 /2 o, - F 3/2 _ (. — F)3/2
T(z,Y,,,V,E) = exp [—2(2+R>§ h—?x (( P +eV) (®, — E) )

O, -0, +eV

where R is the probe radius.

Combining [Equation 1.9] and [Equation 1.54, and assuming some constraints regard-

ing the temperature, gap voltage, and geometries, one can conclude that the tunneling
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current is proportional to the .

dl
— x D LD 1.11
v ox DOS oS ( )

In conclusion, one can measure the LDOS at the sample surface by measuring the

current at different gap voltages.

1.7.2 Atomic Force Microscopy

Even though has been demonstrated to be one of the most sensitive techniques
for atomic resolution, it is not the most versatile option. That is why the was
developed, and it became the most known —based technique. Here, a sharp silicon
probe located at one of the cantilever’s edges will be used instead of the metallic probe.
The main advantage of this kind of probe is its reproducibility, with the possibility of
producing thousands of probes in a row via lithography processes. The uses the
interatomic interactions between the silicon probe and the sample surface for build-
ing the sample topography. The Lennard-Jones potential can describe this physical

interaction between the probe and the sample.

Upy = 4e {(@)12 = (@ﬂ (1.12)
z z

(a) depicts the Lennard-Jones potential (black line). Blue and red
lines represent the attractive and repulsive contributions, respectively. Depending on
which of the two contributions is chosen as feedback, the operation mode will
be defined. If the major contribution comes from the repulsive force, the operation
mode is called contact, while non-contact mode happens when the contribution
comes mainly from the attractive force. There is a third mode in which the probe
oscillates between both repulsive and attractive regimes; it is called Intermittent
contact mode (sometimes also called tapping mode). (b-d) depicts the
sketches of the three operation modes. Notice here that in the non-contact (¢) and the
intermittent contact (d) modes, the probe mechanically oscillates, sometimes receiving
the group name of dynamic modes. In contrast there is no oscillation in the contact
mode, then called static mode. These sketches also show an essential feature of the
, the optical apparatus used for the feedback control. It is composed of a laser

(usually red or infrared lights) focused on the backside of the cantilever. The laser is
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then reflected and monitored via a four quadrants photo-detector, which can precisely

detect changes in the laser positioning due to horizontal movements of the cantilever.

In contact mode, when the probe apex touches the sample surface, a cantilever
deflection changes the laser position in the photo-detector. By keeping a constant
cantilever deflection, one can control the force between the probe apex and the sample,
which is usually in the order of fewer nN. By scanning the sample surface with constant
force, each time a topographical feature changes the deflection of the cantilever, the
piezoelectric material will compensate for this change by moving up and down the
sample or the probe. The piezo movements are then recorded to create the intensity

of the pixels that compose the topographic image.

In the early years since the invention of the , the main goal was to prove atomic
resolution on insulator materials. Indeed, less than one year after its invention, the first
results showing atomic periodicity on highly oriented boron nitride were presented by
Albrecht et al., in 1987 [134], using contact mode . However, at that time, they
already knew that contact mode was not providing real atomic resolution since
no single structure defects were observed. It is attributed to the elastic deformation
of the probe apex and the sample due to the attractive force between the surrounding
atoms, resulting in a contact area much larger than an atom, in the order of 5nm.
The true atomic resolution image was achieved only in 1993 by Ohnesorge et al. [135]
when measurements were performed in a liquid environment. The presence of liquids
significantly reduces the attractive forces, reducing the probe/sample deformation and
letting only the last atoms of the probe apex to interact with the sample. Contact
mode is the simplest operation mode, and it can be performed on any sample

and environment with impressive resolution.

The other two modes use a mechanical oscillation of the cantilever and monitor
changes in its amplitude, phase, and frequency to measure the surface topography. In
the intermittent mode, the cantilever is oscillated at its resonance frequency, with a
specific amplitude and phase. The resonance frequency can range from fewer kHz up
to MHz, depending on the cantilever configuration, and the oscillation amplitude is in
the order of tens of nm. By applying a constant oscillation excitation at a frequency
slightly lower than the resonance peak, one should expect the cantilever to oscillate at

constant amplitude and frequencies. However, topographical features will change the
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Figure 1.13: Interatomic forces in the : (a) Lennard-Jones potential is used to
describe the forces between probe and sample. Schematic for the static operation mode

(b) contact, and dynamic operation modes (c) Non-contact and (d) Intermittent.

oscillation amplitude as soon as the sample surface is scanned. Such change can be
detected via the photo-detector and analyzed with a lock-in amplifier. The feedback
control will then move the sample or the probe up and down to nullify the changes in

the oscillation amplitude.

The non-contact mode can be split into two additional categories: Amplitude
Modulation (AM) and Frequency Modulation (FM). The difference between them
refers to the signal used for the feedback control. The AM uses amplitude signals in a
similar way as the intermittent mode. To differentiate the intermittent mode from AM
non-contact mode, an understanding of how the cantilever resonance behaves under

attractive or repulsive forces is needed [136], [137].

(a) shows the cantilever resonance curve, with eigenfrequency fy, when

the probe is far away from the sample surface. Knowing the behavior of the reso-
nance curve under external forces is of fundamental importance for selecting the most
stable frequency feedback during the since changes in amplitude (y-axis of the
graphs) needs to be monitored. As soon as the probe approaches the surface, a shift
towards lower resonance frequencies is observed. This shift is due to the attractive
force damping the driving harmonic oscillation of the probe. Further approaches cause

the resonance to shift towards higher frequencies, and now the repulsive force is acting.
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Figure 1.14: Cantilever resonance frequency for the : (a) free resonance (when the
probe is far away from the sample surface), (b) shift to higher resonance frequencies due
to repulsive forces (intermittent contact), and (c) shift to lower resonance frequencies

due to attractive forces (non-contact mode).

On the one hand, choosing a frequency slightly lower than its resonance fy is of
interest for the feedback when working in intermittent mode, marked in
(a) as “feedback Intermittent contact.” By doing it, when the probe finds a
lower feature on the sample surface, meaning increasing the probe/sample distance,
the resonance curve will shift to the left, and the amplitude will increase. For higher
features, the probe/sample distance decreases, shifting the resonance to the right,
which increases the amplitude. In other words, the amplitude change would always be
confined in the red square region of the resonance curve, independently of the force

direction, as shown in (b). Chosen the feedback frequency as fj is possible;

however, a more substantial shift of the resonance curve is needed to have a significant

change in amplitude, which would reduce the signal-to-noise ratio.

On the other hand, slightly higher frequencies at lower amplitudes lead to stable
feedback in non-contact mode ( (c). However, small amplitudes are critical
here since attractive forces are limited to short distances, usually lower than 10 nm,
where higher amplitudes would make it impossible for the feedback control to track

the changes in height.

It is important to notice the dependence of the sensitivity on the quality
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factor (Q) of the oscillating cantilever.

_Jo
y; (1.13)

It becomes clear that sharper resonance curves, or higher Q factor, lead to an
increase in the sensitivity because it requires smaller changes in the resonance
to have the specific change in the amplitude. One way of increasing the Q factor is

to operate the under , where Q) increases from around 200 up to 40,000.
However, the minimal damping in makes it very slow for the AM— to be

operated [13§]. shows the time scale of amplitude changes for the AM-
AFM,

2
oy 29 (1.14)

Jo
It shows that the higher the Q factor, the slower the response from amplitude. The

same is not true for the FM- case [138],
1

TEM = 7 (1.15)

Here the time scale does not depend on the Q factor anymore. Therefore, FM-
appears as an ideal method to be used under conditions. First, because
the higher Q factor provides better sensitivity, and second, AM— feedback would
be very slow.

Regardless of the used mode, the technique is proved to be a powerful method
for acquiring the topographical information of a sample surface, and it does not matter
if the sample is conductive or insulator.

Apart from topography, the provides other channels that can be very use-
ful for data interpretation. In the case of contact mode, the lateral deflection of the
cantilever can be used to measure the friction force between probe and sample. The
friction force can give a hint at the different material compounds on the surface. For
the intermittent and non-contact case, the phase image is another powerful informa-
tion that can be acquired simultaneously with the topography. The phase image is
associated with the oscillation phase of the cantilever, which can be roughly converted
in the interaction time between probe and sample. If two different materials with dif-

ferent stiffness or charges are on the surface, the adhesion force between the probe and
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Table 1.1: Advantages and disadvantages of the main IKFM operation modes

AFM operation modes

Mode

Advantages

Disadvantages

Contact

(Repulsive regime)

- Basiest mode
- Can be used under

all kinds of environment

- Probe/sample can
damage or contaminate

more easily

Intermittent contact
(repulsive regime)

(attractive regime)

- Good signal to noise ratio

- Most common mode

nowadays

- No atomic resolution

- Cannot be operated

under

Non-contact (AM)

(attractive regime)

- Can be operated
under ambient conditions

-Prevent probe damages

and surface contamination

- Sometimes it is not a
true non-contact
depending on sample

roughness

Non-contact (FM)

(attractive regime)

- Highest resolution

- Prevent probe damage

and surface contamination

- Needs high Q factor
for proper operation
- Difficult to measure

rough samples

the sample will change. Consequently, the phase signal also changes, and estimation

of whether different compounds are present on the surface can be done. The phase

image will be used once in this thesis in .
summarizes the advantages and disadvantages of the main op-

eration modes. Such advantages/disadvantages will be extremely important when

deciding which operation mode is more appropriate and convenient to avoid misinter-

pretation of the data.
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1.7.3 Kelvin Probe Force Microscopy

The invention of the brought the possibility of measuring forces over a sample
surface locally. In the last section, it was already mentioned that @s are not limited
to the interatomic forces between probe and sample. Therefore, instead, one can now
measure different kinds of physical forces. That is where the electrical —based
modes appear. Martin et al. [125] showed in 1988 that electrical forces down to 107N
could be measured using the —based setup. The working principle is based on two
main aspects; first, the probe/sample interaction was assumed to act as a parallel plate
capacitor. Second, the interatomic forces are predominant only at very short distances
between probe and sample, while electric forces are predominant at longer distances
[139]. By retracting and keeping a controlled gap distance between probe and sample,
they manage to decouple the interatomic from the electric forces. It was the birth of
electrostatic force microscopy () that measured the electrostatic force between
the probe and the sample qualitatively. There was a need to measure these properties
quantitatively, and a few years later, Nonnenmacher et al., (1991) [124] and Weaver
et al., (1991) [140] proposed the (sometimes called SKPM or KFM), inspired
by the 19" century Kelvin method from Lord Kelvin. In the Kelvin method, a metallic
probe and a sample are considered as a parallel plate capacitor, which produces a

current when mechanically vibrated, as given by:

i(t) = wAC cos(wt)Vepp (1.16)

Where w is the oscillation frequency, AC' is the change in capacitance, and Vopp is

the contact potential difference (@) between the plates. By applying a bias voltage

Vpbe to the metallic probe, [Equation 1.16 can be rewritten as

i(t) = wAC cos(wt)(Vepp — Vo) (1.17)

When no current i(t) is observed, it means that the applied voltage Vp¢ is equal
to the surface potential Vopp.

The working principle is very similar to the Kelvin method, but instead
of measuring and nullifying the current, it now nullifies the force between probe and
sample. To do so, an AC voltage is applied between the probe and the sample surface,

which will generate an oscillating electrostatic force whenever there is a between
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them. When the DC bias equals the local Vo pp, the net electrostatic force will become
zero, and the quantitative @ map can be recorded.
In the KPFM|, the acting force between probe and sample can be written as

_lﬂ‘ﬂ = 1@{/2

F= 2(z)2 202

(1.18)

where the derivative of the capacitance %—f can be written as a function of per-
mittivity constant €y the area A and the distance z between probe and sample. The
voltage V is composed of the contact potential Vopp the bias Vpe and a modulation
voltage Vic.

The acting electric force between probe and sample can be written as

10C )
F= —55 [(VCPD + VDC) + VACSZn(Wet)]Z (1'19)

It leads to three force contributions. The first one depends on the DC bias only.

oC [1
Froq— 2~ | =
bc 0z |2

The second depends on the AC bias.

(Verp £ Vpe)? (1.20)

Fio, = =22 (Vopp  Voo)Vacsin(u) (1.21)

e

Moreover, a third one depends on the second harmonic of the electrical oscillation,
a constant Ve, and %—S. Meaning that any change in the local capacitance at the
surface can be qualitatively detected.
oC'1

— _ 2"y —
Fy,, = P 4VAC [cos(2w,t) — 1] (1.22)

From equations , , and , Fpe and F,, go to zero when Vpe = Vepp. A
piece of additional information that can be taken during the is related to the
F,,, component. Fy,, is not affected by the Vopp and Ve, and qualitative information
on the sample’s capacitance can be measured at the second harmonic of the electrical
signal [141].

However, the main goal during remains to nullify F, and measure the
Vepp. When considering a clean surface and environment, the Vopp is propor-

tional to the workfunction [142]. Now, depending on whether the Vp¢ is applied to
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the probe or the sample, the workfunction can be directly or inversely proportional to
the . In this thesis, the workfunction will be permanently treated as directly pro-
portional to the measured , which means that higher @ values lead to higher

workfunction and vice-versa. IEquation 1.23| can be used to correlate the measured

with the workfunction.

(és_'@p)

CPD = (1.23)

Where @, is the workfunction of the sample, ®, is the workfunction of the probe,
and e is the elementary charge.

depicts the main parts of the setup. The probe mechanically
oscillates at its resonance frequency fy, and at the same time, an electrical oscilla-
tion is applied at w,.. Independent lock-in amplifiers set at the respective excitation
frequencies (fy, w.) read the deflected signal to split electrical from topographical

contributions and then build topographic and surface potential maps.

\\!

Topograp
_l Lock-in Amplifiers

Deflection system

Mechanical

Oscilation fy

Electrical

Oscillation ®,

Figure 1.15: Simplified KPFM| schematic. A sharp probe is placed close to the sample
surface and is mechanically and electrically excited. A deflection system based on a
laser deflection measures changes in the cantilever oscillation to produce the topogra-

phy and surface potential maps.
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Similar to the , there are several [KPFM operation modes [143], which are
again based on measuring the force by means of amplitude, called AM-KPFM| or

frequency, called FM-KPEFM. There are several ways of doing AM-KPFM|, which

depend on the chosen AC frequency. The discussion here will be limited to the three
main modes: AM lift mode, AM off res, and AM 2 EM [143].

The simplest mode is the AM lift mode, also called double pass . In this
mode, the topography is first acquired in one of the dynamic modes, then the
probe is lifted by a controlled gap, and an AC voltage is applied at the same probe
resonance frequency for the [144]. This mode has some advantages, the first one
because it is robust and effortless to implement with most commercial s offering it
as a standard tool. Secondly, using the first eigenmode f; makes the AM lift the best
mode regarding signal-to-noise ratio. However, the acquisition time is doubled
since every line needs to be scanned twice, and the larger distance between probe and

sample reduces the lateral resolution.

AM off res is a bit more complex, and a second lock-in amplifier is needed [124].
In this case, the AC voltage is applied at a frequency w, < fo allowing the topography
and the surface potential to be acquired simultaneously. The signal decoupling is
made exclusively via the lock-in amplifiers operating at f, for topography and w,
for the . AM off res is a kind of old-fashioned technique because when it was
developed, there was a maximum operating frequency of the lock-in amplifiers limiting
the technique. AM 2 EM is considered the more reliable mode, but it is
still not primarily used by the community. In this case, the AC voltage is applied at
the second harmonic of the probe’s resonance frequency f;, which is 6.3 x fy. The
main advantage of AM 2 EM is the signal-to-noise ratio that is considerably improved.

AM modes are usually the most used techniques, but they are also known to
be more prone to artifacts such as cross-coupling of stray capacitance into the measured
signal [145]. Furthermore, Wagner et al. [146] showed that for the most common
probe geometries in the market, the large surface area of the cantilever contributes
more significantly to the measured signal than the probe apex itself, limiting the

lateral resolution.

These are the reasons for the development of the FM-KPFM|, which is now sensi-

tive to the gradient of the electric force and not to the force itself, as demonstrated
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by Colchero et al. [145]. It is known from Diirig et al. [147] that force gradient is
proportional to the frequency shift of the cantilever’s free resonance, which is
given by:

;o k—aF(z)/azNw 1 0F(2)
we_\/—meff ~ e(1 TR ) (1.24)

F(z) being the electric force, mesy the effective mass, and k the force constant of
the probe. This model shows that by measuring the frequency shift of the probe, the
electrostatic force gradient due to V4o will be consequently measured. However, it is
only valid in the case of small oscillation amplitudes of the probe [145]. Therefore,

in FM-KPFM|, a small amplitude oscillation of the probe is kept constant, and a

resonance frequency shift (Af) is measured. Once again, several ways of acquiring the
data are proposed in the literature, but this thesis focus on only two of
them, namely Sideband FM-KPFM and Heterodyne FM-KPFM.

In the sideband , the AC voltage is applied at w. < fy, generating

sidebands at the eigenmode frequency fy + w. that are then used as feedback for

the . A schematic of the sidebands generated during a typical FM-KPFM
measurement is shown in .

In this mode, we is chosen such that it is high enough to not overlap with f, and
consequently be affected by topographic information, but also not too high to avoid a
decrease in the signal-to-noise ratio. One limitation of the is related to the
scan speed, which is usually limited by the detection bandwidth ~ f,/2@Q. Increasing
fo can increase the scan speed, but most @ electronics cannot operate in higher
frequencies (MHz).

To overcome this issue, the heterodyne FM-KPFM was proposed, where the AC
frequency is the difference between the second harmonic and the first eigenmode res-
onance of the probe w, = fi — fo [149]. By doing it, the sidebands are now sitting
close to the second harmonic, leading to an amplified signal without risking dragging
topographic information from fy and an improved signal-to-noise ratio at a higher scan
speed.

