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Chapter |

Introduction

1.1 Photovoltaics — a necessity

The technological advances through the turn of the 20™" century have been putting
an ever-increasing load on the supply of energy through conventional sources like coal
and petroleum. The limited reserves of these fossil fuels and being non-renewable has
shifted the onus onto the renewable sources of energy such as solar, wind, and hydro to
meet the demand as the population explodes and technology becomes more accessible.
As of now, 80% of the world energy requirement is met by the non-renewable energy
sources (fossil fuels, natural gas, and nuclear energy), and even glancing over its
exhaustibility, these have a slew of problems ranging from CO; emissions in coal to
proper storage of spent nuclear fuel. Figure 1.1(a) shows the ratio of all energy resources
as of 2018.! From a report released by the U.S. Department of Energy’s Energy
Information Administration (EIA), global energy consumption is slated to increase by
28% between 2015 and 2040, where fossil fuels are estimated to provide 77% of the
increase. The report also forecasts a 2.8% annual increase in renewable energy,
predicting that power generation by these resources will surpass generation by coal on a
worldwide basis by 2040.2 Even though energy consumption is still predominantly fossil
fuel-based, renewables are the most rapidly growing energy source for electricity
generation. In the Statistical Review of World Energy report published by BP (British
Petroleum Company) in 2019, it was reported that the largest increment to power
generation was provided by renewable sources, increasing from 9.3% to 10.4%,
surpassing nuclear power generation for the first time.® For the first time since these data
were tabulated, coal’s share of generation reported their lowest - 36.4%. The tariff for
the solar panel has come down to 1.99 ¥/kWh and a mix of these panels and solar thermal
power can provide electricity at a cheaper rate compared to thermal power plants running

on coal.

These improvements in renewables and changing landscape of energy
consumption coupled with the need to decrease the greenhouse emissions makes it

imperative to have low cost photovoltaic (PV) technologies to harness the abundant solar
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energy and store it (India's solar energy insolation is about 600 TW, global horizontal
irradiation shown in Figure 1.1(b)).* As the prevalent Silicon solar cells still struggle with
costly manufacturing, in this thesis, we focus on developing the emerging perovskite and
quantum dot based solar cells. We elucidate the critical role of the hole transport layer
on the performance, reproducibility and stability of the solution processed perovskite and
quantum dot based solar cells and developed novel hole transport layers to address these

challenges.

a Solar PV Wind Nuclear b ELOBAL F;;JRI.ZONTALIRRADIATION @
Biomass 57,885,918MWh 7,198,725MWhz _ 49,316,327MWh INDIA ST —

5,992,797MWh (0.7%) (6.4%) (0.8%) (5.4%)

Geothermal
2,098,094MWh (0.2%)

Hydro
76,486,631MWh (8%)

Fossil Fuel s
709,661,365MWh .
(78.3%)

Figure 1.1: (a) Contribution from various energy sources to the total global energy
consumption as per ISEP Energy Chart-2018. The relative contributions from different
renewable energy sources are marked. (b) Global Horizontal Irradiation in India.

1.2 Development of solar cells

The first step in the solar cell journey was the discovery of the photovoltaic effect
by French scientist Edmond Becquerel in 1839 when he noticed electric current
generation in an electrolytic cell consisting of two metal electrodes suspended inside a
conducting solution when exposed to sunlight.® In 1876, Adams and Day discovered that
selenium produces electricity when exposed to sunlight and showed that solids could
convert light to electricity without heat or mechanical energy generation®. This was later
utilized by Charles Fritts (1883) to construct a solar cell with selenium on top of a thin
layer of gold but achieved a very low efficiency of ~1% owing to Selenium being a bad
semiconductor’. In 1887, Heinrich Hertz discovered the photoelectric effect (later
explained by Albert Einstein) when he noticed that a charged object lost its charge readily
when illuminated by ultraviolet light.® All these discoveries culminated into the start of
Generation-I of solar cells, as Bell Labs announced on April 25, 1954, the first practical

silicon solar cell with an efficiency of 6%, the first major step in harnessing the Sun. °
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The ensuing decade saw the employment of solar cells majorly in the
extraterrestrial power supply. In 1958, Hoffman Electronics introduced a solar cell with
9 % efficiency while T. Madelkorn from US Signals Corporation made the first radiation-
proof n on p silicon solar cell which is more suited for space purposes and used in
Vanguard 1. In 1960, Hoffman Electronics boosted the solar cell efficiency to 14 %.
Mono-crystalline silicon has been the choice of sensitizer. Westinghouse utilized float
zone silicon of thickness 375 pum as the base material and TiO. and SiO> (Figure 1.2(a))
as front and back contacts to achieve an efficiency of 18.3%.1° The best performance
with the low resistivity float zone silicon was 20.9% PCE with 38.3 mA/cm? short circuit
current (Jsc) obtained by University of South Wales researchers. A further boost was
provided by Swanson et al. from Stanford with PCE reaching 22.3% with a modified
solar cell structure (Figure 1.2(b)) in AM1.5 conditions in 1984. In 33 years since then
the maximum efficiency for Silicon with a heterojunction back-contact crystalline silicon

solar cell stands at 26.7%.2 The thickness of the active layer was 165 pm in this case.
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Figure 1.2: (a) Schematic diagram of Westinghouse FZ silicon cell design (b) Point
contact cell design consisting of alternating small diffused n- and p-type regions
developed by Swanson. (c) Schematic drawing of a crystal growth apparatus
employing the Czochralski method.

Though the efficiencies for the Silicon solar cells have very close to its theoretical
conversion efficiency (29.1%) given by the Shockley-Quessier limit, there is overall an
economical loss sustained in this sector. This stems from Silicon being an indirect
semiconductor and as such requires a greater thickness to be able to absorb enough light
to be beneficial in photovoltaics. This dictates the thick wafer requirement of

monocrystalline Silicon and there is a high cost associated with the preferred method of
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processing (Czochralski method, 1.2(c)) to achieve the incredibly low impurity
concentration of the 101°%. On top of that, almost half of the wafer material is lost in
form of saw dust when shaping wafers. Additionally, Light with higher wavelengths
(A>1200 nm), is not utilized by the solar cell as it fails to generate electron-hole pair here.
If we move away from the high-cost manufacturing of monocrystalline-Si towards the
polycrystalline-Si, which are incidentally thicker, we generate a lot of grain boundaries
which leads to recombination losses both at the top and bottom of the layer thus reducing
the total efficiency of the solar cell.!* Going down to amorphous Si leads to further
decrease in efficiency due to band tail formation, low mobility, and lifetime values, and
absolute decrease in quantum efficiency. With these drawbacks in mind, direct bandgap
materials were investigated to be used as active layer in solar cells.

The second generation of solar cells brought about the thin film fabrication
technology for energy production as it shifted to direct bandgap materials consisting of
Cadmium telluride (CdTe), Gallium Arsenide (GaAs), Copper Indium Gallium Selenide
(CIGS), and even amorphous Si. CIGS and CdTe solar cells have achieved high PCE of
22.9% and 22.1% respectively which are comparable to ¢-Si solar cells.** A schematic
of the CIGS solar cell is shown in Figure 1.3(a). Though CIGS is bandgap tunable (1.0
to 2.4 eV by changing the ratio of In:Ga and Se), the underlying issue for expansion of
CIGS is the rarity of Indium as well as the complex stoichiometry which makes it
challenging to optimize the solar cells. CdTe suffers from a similar set of issues, one
being the rarity of Tellurium and the other being the toxicity associated with Cd, thus
affecting the large-scale production of these solar cells. For years though, GaAs has been
known as the wonder material as it has the near-optimum bandgap of 1.42 eV and has so
far achieved the highest efficiency for a single p-n junction solar cell — 28.8%.° Being a
direct bandgap material, GaAs is used as thin-film but its synthesis utilizes a deposition
step onto GaAs wafer and then separating it. This leads to an increase in production cost,
similar to that seen in c-Si, and as such, this technology is reserved for high-cost high-
efficiency applications (typically related to space). GaAs has been utilized in space
applications since 1965 and recently with triple-junction solar cell based upon GaAs with
germanium and indium gallium phosphide layers to achieve a record efficiency of over
32%. This triple-junction solar cell was used for power generation in satellite MidSTAR-
1 (as shown in Figure 1.3(b)) launched in 2007. Amorphous Si utilizes a randomly

organized structure and has a high band gap of 1.7 eV, when compared to c-Si 1.1 eV,
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allowing stronger absorption in the visible range and subsequently decreasing the
thickness. It was predicted to take over the market due to its low cost but it suffered from

low efficiencies and decreased photostability.
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Figure 1.3: (a) Schematic diagram of a typical CIGS solar cell. Many approaches
replace the toxic CdS layer used here with a non-toxic buffer layer. (b) Triple-junction
GaAs cells covering MidSTAR-1 satellite.

The introduction of Dye Sensitized Solar Cell (DSSC) by Michael Gratzel and
Brian O’Regan kickstarted the third generation of solar cells of which all the modern
technologies are a part of. The third generation of solar cells is different from the first
two as it focuses on optimization following the ‘golden triangle’- (i) high conversion
efficiency, (ii) long term photostability while (iii) keeping the cost of devices low. The
first report for DSSC was published by Gritzel in 1991 with an efficiency of 7.9%.
Though the efficiency was lower compared to other competing strategies, it was
considered more viable with its advantages like low-cost materials, easy
manufacturability, transparency (employment in window panes augmented by color
choices, Figure 1.4(a)), and mechanical flexibility. The potential was high with
theoretical efficiency estimated to be around 32% but the achieved PCE has been only
just above 14% in the 30 years of research since.}” The major disadvantages with the
DSSC has been the sintering of Titanium oxide (TiO2) limiting the substrate choice, the
best dyes (Ruthenium based) and counter electrode (Platinum) being expensive, and use
of the liquid electrolyte redox couple (I7/13°) which can cause leakage, cause corrosion of
counter electrode and even lead to detachment of the adsorbed dye from the TiO.. Figure
1.4(b) shows the classic constituents of the DSSCs. Though by using solid-state
electrolyte solves most of the stability issues, other factors still limit the large-scale
production of DSSCs.
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Copper Zinc Tin Sulphide (CZTS) is a quaternary semiconducting material
developed in line with CIGS having similar favourable optical and electronic properties
as CIGS and CdTe but having abundant and non-toxic constituents. Sulfur can be
replaced with Selenium to form CZTSe or an alloy of sulfur and selenium to form
CZTSSe solar cells. The power output for CZTS and CZTSSe has remained relatively
low when compared to other previous technologies with 11.0% and 12.6% efficiency
respectively.'® This stems from the complexity of the design as the formation of phase
pure material is difficult and the stability is low thermodynamically (Sn compounds are
volatile). The other problem arises from the similar ionic radii of Cu and Zn which leads
to antisite defect where Cu cations can occupy Zn sites and vice versa. These defects then
lead to an increase in band tail states. Research has been, thus, mostly stagnant for this
quaternary material.
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Figure 1.4: (a) A ‘plant’ with leaves made of DSSC. It shows the benefit of these cells
under diffused light. Similar applications lie in windows, sheds, etc. (b) Working
principle of a DSSC.¢ (c) Device structure of the tandem solar cell used. Bottom J-V
curve shows the improvement in photovoltaic parameters.?:

