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FIGURE 51 (LEFT) ARCHITECTURE OF SEMI-TRANSPARENT SOLAR CELLS PREPARED FOR J-V EXPERIMENT USING PCBM/NP-ZNO AS ETL AND
SPUTTERED AZO AS FRONT TCO (RIGHT) NUMBER OF SOLAR DEVICES PREPARED AND NUMBER OF WORKING SOLAR CELLS (I.E. PCE >

196) PER CONDITION. «vteuteesteesereesseessseessessssesassessssessssessssessssessssessssessnsesansessnsessssessssessnsessnsessssessssessssessseesnsessssessssesn 110

FIGURE 52 AVERAGE PV PARAMETERS RECORDED 7 DAYS AFTER FABRICATION FOR SEMI-TRANSPARENT PEROVSKITE SOLAR CELLS USING
PBM/NP-ZNO As ETL AND SPUTTERED AZO As FRONT TCO. PARAMETERS WERE EXTRACTED FOR J-V CURVES UNDER BOTH FRONT

AND REAR ILLUMINATION. 1 et tttnittiiteiiititeite ittt ettt ae e et et e et et t e st e et s eatassaetesataessesesstassseaetesssansnetesnrassnessensans 111

FIGURE 53 J-V CURVES RECORDED UNDER FRONT (BROWN) AND REAR (ORANGE) ILLUMINATION, FOR PEROVSKITE CHAMPION CELLS USING
PCBM/NP-AZO AS ETL AND SPUTTERED AZO AS FRONT TCO. FULL AND DASHED LINES RESPECTIVELY INDICATE FORWARD AND

LR ] e 010 1 = N 111

FIGURE 54 (LEFT) ARCHITECTURE OF SEMI-TRANSPARENT SOLAR CELLS PREPARED FOR J-V EXPERIMENT USING DIFFERENT TYPES OF ETL AND

TCO LAYERS (RIGHT) NUMBER OF SOLAR DEVICES PREPARED AND NUMBER OF WORKING SOLAR CELLS (I.E. PCE > 1%) PER CONDITION.

FIGURE 55 PV PARAMETERS RECORDED UNDER REAR ILLUMINATION FOR SEMI-TRANSPARENT PEROVSKITE SOLAR CELLS USING EITHER
PCBM/NP-ZNO OR Ceo/ALD-SNO; AS ETL AND EITHER ITO OR AZO AS FRONT TCO. Jsc VALUES WERE CORRECTED BY EQE, AND PCE

VALUES WERE MODIFIED ACCORDINGLY .1uttuituittttetitttreuettnetestieteraetssetesaestesastsasesasenesasssssassssenesssstesassessasssssensssssassanses 115

FIGURE 56 PV PARAMETERS RECORDED UNDER FRONT ILLUMINATION FOR SEMI-TRANSPARENT PEROVSKITE SOLAR CELLS USING EITHER
PCBM/NP-ZNO OR Cgo/ALD-SNO2 AS ETL AND EITHER ITO OR AZO AS FRONT TCO. Jsc VALUES WERE RECORDED BY EQE, AND PCE

VALUES WERE CORRECTED ACCORDINGLY. 1ututuittttittireteiireiertetiraettieiestesterastsanesasstesastsasesssenessssnessssessassenssnsssssansanees 116

FIGURE 57 J-V CURVES FOR CHAMION CELLS UNDER (A) REAR AND (C) FRONT ILLUMINATION AND EQE SPECTRA UNDER (B) REAR AND (D)
FRONT ILLUMINATION FOR SEMI-TRANSPARENT PEROVSKITE SOLAR CELLS USING EITHER Cso/BCP OR PCBM/NP-ZNO AS ETL, AND

EITHER ITO OR AZO AS FRONT TCO. ..uuiiiieeiiiiiieeeeeeeettitiieeeeeeeettteaesesessaataaaeseessssasanseeessssssnnnnseesssssssnnaesesssssssnnneeseesnsennnns 118

FIGURE 58 10*10 MM? AND 50*50 MM? AFM IMAGES ACQUIRED FOR 1*1 cM? CI(G)S SAMPLES ETCHED AT 80 RPM FOR 30 SEC, 1 MIN, 2

MIN, 5 MIN AND 10 MIN COMPARED TO AN AS-PREPARED REFERENCE. PEAK TO VALLEY DISTANCE IS INDICATED BY VERTICAL ARROWS.

FIGURE 59 CROSS-SECTION SEM IMAGES ACQUIRED FOR (LEFT) AS-PREPARED, (MIDDLE) 1 MIN ETCHED AND (RIGHT) 10 MIN ETCHED CI(G)S

LAY 0 o I e 127

FIGURE 60 5*5 MM? AND 10*10 MM? AFM IMAGES ACQUIRED FOR 1*1 cm? CI(G)S SAMPLES ETCHED AT 40 RPM FOR 30 SEC, 1 MIN, 1
MIN 30 SEC AND 2 MIN AND COMPARED TO AN AS-PREPARED REFERENCE (5*5 MM?2 AND 50*50 MM? IMAGES). PEAK TO VALLEY

DISTANCE IS INDICATED BY VERTICAL ARROWS. 1vuuuieeerereruunereeerersrsnnaesesssssssnnasesesssssssnnesesessssssnnnesessssssssnnesesssssssnnneesessssssnnns 129

FIGURE 61 ICP DOSAGE FOR CU, IN, GA, SE AND NA FROM BR SOLUTIONS AFTER ETCHING OF CI(G)S ABSORBER LAYERS AT 40 RPM FOR 2
MIN, 4 MIN AND 6 MIN. VALUES IN MG WERE NORMALIZED WITH VOLUME OF SOLUTION AND SAMPLE AREA.
HYPOTHETICAL LINEAR CONCENTRATION RELATIONSHIP BETWEEN CU, IN AND SE CONCENTRATION AS A FUNCTION

OF ETCHING TIME WERE REPRESENTED BY DASHED LINES. ......iiiiiiiiiiiiiiiiii it 131

Xl


file:///C:/Users/Vincent%20Dufoulon/Documents/Percistand/Redaction/These%20corrected%20final.docx%23_Toc147241333
file:///C:/Users/Vincent%20Dufoulon/Documents/Percistand/Redaction/These%20corrected%20final.docx%23_Toc147241333
file:///C:/Users/Vincent%20Dufoulon/Documents/Percistand/Redaction/These%20corrected%20final.docx%23_Toc147241333
file:///C:/Users/Vincent%20Dufoulon/Documents/Percistand/Redaction/These%20corrected%20final.docx%23_Toc147241336
file:///C:/Users/Vincent%20Dufoulon/Documents/Percistand/Redaction/These%20corrected%20final.docx%23_Toc147241336
file:///C:/Users/Vincent%20Dufoulon/Documents/Percistand/Redaction/These%20corrected%20final.docx%23_Toc147241336
file:///C:/Users/Vincent%20Dufoulon/Documents/Percistand/Redaction/These%20corrected%20final.docx%23_Toc147241337
file:///C:/Users/Vincent%20Dufoulon/Documents/Percistand/Redaction/These%20corrected%20final.docx%23_Toc147241337
file:///C:/Users/Vincent%20Dufoulon/Documents/Percistand/Redaction/These%20corrected%20final.docx%23_Toc147241337
file:///C:/Users/Vincent%20Dufoulon/Documents/Percistand/Redaction/These%20corrected%20final.docx%23_Toc147241338
file:///C:/Users/Vincent%20Dufoulon/Documents/Percistand/Redaction/These%20corrected%20final.docx%23_Toc147241338
file:///C:/Users/Vincent%20Dufoulon/Documents/Percistand/Redaction/These%20corrected%20final.docx%23_Toc147241338

FIGURE 62 5*5 MM? AND 30*30 MM? AFM IMAGES ACQUIRED FOR 2*2 cM? CI(G)S SAMPLES ETCHED AT 40 RPM FOR 2 MIN, 4 MIN AND 6
MIN AND COMPARED TO AN AS-PREPARED REFERENCE (5*5 MM? AND 50*50 MM? IMAGES). PEAK TO VALLEY DISTANCE IS INDICATED

BY VERTICAL ARROWS. ... eettuneettueeettuneeettuneestnneeessnneesssneessnnsessnnsessnnneesssnessssnnsesssneeesssnesessnnsesssneeessnneesssnnsessnneesssnneessnnnes 132

FIGURE 63 ICP DOSAGE FOR CU, IN, GA, SE AND NA FROM THREE BR SOLUTIONS USED TO ETCH CI(G)S ABSORBER LAYERS AT 30 RPM FOR 4

MIN. VALUES IN MG WERE NORMALIZED WITH VOLUME OF SOLUTION AND SAMPLE AREA TO YIELD VALUES IN MG.L"

FIGURE 64 5*5 MM? AND 30*30 MM? AFM IMAGES ACQUIRED FOR THREE 2*2 cM? CI(G)S SAMPLES ETCHED AT 30 RPM FOR 4 MIN AND
ONE AS-PREPARED REFERENCE SAMPLE (5*5 MM? AND 50*50 MM? IMAGES). PEAK TO VALLEY DISTANCE IS INDICATED BY VERTICAL

ARROWS. ... eettieeettteeetteeeetteeetaaeetataeessaneessnnsesannseessnnasssnnsestnneessnnnssssnnsessnnsesssnneesssnnsessnnesssnneessnnnsessnnsesssnnesssnnesesnnn 135

FIGURE 65 SCHEMATIC OF 2 CI(G)S PARENT SAMPLES OF 5*5 CM? AREA CUT IN TWO HALF-SAMPLES A AND B OF 2.5*5 cM? AREA. CUTTING

LINES ARE INDICATED BY DOTTED LINES. L-P: LEFT-POSITION. R-P: RIGHT-POSITION. MID: MIDDLE ...ccceetiiiiiiiiereeeieiireeeeeee e 136

FIGURE 66 THICKNESS OF CI(G)S AND MO LAYERS ACROSS TWO CI(G)S SAMPLES GROWN BY CO-EVAPORATION ON TOP ON A MO LAYER,
PRIOR TO BR WET ETCHING. TWO SAMPLES, (A) A AND (B) B, WERE MEASURED FOR REPRODUCIBILITY. THICKNESS VALUES WERE
MEASURED FROM CROSS-SECTION SEM IMAGES TAKEN AT 7 POSITIONS FOR TWO 2.5*5 CM? HALF-SAMPLES. THESE HALF-SAMPLES

WERE OBTAINED FROM TWO DISTINCT 5*5 CM? PARENT SAMPLES CUT IN HALF. 1..veuveeveeteereeeesessessessesseessessesessessessessessesssenses 137

FIGURE 67 SCHEMATIC OF 2 CI(G)S PARENT SAMPLES OF 2*2 CM? AREA CUT IN TWO HALF-SAMPLES C AND D OF 1*2 cM? AREA. ETCHING
PARAMETERS WERE 40 RPM FOR 1 MIN AND 2 MIN, RESPECTIVELY. CUTTING LINES ARE INDICATED BY DOTTED LINES. L-P: LEFT-

POSITION. R-P: RIGHT-POSITION. IMID: IMIIDDLE .....uuiititieeeeeeiiieteeee e e e sttt et e e e sttt et e e e seanebeeeeeeesemnnneeeeeesseannnrrnneeeesannnn 138

FIGURE 68 THICKNESS OF CI(G)S AND MO LAYERS ACROSS TWO CI(G)S SAMPLES GROWN BY CO-EVAPORATION ON TOP ON A MO LAYER,
AFTER (A) 1 MIN AND (B) 2 MIN OF BR ETCHING AT 40 RPM. THICKNESS VALUES WERE MEASURED FROM CROSS-SECTION SEM IMAGES
TAKEN AT 3 POSITIONS FOR TWO 1*2 CM? HALF-SAMPLES. THESE HALF-SAMPLES WERE OBTAINED FROM TWO DISTINCT 2*2 cMm?

PARENT SAMPLES CUT IN HALF....eettttuueeeeeeetrsnuneeeeersssssnenaseeessssssnnasesessssssnnsesessssssssnssesessssssnsnesessssssssnnesessssssssnneesessssssnnns 138

FIGURE 69 SUPERIMPOSED XPS SPECTRA FOR CI(G)S SAMPLES RECORDED IN THE (A) Cu 3P, (B) CU 2P3/2, () IN 4D AND (D) SE 3D REGIONS.
FOR EACH GRAPH, FROM TOP TO BOTTOM: As-PREPARED CI(G)S SAMPLE, CI(G)S SAMPLE AFTER BR-ETCH (4 MIN, 40 RPM), AND

CI(G)S SAMPLES AFTER BR-ETCH (4 MIN, 40 RPM) AND KCN TREATIMENT. ..eceuuvieeeiurieeesieeeeeiereeessseeeessseseesssesessssesesssssessannes 141

FIGURE 70 SUPERIMPOSED XPS SPECTRA FOR CI(G)S SAMPLES RECORDED IN THE (A) CD 3Ds/2 AND (B) NA 1S REGIONS. FOR EACH GRAPH,

FROM TOP TO BOTTOM: AS-PREPARED CI(G)S SAMPLE, EDGE, AND CENTER OF A CI(G)S SAMPLE AFTER BR-ETCHING (10 MIN, 80 RPM)

FIGURE 71 ELEMENTAL PROFILE OF AS-PREPARED CI(G)S LAYERS PREPARED BY CO-EVAPORATION ESTABLISHED USING GD-OES. CI(G)S DEPTH

WAS MEASURED BY CROSS-SECTION SEM AND ELEMENTAL PROFILES WERE CALIBRATED FROM XRF MEASUREMENTS. ...cccccereunnnnee 145

FIGURE 72 (LEFT) ARCHITECTURE OF SOLAR CELLS PREPARED FOR J-V EXPERIMENT USING EITHER AS-PREPARED OR SMOOTHED CI(G)S (RIGHT)

NUMBER OF SOLAR DEVICES PREPARED AND NUMBER OF WORKING SOLAR CELLS (I.E. PCE > 1%) PER CONDITION. .......cceverenrenee. 147

FIGURE 73 (A) EQE SIGNAL AND (B) J-V CURVE FOR CI(G)S SOLAR CELLS BASED ON AS-PREPARED (BLACK) AND SMOOTHED (RED) CI(G)S
ABSORBERS LAYERS. J-V CURVE WAS RECORDED USING A 4 PROBES SETUP. FORWARD AND REVERSE CURRENT ON J-V CURVE ARE

DEPICTED IN FULL AND DOTTED LINES, RESPECTIVELY . uuiuuiiiiiiiiiiiiiiiiiii et s s st e st e s s sasaa s e s e sasa s b saneans 148


file:///C:/Users/Vincent%20Dufoulon/Documents/Percistand/Redaction/These%20corrected%20final.docx%23_Toc147241345
file:///C:/Users/Vincent%20Dufoulon/Documents/Percistand/Redaction/These%20corrected%20final.docx%23_Toc147241345
file:///C:/Users/Vincent%20Dufoulon/Documents/Percistand/Redaction/These%20corrected%20final.docx%23_Toc147241345
file:///C:/Users/Vincent%20Dufoulon/Documents/Percistand/Redaction/These%20corrected%20final.docx%23_Toc147241348
file:///C:/Users/Vincent%20Dufoulon/Documents/Percistand/Redaction/These%20corrected%20final.docx%23_Toc147241348
file:///C:/Users/Vincent%20Dufoulon/Documents/Percistand/Redaction/These%20corrected%20final.docx%23_Toc147241348
file:///C:/Users/Vincent%20Dufoulon/Documents/Percistand/Redaction/These%20corrected%20final.docx%23_Toc147241351
file:///C:/Users/Vincent%20Dufoulon/Documents/Percistand/Redaction/These%20corrected%20final.docx%23_Toc147241351
file:///C:/Users/Vincent%20Dufoulon/Documents/Percistand/Redaction/These%20corrected%20final.docx%23_Toc147241351

FIGURE 74 SURFACE SEM IMAGES OF A 3.25*3.25 cM? SEQUENTIAL CI(G)S SAMPLE BEFORE (LEFT) AND AFTER (RIGHT) ETCHING USING A

SETUP ADAPTED FOR SAMPLE SIZES IN THE ORDER OF 5*5 CM2. ....iuuitiieeetiesieieiestestesseeseessessesestessesseeseessessessessessessessssssenses 150

X1



List of Tables

TABLE 1 RESULTS OF KPFM MEASUREMENTS ON ALD-NIOx SAMPLES FOR DIFFERENT DEPOSITION TEMPERATURES. FOR EACH SAMPLE, ON THE
TOP LINE WE CAN SEE AFM TOPOGRAPHY, IN THE MIDDLE RMS ROUGHNESS (RT), AND ON THE BOTTOM RESPECTIVE SURFACE

POTENTIAL DISTRIBUTION (CPD VALUES). IMAGE SIZE: 1O X 1O MM? .....ovevierereerieeteereeeeseeteeseseeseeseseeseesesseseesesseseesesseseesensenes 52

TABLE 2 NI/C ELEMENTAL RATIO IN ALD-NIOx SAMPLES AS A FUNCTION OF TEMPERATURE DEPOSITION, FROM THE NI

2P3/2 AND C 1S REGIONS OF THE XPS SPECTRA. ... ettteitieeeieettteteee e ee sttt e e e e s ettt e e e e s sesbabaeeseessesaabaseeesssessasbanneeeeas 54

TABLE 3 RESULTS OF KPFM MEASUREMENTS ON SPUTTERED-NIOx SAMPLES PREPARED FOR DIFFERENT DEPOSITION TEMPERATURE AND
OXYGEN FLUX CONDITIONS. FOR EACH SAMPLE, ON THE TOP LINE WE CAN SEE AFIM TOPOGRAPHY, IN THE MIDDLE RMS ROUGHNESS

(RT), AND ON THE BOTTOM RESPECTIVE SURFACE POTENTIAL DISTRIBUTION (CPD VALUES). IMAGE SIZE: 10 X 10 MM?.................... 58

TABLE 4 NiI/C ELEMENTAL RATIO IN SPUTTERED-NIOx SAMPLES FROM KIT AS A FUNCTION OF TEMPERATURE DEPOSITION, FROM THE N1 2P3/2

AND C 1S REGIONS OF THE XPS SPECTRA. ..cettetiiiiuutttteteeeaaauuretteeeesasautateeeeesesanneneaeeesssasannreeetesesaaannraneeeeesesaansnsneeeesssasnnnneee 60

TABLE 5 RESULTS OF KPFM MEASUREMENTS ON SPUTTERED-NIOx SAMPLES PREPARED FOR DIFFERENT POST-ANNEALING TEMPERATURE. FOR
EACH SAMPLE, ON THE TOP LINE WE CAN SEE AFM TOPOGRAPHY, IN THE MIDDLE RMS ROUGHNESS (RT) OF SAMPLE, AND ON THE

BOTTOM RESPECTIVE SURFACE POTENTIAL DISTRIBUTION (CPD VALUES). IMAGE SIzE: 10 x 10 MMZ 1ottt 63

TABLE 6 NI/C ELEMENTAL RATIO IN SPUTTERED-NIOx SAMPLES FROM IMEC AS A FUNCTION OF TEMPERATURE DEPOSITION, FROM THE NI

2P3/2 AND C 1S REGIONS OF THE XPS SPECTRA. ...vtvtiuieeeenteteseeetesseestessessessesseesessseseessessessessessesssesesssensessessessesssssesssensessenses 64

TABLE 7 Ni/C ELEMENTAL RATIO MEASURED BY XPS BASED ON THE NI 2P3/2 AND C 1S REGIONS FOR N1Ox SAMPLES PREPARED BY (A) SOL-GEL

PROCESS BEFORE AND AFTER UV-Os3 AND (B) COMBUSTION PROCESS BEFORE AND AFTER UV-O3 OR UV-Os + A TREATMENT........... 73

TABLE 8 FINAL THICKNESS, DISSOLUTION RATE AND ROOT MEAN SQUARE (RMS) ROUGHNESS FOR CI(G)S ABSORBER LAYERS CHEMICALLY

ETCHED AT 80 RPM BETWEEN 30 SEC AND 10 IMIN. eetttuuueeeeeeetuuuiaeeeeeettutueseseeernennnasesessessnnnnsseseeenssnnnnssesessnnsnnenesessnssnnnns 124

TABLE 9 FINAL THICKNESS, DISSOLUTION RATE AND RT FOR CI(G)S ABSORBER LAYERS CHEMICALLY ETCHED AT 40 RPM AND 30 RPM FOR

DURATIONS BETWEEN 30 SEC AND 4 MIN. *: RT VALUE OBTAINED FROM A 50*50 MM? AFM IMAGE. ......ceevvveiveiresreeesiieeseeeenes 128

TABLE 10 FINAL THICKNESS, DISSOLUTION RATE AND RT VALUES FOR CI(G)S ABSORBER LAYERS CHEMICALLY ETCHED AT 40 RPM FOR

DURATIONS BETWEEN 2 MIN AND 6 MIN. 2: RT VALUE OBTAINED FROM A 50%50 MM? AFM IMAGE. ..c..vvvvereiereeerireeeeereeeseeanens 132

TABLE 11 FINAL THICKNESS, DISSOLUTION RATE AND RT VALUES FOR THREE CI(G)S ABSORBER LAYERS CHEMICALLY ETCHED AT 30 RPM FOR 4

MIN. *: RT VALUE OBTAINED FROM A 50%50 MM? AFIVI IMAGE. ....vvieiveeeteeeeteeeeteeeeteeeesesesseeeeseseesesessesessssensesessssesssesssessses 133

TABLE 12 AVERAGE VALUES FOR CI(G)S ABSORBER LAYER THICKNESS FOR SAMPLE A AND B, CALCULATED FROM THICKNESS MEASUREMENTS

FOR 5 SERIES OF 3 CONSECUTIVES SEM IMAGES FOR EACH SAMPLE. ....eeeetvrttiieeeeeeerrssnieseeessesssnnesesssessssnnesessssssmnnneeesssssssnnns 139

TABLE 13 AVERAGE ATOMIC PERCENTAGE AND STANDARD DEVIATION FOR THE MAIN ELEMENTS OF AN AS-PREPARED CI(G)S SAMPLE PREPARED

Y CO-EVAPORATION FROM XRF MEASUREMENTS AT 36 DIFFERENT POSITIONS. .....uuuvrirrreeererinrerereeeseseinenereeesesemneneeesesesemnnnnee 145

TABLE 14 ELEMENTAL COMPOSITION OF CI(G)S SAMPLES BEFORE AND AFTER BR-ETCHING. ..eececuvireeevreeeeiireeeesreeeeessseeessaseeeessseaennns 146

XV


file:///C:/Users/Vincent%20Dufoulon/Documents/Percistand/Redaction/These%20corrected%20final.docx%23_Toc147241356
file:///C:/Users/Vincent%20Dufoulon/Documents/Percistand/Redaction/These%20corrected%20final.docx%23_Toc147241356
file:///C:/Users/Vincent%20Dufoulon/Documents/Percistand/Redaction/These%20corrected%20final.docx%23_Toc147241356
file:///C:/Users/Vincent%20Dufoulon/Documents/Percistand/Redaction/These%20corrected%20final.docx%23_Toc147241362
file:///C:/Users/Vincent%20Dufoulon/Documents/Percistand/Redaction/These%20corrected%20final.docx%23_Toc147241362
file:///C:/Users/Vincent%20Dufoulon/Documents/Percistand/Redaction/These%20corrected%20final.docx%23_Toc147241363
file:///C:/Users/Vincent%20Dufoulon/Documents/Percistand/Redaction/These%20corrected%20final.docx%23_Toc147241363
file:///C:/Users/Vincent%20Dufoulon/Documents/Percistand/Redaction/These%20corrected%20final.docx%23_Toc147241364
file:///C:/Users/Vincent%20Dufoulon/Documents/Percistand/Redaction/These%20corrected%20final.docx%23_Toc147241364




General Introduction

Electricity production from solar energy has drastically increased during the last decades. In 2021,
solar photovoltaic (PV) generation increased worldwide by a record 179 TWh to exceed 1 000 TWh.
In the USA, costs of utility-scale PV installations have experienced a five-fold decrease during the

last decade?. Crystalline Si is the current technology dominating the market for this application®.

There is however a growing demand for lightweight, flexible PV modules, and thin-film technologies
might be more suited for these applications than crytalline Si**. CIGS (Cu(Ini1xGax)Sey) is a well-
established technology for flexible PV, and lead halide perovskite solar cells have recently emerged
as a high performance thin-film technology. Interestingly, the bandgap of both absorber layers ban

be tuned by adjusting their chemical composition.

This last feature would be particularly interesting for tandem applications, where two or more solar
cells are stacked on top of each other to increase the absorption of solar energy on a wider range of
wavelength, and connected either mechanically (4-terminal integration, 4T) or both mechanically and
electronically (2-terminal integration, 2T). In particular, monolithic (i.e. 2-terminal) integration
reduces the manufacturing costs of the processed tandem cell, at the expense of introducing a current-

matching constraint for the two subcells due to their electrical connection in series.

As the efficiency of other tandem combination such as I11-V/I11-V or even perovskite/silicon reached
30% PCE for two junctions, that of perovskite/CIGS is still lowing behind at 25%, for both 2-terminal

and 4-terminal configurations®.

The subject of this thesis, within the frame of the Horizon 2020 project PERCISTAND supported by
European Union, is to study different possibilities for perovskite/CIGS monolithic tandem integration

leading to the fabrication of high efficiency solar cells.

In this work, | solely focus on the p-i-n architecture for both single-junction and tandem devices.
When fabricating 2T tandem cells, | deposit the hole transport layer (HTL) from the perovskite top-
cell directly on the front transparent conductive oxide (TCO) of the CI(G)S subcell. For single-
junction perovskite solar cells, | start by depositing the HTL on a fluorine-doped tin oxide (FTO) or
indium-doped tin oxide (ITO) coated glass. The HTL is typically a NiOx layer or a self-assembly
monolayer of small organic molecules. The perovkite layer is then deposited on top of the HTL by
spin-coating if not stated otherwise. Either [6,6]-phenyl-Cs1-butyric acid methyl ester (PCBM) or Ceo
is then deposited as electron transport layer (ETL), followed by bathocuproine (BCP), ZnO-np, or
SnO; as a buffer layer for metal evaporation in the case of opaque cells or TCO sputtering for semi-

transparent and tandem solar cells.
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Figure 1 Schematic of the target architectures in this thesis for (a) a single junction CI(G)S solar

cell completed from a planarized absorber layer (b) a single junction semi-transparent solar cell

(c) a monolithic perovskite/CI(G)S tandem solar cell.

Chapter 1 establishes the theory of solar cells, from the basic properties of semiconductors
to the principle of monolithic tandem devices. It also introduces the perovskite and CI(G)S
technologies, as well as a state-of-the-art regarding their monolithic integration in tandem

solar cells.

Chapter 2 is dedicated to the different methods that we used to fabricate samples and solar
cell devices. The techniques and systems that permitted to characterize thin films and solar

cells are also reviewed.

Chapter 3 focuses on the different low-temperature deposition processes for perovskite
HTL in monolithic tandem applications. We particularly developed on how the low-
temperature constraint, induced by the direct deposition of the HTL on top of the CI(G)S
subcell, would affect the chemical environment of nickel and oxygen for NiOyx layers
prepared by atomic layer deposition (ALD) and sputtering. We also studied how these
properties would affect the PV performances of the perovskite top cell. Then, we introduce
small organic molecules in self-assembly monolayers (SAM) as HTL for perovskite solar

cells.



Introduction

e Chapter 4 describes the adaptation of an established p-i-n opaque architecture for perovskite
solar cells in semi-transparent configuration, necessary for tandem application to transmit
higher wavelength radiations to the CI(G)S subcell. We present and apply different
architectures that could be resilient to harsh TCO sputtering conditions. Then, we optimize
the cathode side of opaque and semi-transparent devices based on ETL bilayers composed

of a fullerene derivative and a metal oxide layer.

e Chapter 5 was dedicated to the wet chemical etching of CI(G)S absorber layers, to
smoothen their surface and reach a mean roughness that would be more practical for
subsequent deposition of the perovskite top cell layers. We first show the adaptation of an
established process for CIGS etching based on a HBr:Br2:H20 solution on CI(G)S layers
prepared by co-evaporation. Then, we study the change in surface chemistry associated to
this process, including the variation in alkali concentration at the surface. In our last section,
we compare the subtle differences in PV parameters for solar cells prepared out of as-

prepared and planarized CI(G)S samples.

Finally, in the conclusion we describe the fabrication of prototype monolithic perovskite/CI(G)S
tandem solar cells based on different architecture from these three approaches as an outlook on the

further development of this technology.



Chapter 1

Background and Objectives

Summary: In this chapter, we review the basic concepts of solar cells, starting from the
properties of semiconductors to the working principles of tandem solar cells. We then introduce
the perovskite and CIGS technologies, as well as the major challenges to their monolithic
integration in two terminal devices. We finally provide a state-of-the-art of the different

strategies mentioned in literature to circumvent them.
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1.1. Introduction

In this chapter, | review the theoretical framework that will later serve to interpret our results in the
following chapters. I first describe the general principle of solar cells, starting from the description of
semiconductors to the detailed balance limit for single junction photovoltaic devices. Then, | follow
with the depiction of a two-terminal solar cell that could overcome this thermodynamic limitation to
the efficiency of solar cells. | then introduce the technologies of CI(G)S and perovskite solar cells,
and study the state-of-the-art regarding their integration in two-terminal tandem solar cells. This

chapter is completed by a general overview of the thesis.

1.2. General principle of solar cells

I first introduce the general working principles of a solar cell, and the main architecture and
characteristics associated to it. We then describe the detailed balance limit, which sets a
thermodynamic limit to the power conversion efficiency (PCE) of solar cells, and develop it for a
single junction solar cell.

1.2.1. General principle of a semiconductor

The black body model defines a theoretical material that fully absorbs radiation of all photons of
incident angle or energy Av, where h is Planck’s constant and v the photon’s frequency. Its absorptance
would be a(hv) =1
From an electronic perspective, this characteristic is possible if a continuous and uninterrupted range
of excitation energies are available for the electrons. Additionally, relaxation of energy through
radiative emission and thermal relaxation in this model would be well represented by a quasi-
continuum of electronic states in its band structure as described in Figure 2a.
This is not the case for semiconductors, as shown on Figure 2b. Semiconductors are materials for
which occupied electronic states are separated by a band gap, which is devoid of available states. The
band gap separates the valence band and the conduction band, which individually could be
approximated as continuum of available electronic states. In quantitative terms it is equal to the
difference between the conduction band minimum (CBM) and the valence band maximum (VBM).
Most of the electronic states would be occupied in the valence band, and unoccupied in the conduction
band. We can consider unoccupied states in the valence band as “holes”, and treat them as charge
carriers since electrons filling them will leave unoccupied states themselves.
The thermodynamic work required to add one electron to a body is called the Fermi level (EF). As it
is a thermodynamic quantity, it does not necessarily have to correspond to an actual available
electronic state. In fact, for semiconductors the Fermi level can lie within the bandgap. For an intrinsic
6
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semiconductor, that is a material where the concentration of electrons in the conduction band is equal
to that of holes in the valence band, the Fermi level is nearly equidistant from the CBM and the VBM.
For n-type and p-type semiconductors, the Fermi level lies respectively closer and further to the CBM
than to the VBM, which respectively corresponds to a superior and inferior concentration of electrons
in the conduction band compared to that of holes in the valence band. A semiconductor is considered
degenerate if its Er lies within either band.

a) b) c)
® .
Conduction band hv
A
. Eo CBM
Quasi-continuum of states B S
VBM
Valence band ®
« black body » Semiconductor

Figure 2 Band structures for (a) an ideal black body, characterized by an almost continuous
succession of available electronic states and (b) a semiconductor whose electronic states are
characterized by a valence band and a conduction band separated by an energy band gap between
the valence band maximum (VBM) and conduction band minimum (CBM). (c) Schematic
representation of the excitation of an electron from the valence band to the conduction band through
the absorption of a photon, followed by thermal relaxation to the CBM.

Reciprocally, the workfunction (WF) defines the energy needed to remove an electron from a solid
to vacuum. It should therefore correspond to the difference between the vacuum level and Er. In
practice however, most WF measurements are recorded as a difference between the surface potential
and Er.

Excitation of electrons through the absorption of a photon has thus to follow the condition A4v > Eg,
where Eg corresponds to the energy band-gap. This excitation promotes an electron e from the
valence band to the conduction band, and leaves a hole h* in the valence band. A schematic of the
process is given in Figure 2c. Other photons are either reflected, or transmitted through the material.
Electrons excited in a semiconductor by the absorption of a photon of energy Et = Av generally
experience thermal relaxation (i.e. emit a phonon) to reach the CBM, as most states lying in the
conduction band are unoccupied. Generated holes will also rapidly reach the VBM by thermal

relaxation of electrons of higher energy within the valence band. We can assume that these processes
7



Chapter 1 | Background and Objectives

are much faster than carrier diffusion and collection. After excitation, electrons in the CBM can relax
to the valence band through different mechanisms, such as the emission of a photon of energy Ec.
Likewise, this process generally occurs at a slower pace than thermal relaxation to the CBM. Thus,
virtually all electrons and holes lie at their respective CBM and VBM.

1.2.2. General structure of a solar cell

The general principle of a solar cell is to use a semiconductor material as an “absorber” layer to
promote electrons through the collection of photons, and to collect the charge carriers (i.e. electrons
and holes) at distinct positions before they recombine. The whole process from carrier generation to
collection can be divided in three steps:

- Promotion of an electron from the valence band to the conduction band
- Separation of the photo-generated charge carriers within the junction
- Collection of the separated carriers at the terminals of the junction

Separation and transport of photo-generated charge carriers are stimulated by establishing a potential
gradient within the absorber layer under illumination®’. In practice, it can be achieved by intercalating
an absorber layer between a n-type semiconductor and a p-type semiconductor as shown on Figure

3a. A heterojunction can also be formed directly between a n-type and a p-type absorber layers.

a) Cathode b)
CBM
n-type semiconductor n-type | f“
¥ CBM
Absorber layer Cathode| CBM P
vBM | Anode
p-type semiconductor VBM ___ ® —
® A
Anode vBM p-type
Absorber

Figure 3 (a) Schematic representation of a complete solar cell (b) Separation and charge

collection of charge carriers during solar cell operation

For maximal collection, the CBM and VBM for the n-type and p-type layers should be respectively
positioned at a slightly lower and higher level compared to that of the absorber layer.
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Reciprocally, charge transport layer (CTL) should present effective blocking properties regarding
non-desired carriers, i.e. holes for the n-type layer and electrons for the p-type layer to prevent
recombination at the interface of the absorber and either CTL. The VBM and CBM for the n-type and
p-type layer should therefore be respectively positioned at a significantly lower and higher level

compared to that of the absorber layer.

1.2.3. Characteristics of a solar cell

A solar cell converts the thermal radiation of the sun (Psun) into electrical power (P) which is the

product of electrical current (1) and voltage (V).
(11) P=1.U

The function of a solar cell thus consists in the generation of a photocurrent and a photovoltage®.
Generation of a photovoltage arises from the promotion of an electron from the valence band to the
conduction band of an absorber layer, and photocurrent is simply defined by the number of charge

carriers that reach both cell terminals.

1.2.3.1. Open-circuit voltage

The open-circuit voltage (Voc) is the maximum voltage that a solar cell can deliver. If intraband
relaxation processes occur significantly faster than charge separation and collection at selective
contacts, Voc is ultimately limited by the bandgap of the absorber layer. Further limitations arise from

radiative and non-radiative recombination processes.

®
S
® ©® © © ©
CBM » i
.4
"’;w Midgap trap state
VBM
® ® ® ® ®
e
®
Radiative recombination Trap recombination Auger recombination

(Shockley-Read-Hall)

Figure 4 lllustration of the major recombination processes that can occur in a solar cell.
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Radiative recombination is the reciprocal process to photon absorption, i.e. the emission of a photon
by the recombination of an electron from the conduction band and a hole from the valence band. Non-
radiative recombination consists of two main processes: Shockley-Read-Hall (SRH) trap-assisted

recombination and Auger recombination.

Defects in the crystal lattice of the absorber material or interfaces in the whole device are likely to
present available energetic states located within the bandgap, i.e. midgap trap states. SRH
recombination is the thermal relaxation of electrons to the valence band using these traps as

intermediate states.

Auger recombination is the direct relaxation of a conduction band electron to the valence band
through the excitation of a secondary charge carrier. This carrier is first excited to one of its intraband

state, and the extra energy is then released through thermal relaxation.

1.2.3.2. Short-circuit current

The short-circuit current (lsc) is the photocurrent of the solar cell in short-circuit condition, that is
when the voltage across the cell is zero. Isc depends on multiple factors, such as the area of the solar
cell, the optical properties of the layers in the device and the solar spectrum. In general, current can

be expressed in current density (Jsc) to use a quantity to remove its dependency to the solar cell area.

Jsc is principally limited by the bandgap of the absorber material, which sets an energy threshold for

the absorption of photons. Photons of energy v < Eg thus cannot contribute to Jsc.

1.2.3.3. Fill factor

Jsc and Vo are the maximum respective current and voltage from a solar cell. At both these operating
points, the solar cell power is however zero. As voltage bias applied to an operating solar cell is
increased from 0 to Vo, current density will decrease from Jsc to 0. Therefore, from equation (1.2).
maximum power generation is a compromise between maximizing current and voltage during solar
cell operation. The fill factor (FF) is defined as the ratio of the maximum power from the solar cell
(Pwmp) and the product of Voc and Jsc.

(1 2) FF = Pmp — Vmp-Jmp
' VOC']SC VOC']SC

In an ideal solar cell, the FF is already < 1. Series resistance (Rs) and shunt resistance (Rsn) are the

principal factors that further decrease the FF.

10
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Rs represents the bulk resistance of the components of the solar cell, and the resistance at their
interfaces. A higher Rs results in a lower current density during operation, mainly in the region of

potential where applied voltage > Vwmp.

Rsh represents the resistance of alternative current pathways that would reduce the current flowing
through the cell and its Voc. A higher Rqn is beneficial for the solar cell, since it means a lesser tendency

for charge carriers to follow these alternative pathways.

1.2.3.4. Power conversion efficiency

Power conversion efficiency (PCE) is defined as the ratio between the power output of the solar cell
and Psun. It is thus closely related to Voc, Jsc and FF, but also depends on the spectrum and intensity

of the incident sunlight.

(1 3) PCE = Pmp — Voc-Jsc-FF

Psun Psun

Illumination under AM 1.5G conditions of light spectrum and intensity and a temperature of 25°C

are the standard for Voc, Jsc, FF and PCE measurements.

1.2.4. Detailed balance model for a single junction solar cell

Based on thermodynamic considerations, it is possible to establish a theoretical limit over the PCE of
a solar cell as a function of the bandgap of the absorber layer. First, maximum Jsc and Vo are both
related to Ec. Increasing the bandgap of an absorber material would increase the upper limit of Voc
but decrease that of the Js.. Therefore, the ideal value of Eg consists in a compromise between these
two parameters to maximize the power of the solar cell. Depending on the specifications of each

model, different optimal values of Eg can be derived.