Both modes have proved similar and reliable workfunction measure-

ments. The main difference between them is the acquisition time; however, a compar-

ison between AM-KPFM and FM-KPFM showed that AM-KPFM does not provide
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Figure 1.16: Schematic of the FM-KPFM Sidebands. An AC voltage is applied at f,,,,4
producing sidebands at the main resonance frequency f—0. During FM-KPFM| {—0 £

fin0a is measured. Figure reprinted from Zerweck et al., ©(2005) Physical review B -

APS.

reliable results [143]. Differences between these modes are generally attributed to the

higher lateral sensitivity of the FM-KPFM| where capacitive coupling can be avoided.
Even though, due to the more straightforward technical implementation, AM-KPFM

lift mode is still one the most frequently used setup under ambient conditions.

Further reading on the theoretical background can be found in the books
from Meyer et al., (for STM and AFM)[150], Julian Chen, (for STM and AFM)[151],
Bhushan, (for SPM)[152], and Sadewasser et al., (for KPFM)[85].
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Table 1.2: Summary of the KPFM techniques

AFM operation modes

Mode Applied frequency Detected frequency
- We = fO - We
AM-KPFM lift mode
(50 to 350kHz) in double pass
- We < fO
AM-KPFM off res - We

(10 to 25kHz)

AM 2 EM

- we
-Wwe = fi measurement can be limited
(300 to 600kHz) | by the maximum frequency

detection of the electronics

FM-KPFM sideband

_ij:We
_we<f0

Time acquisition limited
(0.1 to 2kHz)

by the bandwidth

FM-KPFM heterodyne

- h
-we = f1— fo measurement can be limited

(300 to 1500kHz) | by the mazimum frequency

detection of the electronics
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Chapter 2

Materials and Methods

2.1 Sample preparation

The entire set of single-crystal thin films used in this thesis was grown in collab-
oration with the laboratory of photovoltaics (LPV) at the University of Luxembourg.
Omar Ramirez and Dr. Conrad Spindler, under the supervision of Prof. Dr. Su-
sanne Siebentritt, were responsible for the sample preparation. The films were grown
via metal-organic vapor phase epitaxy () on GaAs wafers, which uses chemi-
cal reactions of the metal-organic precursors to produce high purity single-crystalline
thin films via epitaxial growth. The does not need a vacuum to operate, an

excellent alternative to standard physical vapor deposition systems.

depicts an overview of the processes occurring inside the reactor chamber
during growth. The system consists of a reactor chamber where a constant
gas flux carries the metal-organic precursors. Hydrogen is used as the carrying gas,
and a controlled composition can be achieved by adjusting the partial pressure of each
metal-organic precursor. When the metal-organic precursors reach the heated reactor
chamber, a decomposition process of the gas phase starts, leading to adsorption of
the inorganic materials at the surface. As more material reaches the surface, growth
takes place. Eventually, due to the high substrate temperature, gas-phase losses of the
deposited elements can happen. Usually, the samples are grown at 520 °C and
90 mbar. It is essential to use clean, high-quality single-crystal substrates for epitaxial
growth, called “epi-ready” substrates. In this thesis, two types of epi-ready substrates

were used: the GaAs (100) and the multi-crystalline GaAs substrates (University-
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Wafer, Inc.).
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Figure 2.1: basic working principle. Figure reprinted from Spindler [153]
Detailed information regarding the samples used in each chapter is shown below.

o Chapter 3

CIGS: single-crystalline CulnSe, (CISe) films were grown on (100)-oriented
semi-insulating GaAs wafers at 530 °C and 50 mbar. The absorbers were 500 nm
to 600 nm thick. Several samples with different Cu/In ratios were prepared and
measured via @ Additional information regarding the sample properties can

be found in [[77].

In , perovskite samples were also used as a proof of concept for the
m characterization via . Below is a short description of the sample
preparation. For more details, see [154]. Perovskite: Methylammonium lead
triiodide perovskites (CH3NH3Pbls) (MAPI) absorbers were deposited on FTO
(fluorine-doped tin oxide) covered glass substrates via co-evaporation carried
out in a physical vapor deposition (PVD) chamber embedded in a nitrogen-filled
glovebox. A constant temperature of 330°C was used to evaporate Pbly, and
the temperature of the MAI was kept at 110°C. The growth was carried out at

room temperature.

o Chapter 4

Single-crystalline Cu-rich CulnSe; (CISe) films with a thickness of 650 nm grown

on (100)-oriented semi-insulating GaAs wafers. A Cu/In ratio of 1.18 was mea-

sured by @

o Chapter 5
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Single-crystalline Cu-rich Cu(In,Ga)Ses (CIGSe) films with a thickness of 200 nm
grown on semi-insulating multigrain GaAs wafers. A Cu/(Ga+In) ratio of

0.97 and a Ga/(Ga+In) = 0.34 was deduced by @

o Chapter 6

Single-crystalline Cu-rich Cu(In,Ga)Se; (CIGSe) films with a thickness of 500 nm
grown on (100)-oriented semi-insulating GaAs wafers. A Cu/(Ga+In) ratio of
1.04 and a Ga/(Ga+In) = 0.42 was deduced by @

Single-crystalline Cu-poor Cu(In,Ga)Se, (CIGSe) films with a thickness of
500 nm grown on (100)-oriented semi-insulating GaAs wafers. A Cu/(Ga+In)
ratio of 0.97 and a Ga/(Ga+In) = 0.44 was deduced by @

Cu-rich Cu(In,Ga)Ses (CIGSe) films with a thickness of 200nm epitaxially
grown on multi-crystalline Zn-doped GaAs wafers. A Cu/(Ga+In) ratio
of 0.85 and a Ga/(Ga+In) = 0.30 were deduced by @

Cu-rich Cu(In,Ga)Se, (CIGSe) films with a thickness of 500nm epitaxially
grown on multi-crystalline Zn-doped GaAs wafers. A Cu/(Ga+In) ra-
tio of 0.85 and a Ga/(Ga+In) = 0.30 were deduced by @

2.2 Inert-gas transfer system

The samples were introduced into the characterization setup without air exposure
via an inert-gas transfer system. The transfer system consists of vacuum parts with
special valves that allow the coupling to the glovebox and the characterization

setup. A short manipulator was used to transfer the sample from the transfer system

to the setup. A picture of the inert-gas transfer system can be seen in .

2.3 Ultra-high vacuum (UHV) characterization setup

Figure 2.3 shows the setup used for sample characterization and K-deposition
as used in this thesis. The system’s main parts are highlighted in the picture, where
the camber, the chamber, the preparation chamber, the alkali evaporator,

and the inert-gas suitcase can be seen. The system has one turbo molecular pump
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Figure 2.2: Picture of the inert-gas transfer system.

and an ion pump that allows reaching a base pressure of ~ 1 x 1071 mbar. An anti-
chamber is used for transferring samples from the suitcase to the system without
venting the preparation chamber. Alkali deposition, sputtering, thermal treatments,

and controlled gas injection can be performed in the preparation chamber.

2.3.1 Scanning probe microscopy

VT-AFM system (Scienta Omicron) was used for the characterization. The

current setup allows topographies to be measured in ISTNJI and |AF1\/JI modes. Electrical

measurements such as scanning tunneling spectroscopy (), conductive , and
[KPFM are also implemented. Measurements at variable temperatures can be done as
well. In this thesis, mainly [KPFM measurements were performed.

2.3.1.1 Kelvin probe force microscopy

As shown in |subsection 1.7.3| several modes exist. In the current setup,
two main modes are available, the FM-KPFM sideband and AM-KPFM 2 EM. Re-

minder: two independent lock-in amplifiers are used during KPFM|, one for topog-
raphy and another for electrostatic measurements. Due to the conditions (see

, the topography is acquired in frequency modulation (FM), independently of
using |AM—KPFMI or IFM—KPFMI modes. In other words, one lock-in amplifier uses FM

to measure the topography, and another one uses AM or FM to measure the surface
potential map.

The Ametek signal recovery 7280 DSP lock-in amplifier was used for processing the
signal. In the following, a description of the used parameters will be presented.
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Figure 2.3: characterization setup used in this thesis.

FM-KPFM sideband Typical lock-in amplifier settings:
o applied AC voltage range from 0.2V to 0.4V
» resonance frequency ranging from 1 to 1.5kHz
e Time constants of between 1 to 10 ms
o sensitivity between 1 to 10 mV

A full image with 300px x 300px, was acquired in &~ 1 hour. Increasing resolution
and time constants can easily result in a 6 hours measurement. The used probes
were PPP-EFM (nanosensors) and 240AC-NA OPUS by MikroMasch with resonance
frequencies between 70 kHz and 90 kHz. Both had a Pt/Ir thin film deposited on a Si
probe. A slight advantage of the 240AC-NA probe is the width of the cantilever. As
the current @ setup has a fixed laser position and the probe moves during the scan,

larger probes help to keep the laser intensity constant.

AM-KPFM 2 EM Typical values used in the lock-in amplifier
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« applied AC voltage range from 0.1V to 0.2V

o resonance frequency at the 2" harmonic of the cantilever‘s resonance (between

300 and 600 kHz)
e Time constants of between 1 to 10 ms

 sensitivity between 1 to 10 mV

Like AM-KPFM]| images usually take from 1 to 6 hours per frame. The used probes

were Pt/Ir PPP-EFM (nanosensors) with resonance frequencies between 70 kHz and

90 kHz

2.3.2 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy () is a surface-sensitive technique that measures
photoelectrons ejected from the sample due to an X-ray excitation. The ejected pho-
toelectron contains information regarding the elemental composition at the sample
surface. depicts the @ basic working principle. An X-ray source is used
to excite electrons from the atoms; for example, in (a), it excites electrons
from the inner K shell. If the electron gains enough energy, it can escape from the
sample surface to the vacuum level ( (b). The kinetic energy of the electrons
that left the surface can be defined as:

Ekin = hV — Ebind — (I) (21)

Where hv is the X-ray energy, Fj;,q is the binding energy of the electron, and ¢ is
the workfunction of the spectrometer (considering the Fermi level between sample and
spectrometer to be aligned). If the kinetic energy is measured, the binding energy can
be easily calculated by knowing the spectrometer workfunction and the X-ray energy.

The binding energy of electrons depends on many factors, e.g., the atom and the
orbital from which the electron is ejected, the chemical environment, etc., and their
tabulated values can be found in many handbooks [156], [157].

Additionally, when one electron is removed from a core level of an atom, another
electron with higher energy could fill this vacancy and release a photon. This photon

can be either emitted in the form of fluorescence or excite another electron, called
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Figure 2.4: basic principles. Figure reprinted from [[155]

Auger electrons (c). Once again, if enough energy is provided to the second
electron, it has a probability of escaping the sample surface and being detected by the

analyzer.

The kinetic energy of the photoelectrons pretty much depends on the X-ray energy,
whereas the Auger electrons are always emitted with the same kinetic energy. That
is the reason why different X-ray sources help to “move” Auger peaks (in the binding

energy plot) to regions where they do not overlap with the binding energy of photo-

electrons. Switching from the Al X-ray source (1486.6¢eV) to the Mg X-ray source
(1253.3€eV), the Auger lines will relatively move by 233 €V in the binding energy plot.

The spectral lineshape of the core hole with a lifetime 7 is a Lorentzian function
with a certain full width at half maximum (), the so-called intrinsic or natural
linewidth. Gaussian lineshapes with rely on user settings, which are asso-
ciated with instrumental response, x-ray line-shape, and thermal broadening. The
combination of intrinsic and instrumental effects results in the experimentally ob-
served linewidth [155]. Nonetheless, most of the data discussed in the results chapters
are limited by the Gaussian lineshape.

The main instrumentation parts of the are the X-ray source, the kinetic energy
analyzer, and the detection system.

Many kinds of X-ray sources exist, but the most common ones in laboratory systems
are based on high-energy electrons bombarding a metallic target that will then emit

X-rays. One limitation of this kind of source is the energy loss via heating, limiting
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X-ray power [155]. Another issue is related to the broadening of the X-ray and the
appearance of satellite peaks (minor resonance lines in the X-ray spectrum). This
issue can be overcome by using monochromatic sources, where a quartz crystal filters
the X-ray source leading to a sharper spectral emission. Part of the analyzed data in

this thesis was measured with a monochromatic source.

The kinetic energy analyzer aims to separate electrons by their kinetic energy, and
hemispherical sector analyzers are usually a good candidate for that. It consists of
two concentrically metallic hemispheres with radii Rjnner = R1 and Royter = R A
potential difference AV is applied between the inner and outer hemisphere, and this
electrostatic field guides the trajectory of the incoming electrons. A dispersion of the
electrons will exist due to different bending of their trajectory inside the analyzer,
which pretty much depends on the electron energy. Higher-energy electrons deflect
less than lower-energy electrons in the same electric field. To physically limit the size
of the hemispherical analyzer, electrons have to be retarded (or accelerated) to a preset
kinetic energy, called the pass energy £,. It allows only energy within the pass energy
to enter into the analyzer. Decreasing the pass energy increases the energy resolution
but reduces the number of electrons that will reach the detector per unit of time.

Typical values for pass energy in range between 20eV to 200eV.

After crossing the hemispherical analyzer, the electrons reach the detector. Usually,
the detector alone cannot detect the small number of particles arriving, and there is a
need for amplification of the signal. Different detection systems with their amplifica-
tion exist, and each of them has specific advantages and disadvantages. The two most

used detection systems in are the 2d microchannel plate and the channeltron.

In a channeltron detector, the incident particles are multiplied due to several sec-
ondary electron emission processes, generating an electron avalanche registered by the
electronics [155]. High count rates are the main advantage of this detector; conse-
quently, faster measurements or lower X-ray power are required. The 2d microchannel
plate is a 2-dimensional electron multiplier that is often used with a phosphorous
screen and a CCD camera. Particles hit the microchannel plate, generating an elec-
tron avalanche. These electrons are then accelerated towards a phosphorous screen
that emits a spotlight detected by the CCD camera. In addition to the microchannel
plate, the 2d delayline detector can be added, which besides the 2d information, also
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provides the impact time of each particle for an accurate counts per second measure-
ment. The 2d microchannel plate has a lower count rate than the channeltron detector;
however, it is much more robust and provides two-dimensional information [155].

During this thesis, two experimental setups were used. One of them is a
commercial system from SPECS equipped with a PHOIBOS 100 hemispherical
analyzer and a delayline detector. A monochromated Al K « x-ray source with a photon
energy of 1486.74 eV was used. Results obtained with this machine are limited to
, where collaboration with researchers from Westfélische Wilhelms-Universitat
and the Center for Nanotechnology (CeNTech) at Miinster in Germany was done.
The measurements were done by Amala Elizabeth under the supervision of Dr. Harry
Monig.

The second experimental setup is a commercial system from Prevac,

where the EA-15 energy analyzer chamber was assembled into the Scienta Omicron
preparation chamber. The Prevac system has a 2d microchannel plate and
a twin anode achromatic X-ray source. The twin anodes allow emissions at 1253.6 eV
for the MgK o and 1486.6¢eV for the AlIKa. A comparison between both sources
applied to , where potassium was deposited on the surface, can be found in

Appendix .

2.3.3 Alkali deposition

Metallic evaporation of potassium was performed under by heating an alkali
metal dispenser, ensuring very pure alkali thin films [96]. The homemade evaporator
consists of a filament dispenser (supplier: SAES group) containing KyCrOy, that re-
leases K when heated at ~ 600° (5.3 A). The evaporator is mounted on a manipulator
that can travel 30 cm toward the sample surface. During depositions, the filament was
kept at & 2cm from the sample surface. A straight aperture is positioned in front of
the filament to guide the evaporation flux, as shown in .

A voltage is applied to the filament, and the measured current can be adjusted to
precisely control the evaporation rate. Additionally, a thermocouple is mounted close
to the filament, displaying temperature changes during deposition. Initial tests of the
evaporator were made on gold surfaces, where two trials to optimize the evaporation

procedure were done. [KPFM was used to in-situ monitor changes in workfunction
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Figure 2.5: Alkali evaporator under commissioning, showing the filament (red-ish) and

the straight aperture in front of it.

after evaporation. Table 2.1 shows the first trial on gold, where the workfunction
slowly reduced as the set current and evaporation time increased. In this trial, the
filament was heated up (from 3A to target current) within 15 seconds, and from there
on, the deposition started.

The deposition at 10.0 A for 2 minutes resulted in a massive change in workfunction
that is close to the expected workfunction of K. However, much more than a few

nanometers of K was deposited. Indeed, shows that, even by eye, a well-

defined contrast (brighter square) is observed where K was deposited.

Table 2.1: Trials for the K evaporation on Gold surface.

Evaporator trials
Deposition procedure Work function
No evaporation (Gold) 5.100eV
7.0A for 30 seconds 5.037eV
7.0A for 2 minutes 5.000 eV
7.5A for 2 minutes 4.965 eV
8.0A for 2 minutes 4.900 eV
10.0A for 2 minutes 2.961eV

51



Chapter 2. Materials and Methods

Figure 2.6: Potassium deposition on gold for the trial 10.0A for 2 minutes.

In a second trial, the emission stability was also taken into account by waiting for
the thermal equilibrium of the filament. A slow increase of the temperature (5min/A)
until reaching 5.5A, then evaporation at 8A for 10 minutes was done. Using this
procedure, the workfunction changed from 5.1eV to ~ 3.0eV. Nevertheless, no visible
changes in the gold substrate were observed, indicating that only very few nanometers

were deposited on the surface. More detail on the film thickness will be discussed in

Chapter d.