Organic solar cells (OSC) have been around for quite a while and the first single
layer report was published in 1958 with magnesium phthalocyanine (MgPc) as the
absorbing layer sandwiched as Al/MgPc/Ag. The efficiency was a meagre 0.01% with
200 mV photovoltage.*® Since then the device structure has developed further to bilayer

structures with one electron donor and one electron acceptor material, three layered




Chapter I: Introduction

structures (two acceptors and one donor), bulk heterojunction (BHJ) structure, and the
more promising of all tandem solar cell. OSC has many advantages, the foremost of them
being cheap and printable on flexible surfaces. Additionally, by molecular engineering
whereby ligand sizes are changed, different bandgaps could be achieved and the
extinction coefficient of these organic molecules is high.?’ For decades the commercial
viability of OSCs have been under the scanner due to their low external quantum
efficiency (EQE), insufficient absorption, low hole mobility, lower exciton diffusion
length, low dielectric constant, high exciton binding energy, and stability woes. The
lifetime for these solar cells is abysmally low. Still, there have been ongoing
investigations in this field and more recently by delving into a tandem structure with two
organic photovoltaics (OPV), Meng et al. managed to achieve a high PCE of 17.3% with
1.64 V photovoltage and a high 0.74 fill factor (Figure 1.4(c)).?*

In this thesis, work has been done on two new promising technologies that aim to
fulfil the necessities of the golden triangle - the colloidal quantum dots (CQD) solar cells
and the perovskite solar cells (PSC). Both of these are a product of the 21 century with
perovskite being fairly new with the first report dating back to 2009 by Kojima et al. with
an introductory efficiency of 3.9%.22 Through tremendous research effort in this area,
within a decade a very high PCE of >24% for a single p-n junction solar cell was
achieved.? These direct bandgap materials possess properties like ambipolar transport,
low exciton binding, high carrier mobility (in the range ~ 10-30 cm?V-1s1), and long
recombination lifetime.?* The CQD solar cells have also increased in performance
starting from 1% in 1998 to 13.8% as of now.? Lead sulfide (PbS) quantum dots have
been at the forefront among other CQDs such as PbSe, CuSe, CdSe, etc owing to its
easily tunable bandgap, longer hot carrier lifetimes, multiple exciton generation (MEG)
ability, and solution processability with solar cell fabrication cheaper than most
technologies out there. Figure 1.5 shows the evolution of PCE for PbS QD solar cells and
PSC as compiled by National Renewable Energy Laboratory, USA. As this thesis
includes work done in the improvement of both organic-inorganic perovskite
(CH3NH3Pbls) as well as PbS CQD solar cells, there is a short introduction for both in

the next two segments.
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Figure 1.5: NREL chart indicating the progress of single p-n junction perovskite and
PbS QD solar cells.

1.3 Perovskite Solar Cells

1.3.1 Fundamentals of perovskite solar cells

Perovskite is the name of materials with structure ABX3 where A is a cation, B is
a metal atom and X is the anion (shown in Figure 1.6(a)). This structure was first found
in calcium titanate, CaTiOs and later, Caesium lead halides, with the chemical formula
CsPbX3 (X = ClI, Br or 1), were determined by Danish scientist Christian Mgller with
crystallography. He was also the first to observe their semiconducting nature. In 1978,
Dieter Weber replaced caesium with methylammonium cations (CHsNH3") to generate
the first three-dimensional organic—inorganic hybrid perovskites but could not
contemplate it having photovoltaic properties.?® The first report for that came after 3
decades in 2006 when Miyasaka and co-workers used CH3sNH3sPbBr3 and achieving an
efficiency of 2.2% in a DSSC architecture and further replaced the bromine with iodine
to get 3.8% efficiency.?? Since then perovskite materials have found their use in multitude
of applications ranging from lasers, photodetectors, photocatalysts, X-ray imaging,

LEDs, X-ray imaging, etc.

Many strategies have been developed for preparing the three-dimensional
perovskite material. Majority of the earlier work focused on the organic-inorganic lead
trihalide or mixed-halide (I, Br~and/or CI") perovskites. In these ABXz3 crystals, the ionic

radii of the ions determine if the perovskite can form, and the precise crystal unit cell size
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and type. A parameter, which indicates if an efficient and stable perovskite crystal

structure will be formed, is Goldschmidt’s tolerance factor, which is given by (t = (1, +

1v)/V2 (rg + 1%)). The value for t needs to fall between 0.9 and 1.013 to form simple
cubic perovskite.?” Table 1.1 lists the ionic radii of various ions used in ABX3 which
helps in screening the potential candidates. The electronic contributions to the band
structure originate from the metal and halide orbitals and metal needs to match the
valency of halides. This in turn creates a window within which the size of metal ion
should lie to have an effective perovskite material thereby limiting the choice of the
metals. To date, Lead has been the only successful metal in terms of coordination and
size. Efforts were made to replace the toxic Pb with Sn but tin struggles with its slightly
smaller size and its tendency to quickly undergo oxidation to give Sn** thus being

detrimental to the perovskite crystal structure.

Table 1.1. lonic radii of various ions in ABXs perovskite structure

A cations radius B cations radius X cations | radius
(pm) (pm) (pm)

Ammonium [NH4*] 146 Pb?* 119 CI 181
Methylammonium [CH3NHs]* 217 Sn2* 69 Br 196
Azetidinium [(CH2)sNH2]* 250 Mg?* (additive) | 72 I 220
Formamidinium [NH2(CH)NH,]* 253 Ca®* (additive) | 100 SCN- 213
Dimethylammonium [(CH3)oNH2]* | 272 Sr?* (additive) | 118

Ethylammonium [(C2Hs)NH3]* 274 Ag* (additive) 115

Guanidinium [C(NH.)s]* 278 Bi®* (additive) | 103

Tetramethylammonium [(CH3)4N]* | 292

Cs* 167

Rb* 152

K* 137

1.3.2 Progress in PSCs

The 3.8% PSC made by Kojima suffered from rapid degradation due to
involvement of 17/13” liquid electrolyte and though efficiency was boosted to 6.5% in

2011, the instability remained.? This was eventually resolved in 2012 when a solid-state
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material, spiro-OMeTAD  (2,2'7,7'-tetrakis-(N,N-di-p-methoxyphenyl-amine)-9,9'-
spirobifluorene) was used as hole conductor.?® The most studied 3D perovskites are
MAPDbIz (MA = CH3NH3") and FAPbIz (FA = CH(NH2)2"). From an efficiency of 9.7%
for pure MAPbI3 in 2012, we have come to a high PCE of 25.6% using a pseudo halide
formate ion (HCOO-) to suppress halide vacancies in FAPbI3 perovskite in 2021.2°% In
2013, first high efficiency of 14.1% was achieved for a two-step deposition method.3! A
high PCE of 24.2% was certified in 2019, with Voc of 1.2 V, Jsc of 24.16 mA/cm?, and
fill factor 0.84. Various lead precursors had been utilized along with Pbl. such as PbCly,
PbAC2.3H20, PbBr,, Pb(SCN),, etc.®? These changes improved film morphology and

resulted in higher efficiencies.

Efforts were made to replace Pb with Sn to make perovskite more environment
friendly. The MASNI3 perovskite has a bandgap of ~1.2-1.3 eV, allowing broader light
harvesting. ASnls perovskites (with A= Cs, MA, and FA) have suitable optical bandgaps
in the range of 1.2-1.4 eV. CsPbBrz has a band gap as high as 2.3V. Although CsSnls
(with SnCl2) showed low efficiency of around 3.4%, MASNI3 reached an efficiency of
6.4%. These pure tin perovskites are still inferior to pure lead ones and efforts were also
made to incorporate both Pb and Sn-based perovskites in the crystal structure as
(FASNI3)0.6(MAPDI3)o.4, producing a record efficiency of 17.5% (Figure 1.6).%

Depending upon the presence of different cations, perovskite could also be
converted from a 3-D structure to the 2-D perovskite with the cations acting as an
interlayer between two sheets of inorganic BXs octahedra, which help combating
moisture-related  degradation. Initially, Smith et al. made 2D layered
(PEA)2(MA)2[Pbslio] showing Voc of 1.18 V and PCE 4.73%.3* Docampo et al. prepared
layered 2D perovskite by utilizing a bottom MAPI layer and an LPK top layer, which
serves as a selective charge extraction layer and moisture barrier, obtaining a high PCE
of 16.8%.% Mohite group in 2016 obtained 12.52% efficiency for pure 2D perovskite by
making near-single-crystalline films using a hot-cast method which have out-of-plane
alignment.®® These moisture stable perovskites are required for the longer shelf life of

solar panels.

10
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Figure 1.6: Bandgap comparison for different three-dimensional organic inorganic

perovskite with ABXs structure.®
1.3.3 Transport layers Engineering

In the standard n-i-p solar cell, sunlight hits the sensitizer (perovskite) through

the transparent conducting surface, FTO. Excitons are generated inside the material and
the weakly bound hole and electrons move towards HTL and ETL respectively. Electrons
hop to the ETL and subsequently to the FTO from perovskite through the lower
conduction band and holes jump to HTM and gold through the valence band. They

recombine outside to generate electricity.

ITO

Figure 1.7: lllustration of the charge flow after exciton generation from active layer.
The ‘tree’ on the right shows some commonly used HTL in PSCs.

We get four types of solar cell architectures depending upon the position and
morphology of HTL and ETL used in device building as shown in Figure 1.7. Taking
ETLs first, in the n-i-p, the de facto material has been titanium oxide because of its high

11
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band gap and good electron transport properties. TiO2 could be coated either as a thin
layer (80-100 nm) for planar or a mesoporous TiO> layer could be deposited from the
ethanolic solution of readily available titania nanoparticle paste such as 18 NR-T, WER2-
O, 90-TT, etc. An annealing step of 500 °C is required after coating. Low-temperature
processed planar PSCs are also prepared by doping the TiO2 with Niobium or with
chlorine.3” Other materials include SnO,, ZnO, etc. For p-i-n, it is tricky as the ETL
preparation should not compromise the perovskite layer below. So, materials like Ceo
(thermally evaporated), PCBM (Phenyl-C61-butyric acid methyl ester), ZnO

nanoparticles have been utilized.®®

For HTL, along with Spiro-OMeTAD, PTAA (poly (triaryl amine)), P3HT (Poly
(3-hexylthiophene-2,5-diyl)* have been widely used. Cost-effective copper thiocyanate
(CuSCN) suffers from non-dissolution in most solvents. Small molecular HTM such as
FDT (fluorene-dithiophene core as a donor and methoxy triphenylamine side groups)
have been used with additives to give 20.2% PCE for (FAPbIz3)oss(MAPbBr3)o.15.4° For
p-i-n architecture, CUSCN again has been used but potentiostatically electrodeposited for
thicker film deposition this time around.* PEDOT:PSS (poly (3,4-ethylenedioxy
thiophene) polystyrene sulfonate), Nickel oxide (NiOx) are also used as HTL in p-i-n type

solar cells development.*?