The original detailed balance limit was derived by only considering the radiative aspect of
recombination processes, which counterbalance absorption of photons according to the principle of
detailed balance®. For a single junction solar cell at 25°C, and assuming a solar spectrum equivalent
to AM 1.5G, this model predicts that a maximum PCE of 33.16 % could be reached with an absorber
layer bandgap of 1.34 eV,

However, the detailed balance limit does not take into account several factors such as non-radiative
recombination processes which further decrease the performance of the cell. Currently, the record

PCE for a single junction solar cell is 29.1 % and has been reached using a GaAs absorber material?.
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1.3. Two-terminal tandem solar cells

The main purpose of the tandem architecture is to overcome the limitation in PCE for a single junction
solar cell, by combining different absorber layers in a single solar stack. In general, each absorber
material is dedicated to a particular region of the solar spectrum and has a different value of Ec. The
detailed balance limit has been established for a tandem cell constituted of two absorber layers of
bandgap Ec1 and Ec2'2. In four-terminal configuration, calculations based on the AM 1.5G solar
spectrum predict that a maximum PCE of 46.0 % can be reached with Eg1 = 1.73 eV and Eg2 = 0.94
eV, For two-terminal devices, close limit of PCE at 45.7% can be reached with Ec; = 1.60 eV and
Ec2 =0.94 eV.

1.3.1. Principle of tandem solar cells

A tandem solar cell constituted of two absorber layers can be assembled in four-terminal (4T) and
two-terminal (2T) configurations. Designs implying three terminals have also been proposed to
overcome the limitation of either architecture. In 4T configuration, the tandem cell is constituted of
two solar cells contacted independently, and in general superimposed on top of each other. They are
mechanically and optically connected but electrically independent, leading to the additivity of their
photocurrents. This configuration leaves a certain flexibility in cell design. Additionally, the PCE of
a 4T device is less sensitive to variations in the illumination spectrum than that of a 2T device.

Indeed, in a 2T tandem cell both subcells are optically and electrically connected in series, which
leads to the additivity of their respective photovoltage. In this configuration, deposition process of
the top cell should be compatible with the bottom cell in terms of temperature, surface roughness and
chemical compatibility.

12
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Figure 5 Schematic for a tandem solar cell constituted of two absorber layers in (a) four-terminal

and (b) two-terminal configuration.

Additionally, this design introduces a tunnel-recombination junction (TRJ) sandwiched between both
subcells. In this region, carriers that are not collected at the anode or the cathode recombine as shown
on Figure 5. Overall, electrical connection results in a current matching condition between both
subcells. One beneficial consequence of this configuration is to remove the lateral sheet resistance
contribution from two former anode and cathode to the FF of the entire stack. But the current
delivered by the tandem cell is now limited by the cell with the smallest current. In practice, current
matching can be optimized to maximize Jsc for a particular solar spectrum. But compared to 4T
devices, 2T tandem cells during operation will present higher deviation of PCE from ideal as

illumination intensity and wavelength vary in the course of a day.

1.3.2. Monolithic integration

Nonetheless, the constraints induced by electrical connection are counterbalanced by simplified
manufacturing processes and connectivity at the module level, as well as lower costs related to
substrate fabrication. These advantages could render monolithic integration more suited to industrial
applications compared to four-terminal integration.

13
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1.3.2.1. Tunnel-recombination junction

The TRJ is a key element of a 2T tandem cell that can strongly affect Jsc, FF and V4. Figure 6a
shows the formation of a RJ between the conduction band of a n-type and the valence band of a p-
type layer. Electrons in a TRJ recombine with holes by interband quantum-tunneling. Ideally, to avoid
significant voltage loss during recombination, electrons and holes should lie at similar energy levels.
As depicted in Figure 6b, this can be achieved in an Esaki diode where degenerately doped n-type
and p-type materials are put in contact. In this situation, the Fermi level would lie within their

respective conduction and valence band.

a) Bottom cell s Top cell b) n-type p-type
nt | pt+
A y E
’ e — 7:..
ll /:
/ l . hv /
\ !
_____ »C/ /' Eps| ;/ C) n-type p-type
/ ) R e e e
hv E F2 ’ .

Figure 6 (a) Band diagram for a monolithic tandem cell!. Recombination at the interface between
two subcells in a 2T tandem solar cell through (b) an ideal Esaki tunnel junction and (c) a
recombination junction, more common in perovskite tandems. Er1, Er2, Ers and Er4 represent the

quasi-fermi levels of the absorber layers when the cell is under illumination.

In practice, this ideal goal can be difficult to reach when one of the component of the TRJ is, for
example, a perovskite solar cell (PSC) HTL or ETL as these components are rarely degenerately
doped layers!*. Figure 6¢ shows the alternative recombination mechanism when the Fermi level of
materials constituting the TRJ lie within their bandgap. In this situation, resistive loss could be

minimized by promoting trap assisted tunneling, i.e. tunneling of carriers to intermediate midgap

Y Inspired from [*]
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states before recombination. Strategies to enhance this phenomena would involve inserting an
interlayer within the TRJ',

1.4. CIGS alloys

Since the synthesis of chalcopyrite CulnSez by Han et al. in 1953, CIGS has progressively been
implemented in solar cells and PCE > 23 % can now be reached with single junction devices!®’. As
a thin film technology, CIGS is relevant for flexible applications. Its bandgap can be readily tuned by
modifying its elemental composition, which makes it an ideal candidate for single junction as well as
tandem application!®!®, Notably, efficiencies > 22 % and > 19 % have been recorded for bandgap
absorber layers of 1.14 eV and 1.00 eV2%?L, For flexible devices, over 21 % PCE has also been reached
on polyimide substrate??. However, while low bandgap CI(G)Se devices can exhibit reasonable PV
performances, there has been a growing uncertainty regarding the possibility to achieve similar

efficiency with its high bandgap counterpart CGS.

1.4.1. CIGS structure and composition
The term CIGS refers to a quaternary I-111-V1 alloy of Cu(In,Ga)Se2 composition. CIGS crystallizes
in the tetragonal chalcopyrite structure depicted in Figure 7, with In and Ga occupying the same

atomic sites.

Figure 7 Unit cell for a Cu(In,Ga)Se> chalcopyrite, with a and c as the lattice constants.

CIGS is a p-type semiconductor which functionally acts as the main absorber layer in CIGS solar
cells. In high efficiency devices, a p-n junction is often formed in contact with a n-type CdS layer.
The bandgap of CIGS is typically tuned by modifying the [Ga] / ([Ga] + [In]) ratio (GGI). A transition
from CulnSez (CIS) to CuGaSe; (CGS) would shrink the lattice of the crystal, decreasing the
constants a and ¢ from 5.780 A t0 5.607 A and from 11.604 A to 10.990 A%3. As a result, the bandgap
would vary from 1.04 eV for CIS to 1.68 eV for pure CGS?. Intermediate bandgap values can be
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reached by tuning the GGI between 0 to 1. For high bandgap applications, Se can be also substituted
by sulfur?.

In addition to optimizing the absorption of light to a certain range of wavelength, it is often beneficial
to tune the GGI across an absorber layer to form a graded bandgap CIGS layer. GGI would be
preferably lower at the bulk and higher at the anode and cathode sides?®. Increasing the GGI at the
anode side would result in a grading of the conduction band, creating a quasi-electric field that would
drive excited electrons away from the anode. As a result, Jsc increases by an enhanced carrier
collection. Vo is also higher due to the lower back contact recombination?®. Higher GGI at the front

cathode side would increase the Jsc by improving the absorption of photons via lower band gaps®.

Intrinsic p-type doping of CIGS can be achieved by tuning the [Cu] / ([Ga] + [In]) ratio (CGI). Cu
deficiency induces the formation of Vcy states, which can act as acceptor states and have a low
formation energy. They can form neutral pairs with (In**cy,Ga%*cy), and in general CIGS has a certain

defect tolerance as off stoichiometry compounds can be formed?’.

CIGS absorber layers can also be doped by alkali incorporation?. Na generally diffuses from the
soda-lime glass (SLG) substrate to the CIGS layer, and other species such as K and Rb can be
implemented through post-deposition treatments (PdT). These species passivate the CIGS absorber
surface as well as its grain boundaries, and increase the p-type carrier concentration in the layer. This
phenomenon results in a lower Er, and ultimately in an increase in Voc and FF for completed cells.

1.4.2. Architecture of solar cell derived from CIGS alloys
1.4.2.1. Substrate and back contact anode

Thus, SLG is often used as substrate for CIGS solar cell fabrication as a Na reservoir. A typical
architecture would then rely on Mo as back contact anode for (i) ohmic contact with CIGS (ii)
adhesion of CIGS on top of Mo (iii) formation of a thin MoSe interlayer during CIGS deposition and

(iv) permeability of the layer to Na migrating from the substrate?®.

For monolithic tandem application, the low transmittance of Mo implies that the opto-electrical
interface between the two subcells has to be established at the n-type front side of the CIGS solar cell.

1.4.2.2. Buffer layer

As stated before, n-type CdS is often used as a 40-80 nm buffer layer following CIGS deposition on
Mo. The role of the buffer layer is to protect CIGS during subsequent sputtering process, and to act
as an electron selective layer in the device*°. Environmental and health issues are nonetheless related

to the use of Cd®.. Another drawback of using CdS for this role is its bandgap of 2.4 eV, which
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competes with CIGS for the absorption of photons in the high energy range®2. Alternative buffer
layers such as Zn(0O,S) exist, but lower overall efficiencies are reached using these materials despite

their higher bandgap®..

On top of the buffer layer and before TCO deposition, a small resistive layer of around 100 nm is
deposited to avoid shunt pathways across the device®. Intrinsic ZnO (i-ZnO) is preferred for CdS,
while ZnMgO is usually adopted with Zn(O,S) buffer layers®. Architectures for typical CIGS cells
using CdS and zZn(O,S) are shown on Figure 8.

CIGS

Figure 8 Examples of architectures for CIGS solar cells using CdS and i-ZnO (left) or Zn(0O,S)
and ZnMgO (right) as buffer layers, and a Ni/Al/Ni metal grid.

1.4.2.3. Transparent conductive cathode

Finally, a degenerately doped metal oxide layer is generally deposited by sputtering on top of the
device and acts as a front transparent conductive layer. In this regard, the choice of material and layer
thickness in the architecture consists in a compromise between transparency and lateral conductivity.
Aluminum-doped zinc oxide (AZO) is used for this purpose in most architectures. Its thickness is
generally 300 nm. Lateral conductivity of the device can also be improved by depositing a metal grid
consisting in a succession of Ni/Al/Ni layers on top of the TCO?°.
1.4.3. Specificities of low-bandgap CI(G)S solar bottom cells for monolithic tandem
integration

For low-bandgap devices, PCE can be improved by modifying the composition of CIGS and the
architecture of the cell. The bandgap of the absorber material can be minimized using a CIS
composition, however pure CIS solar cell are particularly subjected to back contact recombination.
A single grading is often implemented by adding Ga at the Mo interface to limit back surface

recombination?®. Such compositions are denoted here as CI(G)S.
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As high energy photons are mainly exploited by the top cell in tandem configuration, the 2.4 eV
bandgap of CdS would no longer be an issue regarding parasitic absorption and this material is often

used as buffer layer in tandem devices>?%2L,

Finally, replacing AZO by indium zinc oxide (1Z0) as window layer would improve the performance
of low bandgap CI(G)S solar cells, by limiting parasitic absorption in the near-infrared (NIR)
region?°, The optimal window layer thickness for the bottom cell would remain only a matter of
optical optimization, as lateral conductivity of the unwired TCO would be of little importance in a

monolithic tandem design.

1.5. Hybrid lead-halide perovskite solar cell
Hybrid metal-halide perovskite (MHP) has been first employed in photovoltaic devices in 2009 as

sensitizers in dye-sensitized solar cells®*. Since then, they were mainly employed as absorber layers
in solar cells of increasing efficiencies over the last decade, with a current record > 25 %?'’. Due to
their high absorptivity, high efficiency MHP absorbers can be deposited in thin films of thickness
between 500 nm and 1 um and are thus compatible with flexible architectures. Likewise to CIGS,
MHP have a tunable bandgap depending on their composition ranging from < 1.5 eV for pure FAPDI3
to > 2.3 eV for CsPbBr;®%®, This range of values makes MHP suited for both single junction

applications and as absorber layer for a specific wavelength range in tandem architectures.

1.5.1. Hybrid lead-halide perovskite structure and composition

The term “perovskite” was first coined by Gustav Rose in 1839 after the mineralogist Count Lev
Alekseyevich von Perovski. Back then it was employed to define the newly discovered mineral
calcium titanate (CaTiOs3), but now can design any compound adopting a ABX3 crystal structure. In
its ideal cubic form depicted in Figure 9, the ABXz perovskite phase consists in a central B-site cation
6-fold coordinated to X-site anions in an octahedral fashion. Interstitial gaps at the corners are filled
with monovalent A-site cations. Depending on their composition, perovskite compounds can also
adopt orthorhombic, tetragonal and occasionally rhombohedral phases®®. The term perovskite can
also describe a layered compound where ABX3 layers are separated by thin sheets of an intrusive

compound.
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purple (left) and typical architecture for a semi-transparent perovskite solar cell (right).

Several combinations of cation-anions pairing exist for the A, B and X ions. For most perovskite
compounds, A and B are metal cations where A as a larger radius than B and X positions are filled
with oxygen atoms. In the case of MHP, Pb?* occupies the B position while X is a monovalent halide
anion, generally 1" or Br'. A" sites are filled with monovalent organic or metal compounds, usually
methylammonium (MA*), formamidinium (FA*), Cs* or Rb* cations®’. MHP fully adopting this
structure can be designed as 3D, while layered compounds where MHP slabs are separated by sheets

of organic species are usually referred to as 2D perovskites.

Although most fabrication processes aim to synthesize the cubic black phase perovskite for
photovoltaic applications, for many structural phase transition also occur to orthorhombic or
tetragonal phases at certain conditions of temperature and pressure. Moreover, exposure to moisture,
high temperature, radiations and oxidative environments are known to trigger degradation processes
for MHP compounds and derived solar cells. They have been extensively described in literature over
the years along with various approach to circumvent them and extend the operative lifetime of MHP
based photovoltaic devices .

One of these approaches has been to employ 2D perovskite compounds, either as absorber layers of
their own or as thin layers at the interface of a 3D perovskite phase and an adjacent material in a
device. These layered structures are composed of MHP structures separated by monolayers of organic
spacers of bigger size than typical A" cations®.

1.5.2. Mixed halide perovskite top cell design for monolithic tandem integration

To reach a bandgap between 1.6 eV and 1.7 eV, composition of the perovskite layer can be tuned by

varying the MA, FA and Cs content for the A cation and the I/Br ratio for the X halide anion.
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Indium zinc oxide (1ZO) can be used as a window layer to maximize transmittance in the near-infrared
(NIR) region for the bottom cell®. Likewise, in p-i-n configuration a high transmittance HTL such as
NiOx or organic molecules as a self-assembly monolayer (SAM) can be implemented to increase the
current generated by the bottom cell>4041,

1.6. State-of-the-art of monolithic integration of mixed halide perovskite/CIGS tandem
solar cells

High efficiency CI(G)S solar cells presently rely on a p-i-n architecture with the cathode on the
transparent side. To fabricate a monolithic perovskite/CI(G)S tandem solar cell, it is thus necessary
to keep the p-i-n architecture for perovskite top-cell deposition to ensure that electrons and holes from
both subcells recombine at their interface.

Drastic improvement has been reported in recent years regarding monolithic perovskite/CI(G)S solar
cells. Among the various factors that can influence performances, particular attention has been given
to the adaptation of the CI(G)S bottom cell morphology and the development of a
tunneling/recombination junction (TRJ) connecting the two subcells. Interface engineering
encompassing these two factors have been proposed by Han et al., who achieved a record efficiency
of 22.4 %. The CIGS bottom cell had the classical structure ending with the ZnO. It was then covered
with an ITO layer which served as the back contact of an inverted p-i-n perovskite top cell, with
PTAA as a hole transport layer. Recombination process would likely occur between the ITO layer
and PTAA. However, a detailed analysis of the transfer mechanism, which encompasses rectification
in each sub-cell and would thus be instrumental for current matching, has not been presented. A key
point was the planarization of the CIGS bottom cell via mechanical polishing of the ITO layer to

avoid shunts with the perovskite junction.

Due to the thermal sensitivity of CI(G)S solar cells using CdS as a buffer layer, low temperature
processes should also be favored during top cell deposition. This is especially the case for devices
using NiOx as HTL for the perovskite subcell, as this material is often annealed between 250 °C and
300°C in high efficiency devices*®. NiOx could be grown by atomic layer deposition (ALD) without
post-annealing treatment, which could however impair the efficiency of the solar cell*2. This approach
was followed in the work of Jost et al. with a 21.6 % tandem cell developed on a rough CIGS surface
without any planarization step®. In order to prevent shunt pathways, a thin nickel oxide layer was
conformably deposited on the rough CI(G)S surface by ALD, and then PTAA was deposited as HTL.
In that case, the recombination junction was likely between ZnO (n+) and NiO (p+). The mechanism
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of charge transfer was also not investigated in detail. Without using PTAA, stable devices at 18 %

PCE were obtained.

Another option employed by Al-Ashouri et al. has been to use a SAM layer constituted of organic
molecules as HTL, which can be deposited by dip-coating at room temperature to ensure a conformal
coverage regardless of the roughness of the substrate®*!, PCE of 23.6% was reached by depositing
small molecules named “2PACz” (2-(9H-Carbazol-9-yl)ethyl)-phosphonic acid) directly on top of
the front TCO of a CI(G)S bottom cell, before perovskite layer deposition. They claimed that the
small organic molecules to be arranged as a monolayer. By processing highly efficient perovskite
standalone cells using 2PACz between ITO and the perovskite layer, the authors showed that the
small organic molecules played the role of a HTL. The mechanism of charge transfer in this unusual
architecture was not clarified, although charge carriers are likely to recombine between the front TCO
layer of CIGS and 2PACz.

From this last approach, Marco et al. principally optimized the cell architecture for current matching®.
They adapted the bandgap of the CIGS bottom cell absorber layer to a lower value, applied
antireflective coating of their devices and used 1ZO as a window layer for both subcells to increase
the amount of transmitted near-infrared light received by the CIGS subcell. The bandgap of the
perovskite subcell could also be tuned by varying the stoichiometry of Br in the precursor solution.
The authors also inserted a thin NiOx layer between the 1ZO and “MeO-2PACz” (2-(3,6-Dimethoxy-
9H-carbazol-9-yl)ethyl)-phosphonic acid) layer, and reached values of PCE of 24.9 %.

1.7. Overview

In this chapter, starting from the fundamentals properties of semi-conductors we derived the principal
physical quantities that will be used for characterization of samples during the course of this thesis.
We also reviewed the different solar cell technologies that are the subject of this study, that is p-i-n
perovskite and CI(G)S solar cells, designed for single junction or tandem configuration. We also
introduced the current state-of-the-art for the monolithic integration of perovskite/CI(G)S tandem
cells with the principal achievements and challenges in this domain. Ideally, the perovskite topcell
should be fully processable at low temperature and conformably deposited on rough substrates. The
deposition of the HTL layer on top of the degenerately doped n-type window layer of the CIGS

subcell should form a proper TRJ were electrons and holes recombine without resistive loss.
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Methods

Summary: Introducing the techniques and methods employed to prepare and study the samples.
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2.1. Fabrication methods

Summary - Perovskite solar cell

Functionality

Material

Deposition method(s)

HTL 2PACz, MeO-2PACz Spin coating (p.25)
NiO, ALD (p.24)
Spin coating (p.25)
Sputter deposition (p.28)
Absorber layer Perovskite Spin coating (p.25)
ETL PCBM Spin coating (p.25)
Np-ZnO Spin coating (p.25)
Ceo Thermal evaporation (p.28)
SnO; ALD (p.24)
Interlayer BCP Spin coating (p.25)
Np-AZO Spin coating (p.25)
Electrode ITO, FTO, 1ZO Sputter deposition (p.28)
Ag Thermal evaporation (p.28)

Summary - CIGS solar cell

Functionality

Material

Deposition method(s)

Absorber layer

CIGS, CI(G)S

Co-evaporation (p.27)
Sequential deposition (p.27)

Buffer layer Zn(0,S) CBD (p.28)
ZnMgO Sputter deposition (p.28)
Electrode Mo Sputter deposition (p.28)
AZO Sputter deposition (p.28)
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2.1.1. Atomic Layer Deposition (ALD)

ALD is a gas phase deposition method based on surface reactions to grow thin films*. The substrate
is alternatively exposed to vapor phase reactants, which are pumped or purged away between each
surface reaction step. Reactions in ALD are self-limiting, in the sense that only a finite amount of

reactive species reacts with a finite number of available surface sites during each step of the process.

Half-reaction A Half-reaction B
1. Adsorption 2. Purge 3. Activation 4. Purge
(Self-limiting) (Self-limiting)
co-reactant
precursor o o 0 g 0y atomic layer addmon

ronp—y

lOrle ALD Cycle |

Figure 10 Schematic representation of an ALD cycle for the synthesis for a binary AB compound
(From https://www.atomiclimits.com/)

For each step, these surface sites should also be completely saturated to ensure conformal and uniform
deposition of the target material independently of the substrate morphology*®. This condition can be
met by optimizing the deposition temperature and the time parameters for each step, i.e. for reactant
exposure and purging durations. For a given ALD system, growth per cycle (GPC) can be plotted
against each time parameter while keeping the others relatively large. These plots are referred to as
saturation curves, as GPC reaches a plateau for high duration values. Ideally, these values should be
minimized for practical reasons while maintaining a high GPC to ensure saturation. A complete ALD
cycle is depicted on Figure 10. In theory, ALD allows for an atomic layer control over the film
thickness. Control of the layer thickness is however limited by the nucleation phase, during which

the growth rate of the deposited material is dependent on the substrate.

ALD can be carried out under soft conditions. Indeed, deposition pressure can vary between 100
mTorr for plasma ALD and atmospheric pressure (~760 Torr) in viscous flow reactors*®. For each
ALD system, the process is characterized by the “ALD window”, i.e. the range of temperature for
which GPC is constant. In this region, reactants have enough energy to react and would neither
condense, decompose or desorb from the substrate. This temperature is typically between RT and
400°C.
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ALD has been a technique of interest in the development of perovskite solar cells, in particular in the
pursue of minimizing shunt pathways in device by the deposition of homogeneous and conformal

charge transport layers*,

During the course of this thesis, ALD was used to grow either NiOx films on ITO/FTO substrates or

SnO2 on top of Ceo for perovskite solar cells in p-i-n configuration.

NiOx films from IPVF were prepared in a BENEQ TFS-200 apparatus, using bis(N,N'-di-t-
butylacetamidinato)nickel(Il) (Ni(amd)2) as Ni precursor and H>O as oxidizer at a deposition
temperature of 160°C or 100°C while Tsource Was maintained at 80°C. Time parameters were
0.6/0.03/0.3/1.6/5 s (Ni(amd)2) || 0.8/5 s (H20). Before deposition, ITO and FTO substrates were
cleaned in ultrasonic bath in 2% soap in water solution for 40 min, followed by deionized water for
10 min, acetone for 15 min and IPA for 15 min. N2 flow was used to dry the substrates. They were

then submitted to UV-Ozone treatement for 15 min before introduction in the ALD chamber.

NiOx  films received from ZSW for characterization were prepared using
bis(methylcyclopentadienyl)nickel(Il) (Me-nickelocene) as Ni precursor and either oxygen-plasma
or Oz as oxidizer at a deposition temperature of 75°C, 100°C, 150°C, 200°C or 250°C. Before

deposition, ITO substrates were cleaned according to a specific procedure not detailed here.

2.1.2. Spin coating

Spin-coating is a straightforward, simple wet process to deposit thin films. In short, material
precursors are mixed in a solution which is then dropped on a spinning substrate, either before (static
mode) or while spinning (dynamic mode). For perovskite deposition, dropping an anti-solvent during
the final phase of the spinning process induces rapid and dense nucleation that leads to an uniform
and pinhole free film*. Morphological properties of the deposited layer depend on the wettability of
the precursor solution solvent over the substrate, substrate morphology, spinning speed and spinning

time.

Chlorobenzene and ethyl acetate were alternatively used as anti-solvent for perovskite deposition,
without distinctive differences in layer morphology, structure or completed cell PV parameters.

Except for NiOyx deposition, all materials were deposited in a nitrogen filled Jacomex glove-box.

Triple-cation perovskite precursor solution was prepared in a nitrogen filled Jacomex glove-box by
dissolving 507 mg of Pblz, 73 mg of PbBrz, 172 mg of formamidinium iodide (FAI) and 22 mg of
methylammonium bromide (MABr) in 1 mL of a 4:1 volumic ratio of N,N-Dimethylformamide

(DMF):Dimethylsulfoxide (DMSO) solvent. Complete dissolution of the precursors was ensured by
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either 2 hours stirring at ambient temperature or 70°C heating for one hour. Afterwards, 40 uL of a
386 mg/mL solution of Csl in DMSO was added for a final solution stoichiometry of
Cs0.05FA0.85MA0.10Pb1.04(l0.84Bro 16)3.

Likewise, double-cation perovskite precursor solution was prepared by dissolving 564 mg of Pbl, 79
mg of PbBr2, 173 mg of formamidinium iodide (FAI) and 112.24 mg of Csl in 1 mL of a 4:1 volumic
ratio of DMF:DMSO solvent for a final solution stoichiometry of Cso.25FAo.75Pb1.00(lo.91Bro.09)3.

Complete dissolution of either type of precursor solution was ensured by 2 hours stirring at ambient
temperature or 70°C heating for one hour. 40 pL of precursor solution was then spin coated in static
mode with a two-step method: 1000 rpm for 10 seconds followed by 6000 rpm for 30 seconds. 12
seconds before the end of the second step, 150 uL of chlorobenzene (CB) was dropped on the spinning

substrate. Perovskite films were then annealed at 100°C for 30 min.

2PACz and MeO-2PACz were deposited by spin-coating 40 uL of a 0.01 M solution in EtOH at 2500
rpm for 35 seconds in static mode. We waited 5 seconds between dropping the solution and starting
the spin-coating program.

NiOx layers prepared by sol-gel and combustion process were deposited by spin-coating.

For solution-processed NiOx we dissolved 290.79 mg of Ni(NOs)2 (1 mmol) in 940 L of ethylene
glycol and added 60 pL of ethylene diamine (0.9 mmol) in a nitrogen filled Jacomex glove-box. The
solution was left to stir overnight. In ambient atmosphere, 40 pL of solution was spin-coated at 3000
rpm for 30 seconds in static mode. Films were then annealed at 300°C for one hour in air.

For combustion NiOx we dissolved 290.79 mg of Ni(NOs)2 in 10 mL 2-methoxyethanol in a nitrogen
filled Jacomex glove-box. After dissolution, 10 uL of acetylacetonate were added. The solution was
then left to stir overnight. In ambient atmosphere, 40 uL of solution was spin-coated at 3000 rpm for
30 seconds in static mode. Deposited films were annealed at 250 °C for 45 min in air.

PCBM layers were deposited by spin-coating 40 uL of a 20 mg/mL solution in CB at 2000 rpm for

40 seconds in dynamic mode.

BCP layers were deposited by spin-coating 40 uL of a 0.5 mg/mL solution in isopropanol (IPA) at
2000 rpm for 40 seconds in dynamic mode.

Np-ZnO and np-AZO layers were deposited by spin-coating 40 uL of a commercial solution from

Sigma Aldrich in isopropanol at 4000 rpm for 30 seconds in dynamic mode.
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2.1.3. Preparation of CI(G)S absorber layers
2.1.3.1. Co-evaporation

Thermal co-evaporation is a common practice for deposition of CIGS and have led to higher records
efficiencies in solar cells**4’. Cu, In, Ga and Se are simultaneously evaporated in a high vacuum
chamber. Source temperatures are maintained high enough to melt the components and facilitate
evaporation. Deposition conditions typically imply an excess concentration of Se in the chamber,
because of his small sticking coefficient*®. The fluxes of Cu, In and Ga are tuned during the process
to yield the desired composition.

A three-step process can be adopted for CIGS deposition. This method would intrinsically yield a
higher GGI at the cathode and anode sides of the absorber layer as compared to the bulk, which would
be beneficial for the cell. The Se concentration is constant during the whole process to sustain an
excess concentration in the chamber. At the first stage of the process, In and Ga are evaporated at a
substrate temperature of 350 °C - 400 °C to from an (In,Ga).Sesz precursor. Then, temperature is
increased to 425 °C - 500 °C and Cu flux is turned on while In and Ga fluxes are turned on to convert
the precursor to Cu(In,Ga)Se». At the end of the second stage, CIGS formation is complete and CuxSe
binary phases start to form. This change in chemistry can be determined by “end-point detection”, as
substrate temperature drop due to the higher emissivity of CuxSe as compared to CIGS*. During the
third phase of the process, temperature of the second phase is maintained. In and Ga fluxes are turned
on again while turning off the Cu source. During this last stage, CuxSe phases are converted to CIGS
and CGlI can be tuned to yield a Cu poor absorber layer*®°,

This process can be readily adapted to CI(G)S, by considerably limiting the amount of Ga evaporated
during the first phase and turning the source off for the third stage?'. This adapted process would

result in a single Ga grading in the absorber layer.

2.1.3.2. Sequential deposition

Although high PCE records for CIGS solar cells were reached using co-evaporated chalcopyrite
absorber layers, sequential deposition is considered as more adequate for industrial mass production
due to the good uniformity, low cost, and high deposition rate of the technique. Sequential deposition
consists in a two-step process. A layer composed of metallic precursors (Cu, In, Ga) is first deposited
by sputtering, and then converted to CIGS by thermal evaporation of Se. During the thermal

evaporation step, the substrate is typically kept at high temperature such as 500°C.
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The Ga/(Ga + In) ratio can be controlled by varying the composition of the metallic precursor layer,
and small band gap layers can be obtained by limiting the amount of deposited Ga. Layers synthesized
by this method typically exhibit a higher surface roughness compared to that of co-evaporated
CI(G)S®™L

CI(G)S samples prepared by co-evaporation and sequential deposition were provided by the

Nederlandse Organisatie voor Toegepast Natuurwetenschappelijk Onderzoek (TNO).

2.1.4. Chemical bath deposition (CBD)

CBD is a way to conformably deposit metal oxide films by immersing a substrate in a liquid solution
of precursors. For a given substrate, solution temperature, pH as well as concentration and precursor
species are the main factors that influence the film chemistry and thickness®2. CBD is commonly used

for the deposition of a CdS or Zn(O,S) buffer layer on top of rough CIGS substrates.

Zn(0,S) layers were prepared by CBD using ZnSOg as zinc donor. Species concentrations were 0.65
M for SC(NHz)2, 0.15 M for ZnSO4 and 2 M for NHsz while the temperature of the bath was
maintained at 80 °C. After Zn(O,S) deposition, the samples were rinsed in NH3 solution and de-

ionized water to avoid Zn(OH), post-precipitation at the surface of the films*,

2.1.5. Sputter deposition

Sputter deposition is a physical vapor deposition process, to deposit thin films. In ultrahigh vacuum,
ion bombardment of a source material or target composed of the thin film elements provoke their

vaporization. The vapor phase will then deposit on the substrate to form the wanted material®3,

Mo, Zno.7sMgo.250, AZO, 1Z0 and ITO layers were deposited by sputtering using a Plassys MP 500
S and/or a Plassys 600 S.

2.1.6. Thermal evaporation

Metal contacts as well as Ceso Were deposited by thermal evaporation. Thickness of the metal layers

were 80 nm, and that of Ceo layer was 15 nm.
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2.1.7. Bromine wet etching of CI(G)S absorber layers

In order to decrease the surface roughness of CI(G)S layers prepared by co-evaporation or sequential
deposition, we employed a chemical etching protocol based ona 0.2M HBr : H,0O : 0.02M Br, solution
described in 2012 by Bouttemy et al., inspired by an earlier report using a KBr:H>O:Br> solution from

Canava et al.>*°,
Bromine wet process was carried out at Institut Lavoisier de Versailles (ILV).

2.1.7.1. Setup to smoothen small-scale CI(G)S samples of the order of 1*1 cm?2 to 2*2 cm?

Rotating electrode

Substrate I_IZI_|

Etching solution

Movable support —

Figure 11 Schematic of the setup employed for bromine wet etching of CI(G)S absorber layers for
sample size of the order of 1*1 cm? to 2*2 cm2. The sample is attached face down to a rotating-

disk electrode and dipped in the etching solution while rotating.

A similar setup suited for small scale substrates as the one employed earlier by ILV team was used
for the study (Figure 11). As the composition and roughness of TNO’s samples was somehow
different from the CIGS one on which the dissolution protocol was established, a first step dedicated
to the optimization of the dissolution conditions (time — rotation speed) for TNO’s samples was
realized®>*. Not only the difference in composition (only CIS at the surface, Ga only present at the
rear interface) was considered but also the requirement to decrease the roughness from 60 nm to 30
nm while conserving a thickness around 2000 nm, meaning a reduction of only few hundreds of nm.
Shortly, a beaker containing the etching solution is situated on a support whose height can be
modulated for the introduction and extraction of the sample fixed using carbon tape face down on the

rotating electrode. After we start the rotation of the electrode, the height of the support is increased
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to dip the spinning sample into the etching solution while avoiding the formation of air bubbles at the
solid/liquid interface.

During the course of this study, we limited ourselves in optimizing the spinning speed and dipping
time parameters while HBr and Br, concentrations were fixed at respectively 0.2 M and 0.02 M. We
also systematically used the same beaker for etching solutions to preserve similar hydrodynamic

conditions during experiments.
2.1.8. KCN treatment

Se? phases are formed after HBr:Br2:H,O wet process of CI(G)S samples, and would be detrimental
for solar cell performances. These phases can be removed by KCN treatment (0.1 mol L?, 5 min)

before completion of solar cells®.

2.1.9. HCI treatment

For Glass/Mo/CI(G)S/CdS stacks provided by TNO, the CdS capping layer was dissolved by stirring
the samples ina 1 M HCI solution for 2 min. They were then washed thoroughly with deionized water

and dried with a N2 gun.

2.2. Characterization techniques
2.2.1. X-ray diffraction (XRD)

X-ray diffraction (XRD) is a commonly used technique to study crystal structures. It is based on the
constructive interference of a scattered beam after hitting a periodic material and being collected by
a detector. The beam is constituted of collimated monochromatic X-rays emitted from a cathode tube,
and the angle 8 between the incoming rays and the surface of the material is varied over a certain
range of values during measurement to yield a diffractogram (photon counts against 26 angle).
Constructive interference occurs only for situations when the interaction between the incident beam

and lattice planes obey Bragg’s law:
(2.1) nA = 2dsin(0)

Where n is an integer, A the wavelength of the incident photon and d the interplanar spacing of the
periodic material. Information that can be extracted from a diffractogram includes crystal structure,

orientation and grain size®’.

We used a Panalytical analyzer for XRD measurements and the Highscore software package to

remove background noise and extract peak information from diffractograms.

30



Chapter 2 | Materials and Methods

2.2.2. Atomic Force Microscopy (AFM)

AFM is a precise tool to probe the topography at the surface of a material down to a nanometric scale.
The probe consists in a tip mounted on the end-point of a cantilever. At the other edge of the cantilever
IS mounted a piezoelectric actuator, that maintains the tip at a constant force or constant height above
the sample during measurement. At the tip-side, a laser beam hits the cantilever and the reflected light

is collected by a position sensitive photodetector which provides cantilever deflection feedback.

The principle of AFM operation is that of feedback mechanisms between the piezoelectric actuator

and the photodetector, while scanning the surface of the sample with the tip.

In intermittent or tapping AFM mode, the piezoelectric actuator applies a force on the cantilever to
provoke oscillations at or close to its resonance frequency. Amplitudes of oscillation are typically in
the range of 20 nm to 100 nm when the tip is not in contact with the sample. Interacting with a bump
or a depression over the surface during scanning will respectively trigger a decrease or increase in
oscillation amplitude. This variation is recorded by the photodetector, which generates a signal sent
to the piezoelectric element. In response, the piezoelectric adjusts the height of the tip to maintain a
constant amplitude (or force). This signal is plotted as the height of the sample in the z-direction

against the x-y lateral position of the tip over the sample®®.

2.2.2.1. Kelvin probe force microscopy (KPFM)

KPFM is a non-destructive technique to probe surface topography of samples while providing a

spatial distribution of the surface potential, from which WF values can be derived.

It consists in the mounting of a Kelvin probe (KP) over an AFM platform. KP is a technique that
measure the contact potential difference (CPD) between the tip of the KP and its surface. By
subtracting the CPD to the WF of the tip, one can obtain a value of WF at the surface of the sample.

Coupling with AFM then permits to recover a spatial distribution of surface potential®®.

For AFM measurements at IPVF, we used an Agilent Technologies 5600LS tapping mode system to
measure the roughness of the samples, with ACL tips from AppNano. AFM and KPFM measurements

were also performed at the Laboratoire de Génie Electrique et Génie Electronique de Paris (GEEPS).
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2.2.3. Scanning Electron Microscopy (SEM)

SEM is a characterization technique that can provide information over the topography, morphology
and composition of samples through high-resolution magnified images. A low-energy electron beam
is emitted from an electron gun, and provides energy to the electron of the sample after getting focused
by magnetic field lenses and metals slits through a vacuum column. The interaction between the
primary electrons from the column and the sample generates secondary, backscattered and diffracted
backscattered electrons. While secondary electrons provide information regarding the morphology of
the surface, backscattered electrons are rather sensitive to the differences in atomic number between
elements and contrast can provide compositional information. Signal from the electrons are collected
by detectors to generate an image. Contrarily to optical systems, SEM is not diffraction limited and

can generate images with a very high spatial resolution, down to 1 nm®°.

The SEM images were acquired from secondary and back-scattered electrons using a Zeiss Merlin

VP compact 35 field emission gun (FEG) scanning electron microscope.

2.2.4. Photoemission spectroscopy

Photoemission spectroscopy is a non-destructive technique to study the chemical and electronic
properties of surface and near-surface regions of conductive materials. This technique is based on the

photoelectric effect, and generally consists in three steps.

First, high-energy photons irradiate the samples and excite electrons from core levels or in the valence
band down to several nm below the surface. During this work, we used ultraviolet photoemission
spectroscopy (UPS) and X-ray photoemission spectroscopy (XPS). Therefore, sources used for
generation of photons were respectively a gas discharge lamp (He', He'' at 21.2 eV and 40.8 eV) and
a monochromatized X-ray anode (Al-ka at 1486.6 eV). After excitation, a hole is created in the level
from which the photoelectrons are emitted. Photoelectrons then move upward towards the surface.
During this phase these electrons can experience scattering (elastic or inelastic) which may result in
a transfer of energy to other electrons in their environment. This process is called secondary electron
scattering and these electrons contribute to the background of the captured photoelectron spectra. The
deexcitation proceed by filling the previous hole by an electron situated in a higher energy level and
the residual energy lead to either emission of fluorescence or of the departure of another electron of
valence levels (Auger process). Analyses are realized under UHV conditions (3.107 mbar) to
maximize the electrons collection and preserve the surface state. Finally, electrons which have enough

energy to leave the surface of the material into ultrahigh vacuum and emitted in the collection solid
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angle of the detector arrive at the entry of the analyser and contribute to the XPS spectrum. From the
kinetic energy of detected photoelectrons, we can access to their initial binding energy in the material

which provides chemical and electronic information about the surface of the sample.