Therefore, the entire set of K-deposited samples in this thesis follow the description
below. The slow increase of the current (5 min/A) until reaching 5.5A, then the current
was set to 8 A for 10 minutes. Subsequently, the sample was annealed for 30 minutes
at 200 °C under conditions. A standard resistive PBN-heater controlled with a
TDK-lambda power supply was used for the annealing. With an output power of 9 W,
15 minutes are needed to reach a sample holder temperature of 200 °C, which gives
an average ramp rate of 11°/min. A stable temperature over 30 minutes of annealing

was achieved by reducing the output power to 8 W.
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2.4 KPFM under air/Nitrogen conditions

Topography and KPFM analyses under ambient or nitrogen conditions were carried
out in a Bruker Multimode V, using a PPP-NCHR Nanosensors cantilever. The
is placed inside a glovebox where the environment can be controlled, and air exposure
is avoided by using a sealed sample box for transferring samples. In this setup, the
topography is always acquired in amplitude modulation, but it is possible to choose
between intermittent contact mode or non-contact mode operation depending on which

side of the resonance curve was used as feedback (see ) Several ways
of measuring [KPFM are possible in this setup, but only three modes were used in

this thesis: lift-mode, 2 EM, and sideband (see
for more details). Similar to the case, the used probes were PPP-
EFM (nanosensors) and 240AC-NA OPUS by MikroMasch with resonance frequencies
between 70kHz and 90 kHz. Both had a Pt/Ir thin film deposited on the Si probe.
lift-mode is a default technique for the current setup, and no additional
features are needed for operation. In this mode, the topography is acquired in the first
pass, and the surface potential information is acquired in the second pass by retracting
the probe a few nanometers away from the sample. The distance between probe and
sample is always kept constant by using the previously measured topography contour.
However, for EM and sideband, an additional lock-in amplifier
is required. In this thesis, the MFLI 500kHz / 5 MHz lock-in amplifier from Zurich
Instruments was used, which allows topography and surface potential to be measured
simultaneously in a single pass. In the following, the parameters used for operation

are presented.

AM-KPFM lift-mode
o applied AC voltage 5V

 resonance frequency is the same as the cantilever‘s resonance (between 70 and

90 kHz)
e lock-in phase 120°

o lift-height between 5 to 100 nm
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o scan rate between 0.1 Hz - 0.5 Hz depending on the image size

AM-KPFM 2 EM
o applied AC voltage range from 1V to 4V

« resonance frequency at the 2" harmonic of the cantilever‘s resonance (between

300 and 600 kHz)
o target bandwidth ~ 1000 Hz

o scan rate between 0.1 Hz - 0.5 Hz depending on the image size

FM-KPFM sideband
o applied AC voltage range from 1V to 4V
» resonance frequency ranging from 1 to 1.5kHz
o target bandwidth ~ 10 Hz

e scan rate 0.1 Hz

2.5 Other characterization techniques

2.5.1 Scanning electron microscopy (SEM)

Scanning electron microscopy () was usually applied to measure large areas of
the samples at bkV in a JSM-6010LV Jeol apparatus. Calibrated energy-dispersive
X-ray spectroscopy (@) was performed in collaboration with the laboratory of pho-
tovoltaics (LPV) at the University of Luxembourg.

2.5.2 Secondary-ion mass spectroscopy (SIMS)

Secondary-ion mass spectrometry () was carried out in collaboration with Luxem-
bourg Institute of Science & Technology - LIST using a Cameca SC-Ultra apparatus.
Sputtering was done with Cs* ions with an energy of 1keV at a 10nA beam current.
The measurements were done by Brahime El Adib and Dr. Nathalie Valle. Details
can be found in [15§].
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2.5.3 Helium Ion Microscope-based Secondary-ion Mass Spec-

trometry

Helium ion microscope-based secondary-ion mass spectrometry (HIM-SIMS) was car-

ried out in collaboration with Luxembourg Institute of Science & Technology - LIST
using a Zeiss ORION helium ion microscope (HIM) with a dedicated detector
added to it. This setup makes use of the impinging He™ and Ne* ions, promoting a
collision cascade, which sputters the atoms from the surface. Some of the sputtered
atoms can spontaneously ionize, called secondary-ions, which can be in a magnetic
sector according to their mass/charge ratio. The main advantage is locally measuring
the elements present on the sample (surface and bulk) with a lateral resolution of ~

20nm, and ~ 10nm in depth [159].

In this thesis, was used to investigate how potassium diffuses into the
bulk. Ne' ions were used to generate secondary-ions from the sample surface.
The setup detected the secondary-ions in two steps, first in positive mode (electropos-
itive ions) and then in negative mode (electronegative ions). In the current setup, up
to four mass channels can be detected simultaneously. Potassium, copper, gallium,
and indium are measured in the positive mode, while oxygen, carbon, and selenium
are measured in the negative mode. Measurements were done by Dr. Jean-Nicolas

Audinot.

2.5.4 Photoluminescence

Photoluminescence imaging was carried out in a custom-built setup that allowed for
homogeneous illumination of samples up to an area of 1x1cm? with a pulsed 532 nm
laser, equivalent to one sun illumination conditions. The emitted PL signal was col-
lected via an InGaAs-based camera with a high quantum efficiency in the near-infrared.
A long-pass filter was used to remove the luminescence originating from the underly-
ing GaAs wafer. The samples were placed inside a sealed box with a glass cover from

where the light entered. The sealed box was filled with nitrogen to avoid air exposure.
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2.6 Calculation of the cantilever contribution to

AM-KPFM

Two Python scripts were written to calculate the contribution of the capacitive cou-
pling between the probe and the sample surface. In the first one, a calculation of the

individual contribution of each part comprising the probe (cantilever, cone, and apex),

as proposed by Wagner et al. [146] (see equations @ @, and @ and )
was calculated. The second script was based on and used each pixel of

the topography image as an input for the Ah.

The following parameters were used: Distance between the probe apex and the
sample z = 50nm that is equal to the lift height used in the measured image. The
potential difference between probe and sample Uy was assumed to be 0.15V, with the

air permittivity ¢y = 8.85 x 1072 Fm™!.

The geometrical probe characteristics were
taken from PPP-EFM NanoSensors, where the cantilever length and width are equal
to 225nm and 28 nm, respectively. The cone height H = 12.5nm. A random noise

function was introduced to mimic the noise level of the [KPFM.
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Chapter 3

How different KPFM operation
modes and environments impact

the GB investigation?

Before starting, it is worth emphasizing that most of the results that will be presented

in this chapter are published under the following article Lanzoni et al. [[160)].
As mentioned in , high-performance polycrystalline thin-film solar cells

are very promising technologies as an alternative to silicon-based solar cell devices.
Many efforts have been applied to make such thin films more efficient and cheaper. To
reduce their manufacturing costs, most thin films are deposited on cheap substrates,
i.e., glass, which leads to polycrystallinity with typical grain sizes ranging from tens of

nanometers to a few micrometers. Consequently, an especially debated topic appears,

called @s.

Also, , showed that many open questions related to the beneficial or

detrimental effect of the @ on solar cell performance are not unanimous in the com-
munity. It is known that the interruption in the crystal periodicity can lead to the
appearance of defect states that eventually produce charges at the @s 9], [10]. Espe-
cially here, @—based techniques have been largely applied to measure changes in the
optoelectronic properties at the (GBs [84]-[86], [88], [89], [161], [162]. This is because
measures very precisely and locally the workfunction (difference between the
vacuum and Fermi levels) at the sample surface. If defects produce localized charges

at the @s, one could expect a downward or upward band bending, which results in
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a bending of the vacuum level right at the @ Therefore, KPFM is the perfect tool
to locally measure such kind of band bending, becoming an ideal technique to study
the electronic property of @s. Indeed, quite a few results in the literature associate

variations in of polycrystalline solar cells with charge accumulation at the s.

shows a plot of the vs. the between the grain and @, using

data from the literature. To simplify the data visualization, all the measurements were
converted so that the bias was applied to the sample. It is necessary in order
to make the directly proportional to the workfunction, meaning that negative
values for the @ differences are assumed to produce a downward band bending and
vice-versa. In , the solid symbols represent the air-exposed measurements,
while the empty symbols represent the samples measured under UHV or inert gas
conditions. From the graph, a preferential trend for downward band bending for both
compounds, and CH3NH3;Pbl; MAPI absorbers, is observed. Additionally,
there exists stronger confinement of the data inside the range of -150mV to
150 mV, with / glovebox data presenting stronger band bending. However, no
clear correlation between and band bending can be observed, and whether a
certain band bending is beneficial or detrimental for high-efficiency devices from
cannot be answered. This result could be expected since losses in solar cell
performance are not only limited to @s, and could be linked, for example, to bad
extraction layer for the carriers, issues with diffusion length, and high recombination

velocity ([3], [4], [B5]). Therefore, it is essential to notice that the available data has

many undefined factors that could interfere with the measured bPﬂ via IKPFMj

This chapter will focus on two of the above-mentioned factors, namely, the environ-
mental conditions and the KPFM operation modes. A very detailed and systematic
study to elucidate how these two factors can lead to misinterpretation of the mea-

sured @ will be presented in the following. Usually, AM-KPFM in the air is the

most used operation mode reported in the literature for measuring workfunctions in

solar cells; however, IFM—KPFMi in tUHVI is reportedly in the community to be
the most precise method (see ) That is the reason why these two setups

were selected to be extensively studied. The chapter starts by showing a comparative
study between |AM—KPF1\/Jj and IFM—KPFMj on a standard sample made of Au pat-
terns on Si substrate. In the following, a single-crystalline epitaxially growth on
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Figure 3.1: Contact potential difference bPD|GB - deGmin for CH3NH3PblI3 and

absorbers as a function of the reported . Figure adapted from Lanzoni et
al., p. 2021 [160]

GaAs(100) will be investigated. The sample is ideal for fundamental studies because
less complex structures are comprised on the surface. On top of that, this sample
has no @ or air exposures that could change its electronic properties. Moreover,
the learned knowledge is applied to polycrystalline methylammonium lead triiodide
perovskites (CH3NH3Pbl;) (MAPI) grown on ITO substrates. Finally, simulations of
the probe/sample interaction at the @ are presented.

3.1 Gold on Si standard sample

In Eubsection 1.7.31, the theoretical background of the KPFM working principles was
discussed. It was shown that KPFM could work in different operation modes, namely

AM-KPFM and FM-KPFM|. Besides the fact that the resolution of both modes is

proven to be different from each other [143], [145], [14§], one should expect the mea-

sured workfunction to be the same. In the end, this is what, in theory, should occur.

To verify this claim, the two main [KPFM)| operation modes and environmental condi-
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tions will be compared in the following. [KPFM| of a commercial standard sample made

of gold patterns on Si is shown in lFigure 3.j. lFigure 3.j (a,c) shows the topography
and the surface potential maps of the sample acquired in AM-KPFM| under ambient

conditions, and (b,d) depicts the maps obtained in [FM-KPFM under

conditions.
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Figure 3.2: [KPFM operation mode applied to Gold on Si standard sample: topography
and surface potential maps acquired in AM-KPFM under ambient conditions (a,c)

and in FM-KPFM under (b,d). (e) Line profiles extracted from the surface

potential maps under ambient (red) and UHV conditions (blue). Figure reproduced

with permission from Lanzoni et al., ©(2021) Nano Energy - Elsevier [160].

From the topographic images in (a,b), the bright regions refer to the

gold patterns, which have heights in the order of 20 nm. The surface potential images
(c,d) show a higher workfunction value for the gold than the surrounding Si,
which agrees with their expected workfunction values (5.3 eV for gold and 4.85¢eV for

Si with SiO9 native layer, or &~ 450 meV difference between them [163]). The measure-

ment acquired in [FM-KPFM| under provides better lateral resolution than the

measurement obtained in AM-KPFM| under ambient conditions, as highlighted by the
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larger number of features visible in (d) than (c). Features with
300 nm are barely seen in the surface potential map acquired in AM-KPFM under am-

bient conditions, while the FF'M-KPFM under shows well-defined features down

to sizes of 50 nm. Indeed, the line profiles ( (e)) show that the lateral reso-
lution improved, and the differences between gold and Si are not matching. The
expected workfunction differences between gold and native SiO5 on top of Si are in the
order of 450 meV, which is very close to the measured value in the under
the case (500 mV), but far away from the value measured value in the
under ambient conditions (170 mV). Additionally, a massive shift of 1200 mV in the
background level of the is observed between both measurements.

Several can be the reasons for the observed differences within these results, such
as, measurements performed in different areas of the samples, different probes,
a dielectric contribution from the water layer on the sample surface [@]7[], the
stray capacitance coming from the cantilever contribution [], and so on. However,
the only takeaway message from these data is that the most used mode, the
under ambient conditions, does not provide the same result as the claimed

more precise mode under , as already demonstrated by many authors
89), 14d), fLa3), rad), 67,

|AM—KPF1\/Ji and IFM—KPFMj were also performed under UHV at the exact position
of the gold pattern sample and using the same KPFM probe to eliminate the environ-
mental contributions. These measurements are depicted in , where again,

the brightest regions represent the gold patterns, and the darkest regions represent

the Si substrate. Similar to the measurements carried out under ambient conditions,

the |AM—KPFMj (tFigure S.j (b)) measurement shows lower lateral resolution compared
to the IFM—KPFMi (tF‘igure 3.3 (d)). It is possible to see from the images that the sur-
face potential in the AM-KPFM does not have the same well-defined contour between

Si and the Au patterns. Once again, features down to 50 nm are easily visible on

FM-KPFM|, while AM-KPFM barely resolves features with 300 nm size.

(e) depicts the surface potential line profiles extracted from the same

region of the sample using AM-KPFM| (red) and FM-KPFM| (blue). A very smooth

line profile is observed for the AM-KPFM|, which is in accordance with its reported
lowest lateral resolution [@], [@], [@], [@], [lﬁh However, the measured value
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Figure 3.3: operation mode applied to Gold on Si standard sample under :

Topography and surface potential maps measured in the same region using AM-KPFM|
(a,c) and FM-KPFM (b,d). (e) Line profiles extracted from the surface potential maps

in AM-KPFM| (red) and [FM-KPFM| (blue). Figure reproduced with permission from

Lanzoni et al., ©(2021) Nano Energy - Elsevier [160].

is roughly half of the one measured with FM-KPFM mode (250 mV compared to the
450 mV).

From tFigure 3.j and tFigure 3.3|, independent of the environmental conditions,
|AM—KPFMi and lFM—KPFMj measurements clearly produce different results even when
the environment and working conditions are unchanged, with [FM-KPFM| offering bet-

ter lateral resolution and workfunction values much closer to the tabulated workfunc-

tion values. Additionally, ambient conditions can massively shift the workfunction

measured via KPFM.
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3.2 KPFM measurements on single-crystalline CISe

In the following, measurements on the single-crystalline grown on GaAs(100)
will be shown. shows the morphology of the single-crystalline CISe sample
measured via (a) and (b) microscopes. This sample has a very particular

morphology, where a preferential growth direction leads to a formation of trenches
parallel to the [011] direction. It turns out that this sample is very convenient for the
current investigation of possible artifacts due to these well-aligned topograph-
ical structures. Additionally, the observed differences of around 100 nm between the
apex and the valley of the trenches can be of particularly interesting for the solar cells

application, where the s height ranges from a few to hundreds of nanometers.

SElI 20kV WD10mmS$S42 x18,000 1pm —

Figure 3.4: |AF1\/JI and ISEM! images of the single-crystalline CISe sample showing the

faceting at the surface.

In analogy to the standard sample case, ambient |AM—KPFM| (IFigure 3.51 (a,b))

and |UHV| IFM-KPFMI (IFigure 3.5| (c,d)) were also acquired. depicts the

topography (a-c) and the surface potential (b-d). The images were not acquired in

the identical positions of the sample, but one can see that both topographies present
similar structures with trenches parallel to the [011] direction. Such textured growth
in CISe materials is well known for the epitaxially grown sample, which is attributed
to the most favorable formation of the polar {112} facets [@], [] Besides no con-
siderable changes in the topography, the surface potential maps are very different. In

the |UHV| IFM-KPFMI case ( (b)), changes in the workfunction up to 300 mV

and parallel to the [011] direction are visible, while in the ambient AM-KPFM| no

contrast is observed at all. There are several reasons for this observation, but the first
obvious one is that both measurements were carried out under different environmen-

tal conditions. The measurements under ambient conditions should be influenced by
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UHV FM-KPFM Ambient AM-KPFM UHV FM-KPFM after exposure
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Figure 3.5: The role of environmental conditions on . (a) under
, (b) in air, (c) under after air exposure.

a water layer or even an oxide layer that can homogenize the surface workfunction
[164)- {160,

The current setup uses the lift mode. It means that the separation
between the van der Waals force and the electrostatic force is done by retracting the
probe a few nanometers from the surface. At a certain height, the main contribution
for the total acting force between probe and sample will be solely from the electrostatic
contribution. In the presented ambient measurement, the used lift height
was 100 nm. Therefore, one could argue that the absence of surface potential contrast
is related to the long distance between probe and sample. To check it, the sample
was measured by changing the lift height every 25 pixels of the image. The result is
depicted in , where a surface potential contrast can be observed for small
heights and continually vanishes as soon as the height increases. This result suggests
that small lift heights would be beneficial to measure the surface workfunction via
. However, as the probe approaches the sample surface, the van der Waals
force increases. In other words, more significant is the contribution of topographical
artifacts into the signal [139]. Indeed, the visible contrast for the small lift
heights pretty much follows the topography profiles. Note here the differences between
the |UHV| IFM—KPFMI (IFigure 3.5| (b)) case and the current result. On the one hand,
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Lift Height __

Figure 3.6: AM-KPFM| under ambient conditions and changing the lift height every
25 pixels of the image.

the measured [FM-KPFM| surface potential signal does not necessarily follow the ups
and downs of the topography. Specific facets on the sample surface present higher or
lower workfunctions. A further discussion regarding the facet-dependent workfunction

contrast in the single crystal will be presented in . On the other
hand, the strength of the signal is also very different, with 300 mV for the FM-KPFM

and only 5 mV for the AM-KPFM|.
Once again, the AM-KPFM in air and FM-KPFM| under conditions yielded

different results, similar to the previously observed standard sample study. However,

different lift heights in the AM-KPFM mode () showed some contrast in the

surface potential image, which followed the ups and downs of the topography. The

origin of these surface potential contrasts will be discussed in the following sections.