(a) n-i-p mesoscopic (b) n-i-p planar (c) p-i-n planar (d) p-i-n mesoscopic
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Figure 1.8: PSCs with mesoscopic and planar architecture with normal (n-i-p) and
inverted (p-i-n) structures implying flexibility in combinations of electron transport
and hole transport materials.

1.3.4 Electrical and Optical Properties of Perovskite
The electronic and optical properties of the perovskite make it a very enviable
material. The exciton binding energy of the MAPbI3 perovskite was measured to be

around 1-10 meV, effectively rendering the photo generated carriers as free carriers. This
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coupled with high carrier mobility and long diffusion length (Lp) well into micrometer
range leads to decreased recombination losses in solar cells. Beneficial optical properties
include high absorption coefficient, direct bandgap transition, and long lifetime. From,
Lo (Lo = v/Dt), we can estimate diffusion coefficient ‘D’ for electrons and holes and
know which architecture is more suitable. For example, a mesoscopic structure with
mesoporous TiO2 is recommended for MAPDIs. It has been observed that electronic
properties discussed above are slightly better in the case of FAPDbI3 thus giving an edge
to the mixed cation approach over standard MAPbIs.*® Surface potential plots of
polycrystalline MAPDI3 perovskite films show an intergrain potential barrier of ~45 meV
in the dark, indicating that charge trapping at grain boundaries is much less of a problem
than in CdTe or CIGS who boast a barrier around 100meV-800meV. Similarly, Urbach
energy for perovskite is around 15meV much less compared to CIGS (25meV) and
marginally higher than GaAs (7meV) which is remarkable for a solution-processed

semiconductor.**

The recombination of charge carriers can be expressed as dn/dt = -kin-kzn?-ksn®
where ki is Shockley-Read-Hall (SRH) trapping which is non-radiative recombination
rate constant, ko is band to band radiative recombination rate constant and ks is third-
order Auger recombination rate constant and n is electron charge carrier density. The
schematics for the processes involved are given in Figure 1.9(a). At low light intensity,
we have predominant trap-assisted monomolecular recombination. As the intensity
increases, we move towards radiative recombination as all traps are filled now and even
higher light intensities lead to Auger type recombination. SRH is trap assisted and leads
to a decrease in Jsc and Voc of the devices effectively harming the efficiencies. A PCE
of 30.5% is expected from a single p-n junction device with Voc and FF approaching the
Shockley-Queisser limit of 1.33 V and 0.91 when no non-radiative recombination is
present (Figure 1.9(c)). These recombination processes are dependent upon the
interfacial interactions (like lattice strain) present in the ETL/Perovskite or

Perovskite/HTL boundaries and need to be accounted for in interface engineering.*
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Figure 1.9: (a) lllustration of the different recombination process in PSCs - first-order
SRH, second-order radiative, and third-order Auger recombinations (b) From the plot
of, dn/dt (recombination rate) as a function of charge density, n, we see various slopes
showing the recombination processes for MAPbIs. (c) J-V curve showing the effect of
the aforementioned recombination processes.*

1.3.5 Film fabrication processes

The performance of the PSCs is majorly dependent on the quality of perovskite
in terms of crystallinity and morphology of the films grown. The best performing devices
contain perovskite grains with large crystallites devoid of cracks and pinholes. The onus,
thus, here lies upon the film fabrication step which utilizes mostly a solution-processed
method. The low enthalpy of formation for metal halide perovskites coupled with the
high ionic nature of their bonding makes this cost-effective process feasible at low
temperatures. As seen in Figure 1.10(a), we see three distinct stages of crystallization of
perovskites following the La Mer mechanism. Stage | shows the ions and molecules of
perovskite precursors in the solution. As the solvent evaporates during the spin coating,
the solution reaches a supersaturated concentration, Cs, forming some nuclei of the
perovskites. This nucleation step continues with an increase in crystallite size with solute
diffusion in Stage Il. As the solution concentration goes below Cs, in Stage 111, no more
new nuclei are formed and existing crystals increase in size until all precursors are
utilized.*

In the early years of perovskite research, one-step solution processing was the
most used method to grow the active layer. Fairly simple, it required deposition from a
homogeneous solution containing all the components in the desired concentration. The
films were then heated at around 100-150 °C depending upon the perovskite formed
(Figure 1.10(c)). Polar solvents with high dielectric solvents like DMF, DMSO, GBL are
preferred in this route. These solvents are not ideal as due to their high boiling points

they retard evaporation thus giving non-uniform crystallite sizes or rod and needle
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structures with poor surface coverage in some cases. This necessitated the removal of
solvent rapidly from the film giving rise to techniques like antisolvent treatment,
substrate heating, gas blowing, and vacuum treatment (Figure 1.10(e)). Antisolvent
method requires flushing of the still spinning perovskite film with a solvent that does not
affect the perovskite crystal and has been researched and modified immensely.*’ For
example, the addition of methylamine to acetonitrile to decrease defects leading to an
efficiency of 18%. Similar efficiency has been achieved by Nie et al., using hot casting
method whereby they dropped a 70 °C mixture of Pbl> and MACI on heated substrates
kept at 180 °C.%®

Figure 1.10(b) shows two step solution processing method in action. The initial
step involves the deposition of Pb?* salts onto the substrates and heating at 70 °C
followed by exposure to solution or gas form of organic salt and through diffusion (driven
by heat) to complete perovskite formation. This provides more control over the crystal
growth compared to one step solution-processed method. The first report for this was
published by Liang et al., and then Burschka et al. improved it utilizing nanoporous TiO>
and dipping the prewetted Pbl. films in a solution of MAI in 2-propanol to achieve 15.0%
efficiency with high reproducibility.3 Other methods also include co-evaporation of
precursors in a vacuum chamber for efficient controlled perovskite formation (Figure
1.10 (d)).*®

(a) (b) 6 Pbl,/DMF 6 CH;NH,1/IPA

o A 334t /W Pblz% CH;NH%M
] ! [ [ l |
| nucleation q—P @ CLP
solution &growth | growth |

TWO-STEP COATING

Concentration of solution

Time

(c) 6(PbIZ+CH3NH3I)/DMA

M/ ONE-STEP COATING

e

I i
E Organic I

norganic
source source

Figure 1.10: (a) Schematic shows the growth of perovskite crystals from solution
processing. Different deposition technique for perovskite growth — (b) Two step
coating, (c) single step coating, (d) vacuum co-evaporation deposition, and (e) Pressure
induced large crystallite growth.
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Still there remain many challenges with PSCs chiefly the moisture instability. In
presence of water, the perovskite reverts to its precursors irreversibly thus damaging the
device and losing performance. Better encapsulation and capping with a hydrophobic
layer are some of the options. Lead sources being mostly carcinogenic is another
roadblock in perovskite’s way to commercialization. Performance of solar cells depends
upon the changing weather and thus devices need to be stable in the window of -40 °C to
85 °C. Perovskites still face the issue of degradation at elevated temperature as the metal
contact deposited above has the tendency to tunnel through pinholes of an HTM like
Spiro-OMeTAD at high temperature (60 °C - 70 °C) and create another pathway for

charge movement in the device.®

1.4 PbS Colloidal Quantum dot solar cells
1.4.1 Basics of PbS CQDs

Quantum dots have been around since the 1960s though the first report on it was
published by Ekimove in 1981 depicting semiconductor crystallites in a glass matrix.>!
In 1996, the first film fabrication of QDs was reported by Smith and co-workers by
depositing Ag islands onto a GaAs surface and by the late 1990s commercial production
of colloidal quantum dots became feasible.>? Following this, quantum dots have been
researched for potential applications in photovoltaics, LEDs, photoconductors and
photodetectors, bioimaging, etc. We have already seen the commercialization of
Quantum dot LED TVs (QLEDs) by Samsung. The property which makes these quantum
dots so sought-after is the quantum confinement effect which results in bandgap
tunability of the semiconductor. Typically, the confinement takes place when the size of
the nanoparticle is in the same order as the exciton Bohr radius of the semiconductor.
QDs are in the strongest confinement as they are confined in all three spatial coordinates
(quasi 0-D) leading to discrete energy level formation which governs the optical and

electronic properties of the material.

In a bulk material, electrons and holes are free to move around with no restriction,
leading to continuous energy values which are close enough that an energy band is
formed. Highest occupied band is called the valence band, the lowest unoccupied band
is conduction band and the energy difference between them gives Eg, the bandgap. Bulk
semiconductors have density of states, DOS « (E-Ecxv)Y2. As seen in Figure 1.11, if the

electrons are confined even in a single coordinate, the motion is hindered and the band is
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lost in favour of step-like density of states forming a quantum well. DOS for electrons in
quantum wells having two degrees of freedom is independent of energy. Quantum wire,
bound in two dimensions, has a DOS o (E-Ecy) 2. As we move from quantum well to
quantum wire and finally to a quantum dot, we see the emergence of discrete, quantized
energy levels. Here quantum dot possesses atomic-like DOS that is given by a delta

function 8(E-Ecw). For this reason, some people refer to QDs as artificial atoms.>
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Figure 1.11: Graphic representation of density of states going from bulk material to
qguantum dot. The conduction and valence bands split into subbands as the system
dimensionality is lowered eventually forming discrete energy levels for 0-D QDs.

This leads to size tunability and subsequent handle over the bandgap of the
semiconductor. For example, bulk phase PbS has a low E4 value of 0.41 eV, which
though absorbing enough sunlight and generating hefty Jsc, suffers from an abysmally
low Voc and FF. By synthesizing PbS QDs with a size of ~3nm, a bandgap of 1.4 eV is
obtained which is more in line with Shockley Quessier limit and thus gives better
performance.> We will discuss synthetic routes, properties, and advancement in QD
technology in the following sections.