When the sample and the spectrometer are grounded to the same reference, they are at the same Fermi

level. The measured kinetic energy of photoelectrons can thus be calculated:
(22) Ex = hv — Ez — WE,

Where Ex is the measured kinetic energy of the photoelectron, hv the photon energy, Eg the initial
binding energy of the electron in the material and WFsp is the work function of the spectrometer®?,
WFsp being at the Fermi level is set to O in this configuration what can be verified using a reference
sample, such as the surface of metallic gold. Thus, the binding energy can be derived from the kinetic

energy and above known parameters.

The probing depth of photoemission spectroscopy mainly depends on the photon energy used to
excite the photoelectrons and the selected photopeaks. It is related to the inelastic mean free path of
photo-emitted electrons in the solid, that is the average length that it can pass before transferring
energy to electrons around them by inelastic scattering. Inelastic mean free path thus depends on the

excitation energy, and thus on the detected kinetic energy of the photoelectron.

2.2.4.1. X-Ray photoemission spectroscopy (XPS)

Compared to UPS, XPS is more commonly used to derive chemical and electronic information about
samples, usually solid surfaces. Photons from excitation X-rays beam typically have an energy of

1486.6 eV when using an Al Ka radiation source®%3,

An XPS spectrum provides qualitative and quantitative information. Based on their relative and
absolute positions, intensity and shapes, photopeaks are attributed to specific orbitals of individual
elements of the periodical table (except for H and He with Al-ka source) and their associated chemical

environment by the study of the chemical shifts.

Additionally, quantitative data are obtained from peaks area, taking account for the emission
probability (sensitivity factor), the escape depth and instrumental factor correction among them the

transmission function of the spectrometer51-63,

XPS characterization of samples was performed using a Thermofisher Scientific™ Nexsa

spectrometer with a spot size of 400 um. Acquisition parameters for survey spectra and high energy
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resolution spectral windows are CAE (Constant analyzer Energy) 100 eV, step 1 eV dwell time 100
ms and CAE 20 eV, step size 0.1 eV, dwell time 100 ms respectively.

2.2.4.2. Ultraviolet photoemission spectroscopy (UPS)

With excitation energies within the ultraviolet range, UPS is the most surface-sensitive photoemission
spectroscopy technique. UPS is mainly used to determine the WF and VBM of irradiated samples®..

Signal from detected UV-excited photoelectrons can be represented by a photoelectron distribution
curve. The acquired data should be calibrated using a clean metal, such as gold. Its Fermi edge serve
as reference point for the binding energy scale to find the valence band offset and the WF at the
surface of the sample. Different procedure can be employed but usually these values can be
determined by linear fitting or semi-logarithmic plot between the edge and the background of the
spectra. Those two methods could lead to different WF and VBM values, as the low density of states
near the leading edge can lead to errors in VBM determination using linear fitting. Thus, semi-
logarithmic plot should result in more precise values but the best procedure appears to use both

methods and compare them to each other as well as to the literature®.

UPS analysis were carried out using a Thermofisher Scientific™ Escalab 250 Xi setup. The energy
scale was calibrated with a sample of sputtered gold assuming that its fermi level edge would lie at 0
eV. The other spectra were therefore shifted accordingly. Semi-logarithmic plot was used to
determine the WF and the VBM of the samples.

2.2.5. Inductively coupled plasma optical emission spectroscopy (ICP-OES)

ICP-OES is a tool to determine the elemental composition of a sample. The sample should be in a

form that can be effectively vaporized and atomized, such as droplets of solution.

The sample to analyze is conducted through a nebulizer into a spray chamber. As an aerosol, it is led
into a high temperature (6000 K — 8000 K) Ar plasma generated by radiofrequency. Desolvation,
vaporization and atomization processes successively remove the solvent from the aerosol droplets,
vaporize the sample molecules into gas phase and break them into atoms. Excitation and ionization
then occur by collision with high energy electrons and/or charge transfer from Ar* species. Excited
atoms finally return to their ground state, emitting characteristic photons that are collected by an

optical detector to determine the elemental composition of the sample.
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The advantage of ICP-OES is the high temperature and high electron density (104 cm — 10 cm™3)
of its plasma, which effectively atomizes, excites and ionizes nearly all elements in a variety of

matrices®:%8,
ICP-OES measurements were performed at ILV using an Agilent spectrometer.

2.2.6. Glow discharge optical emission spectroscopy (GD-OES)

GD-OES is a destructive technique to derive the elemental profile through the depth of a sample. It
repeats sequences of glow discharge at low pressure to sputter the surface of a sample and optical

emission spectroscopy observation to identified the sputtered species.

The glow discharge plasma is generally constituted of pure Ar cations that are accelerated towards
the sample, which acts as a cathode. This sputtering process ablates the sample, and released atoms
are promoted to an excited state by energy transfer from the plasma. They subsequently return to their
ground state by emitting light forming a glow, whose wavelength is specific to the atom specie.
Collection of these photons by an optical detector provide a weighted elemental composition over the
ablated section, and the GD-OES sequence can be repeated. A crater is progressively formed in the

sample as the instrument records its elemental profile.

One drawback of GD-OES is the difficulty to obtain reliable information about the surface of the
sample, as the plasma is not stabilized at the beginning of the measurement. Another limitation is that
the method is not suited either to obtain information about interfaces. Indeed, the curvature of the
crater implies that information from its center and its edges do not represent the same sample depth,

but signals from these regions are recorded simultaneously®’:68.

GD-OES analysis were performed on CI(G)S samples using a GD-Profiler 2 from Horiba, and

weighted elemental compositions were normalized over the depth of CI(G)S by XRF measurements.

2.2.7. X-ray fluorescence (XRF)

XRF is a non-destructive method to determine the bulk elemental composition of solid materials. It
consists in the irradiation of a sample by a primary X-ray source, generally an X-ray tube, followed

by the emission of fluorescent X-rays from the samples that are collected by a detector.

When a sample is irradiated by primary X-rays, core electrons that absorb the incident photons can
be ejected to outer shells or emitted as photo-electrons. Outer shell electrons relax as a response to
fill the vacancies, and transfer the difference of energy between their initial and final state either by

Auger effect or fluorescence. Auger effect would result in the transmission of energy to other
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electrons in the environment, while fluorescence would result in the emission of this energy as an X-

ray photon.

This photon would carry the footprint of the element from which it was emitted, since its energy
corresponds to a difference in energy between two specific orbitals. It is therefore possible to identify

the elemental species constitutive of a sample with XRF.

Due to matrix effects, quantification is however not straightforward. Indeed, XRF can probe elements
deeper below the surface of a sample as compared to XPS. For a CIGS sample, XPS analysis would
probe the chemical state of electrons from up to a few nanometers below the surface while XRF signal
would be received from electrons up to a few microns deep. This allows to determine the bulk
elemental composition of sample, but at the same time introduces a mismatch between peak intensity
and concentration due to attenuation and enhancement phenomena in the sample matrix. For precise
quantification, it is therefore necessary to calibrate the instrument with samples of similar sample

matrix properties and known elemental composition®®.
XRF spectra were recorded using a Fisherscope X-Ray XDV apparel.

2.2.8. Cyclic voltammetry (CV)

CV is a potential sweep technique that can be employed to study reduction and oxidation processes,
generally between soluted ions and the surface of a solid electrode. A setup would be composed of a
working electrode, a counter electrode and a reference electrode immersed in an electrolyte solution.
Voltage bias can be applied between the working and the counter electrodes, and current would be
recorded. A potentiostat is employed to control the applied potential of the working electrode as a
function of the potential of the reference electrode.

For each reversible redox reaction occurring in the system, cyclic voltammograms contain
information about the oxidation and reduction steps. Nernst equation relates the potential of an
electrochemical cell E to the formal potential of a redox process E° and the concentrations of the
oxidized and reduced species at equilibrium.

— po 4 BT, 10x]
(23)E = £+ T in- 2

R is the gas constant, T is the temperature in K, and F is the Faraday constant. The redox couple half-
wave potential (Ep) can be determined graphically, from the oxidation potential (Eox) and the

reduction potential (Ered).
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_ (Eox+tEred)
(2.4) E,, = Coxtred)

All CV experiments mentioned in Chapter 3 were conducted in acetonitrile (ACN) with a 0.1 M
concentration of LiClO4, which served as supporting electrolyte to circumvent the low conductivity
of ACN. Additionally, active area of the working electrode was defined using an elastic piece of tape
resilient to the ACN media, which did not leave a consistent surface area between samples. Thus,
there might be small discrepancies between the current values shown here and the actual current per
centimeter square flowing through the NiOx or ITO surface. Thickness values for NiOx layers were
obtained by XRR measurements, for which experimental details are not developed in this study. NiOx
thickness is here expressed either in terms or ALD cycles or directly in nm calculated from XRR

measurements.
2.2.9. Current density-voltage (J-V) measurement

J-V is a commonly carried out measurement to determine the PV parameters of a solar cell. A solar
simulator irradiates the sample with an illumination spectrum that mimics natural sunlight (usually
in the form of the AM 1.5G standard), while a voltage is applied in forward and reverse bias. The
current output from the terminals of the cell is measured as applied voltage changes. Jsc, Voc, FF and

PCE of the solar cell can be derived by varying the voltage bias from short-circuit to open circuit.

The drawback of using J-V measurements to determine the PV parameters of a solar cell is that there
is a spectral mismatch between the solar simulator and the actual AM 1.5G standard spectra. This
mismatch can induce deviations in Vo, FF and particularly Jsc values. Jsc values can also be
determined from EQE measurements, which will likely not exactly represent the Jsc during operation
either as the cell is illuminated at a small intensity and one wavelength range at a time using this

technique.

While perovskite and tandem solar cells were measured by wiring each cell terminal to one probe,
CI(G)S solar cells were measured by four-point probe or four probe measurements, by wiring each
terminal to two probes. This setup permits to remove the lateral sheet resistance contribution of the
contacts from the Rs of the device, and would represent the contribution of a bottom cell in a

monolithic tandem device with better accuracy.

Additionally, CI(G)S cells were annealed at 250°C in vacuum for 10 minutes and left under AM 1.5G

light soaking for at least two hours IV measurements.
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Solar cells were illuminated using an AAA sun simulator of Oriel Sol3A, with an aperture area of
0.09 cm? for opaque perovskite, CI(G)S solar cells tandem solar cells. Aperture area was defined at
0.16 cm? for semi-transparent perovskite solar cells. A voltage bias was forwardly and reversely

applied to the devices using a digital source meter (Keithley 2400).

2.2.10. External Quantum efficiency (EQE)

EQE measurement is a technique to measure the ability of a solar cell to convert photons into collected
charge carriers depending of the wavelength of the incident radiation. EQE is given as a ratio of the
number of collected charge carriers over the number of incident photons, and is plotted against the

wavelength of the latter.

The Jsc of the solar cell can be then integrated from the EQE signal for any illumination spectra:

(2.5) Jsc = —q J, EQE)$(D)dA
Here q is the elementary charge, ¢ (A1) the photon flux and EQE (1) the EQE signal.

EQE spectra were acquired using a Oriel IQE200 system coupled with a source meter (Keithley 2400)
and a 300W xenon lamp. The range of wavelength was between 300 nm and 850 nm for perovskite
solar cells, and between 300 nm and 1400 nm for CI(G)S solar cells.

2.3. Overview

In this chapter, we presented the techniques employed to fabricate and characterize the samples of
this study. When not stated otherwise, samples were prepared and characterized at IPVF. In the
context of the PERCISTAND collaboration, other samples were provided by partners: In Chapter 3,
ALD and sputtered NiOx samples were fabricated by the Zentrum fir Sonnenenergie und Wasserstoff
(ZSW), the Karlsruher Institut fur Technologie (KIT) and the Interuniversitair Micro-Electronica
Centrum (IMEC) and in Chapter 5, all CI(G)S samples employed for smoothing, characterization and

solar cell fabrication were provided by TNO.
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Chapter 3

Low temperature HTL development

Summary: In this chapter, we study different low-temperature routes for HTL deposition in
perovskite solar cells. Our candidates of interest are NiOx and small organic molecules self-
assembled as a monolayer HTL. In particular, we evaluate the chemical and physical properties
of NiOx deposited by ALD and sputtering for different thickness, deposition temperature,
annealing temperature conditions and oxygen flux during fabrication. Our goal is primarly to
determine whether or not low-temperature processes affect the performances of solar cells based
on NiOyx layers. Then, we review the properties of solar cells prepared from ALD-NiOx for
different deposition temperatures. We also review the properties of NiOx layers whose surface
chemistry was modified by UV-Os, subsequent annealing and FAI passivation. Solar cells are
fabricated from these layers to identify a link between the surface chemistry of the layers and PV
parameters in devices. Finally, the properties of solar cells prepared from 2PACz and MeO-
2PACz are reviewed, as well as the structural properties of perovskite layers deposited either on
top of NiOx or SAM HTL.
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3.1. Introduction
3.1.1. NiOxas HTL for perovskite solar cells

Nickel oxide (NiOx) has been extensively used for various applications, including perovskite solar
cells (PSC) in which it acts as a hole transport layer (HTL)* 172 Indeed, NiOy is one of a few p-type
metal oxides and its valence band position generally leads to good energy alignment with lead halide
perovskite compounds’>"74, This high band gap semiconductor (Eg > 3.4 eV) also combines the
properties of a high optical transmittance and high chemical stability’*727>6, Additionally, nickel is
an abundant metal and NiOx is a low cost material, in contrast to most organic compounds reported
for HTL applications in PSCs’*7276, 1t has the drawback of having a relatively low conductivity,
which means that high efficiency devices typically use a 10 — 20 nm thick nickel oxide layer to act as
an effective electron blocking layer while limiting series resistance during operation’®¢, The low
conductivity of NiOx can be mitigated by extrinsic doping strategies to increase the p-type character
of the semiconductor, a method that has been extensively explored to improve the performances of
PSCs over the last decade using metals such as Cu, Li, Cs or even La’%""7%8_Additionally, relatively
low Vo values have been routinely reported for PSCs using NiOx as HTL, likely related to the
interfacial chemistry between lead halide perovskite compounds and Ni3* sites at the surface of NiOx
samples®’. Again, several strategies have been proposed to solve this issue and non-certified power
conversion efficiency (PCE) values above 22% have been reported using surface modified NiOx as
HTL®. Among the other parameters that have been related to the PV parameters of PSCs, defects in
the structure of stoichiometric NiO have been previously linked to a better conductivity of the
sample®®. Additionally, Ni vacancies at the NiOx/perovskite interface in the stoichiometric NiO
structure have been described as beneficial for VBM alignement®.

Structurally, stoichiometric NiO adopts a rocksalt cubic formation composed of octahedral Ni?*
connected to six O% atoms. However, the surface chemistry of most synthesized NiOx films usually
present several subspecies of NiOxHy formula, namely Ni(OH),, NiOOH and metallic nickel®.
Ni(OH)2 and NiOOH are reported to adopt different phases: B-Ni(OH)2, a-Ni(OH)2, B-NiOOH and
v-NIOOH. Each consists in NiO slabs whose tetrahedrally-coordinated hydrogen atoms lie in the
interslab space®’. a-Ni(OH), and y-NiOOH differ from B-Ni(OH). and B-NiOOH, respectively, in
that their interslab space also contains polar species such as H.0, OH~, SO4%, or CO3? The presence
of Ni2Osz in NiOx samples is also sometimes mentioned but remains uncertain. From computational

modeling, oxidation degree of nickel in Ni(OH). and NiOOH subspecies is evaluated between +2 and
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+3. As it is not possible to reduce Ni below its +2 oxidation degree in nickel oxide compounds, deficit

in oxygen in stoichiometric NiO structures can result in the formation of metallic Ni® phases.

To our knowledge, the link between the structural or chemical composition of NiOx and the
performances of resulting PSCs has not been clearly established in literature. Nonetheless, the
influence of superficial Ni%* sites over the Vo of complete devices has been studied through the
degradation process triggered by their catalytic activity regarding elements of the perovskite layer®’.
The chemical states of Ni atoms from the surface of the layer can typically be probed by XPS.
However, in the case of NiOx the resulting spectrum has been proven difficult to interpret due to the
complexity of its shake-up structure. Many different procedures have been reported in literature to
qualitatively and quantitatively study the chemical environment of nickel in NiOx from these data,
but none of them has been fully satisfactory. Often, the most straightforward methods treat the shake-
up structure of the Ni 2p region in an approximative way which generate inconsistencies between the
quantitative composition in NiOx subspecies from the Ni 2p and the O 1s spectra. On the other hand,
approaches that aim to accurately translate the theoretical framework behind these structures can

result in a significant mismatch between the fitting envelope and the XPS signal#287:90.92-%

Many methods have been reported to deposit NiOx layers for perovskite solar cell application such as
sputtering, sol-gel processes, nanoparticles synthesis and atomic layer deposition (ALD)"*. Compared
to other techniques, ALD does not necessarily result in the highest PCE values’. However, it has the
particularity to grow conformal, homogenous thin layers even on rough substrate**97%_ It also allows
to finely tune the thickness of the deposited material®. Also, low-temperature deposition is possible
by ALD even though post-annealing at 300°C of resulting NiOx layers can dramatically improve the
performances of PSCs*%42, This statement might differ depending on the ALD process conditions, i.e
Ni precursor, oxidizer and deposition temperature. Conformability on rough surfaces and low-
temperature deposition are particularly relevant features in the case of two terminal perovskite/CIGS
tandem solar cells fabrication, where the layers constituting the perovskite top cell layers have to be
deposited on a CIGS subcell at low temperature®%419, NiOy is also a promising HTL for p-i-n
perovskite solar cells in 2T tandem application, as tuning its p-type character by intrinsic and extrinsic
doping is of interest for TRJ design.

3.1.2. Small carbazole-based molecules as HTL for perovskite solar cells

Employing a thin film of anchoring, small molecules as a hole selective layer on its own in a
perovskite solar cell was introduced in 2019 by Magomedov et al.!®. Since then, this method

permitted the production of single junction p-i-n devices and perovskite/CIGS monolithic tandem
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cells with PCE respectively above 21 % and 23 %*'. The molecules used as HTL in these cases were
2PACz and MeO-2PACz, and could be deposited either by spin-coating or by dip coating. They are
constituted of or derived from a carbazole ring attached through an ethyl bridge at its amine end to a

phosphonic acid anchoring group, as shown in Figure 12.

Structurally, the authors suggested that the small molecules would form a monolayer on top of metal
oxide substrates by condensation of their phosphonic acid anchoring group. The exact arrangement
of the layer is however still up to debate. While other authors observed a self-limiting behavior for
MeO-2PACz growth on top of metal oxide substrates, they also pointed out that the molecules might

self-arrange by forming multilayers rather than as a monolayer*®*,

a) b)
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Figure 12 Lewis representation of (a) 2PACz and (b) MeO-2PACz

SAMs HTL differ from their metal oxide or polymer based counterparts in that a thickness of a few
nanometers is sufficient so they can act as a charge selective layer, while at least a tenth of nanometers
thickness is usually necessary for the latter to fulfill this role’®%, This characteristic is beneficial

both in terms of vertical electrical conductivity and optical transmittance.

As mentioned in chapter 1 and 2, degradation process can occur in single junction CI(G)S solar cells
when exposed to temperatures < 200°C. This constraint has to be taken into account for monolithic
tandem integration to design the perovskite top cell architecture. In literature, most methods described
to deposit NiOx at low temperature for perovskite solar cell application rely on either nanoparticles
synthesis or ALD process. It has nonetheless been suggested that PV parameters of solar cells would
be enhanced when ALD-NiOx was annealed at 300°C in air after deposition*°. This consideration is
likely to differ depending on the specificity of the ALD process, such as Ni precursor, oxidizer and
temperature process. At the same time, particularly high PV performances have been reported using
carbazole-based HTL in literature, which led us to consider the possibility to integrate them in our

tandem architecture.
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In the first section of this chapter, | study a low temperature route on different ALD process for NiOx
fabrication. I first characterized the optical, chemical and electronic properties of films prepared either
at 100°C or 160°C according to a protocol described in 2.1.1. The effect of post-treatment in air is
discussed regarding the electron blocking properties of NiOx films. | then evaluated the PV
performances obtained with single junction perovskite solar cells using this material as HTL, and

studied the effects of other post-treatments to tune the surface of NiOx.

In the following part, | explore the use of small carbazole based molecules as HTL in perovskite solar
cell single junction. I also study the growth of a perovskite layer either on top of NiOx or MeO2PACz,
and the possible integration of the small molecules as a HTL bilayer with NiOx for tandem

application.

3.2. Low temperature ALD-NiOx layers for HTL application in perovskite solar cell

Here | focus on the development and characterization of a suitable NiOx layer prepared by ALD for
TRJ application in a perovskite/CI(G)S monolithic tandem solar cell. ALD allows for the deposition
of thin, conformal NiOx layers at 100°C - 160°C, which is particularly suited for deposition on top of
rough CI(G)S subcell*®, To evaluate if high temperature processing of NiOx is optimal for solar cell
fabrication, | also study the composition and electrochemical properties for a series of ALD-NiOx
samples prepared at ZSW between 75°C and 250°C and the PV performances of derived PSCs.
Additionally, this study was repeated for series of NiOx samples prepared by sputtering and provided
by KIT and IMEC, which differed by preparation conditions and post-annealing temperature.

Our first subsection is dedicated to the evaluation of the electron blocking properties of NiOy layers
deposited on ITO by ALD at 100°C and 160°C for different thickness values by cyclic voltammetry.
Then, | focus on the characterization of NiOx samples prepared at different temperatures by ALD and
sputtering by analyzing samples using KPFM, X-ray photoemission spectroscopy and ultraviolet
photoelectron spectroscopy. These techniques allow to access the composition as well as the chemical
and electronic properties of NiOx. From some of these layers, perovskite single-junction solar cells
are fabricated and characterized by J-V and EQE measurements to understand the effect of various
parameters on the performance of devices. Finally, | explore the effect of post-treatment processes
such as annealing or UV-Ozone treatment on the properties of NiOx layers and derived perovskite

solar cells.
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3.2.1. Evaluation of the electron-blocking properties of NiOx films prepared by ALD"

As mentioned earlier, for HTL application a NiOx layer should be the thinnest possible to minimize
the vertical series resistance of the cell. However, the role of the HTL is also to block electron transfer
from the perovskite layer to the electrode by 1) conformal deposition on top of the electrode and 2)
limiting electron tunneling through the layer. Electron-blocking properties are enhanced by increasing
the thickness of the material and thus the number of ALD cycles during deposition. We therefore
aimed to find an optimal thickness for NiOx films prepared by ALD on ITO substrates. To do so, we
evaluated the electron-blocking properties of NiOx prepared at 100°C and 160°C of varying thickness

by the mean of CV measurements.

We first considered the ferrocene/ferrocenium (Fc/Fc*) couple in ACN as electrolyte to evaluate the
electron blocking properties of NiOx layers, as this well-defined redox couple is commonly used to
calibrate reference electrodes in non-aqueous media'. Using the same electrolyte for electrode
calibration and NiOyx film characterization would additionally reduce the chance of cross-
contamination from traces of product left in glassware after cleaning. Additionally, employing a well-
defined scan sweep window with Fc/Fc* can result in a single reversible oxidation/reduction step on
a voltammogram, which allows for straightforward data interpretation. We used LiCIO4 as supporting
electrolyte at a concentration of 0.1 M for every solution in this section. In this report, we refer to the
value of 380 mV against SCE for the half-wave potential of the Fc/Fc* couple proposed by

Pavlishchuk et al.2.

However, based on preliminary experiments using a thick NiOx layer prepared by ALD (850 cycles)
on ITO as a working electrode, we noticed a symmetrical pattern on the reduction and oxidation
regions of the voltammogram which indicated that ferrocenium reduction could occur at the surface
of a ITO/NiOx working electrode. This phenomena would occur because the reduction potential of
ferrocene/ferrocenium (0.39 V (vs. SCE)) is higher than the flat band potential of NiOy, (estimated
around 0.12 V (vs. SCE) by Chan et al.)'%.

This led us to employ methyl viologen (MV/MV*; MV*/MV?*) instead, which has already been
reported in literature to evaluate the electron blocking properties of NiOx films on ITO or FTO’,
Indeed, the two reduction steps for this molecule are reported to occur at -0.32 V and between -0.6

and -0.7 V (vs. NHE) resulting in the formation of respectively MV* and MV. These reduction

il Cyclic voltammetry setup and experimental protocols were realized in collaboration with André Grishin. ALD-NiOx
layers were prepared by Damien Coutancier.
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potentials are supposedly far below the flat band potential of our NiOx samples, but would result in
reversible reduction on a bare Pt, ITO or FTO electrode. Methyl viologen is thus a good candidate to

evaluate the homogeneity of NiOx layers deposited over these TCOs’8104,

3.2.1.1. Calibration of a Ag/AgNO:s reference electrode

We first prepared an in-house Ag/AgNOz 0.01 M reference electrode suited for CH3CN environment.
Then, we calibrated it against the potential of the well-defined Fc/Fc* couple'®2. To do so, we induced
voltage bias using a 10 mM ferrocene solution and two Pt wires as working and counter electrodes.
After preliminary experiments using this setup, our Pt counter electrode occasionally turned black.
We interpreted this change in color as the deposition of one of the dissolved species during the

repeated voltammetry cycles, either solid Li or ferrocene.

After repeated experiments, this problem could be levered by increasing the surface of the counter
electrode and adjusting the scan rate. The distance between the working and counter electrodes was

also diminished to a few centimeters in order to facilitate charge transfer.
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Figure 13 Voltammogram recorded with an ITO sample as working electrode, in ACN media using
10 mM ferrocene as the redox specie and 0.1 M LiCIlO4 as supporting electrode recorded for (a) 10
cycles and (b) 50 cycles at a scan rate of 800 mV/s. In both figures data points are represented using
a gradient of color from yellow (1% cycle) to dark red (last cycle). Voltage is reported against a
Ag/AgNO3 0.01 M reference electrode.

Figure 13 presents two different voltammograms recorded to calibrate our reference electrode using
10 mM ferrocene as the redox specie. The stability of our system was assessed after 10 cycles and 50

cycles. Oxidation and reduction peak positions and intensity seemed unchanged after 10 cycles,
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indicating that our system was stable. However, by repeating our experiment for 50 cycles we could

notice a decrease in current and a shift in reduction and oxidation potentials from cycle to cycle.

The maximum oxidation and reduction currents were respectively detected at 0.318 V (vs Ref) and
at -0.111 V (vs Ref). Using Eq. (2.4), we determined the half-wave potential of our Fc/Fc* couple at
+0.104 V (vs Ref). Previous measurements of the Fc/Fc* couple against Ag/Ag™ reference electrode
at similar concentration in ACN vyielded values for half-wave potentials between +0.087 V (vs Ref)
and +0.089 V (vs Ref)2103 \We therefore observed a reasonable deviation of around +16 mV between
our measured value and the literature references. Referring to a conversion constant of -298 mV
between a standard Ag/AgNO30.01 M and the SCE system, we considered a standard potential for
our electrode (vs Ref) at -272 mV (vs SCE)*.

3.2.1.2. Evaluation of the MV/MV™ and MV*/MV?* redox potentials

In the next step of our study, we assessed the reduction and oxidation potential of our methyl viologen
redox mediator using our calibrated reference electrode. To this end, we used a similar setup as
presented in the beginning of this subsection by changing the 10 mM Fc mediator to 0.1 mM MV?2*
and using an ITO film on glass as working electrode instead of a Pt wire.
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Figure 14 VVoltammogram recorded with an ITO sample as working electrode, in ACN media
using 0.1 mM MV as the redox specie and 0.1 M LiCIlO4 as supporting electrode recorded for 6
cycles at scan rate of 200 mV/s. Voltage is reported against a Ag/AgNOs3 0.01 M reference

electrode.
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Voltammetry cycles using such a setup are presented in Figure 14. We note that the shape of the
voltammogram changes after the first reduction step, with lower intensity reduction and oxidation
peaks. After removing the working electrode from the solution, we noticed a transparent compound
deposited on its active area that could be easily washed off with acetone. It could correspond to neutral
MYV deposition, which would adsorb at the surface of ITO after the second reduction step and fail to
completely oxidize after the second oxidation step. The accumulation of solid mediator at the surface
of ITO would provoke ohmic losses, and explain the less intense oxidation and reduction signals from
cycle to cycle. Ohmic losses could also result in a shift of the apparent half-wave potential of the
electrolyte. Indeed, from the first C-V cycle we experimentally detected the E1 of MV/MV at -
1.114 V (vs Ref), and that of MV?*/MV* at -0.840 V (vs Ref). Other authors reported half-wave
potentials for MV*/MV and MV#*/MV* in ACN at respectively -1.195 V (vs Ref) and -0.775 V (vs
Ref) in our system, for deviations of +81 mV and -65 mV between our values and the literature

references®®s.

3.2.1.3. Evaluation of the electron blocking properties of ALD-NiOx films for different thickness

and deposition temperatures

I finally performed similar CV measurements using the same setup with either glass/ITO or NiOx on
glass/ITO films as the working electrode. Figure 15 shows voltammograms using NiOx layers of
different thickness as working electrode, deposited either at 100 or 160°C on ITO. Slightly different
maximum current values were measured in positive bias for all NiOx samples. However, this region
of voltage was swept through at the beginning of the experiment and the intensity of the recorded
peaks is likely to depend on the state of the system before introduction of the working electrode. It is
thus difficult to comment on this region for now. For both 100°C and 160°C deposited NiOx layers,
we observed a general trend of decreasing maximum current in negative voltage bias as the thickness

of the film increases.

For 100°C prepared samples, the absolute value of current at -1.75 V (vs Ref) progressively decreased
from 1 mA to close to 0 mA as the number of ALD cycles was increased from 125 to 250. Oddly, an
absolute value of current of approximately 0.2 mA was measured for a NiOx film obtained after 62
ALD cycles. We would indeed expect the absolute value of current to decrease with the thickness of

the film, and this measurement represents an outlier value.

Different causes might explain this behavior. First, tape was used to define an active area of 1 cm2 on
the samples. The tape material was chosen for its robustness in ACN, but was also elastic so it was

not easy to maintain a constant active area from sample to sample. A higher recorded current | might
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thus not correspond to a higher current density J. Likewise, it is also possible that tape was not well
applied on the 125 cy NiOx working electrode, which would expose underneath area and effectively
increase the active area. Finally, in our case, the homogeneity of ALD NiOx layer was strongly
dependent upon the absence or presence of solvent traces that could appear during the drying step
after cleaning the ITO samples. The presence of solvent traces often prevented the deposition of NiOx,
leaving an exposed area of ITO to the electrolyte. For these reasons, it is possible that the higher
absolute value of current measured for the 125 cycles samples compared to the 62 cycles was not
related to a higher absolute value of current density through the NiOx layer.

For 160°C prepared samples, the absolute value of current at -1.75 V (vs Ref) progressively decreased
from 1 mA to close to 0 mA as the number of ALD cycles is increased from 85 to 350. We notice
that the current values measured for ALD-NiOx films was sometimes superior to that of ITO, which
was not expected due to the higher resistivity of the NiOx layer. This behavior might be again

explained by a difference in active area between samples.
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Figure 15 Voltammograms recorded using NiOx/ITO samples of varying thickness as working
electrode, in ACN media containing 0.1 mM MV as redox specie and 0.1 M LiClO4 as supporting
electrode for (a) 100°C prepared ALD-NiOx and (b) 160°C prepared ALD-NiOx at scan rate of 200
mV/s. Voltage is reported against a Ag/AgNO3z 0.01 M reference electrode.

Nonetheless and according to our expectation, current under negative voltage bias was almost
completely suppressed for samples prepared after 175 and 350 ALD cycles for 100 and 160°C
samples, respectively. For the 160°C series, negative bias current was already strongly attenuated
after 250 ALD cycles.
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We therefore concluded that for our samples, the ideal thickness for HTL application should be
between 125 and 175 cycles for 100°C prepared NiOx and between 250 and 350 cycles for 160°C
prepared NiOx samples. These cycles would correspond to a thickness approaching 10 nm for the
100°C samples and 15 nm for the 160°C samples. Indeed, NiOx thickness should be kept as small as
possible to minimize series resistance in devices but high enough to effectively block electrons during

operation.

3.2.1.4. Effect on post-annealing treatment on the electron blocking properties of ALD-NiOx films

To understand if post-deposition annealing has an influence over the electron blocking properties of
NiOx, we performed CV measurements on glass/ITO/NiOx films prepared either at 100°C and 160°C
and annealed at 300°C for one hour under ambient atmosphere. We based our study on 15 nm thick
NiOx films. Corresponding CV responses are reported in Figure 16. We observed that similar electric
response to voltage bias was observed for films before and after post-annealing, regardless of the
deposition temperature. This observation solely informed us about the ability for electrons to reach
the ITO layer through the HTL, and post-treatment could have an effect on the NiOx films chemical

and physical properties.
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Figure 16 Voltammograms recorded with different NiOx/ITO samples before and after 300°C post-
annealing for 1 hour as working electrode, in ACN media containing 0.1 mM MV as redox specie
and 0.1 M LiClOg as supporting electrode for (a) 100°C prepared ALD-NiOx and (b) 160°C
prepared ALD-NiOx at a scan rate of 200 mV/s. 2 samples were used for post-annealing data for
homogeneity purpose. For each series of sample, a reference ITO sample was measured before (Ref
ITO) and after (Ref ITO end) NiOx films to assess whether or not a loss of current occurred during

the experiment. Voltage is reported against a Ag/AgNOz 0.01 M reference electrode.
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To conclude, we prepared ALD-NiOx films of different thickness and temperature deposition. We
then measured the electrical response from a CV setup using these samples as working electrodes. A
threshold thickness of 10 nm (175 cycles) for 100°C and 15 nm (250 cycles) for 160°C was sufficient
to dampen the current under negative voltage bias compared to bare glass/ITO samples. Overall, these
results showed the homogeneity of the ALD-NiOx layer and a conformal deposition over the ITO

substrates, nonetheless balanced by an improper coverage when they were not dried properly.

3.2.2. Chemical composition and electronic properties of NiOx films prepared by ALD and

sputtering'

In this section, we studied the influence of deposition process and post-annealing treatment over the
physical and chemical surface properties of NiOx layers prepared by ALD and sputtering. To do so,
we first employed UPS surface analysis and Kelvin probe force microscopy (KPFM) to probe the
work function and homogeneity of the NiOx layers. Then, we used XPS to evaluate the chemical
composition at the surface of our film from the Ni 2ps/ region. Finally, we investigated how the
features in the O 1s region could relate to the chemical composition or electronic properties of the
NiOx samples.

In 3.2.2.1, we used these tools to investigate the influence of the deposition temperature over the
surface properties of ALD-NiOx grown on top of ITO at ZSW using different precursors compared
to the IPVF process studied in 3.2.1. In short, Me-nickelocene served as Ni precursor and oxygen
plasma was used as oxidizer. A detailed protocol for their preparation is provided in 2.1.1.

A second series of NiOx samples was prepared by sputtering at KIT to study the combined effect of
oxygen flux during deposition and a 01:30 h post-annealing treatment. In total, 4 samples each

representing a combination of these features were studied in 3.2.2.2.

Finally, a third series of sputtered-NiOx samples was prepared by IMEC to study the effect of post-

annealing temperature over the surface properties of the layers in 3.2.2.3.

il XPS and UPS acquisition were conducted at ILV by Muriel Bouttemy and Matthieu Frégnaux. Ni 2ps signal
decomposition was conducted in collaboration with Soléne Béchu and Mirella Al Katrib. Interpretation of the O 1s
signal was realized in collaboration with Javid Hajhemati and Nitin Mallik. AFM and KPFM acquisition was conducted
at GEEPS by José Alvarez. UPS data fitting and preparation of figures were realized by Aleksandra Bojar.
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3.2.2.1. Chemical composition and electronic properties of ALD-NiOy films using Me-nickelocene

as nickel precursor and O, plasma as oxidizer

Five ALD-NiOx samples were prepared at ZSW according to the following deposition temperatures:
- 75°C
- 100°C
- 150°C
- 200°C
- 250°C
1) Effect of deposition temperature on the workfunction

AFM and KPFM images acquired for ALD NiOx samples prepared at these different temperatures
are reported in Table 1. Similar root mean square roughness values of around 3.0 nm were found for
all the samples. Similarly, average contact potential difference (CPD) values between 0.03 V and
0.10 V were measured for all samples, although we noticed a subtle trend of higher CPD values as
deposition temperature increased. Corresponding WF values were between 4.82 eV and 4.91 eV, with
a subtle trend of lower WF values with increasing temperature. For each sample, we noticed only

small deviation of CPD across the image which can indicate a rather homogenous surface.

Table 1 Results of KPFM measurements on ALD-NiOx samples for different deposition
temperatures. For each sample, on the top line we can see AFM topography, in the middle RMS
roughness (Rt), and on the bottom respective surface potential distribution (CPD values). Image

size: 10 X 10 pm?

75°C 100 °C 150 °C 200 °C

Rt=2.5nm

Rt=2.7 nm

Rt=2.9 nm

Rt=3.0 nm

B2sm
400
35.0
30.0
226

761 m
700
65.0
60.0
559

geem
700
65.0
60.0
56.3

1280 m'
125.0

120.0

1150

1071

1056 mv

100.0

95.0

90.0
858

Average CPD = 0.03 V

Average CPD =0.07 V

Average CPD = 0.07 V
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Absolute WF and valence band maximum (VBM) values extracted form UPS spectra are presented
on the Figure 17a. Once again, very close WF values were found for all samples between 4.00 and
4.20 eV, with a subtle trend of decreasing WF with deposition temperature. The VBM positions were
also similar between -0.50 and -0.60 eV for all samples. It should be noted that WF measurements
can be sensitive to adsorbed species at the surface of samples when they are exposed to ambient air.
The summary of the WF measurements is shown on the Figure 17c. To evaluate the carbon
contamination at the surface of the ALD-NiOx samples, Ni/C elemental ratio of the different NiOx
samples are reported in Table 2. Close values between 0.78 and 0.89 are reported, with an outlier at
0.55 for 150°C deposited NiOx. The signal in the C 1s region might include diverse contributions
from species such as adsorbed COz, nickel carbonates, as well as C-C and C-O bonds from various
atmospheric contaminants and potential organic residues from ALD. The exact nature of the carbon
containing species might differ from sample to sample, and therefore the influence of carbon

contamination on the measures WF value might not be consistent within series of samples.
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Figure 17 Work function (a) and VBM values (b) extracted form UPS spectra, by Fermi edge

determination. (c¢) Summary of the work function and valence band maximum measurements by
KPFM and UPS for all the samples. We can observe systematically higher WF measured by KPFM

compared to this measured by UPS; both however shows similar trends.