3.3 K PFM measurements on Perovskite absorbers

In the following, results of applied to @s of a polycrystalline perovskite
absorber will be shown. Similar to the previous section, the sample was measured

under |UHV| IFM—KPFI\/Ji7 ambient |AM—KPFMI, and |UHV| IFM—KPFMi after air exposure.
The results are depicted in . The displayed 2 m X 2pm images were not

acquired at the exact same spot of the sample; however, they were acquired within an

area of ~ 100p m x 100pum. Therefore any observed changes should not come from

a possible sample heterogeneity. The sample was first measured under using

FM-KPFM mode in its pristine state (a,d). Transferring from the glovebox
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UHV Ambient UHV after exposure
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Figure 3.7: Topography (a-c) Surface potential maps (d-f) measured under UHV (FM-
KPFM), ambient (AM-KPFM), and UHV (FM-KPFM) after exposing it to air. Figure

reproduced with permission from Lanzoni et al., ©(2021) Nano Energy - Elsevier.

to the setup without air exposure was done via the inert gas transfer system.
The non-exposed sample, (d), shows fluctuations in surface potential of

~ 300 mV. More detailed statistics regarding the region from where this contrast is

coming from will be shown in . The sample was then measured in the ambient

AM-KPFM setup, being exposed to air and ambient light for two consecutive days
( (b,e)). A slight difference in the grain sizes was observed after exposing

the samples to air and ambient light, but its origin will not be discussed here as it is
not in the scope of this thesis. under ambient conditions, (e),
shows a slightly lower contrast, in the order of 10 mV, right at the s. Subsequently,
the samples were transferred back to the |UHV| IFM—KPFMi setup ( (c,h)).
|UHV| IFM—KPFMi now shows larger contrasts, partially linked to the @s, that differ

from the pristine sample. As an important note, the observed value of 10 mV for

the measurements in AM-KPFM| under ambient conditions, although tiny, agrees well

with , where most of the measurements under air and using AM-KPFM

operation mode present @ changes at the GBs ranging from 0 to 50 mV.

To understand the origin of the observed signal for the non-exposed sample mea-

sured under and using IFM—KPFMI (IFigure 3.7| (d)), a few line profiles across the
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Figure 3.8: Perovskite facet contrast. (a, b) topography and workfunction maps of
perovskite. (c) line profiles extracted from the marked regions in (a, b) and showing
that workfunction contrasts correlate only with the facet, and no @ contrast is ob-
served. Figure reproduced with permission from Lanzoni et al., ©(2021) Nano Energy

- Elsevier.

topographic image and at the equivalent position on the surface potential image were

extracted.

The results are depicted in , where (a) shows the topography, (b) the

surface potential, and (c) the extracted line profiles. Three line profiles were extracted
from the marked regions in (a) and (b); black lines represent the topography, while
the red lines refer to the surface potential. By carefully analyzing the line profiles, one
can see that the surface potential contrast comes mainly from the different facets of
the perovskite grains. It is expected since there should be different chemical surface
termination for each facet of the crystal surface, which leads to different workfunction
values [169]. As the scope of this work was a deep understanding of how different
operation modes impact the measured results, the origin of the workfunction
changes in the perovskite surface will not be discussed. The main takeover message
here is that the main observed changes in workfunction for a fresh non-air exposed

perovskite, refer to changes in the facet and not at the s.

In the same way, line profiles were extracted from the images acquired under am-

67



Chapter 3. How different KPFM operation modes and environments impact the GB
investigation?

S 0.0 ®m Data -3 mv
3 - — Linear fit % -
P -37
c45f % % % %, . % -
D(D I % > % -39
D. 3 0 - i _ -40
5% ﬁfﬁ
m 4 -42
D(D 1.5 - %’ . 2 43
o r P -~ a4
O 00 2 I ] ] ] -45

0 20 40 60 80 10
GB depth (nm)

Figure 3.9: CPD vs GB depth in AM-KPFM operation mode. Many line profiles

were acquired in the topography and the surface potential maps showing a correlation
between the depth and the surface potential. This correlation cannot be theo-
retically explained. Figure reproduced with permission from Lanzoni et al., ©(2021)

Nano Energy - Elsevier [@]

bient conditions and using the operation mode. At this time, the main
contribution to the observed contrast in the surface potential image comes from the
@ regions. For this reason, 30 s line profiles extracted from topography images
and their respective surface potential images are analyzed. For each , the change
in workfunction, CPDgg — CPDgyrain, is plotted against the change in its depth.
depicts this plot and the surface potential map from where line profiles
were extracted. Interestingly, a strong linear correlation between the depth and the
change in @ at the @s (the highlighted green region in the graph) is observed.
Such behavior is purely geometrically-related and cannot be explained by distinct
electronic properties at the s. One should expect that the number of observed

charges, consequently the CPD, would be governed by the number of defects and not
by the depth of the [GB.

3.4 Splitting forces in AM-KPFM

The results presented in the previous sections showed that by using the same
technique but operating it in different modes, one could get different results and,

consequently, different interpretations of the data, which could justify the discrepancies

observed in the literature concerning the @s band bendings. FM-KPFM measured
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under provided closer results to the tabulated workfunction values, and the same
was not observed for mode under ambient conditions. Also,
mode showed a contrast not linked to the electronic properties. The origin of
the measured contrast at the @ will be discussed in the following.

The total electrostatic force acting between probe and sample can be approximated

as the force between two parallel plate capacitors.

100, led

Fparallelplate = _55 ts — 9 (T)2Ut2s (31)

where —%% is the derivative of the capacitance over the distance r between the
plates, the potential difference between the probe and the sample surface is given as
Uis, A is the area of the plates, and ¢y the permittivity.

This electrostatic force can be divided into three contributions: the cantilever, the
cone, and the probe apex, as proposed by Wagner et al. [146]. highlights
these three regions in a hypothetical scanning of a positively charged @ The positive
charges at the @ cause a downwards bending of the vacuum level (VL), conduction
band (CB), and valence band (VB), leading to workfunction differences between the
@ and the surrounding grain.

In analogy to Wagner et al. [146], can be rewritten to consider the

individual contributions from the cantilever (Fjeye-), cone (F..e), and probe apex

(Fyapex), as follow.

GOA
Eever = —3

2mUt’i (3.2)

H 20,/ sin b
Fcone - _7T€0k2Ut25 |:11'l - — 1+ ficos 0/~Sln 0} (33)
z+ R z+ R
1 1
Foper = —meoRUZ | = — = 3.4
! o <Z z+ R) (3.4)

Where H is the cone height, z is the distance between the probe apex and the
sample, k? = (Intanf,/2)~2, R = R(1 —sinf,), R is the apex radius of the probe, 6,
is the half-open of the cone.

It has been demonstrated that AM-KPFM is sensitive to the electrostatic force,

precisely the aforementioned equations @, @, and @, while FM-KPFM is sensitive
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Figure 3.10: Acting forces in KPFM. (a) M probe scanning the sample surface
at a charged @ The cantilever, cone, and probe apex are highlighted. When the
probe apex enters the @ region, the distance between the cantilever and the sample
surface decrease by the @ depth. Positive charges at @ cause a downward band
bending of the vacuum level (VL), conduction band (CB), and valence band (VL), and
consequently, a workfunction difference will appear. (b) Calculation of the individual
contribution of the cantilever, cone, and probe apex to the total measured force in
with respect to the probe/sample distance. Red dashed lines mark the
typical range of operation distance. (c) The same calculation done for

the FM-KPFM mode. Figure adapted from Lanzoni et al., ©(2021) Nano Energy -
Elsevier [160].
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to the gradient of the electrostatic force, the derivative of equations @, @, and @
[144], [148], [167].

The calculated individual electrostatic force contributions in the case of
and are depicted in (b,c). The plot shows the calculated con-
tributions with respect to the distance between the probe apex and sample surface (z),
but without considering the mechanical probe oscillation due to the intermittent mode
(for considering intermittent mode, see Wagner et al. [146]). The red dashed regions

highlighted in the graphs are the typical probe sample distances experimentally used

for both cases (see }subsection 1.7.3). It becomes evident that the force between the

cantilever and sample dominates the contribution to the total force measured during
. While in the case, the stronger contribution comes from the
probe apex. This observation is not new in the community [146], but the real
impact on complex morphological structures such as @s was never discussed. In the
following, a demonstration of how vital the cantilever contribution is for grain bound-
ary investigation and how it affects the measured surface potential will be addressed.

The first adopted assumption refers to (b), where it was proved that
is governed by the electrostatic force between the cantilever and the sample
surface.

On the one hand, one can also assume that charges at the @ produce a band
bending, resulting in a AUy, or a surface potential difference between the grain and
. Consequently, it will produce a AFjever that can be written as follow:

1 A

2
Aﬂever — _§(Z—{——H)2AUts (35)

On the other hand, as soon as the probe scans the sample at constant distance
(z) between the probe apex and the sample surface, changes in topography, e.g., when
entering the @, leads to changes in the distance between the cantilever and the
sample. From the sketch in (a), this distance goes from h¢, when the
probe apex is at the grain, to hgp when the probe apex enters the @ This change,
denoted as Ah, is equal to the depth. It allows to rewrite AFjewer by means of the
difference in the force at the grain and the force at the :

1 GOA
2(z+H—Ah

1 A
A R (3.6)

AF‘e'ver = -
: 2(z4+H)? "

71



Chapter 3. How different KPFM operation modes and environments impact the GB
investigation?

Combining (A Fjeper due to change in workfunction) and

(AFjeper due to change in the distance Ah) results in the following equivalence

EOA U2 1 1 GOA UtZS

Bl A
2(z+H—AR)?2""  2(z+ H)?

1 2

Solving this equation for AU, one can estimate the apparent change in @
induced by Ah, when measuring . In other words, AU;s represents the
measured A Fle,er due to changes in the capacitive coupling when the cantilever goes up
and down while keeping the probe apex/sample distance constant. Thus, the apparent

change in @, AU, can be written as

B 2(z + H)Ah — (Ah)?
A[fzﬁs - _Uts\/ (Z + H— Ah)Q (38)

Usually, experimental values for the parameters within this equation are: average
between probe and sample (U = 0.100V), lift height during KPFM (z =
50 x 10~9m), the cone height (H = 12 x 10-m), and the typical G depth (Ah =
100 x 107%m). Tt leads to an apparent change in the measured surface potential
AUy, = 12.8mV. This value is very close to the measured surface potential contrast
observed for the single-crystalline CISe () and perovskite (, when
measured in )

To consider that each @ has a slightly different depth, the topography acquired
during the AM-KPFM was used as an input value for changes in the cantilever-sample

distance Ah. The result can be seen in , where the topography (a), the

measured (b), and simulated (c) surface potential are plotted side by side, with their

respective extracted line profiles, (d). To bring the simulation as close as
possible to the real KPFM setup, a random noise of 2mV peak to peak to the simu-

lated image was also introduced. It is evident that the simulation perfectly matches

the experimentally measured AM-KPFM data, where the lower surface potential is
observed at the s, and higher surface potential is observed in the highest features

of the topography.
A similar simulation was done to the AM-KPFM acquired for the single-crystalline

sample. depicts the measured (a) and the simulated (b) .

Once again, the extracted line profiles (¢) show that the simulated data impressively
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Figure 3.11: AM-KPFM simulation: (a) measured topography, (b) measured surface
potential, and (c) simulated surface potential. Figure reproduced with permission

from Lanzoni et al., ©(2021) Nano Energy - Elsevier [@]

describes the measured data.

It is essential to remember that , used in this simulation, considers

only physical changes in the cantilever/sample distance and no electrostatic force due
to charges at the @ Furthermore, shows an interesting link between
AUy and Uy,: The sign of AUy (apparent downward or upward band bending) de-
pends heavily on the sign of Uy, (average @ between probe and sample). In other
words, if the probe’s workfunction is smaller than the sample’s average workfunction
(Uys is positive), the apparent E contrast will be darker. This is the condition ob-
served in . But if the probe’s workfunction is greater than the sample’s
average workfunction (Uys is negative), the apparent @ contrast would be brighter.
In practice, this means that if a sample with an average work function of 4.9eV is
measured in AM— with a Pt/Ir probe (4.8€V), a brighter contrast at the @s

is expected. But if the same sample is measured with an Au-coated probe (5.1eV), a
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Figure 3.12: AM-KPFM simulation: (a) measured topography, (b) measured surface

potential, and (c) simulated surface potential. Figure adapted from Lanzoni et al.,

©(2021) Nano Energy - Elsevier [@]

darker contrast at the s is then expected.

3.5 Chapter summary

The use of different kinds of samples and simulations showed that the electrostatic force
in , which is governed by the cantilever/sample interaction, can result in
a strong topographic cross-talk artifact. These artifacts are very dependent on the
sample roughness, leading to more issues when measuring rough surfaces, such as
polycrystalline solar cells. The results showed that an inaccurate interpretation of
the @ properties could happen when is measured in amplitude modulation
KPFM. On top of that, upward or downward band bending resulting from this cross-
talk artifact is just a matter of the average workfunction difference between probe and
sample. If @ 4mpie — Pprove 1S @ positive value, it results in a downward band bending

and vice-versa.
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In the opposite direction, FM-KPFM| which has the main contribution to the

measured electrostatic force coming from the probe apex, showed reproducible results

with no topography cross-talk artifacts when operating under conditions. During

this thesis, FM-KPFM operation mode under will be the only method used for
workfunction evaluations and conclusions regarding @s properties. AM-KPFM| will

be used only when the average workfunction is needed, and no @ conclusions are

taken.
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Chapter 4

Properties of single-crystalline CISe

absorber grown on GaAs (100)

Some of the results in this chapter are published in the contribution Lanzoni et al. [L70].

To properly understand the properties of the sample grown on GaAs

substrates, it is essential to investigate earlier the electronic properties of the sample
in its simplest form. For this, a sample grown on GaAs (100), meaning no Ga
and no @, will be the first study case. In this chapter, the surface properties of the

epitaxial will be investigated employing techniques. Details on the used
criteria for choosing the most appropriate and reliable sample for the current

study will be described in this chapter.

4.1 Prior investigations of the CISe surface

A sample series was grown via on (100) semi-insulating GaAs wafers by

changing its Cu content. The details regarding sample preparation are described in

. The entire set of samples was a Cu-rich absorber where ranges from
1.10 to 1.95 as measured via @

The initial goal of preparing this set of samples was to identify which chemical

composition would lead to samples compatible with the KPFM setup under
conditions. As a reminder, under , topography and surface potential data are

acquired in frequency modulation (please refer to lsection 1.7| and bhapter Ei) It

results in a minimal probe/sample distance, ranging from 2 to 15nm, limiting the
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Figure 4.1: Topography acquired via of the sample series. The

samples are labeled according to their ratio measured via @ (a) 1.10, (b) 1.14,
(€)1.18, (d) 1.95

measurements to a flat surface only. In other words, if the difference in height from
one pixel to another in the image is larger than 15nm, the will fail to
track the feedback signal, and the probe will touch the surface. machines usually
have a mechanism to protect the probe, which consists of retracting the probe if the
feedback error exceeds a user-specified limit; in the @ community, this is called
“tip jumps”. This effect does not occur in intermittent contact mode , where
the probe intermittently touches the surface. For this reason, before investigating the
sample under , an initial investigation of its topography was done via intermittent
contact under ambient conditions. The measured topographies of this sample
series are depicted in . The images are labeled concerning their ratio.

All the samples were supposed to have the same thickness, where the change in
roughness can be attributed exclusively to compositional changes. Indeed, by changing
the Cu content, very distinct morphologies were observed. The sample with the lower

Cu content presented stronger faceting, leading to a considerable roughness on the

surface, as seen in the scale bar ( (a)). By increasing the Cu content, the
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faceting reduces, and flatter samples can be produced ( (b) and (c)). This
effect was previously observed by Siebentritt et al. [48], and it is associated with the
lower surface energy of the (112) surface, which changes according to the Cu-content.
However, further increase in the Cu content results in huge material agglomerations
on the sample surface ( (d)), which can be attributed to Cu,Se secondary
phase. Indeed, these observed structures are very similar to the previous observation

from Fons et al. [171], where they could directly observe the CuySe structures on
via Two-dimensional reciprocal space x-ray mapping.

This preliminary study aimed at identifying the Cu-content that leads to a flatter

surface, and in this aspect, the sample with a =1.18 ( (c)) was identified

as the most suitable one. This sample is a 500 nm absorber with a peak-to-peak

roughness of around 130 nm, and it will be called from now on as |Cu—rich| |CISe|.

Similar to the higher Cu content sample ( = 1.95), material agglomerations
were also observed on the surface of the chosen |Cu—rich| bISeJ (|CG11 = 1.18) but in

fewer amounts. shows the (a,b) and the AFM (c) images of such

agglomeration. It was possible to see in the images that the material form

trenches well-aligned in the [110] direction, whereas the agglomerated material does
not follow any preferential growth direction. This is another piece of evidence for the

CuySe formation; since its lattice parameters do not match the ones of 9],
[172], polycrystalline growth is expected. (c) depicts the topography of
these structures, evidencing that they can form structures as higher as 3 pym. Addi-
tional Raman measurements reveal peaks that do not match the ones from (see

Appendix @), confirming a distinct composition of these structures.