1.4.2 Synthesis of PbS CQDs

Quantum dots synthesis can be done through the ‘hot injection method’ which is
facile and low cost (Figure 1.12(a)). This method was first demonstrated by Bawendi and
Murray where they synthesized different cadmium QDs with formula CdX (X=S, Se,
Te).> This method typically involves the rapid injection of the chalcogen precursor into
the metal precursor mixed with a non-coordinating solvent (ex. Octadecene, oleylamine)
and a long chain surfactant kept at a high temperature and subsequent cooldown (kept in
inert atmosphere). By changing either the precursors' concentration or the temperature of
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the system, different sizes of monodisperse quantum dots can be synthesized here. The
growth of the quantum dots follows the LaMer approach here. Fast addition of the
chalcogen precursor (at elevated temperature) to the solution causes an increase in
concentration of the metal precursors which leads to crossing of nucleation threshold for
nanocrystal formation and metal-chalcogen monomers are formed to partially relieve the
supersaturation. The surfactant employed here prevents QD agglomeration. After the
initial homogeneous diffusion-controlled growth phase (smaller QDs form much faster
than larger QDs), Ostwald ripening takes over and size defocusing occurs in remainder
of growth phase. In this process, small nuclei dissolve in the solution owing to their high
surface energy and the precursors redeposit on larger nanocrystals. Thus, bigger
nanocrystals grow further and smaller nuclei fizzle out, providing a high monodispersity
of 5-10%. Figure 1.12(b) and 1.12(c) signifies the importance of synthesizing appropriate
size QDs as its carryover to the bandgap and change in optical properties caused by the

size variation respectively.*
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Figure 1.12: (a) Illustration depicting stages of nucleation and growth in the synthesis
of monodisperse QDs. (b) Bandgap vs QD size graph. Experimental observations
correlate with the calculated values.®” Bulk bandgap shown with dotted line and (c)
Absorbance spectra showing 1% excitonic peak of PbS QDs ranging from 3 to 10 nm.>*
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1.4.3 Evolution of PbS CQDs

The efficiency enhancement in the PbS QDs is directly related to the device
architecture evolution and film fabrication changes over the years. The first and the
simplest architecture employed was the Schottky architecture (brown label in Figure
1.13(a)) in which a thin layer of QDs is sandwiched between the top metal and bottom
transparent conducting oxide (TCO) layer. The first report in QDSC used solid-state
ligand exchange (SSE) with EDT ligands to give 1.8% PCE which has recently been
boosted to 5.2% using 1,4-benzenedithiol in place of EDT.®° The lower performance
caused by the ineffective collection of charge carriers from the back end of the cell and
low Voc brought about depleted heterojunction (DHJ) solar cells (blue labels). This
concept involving a p-n junction was first used for PbSe QDs coated upon a wide
bandgap n-type material (ZnO) to give 1.6% efficiency.®° Similar approach for PbS QDs
resulted in higher Jsc and Voc while increasing FF to 55% overcoming the Schottky
limitation of charge carrier collection. As the excitons generated at the back end relied
upon diffusion to get across, efforts were made to passivate the trap states, enhance
diffusion lengths and increase the depletion width of the absorber layer. For example,
two step treatment of the QDs where CdCl, surface treatment is done in solution phase
by amines followed by regular SSE method with MPA. This led to an increase in
diffusion lengths (>200nm) and an absorber layer of thickness 600 nm gave a high PCE
of 9.2% with 29.5 mA/cm? Jsc.5! Another stratagem developed to combat the charge
extraction issue was the depleted bulk heterojunction architecture which involved the
penetration of ZnO nanowires or nanoparticles into the p-type QD layer thus providing a
pathway for efficient charge extraction (Figure 1.13(b)). It helped grow a thicker layer of
PbS QDs and an efficiency upwards of 10%.%? The current state-of-the-art PbS QDSCs
have an n-i-p structure (red label) where a thin layer of p-type layer (with shallower
CBM) is added on top of PbS QDs to prevent the backflow of electrons to metal contact
and ferry holes across. So, using a thin layer of p-type EDT-PbS on top of n-type TBAI-
PbS resulted in better output as well as improved stability. Crisp et al. replaced the
organic TBAI with Pbl, via SSE post-treatment to make organic-free devices.®® Later on,
halide ions (particularly iodide) were used in the mixed solution exchange process and
SSE to achieve 10.2% and recently an efficiency of 12.5% was realized by using only
solution state ligand exchange (SLE) with lead halide and hybrid perovskites.t45

Colloidal inks thus obtained can be deposited in a single spin coating bypassing the
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tiresome layer by layer approach. Mixing perovskite with QDs to form n-i-p perovskite
QDs solar cell show even higher PCEs of 16% but they are out of the scope of this

thesis. 56
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Figure 1.13: (a) PCEs for PbS QD solar cells over the years. The evolution of
PCE largely depends upon the architectures over time, Schottky (brown), depleted
heterojunction (blue), and n-i-p (red) (b) Illustration of DHJ and depleted bulk
heterojunction solar cells.

1.4.4 Passivation of PbS CQDs

The surface ligands used for QD during synthesis perform three main functions -
control the growth, prevent agglomeration and electronically passivate the surface. These
ligands, like oleic acid which is long-chain fatty acid, are typically insulating and lousy
for charge transport and need to be replaced with suitable smaller ligands. The
synthesized QDs have then two facets which can be favoured by these shorter ligands —
polar (111) surface consisting of only Pb atoms and charge-neutral (200) surface
consisting of alternating Pb and S atoms. This then dictates the type of ligand required to
passivate a particular facet. X-type ionic ligands (ex. RCOO", RS") passivate PbS-(111)
surface whereas, neutral L-type electron donor (ex. RCOOH, RSH) and Z-type electron
acceptor (ex. CdCly) passivate PbS-(100) surface. Passivation by these ligands can be

accomplished in two ways, as discussed in the previous section, either by SSE or SLE.

SSE involves flushing the solid film of oleic acid (OA) capped QD with the
solution containing the smaller ligand and was first demonstrated by Guyot-Sionnest and
later used by Sargent’s group for PbS QDs in 2005. TOPO (trioctyl phosphine oxide)
ligands capping CdSe QDs were exchanged by diamines and dithiols.®” As the outgoing
ligands are bulky, the volume contraction after the exchange is about 50% which leads

to cracks and pinholes in the film even after optimized concentration of small ligands are
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used. Luther provided a breakthrough by growing a thick film of PbS-EDT through layer
by layer approach (LbL) by applying SSE for individual 10-12 thin layers.%® This
succeeded in giving smooth film with reduced interdot distance and efficient charge
transport. This method is still widely used for transforming OA/oleylamine capped

CsPbX3 QDs to conductive solids for various photovoltaic applications.

Although functional, SSE is tiresome, leads to a lot of chemical wastage, and
lacks used in industrial scalability. Recently discovered SLE method though ticks all the
right boxes and provides more control over surface passivation. The first report for PbS
QDs deposited via this method in single step spin coating was by Ning et al. (PCE = 6%).
MAI was taken in DMF and mixed vigorously with OA capped PbS QDs in octane.%°
This led to phase separation and the MAI capped QDs were precipitated and solubilized
in low boiling pointy solvent butylamine. This was later modified by using a mixture of
MAI and Pbl; as shown in Figure 1.14(a) to obtain a perovskite shelling on QDs boosting
performance to 9%.7° In 2017, first-time PbS QDSCs fabricated via SLE crossed the
highest efficiency of SSE devices using PbX> (X=I and Br) and ammonium acetate
(NH4AC) as precursors in DMF. These devices having PbS QDs capped with PbX3/PbX*
gave a PCE of 11.3% (Figure 1.14(b)).”*
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Figure 1.14: (a) Solution ligand exchange and Perovskite-shelling of QDs and (b)
PbX3 ions being stabilized by NHsAc after oleic acid is removed (stage 1) and
subsequent precipitation removes NHzAc giving PbX3/PbX* capped CQDs.

Apart from metal halide exchange, atomic-ligand/hybrid passivation’?, another

factor that determines the transport properties in CQDs is ‘doping’. Ligands in
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themselves can act as dopants by altering the carrier concentrations of QDs. As seen from
Figure 1.15(a), the nature of doping can be easily assessed by determining the number of
excess electrons or holes present in QD. Remote doping can occur as in the case of remote
charge transfer leading to excess holes in the system, thus p-doping the QD (scenario iii).
In a substitutional doping though (scenario iv), a sulfur atom is exchanged with an iodide
atom and the QD has an extra electron, thus n-doping the solid.”® lodide ligands
passivated PbS QDs have recently shown high carrier mobilities for n-type QDs. Remote
passivation with the n-type ZnO was shown by Rath et al., where they demonstrated in a
bulk nanoheterojunction system, ZnO nanocrystals can donate electrons to the midgap
states of PbS QDs leading to suppression of trap assisted recombination and promoting
band-to-band recombination.” As the ligand library for QD passivation increases, we get
a wide window over which the doping and carrier concentration of QDs can be tuned
(Figure 1.15(b)).
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Figure 1.15: (a) Remote doping by different cations and anions. In (i) we see K* acting
as a donor due to its HOMO level lying above CBM of QD leading to n-doping and
when the HOMO level of an anion lies below the VBM of QD, p-doping occurs (ii).
(ii1) remote and (iv) substitutional doping by iodide ligands. (b) Doping density of PbS
QDs with various ligand treatments obtained from FET measurements.’?

1.4.5 Properties of PbS CQDs

Size-dependent bandgap tunability has been the main motivation behind the
research in PbS QDs. A large Bohr radius of PbS (18 nm) enables wide bandgap
tunability and by changing the size we can harness the solar spectrum ranging from 300
nm to 1600 nm. Large PbS QDs having bandgap 1 eV can be used to collect the radiation

from the NIR range and can be used in tandem with Perovskite or Silicon solar cells.

22



Chapter I: Introduction

Lead sulfide QDs also benefit from the direct bandgap, high dielectric constants, high
photostability, and large molar extinction coefficients. Additionally, as seen above by
changing the ligand passivation strategy we can tune the QDs to either n-type or p-type
easily. PbS QD solar cells are highly air-stable as shown in Figure 1.16 which makes

them lucrative compared to perovskite solar cells in the third generation.”
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Figure 1.16: Stability of unencapsulated devices kept at high-RH (50—60%) in
ambient air for over a year.

1.5 Thesis objectives

The main objectives of the study are to develop high quality Hole transport
layers for boosting the performance of CH3NH3Pbls and PbS QD solar cells

e Increasing the grain size in CH3NHsPbls grown from lead acetate
precursor.

e Densification of the most commonly used HTL for perovskite, Spiro-
OMeTAD which shows cracks and is prone to moisture damage.

e Improvement in PbS passivation by decreasing the polydispersity and
reducing trap states via thiol passivation to achieve a p-type intrinsic
layer.

e Alternate cleaning process for the conventional time-consuming PbS-
EDT at the top HTL layer

1.6 Thesis outline

This thesis consists of five chapters and outlines the enhancements done to the
hole conducting layers of two separate technologies as well as the role of surface

passivation in reducing the trap states by introducing a p-type nature to PbS QDs. Chapter
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1 (above) introduces perovskite solar cells and PbS QD solar cells along with their
beneficial optical and electronic properties. We also see the previous works done to

improve the technology

Chapter-2 discusses two-fold modification whereby we introduce antisolvent
treatment to the PbAc, based CHsNH3sPbls and then blend P3HT with Spiro-OMeTAD
to obtain a robust HTL thereby improving morphology and reproducibility of devices.
The work has been reported:

Sharma, A.; Rath, A. K. Improved Performance and Reproducibility of Perovskite Solar

Cells by Jointly Tuning the Hole Transport Layer and the Perovskite Layer Deposition.
J.  Mater. Sci. Mater. Electron. 2018, 29 (15), 12652-12661.
https://doi.org/10.1007/s10854-018-9382-8.