The reason of systematically higher WF of NiOx measured by KPFM compared to UPS could be
explained by: i) different environment (UPS - UHV; KPFM - ambient air), which can cause more
adsorption of chemical species originating from air during KPFM measurements, which will
influence the measured WF; ii) different measurement principle. In KPFM, as described in 3.2.2.1,

we measured surface potential difference (CPD) between the tip and the sample surface, from which
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we could calculate sample work function. With the technique being an imaging approach, we obtained
a CPD distribution map on a small area (10x10 um?), which we then averaged given a reasonable
uniformity. In UPS, on the other hand, we derived the WF from the zero Kkinetic energy of the
photoelectrons that left the sample - the measured WF was thus the lowest energy that the electron

needed to leave the sample, i.e. the secondary electron cutoff.

Table 2 Ni/C elemental ratio in ALD-NiOx samples as a function of temperature deposition, from

the Ni 2ps2 and C 1s regions of the XPS spectra.

Deposition temperature Ni/C ratio
75°C 0.89
100°C 0.86
150°C 0.55
200°C 0.88
250°C 0.78

Despite these differences in the absolute values, we observed the same trends and magnitude of
change in the changes of the WF as a function of the NiOyx preparation temperature, thus, the

discussion was valid for both techniques.

2) Effect of deposition temperature on the chemical composition

The same samples were analyzed by XPS, in order to evaluate the chemical composition of NiOx
subspecies at their surface. XPS signal from Ni 2p and O 1s regions are respectively shown in Figure
18a and Figure 18b. In order to access the chemical composition of our NiOy samples, we proceeded
in the decomposition of the Ni 2ps2 spectra into its different NiOxHy sub-components. XPS signal in
the Ni 2ps» region from pure samples of any NiOxHy phase typically resulted in shake-up
structures®®92107-110 Based on theoretical calculations, Biesinger et al. proposed a method to ascribe
the various features of this signal for most of these species®™. In general, a single sample of NiOxHy
contains a combination of NiO, Ni(OH)2, NiOOH and metallic nickel phases, and the resulting shake-
up structure could be thus difficult to interpret.
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Figure 18 XPS spectra for (a) Ni 2ps/2 and (b) O1s regions, (c) NiO %, as the proportion of
stoichiometric NiO compared to other NiOxHy subspecies at the surface of the sample calculated
from the Ni 2ps/2 region and (d) maximum O 1s binding energy shift for NiOx samples prepared

by ALD at different temperatures.

We based the present analysis from a detailed study from Biesinger et al., from which the Ni 2pa.
signal from various NiOxHy subspecies was decomposed into their theoretical shake-up structure from
a Gupta and Sen analysis*'**2, The results of this analysis has been adapted to the XPS apparatus
that was used for the measurement, and Ni 2ps. signal was fitted using a Shirley background without
offset. We decomposed the Ni 2pz/. signal obtained from our samples based on the assumption that it
would be a linear combination of individual signals from NiO, B- or a-Ni(OH),, B-NiOOH and vy-
NiOOH and metallic nickel. This would imply that the shake-up and plasmon loss structures for each
phase of our samples would be similar to that of a pure individual sample, which is not guaranteed.
Indeed, inelastic interactions could occur between photoelectrons and other atoms or molecules in the
structure of NiO!*3. These processes could have an influence over the XPS signal and were not taken
into account here. Additionally, we observed a mismatch between the envelope arising from the fitted
peaks and the Ni 2ps2 signal from the XPS system. For these reasons, we assumed that we did not
access the composition of our samples with a high degree of confidence and thus we refrain from
commenting on the individual relative content in B-Ni(OH)2, a-Ni(OH)2, B-NiOOH and y-NiOOH

55



Prospective

phases which were detected at a low concentration. However, we considered the relative proportion
of stoichiometric NiO compared to all NiOxHy subspecies (NiO %) as a more reliable information,

due to the high proportion of NiO in the studied samples.

From this procedure, we derived that each sample is mainly constituted of stoichiometric NiO while
other subspecies such as a-Ni(OH)2, B-Ni(OH)2, y-NiOOH and B-NiOOH were present to a lesser
extent. Metallic nickel signal was only detected in negligible amount (< 0.05%). From Figure 18c,
the NiO % increased with temperature from 84% at 75°C to 93% at 150°C. NiO % was then similar
between the 150°C and 200°C prepared samples, and finally reached 98% for the 250°C prepared

sample.

3) Interpretation of the O 1s region from the XPS spectrum

For all samples, the O 1s region comprised a high intensity section centred at binding energies (BE)
between 529.2 and 529.5 eV, and another region at higher BE around 531.5 eV. We did not engage
in the direct deconvolution of the O 1s signal into all its possible sub-components, due the challenges
inherent to this task for NiOx samples. We rather propose a qualitative assessment based on the
relative peak area and position of these two different regions. In previous XPS studies of
stoichiometric NiO, a high intensity peak at 529.2-529.3 eV has been related to O species from the
rocksalt structure of NiQ%107114 A peak related to oxygen atoms in y-NiOOH has also been described
at binding energy of 528.7 eV, and would be difficult to discriminate from NiO environment in our

casel®®,

The higher BE section of the O 1s region around 530 eV was likely to arise from several chemical
environment, including a-Ni(OH)2, B-Ni(OH)2, y-NiOOH, B-NiOOH and adsorbed contaminants
species®®198-110 - Additionally, an additionnal feature at 531.1 eV was also detected for pure NiO
samples in previous reports and has been the subject of various interpretations®®1%’. In a study from
Uhlenbrock et al., NiO single crystals were cleaved in vacuo and exposed to ion sputtering®'4. From
XPS analysis of the Ni 2p region, the authors detected the formation of metallic Ni after the sputtering
process, which was the only route for Ni?* reduction in NiO. They attributed this change in
composition to a loss of oxygen during the sputtering process. Regarding the O 1s region, only one
peak at 529.2 eV was detected with a noticeable shift in binding energy and peak broadening after
sputtering process. However, the appearance of such an additionnal feature at 531.2 eV was only
detected after exposing the samples to the residual gas in the vacuum chamber for 24h, or after

exposure to ambient air for 3 min. This feature was more pronounced for NiO samples exposed to
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ambient air after ion sputtering. From these observations, we would conclude that the extra feature at

531.1 eV was not native to the environment of the pristine rocksalt NiO structure.

A shift in binding energy for the major O 1s peak was observed by Imran et al. after post-annealing
of sol-gel prepared NiOy layers on ITO®. In their case, the BE of the major O 1s peak decreased to
lower values as post-annealing temperature and NiO % concomitantly increased for their sample. For
our samples, on the contrary we observed a shift to higher values with increase of temperature and
NiO %. However, Imran et al. also observed a shift to lower BE in the entire Ni 2p region as

temperature increased.

A shift in the O 1s region to higher binding energy could also be extracted from the results of
Uhlenbrock et al., after perturbation of the pure NiO phase by ion sputtering or exposure to
atmospheric conditions. However, in their case, due to the important chemical changes from sample
to sample it was difficult to determine whether the shift observed for the O 1s region was concomitant
to a shift of the whole Ni 2p region. In the situation described by Uhlenbrock et al., this BE shift
might therefore be explained by the presence of defect states arising after metallic Ni formation. A
decrease in WF means a shift in Fermi level (Ef) in the gap away from the VBM, and without
modification of the VBM and CBM to a less p-type character of the NiOx layer.

From there considerations, it remains ambiguous whether a shift in the O 1s region can be directly
linked to the chemical composition of the NiOx samples. A shift to higher BE could simply track a

decrease in WF, and hence indicate a de facto de-doping of the NiOx surface.

Regarding our samples, we observed a shift in binding energy for the major O 1s peak as the
deposition temperature increased as reported in Figure 18d, which was however within the margin
of error of the measurement. Peak position evolved from 529.2 £ 0.1 eV at 75 °C t0 529.3 + 0.1 eV
at 250 °C, with an inflexion point at 529.3 + 0.1 eV for the 150 °C sample.

We also noted that the relative intensity of the O 1s higher BE compared to the lower BE regions
gradually decreased as the deposition temperature increases, particularly between the samples
deposited at 75 °C and 200 °C. As stated before, the former was likely to include several contributions
from a multitude of chemical environment. This trend was nonetheless in agreement with an
increasing concentration of NiO % in samples annealed at higher temperatures as the concentration
in 0-Ni(OH)2, B-Ni(OH)2, y-NiOOH and B-NiOOH gradually decreased.
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3.2.2.2. Chemical composition and electronic properties of NiOx films prepared by plasma

sputtering deposition

For a first series of samples prepared by sputtering at KIT, the influence of post-annealing treatment
with and without oxygen flux over the physical and chemical properties NiOx films were studied by
KPFM, UPS and XPS analysis for 4 samples in total:

No annealing, no oxygen flux (AA)

- 90 min annealing, no oxygen flux (BA)

No annealing, 1.5 % oxygen partial pressure (AB)
- 90 min annealing, 1.5 % oxygen partial pressure (BB)
1) Effect of deposition temperature and oxygen partial pressure on the workfunction

Table 3 Results of KPFM measurements on sputtered-NiOx samples prepared for different
deposition temperature and oxygen flux conditions. For each sample, on the top line we can see
AFM topography, in the middle RMS roughness (Rt), and on the bottom respective surface

potential distribution (CPD values). Image size: 10 x 10 pm?

No annealing 90 min annealing No annealing, 90 min annealing,
no oxygen flux (AA) no oxygen flux (BA) 1.5 % oxygen flux (AB) | 1.5 % oxygen flux (BB)
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AFM and KPFM images acquired for sputter-deposited NiOx samples prepared at different conditions
are shown in Table 3. Similar root mean square roughness values between 2.9 nm and 3.4 nm were
found for all the samples, although distinct features in the morphology were apparent for the BB
sample, which translate into a more pronounced difference between maximum and minimum CPD

values observed for this sample, with a distinguishable dispersion of results from KPFM imaging.
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Average CPD values were measured between 0.02 V for the AB sample and 0.22 V for the AA
sample. In between, CPD of 0.13 V was calculated for both BA and BB samples. These results suggest
that without annealing, oxygen flux was the driving factor for a decrease in WF. On the other hand,
annealing the sample led to a fix WF (4.81 eV) regardless of oxygen flux. At the same time, for the
annealed samples oxygen flux had an impact over the morphology and distribution of CPD values

across the sample.

5.0t
4.5t 440

4.0t — | WFyes

3.5¢

0.0F--------mmmmmmmmmanas :

Energy (eV)

-0.5} H H — = E,

V_UPS

no-ann ann ne-ann ann
no-ox no-ox ox ox

(AA)  (BA)  (AB)  (BB)

Figure 19 Summary of the work function and valence band maximum measurements by KPFM

and UPS for sputtered-NiOx samples prepared at KIT.

However, in contrast to our previous observations regarding ALD-NiOx samples prepared by ZSW,
a different pattern was observed from UPS data compared to KPFM data, for which a summary is
shown on Figure 19. Indeed, the largest discrepancies in WF from this method was between 4.40 eV
for BA and 4.02 eV for BB samples, that is between both annealed samples for which oxygen flux
was suspected to not have an effect on the WF of 4.81 eV determined by KPFM measurements. On
the other hand, from UPS data samples AA and AB submitted to oxygen flux had a similar WF of
4.25 eV regardless of annealing. However, similar trends were observed for both methods. Heating
the sample under oxygen flux resulted in a decrease in WF from 4.25 eV for AB to 4.02 eV for BB

samples, and in an increase in WF from 4.25 eV for AA to 4.40 for BA samples without oxygen flux.

In general, differences in calculated WF can be observed after KPFM or UPS measurements as
discussed in 3.2.2.1. In this case, the WF for samples AB and BB subjected to oxygen flux seemed
especially shifted to higher values from KPFM to UPS (+0.71 eV) compared to the AA and BA
samples (+0.47/0.41 eV). Absolute VBM position, on the other hand was comprised between -0.45
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eV and -0.50 eV for all samples, which indicates that the Fermi level in the gap did not change and

hence all sample surfaces exhibit the same doping level.

Table 4 Ni/C elemental ratio in sputtered-NiOx samples from KIT as a function of temperature
deposition, from the Ni 2p3/2 and C 1s regions of the XPS spectra.

Preparation conditions Ni/C ratio
No annealing, no oxygen flux (AA) 1.84
01:30 h annealing, no oxygen flux (BA) 1.15
No annealing, 1.5 % oxygen partial pressure AB) 2.51
01:30 h annealing, 1.5 % oxygen partial pressure (BB) 1.93

As mentioned earlier, WF measurements by KPFM can be also more sensitive to surface
contamination than UPS. In Table 4 we reported the Ni/C elemental ratio calculated for NiOx samples
prepared by KIT. From these results, we concluded that the higher Ni/C calculated for samples with
oxygen flux (1.93 —2.51 vs 1.15 — 1.84) are likely linked to the difference in WF calculated by KPFM
and UPS. We noted however that differences in Ni/C did not exactly track the deviation in WF
between KPFM and UPS measurements from sample to sample, which indicates a different nature of
the surface contamination depending on the fabrication parameters.

Finally, as previously discussed, values calculated from KPFM were averages based on 10 x 10 um?
images while WF determined by UPS is derived from the secondary electron cutoff, i.e. the lowest
energy for an electron to leave the sample averaged over an area of 500 x 500 um?. In the case of
sample BB, the large difference observed between the KPFM and UPS measurements might be
explained by the dispersion of values on the KPFM images shown in Table 3 since the difference
between maximum and minimum CPD was around 0.035 eV compared to values between 0.010 eV

and 0.015 eV for the other samples.

Thus, variations in WF of the samples ultimately remain but measurements from UPS are likely more
reliable due to the controlled environment during the measurements, which hence supports the
hypothesis of a link between oxygen flux and an increase (for non-annealed samples) or decrease (for

annealed samples) in WF.

2) Effect of deposition temperature and oxygen partial pressure on the chemical composition

Sputtered-NiOx samples from KIT were also analyzed by XPS in order to evaluate the chemical
composition of NiOy subspecies at their surface. Signal for Ni 2pz2 and O 1s regions are respectively
shown in Figure 20a and Figure 20b. In order to access the chemical composition of our NiOx
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samples, we proceeded in the deconvolution of the Ni 2pas;, spectra into its different NiOxHy sub-

components following the method presented in 3.2.2.1.

From Figure 20c, NiO % was the highest with values > 95 % for samples AA and BA prepared
without oxygen flux, regardless of deposition temperature. For samples prepared with oxygen flux,
NiO % was slightly lower between 90 % and 95 % for the AB sample and significantly diminished

between 85 % and 90 % for the annealed BB sample.
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Figure 20 XPS spectra for (a) Ni 2ps;2 and (b) O1s regions, (c) NiO%, as the proportion of
stoichiometric NiO compared to other NiOxHy subspecies at the surface of the sample calculated
from the Ni 2ps/2 region and (d) maximum O 1s binding energy shift for NiOx samples prepared

by sputtering at KIT.
The observed increase in concentration of a-Ni(OH)2, B-Ni(OH)2, y-NiOOH and B-NiOOH species

in the presence of oxygen flux is not surprising, with the further oxidation of Ni in stoichiometric
NiO. In contrast to that NiO could not be oxidized by simply heating the sample without oxygen
input, explaining why NiO % remained stable between the AA and BA samples. This result highlights
the thermal stability of the material, without significant formation of Ni metal phase in the process.
However, heating the samples under oxygen flux could indeed accelerate the oxidation process from

stoechiometric NiO to other NiOxHy subspecies and thus result in a further decrease of NiO %. The
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lower NiO % calculated for the BB sample might be also associated to spatially located phase
transitions from the localized variations in CPD acquired by KPFM, from stoichiometric NiO to

oxidized NiOxHy subspecies.

3) Interpretation of the O 1s region from the XPS spectrum

For all samples, the O 1s region comprised a high intensity section centred at binding energies (BE)
between 529.2 and 529.5 eV, and another region at higher BE around 531.5 eV.

A shift in binding energy for the major O 1s peak from sample to sample is reported from Figure
20d. Position increased from 529.4 + 0.1 eV for the AA sample to 529.5 + 0.1 eV for the BA sample
both prepared without oxygen flux. The BE was similar between the BA and AD samples prepared
with oxygen flux, at 529.3 £ 0.1 eV for BA to 529.3 + 0.1 eV. Overall, these shifts are within the
margin of error of the measurement and hence we do not observe a significant effect on the Fermi
level position in the gap that could be associated with a change of the doping concentration. Shift in
peak position could again be associated to some extent with the evolution of WF, especially from the
KPFM measurements. Indeed, WF from KPFM seemed to increase after oxygen flux and to decrease
or slightly increase for the annealed samples.

It should be noted that in order to be interpreted correctly, the major O 1s peak should solely and
entirely represent the contribution from O in the stoichiometric NiO crystal. However as mentioned
before, the XPS spectra of NiOx in the O 1s region is a mixture of several components. Contributions
from these components are likely to overlap with pure NiO contribution, depending on their position
and FWHM. As a result, the numerical value given for the major O 1s peak position should be
interpreted with caution. Therefore, deviation in trends observed between the KPFM calculated WF
and the position of the O 1s major peak from sample to sample might purely arise from the difficulty
to assess the WF and the peak position with good accuracy. From previous discussions in 3.2.2.1, we
therefore concluded that a shift to higher BE for the principal O 1s peak would translate well to an

increase in Er rather than a decrease in NiO %.

Again, the area of the higher BE section of the O 1s region increases as NiO % decreases, in
accordance to an increase from a-Ni(OH)2, B-Ni(OH)2, y-NiOOH and B-NiOOH contributions.
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3.2.2.3. Chemical composition and electronic properties of NiOx films prepared by plasma

sputtering

For a second series of samples prepared by sputtering at IMEC, the influence of post-annealing
temperature over the physical and chemical properties of NiOy films were studied by KPFM, UPS
and XPS analysis for 4 samples in total:

As-prepared

150°C post-annealing for 30 min

300°C post-annealing for 30 min

350°C post-annealing for 30 min
1) Effect of post-annealing temperature on the workfunction

Table 5 Results of KPFM measurements on sputtered-NiOx samples prepared for different post-
annealing temperature. For each sample, on the top line we can see AFM topography, in the
middle RMS roughness (Rt) of sample, and on the bottom respective surface potential distribution

(CPD values). Image size: 10 x 10 um?
150 °C

As-prepared 300 °C

opm 2

Rt=4.2 nm

Rt=4.1 nm

Rt=4.0 nm

=114 mV|

=-114.0
-116.0
-118.0
-1200
-122.0

-124.0
-126.6

Opm 2 4 [ 8

0
2
o
o1
3-

Opm 2 4 6 8

1290 mV|
125.0
1200
1150
1100
1056

Average CPD =-0.12V

Average CPD =-0.08 V

Average CPD =0.12V

Average CPD =0.10 V

AFM and KPFM images acquired for ALD NiOx samples prepared at different temperatures are
reported in Table 5. Similar root mean square roughness values between 3.8 nm and 4.2 nm were
found for all the samples. Average CPD values were between -0.12 V for the as prepared sample and
0.12 V for the 300°C annealed sample were measured. In between, CPD were measured at -0.08 VV
for the 150°C annealed sample and 0.12 V for the 350°C annealed sample. Spatial unhomogeneities

in CPD were particularly pronounced for the 150°C sample, with variations in values over
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micrometric distances. In terms of WF, these results generally translated to a gradual decrease from
5.06 eV to 4.82 eV as annealing temperature increased to 300°C. A slightly higher, but close WF

value of 4.84 eV was determined for the 350°C annealed sample.

5.0r

4.5r -_ 423

4.0 — WFues

Energy (eV)
/

fresh 150°C 300°C 350°C

Figure 21 Summary of the work function and valence band maximum measurements by KPFM

and UPS for sputtered-NiOx samples prepared at IMEC.

This time again, similar trends were observed between KPFM and UPS data for which a summary is
shown on Figure 21. Although we noticed an increase in WF between the as-prepared and 150°C
annealed sample from 4.36 eV and 4.48 eV, and a decrease between the 300°C and 350°C annealed
sample from 4.23 eV to 4.06 eV, the general tendency for these samples was a decrease in WF and
therefore a shift of the Er away from the valence band maximum for increasing annealing
temperature. Values from UPS were slightly shifted to lower values compared to KPFM
measurements, for the same reasons as given in 3.2.2.1. In particular, we reported on Table 6 Ni/C
elemental ratios between 1.28 to 2.36 for NiOx samples prepared by IMEC. Differences from sample
to sample might be linked to some extent to variations in WF values and trends from KPFM and UPS
measurements. Absolute VBM position this time rather decreased from -0.45 eV for the as-prepared
sample to -0.65 eV as annealing temperature was increased to 350°C, with an inflexion point at -0.55
eV at 300°C.

Table 6 Ni/C elemental ratio in sputtered-NiOx samples from IMEC as a function of temperature

deposition, from the Ni 2pz;2 and C 1s regions of the XPS spectra.

Preparation conditions Ni/C ratio
As-prepared 1.28
150°C 1.33
300°C 2.36
350°C 1.55
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In general, a more robust trend in decreasing WF as post-annealing temperature increased could be
established as compared to the samples prepared by ZSW, with an additional concomitant decrease

in absolute VBM position.

2) Effect of post-annealing temperature on the chemical composition

Sputtered-NiOx samples from IMEC were also analyzed by XPS in order to evaluate the chemical
composition of NiOx subspecies at their surface. Signals for Ni 2p and O 1s regions were respectively
shown in Figure 22a and Figure 22b. In order to access the chemical composition of our NiOx
samples, we proceeded in the deconvolution of the Ni 2pa» spectra into its different NiOxHy sub-

components according to the method presented in 3.2.2.1.
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Figure 22 XPS spectra for (a) Ni 2ps;2 and (b) O1s regions, (c) NiO%, as the proportion of
stoichiometric NiO compared to other NiOxHy subspecies at the surface of the sample calculated
from the Ni 2ps2 region and (d) maximum O 1s binding energy shift for NiOx samples prepared

by sputtering for different post-annealing temperatures.
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From Figure 22c, NiO % was the lowest between 80 % and 85 % for the as-prepared sample to almost
90 % for the 300°C and 350°C samples. NiO % for the 150°C annealed sample was slightly higher

as compared to the as-prepared one, but not significantly.

We therefore observed a gradual increase in stoichiometric NiO concentration compared to the a-
Ni(OH)2, B-Ni(OH)2, y-NiOOH and B-NiOOH phases as post-deposition temperature increased. A
slight increase in NiO % for the 150°C annealed sample, associated to un-homogeneities in CPD seen
via the KPFM measurements could reflect an incomplete, localized phase transition from oxidized
NiOxHy subspecies to stoichiometric NiO. The trend observed for post-annealed NiOx samples
prepared by sputtering was similar to that followed by ALD samples prepared at ZSW for different
deposition temperatures, as discussed in 3.2.2.1. Lower absolute values of NiO % were nonetheless

observed at high temperatures for the sputtered samples.

3) Interpretation of the O 1s region from the XPS spectrum

For all samples, the O 1s region comprised a high intensity section centred at binding energies (BE)
between 529.0 and 529.5 eV, and another region at higher BE around 531.5 eV.

A shift in binding energy for the major O 1s peak from sample to sample is reported from Figure
22d. Position increased from 529.1 + 0.1 eV for the as-prepared sample to 529.5 + 0.1 eV for the
350°C annealed sample, with intermediate values of 529.1 + 0.1 eV at 150°C and 529.3 £ 0.1 eV for
the 300°C sample. This trend was in accordance with an increasing NiO % and a decreasing WF,
supporting the hypothesis proposed in 3.2.2.1 that the binding energy of the NiO component in the O

1s region would track a decrease in WF.

Again, the relative area of the higher BE section of the O 1s region increased as NiO % decreased, in
accordance to an increase from a-Ni(OH)2, B-Ni(OH)2, y-NiOOH and B-NiOOH contributions.

In this subsection, we probed the chemical environment and electronic properties of the surface of
NiOx layers prepared by ALD and sputtering under different deposition and post-treatment
conditions. We found that while similar VBM values were measured by UPS regardless of deposition
temperature or oxygen flux in the case of the sputtered samples, post-annealing treatment on the other
hand resulted in a decrease in absolute values for the sputtered samples from IMEC.

From both KPFM and UPS measurements, an increase in deposition or post-annealing temperature
could be associated to a decrease in WF and thus an increase in Er. This trend was particularly
pronounced from post-annealed samples prepared by sputtering. It was however less robust for the
series of ALD samples deposited at different temperatures, or for the sputtered samples prepared with

66



Prospective

different oxygen partial pressure. We hypothesized that this increase in Er, whether associated to a
decrease in VBM or not, could translate to a less pronounced p-type character for the NiOx layers.
However, we did not possess information over the absolute CBM position for each sample which
would be necessary to confirm or infirm this hypothesis.

In terms of composition, from XPS analysis increasing the deposition or post-annealing temperature
almost systematically resulted in a higher percentage of stoichiometric NiO as compared to other
NiOxHy species. Notably, this was not the case for sputtered NiOx prepared under oxygen flux, for
which annealing during deposition resulted in a decrease in NiO % concomitantly to a decrease in
WEF. For sputtered samples from IMEC, increasing the post-annealing temperature from 300°C to
350°C did not result in an increase in NiO % but did result in a decrease in WF and absolute VBM
position. For each sample, we also followed the evolution in binding energy of the major O 1s peak.
From various sets of samples, shifts in values were not significant and we concluded that it was more
closely linked to the evolution of WF from sample to sample, than to an evolution in NiO %. A shift

to higher BE was therefore likely to mirror a decrease in WF and therefore an increase in Er.

Interestingly, a direct link between the evolutions in WF and NiO % could be found for the ZSW and
IMEC samples, but not in the case of the KIT series. In other words, with our degree of analysis we
could not exactly find a direct correspondence between the structural composition at the surface of
NiOx layers and the electronic properties at the surface of the films. This observation could mean that
morphology, grain orientation or defect concentration might have an influence over the physical
parameters of the NiOx layers followed in this study, i.e. EF and absolute VBM. To a certain degree,
we nonetheless observe that an increase in NiO % was accompanied with a decrease in WF, along

with a constant value or slight shift of the Fermi level towards the VBM.

To further extend the scope of our analysis, we tested to which extent these different properties
affected the overall efficiency of perovskite solar cells. In the next subsection, we associated the
chemical and physical properties of NiOx layers to device performances based on PV parameters

recorded for p-i-n devices based on ALD-NiOx HTL prepared by ZSW at different temperature.
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3.2.3. Applications of low-temperature ALD-NiOx in perovskite solar cells

BCP Condition N° of samples N° of working cells
pPCBM 75°C NiO, 4 1
: 100°C NiO, a a
ALD-NiOx Perovskite —
Deposition T°C \ NiO 150°C NiO, a 4
__.—.-—-—-—-"L‘_'__'_' R —_—
200°C NiO, 4 4
\ ITO
e 250°C NiO, 4 4
\ Glass
—

Figure 23 (left) Architecture of p-i-n perovskite solar cells prepared for J-V experiment using NiOx
as HTL. Layers were deposited at different temperature by ALD from Me-nickelocene precursor
and Oz plasma as oxidizer (right) Number of solar devices prepared and number of working solar

cells (i.e. PCE>1%) per condition.

Figure 23 shows the architecture and conditions for solar cells fabricated from NiOx samples
prepared by ALD. PV parameters for these devices are presented in Figure 24. Deposition
temperature seems to have a weak impact on device performances. Among devices fabricated using
ALD NiOx deposited at 75°C, one exhibited especially poor PV performances with a PCE < 4%.
Similar values of Voc between 925 and 1025 mV were measured for each device which indicates that
ALD-NiOyx can play the role of an effective electron blocking layer even when processed at low
temperature. Particularly close Voc values from 990 mV to 1010 mV were recorded for samples
prepared at 150°C and 200°C, except for an outlier value of 960 mV. Nonetheless, a trend of
increasing average Fill factor from 66 % to 69 % and Jsc from 17.3 mA.cm™ to 18.6 mA.cm? is
observed with deposition temperature for samples deposited between 75°C and 200°C, For samples
prepared at 250°C, a higher maximum Vo of 1050 mV but lower Jsc and FF values are found

compared to 200°C NiOy samples.

While a clear trend of increasing efficiency is observed between 75°C and 200°C devices, overall
these changes are subtle given the number of samples per condition and might not be significant
enough to correlate electronic and chemical properties to PV parameters in solar cells. We can
therefore conclude that these properties are not predominant on the performances of solar cells, at

least for the range of values described in this study.

V Solar cells were fully prepared and measured at ZSW.
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Figure 24 PV parameters measured for perovskite solar cells fabricated using ALD prepared NiOx
from Me-nickelocene precursor and Oz plasma as oxidizer at different temperature as HTL. Solar

cell stack was glass/ITO/NiOx/perovskite/PCBM/BCP/Ag

The observed trend in efficiency is nonetheless correlated with an increasing amount of stoichiometric
NiO obtained from XPS data. For a fixed CBM position, the effect of a subtle decrease in WF
observed with KPFM, UPS and XPS for ALD-NiOx could diminish the p-type of NiOx and have the
adverse effect to reduce the hole conductivity of the HTL. On the other hand, highest NiO % content
and O 1s binding energy are found for 250°C prepared NiOx. Devices prepared from this condition
yielded highest Vo values but lower PCE compared to 200°C NiOx samples due to a loss in Jsc and
FF. These results might not be statistically significant, but it is also possible that a too close-to-
stoichiometry NiOx sample would result in a lower conductivity, and thus lower FF and Jsc values.

Furthermore, detrimental catalytic activity from Ni®* sites with organic A cation sites in the perovskite
lattice have been reported to trigger degradation mechanisms in the perovskite layer that could hinder
the performances of perovskite solar cells®”. These species can be found in NiOx samples when the
composition deviates from stoichiometry, notably when NiOOH sub-species are formed. Boyd et al.
principally mentioned a loss of Vo for devices when the surface Ni®* sites concentration is high,
which is in good agreement with our observation that deviation in composition from stoichiometric

NiO composition could be detrimental to device performances. However, we show that deposition
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temperature of ALD-NiOx only marginally influences the PV performances of derived perovskite
solar cells. Additionally, properties of the ITO substrates such as sheet resistance and transparency
can be affected by deposition temperature and might explain to some extent the observed variations
in FF and Jsc'%°.

To conclude, characterization of solar cells prepared from ALD-NiOx samples allowed us to study
the correlation of the chemical properties discussed in 3.2.2 to PV parameters in PSCs. In particular,
we found that work function measurements yielded close values despite different percentage of
stoichiometric NiO in samples. Together, these observations could explain why slightly higher PCE
values were observed for NiOx samples prepared at higher temperature. However, our main
conclusion is that the influence of deposition temperature over PV parameters in solar cells is only
marginal, at least between 100°C and 250°C, and could be rather linked to a change in properties of
the ITO substrate. This means that ALD is a suitable synthesis method of NiOx for perovskite top cell
deposition on top of a CI(G)S subcell. It should be noted that other authors, using a similar ALD
process at 150°C, suggested that a post-treatment of NiOx at 300°C in air would dramatically improve

the performances of resulting PSCs*042,

In the next subsection, | specifically explore how the interface between NiOx and perovskite can be
tuned to gain information about the parameters that are crucial to reach high PV parameters in PSCs.
I submitted NiOx samples to different combinations of UV-Ozone treatment, 10 minutes post-
annealing treatment at 250°C and FAI treatment. They were then analyzed by XPS to understand
more deeply the influence of UV-Ozone treatment followed by 10 minutes post-annealing treatment

at 250°C. Perovskite solar cells were then fabricated using these samples as HTL.

3.2.4. Enhancement of PV parameters of p-i-n perovskite solar cells by tuning the surface

chemistry of NiOx"

In this subsection, | explore different post-treatments to tune the surface properties of NiOx and gain
insight into the key parameters that dictate the performance of resulting solar cells. By the time of
this study, ALD-NiOx was not yet readily available and | relied on NiOx layers prepared by sol-gel
process and combustion reaction. They were respectively annealed at 300°C for 1 hour and at 250°C
for 45 minutes after spin coating. Detailed processes for the fabrication of these layers are available
in Chapter 2.

V' XPS acquisition was realized by Muriel Bouttemy and Matthieu Frégnaux.
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As mentioned in Chapter 2, low values of Vo have been routinely reported for PSCs using NiOx as
HTL. It has been hypothesized that Ni** species at the surface of NiOx layers would act as catalytic
sites for the degradation of hybrid perovskite layers, by the deprotonation of organic cations MA-H*
and FA-H* and the resulting formation of gaseous MA, FA and I, species®’. These reactions would
also lead to the formation of a Pbl>.xBry rich region at the NiOx/perovskite interface which would in
turn decrease the Voc of devices by increasing recombination at the interface by acting as an energetic

barrier.

UV-ozone treatment (UV-03) is a routinely used cleaning technique performed in ambient air for the
study of semiconductors®!®. In the field of perovskite solar cells, the oxidative environment of UV-
O3 not only effectively degrades the carbon-based contaminants at the surface of a metal oxide
sample, but also increases the wettability of metal oxides to some solvents by the formation of
hydroxyl sites at their surface. This last feature can improve the coverage and homogeneity of
subsequent deposited layers, limiting shunts pathways in complete devices. UV-Os treatment of the

TiO; surface has been also reported to improve the performances of n-i-p perovskite solar cells'?’.

In the case of NiOx layers, UV-Os has been reported to promote the formation of defects and/or oxy-
hydroxide species with Ni atoms of equivalent or higher oxidation degrees such as NiOOH®’. For this
reason, we can assume that UV-Os treatment on NiOy layers before perovskite deposition would

amplify the degradation process described earlier at their interface.

On the other hand, for several fabrication processes UV-Os could remove potential carbon
contaminants from the NiOx surface coming from either ALD precursor leftover or solvent residues
in the case of sol-gel and combustion deposition. To test this hypothesis, I introduce a post-deposition
treatment where NiOx layers deposited on ITO are heated at 250°C for 10 minutes directly after 15
minutes UV-Ozone treatment to recover a surface with a high proportion of stoichiometric NiO from
a rich oxy-hydroxyl surface. This combination of UV-O3 and post-annealing treatments is denoted as
UVO3 + A for the rest of the chapter. Indeed, NiOx films visibly turn black after UV-Ogz treatment,
suggesting the formation of NiOOH species. After annealing the obtained samples at 250°C for 10
min, we observed that blacken films turned transparent again, indicating conversion back to
stoichiometric NiO phase. It might be possible to increase the temperature and time of the post-
treatment, but high temperatures might alter the electrical and optical properties of the underneath
ITO layer.

From visual observations, NiOx samples blacken after UV-Os and recover their former transparency

after the short annealing step of UVO3 + A. We hypothesize that the black color after UV-O3 treatment

71



Prospective

indicates the formation of NiOOH phases at the surface of the sample, while the aspect of the sample

after UV-Os + A suggests that the films retrieved its former chemical composition after annealing.

3.2.4.1. Effect of UV-Ozone post-treatment on the surface chemistry of sol-gel NiOy films

To test our first hypothesis, we use XPS analysis to evaluate the surface chemistry of samples
prepared by sol-gel process before and after UV-O3 treatment. Spectra for the Ni 2p and O 1s region
are shown in Figure 25. On the Ni 2ps/2 region between 852 eV and 859 eV, we observe a relative
increase in intensity for the secondary peak centered at 855.5 eV compared to the primary peak at
853.7 eV after UV-03, which would hint towards an increase in concentration of Ni(OH)2 and NiOOH
species compared to stoichiometric NiO. Using the fitting method introduced in part 3.2.2 for the Ni
2p32 region, we indeed find that the NiO % decreases from 85 % - 90 % to 75 % — 80 % while no
presence of metallic Ni was detected in either sample.
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Figure 25 XPS spectra for (a) Ni 2ps2 and (b) O1s regions, (c) NiO %, as the proportion of
stoichiometric NiO compared to other NiOxHy subspecies at the surface of the sample calculated
from the Ni 2ps/2 region and (d) maximum O 1s binding energy shift for NiOx samples prepared by
sol-gel before and after UV-Os treatment.

We also measured a shift in BE for the major O 1s peak after UV-Os treatment, from 529.32 eV to

529.20 eV, which could indicate a lowering in WF induced by a change in surface chemistry. We

then calculated the Ni/C elemental ratio by integrating the spectra in the Ni 2p3. and C 1s regions as
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presented in Table 7. We found that Ni/C ratio decreased from 2.59 to 1.12 after UV-O3 treatment.
Indeed, even though UV-Os likely removed carbon contaminants from the surface of NiOy it also
functionalized its surface and renders it more reactive to the contaminants of various types naturally
present in ambient air. In this particular case, UV-Oz treatment was therefore not an effective method

to reduce the amount of carbon species adsorbed at the surface of NiOx.

Table 7 Ni/C elemental ratio measured by XPS based on the Ni 2P3;2 and C 1s regions for NiOx
samples prepared by (a) sol-gel process before and after UV-Oz and (b) combustion process
before and after UV-Oz or UV-O3 + A treatment.

a) NiOyPDT (sol-gel) | Ni/Cratio b) NiOxPDT (combustion) | Ni/C ratio
As-prepared 2.59 As-prepared 0.92
UV-0s 1.12 UV-Os 1.51
UV-O; + A 1.44

We then tested our second hypothesis, that is the potential to restore a Ni?* rich surface from UV-Os
treated NiOx samples by post-annealing at 250°C for 10 minutes. To this end, we synthesized samples
by combustion process and evaluated their chemical composition by XPS analysis before and after
UV-0Og, as well as after UV-O3 + A treatment.

3.2.4.2. Effect of UV-Ozone post-treatment and surface recovery on the surface chemistry of

combustion NiOx films

Spectra corresponding to the Ni 2p and O 1s regions for combustion processed samples are shown in
Figure 26. In this case, subtle decrease in NiO % was detected from 87% to 83% before and after
UV-O3z treatment. This change was less significant compared to the one observed for the sol-gel
samples. NiO % was then similar between UV-O3 and UV-O3 + A conditions. This could be due to
the fact that samples were not measured by XPS right after treatment, which means that the effect of
the UV-Os3 treatment could have been lost and the so-modified surface could have partially reverted

to its original chemistry.
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On the other hand, Ni/C ratio increased from 0.9 to 1.5 either after UV-Os or UV-Os + A treatment.
The initially low Ni/C ratio compared to sol-gel prepared samples suggests that the combustion
process used for this experiment had a higher tendency to leave contaminants at the surface of NiOx.
For both series of samples, a similar ratio was calculated after UV-O3z which tends to confirm the
hypothesis that the quantitative effect of UV-Os surface cleaning depends on the type of process that
is used to synthesize NiOx. Interestingly, relative intensities of the different peaks from the C 1s
region was different between the UV-0z and UV-Oz + A samples, indicating that different species of
contaminant species are adsorbed when the surface of UV-Ozone functionalized NiOxy is either left at
room temperature or heated at 250°C. This observation was supported by the very similar peak

position found for the major peak of the O 1s region for the three samples.
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Figure 26 XPS spectra for (a) Ni 2ps2 and (b) O1s regions, (c) NiO %, as the proportion of
stoichiometric NiO compared to other NiOxHy subspecies at the surface of the sample calculated
from the Ni 2ps2 region and (d) maximum O 1s binding energy shift for NiOx samples prepared by
sol-gel before and after UV-Os treatment or UV-Os3 + A treatment.