The typical procedure to remove Cu,Se secondary phase from the absorber surface

is by etching it with a KCN solution [173], [174]. Here, a 10% wt KCN solution was

used for 5 minutes. depicts the and m images before and after the

KCN etching.

From the as-grown sample ((a)), a more significant material agglom-

eration is observed over the surface compared to the same sample after 5 minutes
of KCN etching. Prolonged etching times do not entirely remove the structures, al-
though they were further reduced. This fact can be attributed to the size of the Cu,Se

grains, which would require extended etching times to complete remove the agglom-
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(©)
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Figure 4.2: (a, b) maps of the large area of the Cu-rich sample showing
some material agglomeration on the surface. (c) topography acquired via .

Atomic force microscopy
SEM Topography Amplitude Phase

As-grow i |

After KCN

Figure 4.3: KCN treatment of the absorber. (a,b) SEM| image showing

the reduction in the amount of the agglomerated structures on the surface after KCN
etching. (c,d) topography images of the surface before and after KCN. (e,f)
amplitude images (also called error signals) where an easier visualization of small
structures formed after KCN is possible. (g,f) phase-contrast images evidencing that
the mechanical or electrical properties of the small structures are distinct from the

pristine absorber. Figure reproduced with permission from Lanzoni et al., ©(2019)

IEEE [170].
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erated material. (c-h) shows the topography, amplitude, and phase images
(for more information regarding phase-contrast images, see ) acquired via

intermittent contact mode under ambient conditions for the as-grown (c, e, g)
and KCN etched samples (d, f, h). From the topography images ( (c,d)), a
visible change in the sample morphology after the KCN was not observed. Note that
the images were not acquired at the exact same spot, but the morphology from one is

quite similar to the other.

However, the amplitude and the phase-contrast images showed the presence of
small structures (in the range of ~ 2nm) on the KCN etched sample surface (
(f, h)). Additionally, the phase-contrast image ( (g-h)) suggests
that a material with different mechanical and/or electrical properties is present at the
sample surface, which can be attributed to remaining particles from the KCN etch-
ing process. It is worth reminding that these measurements were carried out under
ambient conditions, meaning that an oxidation process could occur. These results
showed that KCN etching modifies the sample surface of the pristine sample, which is
in accordance with previous results where Se-related acceptor defects near the surface

of absorbers were already observed [82], [L75]. However, these results

proved that, except for the agglomerated structures, the remaining surface fits well

the requirement of a absorber with low surface corrugation, and

no additional KCN treatment is needed for further electrostatics experiments.

4.2 Facet dependence workfunction

In , it was already mentioned that some well-oriented trenches were present
on the sample surface of the . Back there, it was observed that some of the facets
showed higher workfunction values than others. A previous report on the epitaxial
growth of on GaAs(100) had already shown that a highly textured surface could
be formed [48], [176]. The explanation is the preferential growth direction triggered by
the lower energy formation of the polar (112) facets compared to the (100) [48], [168],

[176]. As a result, trenches aligned in the [110] direction, such as the one observed in

(a), is formed on the sample surface. Interestingly, some of the generated
facets display higher workfunction values, as shown in (b).
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Figure 4.4: Facet dependence workfunction. (a) topography and (b) surface potential
map of the Cu-rich sample. (c) line profile extracted from the blue and red
lines, topography, and surface potential images, respectively. The line profile shows a
facet dependence workfunction. (d) shows the crystal structure with the angles
formed between the (100), (112), and (312) facets. Figure adapted with permission
from Lanzoni et al., ©(2019) IEEE []
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The correlation between the changes in workfunction and the facets is better vi-

sualized in the line profiles shown in (c). The line profiles represent the

topography (blue) and the workfunction differences (red) extracted from the corre-
sponding marked regions in (a) and (b), respectively. The blue line profile
(topography) shows a flat plateau that was assumed to be parallel to the GaAs (100)
surface. By measuring the angle between the (100) and the other surfaces, one can cal-
culate the orientation of the unknown facets. Two major angles were found, 27° + 11°

and 54°+4°. The measured values are very close to the expected angles from the planes

(312) and (112)/(112)) respectively (see (d)). These regions are marked in
(c) by orange, representing the plane (112)/(112), and green representing
the plane (312). The polar facets (112) are widely reported in the literature, being
the most energetically favorable orientation for absorbers. An apparent and
well-localized change in workfunction of & 200 meV between the polar (112)/(112) and
the (100) facets was observed. These differences in workfunction are well justified by
the different surface terminations in each facet. Indeed, (d) depicts the dif-
ferent atomic arrangements expected for each facet, where distinct surface termination
is observed between the facets. A slight difference in workfunction was also observed
between the (112) and (112) facets. These differences are attributed to the also widely
reported (112)-Se and (112)-metal terminated facets [48], [84], [168].

Contrary, the (312) facet was never reported in the literature, and besides the
theoretical angle fitting quite well with the experimentally measured angle, it might
not be the correct description here. Perhaps, the measured angle could be a stair-like
convolution of the (100) and (112) facets. Remember that the probe radius
is &~ 25nm, meaning the observed topography is a 25 nm convolution between probe
and sample. If a stair-like morphology smaller than 25 nm is formed, one may not see
either the facet (112) or the (100), but a convolution between them. Consequently,
there will also be a convolution of their respective workfunction values. It explains
why the “(312) facet” had a larger scatter of the measured angles (from 20° to 40°) and
the workfunction (from 50 meV to 150meV). The (112) facets show a minor scatter
of the workfunction, due to whether the surface is Se or metal terminated. Still, the
measured angle is quite reliable (always between 50° and 58°). Errors on the measured

angle are expected, and they range from piezo creep/hysteresis that affects lateral and
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horizontal movements of the piezo [150, (see chapter 6: Artifacts in SPM)], up to the
leveling post-treatment of the images, where the (100) reference is not well aligned
[177]. Nevertheless, within the same image, one should not expect the measurement
to vary 20° in one facet and 8° in the other.

Additionally, slight fluctuations in the workfunction of ~ 50 meV are also present
on the image and visible in (c). These small fluctuations in the workfunction
can be associated with two main factors; the presence of other facets or defects within

the same facet.

4.3 Chapter summary
In this chapter, the identification of reliable sample surfaces for mea-

surements was presented. Varying the Cu content of the absorber led to different
morphologies on the surface due to trenches formation. These trenches are related to
a well-reported favorable (112) facet formation compared to the (100) facet. Indeed,
the direct measurements of the angles formed with respect to the (100) surface revealed
the presence of the (112) facet on the surface. It was also shown that these (112) facets
presented a higher workfunction value than the other facets. In conclusion, even for
the single-crystalline without any @, the appearance of different surface ter-
mination led to workfunction changes at the surface that can influence band bendings

and consequently should be considered when preparing a solar cell device.
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Chapter 5

Properties of CIGSe absorber
epitaxially grown on

multi-crystalline GaAs substrate

The previous chapter showed the results of single-crystalline epitaxially grown
on GaAs (100). Even in the presumably simplest case of thin-film (no Ga, no
@), workfunction contrasts of ~ 250mV were observed in the sample surface due to
faceting. The results of the grown on multi-crystalline GaAs substrate will be
discussed in the current chapter. It will be shown that this approach leads to some
advantages regarding the grain boundary characterization, where individual @s can

be quickly investigated before and after @S.

5.1 The multi-crystalline GaAs substrate

The multi-crystalline GaAs substrate contains many macroscopic grains, each oriented

in some specific direction. (a) shows a picture of the 2-inch multi-crystalline
GaAs substrate, where the naked eye can easily see different grains. (b)

depicts the map from a sister substrate. Each color in the map represents

a different grain orientation.
Such substrate is commercially available and epi-ready, meaning epitaxial growth

can be performed on its surface. Additional technical specifications regarding the

substrate can be found in . However, before growing on these sub-
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Figure 5.1: Multi-crystalline GaAs substrate: (a) picture of the 2-inch GaAs substrate.

(b) map from a sister substrate.

strates, the surface was investigated via . The goal was to identify possible
complex structures at the @s that would make the epitaxial growth impossible.

Twenty-six different @s were measured on this substrate, where the topographies

can be summarized by the two regions depicted in . @s with a significant

height change was found, as observed in (a). The image shows the topog-
raphy of a large scanned area (80 ym X 80 ym) measured via m and its respective

extracted line profile in the bottom. Changes in height from one grain to the other
of ~ 50nm can be observed. These changes are expected since the polishing can act
differently depending on the surface termination [] Besides the relatively big step
observed in the larger scan area image, a maximum step height of ~ 2 nm was observed
right at the @ (b) shows a 3 um X 3 pum topographic image of the @
region with 3 line profiles across the s, where the &~ 2nm is shown. Many small
particles are also observed on the surface, which is attributed to dust due to mishan-
dling of the sample; such particles should not be present on the epi-ready substrates.
The changes in height observed in this multi-crystalline GaAs substrate should not be
a problem for epitaxial growth even at the . However, in the close vicinity of the
@, the presence of a step height combined with a slight mismatch between GaAs and
the could lead to a strain gradient from the @ to the grain.
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Figure 5.2: @s of the multi-crystalline GaAs substrate: (a) 80 um x 80 pum topo-
graphic image of the region with a line profile. (b) 3pum X 3 pum topographic
image showing 3 s and their respective line profiles.

5.2 Surface characterization of CIGSe grown on multi-
crystalline GaAs substrate

Before any electrostatic characterization of the epitaxially grown on multi-
crystalline GaAs substrate, the surface morphology was investigated. Once again, is-
sues during measured under are expected if the topography is too rough
(see tables @ and @) Indeed, by growing 500 nm of on the multi-crystalline

substrate, a few grains showed rough topographies that made the measurement impos-
sible. For this reason, the thickness was reduced to 200nm by decreasing the
deposition time during growth. Besides the 200 nm thickness not being the standard

thickness for the solar cell absorber, the reduced thickness was necessary to obtain

flatter surfaces. Details on the sample growth can be found in .

The map from (a) shows an overview of the sample surface, where
many grains and s are present. Increasing the magnification shows that dif-
ferent structures are formed depending on the grain orientation. Few grains produced
trenches, similar to those observed for the sample grown on GaAs (100) (see
). The trench-like structures are aligned in roughly the same direction over
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Figure 5.3: overview of the sample epitaxially grown on multi-crystalline

GaAs substrate. Different morphologies are macroscopically visible in the larger im-
ages (a) and (b). A characteristic pyramid-like and trench-like structures are visible
in the high-resolution scan (c), showing the @ interfaces between 4 different grains.

Yellow lines highlight a small tilt between the formed structures.

the surface, but it is not possible to say from the images whether they have the
same [110] orientation observed in the GaAs (100) case. Indeed, careful observation of
(c) indicates a slight angle between the trenches’ direction from one grain
to the other.

Furthermore, a pyramid-like structure is formed for a few grain orientations. The
pyramids always grow perpendicular or parallel to the trench-like structures, with no
other angles formed between them. The result is the appearance of flat triangular

facets, as observed in [Figure 5.3 (¢). From the m images, no microscopic fissures

are observed at the @

depicts topographies of the different types of @s. These images
were acquired in non-contact mode under Ny environment without exposing the
sample surface to the air. Similar to the images, the trench-like and pyramid-like
structures are visible. The scale bar of the images shows heights of up 300 nm within
the scanned area, which can be a problem when measuring this sample in . The
surface roughness changes according to the substrate’s grain orientation. The trench-

like structures can present very flat surfaces, with very smooth s, like the one on

the right side of (c), while the S between the trench-like and pyramid-like
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Figure 5.4: s in the epitaxially grown on multi-crystalline GaAs substrate:
(a) 80 um x 80 um topographic image of the @ (b) 20 pm x 20 pm topographic im-
age showing different grains and s. (¢) 20 pm x 20 pum topographic image showing

a very smooth .

structures can be very rough or smooth depending on the adjacent grain orientation.

The angle formed between the facets in the pyramid-like structures and the hor-
izontal flat surface of the trench-like structures has an average value in the order of
~ 15° + 5°, which is not close to the 54° measured in between the {112}
and (100) surfaces. This is expected since now it could be that the surface does not
have a (100) termination. However, as the {112} facets are known to have the most
favorable formation, the triangular and the trench facets are most likely to be the
{112}. Additional measurements would be necessary to conclude it. Despite
everything, these are the two types of morphology formed all over the sample surface,
flatter or rougher, or forming smother or rougher s interfaces depending on the

substrate grain orientation.
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Figure 5.5: sample epitaxially grown multi-crystalline GaAs substrate. (a)

Picture of the 2-inch sample. (b) Picture of the small piece of the sample mounted in

the sample holder and showing the regions of interest.

5.3 Grain boundary characterization of the CIGSe
absorber epitaxially grown on multi-crystalline

GaAs substrate

The previous section has shown that CIGSe absorber epitaxially grown on multi-
crystalline GaAs substrate presents distinct topography depending on the grain orien-

tation, producing rough surfaces. This section will show an exploratory KPFM
study on this sample. The sample was transferred from the MOVPE to the

KPFM setup without air exposure. E data (discussed further in ) con-

firmed that the surface was oxygen-free, indicating a smooth transfer.

5.3.1 As-grown sample

The thin film was grown on a 2-inch substrate and was cut into a small piece

for the characterization. [Figure 5.5 (a) depicts an overview of the 2-
inch grown on multi-crystalline GaAs substrate, and (b) a small
piece mounted on the sample holder. (b) also highlights the different

regions measured in this sample. Even though the sample thickness was reduced, a few
regions were still too rough for the measurements, and they will not be shown
here (labeled in black).
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Figure 5.6: topography images of s in the absorber epitaxially grown

on multi-crystalline GaAs substrate. (a-e) regions labeled with blue color in .

Nevertheless, different @s were possible to investigate and are labeled in blue color

in (b). These regions are also macroscopically marked in (b),
and the equivalent topographies are displayed in (b).

Each region highlighted in has its peculiarities regarding the inter-
face. For example, region 8 has the pyramid apex pointing towards the trench-like
structures. While in region 9, the pyramid has an inverted direction, from the trench-
like to the pyramid-like structures, creating a smooth interface. Regarding the
formed at the interface between trench-like grains, a condition where a very smooth
@ is formed is presented in region 2. A condition where the morphology slightly
changes right at the @ is visible in regions 10 and 11.

depicts the data acquired simultaneously with the topography
images shown in . The data was converted to display the workfunction
values, where the average value between all the images is ~ 4.35eV £+ 0.1eV. As a
general rule, a workfunction difference between the grains was visible. This difference
is expected since different surface termination would lead to different workfunction
values. Another general rule, no clear contrast is observed.

(a,b) depicts the workfunction map at the @s formed between the
pyramid- (brighter contrast) and trench-like (darker contrast) structures, while the

remaining ( (c-e)) depicts the workfunction map at the @s formed between

two trench-like structures.
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Figure 5.7: FM-KPFM workfunction images of s in the absorber epitaxially

grown on multi-crystalline GaAs substrate. (a-e) regions labeled with blue color in

Figure 5.5.

From (a,b), one can see that the pyramid-like structures (brighter con-

trast) show a higher workfunction value (4.41¢eV) and are pretty homogeneous (root
mean square () equal to 19.1meV), which indicates a single surface orientation.
The same uniform workfunction value was not observed for the trench-like struc-
tures (darker contrasts in (a,b)), where the measured workfunction value
was 4.32¢eV with of 46 meV. The scattering in the workfunction values is due to

faceting in the trench-like structures.

shows a more detailed discussion of (a). Dashed squares
in (a) mark the areas selected for the statistical distribution in which the
pyramid-like and the trench-like structures are ascribed to the blue and green squares,
respectively. (b) shows the statistical distribution of the workfunction val-
ues for the trench-like (upper graph) and pyramid-like (bottom graph) structures. It
immediately shows that most of the workfunction values in the pyramid-like structures
are confined in one single Gaussian peak, while the distribution for trench-like struc-
tures is much broader. Three main workfunction values were found for the trench-like
structure: 4.29¢eV, 4.36eV, and 4.41¢eV, as shown by the three Gaussian fits in
(b up). It confirms at least two different facets of the trench-like structures.

Interesting, the workfunction value of 4.41 eV, coincides with the main workfunction

value observed in the distribution from the pyramid-like structures (b down),
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Figure 5.8: (a) image acquired in region 8 of the sample. The colored

dashed squares indicate the areas used for the statistical workfunction distribution
plotted in (b). The upper graph shows the workfunction distribution for the trench-
like structures with three Gaussian fitting at positions 4.29eV, 4.36 eV, and 4.41¢€V.
The bottom graph shows the workfunction distribution for the pyramid-like structures

with two Gaussian fitting at positions 4.29eV, 4.39¢eV, and 4.41 eV

suggesting the {112} facets since it is the most energetically favorable surface in the
absorber [@], [@], [@], [], [179]. Besides the excellent agreement, only the
topography and workfunction values are not enough arguments to state that this
fact is actually true. Additional measurements would be necessary to confirm
the {112} facets.

Despite the changes in workfunction according to the surface orientation, no vis-
ible workfunction contrast was observed at the . Nevertheless, line profiles were
extracted (red line in (a)) at the GB region. depicts the extracted
line profiles, where a single and the average of 128 lines are plotted. With a single line
profile (red curve called “1 line” workfunction), a slight decrease in workfunction right
at the (=~ 10mV’) is observed. This decrease could be associated with a downward
band bending at the @ due to charge accumulation [@]—[@] However, it could also
be associated with a noise signal (KPFM noise level is ~ 5mV), a new facet close to
@, or even a kind of probe/sample convolution between the two different surfaces,

similar to the grown on the GaAs (100) substrate (see the ) A careful

analysis of the equivalent topography height profile (black curve “1 line”) also shows a
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Figure 5.9: Topography and workfunction line profiles extracted from the image
acquired in region 8 of the sample. The red line in (a) indicates where
line profiles were extracted to produce the graph. Single line profile and the average of
128 lines are plotted, with black lines showing the topography and red lines showing

the workfunction.

slight change in the topography in the vicinity of the , which could cause a change
in workfunction. For this reason, the average of 128 line profiles along the was
analyzed, and it does not show the workfunction contrast at the @ anymore.