In Chapter-3, the focus is shifted to the emerging NIR-active PbS QDs and its p-
type doping through 3-mercaptopropionate passivation which leads to reduced
polydispersity and trap states and employing it in the solar cell with n-p-p* architecture
where p* is the PbS QDs exchanged with 1,2-ethandithiol (EDT). The work has been

reported:

Sharma, A.; Mahajan, C.; Rath, A. K. Reduction of Trap and Polydispersity in Mutually
Passivated Quantum Dot Solar Cells. ACS Appl. Energy Mater. 2020, 3 (9), 8903-8911.
https://doi.org/10.1021/acsaem.0c01378.

Chapter-4 involves the replacement of convoluted sequential cleaning of the oleic
acid capped PbS QDs by introducing ammonium thiocyanate in methanol to remove oleic
acid in a single washing step. This also led to retention in excitonic peak nature and

boosts hole mobility as well as p-type doping of the QDs. The work has been reported:

Sharma, A.; Dambhare, N. V; Bera, J.; Sahu, S.; Rath, A. K. Crack-Free Conjugated
PbS Quantum Dot—Hole Transport Layers for Solar Cells. ACS Appl. Nano Mater. 2021
4 (4), 4016-4025. https://doi.org/10.1021/acsanm.1c00373.

Chapter-5 summarizes the results of the research work done in the thesis and

presents the future directions this research can take.
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Chapter 2

Improved performance and reproducibility of perovskite solar cells by
jointly tuning the hole transport layer and the perovskite layer
deposition
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Abstract:

Solution-processed organometal trihalide materials, commonly referred to as
perovskites, have gained enormous popularity due to their unprecedented performance
in photovoltaic applications. However, submicron thick perovskite films are susceptible
to the formation of cracks, pinholes — like morphological defects; the traits stemming
from their solution-phase processing and subsequent crystallization. The issue carries
forward to pinholes and cracks in the thin film of spin coated hole transport layer, Spiro-
OMEeTAD, which by forming these micro-shorts reduces the performance reliability and
weakens the defense against moisture ingress to the intrinsic layer. For the large-scale
processing and employment of perovskite solar cell from the prudent solution phase
processing, morphological fallibility of both perovskite and hole transport layers need an
urgent address. Usage of a non-conventional lead precursor (lead acetate) and subsequent
anti-solvent treatment during film deposition, lead us to form pinhole-free and compact
perovskite film. Crack-free hole conducting layer is achieved utilizing a blend of Spiro-
OMeTAD and a conducting polymer without compromising the solar cell performance.
A detailed investigation of the charge transport and charge extraction properties of the

thus developed hole transport layer has been carried out. The developed CH3NH3Pblz

based perovskite solar cells show improved performance and duplicability.
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2.1 Introduction

The discovery and subsequent meteoric rise in perovskite solar cells have helped
boost the global green energy drive largely thanks to the immense interest and
participation of groups all around the world.™* Electronic properties like high carrier
mobility®, long recombination lifetime®, ambipolar transport, high carrier diffusion
length®’, and consequent high open-circuit voltage (Voc)®® make perovskite a very
bankable material for the next generation solar cell development. Development of various
film deposition strategies along with device architectural platforms has led to the rapid
improvement for perovskite solar cells and attain high power conversion efficiency
(PCE). In recent past, utilizing the phenylethylammonium iodide passivation in
formamidinium and methyl ammonium-based 3D perovskite (FA1-xMAxPbl3)!® have
resulted in the highest PCE of 23.3%, whereas the highest reported efficiency in
CH3NH3Pbls perovskite is around 18%.*1! CHsNH3Pbls, first introduced by Kojima et
al. in DSSC architecture'?, has been the choice of sensitizer and most widely studied
perovskite material due to its ease in one step solution processing.® This processing of
CH3NHsPblz material has implicit implications in tuning the material electronic and
surface properties which in turn regulate its performance in the eventual solar cells.* For
instance, commonly used halide-based lead precursors (Pbl., PbBr2, and PbCly) illustrate
high PCE compared to non-halide sources like lead acetate (PbAc2) and lead
thiocyanate.’® However, perovskite films from non-halide sources are smoother and
reproducible®®; qualities deemed crucial for large-scale industry manufacturing and
commercialization. Coming from DSSC architecture, the importance of an appropriate
hole transport layer (HTL) in the stability and performance of perovskite solar cells is
evident when the liquid electrolyte is replaced by the solid-state material 2,2',7,7'-
Tetrakis-(N,N-di-4-methoxyphenylamino)-9,9’-spirobifluorene (Spiro-OMeTAD).1®
Since then a number of HTLs are developed and implemented in the perovskite solar
cells inclusive of aforementioned Spiro-OMeTAD, poly(triarylamine) (PTAA)Y,
Poly(3-hexylthiophene-2,5-diyl) (P3HT)!, CuSCN?®, Cul?®, Cu,0%, NiO?% (p-i-n
architecture) etc. Organic Spiro-OMeTAD yields high PCE in perovskite solar cells and
consequently has been the most widely used HTL as of today. Reports, still, have shown

that Spiro-OMeTAD has some serious limitations in terms of morphology,
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reproducibility, and large area deposition.?* Primarily the deposition of Spiro-OMeTAD
from chlorobenzene solution leads to morphological deformities as in reduced surface
coverage leading to pinhole formation. This is detrimental to the performance and
reproducibility of solar cells, as shown by Domanski et al., where they reported the
seeping in of the top gold electrode through these pinholes and forming micro-shorts with
the perovskite layer.? Large surface area deposition is expected to be the worst affected
due to this issue. Furthermore, the pinholes which are not covered by the electrode, and
hence are not filled, also lead to moisture ingress and consequent fast degradation of
intrinsic perovskite layer leading to a sub-optimal performance in ambient conditions.
Polymer P3HT is one other widely studied hole transport material in organic solar cells
and forms compact and smooth films from solution-phase deposition.?8? It is, when
compared to Spiro-OMeTAD, inferior in performance when used as HTL for perovskite
solar cells pertaining to low mobility.?

In our effort to address the pinhole and micro shorts formation in solution-
processed perovskite solar cells to achieve reliable and efficient solar cells, we have
focused both on active perovskite layer deposition and HTL layer formation in tandem.
In solution-phase perovskite film deposition, the evaporation of solvent molecules,
organic residue, and the volume contraction caused by the crystallization of perovskite
films bring in effect the cracks and pinholes in the film which are detrimental to both
performance and reproducibility.?® To combat this, various approaches have been tried
namely two step deposition (with lead iodide, Pbl2)*, hot casting®, mixed solvent for
deposition® as well as usage of mesoporous titanium dioxide (TiO,) layer rather than
planar TiO2. From the commercial perspective, to have reproducibility over a large area,
it is more facile to have a single step single solvent deposition at ambient conditions.
Conventional Pbl, and PbCl, lead sources form larger crystallites that yield high PCE
but suffer from a high degree of porosity and longer annealing times.*® Thus, we chose
PbAcC; as the lead precursor and methylammonium iodide as iodide source to form the
smooth and compact perovskite films. PbAc. based films require lower annealing
temperature as well as lower duration for perovskite crystallization in contrast to the
conventional lead halide-based films as the by-product methylammonium acetate
(CH3sNHsAc) formed in this case is highly volatile.’>3* These films, deprived of
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temperature-induced anomalies show lesser defects (structural and electronic), however,
generate smaller grain boundaries (< 1 pm).'>** For solar cell application, larger
crystallites are sought after for faster transportation and suppressed recombination of
photogenerated carriers.

In this chapter, we demonstrate that the grain size of perovskite crystals obtained
from PbAc, can be modulated by tuning the precursor concentration for larger grain sizes
and treating the perovskite films with an anti-solvent during the deposition process. This
approach led to the formation of smooth films with an increasingly reduced amount of
pinholes and cracks and better charge transport. Moving above to the HTL, pinholes, and
cracks evident in the Spiro-OMeTAD layer are eliminated by blending Spiro-OMeTAD
with polymer poly(3-hexylthiophene-2,5-diyl), commonly known as P3HT. Optimizing
the P3HT: Spiro-OMeTAD blend ratio leads to both high solar cell performance and
better reproducibility. From surface characterizations SEM and mobility measurements,
we show that at optimum blend ratio we obtain good film morphology with no cracks

and high hole mobility value obtained to explain their superior performance in solar cells.

2.2 Experimental Details

2.2.1 Substrate preparation

Transparent conductive FTO substrates were partially etched with ZnO/HCI
mixture before being sequentially cleaned with soap solution, deionized water, acetone,
and boiled in isopropanol. Substrates were dried with a hot gun and kept for ETL coating.

2.2.2 Electron Transport Layer (ETL) preparation

Compact titanium oxide (TiO2) was utilized as the ETL in this study. Sol-gel was
prepared as reported before but concentration was optimized, 369 pL (1.2 mmol) of
titanium isopropoxide was added to 2.53 mL of 2-propanol and stirred for 12 hours.® 14
ML of 5 N HCI in water was added dropwise to the stirring solution followed by another
2.53 mL of 2-propanol. Solution was stirred for the next 12 hours till it was transparent
and no turbidity was noticed. Planar TiO layer was then coated over the FTO substrates
using a spin coater at 3500 rpm for 40 s. The substrates were annealed on the hotplate at
500 °C for 1 hour. After the cooling of the planar TiO2 substrates, they were submerged
in deionized water and the bath was heated to 70 °C with a magnetic stirring bead.
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Titanium chloride (TiCls) was added to this solution (135 pL per 20 mL DI water) and
kept for 30 min for the formation of a compact TiO- layer. Substrates were then brought
out of the bath, washed with copious amount of DI water, and then heated on the hotplate
for 1hr at 500 °C to complete the TiO2 ETL preparation. After cooling, the substrates are
transferred to an argon-filled glovebox for further depositions

2.2.3 Perovskite layer formation

Perovskite solution was prepared inside the glovebox by mixing the precursors
PbAc, and methylammonium iodide (MAI) in an optimized ratio of 1:3.2 in DMF
solvent. For optimum perovskite grain sizes (without cracks), 405 mg of PbAc. was
mixed with 545 mg of CH3NHsl in 1mL of dimethylformamide (DMF) and stirred for 2
hours before deposition. The solution was dropped on top of TiO substrates and spin
coated 3500 rpm for 40 s with ramp speed of 1500 rpm/s. For antisolvent treatment, the
spin coating is done at 2 speeds whereby the initial speed was the same as before but
duration reduced to 30 s and then the rotation speed increased to 5000 rpm. At that speed,
100uL of chlorobenzene is swiftly dropped over the rotating substrates and kept running
for 10 more seconds. It is observed that the surface of the substrate immediately turned
brownishly as the solvent dries during spin whereas when the antisolvent is not used, a
transparent yellowish film is obtained. The films were kept aside for 2 hours before
annealing at 100 °C for 15 minutes to complete the conversion to the perovskite and

obtain the dark brown films.