To conclude, we studied the change in surface chemistry and electronic properties of UV-Os3 treatment
on sol-gel and combustion samples, which could be followed by a short annealing step in an attempt
to recover the surface chemistry of the as-prepared sample. For the sol-gel samples, UV-O3 was
accompanied with a decrease in NiO %, concomitantly to a decrease in major O 1s peak binding

energy. On the contrary, this change was not observed for the combustion sample, possibly due to the
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fact that several days occurred between UV-Os treatment and XPS measurement. As a result, similar

NiO % and major O 1s peak position where calculated for all samples prepared by combustion.

We nonetheless observed an evolution in Ni/C elemental ratio, which respectively increased and
decreased after UV-O3 treatment for respectively the sol-gel and the combustion samples. These
results did not elucidate the cleaning role of UV-Os, but we noted that this treatment could be
beneficial for the wettability of subsequent layers on top of the HTL layer by the functionalization of

Ni surface sites.

In order to relate these changes in surface chemistry to PV performances in PSCs, | prepared p-i-n
devices based on NiOx HTL after these different treatments. Additionally, we wanted to evaluate the
effect of treating the surface of NiOx with FAI before perovskite deposition as described by Boyd et
al. to increase the performances of solar cells®’. Since the focus of our study was the influence of the
surface chemistry of NiOy, we needed to exclude the potential interference of a change in bulk NiOx
provoked by a 250°C annealing step for 10 min for the UV-O3 + A treatment. We also wanted to
exclude the effect of high temperature over the quality of the underneath ITO layer. To do so, we also
introduced a new condition in which NiOx films were annealed at the same program before UV-
Ozone treatment (A + UV-0Og).

3.2.4.3. Surface-tuned NiOx layers as HTL for perovskite solar cells: Effect of surface recovery

after UV-Ozone and FAI quenching

As a first experiment, we deposited NiOx layers by sol-gel process on ITO substrates and explored 4
types of treatments before perovskite deposition. 4 opaque solar cells were prepared per treatment
based on a ITO/NiOx/perovskite/PCBM/BCP/Ag architecture for a total of 16, as shown on Figure
27:

- UV-Ozone treatment for 15 min in air (UV-O3)
- 250°C annealing for 10 min in air followed by UV-Ozone (A + UV-053)
- UV-0zone treatment followed by 250°C annealing for 10 min in air (UV-O3 + A)

- UV-Os3+ A treatment followed by the deposition of a 0.1 M FAI solution in DMF by spin-
coating at 3000 rpm for 30 sec. Films were annealed at 100°C for 10 min after treatment
(UV-03 + A + FAI wash)
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Figure 27 (left) Architecture of solar cells prepared for J-V experiment using different NiOx post-
deposition treatment (right) Number of solar devices prepared and number of working solar cells
(i.e. PCE > 1%) per condition.

PV parameters recorded 3 and 14 days after fabrication are reported on Figure 28 and Figure 29,
respectively. After fabrication and between measurements, cells were stored in the dark in vacuum.

Active area was defined prior to measurement by a 0.09 cm? square mask.

After 4 days, Similar Jsc values were recorded for all devices, although slightly higher values were
obtained using UV-Os + A treated and UV-O3 + A + FAI washed NiOx. Lowest and highest Vo values
were respectively measured for the UV-Os and UV-Os + A + FAI wash condition. This result is
consistent with the hypothesis that a Ni* rich surface would hinder the Voc of p-i-n cells based on
NiOx, while a treatment with FAI before perovskite layer deposition would quench these sites and
result in an increase of Vo', Using A + UV-0O3z and UV-O3 + A + FAI washed NiOx resulted in similar
FF.

Overall, slightly superior PV parameters were found for A + UV-O3 compared to UV-O3 conditions,
while Voc was enhanced by UV-Os + A + FAI wash and FF by UV-Oz + A treatment. The spread in
performance parameters Voc, FF and PCE was the largest for the UV-03 condition. The underlying
message 1s that the short annealing “A” step on its own had little influence on PV parameters. On the
other hand, consistently higher values of FF and PCE were obtained using UV-Osz + A compared to
A +UV-0Os treatment. Differences in PV parameters using either condition can therefore be linked to
a higher quality of interface between NiOx and perovskite using UV-Oz + A treated samples.
Observed variations could be consistent with a restoration of a Ni* rich surface after a short annealing
of UV-Os treated NiOx samples, and thus an increase in PCE. However, this effect that we

hypothesized earlier is not confirmed by XPS analysis. We also note that this increase in PCE is
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essentially derived from higher FF values while Vo values remain similar between A + UV-O3 and

UV-0O3+ A and only increased after UV-Oz + A + FAI wash treatment.
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Figure 28 PV parameters recorded after 4 days after fabrication for perovskite champion cells using

NiOy after different post-deposition treatment as HTL.

I thus propose three explanations that are not mutually exclusive to account for this observation:

1) The hypothesized formation of a Pbl1.xBrx phase at the NiOx/perovskite interface would not

2)

3)

only be detrimental to Vo of devices, but would also decrease the FF and especially the

series resistance of the cells.

A short annealing step at 250°C could be less effective than a FAI treatment to quench

surface Ni®* sites and obtain a Ni?* rich NiOx surface. This hypothesis would explain why

we observe an increase in FF using UV-0O3+ A compared to A + UV-03 NiOy, but not why

we do not observe even an increase in Vo,

While the degradation mechanism described by Boyd et al. is indeed a cause of loss in

performances in PSCs devices, the increase of Vo observed after FAI treatment is only

partially linked to a quenching of Ni®* sites at the interface between NiOx and perovskite.

FAI excess would have a beneficial effect on Voc through another mechanism.
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Figure 29 PV parameters recorded after 15 days after fabrication for perovskite champion cells

using NiOy after different post-deposition treatment as HTL.

Overall, higher average PCE values were reached for UV-Oz + A samples, followed by UV-Os+ A+
FAI wash, A + UV-O3 and UV-Os series. We also measured a higher PCE of 15.47% for the UV-Os
+ A+ FAI wash champion cell compared to 15.18% for the UV-Os + A condition as shown in Figure
30. While statistical parameters have little significance over such a small number of samples, a better
reproducibility was observed for the UV-Oz + A condition, especially regarding FF distribution
compared to other conditions while least consistent results were observed with devices using UV-Os
treated NiOx

15 days after device fabrication, average Voc values increased for most conditions while we observed
a slight decrease for the UV-03 + A condition. On average, Jsc also increased for all devices. The
average FF was also either stable or lower for UV-O3, A + UV-O3 and UV-O3 + A series while it
increased for nearly all devices using UV-Os + A + FAI washed NiOy. 11 days aging between the
measurements resulted in a decrease in average PCE for each NiOy post-deposition treatment with
the same trends in PCE observed 4 days after evaporation. Additionally, PCE of champion cells
increased for all condition except UV-Oa. It went from 15.47% to 16.73% for UV-Os+ A + FAI wash

and from 15.18% to 15.46% for the UV-O3+ A conditions.
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Figure 30 J-V curves recorded for perovskite champion cells using NiOy after different post-
deposition treatment as HTL (a) 4 and (b) 15 days after fabrication. Full and dashed lines

respectively indicate forward and reverse current.

The increase in FF for devices using UV-Os + A + FAI washed NiOx might be explained by ion
migration. Right after UV-Oz + A + FAI wash treatment, solid FAI visibly formed at the surface of
NiOx. After perovskite deposition, it is possible that FA™ and halide species in excess would also
remain in FAlx.1Bry rich regions at the interface with NiOx. This excess in FA* and halide ions could
exist either in the form of defects or as secondary phases, acting as non-radiative carrier
recombination sites which could have resulted in an apparent increase in series resistance during
operation!®, Additionally, accumulation of ions at the interface of a charge transport layer might have
modified the charge transfer dynamics, which could potentially affect Rsx!'®. On the other hand, lead
halide perovskites have been described as self-healing materials prone to ion migration, and one could
assume that over time FA" and halide ions would either diffuse in the bulk perovskite layer to form
point defects, accumulate at interfaces or at grain boundaries or diffuse in other layers in the
devices'?12L. This process would limit non-radiative recombination pathways and in turn decrease

shunt resistance and increase FF in operation.

To conclude, highest FF values were reached with UV-Os + A NiOx while using UV-Os + A + FAI
washed samples resulted in highest Voc. FF and PCE obtained with A + UV-03 condition were only
slightly higher for A + UV-O3 compared to UV, which would indicate that a short annealing step
before UV-Ozone does not exert a strong influence on the PV performance. These results also confirm

that FAI treatment on NiOy is an effective way to improve Vqc in solar cells and hence their PCE.
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From our results, UV-03 + A treatment is also a way to improve PCE of solar cells to a similar extent,

by an improvement of FF.

To further increase the PCE of NiOx-based perovskite solar cells, we explore a different method to
quench the surface of NiOx with FAI. Boyd et al. proposed that implementing directly excess cations
in the perovskite composition would result in similar outcomes as pre-treating the NiOx substrate with
FAI in terms of PV performances®’. We thought that it was also a better way to control the amount
of excess FAI species implemented in the system, as compared to pre-washing the substrate with a
FAI solution.

3.2.4.4. Surface-tuned NiOx layers as HTL for perovskite solar cells: Effect of surface recovery

after UV-Ozone, FAI quenching and FAI excess

Our next study was based on NiOyx samples prepared by combustion process, for which high
efficiency devices can be prepared with layers annealed at 250°C. Compared to the 300°C post-
annealing step of the sol-gel process, we considered this temperature as more suited for ITO
substrates. Preliminary in-house experiments resulted in comparable, if not higher PV performances
for solar cells using UV-Os treated NiOx layers prepared by combustion process compared to sol-gel.
Here, in addition to the UV-Os + A + FAI wash condition we studied the effect of directly

implementing excess FALI in the perovskite precursor solution.

Similarily to our previous experiment, we tested 4 types of treatments before perovskite deposition.
The A + UV-0O3 condition was removed, as we did not expect more information from it. We kept the
UV-0z and UV-Os + A conditions for reference. We added the FAI excess condition, for which the
the NiOx substrate was subjected to UV-Oz + A treatment and the perovskite precursor solution
contained 8 % of excess FAI. As indicated on Figure 31, 4 samples were prepared for each of the

following series, for a total of 16 samples:

- UV-Ozone treatment for 15 min in air (UV-03).
- UV-Ozone treatment followed by 250°C annealing for 10 min in air (UV-Os + A).

- UV-03+ A treatment followed by the deposition of a 0.1 M FAI solution in DMF by
spin-coating at 3000 rpm for 30 sec. Films were annealed at 100°C for 10 min after
treatment (UV-O3 + A + FAI wash).

- UV-03+ Atreatment, and the perovskite precursor solution contained 8 % excess of FAI
(FAI excess).
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Figure 31 (left) Architecture of solar cells prepared for J-V experiment using different NiOy post-
deposition treatment and/or excess FAI in perovskite precursor solution (right) Number of solar
devices prepared and number of working solar cells (i.e. PCE > 1%) per condition.

PV parameters were measured after 3 and 15 days, as reported on Figure 32 and Figure 34,
respectively. J-V curves for champion cells are shown on Figure 33. 3 days after fabrication, overall
lower PV parameters for UV, UV-Os+ A and UV-Os + A + FAI wash series were obtained compared
to those obtained with sol-gel NiOx in 3.2.4.3.

During p-i-n perovskite solar cell fabrication, we could observe variations in PV parameters from
devices sharing an identical solar cell architecture, either from batch to batch or from sample to
sample. In general, theses difference could be attributed to many transient factors of the daily
laboratory life, including variations in sample handling, composition of the glove-box atmosphere or

potential aging of the perovskite precursor powder in the glove box.
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Figure 32 PV parameters recorded 3 days after fabrication for perovskite solar cells using NiOx
after different post-deposition treatment as HTL, or with FAI excess added directly in solution.

Regarding devices based on UV-O3, UV-O3+ A and UV-O3 + A + FAI washed NiOy, similar trends
in Jsc, Voc and FF were obtained compared to the ones observed with sol-gel samples. Lower Vo are
however reported with UV-O3 + A samples. Highest PCE and Vo were obtained with FAI excess
NiOy, indicating that this method is more rebust than UV-Os + A + FAI wash to tune the surface of
NiOx. Interestingly, we do not consistently observe an increase in FF with UV-Os + A samples this

time.

After 15 days, we observe an increase in average Voc and Jsc without change in the trend observed
earlier. FF decreased for all conditions except UV-Os + A + FAI wash, and less dispersed values are
obtained with the UV-Os + A condition. On average, aging resulted in slightly lower average PCE
values for UV-O3 and FAI excess conditions, while it slightly increased for UV-Osz+ A and UV-O3 +
A+ FAI wash.
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Figure 33 J-V curves recorded for perovskite champion cells using NiOx after different post-
deposition treatment as HTL, or with FAI excess directly added in solution (a) 3 and (b) 14 days

after fabrication. Full and dashed lines respectively indicate forward and reverse.

In accordance with previous observations, Vo obtained for UV-O3 + A + FAI washed samples were
higher compared to UV-O3 + A condition. This time, slightly higher PCE values were also measured
with the former devices. We measured higher Vo, Jsc, FF and PCE with FAI excess condition
compared to UV-O3 + A + FAI wash. This difference could be due to a too high amount of FAI
deposited using the pre-treatment method, or a too localized position of FA™ and halides ions in excess
at the interface with NiOx. We however expect the FAI concentration in treatment solution or as
excess in precursor solution to be determinant for the observed tendency between these two
conditions. As such, these results show that both methods are an effective way to improve the

performances of NiOy based p-i-n solar cells.

To conclude, I assessed the change in surface chemistry of NiOx layers after different post-treatments
and measured their WF by UPS and KPFM. As a result, after UV-O3 treatment | observed a shift in
WF and the functionalization of the NiOx surface by a decrease in relative NiO content and an increase
in concentration for nonstoichiometric species such as NiOOH and N(OH).. The resulting surface
was thus likely more reactive, and from XPS analysis | observed a decrease in Ni/C elemental ratio
after UV-Os treatment. Whether the original surface chemistry of NiOx could be recovered after a 10
minutes annealing step at 250°C remains elusive, but the treatment had no influence over the surface
Ni/C ratio.
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Figure 34 PV parameters recorded 14 days after fabrication for perovskite solar cells using NiOx

after different post-deposition treatment as HTL, or with FAI excess added directly in solution.

When such NiOx samples were introduced as HTL in single junction p-i-n perovskite solar cells, |
observed higher fill factor and PCE for the UV-O3 + A samples compared to the UV-Os treated ones,
which could be at the expense of a loss in Voc. For UV-O3 + A samples, introduction of FAI excess
as a pre-treatment for perovskite deposition or directly in the perovskite solution both resulted in
further improvement in PCE values mainly driven by an increase in Vo compared to the other
conditions. The mechanism behind this enhancement is thought to be the passivation of the Ni®* states
of the functionalized NiOx surface. As shown by the low PV parameters obtained from UV-Os treated
samples and the relatively higher performances of the UV-Osz + A samples, the presence of these
states at the NiOy/perovskite interface seems to be detrimental to the overall functioning of the device
regardless of the presence of carbon impurities. Indeed, we could show that improvement in PCE
after UV-Os + A treatment was solely linked to a change in the surface chemistry of the samples. The
general reason for lower performances using UV-Os treated samples could be often linked to a more
pronounced mechanism of Vo loss previously described by Boyd et al., although in the case of UV-

O3+ A samples we note that the gains in PCE are rather derived from an increase in FF. There might
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be several reasons for that, including the possibility that increase in Vo resulting in addition of FAI

excess is also due to other factors.

After exploring the possibility to tune the surface of NiOx to improve the performances of perovskite
solar cells, in the next section | will focus on SAM based HTL and the possibility to combine them
in a NiOx/SAM HTL bilayer in single junction perovskite devices. Indeed, such an architecture could
be beneficial by combining the benefits of a SAM/perovskite interface while improving the contact
between the CI(G)S and perovskite subcell with NiOx.

3.3. Self-assembled monolayer of small organic molecules as HTL in PSCs

In this section, | focus on the implementation of 2PACz and MeO-2PACz as SAM HTL for perovskite
solar cells. High efficiency devices were reported in literature for these two small carbazole-based
phosphonic acide terminated molecules*. | also aim to compare their performances in device
compared to NiOx layers deposited at temperature <200°C by ALD. | first prepare and measure single
junction devices using either 2PACz, MeO-2PACz to assess their quality as HTL. Then, | compare
the morphological and structural properties obtained from SEM imaging and XRD patterns of
perovskite layers grown on either Glass/ITO/NiOx or glass/ITO/MeO-2PACz. In the final subsection,
I explore the use of a bilayer HTL for single junction devices, and in particular assess the relevance

of NiOx post-treatment when a SAM HTL is deposited on top of it.

3.3.1. SAMs HTL in devices

As a first step, we want to estimate the effect of replacing NiOx as HTL in perovskite solar cells
standalone with either 2PACz or MeO-2PACz. Another control parameter, that we wanted to explore
in this experimental series, was the Pbl precursor quality. We hence extended the sample matrix over
two sets of samples with Pbl, from two suppliers, Alfa Aesar and Sigma Aldrich. In both cases, the
nominal purity of the Pbl> was 99.999% and the products were exposed to the glove box atmosphere

at the same time, one week before device fabrication.

We used the following device architecture: ITO/SAM-HT L/perovskite/PCBM/np-ZnO/Ag using
double cation perovskite and corresponding cells were measured 7 days after fabrication. During
preliminary experiments of perovskite solar cell fabrication using MeO-2PACz as HTL (not shown
here), we noticed that PV performances would evolve in the course of minutes as devices were kept
under illumination. This observation motivated us to first measure devices directly after light

exposure from the IV setup, and a second time after light soaking for 3 minutes.
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As summarized in Figure 35, 4 samples for each of the following series were prepared, for a total of

16 solar cells:

- MeO-2PACz as HTL using Pbl, from Alfa Aesar (A-MeO)

- MeO-2PACz as HTL using Pbl> from Sigma Aldrich (S-MeO)

- 2PACz as HTL using Pbl. from Alfa Aesar (A-2PACz)

- 2PACz as HTL using Pbl, from Sigma Aldrich (S-2PACz)
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Figure 35 (left) Architecture of solar cells prepared for J-V experiment using different types of

SAM molecules as HTL and different Pbl> supplier for perovskite precursor solution (right)

Number of solar devices prepared and number of working solar cells (i.e. PCE > 1%) per

condition.

After device preparation, | witnessed several occurrences of a combination of very low Vo, and FF

values obtained from certain devices during IV measurements. As a result, PCE values below 1%

were obtained, and PV parameters for these devices are not reported here.
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Figure 36 PV parameters recorded before light soaking for perovskite solar cells using 2PACz or
MeO-2PACz as HTL and Pbl, from different suppliers.

PV parameters for perovskite solar cells are reported in Figure 36 and Figure 37, respectively before
and after 3 min light soaking. On average, higher and more reproducible Voc were reported for 2PACz
based solar cells before light soaking compared to MeO-2PACz based solar cells. Nonetheless, J-V
curves shown for champion cells of each condition. Figure 38 shows that a more stable current
response is obtained after light soaking. The Jsc was in the same range of values for all conditions.

We measured a reproducible FF for every condition, expect for an outlier value for A-MeO.

Eventually, trends in the final PCE remained ambiguous. Highest PCE were measured for the S-MeO
sample, either before or after light soaking. It is unclear whether or not the HTL or Pbl> supplier had
an impact on solar cell efficiencies. Since Jsc was similar for all cells and slightly higher Vo values
with lesser spread were measured for 2PACz based devices, the most pronounced discrepancies in

the measured PCE values arose from broadly distributed FF values.
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Figure 37 PV parameters recorded after light soaking for perovskite solar cells using 2PACz or
MeO-2PACz as HTL and Pbl. from different suppliers.
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Figure 38 J-V curves recorded for perovskite champion cells using 2PACz or MeO-2PACz as HTL
and Pbl, from different suppliers (a) before and (b) after 5 minutes light soaking. Full and dashed

lines respectively indicate forward and reverse current.
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As a conclusion, we were able to show that steady PCE can be reached using either MeO-2PACz or
2PACz as a HTL for perovskite solar cells. So far we could not discern any statistically significant
difference in PCE between MeO-2PACz and 2PACz. At a first glance, we obtained higher Vo values
with 2PACz while using MeO-2PACz resulted in higher FF values. Additionally, we did not observe
sensible differences in IV measurements before and after light soaking. Based on these experimental
data, using 2PACz as HTL bears the potential for more reproducible values for devices, especially
regarding Voc and FF. This aspect would be beneficial to optimize other parameters for the final solar
cell development steps.

Overall, PV parameters measured for 2PACz and MeO-2PACz based solar cells were in the range of
the highest efficiencies reached using the surface-treated NiOx from section 3.2.4, i.e. UV-O3+ A and
UV-Oz3 + A + FAI wash conditions, even though a different ETL was used for this experiment. The

two approaches hence remain competitive and merit further exploration.

During subsequent attempts at fabricating solar cells based on 2PACz we observed a bad coverage of
the layer on either ITO or NiOx and hence poor device performance. While the problem remained, |
constrained myself to the use of MeO-2PACz for the next experimental series, for which the focus
was on optimization of other parts of the device stack.

In the next subsection, | explore the morphological and structural properties of perovskite layers
grown on NiOx and MeO-2PACz by SEM imaging and XRD to understand how it grows on different
substrates.

3.3.2. Morphological and structural properties of MHP layers deposited on NiOx or 2PACz

We conducted a morphology study of triple cation perovskite films grown on either UV-O3 treated
NiOx and MeO-2PACz by recording surface SEM images and XRD patterns. In both cases surface
SEM images show a pinhole-free, conformably deposited perovskite layer as shown in Figure 39.
From six average grain size measurements based on two SEM images per type of HTL, | calculated
slightly higher values of 179 + 9 nm for NiOx compared to 168 + 16 nm for MeO-2PACz. The
difference in values was within their margin of errors. The standard deviation values given here
strictly represent a difference from average to average, and contains no information about the actual
distribution in grain size, which we do not have. In conclusion, from our observations growing
perovskite on either NiOx or MeO-2PACz has little influence over the morphology of the resulting

film.
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Figure 39 SEM images recorded for triple cation perovskite layers deposited on top of (a) 2PACz

or (b) UV-Os treated NiOx. The magnification of the image was not identical for both images:
(@) -52.03 K X (b) - 62.08 K X.

We also recorded XRD patterns for perovskite grown on both substrates which are shown in Figure
40. Two samples were employed per substrate to verify reproducibility of the results. The (110) peak
of Pbl; at 26 = 12.6° could be detected for some films, but was mostly within the background noise
level which indicated almost complete conversion of the precursors to perovskite phase!?2123, Signal
from the thin NiOx layer was indiscernible from the ITO substrate signal. Regarding the black phase
perovskite contributions, we note that a particular orientation seems to be favored when perovskite
films are grown on top of MeO-2PACz compared to NiOx with higher intensity values for the (001)
peak situated at 20 = 14.1°.

To verify this observation, I first evaluated the full width half-maximum (FWHM) of the (001) peaks
for films deposited on both HTL, which was consistently lower for films grown on MeO-2PACz with
values of 0.125 and 0.130 compared to 0.150 and 0.149 for films grown on NiOx. As a comparison,
the FWHM calculated for the (111) orientation was similar for both substrates. It was of 0.160 and
0.170 for NiOy, and 0.160 for both perovskite films grown on MeO-2PACz.

We then calculated the relative area of the (001) contribution compared to that of other principal peak
orientations for the black perovskite phase: (011), (111), and (012). We find values of 39% and 50%
using MeO-2PACz coated ITO as substrate compared to 30% and 32% for NiOx. Similarly, by
calculating the relative areas corresponding to the (002) orientation compared to that of these
orientations we found values of 38% and 52% for perovskite layers grown on MeO-2PACz compared
to 32% and 37% for films grown on NiOx. Together, these results indicate that using MeO-2PACz as
substrate results in a preferred orientation of the perovskite film grown along the (001) direction.
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Figure 40 XRD diffractograms for triple cation perovskite layers deposited over NiOx (red, yellow)
or MeO-2PACz (blue) HTL. Two identical samples were synthesized and characterized per

condition for experimental repeatability.

*: Contribution from perovskite black phase; O: Contribution from ITO substrate.
Crystalline orientations are annotated for the perovskite black phase.

Crystal anisotropy of the perovskite layer can have an influence over its optoelectronic properties.
For MAPI films, the (001) orientation in particular has been linked to improved optoelectronic
performance and charge transfer properties*?*. Therefore, and despite the differences in composition
between MAPI and our triple cation perovskite, higher PV parameters observed using MeO-2PACz
as HTL compared to NiOx could be partly due to a different orientation of the perovskite crystal on
top of either HTL.

To conclude, despite similar morphology of perovskite films grown on top of either MeO-2PACz or
NiOy, the (001) orientation was favored when depositing on top of carbazole-based organic
molecules. This observation could denote a contribution to the improvement in PV parameters
obtained for devices using these HTLs compared to those using NiOx.

Even though, another important aspect of two terminal tandem solar cells resides in the design of the
tunnel recombination junction. In our target architecture for perovskite/CI(G)S tandem cells, a p-type
oxide such as NiOx may still be relevant at the interface between the CI(G)S top oxide layer and a
carbazole based HTM such as 2PACz or MeO-2PACz.
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3.4. Interim summary

In the first part of this chapter, we studied different low-temperature routes for HTL deposition in p-
i-n perovskite solar cells. We first evaluated the electron blocking properties of NiOy layers prepared
at 100 °C and 160 °C by ALD, to determine an optimal thickness layer between 10 nm and 15 nm
depending on the deposition temperature. Thus, for semi-transparent solar cell development in
Chapter 4, ALD-NiOx layers employed for devices were prepared at 160°C for a thickness of 15 nm.

The second part was dedicated to the study of the surface chemical and electronic properties of films
prepared by ALD at ZSW and sputtering by IMEC and KIT by the means of XPS, UPS and KPFM,
in order to determine the influence of respectively deposition temperature, post-annealing
temperature and combined influence of annealing temperature and oxygen flux on these properties.
While the physical properties of the deposited layers could not be directly associated with a change
in surface chemistry, we could identify a trend of increasing WF as concentration in stoichiometric
NiO increased. Nonetheless, overall only slight variations in WF and VBM were observed despite
significant modification in stoichiometric NiO concentration. Solar cells were completed at ZSW
using ALD-NiOx layers prepared for different deposition temperature, to determine how these
properties would affect the PV performances of devices. Again, a subtle yet consistent trend of higher

PCE values was observed with increasing concentration in stoichiometric NiO.

We then explored the possibility to tune the surface chemistry of NiOx layers prepared by sol-gel and
combustion process by combinations of UV O3, short post-annealing treatments. While it was difficult
to relate the effects of these treatments with clear modifications in surface composition from XPS
analysis, devices prepared using UVOs treated films resulted in poor PV performances while a short
annealing step after UVOs resulted in higher FF and PCE. Highest PCE were reached by the
passivation of the NiOx/perovskite interface using an excess of FAI cations, either by treating NiOx
samples before perovskite deposition or by implementing an excess amount directly in the perovskite
solution. Solar cells prepared from these samples stood out by particularly high values in Vg, for

maximum PCE values > 16 %.

Finally, we evaluated the PV performances of devices using small-molecules 2PACz and MeO-
2PACz as HTL, and similar PV parameters were obtained using either material. Maximum PCE > 16
% were obtained. Morphological and structural properties of perovskite layers deposited on either
NiOx or MeO-2PACz were then studied by SEM and XRD. Similar grain sizes between 160 nm and
180 nm were measured using either HTL, but we determined a higher prevalence in (001) orientation

for the perovskite layer deposited on top of MeO-2PACz. In literature, this orientation has been linked
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to better optoelectronic properties of the perovskite layer, at least for MAPI compositions. We thus
conclude that in complete devices, a MeO-2PACz/perovskite interface would be preferable to a
NiOx/perovskite interface. However, the presence on an underneath NiOx layer may or may not
remain beneficial in the case of tandem cells, for proper TRJ design or coverage of an electron

blocking layer on top of the back electrode.

93



Prospective

Chapter 4

Semi-transparent perovskite solar cell for monolithic tandem
Integration

Summary: In this chapter, we focused on adaptating a fabrication process for p-i-n perovskite
opaque solar cells to a semi-transparent design, where the window layer is sputtered on top of
the perovskite ETL. After unsuccessful preliminary trials relying on a fully organic ETL bilayer,
we opted for using a hybrid bilayer composed of PCBM and metal oxide nanoparticles of ZnO
or AZO on top to protect the device from harsh sputtering process. In further phases of
development, we compared the PV performances of semi-transparent solar cells using
PCBM/np-ZnO or Ceo/ALD-SnOz as ETL and AZO or ITO as front TCO layer.
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4.1. Introduction

In this chapter, | focused on the development of a p-i-n semi-transparent perovskite solar cell with
the aim to integrate it in monolithic tandem devices. In the final phase of development, we aimed to
deposit a high transparency TCO layer as the top electrode of our monolithic solar cell as a way to
find a compromise between i) the light transmittance of the top layers to maximize the absorption in
both absorber layers and ii) the lateral conductivity to decrease the series resistance of the tandem
cell. Indeed, at equivalent thickness transparent conductive oxides present a lower lateral conductivity
compared to their opaque metallic counterparts such as Cu, Ag and Au. Increasing the thickness of
the layer would result in lower series resistance for the device, at the expense of diminishing the
transmittance of the layer in accordance with the Beer-Lambert law. Resorting to extrinsic or intrinsic
doping could also increase the conductivity of a metal oxide layer, but depending on the mechanism
behind increased conductivity (increase in carrier concentration or mobility) could modify the optical

properties of the layer'?,

However, TCOs are usually deposited by a plasma sputtering process that can degrade the top layers
of the perovskite devices, especially for those based on organic materials. In our case, the direct
sputtering of a TCO layer on top of a PCBM/BCP ETL for perovskite solar cells resulted in non-

functional solar cells or very low device efficiencies.

In the following, I first introduce the different candidates at the ETL side of the perovskite solar cell
architecture to form a structure that would withstand the harsh conditions of plasma sputtering. Then,
I briefly review our first attempts at designing these structures using an ETL based on PCBM/BCP. |
continue by studying the effect of implementing either np-ZnO or np-AZO layers for this purpose on
the performances of solar cells. Finally, we optimized our architecture by comparing the PV
parameters and EQE spectra for different combinations of ETL and TCO candidates, that is
employing respectively PCBM/np-ZnO or C6/SnO2 and AZO or ITO.

4.1.1. Bathocuproine (BCP)

Figure 41 shows the Lewis structure of bathocuproine. BCP constitutes a large bandgap organic
layer. Ideally, it should act as a potential barrier blocking both holes and electrons. However,
implementation of BCP in p-i-n devices on top of a fullerene ETL has the effect of improving their
Jse, Voc and FF. It has been proposed that rather than constituting a layer on its own that would block
carriers, BCP would penetrate the PCBM layer to increase electron mobility as well as passivate MA

cations at the perovskite interface'?.
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Figure 41 Lewis structure for Bathocuproine

41.2. ZnO

Implementing a direct perovskite/ZnO interface in a device would result in a poor thermal stability
and induce degradation of the perovskite layer by the formation of Pbl,*?”. Nonetheless, performances
and stability can be improved by the implementation of an organic interlayer between ZnO and
perovskite and PCE > 18 % have been reached by this method*?®. Fullerene based molecules can
fulfill the same role, although with so far lower reported PCE values?’ In p-i-n semi-transparent
devices, It has also been demonstrated that ZnO nanoparticles could protect the organic layers
underneath during the sputtering process and provide a beneficial band alignment with an AZO

window layer'?,
In this work, we used commercial solutions of ZnO and AZO nanoparticles in IPA.

4.1.3. SnO2

Due to its wide bandgap, optical transmittance, good carrier mobility and favorable conduction band
alignment with the most relevant lead halide perovskites such as MAPbIs or the double cation mixed
halide composition used in this work, SnO2 is a good candidate for ETL3, Likewise to commonly
used TiO, it can act both as an ETL and as a compact hole blocking layer, while exhibiting higher
chemical stability and introducing the possibility of low-temperature deposition routes™®. In p-i-n
configuration, it can be deposited by ALD to form a bilayer ETLs with an organic fullerene material
which can passivate defects at the perovskite surface!?”'*2, In semi-transparent devices, the fullerene
layer would protect the perovskite layer from oxidizing agents during ALD, and SnO, would act as a

protective buffer layer during TCO sputtering deposition.
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4.2. Development of a metal oxide based ETL for semi-tranparent p-i-n PSCs
4.2.1. ETL adaptation to plasma sputtering condition"!

During preliminary attempts to develop a p-i-n solar cell architecture that could adopt plasma
sputtering for TCO deposition, we restricted ourselves to tune the deposition parameters of the ETL
and TCO layers on the basis of our in-house device architecture including a PCBM/BCP bilayer as
ETL. Principally, we tuned the spin coating speed during PCBM and/or BCP deposition to increase
the thickness of the layers. We then either sputtered ITO or 1ZO on top using a soft process for TCO
deposition, and completed the cell by Ag evaporation. After J-V measurements, solar cells prepared
by this method exhibited very low Vg, Fill factor and PCE values which indicated shunt pathways,
probably coming from either a damaged ETL or absorber layer from the sputtering process. Devices
prepared using 1Z0 as TCO, in particular, resulted systematically in dysfunctional solar cells (PCE <
1%).

In general, another factor that affected p-i-n solar cell development was a low reproducibility of solar
cell measurements from batch to batch, and even in most cases from sample to sample. Several
potential causes could be identified, such as incomplete coverage of layers during solar cell
fabrication (pinholes) that would result in shunt pathways or issues related to the perovskite/PCBM
interface. Coverage of the HTL and perovskite layers deposited by spin coating could be enhanced
by tuning the spinning speed or pre-washing the substrate with a solvent to increase its wettability.
Interfacial engineering was also explored by tuning the amount of Pbl, excess in the perovskite
precursor solution, or by the introduction of different organic molecules candidates between the
perovskite and the PCBM layers to passivate this interface. Those were generally dissolved in IPA at
concentration of 1 mg/mL and deposited by spin coating before PCBM deposition. Either way, these
attempts to enhance the reproducibility of our experiments did not succeed in a way that would allow
us to significantly optimize devices during p-i-n solar cell development. Indeed, dispersion of results
within samples prepared for a single condition resulted in the impossibility to compare in a relevant
way series of samples between each other, and the quasi systematic occurrence of non-functioning
devices within a series significantly impaired the statistical relevance of these attempts. Nonetheless,
in some occasions this problem of reproducibility could be overcome, such as for the series of samples
presented in Chapter 3. The reasons for these succinct changes in pattern were not fully resolved,
and to our knowledge not linked to a particular solar cell architecture or sample handling.

Vi TCO sputtering was realized by Cecilia Tel.
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In a second phase of development, and despite the difficulties encountered, the adoption of ZnO or
AZO nanoparticles as an element of ETL allowed us to manufacture functional semi-transparent p-i-
n solar cells. Obviously, a metal oxide layer exhibited a better robustness towards plasma sputtering
than its organic counterpart. In a first attempt to include zinc oxide as part of our solar cell
architecture, we compared the PV parameters of opaque solar cells prepared using either PCBM/BCP,
ZnO nanoparticles, PCBM/np-ZnO or PCBM/np-AZO as ETL. Problems in reproducibility for this
first experiment led us to focus on the comparison between opaque solar cells using either PCBM/np-
ZnO and PCBM/np-AZO as ETL. Finally, we prepared semi-transparent cells on the basis of a metal

oxide layer as part of our ETL.

4.2.1.1. J-V characterization of opaque PSCs using an organic or hybrid bilayer as ETL!

Herein we draw the conclusion over a preliminary experiment to compare the PV parameters of solar
cells prepared using metal oxide and organic based ETLs. The objective of this experiment is first to
determine if we can obtain reasonable performances for opaque cells implementing ZnO or AZO in
their architecture, as compared to solar cells using PCBM/BCP as their ETL. To this goal, and as
shown on Figure 42, 4 samples of each of the following conditions were prepared for a total of 16

samples:

- PCBM/BCP as ETL

- Barenp-ZnOasETL

- PCBM/np-ZnO as ETL
- PCBM/np-AZO as ETL

The solar stack consists of a ITO/MeO-2PACz/perovskite/ETL/Ag architecture, as we did not
implement the NiOx/MeO-2PACz bilayer HTL at the time of the experiment. Commercially available
solutions of the metal oxides were deposited twice by spin coating for each device, to ensure an
adequate coverage of the layer. The deposition process was detailed in 2.1.2. All cells prepared using
PCBM/np-AZO as ETL operated properly, while half of the cells using PCBM/BCP and np-ZnO and
three cells using PCBM/np-Zn0O did not exhibit any PV functionality.

Vil Solar cells were prepared and measured by Nitin Malik.
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ETL <+— ETL adaptation to plasma sputtering
perovskite Condition N° of samples N° of working cells
PCBM/BCP 4 2
N Meo-2pACz | np-ZnO 4 2
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\ Glass 4 4
—

Figure 42 (left) Architecture of opaque solar cells prepared for J-V experiment using different
types of ETL (right) Number of solar devices prepared and number of working solar cells (i.e.
PCE > 1%) per condition.

Figure 43 shows the PV parameters recorded for all solar cells that operated properly. PCE of 8.5 %
and 13.5 % were obtained for the standard PCBM/BCP based devices, while substituting BCP for np-
AZOQ resulted in a range of values between 11.7 % and 16.3 %. On average, 11.0 % and 14.3 % PCE
were obtained for the PCBM/BCP and PCBM/np-AZO conditions, respectively. These results show
that np-AZO could effectively replace BCP as a buffer layer between PCBM and the Ag electrode,
without any loss in performances. Curiously, a PCE of 14.4 % was reached for the only working
device using PCBM/np-ZnO as ETL. This result was similar to the average over the PCBM/np-AZQO
serie, in contrast to the small number of working devices which suggested an intrinsic problem related
to the architecture. Lower PCE values of 3.4 % and 4.6 % were obtained using np-ZnO, illustrating
the inherent problem related to the perovskite/ZnO interface and the relevance to retain a PCBM
interlayer in the architecture?’. Taking a closer look at the other PV parameters, more reproducible
Voc values between 1.042 V and 1.064 V were measured with PCBM/np-AZO compared to 0.917 V
and 1.037 V for the two PCBM/BCP devices, despite the higher number of working solar cells using
PCBM/np-AZO. Vo reached 1.025 V for the only functional PCBM/np-Zn0O device. Replacing BCP
by either ZnO or AZO therefore resulted in a systematic increase in PCE for the working devices,
although we refrain from drawing a definitive conclusion at this point based on such a low number

of reference devices.