To conclude, small workfunction fluctuations close to the are associated with
changes in topography and not with the electronic properties of the s, and conse-
quently, no band bending is observed for this type of @s. The same conclusions can
be made for region 9 ( (b)), where an entirely different @ was formed.

Similar analyses were done for regions 10 and 11, where a flatter was formed
(see (eand d)). From the workfunction maps of regions 10 and 11,
(e and d), respectively, one can see a lower workfunction value in a broad region near
the . The width of these lower workfunction regions is ~ 2 um for region 10 and
~ 4 um for region 11.

(a) depicts the workfunction map of region 10. This workfunction map
is the same image shown in (e) but rotated by 13.5° for better visualization
of the interface. The inset figure is the equivalent topography acquired simulta-
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neously with the workfunction map. Interesting, a distinct morphology was visible
in the vicinity of the . As highlighted in the images, there is a strong correlation
between the topographical features with the area where the lower workfunction was
observed.

The lower workfunction value in the @ vicinity can be associated with a local
change in strain. At the beginning of this chapter, it was shown that the to-
pography of the GaAs substrate before growing the on top (see )
Back there, changes of up to 50 nm in height between one grain and the other were
observed. Such changes in height combined with a slight mismatch in the lattice pa-
rameter between GaAs and CIGSe could cause changes in the strain, leading to a
different morphology for the . Furthermore, the width of the low workfunction
area combined with the strong correlation between the workfunction and the topog-
raphy maps excludes the space charge region hypothesis and suggests the changes in
the strain as the responsible for the observed lower workfunction. Unfortunately, the

local strain could not be confirmed and quantified with an appropriate tool (e.g., via

) in this thesis.
(b) depicts the workfunction distribution in 3 different areas of

(a). Colored squares in the inset topography image highlight the chosen
areas used for the statistical distribution, called rougher (red), @ vicinity (blue), and

flatter (green). Gaussian fittings were again used here, and their peak positions are
highlighted by the dashed lines in (b). The number of Gaussian peaks was
chosen according to the visible contrasts in the workfunction maps, where three dis-
tinct color contrast are observed at the grains, and a uniform distribution is observed

in the vicinity. The values for the Gaussian peak positions are:
e 4416V, 4.37eV, and 4.32¢eV at the rougher region;

e 4416V, 4.35¢eV and 4.29¢eV at the flatter region;

e 4.29¢eV at the region.

Interestingly, for the analysis done in region 8 (), the workfunction value
of 4.41 eV was attributed to the {112} facets. This value is again present, reinforcing
the argument of faceting formation with higher workfunction values attributed to the

most energetic favorable {112} facets.
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Figure 5.10: (a) image acquired in region 10 of the sample. The colored

dashed squares indicate the areas used for the statistical workfunction distribution
plotted in (b). Lower workfunction values are present in the vicinity of the .
This region is highlighted in yellow and correlates with a distinct morphology in the
topography image (inset image). Dash lines in (b) highlight the peak positions for

using Gaussian fittings.

On top of that, a shallow contrast in the workfunction map was observed right

at the . Line profiles extracted from the red line in [Figure 5.10 are plotted in
, with a dashed blue line marking the @ position. Solid lines represent a

single workfunction (red), and topography (black) line profiles extract from the marked
red line in (a). Higher workfunction values of ~ 40 meV located right at
the @, were observed with the “1 line” profile. Interestingly, by averaging 128 line
profiles (dotted lines), the higher workfunction values at the @ were still there but
with reduced intensity (=~ 10meV). Although the 128 averaged line profiles show the
contrast, it can be seen from the workfunction map (Figure 5.10 (a)) that this tinny
contrast was not always visible along the entire length of the , even within the

scanned area, and it was also not visible in the region 11.

Once again, the shallow contrast at the m could be due to a different facet
formation, as there is a slight change in topography in this region. The only conclusion
from this data is that no, or insignificant band bending was observed for the five

analyzed @s. The results agree with the observed for X3 twin boundaries in CuGaSes
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Figure 5.11: Topography and workfunction line profiles extracted from the
image acquired in region 10 of the sample. Red line in (a) indicates
where line profiles were extracted to produce the graph. Single line profile and the
average of 128 lines are plotted, with black lines showing the topography and red lines

showing the workfunction.

[68] and with first-principles calculations from Persson et al. [[7], where they predicted
that depending on the composition, an electrostatically neutral barrier at the
@s can be formed. It could also be related to the doping levels of the absorber, where
low doping limits the barrier heights.

5.3.2 UHY annealing to remove residues from the sample sur-

face

This section presents the observed changes at the surface after an annealing step
at 200° for 30 minutes and under conditions. The annealing step was introduced
to properly remove impurities from the sample surface due to adsorbates or organic
residues that could hide the pristine workfunction [180]. The 30 minutes at
200°C under UHV was chosen according to the procedures from Boumenou et al. [82]
and Monig et al. [181], where surface deterioration due to loss of selenium could be

neglected. Indeed, the experiments on the annealed single-crystalline grown on
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Figure 5.12: of the as-grown and annealed epitaxially grown on multi-

crystalline GaAs substrate. Black and red curves show the survey spectra of the as-
grown and the annealed conditions, respectively. At the bottom, the peaks are labeled.
In blue, the peaks used for quantification. O 1s and C 1s regions are highlighted in red
and black, the other prominent visible peaks in the survey. The inset figure shows the
high-resolution scan in the binding energy region of the C1s peak, and it shows that
C 1s peak overlaps with GaLMM Auger peaks. A proper fitting allows splitting the
C1s from the Ga LMM peak, which shows no carbon on the sample surface after the

annealing step.

GaAs (100) show a complete recovery of the workfunction to the pristine values using
the above-mentioned conditions (see Appendix @)

depicts the @ survey spectra of the sample before and after

the annealing step, with black and red lines, respectively. First of all, the identification
of all the elements can be done on both spectra. The peaks used for quantifi-
cation are labeled in blue, and other predominant peaks are labeled in black. In red,
the binding energy region of the C 1s, and O 1s peaks are labeled. As previously men-
tioned, no oxygen peaks were observed for both samples, confirming that the transfer
procedure using an inert gas transfer system avoided any oxygen contamination.

However, some peaks appeared in the binding energies close to Carbon 1s. The
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Table 5.1: §P§ surface quantification

XPS surface quantification (atomic %)

Cu2p In 3d Ga2p | Sedd Cls O1s
As-grown 14.4 21.6 18.8 32.6 12.6 0
UHYV annealing 17.8 22.7 27.9 32.6 0 0

Ratio between elements
Cu/(Ga+In) Ga/(Ga+In) Se/(Cu+Ga+In)

As-grown 0.36 0.47 0.59
UHYV annealed 0.35 0.55 0.46

inset graph in enlarges the view of the C 1s binding energy region. Two

peaks are present in this region, one with a maxima peak position at ~ 285¢eV and
another at ~ 273eV. In the as-grown spectra, the peak at ~ 285eV can be separated
into two contributions: 285eV from C1s and 283.4¢V from GaLMM Auger peaks
[157]. Using the constraints of the Ga LMM peak from the as-grown condition to the

spectrum of the annealed condition, reveals no indications of C 1s within the resolution

limit of the .
The summary of surface quantification is presented in . It shows

that besides removing carbon from the surface, there was a significant increase in the
gallium content followed by a decrease in the Se content. It is more evident when only
the ratios between the elements are analyzed. The ratio went from 0.47
to 0.55 and the Se/(Cu+ Ga + In) went from 0.59 to 0.46. The increase in gallium
content is justified by its diffusion from the GaAs substrate to the absorber. A
few reports have also shown that Se has high vapor pressure being prone to volatilize
at higher temperatures, as measured via X-ray fluorescence by Zhang et al. [182].
However, much lower temperatures were used here.

Apart from changes due to the annealing steps, it is worth pointing out some
other characteristics of this sample surface. A substantial copper depletion at the
surface is observed even in the as-grown condition, as seen in the ratio. Such
Cu depletion was already reported in the literature, and its origin is highly debated.
One explanation for the Cu depletion at the surface is related to the reconstruction

of the polar (112) and (112) surfaces [47], [168], [183], [184]. Indeed, in the previous
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section, the data suggested the presence of 112 facets, which could then be Cu
depleted due to surface reconstruction. Considering that the @ penetration depth
is between 5 to 10 nm, the reconstruction should not represent more than 20% of the
signal measured via , leading to a measured of 0.8. However, one should
also keep in mind that the analyzed surface is pretty much faceted, changing the real
angle between the sample, the @ X-Ray and the analyzer, and consequently the
penetration depth of the .

An additional explanation for Cu-depletion would be the Cu-electromigration on
Cu-poor absorbers. This model was proposed by Herberholz et al. [45] and says that
charges at the surface could cause band bending, dragging Cu from the surface to the
bulk. Consequently, the fact that reconstruction may interfere with the Cu content at
the surface, but other factors have to be considered. This discussion will appear again
in the next chapter when metallic potassium is deposited on the sample surface.

In the following, data on the annealed sample will be presented.
shows the images in regions 8 to 11, before and after annealing. It can be im-
mediately noted that a similar trend with facet-dependence workfunction was kept.
Additionally, an increase in workfunction upon annealing was measured, with an av-
erage of 0.55eV higher workfunction values in the measured regions. The increase in
the workfunction is explained by the absence of carbon adsorbates on the surface, but
it can also be due to the change in the surface composition, as shown by .

Below is the summary of the measured average values from region 9 using Gaussian

fitting ([Figure 5.13 (f)).

e 4.95¢V for the pyramid-like region;

e 4.81€eV, 4.89¢eV and 5.04 eV for the trench-like region;

The criteria for choosing the number of Gaussian peaks in the workfunction distri-

bution was based on the number of color contrasts seen in the KPFM| maps, the same

procedure as presented in the previous analyzes (lFigure 5.8| and tl?igure 5.1d). The

higher value in the trench-like structure (5.04 V) and the value for the pyramid-like
structure (4.95¢V) are the ones associated with the {112} facets. It is interesting to

note that region 9 now presents an average lower workfunction with a width of ~
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Figure 5.13: maps before and after annealing. An increase in workfunction

was observed for all the analyzed regions.

2pm in close vicinity of the @ (see (f)), similar to regions 10 and 11 (see
(c, d, g, and h)). As the contrast is very weak, it could be that it was

masked by the carbon adsorbate layer in the as-grown condition. Again, this region of
lower workfunction could be related to some differences in strain in the close vicinity
of the @S.

The average workfunction values were also measured for region 10 ( (2)),

which are summarized below.

e 4.89eV, 4.96eV, and 5.02€V for the rougher region;
e 4.85€eV, 4.94¢eV, and 5.02¢eV for the the flatter region;

o 4.85¢€V for the lower workfunction region.

The observed tinny contrast (~ 10meV) at the of region 10 in the as-grown
condition vanishes after the annealing. Interestingly, the measurements were
acquired at the exact same spot before and after annealing, which excludes the het-
erogeneity of the workfunction at the . Even so, the origin of the observed contrast
in the as-grown condition was not clear, it could be facet-related or band bending, and
it is also difficult to conclude what makes the contrast to disappear. Perhaps passi-
vation of the defect at (the case of band bending) or some reconstruction of the
surface upon annealing that changes the surface termination (the case of facet-related

workfunction) could be associated with the disappearance of the observed signal.
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5.4 Chapter summary

o The occurrence of faceted surfaces forming pyramid-like and trench-like surfaces

were observed, which are associated with the low energy polar {112} facets.

. topography maps showed that the @s of the epitaxially grown

on multi-crystalline GaAs can be very smooth or with significant height changes

depending on the grain orientations.

o A few @ regions were macroscopically selected for a systematic KPFM| charac-
terization. Workfunction differences up to 200 meV between grains were associ-

ated with different surface terminations.

e No, or very shallow workfunction contrast at the was observed for all the
analyzed regions. However, few regions presented lower workfunction values
with 2 ym width in the vicinity of the s. This change in workfunction was
associated with changes in the strain that also induced morphological changes

in the vicinity of the @s.

e An additional annealing step of 200°C for 30 minutes under led to an
increase in the gallium content followed by a decrease in the selenium content
at the surface. Gallium increase is associated with diffusion from the GaAs
substrate to the . The annealing step also removed the carbon adsorbates,
leading to a surface completely free of oxygen and carbon, as measured via .

101



Chapter 6. Alkali post-deposition on CIGSe absorber grown on multi-crystalline
GaAs substrate

Chapter 6

Alkali post-deposition on CIGSe
absorber grown on multi-crystalline

(GaAs substrate

Parts of the results in this chapter were published in the contribution Lanzoni et

al. [158].

The most common mechanism for alkali incorporation into the absorber is
based on the thermal evaporation of alkali fluorides under a selenium atmosphere [17].
Besides improving the optoelectronic properties, disentangling the individual contri-
butions of the S, the surface, and the absorber bulk can be very difficult. The main
reason is the system complexity of the materials under @, where many con-
curring chemical reactions and diffusion processes of all the involved elements happen
simultaneously. This chapter will show how pure metallic K diffuses and interacts
with a absorber epitaxially grown on GaAs (100) and multi-crystalline GaAs.
The evaporation is done at room temperature, followed by an annealing step at 200 °C

for 30 minutes to promote diffusion into the bulk. More details of the evaporation

procedure are discussed in Chapter 2.

The chapter starts by presenting the results of K deposition on epitaxial and
grown on GaAs (100) to understand the diffusion mechanisms in the absence
of s. Then, K deposition on epitaxial grown on multi-crystalline GaAs
substrates elucidates how K acts at well-defined @s.
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6.1 Workfunction changes after K deposition on

single-crystalline CISe

Before starting this section, the nomenclature of the samples needs to be adapted to
avoid misunderstandings. The reason for that is related to the diffusion process of K
into the absorber, where additional annealing steps will be studied. From now
on, the called K-free absorber is assumed to be the as-grown sample that underwent a
200°C annealing to remove the carbon contamination. This amendment results

in the following set of samples:

As-grown - The sample without any treatment or annealing.

K-free - The sample that underwent a annealing of 200 °C for 30 minutes.

K-deposited - The K-free sample plus a thin layer of K deposited on the surface

K + annealing - The K-deposited plus additional annealing to promote diffu-

sion.

To first check the deposition mechanism of K on single-crystalline surfaces,

the known Cu-rich sample (see ) was used as a reference. The

setup was used to in-situ monitor the workfunction changes after each step of K deposi-
tion and annealing. The measured workfunction maps are depicted in . The
scale bar of all the images is set between 3.4¢eV to 5.4eV, allowing better comparison
of workfunction changes after the various treatments.

(a) shows the workfunction map in the as-grown condition. As presented
in , well-oriented workfunction contrasts linked to the {112} facets are visible
in the as-grown sample. This contrast is present on the entire set of images, meaning
that the faceting influences the surface workfunction even if a very thin layer is present
on the surface.

K deposition also led to a drastic drop in the workfunction, as shown in
(b). Such a change was expected since the workfunction value for thick K films
is much lower than that of . The workfunction values are predicted to be 2.74 €V,
although experimental measurements led to 2.3eV [163]. Subsequent annealing
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(a) As-grown K-deposited 50°C annealing

| 5.4eV

(d)@100°C annealing 150°C annealingl |(f)| 200°C annealing

3.4eV T

Figure 6.1: workfunction maps after each stage of the K deposition. (a) as-
grown condition. (b) with a thin layer of metallic K on the surface. (c - f) after

annealing steps.

steps ranged from 50°C up to 200°C for 10 minutes each. The workfunction grad-
ually increased after each annealing step, indicating a reduction of the K content at
the surface. After heating to 200°C, the pristine workfunction value was almost re-
covered. Even though the workfunction massively varied, no changes in morphology

were visible between the treatments (topographic images are not shown here).

A summary of the workfunction changes after the various treatments is depicted
in . It shows the average workfunction over the scanned area, with the
workfunction in the as-grown condition, after K deposition, and after the annealing
step represented by the red, blue, and green bars, respectively. The error bars were

extracted from the measured values in each image.

Despite the used methodology being a very effective and sensitive way of identifying
the presence of K on the surface, it does not tell if the observed recovery of the
workfunction values to the pristine stage is due to diffusion of K inside the bulk
or if it evaporates after the post-annealing steps. Even if the vapor pressure of K
is relatively high at room temperature [] and is unlikely to happen, correlative

measurements were needed, and a special set of samples was prepared for that.
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Figure 6.2: Average workfunction after indicated samples treatment. The error bars

were extracted from the values of each image.

6.2 K deposition on single-crystalline CIGSe epi-
taxially grown on GaAs (100)

Two sets of samples were prepared, namely bu—ricﬂ bIGSE{ and bu—poorl bIGSeI. IXPQ,

, and @, allied to the previous KPFM measurements, were used to understand

the mechanism of depositing pure metallic K on the epi— and the consequence

of subsequent annealing steps. Initial measurements were carried out for the

and the samples in the following conditions:

As-grown sample;

K-free sample;

K-deposited sample;

K-deposited sample + 200° annealing

The m data from this section were measured in collaboration with Dr. Harry
Monig and Amala Elizabeth from Westfilische Wilhelms-Universitat and Center for
Nanotechnology (CeNTech) at Miinster in Germany. It is essential to point out one
characteristic that differs the @ data presented in this section from those in the
remaining thesis: the X-ray source. Here, a monochromatic Al Ka source was used,

improving the energy resolution but also showing some undesired Auger peaks right at
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Figure 6.3: @ data showing the presence of K at the sample surface after deposition.
All the elements can be identified in the survey spectra, with the blue labels
highlighting the peaks used for quantification, the red show the oxygen and carbon
peaks, and the black labels showing the remaining predominant peaks. The inset

confirms the presence of K on the surface.

the K2p and C 1s binding energies (see Appendix @) More details and differences

between each experimental setup can be found in .