2.2.4 Hole transport layer (HTL) optimization

Spiro-OMeTAD solution is prepared by dissolving 65 mg of Spiro-OMeTAD in
1 mL of chlorobenzene. Additives are added with 70 pL of LiTFSI solution (170 mg/mL
in acetonitrile) and 20 pL of 4-tert butyl pyridine in the same Spiro-OMeTAD solution
and stirring for 2 hours.®® P3HT solution is prepared by dissolving 20 mg of P3HT in 1
mL of chlorobenzene. The blend solutions are prepared by adding a measured weight
proportion of P3HT in stock Spiro-OMeTAD solution. Before film deposition, these
blends are preheated at 50 °C for 1 hour. To obtain smooth films the solutions for all
HTLs were dropped over rotating perovskite films at 4000 rpm and kept for 30 s. The
films were then kept under dark ambient conditions for 12 hours before moving on to the

electrode deposition. To complete the electrode formation, 30 nm of gold followed by
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120 nm of silver is deposited on top of the films through a mask using a thermal
evaporator at a base pressure of 1 x 10 Torr. Effective area of the pixel is 9mm? as
dictated by the mask.

2.2.5 Materials Characterization Techniques

Surface electron microscope (SEM) images of the perovskite and HTL layers
were obtained using FEI Nano SEM 450. X-ray Diffraction profiles were recorded on an
X’pert Pro model PANalytical diffractometer from Philips PANalytical instruments
which were operated at a voltage of 40 kV and a current of 30 mA with Cu Ka (1.5418
A) radiation. The perovskite samples were scanned in a 20 range from 10° to 50° with 4

scan rate of 0.4° per minute.

2.2.6 Device Characterization Techniques

2.2.6.1 Current (J) — voltage (V) measurement

Current —voltage measurement was carried out with a keithley 2634B source-
meter under argon filled glovebox. The illumination intensity approximating 1 sun
illumination (AM 1.5) was provided using solar simulator from Peccell technologies
(PEC-LO01). A shadow mask was used before the device limiting the amount of light
reaching the pixel of device and matching it closely to pixel size. The light intensity was
set 100 mW/cm? at the pixel using a Thorlab thermal sensor S302C (aperture size 9.3

mm).

2.2.6.2 Capacitance-Voltage and Impedance measurement:

PSM1735 (N4L) LCR meter was used to measure the Capacitance—Voltage and
frequency response of the devices. C-V measurements were carried out at a frequency of
1 kHz. Impedance measurements were acquired in between 100 Hz to 1 MHz frequency
range. AC perturbation voltage used in these studies was 50 mV.

2.3 Results and Discussions

2.3.1 SEM analysis of perovskite layer
Pinhole and crack-free perovskite layer formation is indispensable for achieving
compact and consistent films to better charge transport in submicron thick solution-

processed perovskite solar cells. Using PbAc: as a precursor we take the 3 molar volumes
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of MAI to maintain the stoichiometry. However, a little excess of iodide is known to
render better films and thus a ratio of 1:3.2 PbAc.:CH3NHal is taken to that end. Keeping
the ratio constant, the molar concentrations of the precursors were optimized in
conjunction with the antisolvent treatment to obtain smooth films with larger crystallite
sizes. As the concentration is increased in the precursor solution, we obtained perovskite
crystals with larger grain boundaries but increasing the concentration above 1000 mg/mL
resulted in visible cracks in the film whereby it was decided that 950 mg/mL in single

solvent DMF serves the purpose best.
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Figure 2.1: Representation of perovskite film formation with and without antisolvent
treatment.

During spincoating

Antisolvent treatment on films made by taking Pbl. as a precursor in single step
deposition has yielded better results previously.* Traditionally both polar and non-polar
solvents have been utilized for the purpose of antisolvent treatment, though the latter are
favoured due to their reduced interaction with polar DMF solvent during crystallization.
Toluene and chlorobenzene are two commonly used antisolvents and we chose
chlorobenzene as we expect a slight amount of chlorine doping happening to perovskite
which might be beneficial in obtaining higher performance. Figure 2.1 illustrates how
antisolvent is utilized during the spin coating process to speed up the perovskite
formation by removing the excess non-volatile solvent (DMF here). The antisolvent

treatment for the 950 mg/mL film, as shown in Figure 2.2, shows a marked improvement
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in the quality of the perovskite film. In Figure 2.2(a), we see an untreated film that has
crystallite sizes ranging from a minimum of 400 nm to around 1um at highest. Average
size is around 800 nm and the pinholes are easily discernible at that magnification. A
similar film, when subjected to antisolvent treatment using chlorobenzene, leads to larger
crystallites that are fused effectually, thus eliminating the pinholes in the film studied at
the same magnification as before. The average size of the perovskite crystals increases

beyond 1 um as shown in Figure 2.2(b).

Figure 2.2: Effect of antisolvent treatment on the perovskite film prepared from
950mg/mL concentration. (a) untreated film and (b) antisolvent treated film. Scale bar
500nm.

2.3.2 XRD characteristics of Perovskite

The findings from SEM are corroborated from the XRD of the untreated and
antisolvent treated perovskite films shown in Figure 2.3. XRD confirms the presence of
the tetragonal phase of the MAPbDIs perovskite crystals in both instances with lattice
parameters a=b=2.85 A and c= 12.64 A. From the untreated sample, the peak at 14.2°
indicates the principal growth direction of the perovskite in (110) plane which is the long
axis parallel to the substrate.®”*® Other prominent peaks are the second reflection form
(220) plane at 28.4°, (112) plane, and its second reflection (224) at 20.0° and 40.6°

respectively.

When the layer is treated with antisolvent, it is observed that the intensity of (110)
and (220) planes rises by a factor > 2 whereas intensity corresponding to (112) and (224)
planes remains practically similar. This implies the oriented growth of the perovskite

crystals due to the treatment towards the (110) plane (which is parallel to the substrate)
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and leads to larger crystallite size and pinhole-free films, as evidenced by the FESEM
images in Figure 2.2. These factors combined are expected to facilitate the carrier

transport helping to boost the efficiency and reproducibility of solar cells.
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Figure 2.3: X-ray diffraction pattern of Perovskite films (a) without antisolvent
treatment and (b) with antisolvent treatment. The respective planes are marked inside
the figure.
2.3.3 SEM analysis of HTL

With all the improvements done to the perovskite layer, the performance of the
solar cells is still limited due to the fallibilities associated with the Spiro-OMeTAD used
as HTL. The films obtained with the HTL were inconsistent (the agglomeration at the
top is visible even with the naked eye) and also prone to degradation under continuous
electrical stress even when measured inside the Argon atmosphere.

To probe this, a high-resolution SEM study was done on the top HTL which, as
seen in Figure 2.4(a), indicates the presence of large cracks in the film. These cracks are
detrimental to the solar cell performance as the gold atoms vacuum deposited at the top
seeps in through them and forms direct contact with the bottom perovskite layer. These
filaments then provide a less resistive path for the flow of charge carriers and enhance
the recombination or injection. The amount of current passing through such a small area
can lead to the ‘burning’ of the perovskite layer and subsequent death of pixel.? Thus
reproducibility, stability, and performance of the solar cells are affected by this electrode
seepage in the case of Spiro-OMeTAD. Conducting polymer, P3HT, when used as HTL
on top of perovskite, has been reported to give reasonably good efficiency but succeeds
far more in stability owing to its polymeric nature helping it to form compact and pinhole-

free films.?” Herein, we attempt to improve the quality of our Spiro-OMeTAD HTL layer
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by blending it with P3HT in situ. P3HT is chosen in this study due to its favourable
HOMO-LUMO positions in regards with perovskite and common non-polar solvent for
dissolution to protect the bottom layer.

Figure 2.4: FESEM images of HTLs on top of active layer. Only (a) Spiro-OMeTAD,
(b) P3HT layers. Blended HTLs in ratio (c) 1:6 and (d) 1:3 P3HT: Spiro-OMeTAD.

In order for the blend to act efficiently as HTL, we expect it to possess the
following qualities: (1) a compact smooth layer on top of the perovskite layer, (2) The
HOMO level matching should allow efficient transfer of holes from the perovskite layer
to the HTL and (3) hole mobility of the blend layer should be considerable enough for
efficient transportation of all the carriers through its thickness to the top electrode. As
seen in the SEM image, the P3HT layer shows a very compact film devoid of any
pinholes or cracks (Figure 2.4b). As the blend film is formed for the ratio 1:6 P3HT:
Spiro-OMeTAD in Figure 2.4c we see a reduction in cracks compared to only Spiro-
OMEeTAD and for the ratio 1:3 we see a completely smooth film with good surface
coverage closer to the P3HT only film (Figure 2.4d). These attributes prompt us to
construct solar cells with blended HTL on top of the perovskite layer.

2.3.4 J-V characteristics

To elucidate the improvement in charge transport and carrier extraction with the
help of improved morphology of films, solar cell devices were constructed with the
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architecture as shown in the cross-section image of a representative device (Figure 2.6a).
Inset shows various layers with TiO. as ETL, followed by antisolvent treated perovskite

film and top HTL deposited with a varied weight proportion of P3HT in Spiro-OMeTAD.
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Figure 2.5: Photovoltaic figure of merits. Dependence of Jsc, Voc, FF, and PCE with
varied blend ratios of P3HT: Spiro-OMeTAD are shown in a, b, ¢ and d respectively.
The standard deviation in the parameters is shown by the error bar.
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Figure 2.6: (a) shows the cross-sectional image along with the representative layers in
the inset and (b) J-V curve for solar cells constructed with different HTLs — Spiro-
OMEeTAD, P3HT, and 1:3 blend of P3HT: Spiro-OMeTAD.
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In this chapter, the focus was to find a balanced ratio between the two materials,
namely Spiro-OMeTAD and P3HT. Different photovoltaic parameters, namely Jsc, Voc,
FF, and PCE for the varied blend ratios are shown in Figure 2.5(a)—(d), respectively. The
standard deviation in photovoltaic parameters for different batches is reflected by the
error bar. From the Jsc distribution, we see that high current is obtained for most of the
blend ratios (though with high deviation in many cases) barring the terminal blend ratios
(1:20) and (1:2). The highest average Voc is seen in the case of Spiro-OMeTAD and the
1:3 blend (P3HT:Spiro-OMeTAD) devices with the latter being more consistent and
stable. Combinedly, most consistent and high photovoltaic performances are achieved
for the blend ratios 2:9 and 1:3. However, 1:3 blend produces higher FF repetitively to
yield the highest average PCE among the lot. The J-V characteristics of the best
performing solar cells under solar illumination based on Spiro-OMeTAD, P3HT, and 1:3
blend HTLs are shown in Figure 2.6(b). The highest performance in the case of Spiro-
OMEeTAD is obtained to be 11.23% in which the performance is limited by the moderate
FF (0.5) probably originating from the subpar layer formation. In the case of P3HT,
8.85% PCE is obtained with the dismal performance in Voc (0.8 V) and FF (0.49). In
contrast, the performance of the 1:3 blend-based device is superior (PCE = 14.87%) due
to improvement in Voc (0.94 V) and FF (0.70). All the solar cell devices show hysteresis
in their J-V characteristics. The photovoltaic parameters for reverse and forward voltage
scans are tabulated in Table 2.1. The P3HT and the 1:3 blend HTL based solar cell shows
relatively less hysteresis compared to Spiro-OMeTAD based solar cells.