99



Prospective

1.2 25
1.0 E
2 e I
.
08 4.
N
P e15F = i
2 S
506} {<
$ g
3 10 =
0.4 17
5 - -
0.2 E
OO 1 1 1 1 0 1 1 1 1
PCBM/BCP ZnO PCBM/ZnO PCBM/AZO PCBM/BCP ZnO PCBM/ZnO PCBM/AZO
90 20
80 E
70 | B 15| i
60 | E
QEVIS 18
< w 10 - .
L
L 40
o 40 ot
0 e )
10 | E
1 1 1 1 O 1 1 1 1
PCBM/BCP ZnO PCBM/ZnO PCBM/AZO PCBM/BCP ZnO PCBM/ZnO PCBM/AZO

Figure 43 PV parameters recorded for opaque perovskite solar cells using either PCBM/BCP, np-
ZnO, PCBM/np-ZnO or PCBM/np-AZO as ETL.

Higher Jsc were also reached with PCBM/np-AZO compared to PCBM/BCP, with values ranging
between 20.27 mA.cm™ and 21.16 mA.cm for the former and between 18.58 mA.cm and 19.83
mA.cm for the latter.

FF was on average higher for the devices using PCBM/np-AZO compared to devices using
PCBM/BCP with values of respectively 64.7 % and 58.5 %, and individual values were less dispersed
between 55.2 % and 71.4 % for the former and 47.2 % and 69.9 % for the latter.

For these two last parameters, the single PCBM/np-ZnO cell exhibited slightly lower Jsc of 19.39
mA.cm and slightly higher FF of 72.2 % compared to the PCBM/np-AZO cells. These similarities
suggest that either metal oxide layer could equally replace BCP in opaque devices with a slight

increase in PV performances.
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Figure 44 J-V curves recorded for perovskite champion cells using PCBM/BCP, np-ZnO,

PCBM/np-ZnO and PCBM/np-AZO as ETL. Full and dashed lines respectively indicate forward

Current density (mA.cm™)

and reverse current.

In all cases, lowest parameters were obtained using bare np-ZnO as ETL. For the two working devices
we determine a Voc of 0.882 V and 0.879 V as well as a Jsc of 15.06 mA.cm™ and 16.50 mA.cm?,
respectively. FF were between 25.8 % and 32.2 %.

To conclude, we showed that either np-AZO or np-ZnO could effectively replace the BCP buffer
layer on top of PCBM before Ag evaporation without loss in performances. In fact, for all PV
parameters higher average values were reached by using np-AZO as a buffer layer instead of BCP.
Individual values were systematically higher in the case of Voc and Jsc. Those results should however
be interpreted with caution, as only two cells were working using the reference PCBM/BCP ETL.

At this stage of the study, it was still unclear whether the number of working solar cells was linked
to the choice in ETL or not. PV parameters similar to that of devices from the PCBM/np-AZO series
were reached for the single PCBM/np-ZnO device. However, an improper coverage of the metal
oxide buffer layer could be sufficient to introduce shunts or lead to device failure. It would be also
plausible for this coverage to depend upon the nature of the deposited nanoparticle layer. Then, the
number of working devices could be linked to the architecture, and using np-ZnO instead of np-AZO
would result in a higher probability of fatal shunts in devices. On the other hand, if we observe from
future experiments that the number of nonfunctional devices is on average similar using either
PCBM/np-ZnO or PCBM/AZO as ETL, then we must conclude that for the particular experiment
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described in this section, the difference in the number of working cells between series had a different
cause. In this case, the difference in working cells between the PCBM/BCP and the PCBM/np-AZO
might also be explained by this other cause, instead of a difference in choice in ETL.

Especially low PV parameters were obtained by simply depositing np-ZnO on top of the perovskite

layer. This method was therefore not further explored during the rest of the study.

From this batch, similar performances were obtained from functional devices using either PCBM/np-
ZnO or PCBM/np-AZO as ETL. In a further phase of development, we wanted to discriminate these
two candidates by criteria of average PV parameters and shelf-life stability over a wider number of

solar cells.

4.2.1.2. J-V characterization of opaque PSCs using PCBM/np-ZnO or PCBM/np-AZO as ETL

We further optimized our architecture by the J-V characterization of a wider number of solar cells
prepared using either PCBM/np-ZnO or PCBM/np-AZO as ETL. As a second parameter, we wanted
to evaluate if it was necessary to deposit the metal oxide solution by spin coating once or twice on

top of PCBM for adequate coverage.

In the course of several weeks, we prepared three rows of 16 cells, each including 4 samples of the

following conditions:
- PCBM/np-AZO (1 spin) as ETL (AZO 1)
- PCBM/np-AZO (2 spin) as ETL (AZO 2)
- PCBM/np-ZnO (1 spin) as ETL (ZnO 1)
- PCBM/np-Zn0O (2 spin) as ETL (ZnO 2)

12 samples of each condition were prepared in total as shown in Figure 45, although roughly two
third of the completed solar cells resulted in PCE values > 1 %.
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np-metal oxide +—— Metal oxide buffer layer optimization
PCBM
Condition N° of samples N° of working cells

Perovskite 12 9

MeO-2PACz PCBM/np-AZO * 2 12 8

O PCBM/np-ZnO * 1 12 8

\f;_,— PCBM/np-Zn0O * 2 12 8
Glass

Figure 45 (left) Architecture of opaque solar cells prepared for J-V experiment using different
types of ETL layers (right) Number of solar devices prepared and number of working solar cells
(i.e. PCE > 1%) per condition.

PV parameters for functional solar cells recorded after 3 days are presented on Figure 46. Average
Voc 0f 1.02 V was calculated for both AZO 1 and AZO 2 samples, which was higher to the values of
0.97 V and 0.98 V found for respectively ZnO 1 and ZnO 2. These values were accompanied with
standard deviations of 0.01 V and 0.04 V for AZO 1 and AZO 2 and 0.12 V and 0.09 V for ZnO 1
and ZnO 2.

Jsc was also slightly higher on average was also higher for AZO based solar cells, with average values
of 18.95 + 1.59 mA.cm? and 20.29 + 0.57 mA.cm? for AZO 1 and AZO 2 samples compared to
19.28 + 0.78 mA.cm™ and 19.16 + 1.25 mA.cm™ for ZnO 1 and ZnO 2. Each average value was

however within the range of error from each other.

In terms of FF, average values were however significantly higher for ZnO based samples with values
of 69.11 + 6.47 % for ZnO 1 and 68.86 £ 5.51 for ZnO 2 samples as compared to 55.79 + 6.19 % for
AZO 1 and 60.36 + 7.41 %.

As a result, higher PCE were obtained from ZnO samples compared to AZO. 13.43 + 1.87 % and
13.02 £ 2.32 % were calculated for ZnO 1 and ZnO 2, as well as 12.20 + 2.34 % and 12.61 + 1.96 %
for AZO 1 and AZO 2 series. As it was noted for Js, these values were within the range of error of
each other and therefore not considered as significant. However, the fact that it was strictly higher for

two different series of samples over two others renders this tendency more robust.
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Figure 46 PV parameters recorded 3 days after fabrication for opaque perovskite solar cells using

either PCBM/np-ZnO or PBM/np-AZO as ETL. Metal oxide layer was spin coated either one time
(AZO 1, ZnO 1) or two times (AZO 2, ZnO 2) on top of the PCBM layer.

Figure 47 shows the evolution of the PV parameters for these solar cells 7 days after fabrication.

Fewer devices were functional after storage in vacuum:

9 for AZO 1 (-0)
7 for AZO 2 (-1)
6 for ZnO 1 (- 2)

7 for ZnO 2 (- 1)

Vo stayed similar for AZO samples, with an average of 1.01 + 0.06 V for AZO 1 and 1.02 £ 0.02 V
for AZO 2 samples. It however increased in the case of ZnO samples, for average values of 1.03 +
0.03Vand 1.02 +0.05 V.
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Jsc also increased or stayed similar for ZnO samples while it decreased for AZO. As a result, higher
average values of 19.07 + 1.48 mA.cm and 20.07 + 0.82 mA.cm were found for ZnO 1 and ZnO
2 compared to 17.84 + 2.02 mA.cm and 18.17 +for AZO 1 and AZO 2. This difference in Jsc
might have solely reflected the supposedly higher conductivity of AZO compared to ZnO.

FF decreased for all series of samples, to 58.29 + 12.96 % and 64.69 £ 8.94 % for ZnO 1 and ZnO 2
compared to 55.79 £ 6.19 % and 53.50 * 6.82 % for AZO 1 and AZO 2.
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Figure 47 PV parameters recorded 7 days after fabrication for opaque perovskite solar cells using
either PCBM/np-AZO or PBM/np-Zn0O as ETL. Metal oxide layer was spin coated either one time
(AZO 1, ZnO 1) or two times (AZO 2, ZnO 2) on top of the PCBM layer.

As a result, compared to the PV parameters measured after 3 days PCE was on average lower for the
ZnO 1 samples at 11.73 + 3.33 %, stable for the ZnO 2 series at 13.53 + 2.56 % and lower for both
AZO 1 and AZO 2 series with values of 10.25 £ 2.55 % and 10.03 + 1.76 %. It should be noted that

only the AZO 1 series of samples kept the same number of functionnal devices both 3 days and 7
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days after fabrication. As a result, for fair comparison between series of samples we should either
include the PV parameters from non-working devices in the calculus of the average parameters or
exclude the 2 worst performing devices from the AZO 1 series, and single worst performing device
from ZnO 2 and AZO 2 series.

Finally, the J-V curve for champion cells from each series is presented on Figure 48. We could
distinguish clearly the increase in Voc and Jsc for the ZnO 2 champion cell after storage, and these
parameters decreased in the case of the AZO 2 champion cell under the same conditions. Additionally,
we noticed a steeper slope in Js for the high current regime of the J-V curve for AZO based devices,
which indicated a lower shunt resistance for these devices. Thus, we could rationalize the lower FF
values obtained in general with these series as a consequence of the formation of shunt recombination

pathways in the devices.
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Figure 48 J-V curves recorded for perovskite champion cells using PCBM/np-AZO or PCBM/np-
ZnO as ETL, (a) 3 days and (b) 7 days after fabrication. Full and dashed lines respectively
indicate forward and reverse current. Metal oxide layer was spin coated either one time or two

times on top of the PCBM layer.

Contrarily to ZnO, it would be possible that AZO did not act as an effective hole blocking layer that
could prevent recombination between holes and electrons from the perovskite layer in the top
electrode region. Indeed, for both ZnO and AZO it would be reasonable to consider the PCBM/np-
Metal Oxide region as two intricated layers rather than a classical bilayer arrangement with a well-
defined interface and spatial delimitation between the start and the end of each one. In this case, it
would be possible for the np-AZO or np-ZnO to act as a continuous bridge between perovskite and

the silver top electrode in some sections of the bilayer. Contrarily to ZnO, AZO is a degenerate n-
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type film*?®, For devices using the latter, it would be possible for electrons and holes from the
perovskite layer to be collected in the anode region for direct recombination, decreasing the shunt
resistance and thus the fill factor of the device. We also noticed a lower stability for these devices as
compared to the ones prepared using ZnO as metal oxide buffer layer.

To conclude, we compared the performances of ZnO and AZO as a buffer layer between the PCBM
ETL and the Ag electrode in the p-i-n configuration. Satisfactory PV parameters were obtained in
general as compared to previous fabrication of p-i-n devices in this work with PCBM and BCP. After
3 days, ZnO-based devices presented higher efficiency as compared to the AZO cells, mainly due to
a significantly increased FF and at the expense of a lower Voc and Jsc. After 7 days, the gap widened
between efficiency of ZnO-based devices and cells using AZO. It occurred from an increase in Js

and Voc now equivalent to that of AZO devices, while FF decreased for all devices.

We could therefore conclude that ZnO devices presented a better stability when stored in vacuum.
Spinning the metal oxide twice on top of PCBM might have also improved the stability of devices in
the case of ZnO. However, it had little to no effect on performances after 3 days regardless of the

type of metal oxide used.

4.2.1.3. Morphology of the PCBM/np-metal oxide bilayer prepared by spin-coating"/’

Here we took a closer look at the morphology of the PCBM/np-Metal oxide ETL bilayer on top of
perovskite, which could explain the difference in performance and stability between solar cells using
np-ZnO and np-AZO as buffer layer between PCBM and the top electrode layer.

Figure 49 presents the surface SEM images for perovskite p-i-n solar cells using either PCBM/np-
AZO or PCBM/np-ZnO. In both cases the nanoparticles layer fully covered the surface of the device.
At this magnification, it seemed that the layer was mostly composed of particles of nanometer to tens
of nanometer size, although in the case of AZO we distinguished elements measuring 100 nm to 200

nm.

Vi Samples were prepared by Nitin Malik. SEM images were acquired by Alexandre Blaizot.
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Figure 49 Surface SEM images of perovskite p-i-n solar cells using MeO-2PACz as HTL (a) a
PCBM/AZQ bilayer as ETL and (b) a PCBM/ZnO bilayer as ETL. Np-Metal oxide layers were
deposited twice by spin coating on top of PCBM.

Figure 50 shows the cross-section SEM images for perovskite solar cells of similar architectures,
with the addition of that of a perovskite cell using NiOx as HTL and PCBM/BCP as ETL bilayer. For
the latter, a smooth 50 nm — 80 nm thick layer covered the perovskite surface corresponding to PCBM
and BCP. It was difficult to spatially discriminate between the two layers. Similarly, for AZO and
ZnO using devices the thickness of the ETL bilayer was respectively between 100 nm and 150 nm
and between 70 nm to 90 nm. Instead of a smooth bilayer from organic compounds, for these two
samples the PCBM/np-Metal oxide bilayer formed a continuum up to the interface of the perovskite.
As a consequence, we assumed that regions of direct contact existed between the nano-particles and

the perovskite layer.

Figure 50 Cross-section SEM image for a p-i-n perovskite solar cell prepared using (a) NiOx as
ETL and a PCBM/BCP bilayer as ETL or (b) MeO-2PACz anchored to ITO as HTL and a
PCBM/np-AZO bilayer as ETL or (c) MeO-2PACz anchored to ITO as HTL and a PCBM/np-ZnO
bilayer as ETL. Np-Metal oxide layers were deposited twice by spin coating on top of PCBM.
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From this analysis, we first conclude that the np-AZO metal oxide layer could contain particles of
larger size between 100 nm and 200 nm, in addition to the nanometer - tens of nanometers size
particles that composed both np-Metal oxides. Their presence might be due to nanoparticle
agglomeration, and they might have been formed in the commercial solution before deposition. Their
size is comparable to the thickness of the ETL bilayer, so they might alone serve as bridge for minority
carrier recombination even though we didn’t observe this kind of arrangement from cross-section
images. Regardless, from cross-section SEM images a clear difference in morphology between
PCBM/BCP and PCBM/np-Metal oxide was observed. In the latter, no sign of smooth layer was
found and the entire layer seemed composed of nanometer — tens of nanometer thick particles. As a
result, it is probable that both layers were intricated on top of perovskite, and for AZO based devices
this could facilitate bridging and non-radiative recombination at the AZO/Ag interface or within the

bilayer itself.

For the future, we therefore decided to use np-ZnO as the buffer layer between PCBM and the silver
evaporated or sputtered metal oxide transparent electrode. Additionally, for the sake of simplicity in
the future we will restrain ourselves to spinning the metal oxide solution only once on top of PCBM.
In the next part of this chapter, we applied these guidelines to fabricate our first semi-transparent

perovskite solar cells.

4.2.1.4. J-V characterization of semi-transparent PSCs using AZO or ITO as front TCO™

In this part, we present the fabrication of our first p-i-n semi-transparent solar cell using PCBM/np-
ZnO as ETL and sputtered AZO as front TCO of the device. A C-shape silver mask was evaporated
on top of AZO to decrease the series resistance during operation, as depicted on Figure 51. The final
architecture was Glass/ITO/NiOx/MeO-2PACz/Perovskite/PCBM/np-ZnO/AZO/Ag. Additionally, a
metal mask was used to delimitate an active area of 0.16 cm?2 during J-V measurements, for both front
and rear illumination. The mask was coated with tape to avoid electrical contact with the perovskite

top electrode during J-V characterization under front illumination.

x AZO sputtering deposition was realized by Amelle Rebai
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Figure 51 (left) Architecture of semi-transparent solar cells prepared for J-V experiment using
PCBM/np-ZnO as ETL and sputtered AZO as front TCO (right) Number of solar devices prepared

and number of working solar cells (i.e. PCE > 1%) per condition.

PV parameters recorded for both front and rear illumination are reported on Figure 52. Similar and
reproducible Vo values of 1.04 + 0.01 V and 1.03 + 0.01 V were measured for both rear and front
illumination. As expected, average Jsc of 13.62 + 0.14 mA.cm was much lower in front illumination

compares to 19.35 + 2.5 mA.cm in rear illumination. Values were more dispersed for the latter.

Average FF was nonetheless higher in front illumination, at 62.15 + 3.07 % compared to 57.46 +
3.62 % in rear illumination. J-V curves for the champion cell illuminated from both rear and front
side are plotted in Figure 53. After inspection, differences in FF between front and rear illumination
principally arose from a difference in Rsh, which was in average higher in front illumination. Again,

dispersion of FF values was higher in rear illumination.

These parameters resulted in higher average PCE of 11.81 + 1.73 % in rear illumination compared to

8.89 + 0.34 % in front illumination.
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Figure 52 Average PV parameters recorded 7 days after fabrication for semi-transparent perovskite
solar cells using PBM/np-Zn0O as ETL and sputtered AZO as front TCO. Parameters were extracted for

J-V curves under both front and rear illumination.
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Figure 53 J-V curves recorded under front (brown) and rear (orange) illumination, for perovskite
champion cells using PCBM/np-AZO as ETL and sputtered AZO as front TCO. Full and dashed

lines respectively indicate forward and reverse current.
111



Prospective

To conclude, we successfully prepared semi-transparent perovskite solar cells in p-i-n configuration
using PCBM/np-ZnO as ETL bilayer. Compared to previous series of device fabrication, PV
performances were comparable under rear illumination. However, significantly lower Jsc and thus
PCE values were obtained under front illumination, probably due to parasitic absorption. By
optimizing the optical parameters of the ETL bilayer and front TCO layer, we may diminish the gap
between Jsc under rear and front illumination which would be ultimately beneficial in 2T

configuration.

In the following study, we optimized our semi-transparent p-i-n architecture by comparing PV
performances of complete solar cells using the different ETL and TCO candidates introduced in

section 4.2.
4.3. Optimization of ETL and TCO for semi-transparent PSCs*

In this section, | develop on the J-V and EQE characterization of semi-transparent perovskite solar
cells integrating different ETL or TCO candidates in their architecture. Cells were illuminated under
both rear and front illumination. Preliminary tests of ALD-SnO- deposition on top of PCBM resulted
in particularly low Vo and FF values in opaque solar cells, yielding PCE values < 1%. This
combination of ETL was therefore not included in this study. We rather prepared devices with
PCBM/ZnO-np or Ceo/ALD-SnO- as ETL, and we extended sample matrix over the use of either
AZO and ITO as TCO. As shown on Figure 54, 16 samples were prepared in total, that is 4 of each
of the following conditions:

- PCBM/np-Zn0 as ETL and sputtered AZO as TCO (PCBM — AZO)
- Ceo/ALD-SnOz as ETL and sputtered AZO as TCO (Ceo — AZO)
- PCBM/np-Zn0O as ETL and sputtered ITO as TCO (PCBM - ITO)

- Ceo/ALD-SnOz as ETL and sputtered ITO as TCO (Ceo — ITO)

* ALD NiOy and SnO- layers were deposited by Damien Coutancier. Ceo layers were deposited by Van-Son Nguyen.
AZO and ITO sputtering deposition was realized by Valérie Daniau. Other than that, solar cells were prepared by Marion
Provost.
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Figure 54 (left) Architecture of semi-transparent solar cells prepared for J-V experiment using
different types of ETL and TCO layers (right) Number of solar devices prepared and number of

working solar cells (i.e. PCE > 1%) per condition.

We fabricated solar cells based on the following architecture: ITO/NiOx/MeO-
2PACz/perovskite/ETL/TCO/Ag. Silver was evaporated on top of the sputtered TCO using a C-
shape mask pattern to optimize the lateral conductivity of the device. Additionally, a metal mask was
used to delimitate an active area of 0.16 cm? during J-V measurements, for both front and rear
illumination. The mask was coated with tape to avoid electrical contact with the perovskite top
electrode during J-V characterization under front illumination. EQE spectra were also recorded for
all cells under both rear and front illumination, in order to derive more accurate values of Jsc and
evaluate the influence of the optical characteristics of the ETL/TCO combination on the conversion
efficiency over the range of absorption of the perovskite layer.

PV parameters for these devices under rear illumination are presented on Figure 55. Voc and FF
values were directly derived from J-V measurements, whereas presented Jsc values were gathered
from integration of the EQE spectra for each sample. As a result, PCE values recorded on Figure 55
were also corrected with Jsc calculated from EQE. Measurements of solar cells under rear illumination
do not take into account the optical parameters of front TCO and ETL, and therefore are a good basis

to compare their performances purely at the electronic level.
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Average Voc recorded were similar and reproducible for PCBM — ITO, Cso — ITO and Ceo — AZO
conditions with respective values of 1056 + 17 mV, 1060 + 6 mV and 1064 £ 7 mV. Values were
lower and more dispersed with an average at 994 + 63 mV for the PCBM — AZO condition.

Average corrected Jsc values were very similar for Ceo — ITO (19.14 + 0.15 mA.cm™) and Cgo — AZO
(19.12 + 0.07 mA.cm) conditions. Slightly more dispersed and lower values were calculated for
PCBM — AZO condition (18.78 + 0.34 mA.cm™), while a clearly lower average of 16.53 + 0.21
mA.cm2 was reached for the PCBM — ITO condition. Realistically, lower Js values for the PCBM-
ITO condition compared to PCBM - AZO would be related to the ZnO/ITO interface.

Fill factor values were also similar between Ceo based solar cells, although more dispersed values
were obtained using ITO compared to AZO with average values of respectively 67.65 + 2.71 % and
68.49 £ 0.57 %. Average values were lower with a larger margin of error for PCBM based solar cells,
at 62.96 £ 4.30 % using ITO as front TCO and 53.14 + 11.19 % using AZO. Maximum FF values
were nonetheless similar between PCBM — AZO and PCBM — ITO conditions.

As a result, on average corrected PCE of 13.94 + 0.12 % and 13.72 + 0.52 % were reached for
respectively Ceo — AZO and Ceo — ITO cells. Lower values were reached for PCBM cells, with
averages of 11.05 + 0.76 % for ITO as TCO and 10.06 + 2.43 % using AZO.

A recurring feature of these measurements was the limited reproducibility of the PCBM — AZO
condition. This could be either intrinsic to the architecture, or due to randomness. Within this series,
it was possible to reach either Voc, Jsc and FF values similar to that of Ceo based solar cells, but the
three at the same time were never obtained from an individual solar cell. Other than that, similar Vo
were found for all conditions. Jsc was also similar, except for the PCBM - ITO condition, and FF was
slightly higher for cells using Cso/SnO2 compared to the one using PCBM/np-ZnO as ETL. From
these results, we conclude that the Ceo/SnO2 ETL systematically resulted in better performances
compared to PCBM/np-ZnO, regardless of the TCO layer.

PV parameters were also recorded under front illumination, as presented on Figure 56. As in the case
of rear illumination, Jsc and PCE values were corrected from EQE measurements. This mode of
operation is a more realistic approach of the perovskite subcell performances in tandem configuration

by taking into account the optical parameters of the ETL and TCO layers.
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Figure 55 PV parameters recorded under rear illumination for semi-transparent perovskite solar
cells using either PCBM/np-Zn0O or Ceo/ALD-SnO> as ETL and either ITO or AZO as front TCO.

Jsc values were corrected by EQE, and PCE values were modified accordingly.

Recorded Voc were similar compared to rear illumination, with similar average values of 1051 + 16
mV, 1035 £ 2 mV and 1033 £ 10 mV for respectively PCBM — ITO, Cg — ITO and Ceso — AZO.
Values were again lower and more dispersed for PCBM - AZO condition with an average at 989 +
56 mV.

As expected, average corrected Jsc values were lower under front compared to rear illumination for
all conditions. They were the highest for cells using Cs0/SnO- as ETL, although this time higher using
ITO with an average at 17.96 + 0.17 mA.cm™ using ITO compared to 17.27 + 0.06 mA.cm™ using
AZO. Lower average Jsc was found for PCBM - AZO (16.78 + 0.19 mA.cm™), and it was the lowest
with PCBM — ITO (15.82 + 0.33 mA.cm™?). Despite high reproducibility for the Ceo/SnO2 cells, Js

values were lower using AZO compared to ITO. Additionally, average Jsc value for the Ceo — AZO
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condition was no longer within the margin of error of the average for the PCBM — AZO cells. Thus,
we could hypothesize that the PCBM/np-ZnO ETL bilayer also presented lower optical transmittance
as compared to the Ceo/SnO> bilayer within the range of operation of the perovskite absorber layer.
Jsc for the PCBM — ITO condition remained the lowest, probably in link with the np-ZnO/ITO

electrical interface.
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Figure 56 PV parameters recorded under front illumination for semi-transparent perovskite solar
cells using either PCBM/np-ZnO or Ceo/ALD-SnO> as ETL and either ITO or AZO as front TCO.

Jsc values were recorded by EQE, and PCE values were corrected accordingly.

Compared to rear illumination, similar average FF values but with a higher dispersion were obtained
for Ceo based devices with averages at 67.18 + 2.37 % using AZO as TCO and 66.75 + 0.93 % using
ITO. Values were close as compared to rear illumination for the PCBM - AZO condition with an
average at 64.91 + 4.00 %, and this time were the lowest for PCBM — AZO at 56.53 + 15.19 % with
a very high dispersion of values. The fact that similar FF were obtained for both illumination modes
suggest that none of the interface was saturated by charge carriers under illumination. Otherwise, we

would have expected an increase in Rs and thus a decrease in FF.
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As aresult, average PCE value was the highest for the Ceo — ITO condition (12.41 + 0.05 %), followed
by Ceo — AZO (11.99 £ 0.52 %), PCBM — ITO (10.81 £ 0.65 %) and PCBM — AZO (9.47 £ 2.74 %).

Figure 57 shows the J-V curve for champion cells, and EQE spectra for all cells under rear and front
illumination. Strikingly, under rear illumination the Jsc of the champion cell for the PCBM — ITO
condition from the J-V curve was significantly lower than that for the other conditions. For this
condition only, in rear illumination Js calculated from EQE spectra was higher to that of the Jsc
calculated from J-V measurement. Hysteresis was also high, with a lowering of the FF in reverse
scan. Other than that, Voc and Jsc values were similar for all conditions. Nonetheless, hysteresis for
the PCBM — AZO condition was more pronounced than that of either champion cell using Ceo/SnOz,

which also resulted in lower FF in reverse scan compared to forward scan.

The lower Jsc for PCBM — ITO cells was further corroborated by EQE measurements under rear
illumination from Figure 57b. In general, differences in EQE observed in this configuration would
essentially arise from electronic considerations, as glass, 1TO, NiOx, MeO-2PACz and perovskite
layers were identical for all cells. It might be however possible for photons passing through the
perovskite layer to be preferentially reflected back to the absorber layer depending on the ETL and
TCO layers. External quantum efficiency spectra were also almost identical for solar cells from Ceo
—ITO, Ceo — AZO and PCBM — AZO cells. One cell from the PCBM — AZO condition however
displayed a lower EQE across the whole spectrum. On the other hand, EQE for all cells from the
PCBM — ITO condition were systematically < 80 % for any wavelength, and especially low compared
to other conditions between the 300 nm and 550 nm range. This result would suggest that high energy
photo-excited electrons would undergo a physical process that would limit the performances of the

overall cell.

Finally, in the 760 nm — 800 nm region we observe a higher EQE from all cells using PCBM/np-ZnO
compared to those using Ceo/SnO>. This last result might be linked to the high reflectance of np-ZnO
compared to SnO> in this range of wavelength, for which absorption from the perovskite layer would
be limited. Practically, in 2T configuration this range of wavelength would be disputed between the
perovskite top cell and the CI(G)S bottom cell. EQE from the perovskite semi-transparent solar cell

in this region might therefore not be decisive for our analysis.
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Figure 57 J-V curves for chamion cells under (a) rear and (c) front illumination and EQE spectra
under (b) rear and (d) front illumination for semi-transparent perovskite solar cells using either
Ceo/BCP or PCBM/np-ZnO as ETL, and either ITO or AZO as front TCO.

Under front illumination, from Figure 57c relative Jsc for the champion cells from each condition
started to reflect the trend in average Jsc observed earlier. It was the highest for Ceo — ITO, followed
by Ceo — AZO, PCBM — AZO and then PCBM — ITO. Other parameters were similar, except for a
slightly higher Vo obtained with PCBM — ITO and PCBM — AZO conditions as compared to Ceo —
ITO and Ceo — AZO. Interestingly, hysteresis for the PCBM — ITO condition was much less
pronounced than in rear illumination and was almost similar to that of PCBM — AZO. Champion cells

from both Cs0/SnO> conditions presented almost no hysteresis.
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From EQE spectra under front illumination shown on Figure 57d, EQE signal for the Ceg — ITO, Ceo
—AZO and PCBM — AZO were now clearly different from each other with the introduction of relative
optical considerations. Integration over the 300 nm — 800 nm range yielded highest EQE signal from
solar cells of Cso — ITO condition, although superior values were measured in the 500 nm — 570 nm
region for cells from the Ceo — AZO condition. Particularly, EQE was higher for the Ceo — ITO

condition in the 570 nm — 760 nm range.

EQE values recorded for the PCBM — AZO conditions were overall lower and seemingly red-shifted
compared to the Ceo — AZO conditions. An apparent “shift” in values might have appeared due to a
difference in interference fringes between sputtered AZO layer on top of either np-ZnO or SnOs..

Finally, lowest EQE values were recorded for the PCBM — ITO conditions.

On average, under front illumination solar cells from PCBM —ITO, Ceo— ITO, Ceo — AZO and PCBM
— AZO retained respectively 96 %, 94 %, 90 % and 89 % of Jsc compared to rear illumination. Higher
results obtained from the ITO based solar cells showed that this TCO had a higher transmittance over

the region exploited by the perovskite absorber layer.

In this subsection, | evaluated the PV performances of PCBM/ZnO-np and Cego/ALD-SnO:> in
complete solar cells using either AZO or ITO as top TCO layer. As a result, | observe that higher
average PV parameters are obtained by using Ceo/ALD-SnOz, along with a lower standard deviation
in values both in rear and front illumination. Evaluation of AZO or ITO as front TCO layer on the
other hand depended on the configuration. In rear illumination, I recorded similar PV performances
with Ceo/SnO2 using either AZO or ITO. However, in front illumination slightly higher Jsc and PCE
values were obtained with ITO over AZO. This was mostly due to a higher transparency of ITO over
the 300 nm — 800 nm range compared to AZO layer, as suggested by EQE measurements. Using
PCBM/np-ZnO as ETL bilayer and sputtered AZO as front TCO could result in PV parameters in
rear illumination, although with less reproducibility. Performances were however limited under front
illumination compared to the Cso/SnO- based solar cells, due to a better transmittance of the former
ETL bilayer in the range of wavelength exploited by the perovskite absorber layer. Finally, depositing
ITO on top of PCBM/np-ZnO bilayer resulted in systematically lower performances, probably due to
interface phenomena between np-ZnO and sputtered ITO.

In this chapter, | evaluated different ETL and TCO candidates to develop a semi-transparent solar
cell that would be suited for two-terminal tandem application with CI(G)S. Most importantly, | first
developed an ETL bilayer that would withstand the plasma sputtering step for TCO deposition. It was

then possible to optimize this ETL further and evaluate different candidates as TCO layer. In the end,
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it appeared that a Ceo/ALD-SnO2 ETL combined with ITO as a TCO layer was the most suited for

tandem application among the retained candidates.

Developing a low temperature NiOx layer and a semi-transparent architecture were crucial steps for
monolithic integration of perovskite top cell in tandem device with CI(G)S. However, surface
roughness of CI(G)S could remain an issue for conformal, homogeneous deposition of layers of the
top cell. In the next chapter, we aimed to develop a process to chemically etch the surface of CI(G)S

and smoothen its surface.
4.4, Interim summary

In this chapter, we describe our process development to manufacture semi-transparent perovskite

solar cells through the introduction of a metal oxide ETL layer. In the first part of this chapter, we
briefly described our first attempts at realizing semi-transparent perovskite solar cells based on an
organic ETL bilayer. Due to the harsh sputtering process for TCO deposition, very low PCE values
were obtained regardless of spin-coating conditions and therefore layer thickness of PCBM and
BCP.

Then, we substituted BCP in our architecture for either ZnO or AZO as nanoparticles as buffer
layer on top of PCBM. Equivalent if not higher PV parameters were measured in both case as
compared to PCBM. In further optimization steps, we determined that np-ZnO presented a better
shelf-life stability compared to np-AZO and finally, it was possible to manufacture semi-
transparent solar cells based on a PCBM/np-ZnO ETL bilayer and a sputtered AZO window layer.
This architecture demonstrated PV parameters comparable to that of opaque devices using the
same ETL.

In our last step of development, we compared the PV parameters in front and rear operation for
semi-transparent devices using either a PCBM/np-ZnO or a Ceo/SnO2 ETL bilayer and either ITO
or AZO as a front TCO layer. We observed particularly low Jsc from J-V and EQE measurements
for devices using both PCBM/np-ZnO and ITO, probably due to an issue in the electrical contact
between np-ZnO and ITO. Best PV parameters in both front and rear illumination were reached
using Ceo/SnO2 and ITO, probably due an improved electrical contact and a higher transmittance.
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Chapter 5

CI1(G)S morphological adaptation to monolithic integration

Summary: In this chapter, we study the impact of a smoothened CI(G)S absorber surface on the
solar cell performance. This modification is operated by a bromine wet etching process employed
on Glass/Mo/CI(G)S samples before the finalization of the solar cell as defined in previous
chapters 1 and 2. We employ a protocol that has already been studied for CIGS absorber layers
but which had to be optimized for CIS layers, the samples of this study containing only Ga at the
rear side. The main objective was to smoothen the surface with a minimal decrease in thickness
for the CI(G)S layer. First, we evaluated the effect of changing the treatment time and spinning
parameters over the morphology of CI(G)S layers. At 40 rpm, it was possible to consistently
reduce the RMS roughness of CI(G)S < 30 nm, for reasonable treatment duration between 2 min
and 6 min, as compared to highly accelerated dissolution process at 80 rpm. Additionally, we
studied the effects of the treatment over the surface chemistry of our samples, qualitatively and
quantitatively. As established for CIGS layers, Br-etching results in the formation of a superficial
Se? layer, which could be almost completely remove by KCN treatment. Finally, we prepared
solar cells based on as-prepared and etched absorber layers. Similar performances were
obtained with both CI(G)S samples, although a lower Jsc was observed for the etched sample.
These results were encouraging; however they should be repeated to clearly evaluate the impact
of Br-etching over performances of solar cells.
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5.1. Introduction

CI(G)S absorber layers can exhibit a high surface roughness. This property can help improve light
absorption and thus Jsc of complete devices through light scattering. However, this surface roughness
is transmitted to the top layers of the cell and can also result in non-conformal and in-homogeneities
in thickness during subsequent layer deposition, especially for tandem application. In the case of
perovskite/CI1(G)S two-terminal tandem, a thin HTL layer usually has to be deposited on top of the
top TCO layer of the CI(G)S subcell. When NiOx or small molecules are considered as HTL, ALD
or dip coating processes can help circumventing this problem. However, highest performances in
perovskite single junction devices using low temperature NiOx deposition have been reported in
literature for nanoparticle synthesis. Deposition of NiOx nanoparticles is usually processed by spin or
slot die coating, for which surface roughness of the substrate is an important parameter.

In this chapter, | focus on the development of a wet chemical process to minimize the surface
roughness of CI(G)S as described in 2.1.7. In short, a superficial sacrificial part of the CI(G)S layer
is dissolved by bromine etching under agitation. This process yields a thinner CI(G)S layer with a
smoothened surface, and results in a change of the surface chemistry that can be corrected by a
conventional KCN treatment before the buffer layer deposition to adjust the band alignment at this
absorber/buffer interface. To account for the material loss in our process, slightly thicker than usual
CI(G)S layers were deposited by co-evaporation or sequential method. In the first part, a setup to
chemically smoothen CI(G)S samples of size up to 2*2 cm? is adapted, based on previous publications
on the smoothing of regular bandgap CIGS. Then, the surface chemistry of etched samples and the J-
V performances of completed solar cells based on etched absorber layers are studied. All samples
employed for these studies were provided by TNO, Netherlands through a PERCISTAND
collaboration.

5.2. Optimization of the planarization procedure of co-evaporated CI(G)S samples

In this section, a setup to minimize the surface roughness of CI(G)S samples based on a 1*1 cm? scale
wet chemical process is described to show that a RMS roughness < 30 nm for 1*1 cm2 samples can
be reached starting from a 60 nm roughness. This setup is described more in details in Chapter 2.
First, the impact of rotation speed and treatment time on the morphological properties of CI(G)S is
studied. Both parameters are optimized to minimize the final roughness of CI(G)S along with the
amount of sacrificial material that is removed in the process. Then, the reliability and homogeneity
of our process is assessed by AFM, SEM and ICP-OES measurements. The final subsection describes
how the surface chemistry of the samples is modified by the treatment and how it is completely
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restored by KCN treatment. Finally, completed solar cells based on smoothed and as-prepared CI(G)S
samples were completed after KCN treatment to see how the treatment would affect their PV

parameters.

5.2.1. Influence of velocity and treatment time parameters of a Br-etching wet process over

the thickness and roughness of CI(G)S layers

We adapted the previous work on chemical etching of CIGS layers by Bouttemy et al. on our CI(G)S
samples. Using the best conditions for CIGS etching (Br, and HBr concentrations of 0.02 mol.L* and
0.2 mol.L%, respectively), we investigated the effect of rotation speed and etching duration over the
thickness and roughness of the final layer. The principal objective of this study is to develop a
reproducible procedure to reduce the Rt value of CI(G)S absorber layers < 30 nm by minimizing the
loss in layer thickness. Reaching even lower Rt values could be beneficial for wet process deposition
and thus monolithic tandem application. All CI(G)S samples employed during this study were
deposited by co-evaporation. Planarization experiments, ICP-OES and XPS analyses were conducted
at ILV.

5.2.1.1. CI(G)S morphology after Br-etching (80 rpm)

In order to optimize our process on low band gap CI(G)S samples, we aimed i) to find a relationship
between etching time and CI(G)S dissolution rate and ii) to reach an acceptable compromise between
the final thickness and roughness parameters of the smoothed CI(G)S layer. To do so, we first
conducted etching experiments on 1*1 cm2 CI(G)S samples by employing the setup described in
2.1.7.1. They were obtained by cutting a parent sample consisting of a 2800 nm thick co-evaporated
CI(G)S layer deposited on a Mo layer on glass. The samples were fixed upside-down to a rotating
electrode spinning at 80 rpm and directly dipped in the solution.