To prove that K was successfully deposited on the surface, measure-
ments were performed in the sample with and without K . The survey spectra of the
sample with and without K are presented in . All the pre-
dominant peaks are labeled at the bottom of the figure. The survey spectra allowed
the identification of all the elements in both as-grown and K-deposited samples,
black and blue lines, respectively. The inset graph shows the binding energy region
for the K 2s peak, where the presence of K on the K-deposited surface is confirmed

(blue curve).

A rough estimation of the K thickness can be done by analyzing the intensity
of the peaks before and after K-deposition. Lambert-Beer’s law was used here,
which describes the attenuation of the photoelectrons originating from the in
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the presence of an overlayer, in this case, K. The law can be written via

= tyeeap (50 (6.1)

)\IMFP - cosf

Where [y and Ik are the peak intensities of the film before and after K deposi-
tion. The inelastic mean free path of the photoelectrons penetrating a K over-layer is
denoted as Apyrp, and the angle 6 corresponds to the emission angle. The intensity
changes of the Se 3d before and after deposition were used here as Iy and Ix. Se 3d
was chosen since its kinetic energy is higher, meaning it is less affected by any other
surface contamination, and because strong diffusion of Se due to K deposition is not
anticipated. Appp from the NIST database were used for the calculation [[156], leading
to a calculated K thickness of 8 A (via )

A comparative study of the as-grown and K-deposited samples was carried out via
@ to check chemical variations in the K-deposited sample surface upon annealing.
As shown in , the 200 °C annealing temperature was enough to recover the
workfunction to the pristine condition. Based on that, the samples were annealed
at 200°C for 30 minutes. depicts the survey spectra of the K-deposited
Cu-rich (blue) and Cu-poor (orange) samples, both before (darker colors) and after
(brighter colors) post-annealing steps. At first sight, the survey spectra did not
massively change upon post-annealing. However, the quantification showed that
the post-annealing step reduced by half the amount of K on the surface of the
sample but did not change the amount of K on the one. It can be seen in
the inset graph of , where the blue bars represent the atomic percentages
of K on the before (dark blue) and after (bright blue) annealing. The orange
bars represent the atomic percentages of K on the before and after annealing,
respectively, dark and bright.

summarizes the quantification. Despite the changes in the K con-
centration for the absorber, a decrease in Cu content followed by an increase
in Ga content is observed after annealing. These changes are more evident when the

and ratios are analyzed. Cu-rich and Cu-pooy] samples show respectively ~
54% and 33% reduction in the ratios. Both samples show an increase of ~ 65% in

the after the annealing step. However, the compositional changes are not linked

to binding energy shifts, which do not support a new chemical bond formation, i.e.,
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Figure 6.4: spectra of the (orange) and (blue) single-crystalline
and K-deposited. Darker Orange and darker blue refer to the K-deposited
sample (thin layer of K on the surface). Brighter orange and brighter blue refers to
the K-deposited samples annealed at 200 °C' under . The inset shows the amount

of K present on the surface after annealing using the K2s peak for quantification.

KIDSQQ.
The combination of IKPFMj and [XPEj data showed that the observed changes in

the electrical properties along all the K deposition steps are mainly attributed to the
presence or absence of K on the surface. However, these measurements did not give
enough information regarding the diffusion of K and how it distributes inside the
bulk. For this reason, the “K-free” and the “K-deposited + annealing” samples
were measured via depth profiles. As air exposure could not be circumvented,
a CdS buffer layer was deposited on the surface via chemical bath deposition.
The CdS had the advantage that residual K on the surface could be removed,
and it also protected the surface from further degradation.

depicts the K depth profile for the Cu-rich (blue) and Cu-poor (orange).
Solid brighter curves refer to the depth profile of the sample containing K (plus a post-
deposition 200°C annealing), whereas the dashed darker curves arise from samples
without K. The normalized depth profile first showed a higher amount of K observed
all over the bulk length for both K-deposited samples, which proves that K diffused
inside the bulk. Higher K counts were also observed in the CdS / interface for
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Table 6.1: IP—(Pa surface quantification of the K-deposited and annealed samples

XPS surface quantification (atomic %)

Cu-rich sample

Cul| In Ga Se K O | CGI | GGI

K-deposited 831198 6.0 | 39 |8.0]|18.8 | 0.32 | 0.23

K + annealing 5 |1 23.0]10.0|415|84| 122 0.15 | 0.30

Cu-poor sample

Cul| In Ga Se K O | CGI | GGI

K-deposited 751222 6.0 [41.8 9.1 ]13.3|0.27 | 0.22
K + annealing 6.3 23.5(10.9|476 | 48| 6.8 | 0.18 | 0.32
Cds CIGS GaAs
20000
0 d Cu-rich Cu-poor
2 B I et K-free | ----- K-free
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Figure 6.5: depth profile of the K-deposited sample showing the diffusion
of K into the bulk. Blue and orange curves represent the depth profiles for the

and samples, respectively, being the K-free the dashed darker colors and the
K-deposited the solid brighter color. In the Cu-poor case, there is an accumulation of

K at the interface between CIGSe and GaAs.
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all spectra. Such effect were also observed in literature for polycrystalline [12].
Perhaps when moving from one material to the other, the sputtering rate can change

(matrix effect), and consequently, different intensities are expected.

Both, |Cu—rich| and bu—pooxi samples showed an in-diffusion of K into the bulk of the

, as depicted by the higher counts in . However, the Cu-poor sample

showed much higher counts of K in the bulk and a pronounced accumulation at the

/GaAs interface, with a double peak near the back contact. The observed double

peak is probably related to a combination of effects, ranging from K accumulating in
both matrix ( as well as in the GaAs substrate), voids at / GaAs interface,

or even a matrix effect, where the same material can ionize more or less depending on

the surrounding atoms. The clear difference between |Cu—pood and |Cu—rich| indicates

that K diffuses easily in Cu-poor absorbers. It supports the @ results shown in
, where the atomic percentage of K at the surface did not significantly
change for the sample, while it decreased by half for the . These
results confirmed that the diffusion mechanism of K in absorbers is not limited

to the @s, and the number of Cu vacancies can be the channel for K diffusion inside
the bulk.

Further studies of the optoelectronic properties related to the addition of K on the
absorbers were carried out employing panchromatic @ imaging. The same set
of samples used in the m measurements was used in the @ imaging, meaning that
the samples were capped with a CdS buffer layer of ~ 20nm. A special transparent

box was used to keep the samples under Ny environment.

The panchromatic @ image of the K-deposited bu—rich| |CIGSe| sample is depicted
in . Due to the glass cover of the transparent box, some interference rings

in the PL intensity image were observed. These artifacts must not be considered in

the following discussion. A region of lower PL yield is highlighted with a dashed blue
line in the image. Interestingly, the lower @ yields coincided with the region covered
by a physical mask, which protected the surface from K deposition. A line profile

was extracted from the black line in (a) and is presented in (b).

The line profile shows even more evidence that the lower intensity in @ yield for the
region where no K was deposited. The same is observed for the sample (not
shown here). The @ setup allowed access to the real impact of K on absorber
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Figure 6.6: @ imaging of the K-deposited bu—ricﬂ bIGSe{ absorber. Figure reproduced

with permission from Lanzoni et al., ©(2022) Thin Solid Films - Elsevier.

properties without caring about small fluctuations in the sample composition. Indeed,
Ramirez et al. [] showed that the single-crystalline absorbers grown on a two-
inch GaAs wafer did present a slight compositional gradient. Moreover, it is essential
to remind that the K-free absorber underwent only one annealing step, whereas the K-
deposited sample was annealed twice. Therefore, the results here show the importance
of carrying @ imaging on the same piece of the absorber. Such methodology allowed
the observation of the improved the optoelectronic properties due to the addition of

K.

Consequently, these results corroborate the systematic study from Ramirez et
al. [] for the KF @s on epi—. Ramirez et al. [] showed improvements in
the quasi-Fermi level splitting of up to 30 meV after KF treatment, while ~ 2 meV was
measured for the samples presented in this thesis. However, compositional changes
might be of enormous importance here, where Cu-poor samples showed a decrease in
quasi-Fermi level splitting after KF deposition. The data presented here showed

that the Cu content is reduced after K+annealing. Moreover, ~ 1 monolayer of K was
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evaporated on the absorber that diffuses after post-annealing. It is different
from the standard KF @s, where higher temperatures and more material (between
6nm to 10 nm) are employed [17], [118].

6.3 Grain boundary characterization of K-deposited
ClGSe epitaxially grown on multi-crystalline

(GaAs substrate

The previous section showed the effect of alkali post-deposition on single-crystalline
grown on GaAs (100), where potassium diffusion causing changes in the opto-
electronic properties were observed even in the absence of @s. Now, a study of how
the alkali interacts with the in the presence of large @s will be presented.
The sample epitaxially grown on multi-crystalline GaAs substrate was used.
The K deposition procedure was the same as for the GaAs (100) case, meaning that
the as-grown sample was first annealed at 200 °C to remove surface con-
taminations, then K was deposited, and a subsequent annealing at 200°C was

done to promote the diffusion of K into the bulk.
was performed in the same regions 8, 9, 10, and 11 that were presented in

bhapter d IFigure 6.7| depicts the topography (a-e) with the simultaneously acquired

workfunction (f-j) maps after each step of K-deposition on region 10. As previously
mentioned, region 10 had a tiny workfunction contrast (=~ 10meV higher values) at
the E and a significant broad darker contrast in the vicinity of the E (~ 2um

width) that can be seen in (f). It was also shown that the GB workfunction

contrast completely vanishes after a 200°C annealing step, while the broad darker
contrast remains (see (g)). Interestingly, for the as-grown (a-e) and K-free
samples (b-f), the exact same spot of the sample was measured, which mitigates any
factor other than the annealing step as the responsible for the observed changes in the
workfunction.

Similar to the single-crystalline on GaAs (100), a drastic change in work-
function was observed for the K-deposited sample. The average value decreased from

4.95eV to 3.55¢eV, which is very close to the obtained for the case of grown on
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Figure 6.7: from region 10 after each step of K-deposition: (a-e) topography

and (f-j) workfunction maps.

GaAs (100) (3.49eV, see ) The decrease in workfunction is expected since
metallic K has a theoretical workfunction of 2.74eV [] Despite the significant
change in the workfunction, no precipitation or other material accumulation was ob-
served in the topography image. It confirms a uniform deposition all over the sample
surface. Surprisingly, the full recovery of the workfunction values was not observed

after the post-annealing step. An additional post-annealing step did not produce
further changes in the workfunction values, as shown in (e) and (j).
data (Appendix @) support the KPFM| data, by showing that a considerable

amount of K remains on the surface, which explains why the measured workfunction
values did not change after annealing. However, it contradicts the experiment carried
out on single-crystalline on GaAs (100), where the workfunction completely
recovered after annealing (), and an in-diffusion of K was observed (
). Many parameters changed from one experiment to another, starting from
composition and thickness, and going up to the s present in the multi-crystalline

substrate.

For this reason, the experiment was repeated with a new set of samples. This time,

half a wafer of multi-crystalline and half a wafer of GaAs (100) substrates were loaded

into the to allow the to be grown simultaneously on both substrates.

The samples were immediately transferred to the machine using the inert gas
transfer system. Additionally, all the K-deposition and measurements were done in-
situ inside the machine, with the samples mounted side by side in the same
sample holder (see the picture of the substrates in Appendix @) The used pieces
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faced each other during the growth to minimize compositional changes.
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Figure 6.8: workfunction summary of the K-deposition of the epitaxially
grown on GaAs (100) and Multi-crystalline substrates.

summarizes the workfunction variation after each K-deposition step. An
immediate observation is the similar workfunction variations for both samples (grown
on GaAs (100) and multi-crystalline substrates) after each process. Additionally, the
trend observed for the grown on GaAs (100) was confirmed here, where
the workfunction of the as-grown sample increased upon annealing and decreased after
K deposition, with a subsequent recovery after post-annealing. Interestingly, only a
partial recovery of the workfunction values after the subsequent annealing steps was

observed.

@ data were also acquired between each deposition step. Using ,

the calculated thickness of the thin K layer was 2.84 nm, much more than what was

measured in (0.08 nm). The discrepancy is surprising since the same depo-

sition procedure was done; however, it is essential to note that the entire procedure for

the samples from was done under , while the samples
from were exposed to Nj.
depicts the evolution of the measured Cu/(Ga + In), Ga/(Ga + In),

Se/(Cu+ Ga+ In), and K/(Ga+ In) ratios after each step process. Two more steps
were added here, which required the sample to be exposed to air to rinse with water

and ammonia. The black squares correspond to the sample grown on a multi-
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crystalline substrate, while the red circles are the ones from grown on GaAs
(100). One can immediately see that both curves follow the same trend with only a
slight discrepancy in composition with a higher concentration of Se in the As-grown
and K-free cases. Such changes in content could arise from the fact that measures
an area of ~ 30 um x 30 um combined with the multi-faceting of the grown on

the multi-crystalline substrate, bring some heterogeneity to the analyzed surface.

On the one hand, switching between facets means changing the angle between the
sample surface and the detector and, consequently, the penetration depth of the .
Additionally, the surface can be Cu-depleted due to the surface reconstruction,
which is facet-dependent [47]. Therefore, changes in penetration depth combined with

the Cu-depletion result in lower Cu and higher Se counts measured by the .

On the other hand, different growth rates are expected in the multi-crystalline
substrate, as seen in the topography images (see ), which could also produce
a real change in the composition according to the grain orientation. In any

case, the observed trend is the same, which is the essential take-over message.

Figure 6.9 also confirms some of the observations made in the previous chapter.

The first one is related to the initial Cu depletion at the surface, but now it was
followed by the complete disappearance of Cu after K-deposition. The ratio
remains almost constant (=~ 0.33) until the K-deposited sample, which shows that the
deposited few layers of K on the surface alone do not change the composition at
room temperature. However, as soon as the first post-annealing step was concluded, a
substantial Cu depletion was observed, with Cu no longer present within the detection
limit of the . Cu-depletion was also observed by other authors [12], [103], [10§],
[109], but it is the first time that a complete depletion has been observed.

Interestingly, the amount of K remaining on the sample surface after the post-
annealing is close to the amount of Cu that diffused from the sample surface.
summarizes this interplay, where the amount of Cu for the as-grown samples, the K-
deposited + post-annealing, and the difference between them are presented. This effect
happened to the and samples, in the presence or absence of s, and
even measured in different laboratories; in summary, to the entire set of samples that
were analyzed via in this thesis. It is a surprise since previous reports predicted

that alkali elements could passivate Cu vacancies [100], [186], but not that a complete
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Figure 6.9: Summary of the element ratios at the surface after each step of the K-

deposition for the sample grown GaAs (100) and multi-crystalline substrates.

substitution could happen.

For the K-deposited sample, the high K/(Ga + In) ratio only means that a thin
layer of K on the surface is expected, with no chemical changes. Interestingly, is the
constant value for K/(Ga + In) ratio of ~ 0.25 after the annealing step. A reduction

in the K/(Ga + In) ratio was observed only after ammonia rinsing.

Nevertheless, the results suggest that besides the passivation, the presence of K
induces Cu to diffuse at 200°C. This interplay between Cu and K also confirms the
theory proposed by Herberholz et al. [45] in which a minimum amount of Cu (
= 0.25 of the phase on Cu-poor ) is needed at the surface; otherwise,
structural changes are necessary. Remember that the Cu content does not change at
the surface if only the annealing is done. The depletion only happened in the
presence of K + annealing. When K was added, it became the element responsible for
keeping the crystal structure intact. The crystal structure is destroyed when ammonia

rinsing is done since it etches K from this new compound. Thus, only In and Se
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Amount of Cu Amount of K

As-grown | K4annealing | Difference | K+annealing

Cu-rich
single-crystalline CIGSe 14.5 ) 9.5 8

from (fection 6.9)

Cu-poor

single-crystalline CIGSe 13.3 6.4 6.9 4.8

from (fection 6.9)

CIGSe multi-crystalline

17.8 0 17.8 14.8
from (the current section)

CIGSe (100)
14.4 0 14.4 14.5
from (the current section)

Table 6.2: The interplay between K and Cu after K deposition 4+ annealing as measured

via KPS,

remains at the surface, which may form oxides.

Another trend observed in the previous experiments, and makes it more
evident, is the increase in Ga content after annealing steps. This trend was attributed
to Ga diffusing from GaAs substrate to the . The increase in Ga content suggests
more defects in the GaAs/ interface, which could allow substitutional atoms, in
this case, Cu, to diffuse into vacancies of the GaAs substrate [187]. It would make the
even more Cu-depleted, explaining the even stronger depletion at the surface

after K+annealing.

Finally, it was also observed a broadening of all the peaks for the case where

K is deposited on the surface, but without post-annealing to promote diffusion. This

broadening is summarized in the , where the FWHM of all the elements in
each step is displayed. As discussed in from Appendix @ the increase

in FWHM| indicates the formation of new chemical species on the surface. However,
simultaneously broadening all the peaks can also be associated with electrostatic effects
[188]-[191]. Greczynski et al. [188], demonstrate that the measured binding energy

of C1s depends on the sample workfunction, despite the proper alignment in the
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Fermi level. Therefore, K-deposition induces not only surface workfunction but also
band bending and changes in the surface conductivity, and, as the film is very thin,
heterogeneities should not be neglected. All these factors could broaden the measured
peaks of the emitted photoelectron. Indeed, the broadening reduced when the sample

was heated, and the amount of K on the surface was reduced.