Table 2.1 Photovoltaic parameters of the best performing solar cells

HTL Scan
Direction Voc (V) Jsc (MA/cm?) | FF (%) PCE (%)
Spiro- Reverse 0.94 23.9 0.50 11.23
OMeTAD Forward | 0.9 24 0.33 7.13
P3HT Reverse 0.8 22.6 0.49 8.85
Forward 0.72 21.8 0.50 7.85
1:3 Blend Reverse 0.94 22.6 0.70 14.87
Forward 0.9 22.9 0.63 12.99
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2.3.5 Electronic Impedance Spectroscopy measurements

To determine the factors affecting the performance of the solar cells as shown in
Figure 2.6b and Table 2.1, electronic impedance spectroscopy is performed. From the
Nyquist plot (Zrea VS. Zimg) Of the photovoltaic devices based on Spiro-OMeTAD, P3HT,
and 1:3 blend as HTL (Figure 2.7(a), (c), (e) respectively), series resistance,
recombination resistance, and carrier recombination lifetimes are determined. The
Nyquist plot for Spiro-OMeTAD clearly shows two semicircular arcs appearing at
separate applied frequency regimes, whereas P3HT and 1:3 blend-based solar cells show
a single arc for the entire frequency range of 100 Hz — 1 MHz range. The equivalent
circuit model requires a minimum of two parallel R—-C combinations in order to
contemplate the Nyquist plot for Spiro-OMeTAD based solar cells (Figure 2.6(b)),
whereas one R—C combination is sufficient to simulate the Nyquist plots obtained for
P3HT and 1:3 blend based solar cells (Figure 2.6(d)). In the case of Spiro-OMeTAD
HTL, two R-C combinations may originate from two interfaces - perovskite/Spiro-
OMeTAD and perovskite/metal. We suspect the pinholes in the Spiro-OMeTAD HTL
allow the direct contact of the metal electrode with the perovskite layer which in turn
facilitates the alternate transport path for the charge carrier to bypass the Spiro-OMeTAD
layer and makes the perovskite/Spiro-OMeTAD junction leaky.

Due to the high conductivity of the metals, the R—C arc of perovskite/metal
contact should appear at a higher frequency regime. Therefore, we attribute the low-
frequency arc to leaky perovskite/Spiro-OMeTAD junction and the high-frequency arc
to perovskite/metal junction. In the case of P3HT and 1:3 blend HTL based solar cells
appearance of one arc in the Nyquist plot implies good junction properties between
perovskite and the HTLs.

Series and recombination resistance of the solar cells are determined from Zrea—
Zimg plots using the following approximation, at low frequency (100 Hz), Zrea = series
resistance + recombination resistance, and at frequency 1 MHz, Zra = series resistance.
Series resistance is found to be 30 £ 2 Q for all the devices (Figure 2.8(a)), suggesting
no apparent variation in series resistance for different blend layers. This is consistent with
the fact that major contribution in series resistance arises from the space charge region

of the junctions, not from the quasi-neutral region of individual layers. The
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recombination resistance accounts for much deeper insight into the recombination
process of the solar cells. Higher recombination resistance reduces photo carrier

recombination and improves FF and current for the solar cells.
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Figure 2.7: Impedance spectroscopy of the solar cells for different HTLs. a and b show
the Nyquist plot (Zra—Zimg) and the corresponding equivalent circuit for Spiro-
OMeTAD. The Nyquist plots for P3HT and 1:3 blend is shown in ¢ and e respectively
and their common equivalent circuit is shown in d.

The recombination resistances are determined and compared for different HTLs
(Figure 2.8(b)) under solar illumination for varied applied bias between 0 V and Voc.
The recombination resistances for 1:3 blend layer are higher than P3HT and Spiro-
OMeTAD at any given applied bias. In the case of P3HT as HTL the recombination
resistance shows abrupt decay with the increase in bias, suggesting the lack of diffusion
transport and dominance of drift transport of photo carriers in the P3HT layer, which may
originate from low carrier mobility of the P3HT film. This property is reflected in the
low FF of the P3HT-based solar cells. In the case of Spiro-OMeTAD, the leak in the
perovskite/ Spiro-OMeTAD junction reduces the effective recombination resistance

which comes in between P3HT and blend.
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Figure 2.8: (a) Series resistance and (b) Recombination resistance with different
applied voltage bias.

Photo carrier recombination lifetime in the photovoltaic devices is determined
from the Nyquist plots by obtaining the frequency (f) at which Zimg is maximum, also
denoted as characteristic frequency (wo = 2nf).* Under 1.5 A.M. illumination
recombination lifetimes (t = 1/wo) for different HTLs are plotted against applied bias as
shown in Figure 2.9. The carrier lifetime for the blend HTL shows very little dependence
with the applied bias which could be responsible for the high FF (0.70) in their solar cell
characteristics. In comparison to blending both P3HT and Spiro-OMeTAD based devices
shows a steady decay in their carrier lifetime with the increase in applied bias which is
reflected in the shape of their J-V characteristics. Spiro-OMETAD based solar cell shows
the lowest carrier lifetime values, this could be due to fast recombination of electron and

hole at the perovskite-metal interface.
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Figure 2.9: Carrier lifetime for different HTL based perovskite solar cell at varied
voltage bias.
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2.3.8 Hole Mobility measurements of the HTLs

The charge transport properties of the blend layer should depend on the formation
of a continuous charge transport network through individual components i.e., Spiro-
OMeTAD and P3HT. In the case of organic semiconductors, charge transport is
dominated by hopping transport from one site to another. In the absence of a continuous
charge transport network in the blend layer, hole transport would be hindered by the
HOMO level energy mismatch between adjacent sites, which would result in the decrease
in hole mobility and increase in potential drop across the HTL in solar cells. We sought
to investigate the hole mobility for different HTLs used in this study. Hole mobility is
determined by space charge limited conduction mechanism (SCLC) using ITO-HTL-Au
device configuration. ITO and Au are chosen as electrodes to establish ohnmic contact for
the hole with the HTLs and to ensure that at a given applied bias only hole injection to
the HTLs is possible. At the high injection region current inside the HTLs would be

controlled by the accumulation of holes inside the bulk of the HTLs and can be explained

by Mott Gurney law in space charge region i.e., J = %VZ, where J is the current

density, Va is the applied bias, L is the HTL layer thickness, p is the mobility, ¢ is the
permittivity of air and €o iS the relative dielectric constant of HTLs which is considered
as 3.5 in this study. The J-V characteristics for different HTLs are shown in Figure 2.10.

The corresponding hole mobilities determined for different HTLs are shown in Table 2.2.
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Figure 2.10: Current density versus voltage plot in log—log scale for the hole only
metal-semiconductor-metal devices is shown.
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As can be seen that the hole mobility for the P3HT is lowest, intermediate for the
blend, and highest for the Spiro-OMeTAD. From the observation, we infer that the charge
transport inside the blend layer is dominated by the Spiro-OMeTAD and the small
reduction in blend mobility in comparison to pristine Spiro-OMeTAD could be due to
the reduction in effective area and a possible increase in path length through the higher
conducting Spiro-OMeTAD channel inside the blend layer. The magnitude of the hole
mobility further emphasizes that the charge transport network through the Spiro-
OMeTAD network is not breached for the optimum blend ratio which is critical for high

solar cell performances.

Table 2.2. Hole mobility for different HTLs from SCLC method

Name of the HTL Hole mobility
(cm?v-is?)
Spiro-OMeTAD 2.15x 103
P3HT 1.67 x 10’3
1:3 Blend 2.01x 103

2.4 Conclusion

In this chapter, we have shown that the use of anti-solvent and optimal precursor
concentration allows to form consistent, pinhole-free, compact, and large crystallite size
perovskite film using PbAc:> as the lead precursor. The pinholes and cracks of the Spiro-
OMeTAD HTL layer are effectively removed by blending Spiro-OMeTAD with the
polymer P3HT. From a series of blend ratios, the optimum ratio is identified to be 1:3
P3HT:Spiro-OMeTAD to yield the highest PCE of 14.87% in CH3NH3sPbls perovskite
solar cells. In optimum blend layer, high hole mobility from Spiro-OMeTAD and
compact film morphology from the P3HT polymer is duly obtained to improve the
performance and consistency of the perovskite solar cell. The developed strategy to form
compact and pinhole-free HTL by blending Spiro-OMeTAD and P3HT could further be
implemented to develop high-performance solar cells using low band gap complex

perovskite materials.
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Reduction of trap and polydispersity in mutually passivated quantum

dot solar cell
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Abstract:

Control over surface passivation is a key to manage the optoelectronic properties
in low dimensional nanomaterials due to their high surface to volume ratio. Tunable band
gap quantum dots (QDs) are a potential building block for the development of
optoelectronic devices like solar cells, photodetectors, and light-emitting diodes. Long
and insulating surface ligands of colloidally synthesized QDs are exchanged by short
ligands, to attain compact arrangement in thin films to facilitate the charge transport
process. However, the ligand exchange process often resulted in reduced surface
passivation, inhomogeneous QD fusion, and deterioration of energy bandgap, which
adversely impact their performance in solar cells. Here we introduce a surface passivation
strategy where the QDs are mutually passivated by organic ligand 3-methyl mercapto
propionate and inorganic halometallate ligands to develop conducting QD ink. The
mutually passivated quantum dots (MPQDs) show significant improvement in
optoelectronic properties in maintaining the trap-free energy bandgap and size
monodispersity. The photovoltaic performance of MPQDs shows a 33% average increase
in power conversion efficiency (PCE) over the conventional halometallate passivation,
to attain 9.6% PCE in MPQD solar cells. The improvements in photovoltaic parameters
are corroborated by the reduction in density of intermediate trap states, increase in
depletion width, and diffusion length in MPQD based solar cells.
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3.1 Introduction

Organic-inorganic perovskites, though being a lucrative material in solar cells,
suffer from stability issues and non-utilization of near-IR radiation. To alleviate those
concerns and to develop tandem solar cells with one material absorbing in the IR region,
we focussed on lead sulfide (PbS) quantum dots. The Colloidal quantum dots have
attracted significant research attention due to their potential applications in light-emitting
diodes'?, photodetectors®*, lasers®, and solar cell®® development.  The broadband
tunability of energy bandgap through size control® has opened up innumerable
possibilities of their applications in optoelectronic device development.1 Passivation of
unsaturated surface atoms through ligand engineering plays a crucial role in controlling
the optical and electrical properties of QDs due to their high surface to volume ratio.%:*2
Understanding and manipulation of surface chemistry have enabled the bottom-up design
of QD properties to trigger continued evolution in device efficiency. The performance of
QD solar cells has been benefited from sustained development in surface passivation® 3
and device engineering” * to reach certified power conversion efficiency (PCE) of
12.47%.5