Table 8 Final thickness, dissolution rate and Root mean square (RMS) roughness for CI(G)S

absorber layers chemically etched at 80 rpm between 30 sec and 10 min.

Etching time Average Thickness Dissolution rate Rt 50*50 um Rt 10*10 um
80 rpm (min) (nm) (nm/min) AFM (nm) AFM (nm)
1*1 cm? Initial 2800 - 57.0 52.4
00:30 2441 + 49 718 44.3 41.1
01:00 2249 + 25 551 65.3 33.3
02:00 1718 + 68 541 15.5 16.2
10:00 686 * 46 211 20.4 19.4
20:00 Complete dissolution 280 29.0 26.0
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We first conducted a series of experiments for several samples etched during periods ranging from
30 sec to 20 min to entirely dissolve the CI(G)S layer. Table 8 summarizes the values of root mean
square roughness (Rt) and thickness of absorber layers measured before and after smoothing, as well
as the dissolution rates of the etching process calculated from each time parameter. Rt values and
thickness were calculated from AFM and cross-section SEM measurements, respectively. AFM
images were recorded for areas of 50*50 um and 10*10 pm for each sample. In general, Rt values
were higher for higher area images and for simplicity we retained only the highest Rt value obtained
for each sample. Images of 5*5 um? area were recorded to evaluate the microscopic surface
morphology of CI(G)S. Dissolution rates were calculated in nm of thickness removed from the
CI(G)S layer, and directly derived from the difference between the thickness of a reference CI(G)S

sample and that of an etched absorber layer from cross-section SEM measurements.

From an initial value of 57.0 nm, Rt decreased to 44.3 nm after 30 sec etching and 16.2 nm after 2
minutes. Complete dissolution of the CI(G)S layer was observed after 20 min, leaving the exposed
Mo layer. A sacrificial layer of nearly 1 um was dissolved to reach Rt < 30 nm, for a remaining
thickness around 1720 nm. After 10 minutes of etching, Rt of the absorber layer did not decrease,
despite the dissolution of a nearly 2 um thick sacrificial layer. The remaining thickness for the
absorber layer was thus around 680 nm. These results suggest a threshold value of Rt for our etching
process, In addition, in contrast to the significant decrease in Rt after 2 min and 10 min, Rt values of
44 nm and 65 nm were calculated for samples etched for 30 sec and 1 min, respectively. These values
were similar or higher to the initial roughness of 59 nm for the reference sample. These observations
have to be correlated with morphological studies of present CI(G)S layers which will be presented

later.
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Figure 58 10*10 um? and 50*50 um? AFM images acquired for 1*1 cm? CI(G)S samples etched
at 80 rpm for 30 sec, 1 min, 2 min, 5 min and 10 min compared to an as-prepared reference. Peak

to valley distance is indicated by vertical arrows.

Figure 58 show the 10*10 um?2 and 50*50 um? AFM images acquired to calculate the Rt values for
the samples presented in Table 8. Peak to valley distance is also indicated for each sample. Based on
the 50*50 um? images, peak to valley distance increased from 0.27 pum before etching to values
between 0.30 um and 1.4 um afterwards, without evident link between the intensity of the value and
etching duration. Indeed, from the aspect of the images we clearly distinguished the formation of
pillar structures at the surface of etched CI(G)S samples samples which was unusual and inherent to
the present metallurgy of bare surfaces presenting some surstructures as well as some defaults of
density. The number of pillar structures was noticeably high for etching time between 30 sec and 1
min 30 sec etching. It seemed less intense for longer durations but surfaces kept non uniform aspects.
It should be noted that the presence of the pillars probably induced errors in AFM measurements, and
exceptionally low values of valley depth were recorded from the tip after crossing a pillar. Thus,
difference in peak to valley distances from sample to sample should be interpreted with caution.
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Figure 59 Cross-section SEM images acquired for (left) as-prepared, (middle) 1 min etched and
(right) 10 min etched CI(G)S absorber layers.

Figure 59 shows cross-section SEM images acquired for as-prepared, 1 min etched and 10 min etched
CI(G)S samples. These images showed the appearance of a columnar pattern at the surface of the
sample after 1 min etching, and its disappearance for the sample etched for 10 min resulting in a
planar surface. A pillar height of up to 530 nm was calculated from the cross section image
corresponding to the 1 min etched sample, somewhat in agreement with the peak to valley distance
of 740 nm calculated from AFM. This surprising evolution of the surface morphology is in line with
previous observations and confirm a specific behaviour of the samples studied here. A planar, mirror-

like surface is nonetheless obtained after 10 min etching.

In general, a high dispersion of values was observed for CI(G)S thickness and thus dissolution rate.
Values calculated after 80 rpm etching were measured over a range between 220 nm/min and 730
nm/min, although values between 541 and 551 nm/min were consistently obtained for samples etched
for 1 min and 2 min. But a precise measurement of the thickness on SEM cross-section is rather

difficult as it requires a perfect orientation perpendicularly to the surface.

This first procedure nonetheless permitted to reach Rt values < 20 nm, which is within the goal of <
30 nm that was defined at the beginning of the study. But this result was accompanied with an
important decrease in absorber material, for a final thickness around 1720 nm after 2 min etching.
For solar cell application however, and particularly using low band gap CI(G)S, the final thickness
of the absorber layer should ideally stay above 2000 nm for decent optical absorption and to avoid
back contact carrier recombination at the Mo interface. But here, lowering the duration of the process
to limit the loss in material might result in a columnar morphology at the surface, as previously

observed for samples etched between 30 sec and 2 min.

We therefore decided to explore a procedure at lower spinning rate which will lead to lower
dissolution kinetics and possibly a better smoothing result with lower CIS removal. In addition, we

decided to pursue the study on CI(G)S samples elaborated according to the optimized procedure of
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TNO leading to a 2100 nm thickness, procedure which is better controlled than the previous employed
to reach higher thicknesses at 2800 nm. This leads to better quality absorber layers but emphasizes
the need to find a dissolution process minimizing the CI(G)S layers thinning for a targeted < 30 nm
Rt.

5.2.1.2. CI(G)S morphology after Br-etching (40 rpm & 30 rpm)

A similar study was conducted at 40 and 30 rpm, but on conventional absorber layers of 2100 nm.
Table 9 presents the final thickness and dissolution rates for samples etched between 30 sec and 4
min. Measured Rt values and thicknesses were evaluated by AFM and cross-section SEM,
respectively. To decrease the time of acquisition, areas of 10*10 um? and 5*5 um? were defined for
AFM imaging instead of 50*50 pum? and 10*10 pm?.

Table 9 Final thickness, dissolution rate and Rt for CI(G)S absorber layers chemically etched at

40 rpm and 30 rpm for durations between 30 sec and 4 min. *: Rt value obtained from a 50*50

um? AFM image.
Etching time Average Thickness Dissolution rate Rt 10*10 um Rt 5*5 um AFM
40 rpm (min) (nm) (nm/min) AFM (nm) (nm)
1*1 cm? Initial 2085 + 132 - 50.8* 46.9
00:30 1987 + 47 197 27.5 31.6
01:00 2013 +38 72 35.5 33.3
01:30 1897 + 58 188 25.2 20.4
02:00 1867 + 29 218 19.2 20.0
30 rpm 04:00 1816 + 17 67 20.8 10.7

Samples etched for 1 min 30 sec and 2 min consistently exhibited Rt values < 30 nm. Starting from
an initial Rt of 51 nm, it was possible to make it as low as 26.3 nm after only 2 min smoothing for a

final thickness around 1970 nm.

From the dissolution rates calculated by cross-section SEM imaging we observe that a Rt value < 30
nm for CI(G)S absorber layers can be reached at an etching speed of 40 rpm or 30 rpm with a lesser
loss in absorber material compared to 80 rpm. An etching duration between 1 min 30 and 2 min at 40
rpm yielded a Rt < 30 nm with a loss in material estimated between 100 nm and 300 nm, which is
reasonable. At 30 rpm, even for longer etching time such as 4 min, Rt values < 30 nm for CI(G)S
absorber layers were reached with a limited amount of dissolved material. These specific parameters

will be more detailed in 5.2.2.2.
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Figure 60 5*5 um?2 and 10*10 pm2 AFM images acquired for 1*1 cm2 CI(G)S samples etched at
40 rpm for 30 sec, 1 min, 1 min 30 sec and 2 min and compared to an as-prepared reference (5*5

um? and 50*50 um? images). Peak to valley distance is indicated by vertical arrows.

Figure 60 shows the AFM Images acquired for samples etched at 40 rpm presented in Table 9. In
contrast to samples etched at 80 rpm, and to some extent in manual stirring mode, we did not observe
a columnar pattern at the surface of the samples. Instead, lowered peak to valley distances between
0.17 um and 0.27 um were measured after etching compared to 0.54 um for the as-prepared sample.
These values were nonetheless calculated from AFM images of different areas. This supports the
previous assessment about a less controlled metallurgy when forcing the CI(G)S growth from 2100
to 2800 nm. Anyway, decreasing the rotation speed facilitates manipulations and a 2 min etching
seems appropriated to respect the requirement for solar cell fabrication : 1900 nm absorber thickness
and Rt < 30 nm.

The roughly equivalent thicknesses measured by SEM for all the samples may be attributed to the

estimative values that can be obtained. Measurements of the thickness by cross-section SEM were
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acquired at one spot of the sample at a time, resulting in an additional source of error for the

calculation of dissolution rate.

These observations led us to infer the dissolution rate of our process using a more reliable method,
ICP-OES. By this method, we aim to remove the uncertainties linked to SEM imaging. We believed
that ICP-OES was a more reliable method to assess the relative dissolution rates between samples on
the basis of a well-defined physical quantity. Indeed, ICP-OES provided a direct access to the
concentrations of dissolved elemental species in the etching solution. Concentrations obtained in
ng.Lt from this method were less subjected to experimental errors and did not rely on a reference
sample. Normalizing this value to the area of an etched sample resulted in a dissolution rate in pg.L
1 m=, representing an average value over its whole surface. Dissolution rates obtained by ICP were
proportional to a quantity in nm/min, however the conversion would require to know the density of

the CI(G)S absorber layer.

In the next section, | aim to evaluate the reliability of our process by ICP-OES and to assess its
homogeneity by acquiring cross-section SEM images at different positions before and after etching.

Planarization experiments were conducted at 40 rpm and 30 rpm.

5.2.2. Reliability and homogeneity*

From the results presented in 5.2.1, we showed that our setup developed for Br wet etching could be
an effective way to minimize the thickness of a CI(G)S layer at the expense of a moderate loss in
absorber material. However, we noticed discrepancies in dissolution rate calculated from SEM
imaging from sample to sample and wanted to determine the reliability of our process using a more

robust protocol.

Additionally, these experiments were conducted on 1*1 cm? samples which were not suited for solar
cell application. We therefore conducted subsequent experiments for a larger sample size that would
be still adapted to our setup. We determined that a sample size of 2*2 cm?2 would be suited for this
task, that we introduce for smoothing experiments conducted at 40 rpm. Spatial homogeneity of the
process over the thickness of the absorber layer should also be inspected as the amount of etched
material could be different at the edge and the center of the sample due to the hydrodynamic properties

induced by our setup.

X |CP-OES measurements and determination of normalized concentration were realized by Soléne Béchu. SEM and
AFM images were recorded by Alexandre Blaizot.
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In the following section, we thus want to determine the reliability and homogeneity of our process

for 1*1 cm2 and 2*2 cm2 samples.

5.2.2.1. Reliability of the Br-etching process (40 rpm)

To assess the reliability of our process, we first aimed to compare the discrepancies of the dissolution
rates obtained from SEM images and ICP-OES. ICP-OES dosages were conducted for HBr:Br2:H.O
solutions after etching 2*2 cm? CI(G)S samples at 40 rpm for 2 min, 4 min and 6 min. It allowed to
measure the concentrations of the elements Cu, In, Ga, Se and Na dissolved after smoothing. The
concentrations were measured in pg.L ™ and were then normalized to the surface of the etched samples

in pg.Lt.m2, as shown on Figure 61.

For these elements, we observed an almost ideal linear relationship between normalized concentration
in Br solution and etching duration. A simple linear regression resulted in R-Squared systematically
> 0.99. Intercept to zero (min) were also calculated between -12 pg.L.m? and 67 pg.Lt.m?, as
compared to normalized concentrations values in the order of thousands of ug.L™.m™. This linear
time dependency of the amount of dissolved elements had also been reported for the same etching
process on CIGS, and our results confirmed the reproducibility of this method over CI(G)S.**
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Figure 61 ICP dosage for Cu, In, Ga, Se and Na from Br solutions after etching of CI(G)S
absorber layers at 40 rpm for 2 min, 4 min and 6 min. Values in pg were normalized with volume
of solution and sample area. Hypothetical linear concentration relationship between Cu, In and Se

concentration as a function of etching time were represented by dashed lines.

On the other hand, we did not observe linear relationships between normalized concentrations in Ga
and Na and etching durations. The initial concentrations for these elements were initially very low in

the low band gap CI(G)S absorber layer, and might have varied from sample to sample. The Ga
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grading in CI(G)S also implied that we did not expect a linear time dependency of its concentration

in etching solution. One should note also that a perfect procedure would need to mask the borders

where dissolution is accelerated and the glass, source of Na.

Table 10 Final thickness, dissolution rate and Rt values for CI(G)S absorber layers chemically

etched at 40 rpm for durations between 2 min and 6 min. 2: Rt value obtained from a 50*50 um?

AFM image.
Etching time Average Thickness Dissolution rate Rt 30*30 um Rt 5*5 um AFM
40 rpm (min) (nm) (nm/min) AFM (nm) (nm)
2*%2 cm? Initial 2085 + 132 - 50.8% 46.9
02:00 1970+ 31 58 26.6 27.2
04:00 1809 + 45 69 23.0 18.0
06:00 1469 + 60 103 14.3 10.7

These results were in contrast to the dissolution rates measured by cross-section SEM shown in Table
10, for a set of 2*2 CI(G)S cm? samples etched under the same conditions. Rather consistent
dissolution rates of 58 nm/min and 69 nm/min were calculated for 2 min and 4 min etching time,
while an especially high value of 103 nm/min was found for the sample etched for 6 min. Rt value of
23 nm was calculated from AFM image of the sample etched for 2 min. A thickness of 1809 nm was
reached after further extending the dissolution time to 4 min, while not resulting in significantly lower
Rt values. 15 nm were reached after a 6 min duration at the for a final absorber layer thickness of
1469 nm.
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Figure 62 5*5 um? and 30*30 um2 AFM images acquired for 2*2 cm? CI(G)S samples etched at
40 rpm for 2 min, 4 min and 6 min and compared to an as-prepared reference (5*5 um?2 and 50*50

um? images). Peak to valley distance is indicated by vertical arrows.

Therefore, we showed that the average dissolution rate over the surface of a sample was consistent

for a given rotation speed. Deviations observed by SEM rather reflected the difficulty to access the
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average thickness of a sample using this method, or inhomogeneities in the thickness of the parent

sample or during etching process.

5.2.2.2. Reproducibility of the Br-etching process (30 rpm, 4 min)

To further minimize the amount of etched CI(G)S necessary to reach a Rt value < 30 nm, we
investigated the possibility to decrease the etching speed of the process to 30 rpm. For simplicity,
these experiments were conducted on 1*1 cm? samples. Additionally, we wanted to further assess the
general reproducibility of our process, that was already well established in section 5.2.2.1.

Table 11 Final thickness, dissolution rate and Rt values for three CI(G)S absorber layers

chemically etched at 30 rpm for 4 min. *: Rt value obtained from a 50*50 um? AFM image.

Etching time Average Thickness Dissolution rate Rt 30*30 um Rt 5*5 pm

30 rpm (min) (nm) (nm/min) AFM (nm) AFM (nm)
1*1 cm? Initial 2085 + 132 - 50.8* 46.9
Sample 1 04:00 1725 + 43 90 18.4 15.5
Sample 2 04:00 1816 + 17 67 20.8 10.7
Sample 3 04:00 1768 £ 55 79 17.0 10.6

Table 11 presents the average thickness, dissolution rates and Rt values obtained from SEM and
AFM imaging for three samples etched at 30 rpm for 4 min. Similarly to previous observations for
experiments conducted at 40 rpm, all three etched samples exhibited consistent Rt values. They were

systematically below or close to 20 nm, showing the robustness of our setup at low spinning speed.

Discrepancies in dissolution rates were also observed, in accordance to previous observations. For
two samples, a consistent rate between 90 nm/min and 79 nm/min was calculated whereas it was 67
nm/min for the third one. These three values were surprisingly superior to those obtained after 40 rpm
etching for 2 min and 6 min etching, and reflected the difference in initial and final morphology for
the three samples. An absorber layer thickness between 1709 nm and 1725 nm was reached for the

first two samples while it was around 1816 nm for the third one.

133



Prospective

8000 T T T
E
< I
= 6000 -
= |
5
= X ¥
g I K I
§ 400 N2 X :
c [ X 1
S
[S]
8 L ]
N 2000 |- X X X .
4]
£ I ]
5 I
Z -
0
0 1 2 3 4
Sample

Figure 63 ICP dosage for Cu, In, Ga, Se and Na from three Br solutions used to etch CI(G)S
absorber layers at 30 rpm for 4 min. Values in pug were normalized with volume of solution and

sample area to yield values in ug.Lt.m2

ICP-OES dosage was conducted to assess the reproducibility of the dissolution rate with a more
reliable method. Normalized concentration values in Cu, In, Ga, Se and Na are reported in Figure 63
for the HBr:Br2:H20 solutions that served to etch the three samples a 30 rpm for 4 min. Average
concentrations for major elements in CI(G)S were respectively 2046 + 87 ug.L™t.m for Cu, 3763 +
272 pg.L't.m2 for In and 4594 + 271 pg.L"t.m2 for Se for all three samples, resulting in standard
deviation systematically lower than 8% for these elements. This deviation is significant, and might
be linked to the experimental errors during the etching process. Nonetheless, the average value for
etching rate from cross-section SEM images was calculated at 84 £ 15 nm/min, which corresponded

to a standard deviation > 17% of the average value.

Concentrations were much lower for Na and Ga, with higher relative standard deviations. Average
values of respectively 189 + 50 pg.L"t.m? and 13 + 39 pg.L™t.m were calculated. The argument

developed in 5.2.2.1 would also be valid to explain discrepancies from sample to sample.
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Figure 64 5*5 um2 and 30*30 um2 AFM images acquired for three 2*2 cm2 CI(G)S samples
etched at 30 rpm for 4 min and one as-prepared reference sample (5*5 um? and 50*50 pm?

images). Peak to valley distance is indicated by vertical arrows.

Overall, these results indicated that reproducible values could be obtained both in terms of roughness
of the etched layer and of dissolution rate of the process. Additionally, lowering the rotation speed
from 80 rpm to 40 rpm and 30 rpm allowed to increase the etching time to reach a certain Rt value,
leading to a better robustness of our protocol regarding difference in handling from sample to sample.
Concomitantly, the amount of etched material to reach Rt value < 30 nm seemingly decreased after

lowering the rotation speed, especially for the series of experiments at 40 rpm.

In the next part, we evaluate the spatial homogeneity of our etching process over CI(G)S samples of
2*2 cm? area that would be suited for solar cell fabrication. To do so, we first study the morphology

of the as-prepared parent sample.

5.2.2.3. Thickness homogeneity of co-evaporated CI(G)S layers prior to Br-etching

We first assessed the spatial homogeneity of CI(G)S samples prepared by co-evaporation prior to Br
wet etching. To do so, the thickness of the CI(G)S and Mo layers across two CI(G)S samples of co-
evaporated variety grown on top of a Mo layer by cross-section SEM imaging was measured. Briefly,
two parent 5*5cm? samples were cut in two rectangular 2.5*5 cm? half-samples as depicted on Figure
65. For each parent sample, cross-section SEM images for a single 2.5*5 cm? half-sample were
recorded to assess the thickness homogeneity across the CI(G)S and Molybdenum layers. In total, 7

images were acquired across each half-sample A and B at different locations.

Thickness values measured from these images are reported on Figure 66. Mo layers from both
samples presented a similar and homogenous morphology, with a thickness of respectively 471 + 27
nm and 450 £ 62 nm for samples A and B. For sample B, we nonetheless measured lower values at

left- and right-position 3 of respectively 413 nm and 335 nm which may indicate edge effect during
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deposition. This feature was not observed for sample A, with values of 480 nm and 475 recorded for

respectively left- and right-positions 3 which were above the average value of 471 nm.

5cm
2.5cm Sample A Sample B
TTTrTT AT T TTTTTCOTTOTTT Tt T T TT T oo ToTo o oTomooo-
L-P L-P L-P Mid R-P R-P R-P
3 2 1 1 2 3

Figure 65 Schematic of 2 CI(G)S parent samples of 5*5 cm?2 area cut in two half-samples A and B
of 2.5*5 cm? area. Cutting lines are indicated by dotted lines. L-P: Left-position. R-P: Right-
position. Mid: Middle

Regarding the CI(G)S layer, | measured average values of 1884 + 317 nm for sample A and 1843 +
168 nm for sample B. Large discrepancies of thickness values were observed for sample A, whereas
the standard deviation was less than 10% of the average value for sample B. Nonetheless, outlier
values for sample A were measured from images at the edge of the samples at left- and right-position
3. In particular, not considering the outlier value of 1221 nm from left-position 3 would yield an
average value of 1994 with a deviation of + 134 nm, which would correspond to a standard deviation
values <10% of the average value. This deviation could explain to some extent the lack of consistency
observed between values of dissolution rates calculated from SEM measurements.
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Figure 66 Thickness of CI(G)S and Mo layers across two CI(G)S samples grown by co-

evaporation on top on a Mo layer, prior to Br wet etching. Two samples, (a) A and (b) B, were

measured for reproducibility. Thickness values were measured from cross-section SEM images

taken at 7 positions for two 2.5*5 cm? half-samples. These half-samples were obtained from two

distinct 5*5 cm? parent samples cut in half.

Samples of area up to 2*2 cmz2 could be chemically smoothed using the small-scale setup. The initial

discrepancy in thickness observed for 5*5 cm? samples served as a basis to assess the spatial

homogeneity of our process for smaller samples of this size.

5.2.2.4. Thickness homogeneity of co-evaporated CI(G)S layers after Br-etching

A similar method as that developed in section 5.2.2.2 was employed to assess the spatial homogeneity

of the thickness of CI(G)S after etching. Parent 2*2cm?2 samples were submitted to Br etching for 1

min and 2 in, respectively. They were then cut in half after etching into half-samples C and D, of

rectangular dimensions 1*2 c¢cm? as shown in Figure 67. Then, cross-section SEM images were

acquired at 3 different positions for each half sample, from which | measured the thickness of the
CI(G)S absorber layers.
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Figure 67 Schematic of 2 CI(G)S parent samples of 2*2 cm?2 area cut in two half-samples C and D

of 1*2 cm? area. Etching parameters were 40 rpm for 1 min and 2 min, respectively. Cutting lines
are indicated by dotted lines. L-P: Left-position. R-P: Right-position. Mid: Middle

a) Sample C | Etching parameters Left-position Middle Right-position Average Standard
1*2 cm? 40 rpm - 1:00 min value deviation

CI(G)S thickness (nm) _ 2 1970 2013 38

Glass substrate
2cm

b) Sample D | Etching parameters Left-position Middle Right-position Average Standard
1*2 cm? | 40rpm -2:00 min value deviation

CI(G)S thickness {nm) 1850 1900 1850 1867 29

Glass substrate

A

2cm

A\

Figure 68 Thickness of CI(G)S and Mo layers across two CI(G)S samples grown by co-

evaporation on top on a Mo layer, after (a) 1 min and (b) 2 min of Br etching at 40 rpm. Thickness

values were measured from cross-section SEM images taken at 3 positions for two 1*2 cm? half-

samples. These half-samples were obtained from two distinct 2*2 cm? parent samples cut in half.
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Average thickness values of 2013 £+ 38 nm and 1867 + 29 nm for CI(G)S absorber layers are reported
on Figure 68 after respectively 1 min and 2 min Br etching at 40 rpm. These values corresponded to
standard deviations values < 2 % that of their respective average, indicated inferior discrepancies in
values compared to that of 5*5cm? samples measured in section 5.2.2.2. The datasets considered were
nonetheless of different sizes. Moreover, the distance between two successive SEM image
acquisitions was slightly different for A & B samples on one side and C & D samples on the other
side. For the 2.5*5 cm? as-prepared half-samples, this gap was approximately 0.625 cm and it was
closer to 0.5 cm for the 1*2 cm? etched half-samples.

Despite the difference in spacing between two consecutive SEM images, we can consider dataset of
similar size by considering average and standard deviation values extracted for each combination of

3 spatially successive measurements for samples A & B. These values are reported on Table 12.

For datasets of similar size to that of sample C & D, average values between 1739 nm and 2078 nm
with standard deviation values between 16 nm and 449 nm were obtained for sample A. They were
calculated between 1787 nm and 1884 nm with standard deviation values between 72 nm and 222 nm
for sample B. The average ratio between standard deviation and their average values for samples A
and B was between 8% and 9% for both samples A and B, superior to the values calculated for

samples C and D.

Table 12 Average values for CI(G)S absorber layer thickness for sample A and B, calculated from

thickness measurements for 5 series of 3 consecutives SEM images for each sample.

a) Sample A Average Thickness b) SampleB Average Thickness
2.5*5cm? (nm) 2.5*5cm? (nm)
L-P3toL-P1 1739 + 449 L-P3toL-P1 1787 £ 165
L-P 2 to Mid 2027 £ 57 L-P 2 to Mid 1877 £ 72
L-P1toR-P1 2066 * 36 L-P1toR-P1 1822 + 164
Mid to R-P 2 2078 £ 16 Mid to R-P 2 1825 + 168
R-P1toR-P3 1961 + 196 R-P1toR-P3 1884 + 222

To conclude, from cross-section SEM measurements acquired at different position we found a similar
thickness homogeneity across cutting lines between as-prepared and etched CI(G)S samples. Due to
the low number of acquired SEM images, for the etched CI(G)S samples these results could be rather
interpreted as a good correspondence between the thickness at the edge and at the center of the sample.
Discrepancies in thickness values across the cutting line were similar between the 1 min etched and
the 2 min etched half-samples, indicating that the homogeneity of the layer did not vary as a function
of etching time. However, we note that these results were derived from cross-section SEM
measurements using a protocol for which we demonstrated certain limits in 5.2.2.1 and 5.2.2.2.
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In this subsection, the reliability and homogeneity of our small scale planarization setup was
evaluated. ICP-OES measurements after etching samples at 40 rpm for 2, 4 and 6 min show a linear
concentration of dissolved metals upon treatment time, while repeating three times a 30 rpm etching
for 4 min yielding similar concentrations. The standard deviation of thickness along a lateral cut of a
CI(G)S sample was similar before and after etching. These results show that our process has a

reasonable reliability and yields homogeneously etched surfaces.

5.2.3. Influence of Br-etching and KCN treatment over the surface chemistry of CI(G)S¥'

As mentioned in earlier reports, the surface chemistry of planarized CI(G)S is left modified after Br-
etching and has to be restored before integration of the layer into full cells®. We explored the role of
KCN treatment to recover a pristine CI(G)S chemistry from a Br-etched surface, on the basis of XPS
analysis and as described in other protocols®®!3, Additionally, we wanted to evaluate the effect of
Br-etching on the concentration of other components present at the surface of as-prepared CI(G)S,
such as alkali elements who play a role in CI(G)S solar cells performances and Cd leftover species
from the removal of the protective layer described in 2.1.9. Moreover, we assessed the surface
chemistry of Br-etching at the center and at the edge of the sample as an additional mean to assess

the homogeneity of our process.

5.2.3.1. Qualitative assessment over the surface chemistry of CI(G)S by XPS analysis

Here, we take a closer look at the surface chemical properties of CI(G)S samples after each step of

this process.
The surface of the following samples was probed by XPS:
- As-prepared CI(G)S layers
- CI(G)S after Br-etching (4 min, 40 rpm)
- CI(G)S after Br-etching (4 min, 40 rpm) followed by KCN treatment (5min)

Corresponding spectra are shown on Figure 69 for the Cu 3p, Cu 2psr2, Se 3d and In 4d regions.
Information about the chemical state of Cu could be gathered from the Cu 3p region between 70 eV
and 81 eV and the Cu 2pas, region between 929 eV and 935 eV. In both cases, only one chemical

state was identified for each CI(G)S sample. For the pristine sample, Cu 2ps» peak position was

Xi XPS data acquisition was realized by Muriel Bouttemy and Matthieu Frégnaux. Peak fitting of the XPS spectra was
realized in collaboration with Muriel Bouttemy and Solene Béchu. KCN treatment was carried out by Solene Béchu.
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detected at 932.5 + 0.1 eV, while the Cu 3ps2 and Cu 3p12 peaks were respectively positioned at
748 + 0.1 eV and 77.3 £ 0.1 eV. Those were in agreement with a chemical environment
corresponding to that of Cu in CI(G)S. Cu 2ps/, peak position was then 932.2 + 0.1 eV after Br-
etching, and 932.2 + 0.1 eV after KCN treatment. Likewise, peak positions of the Cu 3ps2 and 12
environment were respectively at 74.6 £ 0.1 eV and 77.1 £ 0.1 eV for the Br-etched sample, and at
74.8+0.1eVand 77.1 £ 0.1 eV after KCN treatment. These similarities indicated that the chemical
state of Cu was likely not altered either by Br-etch or KCN treatment. For the CI1(G)S sample after
Br-etch, an additional feature between 67.5 + 0.1 eV and 70 + 0.1 eV could be attributed to Br 3d
orbital contribution, indicating trace amounts of this element. It was not detected from the as-

prepared sample and disappeared after KCN treatment.
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Figure 69 Superimposed XPS spectra for CI(G)S samples recorded in the (a) Cu 3p, (b) Cu 2pap,

(c) In 4d and (d) Se 3d regions. For each graph, from top to bottom: As-prepared CI(G)S sample,
CI(G)S sample after Br-etch (4 min, 40 rpm), and CI(G)S samples after Br-etch (4 min, 40 rpm) and
KCN treatment.
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Regarding the Se 3d region, the surface chemistry of CI(G)S was modified after etching. For the as-
prepared samples, we identified one Se contribution from CI(G)S environment with Se 3ds/> and 3ds/2
contributions at respectively 54.2 + 0.1 eV and 55.1 + 0.1 eV. This chemical state was also identified
in Br-etched and KCN treated samples, with Se 3ds2 contributions at 54.1 + 0.1 eV and 54.1 £ 0.1
eV. However, a supplementary chemical state of selenium attributed to elemental Se° was identified
for these samples. It was characterized by a Se 3ds, component positioned respectively at 54.84 +
0.1 eV and 54.98 + 0.1 eV for the Br-etched and KCN treated samples. Elemental selenium was the
most represented Se environment for the Br-etched sample, while its contribution was only residual
after KCN treatment.

The formation of a characteristic Se® superficial layer was indeed consistently reported after KBr:Br
and HBr:Br» etching. Elemental selenium has been considered as a corrosion intermediate in the
etching process, and its subsequent oxidation in dissolved ions as a rate-limiting step of the overall
mechanism. As a result, evolution of the Se chemistry state in the etching process has been
hypothesized as a key element in the reduction of mean roughness of the absorber layer discussed in
5.2.1.54% Qur results obtained on CI(G)S show that bromine in aqueous environment is an efficient

oxidizing agent for CI(G)S etching process, as already demonstrated for CIGS®,

We also identified XPS features indicative of In-O bonding after bromide etching. In 4d signal from
CI(G)S environment was identified with a 4ds,, component at 17.9 + 0.1 eV and a 4ds;> component at
18.8 = 0.1 eV for pristine CIGS. This contribution was also identified in the Br-etched and KCN
treated samples, with In 4ds, components at 17.7 £ 0.1 eV and 17.7 + 0.1 eV. After etching, an
additional yet subtle 4d component was detected at 18.5 + 0.1 eV and 19.3 £ 0.1 eV for 4ds2 and 4dzp.
orbitals, respectively. It could be associated to the presence of indium oxide, whose formation was
also reported after KBr:Br. and HBr:BR: etching and completely disappeared after KCN
treatment®>°>134135 Here, this oxidation is most probably due to air exposition between sample
preparation and subsequent introduction as no specific care was taken for the transfer of the sample

from the solution to the XPS spectrometert3>13¢,

In any case, elemental selenium was only marginally detected by XPS after KCN treatment, showing
that the superficial Se° layer could be mostly removed after KCN treatment as established by previous
works.>#51331%5 | jkewise, presence of indium oxide was not detected for the KCN treated sample,

indicating that pristine chemical environment could be restored by this method.

In this subsection, the effect of bromide treatment on the surface chemistry of CI(G)S was studied by

XPS. Our conclusions are similar to those presented in 2011 by Bouttemy et al. regarding the
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evolution of the surface chemistry of CIGS®>°8, Namely, Se®is present at the CI(G)S surface after Br-
etching, but both Se? and native oxides are efficiently removed with KCN leaving an adapted surface
for the subsequent buffer layer deposition. In the next sections we provided a quantitative look on the
species presently identified by XPS.

5.2.3.2. Evolution of Na and Cd content at the surface after Br-etching and KCN treatment

Here we focus on the presence of other elements at the surface of CI(G)S samples before and after
Br-etching, i.e. Cd and Na. CI(G)S samples delivered by TNO were capped with a CdS layer to
protect them during shipment, which was subsequently removed by HCI treatment as presented in
2.1.9. However, traces of this element were susceptible to remain after acidic treatment. Additionally,
alkali elements are an important factor in CI(G)S solar cell performances.*®*!3" For CI(G)S samples
deposited on soda-lime glass substrates, Na migrates from the glass substrate to the surface of the
sample, and it has be demonstrated that KCN treatment and even immersion of CI(G)S in water would
provoke alkali leaching from the surface.'®13¢ XPS analysis permitted to verify that Cd was
completely removed from the surface of CI(G)S after planarization, and to study quantitatively the
presence of Na before and after Br-etching. Small Na contents were measured at the surface, although
no Na was expected after Br etching, which could be explained by the fact that the oxidation of
CI(G)S should be accompanied by a concomittant Na migration toward the surface, as previously
reported for CIGS!4,

a) Cd 3dg, b) Na1s
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Figure 70 Superimposed XPS spectra for CI(G)S samples recorded in the (a) Cd 3ds2 and (b) Na
1s regions. For each graph, from top to bottom: As-prepared CI(G)S sample, edge, and center of a

CI(G)S sample after Br-etching (10 min, 80 rpm)
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Figure 70 shows the XPS spectra of the Cd 3ds, region between 402 eV and 408 eV and the Na 1s
region between 1069 eV and 1075 eV, for an as-prepared sample and a sample etched for 10 min at
80 rpm. Two spots were investigated by XPS, one at the edge and one at the center of the sample. For
the as-prepared sample, a Cd 3ds» component was identified at 405.2 + 0.1 eV. This feature confirms
that HCI treatment was not entirely effective at removing the CdS protective layer over the surface
of CI(G)S. However, it completely disappeared from the surface of treated CI(G)S from both the edge
and the center spot XPS spectra. Regarding Na, a single peak could be fitted centered at 1072.2 £ 0.1
eV for the as-prepared sample. The element was still detected after etching, although at a lower

intensity with Na 1s components at 1071.6 + 0.1 eV for both spots.

To conclude, we demonstrated that HCI treatment was not entirely effective at removing the CdS
capping layer from the surface of delivered CI(G)S samples. However, no trace of Cd remained after
Br-etch treatment. Our analysis also confirmed that alkali leaching occurred during Br-etching and
subsequent H20 rinsing, with a decrease in intensity of the peak corresponding to the Na 1s orbital.
The Na presence is most probably inherent to the exposition of the surface to air after the planarization
step, as already observed for CIGS. The concentration in Na is susceptible to further decrease after
KCN treatment. In general, a change in surface Na concentration would induce consequences in the
short term over PV parameters of fabricated solar cells but would be restored over time by migration

from the glass substrate.

From XPS analysis, we obtained a qualitative picture over the evolution of the surface chemistry of
CI(G)S samples through Br-etching and KCN treatment. In the next sections, we focus on the
elemental profile of the as-prepared CI(G)S layer by GD-OES and the evolution through the etching

process of the composition at the surface by XPS.

5.2.3.3. Elemental composition of CI(G)S absorber layers by GD-OES

Figure 71 shows the elemental depth profile of an as-prepared co-evaporated CI(G)S sample. Due
to the nature of the process and the morphology of the starting material, measurements across the
first 100 nanometers of material were not reliable and are thus not taken into account here.
Otherwise, atomic percentages in Se, In and Cu were rather constant across the samples at roughly
50 %, 28 % and 20 % respectively. In and Se concentration decrease near the Mo interface,
concomitantly with an increase in Ga atomic concentration to 12 %. Ga concentration remained < 1
% within the first 500 nanometers of the material, then increased to 5 % at 1300 nm depth and to 10
% at 1730 nm. Ga concentration never exceeded 14 %, at any CI(G)S depth.
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Figure 71 Elemental profile of as-prepared CI(G)S layers prepared by co-evaporation established

using GD-OES. CI(G)S depth was measured by cross-section SEM and elemental profiles were

calibrated from XRF measurements.

Table 13 shows the bulk atomic percentage of the main constituents of the co-evaporated CI(G)S

sample. 36 measurements were recorded across the sample, and lateral homogeneity was found

satisfactory with a standard deviation in atomic percentage systematically < 1 % of the average

value. The Se, In and Cu overall concentrations roughly corresponds to the one discussed earlier,
and Ga overall concentration was measured at 1.13 + 0.04 % for a GGI ration of 0.04.

Table 13 Average atomic percentage and standard deviation for the main elements of an as-

prepared CI(G)S sample prepared y co-evaporation from XRF measurements at 36 different

positions.
Element Cu In Se Ga
Avg At % 20.47 27.61 50.79 1.13
Std deviation 0.13 0.25 0.24 0.04

Overall, these results indicate a low Ga content with a single concentration grading along the depth

of the CI(G)S sample, with a concentration from < 1 % at the front of the sample to 14 % at the Mo

back contact. Therefore, it might be difficult to detect Ga from both as-prepared and etched samples

with surface sensitive techniques such as XPS, as Ga concentration might be within the detection

limit for depths up to hundreds of nanometers.
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5.2.3.4. Elemental composition of CI(G)S absorber layers by XPS analysis

The elemental composition at the surface was also studied for an as-prepared sample, after etching,
and for an etched sample treated by KCN as represented in Table 14. The composition of the Br-
etched sample was probed at two spots, one at the center and one at the edge of the sample.
Concomitantly with the formation of a Se° layer at the surface of the samples, atomic percentage of
Se increased from 51.7 % to 53.8 % (center) and 62.6 % (edge) after etching, and is accompanied
with a decrease in atomic percentages of Cu and In. Percentage in Se was the lowest at 47.8 % for the
KCN treated sample, which presented similar Cu and In percentage as compared to the as-prepared
sample. Likewise, the atomic percentage of oxygen evolved from 5.6 % to 12.8 % (center) and 16.0
% (edge) after etching, which to some extent might be linked to superficial oxidation of the surface

exposed to air after sample extraction of the etching solution, rinsing and drying.