Table 6.3: @ of the samples grown on GaAs (100) and multi-crystalline

substrates after each step of the K deposition.

XPS FHWM fitting curves

CIGSe on multi-crystalline GaAs

Cu2p3/2|In3d5/2 | Ga2p3/2 | Se3d5/2 | K2p 3/2
As-grown 2.22 2.08 2.25 2.09
K-free 2.14 1.94 2.32 1.92
K-deposited 2.31 2.46 2.68 2.32 2.3
K + annealing 2.09 2.28 2.14 2.16
K + long annealing 2.11 2.35 2.14 2.18

CIGSe on GaAs (100)

Cu2p3/2 | In3d5/2 | Ga2p3/2|Se3d5/2 | K2p3/2

As-grown 2.25 1.96 2.25 1.99
K-free 2.14 1.95 2.32 2.07
K-deposited 2.60 2.43 2.66 2.34 2.3
K + annealing 2.10 2.42 2.17 2.09
K + long annealing 2.11 2.37 2.18 2.13

Therefore, the adopted procedure for pure metallic deposition indicated that no
secondary phase from alkali deposition, such as KInSe,;, was formed on the sample
surface. Instead, the interplay between K and Cu happens, which keeps the [Cu +
K]/[In + Ga] ratio and, consequently, keeps the crystal structure intact.

To check if K is diffusing into the bulk or to the @, high-resolution based on
helium ion microscope was applied (for additional setup details, see
). This machine is capable of a 3D depth profile with nanometer resolution.

Appendix [A] shows a discussion regarding the observed continuous decrease in counts

118



Chapter 6. Alkali post-deposition on CIGSe absorber grown on multi-crystalline
GaAs substrate

o

<

0

B [ndium | )
Q

c

0

1
Q

e

0

Figure 6.10: HIM— depth profile images for the K-deposited + long annealing
sample grown multi-crystalline GaAs substrates. The lateral scale bar is 2um

for all the elements over time. This trend will not be discussed in this thesis because it

is instrument-related. However, the inset graph in shows a distinct decay

of K compared to the other elements, confirming a K gradient in the grain interior of

the [o1GSd.

Figure 6.1( depicts the images for the elements acquired in positive mode (K, In,

Ga). Unfortunately, Cu has a very low yield because of its low electronegativity, and
only a negligible signal was observed (not shown here). The images were acquired
right at the GB (between 2 macroscopic grain orientations). The first frame from
left to right was acquired at the sample surface. Then the sample was etched, and

another frame was acquired. The depth between the first and final images measured

via is &~ 500 nm, resulting in 100 nm between each frame in [Figure 6.10. The

higher counts of K on the sample surface (first frame from (a)) agree with
the |XP81 and IKPFI\/Jj data. After sputtering, the K counts reduce drastically; however,

a predominant contrast is observed, meaning an accumulation of K right at the @
Conversely, the number of counts slightly decreases at the @ for indium and gallium
elements.

The amount of K diffusing from the sample surface is directly linked to the number

of Cu-vacancies produced by the @ treatment. The exchange mechanism can be
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K-deposited +
annealing

(a) As-grown (b) K-deposited (c)

Cu(In,Ga);Ses

Cu-poor l
Cu(In,Ga)Se,
Cu electromigration Cu diffusion
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Grain 1 Grain 2 Grain 1 Grain 2 Grain 1 Grain 2

Figure 6.11: Sketch of the K diffusion mechanism on single-crystal . (a) as-
grown bu—poori bIGSd with the presence of an phase on the surface as proposed
by Herberholz et al. [@] (b) K-deposited sample showing a thin layer of K and no

modification in the absorber composition. (c¢) K-deposited and the annealed sample
show the complete substitution of Cu atoms by K atoms in the m phase, which
holds the crystal structure and promotes Cu diffusion from the to the
bulk.

summarized in , where (a) shows an example of a bu—poori bIGSeI absorber

with a Cu-depleted surface. A Cu electromigration explains the Cu-depletion from

the surface due to an electric field caused by charges on the surface as proposed
by Herberholz et al. [@] Their model also calculated that a minimum of ~
0.33 is needed to hold the crystal structure of the , which is very similar to
the values measured for the samples presented in this section. K deposition

only does not change the composition of the front surface ( (b)).

However, as soon as an annealing step is introduced, the exchange mechanism happens
( (b)). K accumulates in the @ as extensively reported and shown by
the measurements. Additionally, a complete Cu substitution by K at the
surface is observed. Interestingly, this exchange mechanism keeps the stoichiometry
[Cu + K]/[In + Ga] constant, which holds the crystal structure of the intact.
Further water and ammonia rinsing let mainly In and Se at the surface, probably

binding to oxygen, destroying the surface crystal structure.
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6.4 Chapter summary

In this chapter, pure metallic K was deposited on the surface of epitaxially grown
. The deposition procedure was first applied to the single-crystalline grown
on GaAs (100). data showed a reduction of the workfunction in 1eV after
depositing metallic K on the surface. Complete recovery of the workfunction was

observed upon annealing at 200 °C for 30 minutes. Combining bIMﬂ and |XP51

data proved that the post-annealing step promoted K diffusion from the surface to
the GaAs/ interface. Panchromatic @ imaging showed an improvement of the
optoelectronic properties of the sample due K deposition.

Thus, the influence of K was investigated for the sample epitaxially grown on
a multi-crystalline GaAs substrate. Four different @S of this sample was extensively
studied via . A trend similar to the single-crystalline case was observed, except
for the full recovery of the workfunction after annealing. One reason could be the
amount of K deposited during the experiments. The single-crystalline sample
() had 8 A of K on the surface, while the sample from had almost
three times more, as measured via . Interestingly, a negligible workfunction change
at all the analyzed @s was observed for the sample grown on a multi-crystalline
substrate, indicating a neutral barrier. All the samples measured via m were Cu-
depleted at the surface. A stronger depletion was observed after K deposition plus an
annealing step, which was assigned to an interplay between K and Cu atoms.
also showed a broadening of the peaks for all the elements after K deposition, which is
most likely a consequence of different electric potential on the surface and not different
species on the surface. showed a gradient of K on the grain interior and
an accumulation of K at the .
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Chapter 7

Summary and Conclusions

The focus of this thesis was to understand the nanoscale electrostatic properties of
s in absorbers and the mechanism of potassium diffusion and passivation.
—based techniques were chosen as the primary tool for this investigation, and con-
sequently, the first goal was to identify a proper measurement procedure. It was found
that the vast majority of the data in the literature is based on ,
which is known to be more prone to artifacts arising from the cantilever/sample in-
teraction. It was believed that such artifacts would only reduce the spatial resolution
of the . However, the data presented in this thesis showed that
is not a suitable technique to measure properties since the long-range electrical
force acting between the cantilever and the sample produces artifacts in the
measured workfunction. These artifacts are not present in the mode since

the electrostatic force gradient (physical property measured in [FM-KPFM)) is confined
to the probe apex. Allied to it, measurements done under conditions better con-

trol the probe sample distance, making the even more reliable. Although
has the advantage of measuring the correct workfunction value, it cannot
measure rough surfaces, limiting the application. It was not an issue for the sam-
ples analyzed in this thesis (roughly 200 nm peak to peak), and reliable workfunction
measurements were acquired.

In the following, the single-crystalline epitaxially grown on GaAs (100) sub-
strate was investigated. This sample had very strong faceting on the surface due to
the most energetically favorable {112} facetting. According to the facet orientation,

different values for the workfunction were observed, which was related to different sur-
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face terminations. Three main workfunction values were found, one associated with
the {112}, another one with the (100), and a third one which is a convolution of the
(112) and (100) facets.

Next, the epitaxially grown on multi-crystalline GaAs substrate was in-

troduced. A systematical study was carried out via tKPFMj and |XPSj measurements,

proving that epitaxial growth could be done on this peculiar substrate. Two main
morphological features are present on the sample surface, a pyramid-like structure,
and a trench-like structure. These structures could be again associated with the most
energetically favorable {112} facetting. measurements on the macroscopic @
reveal stronger contrast between grain orientations but only a shallow or almost no
contrast at . For some s, lower workfunction values were found in the surround-
ings of the , which was linked to changes in topography, suggesting the presence
of strain. The inert gas-transfer system adopted in this thesis proved to be an effec-
tive way of keeping the pristine condition of the samples when moving them from the
to the characterization chamber, with no oxygen contamination. Addi-
tionally, carbon adsorbates were removed entirely by annealing the sample at 200°C
under . However, the annealing step introduced more Ga to the surface due to
diffusion from the GaAs substrate. Se depletion was also observed.

The effect of pure metallic potassium could be evaluated on the well-defined @s of
the grown on multi-crystalline GaAs substrate. The samples were always Cu-
depleted at the surface due to reconstruction, as predicted by many authors [47], [64],
[168]. However, it was observed that the Cu-depletion present in the analyzed samples
had a threshold of 0.33, which agrees with Herberholz et al. for an phase
Cu(In, Ga)sSes on the surface. This threshold was defined as the minimal amount
of Cu needed to keep the tetragonal crystal structure. Interestingly, the presence
of K pushes Cu into the bulk, with K substituting the Cu vacancies. Additionally,
K accumulates at the @s, as already observed by many authors [17]. No material
segregation or indication for a secondary-phase formation due to the addition of K
was observed. It is how the crystal structure is preserved. Ammonia rinsing removed
K from the surface, leading the surface with a substantial deficit of Cu and Ga and

the probable formation of In and Se oxides.
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Chapter 8

Outlook

The results presented in this thesis strongly contributed to a better understanding of
how pure alkali elements interact with absorbers in the absence of selenium,
fluorides, and other contaminants during @ However, there are still many ways
for improvement.

The first main contribution of this thesis was the review of the data in the
literature, where most of them use to measure @ of solar cells. It was
demonstrated here that could lead to issues when measuring s. Ideally,
under should be the preferred operation mode for this application.

The observed 1:1 interplay between Cu and K could open another field of inves-
tigation for the real impact of alkali on device performance. New theoretical studies
should investigate which kind of compound would be the most favorable at the surface.
In the same direction, how the Cu migration from the surface to the bulk affects the
device performance needs to be investigated.

The results presented in this thesis also opened a field to investigate the exchange
between alkali elements. The exchange between sodium and other heavy alkali ele-
ments could be analyzed using this thesis’s same approach.

The impact of oxygen could also be investigated. The system used in this
thesis would allow in-situ monitoring of controlled oxygen doses on the surface.

The effect of K could also be explored using a standard polycrystalline
absorber without air exposure.

Many are the possibilities that this work opened for further understanding and

improvements of alkali deposition on absorbers.
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A.1 200°C annealing in UHV
depicts a set of images of the Cu-rich sample at different surface

contamination level. The entire set of images was acquired under conditions.
(a) and (d) show the topography and the workfunction maps for the sample
in the as-grown condition and without air exposure. An average workfunction value
of 4.63 eV was measured. The same samples was stored under conditions for ~
20 months dropping the average workfunction to 4.35eV (@ (b) and (f)). Besides the
reduction in the average workfunction, the characteristic higher workfunction values
according to the surface facet completely vanished. These changes are attributed
to the presence of carbon adsorbates on the surface. The same sample was
annealed at 200 °C for 30 minutes, which removed the carbon adsorbates and brought
the workfunction to values close to the as-grown condition, 4.60 ¢V ((c)
and (g)). The annealing step could not recover the surface workfunction to the
pristine condition when the same sample was exposed to ambient conditions for six
months. This result shows that annealing at 200 °C for 30 minutes recovers the

surface workfunction if no oxidation is present.
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Fresh sample After few months in UHV After UHV annealing Air exposed + UHV annealing

Topography

FM-KPFM

Figure A.1: Annealing effect: Topography (a-d) and FM-KPFM (e-h) images of the
epitaxial CISe sample exposed to different levels of surface contamination. (a) and (e)
as-grown and non-air-exposed conditions. (b), (f) the same non-air-exposed sample
that was kept under environment for ~ 20 months. (c) and (g) the same aged
sample after annealing. (d) and (h) air-exposed sample after annealing.
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A.2 X-Ray sources

Auger and photoelectron peaks can sometimes overlap, causing misinterpretation of
the data. Overlaps will probably happen when several elements are present on
the surface, in the case of with alkali @, where Cu, In, Ga, Se, O, C, and
K are present. One way to identify overlaps between the Auger and photoelectron
peaks is by switching the X-ray sources. In this way, the Auger peaks move (in the
binding energy plot) by the difference between the X-ray emission lines. For example,
the Se LMM Auger peaks that appear at 299eV and 287 eV using the Al K a source,
will appear at 66 eV and 54 eV for the Mg K o source. Choosing the Al K « source can
be critical for the data interpretation since potassium 2p peaks, with binding energies
at 297eV (K2p1/2) and 294eV (K2p3/2) will overlap with Se LMM Auger peaks.
depicts the survey spectra acquired in the same sample using the Mg K «
(blue curve) and MgK a (red curve). The inset depicts the region where Se LMM
and K2p overlap for the AIK«a but not for the MgKa. In conclusion, switching
between the X-ray sources is an effective way of dislocating undesired Auger peaks

in the binding energy plots. For this reason, the MgK « source was chosen for the

in-house experiments.
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Figure A.2: Comparison between the X-ray sources. Blue curve shows the survey
spectra of the K-deposited sample acquired with the Al K @ X-ray source, while
red curve is using the Mg K a source. The inset graph shows the high-resolution spectra
in the region of K 2p peak, where the overlap with Se LMM Auger peak happens only

in the case of using AlK o X-ray source.
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A.3 XPS K 2p peak during K-deposition
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Figure A.3: @ in the K2p region. (a) K2p peak after the various step of the K
deposition. (b) K2p peak of the K-deposited sample with two Gaussian peaks to
fit the experimental data. (c) K2p peak of the K+annealing sample with a single

Gaussian peak to fit the experimental data.

was used to investigate the chemical composition on the sample surface dur-
ing the K-deposition process. (a) depicts the spectra of the K2p
region after each processing step. Before deposition, the doublet peaks of K 2p are not
observed (see black and red lines), but these peaks are present for the K-deposited
case and even after the two subsequent annealing steps. A careful observation of the
K 2p peak shapes showed a broadening of the peaks for the K-deposited sample. This
broadening suggests that more than one chemical species were formed as soon as K was
chemisorbed on the surface, and using the same on both curves, two Gaussian
are needed to fit the K-deposited curve. It can be better visualized in (b)
and (c), where the individual peaks for the K-deposited and the K+annealing samples
are plotted. However, the broadening can also be attributed to electrostatic effects
[188]-[191], which is confirmed by the peak broadening from all the elements
(see . Interestingly, the amount of K on the surface reduced after the first
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annealing, but it did not change much from the first to the second annealing.
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A.4 HIM-SIMS decay
As showed in , a clear contrast at the @ of the sample grown on

GaAs multigrain substrate was observed in the images. Not that clear is the
visualization of potassium in the grain interior. To check whether there is a gradient
of potassium within the bulk, the average intensity of counts measured via
was plotted. ( shows the plot of the measure count at each frame, from
the surface (Onm) up to 450 nm inside the bulk, for indium (green), gallium (yellow),
and potassium. Two regions in the image were selected for potassium evaluation, one
in the grain 2, called here as potassium only (pink) and another one right at the
@, called potassium at the @ (dark pink). From the plot, it is clear that a lot of
potassium is present on the surface. A decay in counts for all the elements happens
from 50 nm to 400 nm, this decay becomes more evident when normalizing the curves
(inset graph). The decay is related to changes in the ionization current along the
measurements. However, it is interesting to notice that the decay for potassium in
the grain is different from the decays of the other elements. This change in decay
proves that potassium diffuses into the bulk and a gradient from the surface to the

back contact is observed.
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Figure A.4: HIM-SIMS decay for the elements indium, gallium, and potassium. Green
and yellow curves represent indium and gallium, respectively. Potassium was split into

two contributions, one in the grain (pink) and another at the . The inset shows

the normalized counts in from 50 nm to 400 nm depth.
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A.5 Raman

Raman spectroscopy was used to qualitatively identify the composition of the dots
formed on the surface, as observed in . The spectra were collected
with the same parameters and laser illumination (blue laser with wavelength at 442 nm
at 5% of the maximum power and integrating 50 spectrum).

depicts the Raman shift measured at the dot (red curve) and in the
surrounding of the dot (black curve). The measured dot is depicted right in the center
of the inset image. Clear differences between the spectra are observed, with the black

1 which is characteristic of the A;

spectra presenting a predominant peak at 177 cm™
mode of the [192]. The red curve, acquired in the dot, shows the presence of
a peak at 179 cm™! that could be A; mode of the , but it also shows two new
peaks, at 266 cm ™! and 287 cm™!. The peak at 266 cm™! corresponds quite well with
A; mode of CuySe secondary phase. Perhaps, Peiris et al. [193] showed the split of
the A; mode of CuSe under certain conditions, which could explain the second peak.
However, further investigations need to be done in order to identify the origin of the

peak at 287 cm ™!,
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Figure A.5: Raman shift of the dots observed in . The red curve shows the
spectra acquired at the dot showed in the image. The black curve shows the spectra

acquired in the surrounding of the dot.
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A.6 Sample holder for K-deposition

Figure A.6: Picture of the sample holder with the samples mounted for experi-
ments. GaAs (100) (up) and multi-crystalline (bottom) GaAs substrates side by side
in the holder.
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