We could also detect Ga after etching. A concentration of approximately 1 % of Ga was revealed
after etching, for a final GGI ratio at the surface between 0.05 and 0.1. The CGI ratio also increased,
from 1.25 to 1.48 (center) and 2.17 (edge). We didn’t detect Ga after Br-etching and KCN treatment,
probably due to its low concentration as discussed in 5.2.3.3.

Table 14 Elemental composition of CI(G)S samples before and after Br-etching.

Atomic % Cu In Se Ga Na 0] Cd
Reference
photopeak Cu3p In 4d Se 3d Ga 3d Na 1s O 1s Cd 3ds/2
As-prepared 22.6 18.0 51.7 - 0.9 5.6 1.2
Br-etched (edge) 13.3 6.8 62.6 1.0 0.3 16.0
Br-etched (center) 19.3 12.6 53.9 1.3 0.2 12.8
Br-etch + KCN 19.9 19.0 47.8 - 0.0 9.5

Overall, after etching changes in the CI(G)S stoichiometry at the center of the sample were minor,
except for the appearance of buried Ga atoms revealed by the etching process. However, Se is more
represented at the edge, and it might be explained by a larger Se® superficial layer since no KCN
treatment was realized on the studied samples. During spinning, diffusion driven mechanism of ion
transfer should indeed favor faster reaction rates at the edge than at the center of the sample, and
might have resulted in a thicker Se® layer in this region.

After KCN, concentrations in Cu, In, Se and O evolve to reach values close to that of the as-prepared
samples. However, Na is still detected to some extent after Br-etching, but is completely removed

from the surface after KCN treatment.
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5.2.4. J-V and EQE characterization of devices based on as-prepared and smoothed CI(G)S*

We now evaluate the PV parameters of complete solar cells based on as-prepared and smoothed
CI(G)S absorber layers. As discussed in the previous section, KCN treatment could be used to restore
the chemical properties of smoothed CI(G)S absorber layers before integration into solar cells.
However, both Br-etching and KCN treatment induce alkali leaching, which temporarily alter the
surface chemistry of CI(G)S. Therefore, to quickly evaluate the effect of wet etching on the PV
parameters of solar cells and rule out the effect of alkali leaching, KCN treatment was systematically
applied on both as-prepared and smoothed CI(G)S absorber layers before solar cell fabrication for the

samples studied in this section.

For proof of concept of our treatment on CI(G)S, one solar cell was first completed based on each
absorber layer, that is as-prepared and smoothed types.

To compare the PV performances of solar cells before and after wet chemical etching, | first
considered two CI(G)S samples of co-evaporation variety and 2*2 cm? area. One complete CI(G)S
cell was prepared from a smoothed absorber, after 4 min and 40 rpm bromide etching. Another was
prepared based on an as-prepared absorber layer from the same batch for reference. KCN treatment,
as well as buffer and window layer deposition were conducted simultaneously for both samples,
although using different solutions. The following architecture was completed:
Glass/Mo/CI1(G)S/Zn(0,S)/ZnMgO/AZO0, as described on Figure 72.

Condition N° of samples N° of working cells
Cl(G)S
Smoothing As-prepared CI(G)S 1 1
Smoothed CI(G)S 1 1

Figure 72 (left) Architecture of solar cells prepared for J-V experiment using either as-prepared or
smoothed CI(G)S (right) Number of solar devices prepared and number of working solar cells (i.e.
PCE > 1%) per condition.

Xit KC treatment, Zn(0,S) deposition by CBD and ZnMgO/AZO deposition by sputtering were realized by Amelle
Rebai.
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J-V curves for 0.09 cm? active area solar cells completed out of these samples is shown on Figure
73. PV parameters were measured for both cells by 4 probes IV measurements to dampen the effect
of the lateral conductivity of the electrodes on fill factor, as this parameter will not affect the
efficiency of a 2T tandem solar cell. From Figure 73b, Similar Vo of respectively 497 mV and 492
mV were measured before and after smoothing. FF values of respectively 67 % and 69 % were also
obtained for both samples. Higher Js value of 34.2 mA.cm was nonetheless reported for the solar
cell based on as-prepared CI(G)S, against 32.7 mA.cm for the solar cell completed from a smoothed
absorber layer. As a result, corresponding PCE were respectively 11.41 % and 11.01 %.

To investigate more in details this difference in Jsc, EQE spectra were measured for both cells. As
seen in Figure 73a, a slight increase in the EQE was visible in the 400 nm and 600 nm regions of the
spectra for the smoothed absorber compared to the as-prepared. These gains, however, were
overcompensated by greater losses between 450 and 600 nm and between 750 and 1000 nm. These
regions could correspond to the interference fringes of the various zinc oxide based layers on top of
CI(G)S, and less intense EQE could be linked to an increase in reflectance due to the mirror-like
surface of CI(G)S. Less absorption and conversion was also observed for wavelength > 1100 nm for
the smoothed sample.
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Figure 73 (a) EQE signal and (b) J-V curve for CI(G)S solar cells based on as-prepared (black) and
smoothed (red) CI(G)S absorbers layers. J-V curve was recorded using a 4 probes setup. Forward

and reverse current on J-V curve are depicted in full and dotted lines, respectively.

A less intense EQE spectra in the high band-edge region of the CI(G)S absorption spectrum could be
related to a lower thickness of the absorber layer, and carrier generation closer to the Mo/CI(G)S
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interface which could be a source of shunt recombination pathways in CI(G)S cells. For both samples,

a shoulder in EQE spectra was observed around 1050 nm which is probably a measurement artefact.

These results indicated that KCN was indeed an effective treatment to restore the CI(G)S surface after
planarization for solar cell application. Very similar PV parameters were obtained using a smoothed
and an as-prepared absorber, with a decrease in Jsc for the device based on a smoothed absorber layer.
However, our EQE analysis indicated that losses in Jsc were partly due to a decrease in carrier
generation from low frequency photons, which would play a determinant role for current matching in
a 2T tandem. These losses in the high range of wavelength might be partly prevented by using thicker

CI(G)S absorber layers as starting material for planarization experiments.

In this subsection, | compared the PV parameters and EQE spectra of solar cells completed from as-
prepared and etched CI(G)S layers. These results suggest that similar PV parameters can be obtained
out of planarized and as-prepared samples. However, this observation was not systematic and | noted
that it was necessary to use different KCN and buffer layer solutions for etched and non-etched
samples. Moreover, the Jsc of solar cell prepared out of smoothened absorber layers is generally lower
as shown by EQE measurements due to a slightly lower thickness and different light scattering

dynamics.

These results showed the capability of our process to effectively reduce the surface roughness of
CI(G)S absorber layers, with negligible loss in thickness and the possibility to restore the surface
chemistry and prepare solar cells of equivalent performances compared to as-prepared absorbers.
These results were however based on one solar cell per condition and thus lacked statistical
significance. Additionally, the etching setup relying on a rotating sample in solution, which would
not be suited for large scale substrates for hydrodynamic reasons. In terms of weight, larger substrates
would be also too heavy to be fixed upside down to a rotating electrode. Those observations led us to
design a new setup adapted to larger samples, up to 5*5 cm? which presented good preliminary results
in terms of homogeneity of the thinning and smoothing (Figure 74). The protocol is still under

optimization.
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Figure 74 Surface SEM images of a 3.25*3.25 cm? sequential CI(G)S sample before (left) and
after (right) etching using a setup adapted for sample sizes in the order of 5*5 cm2.

5.3. Interim summary

In this chapter, we describe a wet Br-etching procedure to decrease the roughness of CI(G)S absorber
layers and facilitate the process of a perovskite topcell in tandem architecture. This process was
essentially based on a method already described for CIGS, and adapted to low bandgap absorber
layers. In the first part, we focus of the optimization of the process duration and spinning speed on
samples of area inferior or equal to 2*2 cm?, in order to minimize the final roughness and the thickness
of the sacrificial CI(G)S layer. As a result, determined that etching the sample for 2 min at 40 rpm
constituted a good trade-off between both parameters, as its led to RMS roughness values < 20 nm

with for a loss of 400 nm.

Then, we verified the thickness homogeneity of as-prepared and smoothed samples, with similar
values measured across either 2*2 cm? sample and a good homogeneity of the parent 5*5 cm? CI(G)S
sample. We also demonstrated the reproducibility of our protocol by analysing the composition of
our etching solutions after smoothing with ICP-OES. Indeed, a strong linear correlation between
concentrations in Cu, In and Se and treatment time at 40 rpm was observed, and these concentrations

were rather similar for three samples treated for 4 min at 30 rpm

We therefore studied the effect of the Br-etch treatment, either followed by KCN treatment or not
over the surface chemistry of CI(G)S. It was heavily altered by the formation of a superficial Se° layer
on top of the layer, oxidation of indium species, and partial leaching of Na. The original chemistry of
Se and In was mostly restored after KCN treatment, but concentration in Na was still lower to that of

the pristine layer. Moreover, concentrations in Cu, In stayed rather similar between the pristine and
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Br-treated samples, while Se concentration slightly increased and Ga started to appear as a constituent

of the surface.

Finally, we prepared solar cells based on as-prepared and smoothed absorber layers, both after KCN
treatment. For one device of each condition, similar PV parameters were observed except for Js
which was slightly higher for the as-prepared sample, leading to a slight increase in PCE. Indeed, a
mirror-like surface is obtained after planarization which is less efficient than rough CI(G)S at trapping
reflected photons back in the layer. This difference likely led to a decrease in intensity in region of
the EQE distinctive of interference fringes for zinc oxide based layers, such as ZnMgO and AZO
layers employed for the devices. Overall, we demonstrated that the etching process designed for CIGS
could readily be adapted to low bandgap CI(G)S. However, J-V measurements should be repeated on

a bigger set of samples to further confirm that Voc and FF are not affected by the treatment.
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Conclusion and Suggestions

This doctoral thesis aimed to study and overcome different challenges linked to the monolithic
integration of perovskite/CI(G)S tandem solar cells. They are principally linked to the necessary
adaptation of the topcell fabrication processes on top of the CI(G)S substrates, i.e. the need for low-
temperature deposition methods and for conformal deposition on top of a rough surface. An
alternative to conformal deposition would be to diminish the roughness of the CI(G)S substrate by
etching in acidic media. Additionally, the semi-transparent perovskite topcell should be designed in
p-i-n configuration for proper polarization of the device. Here we proposed to explore low-
temperature routes for conformable deposition of the HTL, the development of a protective layer for
sputtering processes in semi-transparent perovskite solar cells as well as the bromide etching of

CI(G)S absorber layers to reduce their thickness and facilitate the deposition of the topcell layers.
Low temperature HTL development

We first described a protocol inspired from previous publications to evaluate the electron blocking
properties of NiOx layers prepared by ALD, and reviewed the different difficulties in interpreting the
result from our cyclic voltammetry setup. We nonetheless demonstrated a conformal coverage of the
NiOx layer on top of ITO, and determined that a thickness of 10 nm for the 100 °C prepared samples
and of 15 nm for those prepared at 160 °C would be optimal for solar cell fabrication as a trade-off
between electron blocking layer properties and resistivity along the axis perpendicular to the

substrate.

Then, we studied the chemical and electronic properties of different NiOx samples prepared by ALD
and sputtering provided by our partners ZSW, KIT and IMEC. Those studies mainly aimed to relate
temperature deposition and post-annealing temperature to physical properties and chemical
composition of the layers. For sputtering deposited samples prepared by KIT, the effects of the
oxygen flux over these properties during deposition were also studied. To some extent, we could link
the evolution of the O 1s principal peak position toward higher energy to a decrease in WF from
sample to sample, and possibly to an increase in the percentage of stoichiometric NiO in their relative
composition. For perovskite solar cells prepared from ALD-NiOx layers provided by ZSW, we could
associate this increase in percentage of stoichiometric NiO to higher PCE values. However, while the
observed tendancies were rather consistent from sample to sample their magnitude was subtle for
most series of samples. We nonetheless hypothesized that the effect was more pronounced after post-

annealing treatment than by varying deposition temperature.
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By employing XPS analysis, we also studied the effects of UV-O3 treatment followed by a short
annealing step on NiOx layers prepared by sol-gel and combustion processes,. We could link UV-O3
treatment to a decrease in the relative proportion of stoichiometric NiO in the sample, but results were
more ambiguous when studying the effect of the subsequent annealing step. Nonetheless, complete
devices fabricated from this last UV-O3 + A condition exhibited significantly higher PCE values on
average compared to those prepared from UV-Os treated samples, mainly due to an increase in FF.
We hypothesized that the short annealing step resulted in a higher proportion of Ni?* states at the
surface of the NiOx layers compared to the UV-Os treated samples, and that the trends in PCE were
in accordance to the observations of Boyd et al. although for different reasons®’. Treating UV-Os +
A samples with FAI to further increase the Ni?* sites concentration yielded the highest efficiencies in
devices, but rather due to an increase in Voc while FF values were lowered compared to the simple
UV-03 + A condition, which was more in line with their observations.

Finally, we studied the substitution of the NiOx HTL by a self-assembly of small molecules composed
of either 2PACz or MeO-2PACz. Fabricated devices yielded comparable PCE compared to that
obtained from FAI treated NiOx layers, and only subtle differences in PV parameters were observed
from either organic HTL. We then characterized perovskite samples deposited on either NiOyx or
MeO-2PACz by XRD, and concluded that deposition on the SAM HTL resulted in a preferred
orientation in the (001) axis. In other studies, this crystalline orientation was linked to better
optoelectronic properties for MAPI layers, hence in future steps of development we integrated MeO-
2PACz either as an interfacial layer between perovskite and NiOx or as an HTL of its own.

Semi-transparent perovskite solar cells for monolithic integration

Our first attempts at adapting the p-i-n opaque perovskite cell design to a semi-transparent
architecture by using an ETL bilayer of organic compounds (PCBM and BCP) resulted in suboptimal
PV performances, due to the harsh sputtering process employed for TCO deposition. We then
implemented nanoparticles composed of either ZnO or AZO on top of the PCBM layer as a substitute
to BCP, which resulted in equivalent if not higher PCE values in opaque devices. Further optimization
steps led to the exclusive use of a PCBM/np-ZnO ETL bilayer over PCBM/np-AZO for the
fabrication of devices, due to faster degradation of PV performances observed after storing the

samples in vacuum.

We then fabricated semi-transparent devices based on the PCBM/np-ZnO ETL and a sputtered AZO
window layer, which yielded reasonable performances under rear illumination. However, significant

losses in Jsc were observed under front illumination, certainly for optical reasons.
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Therefore, we characterized by J-V measurements and EQE solar cells prepared using either
PCBM/np-Zn0O or Ceo/ALD-SnO> as ETL and either ITO or AZO as conductive window layer. Under
both front and rear illumination, best PV performances were obtained with the combination of
Ceo/SnO2 with ITO. From EQE spectra, it was noted that this configuration led to higher conversion
of photons over portions of the solar spectrum, resulting in higher Jsc values. This result was likely

mainly driven by a higher transmittance from combining Ceo/SnOz and ITO.
CI1(G)S morphological adaptation for monolithic integration

Here we proposed to adapt a well-established protocol for CIGS Br-etching to low bandgap Ci(G)S
layers. First, we optimized the rotation speed and the duration parameters, and a trade-off between
RMS roughness reduction to < 20 nm and lower amounts of dissolved material of 600 nm are retained
after etching the films at 40 rpm for 2 min. Etched films visually presented a flat, mirror-like surface.
Moreover, based on the morphology of the parent 5*5 cm? sample, we established that our process
did not induce variation in homogeneity between samples. We also demonstrated the high accuracy
of the process, with etching solution concentrations in Cu, In and Se proportional to the dipping time

at 40 rpm.

We then analysed the qualitative and quantitative compositions of pristine, Br-etched and Br-etched
then KCN treated samples by XPS measurements. These measurements revealed the formation of a
Se? elemental layer on top of CI(G)S after etching and oxidation of In species, in accordance to
previous reports. Additionally, KCN treatment was efficient at treating Se® phases to recover a
pristine-like surface composed of mainly Se from the CI(G)S crystal. Na leaching was observed after
either treatment, which is a reversible process due to migration of the element from the glass substrate
to the surface of CI(G)S. Ga concentration at the surface was also higher after Br-etching from nearly

zero to a few percent, as expected from single-graded CI(G)S layers.

Finally, devices were prepared out of pristine and planarized CI(G)S absorber layers. J-V
measurements were carried out on one device of each condition, hence lacking statistical significance.
Nonetheless, similar PV parameters were observed except for a slightly higher Jsc value for the as-
prepared sample, leading to a slight increase in PCE. Indeed, the mirror-like surface obtained after
planarization would be less efficient at trapping reflected photons back in the layer than rough
CI(G)S. Likely, this difference led to a decrease in intensity in regions of the EQE spectra that could
correspond to interference fringes for zinc oxide based layers, such as the ZnMgO and AZO layers
employed for the devices. These results showed, at least, that it was possible to reach comparable PV

performances from pristine and smoothed absorber layers.
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A setup for Br-etching on larger size substrates has been used at ILV to smoothen CI(G)S samples
prepared by sequential deposition*V. Despite promising results®, solar cells prepared from such
samples did not work and we still plan to use this setup on co-evaporated CIGS samples to prepare

single junction and tandem solar cells.

Based on the development of Chapter 3 and 4, monolithic tandem solar cells prototypes were prepared

based on a full-house IPVF process*"'.

For the first prototype, the subcell consisted in a co-evaporated CIGS absorber layer deposited on
Mo, followed by Zn(O,S) buffer layer deposition then ZnMgO and AZO sputtering. The HTL of the
double cation perovskite layer consisted in a bilayer of ALD-NiOx and an organic MeO-2PACz layer.
The 1*2.5cm? substrate was divided in 8 cells, with the following PV parameters for the champion
cells: Voc = 1.31 V, Jsc = 8.60 mA.cm-2, FF = 21.1 % and PCE = 2.40 %.

Regarding the second prototype, the subcell consisted in a co-evaporated low bandgap CI(G)S
absorber layer deposited on Mo, followed by Zn(O,S) buffer layer deposition then ZnMgO and AZO
sputtering. The HTL of the double cation perovskite layer consisted in a single MeO-2PACz layer.
The 2.5*2.5cm2 substrate was divided in 6 cells, with the following PV parameters for the champion
cells: Voc = 1.09 V, Jsc = 14.12 mA.cm-2, FF =50.14 % and PCE =7.75 %.

Both perovskite topcells were completed by deposition of a PCBM/np-ZnO ETL bilayer and sputtered

AZO as a window layer.

As further steps of development, we propose to implement the different low temperature HTL
materials discussed in Chapter 3 to fully completed two terminal perovskite/CI(G)S tandem devices.
Indeed, it is still unclear whether a single NiOx layer, a SAM monolayer or a combination of the two

as a bilayer would be the optimal choice of HTL in single junction or two-terminal tandems.

Furthermore, we showed that the CI(G)S planarization process discussed in Chapter 5 had subtle yet
detrimental effects in PV parameters of complete CI(G)S solar cells. Further studies need to be
conducted to determine the implication of this treatment on monolithic tandem devices. The
roughness of as-prepared co-evaporated CI(G)S layers prepared for this study might be already

sufficiently low for conformal deposition of perovskite top cell layers, however the smoothing

XV |_arge-scale setup for planarization and smoothing experiments on sequential CI(G)S samples have been realized by
Muriel Bouttemy and Arnaud Etcheberry.

* AFM images were acquired by José Alvarez at GEEPS.

xi CI(G)S and CIGS subcells were manufactured by Amelle Rebai and Jackson Lontchi, as well as AZO sputtering
deposition for the perovskite topcell window layer.
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process could be relevant for sequential CI(G)S layers which usually exhibit higher mean roughness
values. Preliminary results using a setup adapted to 5*5 cm2 samples suggest that it could be difficult
to obtain a morphology suited for solar cell fabrication after smoothing CI(G)S layers prepared by

sequential deposition.
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Annexe

Chapter 3

Table S.1 Peak parameters for XPS fitting in the Ni 2ps;2 region

Peak position (eV) Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6 Peak 7
NiO (A) 853.7+0.2 A+17 A+72 A+103 A+128 -
Ni(B) 852.6+0.2 B+3.7 B+6.1 - -
a-Ni(OH); (C) 855.9+0.2 C+08 C+28 C+56 C+66 C+116 -
y-NiOOH (D) 854.4+0.2 D+0.7 D +1.06 D +1.84 D +2.17 D +3.37 D +8.75
B-NiOOH (3+) (E) 854.6+0.2 E+07 E +1.06 E +1.84 E +2.17 E +5.37 E+8.75
B-NiOOH (2+) (F) 854.9+0.2 F+08 F+28 F+56 F+66 F+116 -
Avrea constraint Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6 Peak 7
NiO (A) A A*3.09 A*2.38 A*0.25 A*.027

Ni°(B) B B*0.08 B*0.015 . N

a-Ni(OH); (C) C C*6.12 C*0.41 C*0.19 C*5.30 C*0.50

y-NiOOH (D) D D*0.90 D*0.70 D*1.50 D*0.63 D*1.69 D*0.83
B-NiOOH (3+) (E) E E*0.90 E*0.70 E*1.50 E*0.63 E*1.70 E*0.83
B-NiOOH (2+) (F) F F*6.04 F*0.40 F*0.20 F*5.24 F*0.48

FWHM (eV) Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6 Peak 7
NiO 1.05+0.05 3.25+0.05 3.75+0.05 2.05+0.05 2.45+0.05

Ni° 0.95+0.15 240+0.2 1.45+0.15 - -

a-Ni(OH), 1.15+0.05 2.25+0.05 1.55 +0.05 1.05+0.05 4.65%0.05 3.05+0.05

y-NiOOH 1.45 £0.05 1.55 £ 0.05 1.45+0.05 1.45 £0.05 1.95 £ 0.05 4.05+0.05 4.450.05
B-NiOOH (3+) 1.45 £0.05 1.55 £ 0.05 1.45+0.05 145+0.05 | 1.975+0.025 | 4.05+0.05 4.45+0.05
B-NiOOH (2+) 1.15+0.05 2.25+0.05 1.65+0.05 1.1£0.05 4.65+0.05 315+0.05
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Figure S.1 XPS spectra in the C 1s region for (a) ALD-NiOx samples from ZSW, (b) sputtered NiOx samples
from KIT, (c) sputtered NiOx samples from IMEC, (d) sol-gel NiOx samples and (e) NiOx samples prepared
by combustion process.
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Résumeé en Francais

Au chapitre 3, nous avons étudié différentes méthodes de dép6t basse température pour la fabrication
d’HTL pour cellules solaires en pérovskite de type p-i-n. Par voltammeétrie cyclique nous avons
d'abord évalué les propriétés de blocage des €electrons de couches de NiOx préparées a 100 °C et 160
°C par ALD, afin de déterminer une épaisseur optimale entre 10 nm et 15 nm en fonction de la
température de dépdt. Ainsi, pour le développement de cellules solaires semi-transparentes au
chapitre 4, les couches de NiOx préparées par ALD utilisées pour les dispositifs ont été préparees a

160 °C avec une épaisseur de 15 nm.

Une deuxieme partie était consacrée a I'étude des propriétés chimiques et électroniques de surface
des films préparés par ALD au ZSW et par pulveérisation par IMEC et KIT au moyen d’analyses XPS,
UPS et KPFM, afin de déterminer I'influence de la température de dépdt, de la température de recuit
et de l'influence combinée de la température de recuit et du flux d'oxygéne sur ces propriétés. Bien
que les propriétés physiques des couches déposées n'aient pas pu étre clairement associées a des
modifications de la chimie en surface, nous avons pu identifier une tendance a une augmentation du
travail de sortie (WF) avec 'augmentation de la concentration en NiO steechiométrique. Néanmoins,
seules de légéres variations de la WF et de la VBM ont été observées malgré une modification
significative de la concentration en NiO steechiométrique. Les résultats étaient néanmoins plus
prononcés dans le cas d’un recuit en atmosphére ambiante que pour des températures de dép6t sous

vide.

Des cellules solaires ont été complétées au ZSW a partir de couches de NiOx préparées a par ALD
différentes températures de dépdt, afin de déterminer comment ce parametre affecterait les
performances des dispositifs photovoltaiques. Encore une fois, une tendance subtile mais cohérente
a été observée avec des valeurs de PCE plus élevées a mesure que la concentration en NiO

steechiométrique augmentait.

Nous avons ensuite exploré la possibilité de modifier la chimie de surface des couches de NiOx
préparées par procédés sol-gel et par combustion en combinant des traitements UV-O3 et des recuits
courts a 250 °C. Bien qu'il ait eté difficile de relier les effets de ces traitements a des modifications
claires de la chimie de surface via analyse XPS, les dispositifs préparés a l'aide de films traités a 'UV-
O3 ont donné de moins performances photovoltaiques, tandis qu'une étape de recuit court apres 'UV-
O3z a conduit & une augmentation du FF et du PCE. Les meilleurs PCE ont été obtenus par passivation
de l'interface NiOx/pérovskite en utilisant un exces de cations FAI, soit en traitant les échantillons de
NiOx avant le dép6t de la pérovskite, soit en ajoutant directement une quantité de FAI en exces dans

la solution de précurseurs pérovskite. Les cellules solaires préparees a partir de ces échantillons se
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sont distinguées par des valeurs particulierement élevées de Vo, pour des valeurs de PCE maximales

supérieures a 16 %.

Enfin, nous avons évalué les performances photovoltaiques des cellules solaires perovskite utilisant
les molécules 2PACz et MeO-2PACz comme couches de transport de trous et des paramétres PV
similaires ont été obtenus avec les deux matériaux. Des PCE maximales supérieures a 16 % ont
également été obtenues. Les propriétés morphologiques et structurales des couches de pérovskite
déposées sur des couches NiOx ou MeO-2PACz ont ensuite été étudiées par SEM et XRD. Des tailles
de grains similaires entre 160 nm et 180 nm ont été mesurées avec les deux HTL, mais nous avons
observé une prévalence plus élevée de l'orientation (001) pour la couche de pérovskite deposée sur
du MeO-2PACz. Dans la littérature, cette orientation a été liée a de meilleures propriétés
optoélectroniques de la couche de pérovskite, du moins pour les compositions de type MAPI. Nous
concluons donc qu'établir une interface MeO-2PACz/pérovskite dans I’architecture p-i-n serait
préférable a une interface NiOx/pérovskite pour maximizer les performances. Cependant, la présence
d'une couche de NiOx pourrait toujours étre bénéfique dans le cas de cellules tandem, pour la
conception d'une jonction tunnel appropriée ou pour compléter la couverture d’une couche de blocage

d’électrons.

Au chapitre 4, nous avons décrit le développement d'un processus de fabrication de cellules solaires
en pérovskite semi-transparente gréace a l'introduction d'une couche ETL d'oxyde métallique. Dans la
premiére partie de ce chapitre, nous avons brievement décrit nos premiéres tentatives de réalisation
de cellules solaires en pérovskite semi-transparente basées sur une double couche ETL organique. En
raison du processus de pulvérisation de TCO qui endommageait les couches de PCBM et de BCP,
des valeurs de PCE tres faibles ont été obtenues quelles que soient les conditions de dép6t par
tournette et donc I'épaisseur des couches. Ensuite, nous avons étudié la substitution de la couche de
BCP dans notre architecture par une couche ZnO ou AZO sous forme de nanoparticules en tant que
couche tampon par-dessus la couche de PCBM. Des parameétres PV équivalents, voire supérieurs, ont

été mesurés dans les deux cas par rapport a la combinaison PCBM/BCP.

Par des étapes d'optimisation ultérieures, nous avons déterminé que le np-ZnO présentait une
meilleure stabilité dans le temps par rapport au np-AZO et il a finalement été possible de fabriquer
des cellules solaires semi-transparentes basées sur une double couche PCBM/np-ZnO ETL et une
couche de fenétre d'AZO pulveérisée. Cette architecture a montré des parametres PV comparables a
ceux des dispositifs opaques utilisant la méme ETL.

Une derniere étape de développement nous a permis d’évaluer les paramétres PV en éclairement avant
et arriere pour les cellules solaires semi-transparentes utilisant soit une double couche PCBM/np-

ZnO, soit une double couche Ceo/SnO- en tant qU'ETL, et ITO ou AZO en tant que couche fenétre
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avant. Nous avons observé des valeurs de Jsc particulierement faibles a partir des mesures J-V et EQE
pour les dispositifs utilisant a la fois PCBM/np-ZnO et ITO, probablement en raison d'un probleme
de contact électrique entre le ZnO et I''TO. Les meilleurs parameétres PV en éclairage avant et arriere
ont été obtenus en utilisant Ceo/SnO; et ITO, probablement en raison d'un meilleur contact électrique

et d'une plus grande transmittance des matériaux.

Au chapitre 5, nous avons décrit une procédure d’arasage par une solution HBr:Br2:H20 pour réduire
la rugosité des couches absorbantes CI(G)S et faciliter la déposition des couche de la cellule
pérovskite dans une architecture tandem. Ce procédé était basé sur une méthode essentiellement déja
décrite pour le CIGS et adaptée aux couches absorbantes a bande interdite basse. Dans la premiére
partie, nous nous sommes concentrés sur I'optimisation de la durée du processus et de la vitesse de
rotation sur des échantillons d'une superficie inférieure ou égale a 2*2 cmz?, afin de minimiser la
rugosité finale et I'épaisseur de la couche CI(G)S sacrifiée. Nous avons ainsi déterminé que 1’arasage
de I'échantillon pendant 2 minutes a 40 tours par minute constituait un bon compromis entre ces deux
paramétres, conduisant a des valeurs de rugosité RMS inférieures a 20 nm avec une perte de couche
de 400 nm.

Ensuite, nous avons Vvérifié I'hnomogénéité d'épaisseur des échantillons préparés et lissés, avec des
valeurs similaires mesurées sur des échantillons de 2*2 cm?2 et une bonne homogeénéité de I'échantillon
parent CI(G)S de 5*5 cm2. Nous avons également démontré la reproductibilité de notre protocole en
analysant la composition de nos solutions au brome apreés lissage avec ICP-OES. En effet, une forte
corrélation linéaire entre les concentrations en cuivre, indium In et sélénium Se dans la solution
abrasive et le temps de traitement a 40 tours par minute a été observeée, et les concentrations étaient
également plut6t similaires dans le cas de trois échantillons traités pendant 4 minutes a 30 tours par

minute.

Nous avons donc étudié I'effet du traitement au brome, suivi ou non d'un traitement au KCN, sur la
chimie de surface du CI(G)S. Apres planarisation au brome, celle-ci est fortement altérée par la
formation d'une couche superficielle de Se° un relative oxydation de I’indium et la lixiviation
partielle de Na. La chimie d'origine des éléments Se et In était en grande partie restaurée apres le
traitement au KCN, mais la concentration en Na était toujours inférieure a celle de la couche initiale.
De plus, les concentrations en Cu et In sont restées plutét similaires entre les échantillons non traités
et ceux traités au brome, tandis que la concentration en Se a Iégerement augmenté et que le gallium

a commencé a émerger en tant que constituant de la surface.

Enfin, nous avons préparé des cellules solaires a partir de couches CI(G)S avec ou sans abrasae au
brome, toutes deux traitées au KCN. Avec un dispositif de chaque condition, des paramétres PV

similaires ont été observes, a I'exception du Js, Iégérement plus elevé pour I'échantillon non planarise,
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ce qui a entrainé une légere augmentation du PCE. En effet, une surface semblable a un miroir est
obtenue aprés le lissage, qui est moins efficace que le CI(G)S rugueux pour piéger les photons
réfléchis dans la couche. Cette différence a probablement entrainé une diminution de Il'intensité dans
la région de I'EQE caractéristique des franges d'interférence pour les couches a base d'oxyde de zinc,

telles que les couches de ZnMgO et d'AZO utilisées pour les dispositifs.

Dans I'ensemble, nous avons démontré que le processus d’arasage congu pour le CIGS pouvait
facilement étre adapté au CI(G)S a faible bande interdite. Cependant, des mesures J-V devraient étre
répétées sur un plus grand nombre d'échantillons pour confirmer davantage que Vqc et FF ne sont pas

affectés par le traitement.

Un dispositif d’arasage brome pour des couches plus large a été établi a I’ILV, avec des premiers
résultats prometteurs sur des couches CI(G)S préparées par dépdt séquentiels. Néanmoins, les cellules
réalisées a partir de échantillons ne fonctionnaient pas, et nous avons pour plan d’effectuer 1’abrasage
a plus grande échelle et la fabrication de cellules a partir de couches CIGS préparées par co-

evaporation.

Sur la base du développement des chapitres 3 et 4, des prototypes de cellules solaires tandem

monolithiques ont été realisees a I'lPVF.

Pour le premier prototype, la sous-cellule était constituée d'une couche d'absorbeur CIGS déposée par
co-évaporation sur une couche Mo, suivie du dép6t par CBD d'une couche tampon Zn(O,S), puis de
la pulvérisation de couches ZnMgO et d’AZO. La double couche HTL de la pérovskite était composée
d'une couche NiOx déposée par ALD et d'une couche de MeO-2PACz. Le substrat de 1*2,5 cm? était
divisé en 8 cellules, avec les parametres PV suivants pour les cellules championnes : Voc = 1,31V,
Jsc = 8,60 mA.cm?, FF = 21,1 % et PCE = 2,40 %.

En ce qui concerne le deuxiéme prototype, la sous-cellule était constituée d'une couche d'absorbeur
CI(G)S a bande interdite basse déposée par co-évaporation sur du Mo, suivie du dépét d'une couche
tampon Zn(0,S), puis de la pulvérisation de ZnMgO et d'AZO. MeO-2PACz a été utilisée comme
seule couche HTL de la cellule supérieure pérovskite. Le substrat de 2,5*%2,5 cm? était divisé en 6
cellules, avec les paramétres PV suivants pour la cellule championne : Voc = 1,09 V, Jsc = 14,12
mA.cm, FF = 50,14 % et PCE = 7,75 %.

Les deux sous-cellules pérovskites avaient été complétées par le dép6t d'une double couche ETL

PCBM/np-ZnO et d’une couche fenétre AZO synthétisée par pulvérisation.
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Titre : Integration et optimisation de cellules solaires tandem monolithique perovskite/CI(G)S.

Mots clés : Photovoltaique, Cellule solaire, pérovskites hybrides halogénées, CIGS, CIS, CI(G)S, Cellule solaire tandem,

deux terminaux, Planarisation, Oxyde de nickel

Résumé : Pour plusieurs applications industrielles, il existe
un intérét pour les cellules solaires Iégéres et flexibles. Les
technologies a films minces sont déja utilisées a cette effet,
mais pourraient étre combinées dans une architecture tandem
afin d'améliorer les performances de ces dispositifs.

Dans cette étude, nous examinons la possibilité de combiner
des couches d'absorbeur CIGS et pérovskite dans une
configuration tandem monolithique, afin d'exploiter la
possibilité pour les deux matériaux de régler leur bande
interdite en modifiant leur composition chimique. La
technologie CIGS a été développée pour des applications
photovoltaique dans les années 1970, et est encore utilisée
aujourdhui dans des dispositifs flexibles.

D'autre part, les cellules solaires a base de pérovskite
halogénée existent seulement depuis la derniére décennie,
mais offrent déja la promesse de panneaux solaires flexibles
a faible codt et a haut rendement, malgré des inquiétudes
concernant leur stabilité environnementale a long terme.

Les principaux défis liés a l'intégration monolithique des
dispositifs pérovskite/CIGS ont été établis dans la littérature
et abordés par différentes approches. Principalement, les
couches de la sous-cellule pérovskite doivent étre déposées a
basse température pour éviter la dégradation de la sous-
cellule CIGS, dont la rugosité de surface élevée peut entraver
le dép6t conforme desdites couches.

La premiére partie de cette thése est consacrée a I'étude de
procédés a basse température dans la réalisation de couches
HTL afin d'obtenir des cellules solaires a haut rendement a
base de pérovskite. Nous commengons par étudier les
propriétés de blocage d’électrons de couches de NiOy
déposées par ALD, ainsi que la chimie de surface et les
propriétés électroniques de films NiOx pour différentes
températures de dép6t, de recuit, et différents traitements.
Nous évaluant ensuite comment ces modifications affectent
les performances photovoltaiques des dispositifs.

Au cours du deuxiéme chapitre, nous décrivons l'adaptation
d'une architecture de cellule solaire p-i-n opaque a une
configuration semi-transparente, nécessaire pour les
applications en tandem. Nous considérons donc
I’intégration de différents oxides a cette architecture pour la
rendre plus résiliente a des dépdts par pulvérisation.

Enfin, nous étudions la planarisation par voie chimique des
couches d'absorbeur CI(G)S & partir d'un protocole bien
établi pour les échantillons de CIGS. Aprés avoir optimisé
le processus d’abrasage au bromure et traité I’échantillon
pour obtenir la morphologie et chimie de surface souhaitées
du CI(G)S, nous évaluons I'impact du traitement complet
sur les performances des cellules solaires.

Title: Integration and optimization of perovskite/CI(G)S monolithic tandem solar cells.

Keywords: Photovoltaics, Perovskite solar cell, CIGS, CIS, CI(G)S, Tandem solar cell, Two-terminal, Planarization,

Nickel oxide

Abstract: For several industrial applications, there is an
interest for lightweight, flexible solar cells. Thin film
technologies are already employed for this purpose, but could
be combined in tandem architecture to further improve the
performances of such devices. Here we study the possibility
to combine CIGS and perovskite absorber layers in a
monolithic tandem design, in order to exploit the possibility
for both materials to change their bandgap by modifying their
chemical composition.

CIGS is a photovoltaic technology developed in the 1970s
decade that is still employed to this day for flexible
applications. On the other hand, lead halide perovskite solar
cells exist since only since the last decade but already hold
the promise of low-cost, high efficiency flexible solar panels,
despite concerns regarding their long-term environmental
stability.

The main challenges concerning monolithic integration of
perovskite/CIGS devices have been established in literature,
and tackled by various approaches. Mainly, the layers of the
perovskite top cell should be deposited at low-temperatures
to avoid the degradation of the CIGS bottom cell, whose high
surface roughness can hinder the conformal deposition of
said layers.

The first part of this thesis is dedicated to the study of low-
temperature route HTL for high efficiency perovskite solar
cells. We start by investigating the electron blocking
properties of ALD NiOy layers films, as well as the surface
chemistry and electronic properties of NiOx films for
different  deposition  temperature,  post-annealing
temperatures and surface modification protocols. We then
study the effect of these treatments on complete solar cells.
During the second chapter, we describe the adaptation of a
p-i-n opaque solar cell architecture to a semi-transparent
configuration, necessary for tandem applications. We
therefore consider several metal oxide options to integrate
in the solar cell architecture to make it more resilient
towards harsh sputtering processes.

Finally, we studied the possibility to minimize the
roughness of CI(G)S absorber layers from a wet process
protocol well-established for CIGS samples. After
optimizing the Br-etching process and treating the sample
to yield the desired CI(G)S morphology and surface
chemistry, we evaluate the impact of the whole treatment
over the performances of complete solar cells.
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