PbS QDs are at the forefront of QD solar cell research, thanks to their NIR
wavelength bandgap tunability, low-temperature processibility, ambient stability, and
long carrier lifetime.'®1" As-synthesized, oleic acid capped QDs show a high degree of
monodispersity and strong and narrow emission, at the cost of efficient charge transport.
Replacing long and insulating oleic acid ligands by short and conducting ligands
increases the conductivity of the QD films by orders of magnitudes.’®® However,
incomplete surface passivation and reduced dot-to-dot distance in the case of short
ligands lead to QD fusion and size dispersion of varying degrees in QD films.? Facet-
dependent heterogeneity of the QD surface further adds to the odds in achieving atomic-
level precision in the surface passivation by any particular ligand type.* For instance,
PbS QDs are terminated by polar (111) facets (consists of Pb atoms) and charge-neutral
(200) facets (consists of alternate Pb and S atoms).?*?? As a result, X-type ionic ligands
(RCOO, RS and I") preferably bind with the polar (111) facets terminated by unsaturated
Pb atoms. The charge neural (200) surface, made of an alternate arrangement of Pb and
S atoms, can be passivated by coordinating with the neutral donor (RCOOH, RSH, RNH>
to passivate Pb sites) and neural acceptor (Pb(RCOO). and CdCl; to passivate S sites)

ligands.™ 22 Size polydispersity can also be introduced during the course of the ligand
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exchange process, as observed in the case of the layer-by-layer solid-state ligand
exchange process.?® Uncontrolled ligand exchange and poor surface coverage promote
QD fusion and aggregation in the case of the layer-by-layer solid-state ligand exchange
process. A significant advancement in surface passivation has been made when the
colloidal dispersion of QDs in solution-phase surface passivation is achieved using
halometallate ligands.?*?® Solution phase ligand exchange offered homogeneous surface
passivation, which helped to reduce the QD size dispersion and intermediate trap density
in QD solids.® Recently, hybrid passivation using halometallate and organic thiol is
introduced, which shows promising results in controlling doping type and doping density
to improve solar cell performances.> 2627

Organic thiol molecules have long been perused as a surface ligand to build layer-
by-layer QD films for solar cell applications.?®?° 3-mercaptopropionic acid (MPA) is the
most sought-after ligand for the development of QD solar cells using the layer-by-layer
approach, as it produces the highest PCE.*% Unfortunately, solution-phase ligand
exchange using MPA leads to aggregation and precipitation of QDs.*® We chose to use
3-methyl mercapto propionate (MPE) (which is just the ester form of MPA) due to its
similarity with MPA. FTIR study confirms no interaction of MPE ligand with butylamine
solvent.

In this chapter, we highlight the development of colloidally stable QD ink, where
the QD surface is simultaneously passivated by lead iodide and MPE ligands. Dual
passivation of the QD surface has been achieved in a facile single-step ligand exchange
process. The advantage of the developed ligand treatment process is, it allows us to tune
the ratio between the ligands (lead halide and MPE) to attain maximum passivation while
maintaining the colloidal disparity of the QD ink. Thus, the competition between both
ligands to interact with the quantum dot turns into a symbiotic relationship where their
‘mutual’ agreement to share the space leads to enhanced passivation and higher
performance. We manage to retain the monodispersity and trap free energy bandgap of
pristine oleic acid capped QDs in mutually passivated QDs (MPQDs), which otherwise
substantially suffered in conventional lead iodide passivation. QD solar cells fabricated
from MPQDs, are benefitted from low intermediated trap density, higher lifetime, and
higher mobility to show a 33% increase in overall efficiency to reach 9.6% of solar cell

efficiency.
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3.2 Experimental Details
3.2.1 PbS QD synthesis

PbS quantum dots were prepared according to the reported method.?® Typically,
0.45 g of lead oxide (PbO) is dissolved in 3 mL of 1-octadecene (ODE) and 1.5 mL of
oleic acid (OA) mixture. The solution is then heated to 95 °C under vacuum and kept for
12 hours under continuous stirring. The reaction environment is then switched to inert
argon without breaking the vacuum. The reaction mixture is then heated to 120 °C and
210 pL of hexamethyldisilithiane (TMS, in 10 mL ODE) is then swiftly injected into the
reaction mixture. The heating source is switched off immediately and the reaction
mixture is then allowed to cool naturally for the next 1 hour. At 35 °C, 10 mL acetone is
injected into the reaction mixture and stirred for another 2 minutes. The aliquots are then
centrifuges at 3500 RPM to separate the QDs. The QDs are washed again by their
dispersion in 4 mL of toluene, followed by precipitation using acetone. The QDs are dried

and finally dispraised in octane for the ligand exchange process.

3.2.2 Ligand exchange

230 mg lead iodide (Pbl2) and 72 mg ammonium iodide (NHal) are added to 5
mL of dimethylformamide (DMF) to obtain the stock solution (0.1 M) for halometallate
ligands. The ligand solution is used to achieve Pbls™ passivated PbS QDs.*® Different
concentrations of MPE are added to the halometallate ligand stock solutions to form the
ligand solutions for mutual passivation. To prepare 0.45 mM, 0.9 mM, 4.5 mM, 18 mM,
36 mM and 72 mM 3-methyl mercaptopropionate (MPE) solutions, 0.27 mg, 0.54 mg,
2.70 mg, 10.80 mg, 21.60 mg and 42.00 mg respectively are added separately in each 5
mL of halometallate ligand stock solutions. In a typical ligand exchange process, 5mL of
15 mg/mL PbS-OA QDs solution in octane is added slowly to 5 mL of ligand solution in
a centrifuge tube. The resulting mixture solution is vortexed vigorously for two minutes
to facilitate the phase transfer of QDs from octane to the DMF phase. The clear octane
solution is then discarded, and the QD solution in DMF is washed two more times using
octane. The QDs are then precipitated from DMF by adding 3 mL of toluene to it. The
resulting solution is centrifuged, and the supernatant is discarded. The precipitated QDs
are dried under continuous vacuum for 20 minutes and finally dispersed in butylamine to

obtain 200mg/mL concentration.
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3.2.3 Device fabrication

ZnO nanocrystals are deposited by the spin coating method to develop the
electron transport layer on top of pre-cleaned ITO substrates, following the earlier
reported method.* Butylamine dispersion of PbS QDs is deposited on ZnO coated ITO
substrates using spin coating. The rotation speed is varied between 2000 r.p.m. - 4000
r.p.m to obtain the layer thickness between 370 nm to 220 nm. The PbS QD films are
transferred to an Argon-filled glovebox and annealed at 70 °C for 15 minutes. Oleic acid
capped PbS QDs are taken in toluene and cleaned eight times using repeated precipitation
and dispersion using methanol for the development of the hole transport layer (HTL).
0.01% 1,2-ethandithiol (EDT) in acetonitrile is used to grow two layers of PbS QD films
on top of the pre-coated substrates. Typically 60 nm to 70 nm PbS-EDT layer is formed
for the HTL layer. To complete the solar cell, 10nm of molybdenum oxide (M0Os3), 30
nm of gold (Au), and 100 nm of silver (Ag) are deposited using a thermal evaporation
process (HHV BC-300) at a base pressure of 2 x 10 Torr. The active area of the solar

cells is 9 mm?, as defined by the top electrode.

3.2.5 Materials Characterization Techniques

Optical absorption measurements are carried out by a Shimadzu UV—vis—IR
(UV-3600 Plus) spectrophotometer. Thin-film absorption is measured using an
integrating sphere (ISR-603), attached to a Shimadzu UV-3600 Plus spectrophotometer.
Steady-state photoluminescence measurements (both liquid and thin-film) are performed
utilizing Spectrofluorometer FS5 (Edinburgh Instruments). Thermo Scientific K-Alpha+
spectrometer is utilized to perform the XPS studies with the chamber in ultrahigh vacuum
condition (10°° mbar). XPS measurements are performed with a monochromatic Al Ko,
X-ray source (1486.6 eV) with pass energy 50 eV for individual core levels. The XPS
images are calibrated to the C1s peak at a binding energy of 284.8 eV. Deconvolution
and peak fitting of the XPS peak is done by CasaXPS software. All of the measurements
are carried out using an electron flood gun source for surface charge neutralization. UPS
measurement is also carried out by the same instrument using He-la radiation of energy
21.22 eV. Cross-sectional images of the device are taken by a field emission scanning
electron microscope (FESEM, NNS 450). High-resolution images of QDs are captured
by a high-resolution transmitted electron microscope (HRTEM, JEOL JEM 2200FES).
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3.2.6 Device Characterization Techniques

3.2.6.1 Current (J) — voltage (V) measurement

Current—voltage measurements are carried out under dark and illuminated
conditions using a solar simulator (PEC-LO01, Peccel) with a Keithley 2634B source
meter. The solar intensity is set to 1 sun illumination (AM 1.5) using a calibrated thermal
detector (ThorlabS302C).

3.2.6.2 EQE Measurement

EQE was measured by illuminating the pixel with monochromatic light of
different wavelengths with the help of a monochromator (SLS-M266) and a 75 W Xenon
lamp light source. The current at zero bias for different wavelengths was recorded using
the Keithley source meter. The power of monochromatic lights was measured using
Thorlabs detectors S120VC (300-1100 nm) and S122VC (700-1800 nm).

3.2.6.3 Capacitance-Voltage Measurement
Capacitance measurements were performed by PSM1735 (N4L) LCR meter
under dark. The measurement was carried out at a frequency of 1KHz and a.c.

perturbation voltage of 50 mV.

3.2.6.4 Transient Measurement

A diode laser of 658 nm (Newport LQA658- 30C), modulated through a function
generator (Tektronics, AFG 3021C), is used to generate short light pulses. White light
bias is applied by the solar simulator (PEC-L01), and different Voc values are obtained
by modulating the intensity of the white light bias. The pulse width of the laser pulse is
maintained to 1 ps, and the intensity of the light pulse is adjusted to attain less than 10%
perturbation of the steady-state Voc. The solar cell, illuminated by both, laser pulse and
white light, is connected to a digital oscilloscope (Tektronics, MDO 3104) through an
output resistance to record the transient characteristics. For transient photovoltage (TPV)
measurement, the output resistance is set to 1 M€, so that all the photogenerated carriers
are forced to recombine inside the solar cell. To measure the transient photocurrent the
light bias is switched off and the output resistance is set to 50 € so that the photo carriers
generated by short light pulse come out of the solar cell and recombine at the external
circuit. All the measurements were conducted inside a controlled environment with

temperature of 25 + 2 °C and 50 - 60 % relative humidity.

60



Chapter 3: Reduction of trap and polydispersity in mutually
passivated quantum dot solar cell

3.2.6.5 Mobility Measurement

To measure the mobility of the photogenerated carriers under the solar
illumination we used bias-dependent transient photocurrent measurement. The device
under test is kept under the constant light bias of 1.5 AM illumination (using solar
simulator PEC-L01), simultaneously the device is excited by the short pulse of 1 ps
(wavelength 658 nm) using Newport LQA658- 30C diode laser. The voltage across the
solar cell is varied by changing the DC bias across its electrodes. The transient signal
from the device is measured across a 50 Q resistance using an oscilloscope (Tektronics,
MDO 3104). Different DC bias to the solar cell is applied using the inbuild function
generator of the oscilloscope. The decay of the photocurrent, generated by the short light
pulse, is recorded against time for different applied biases. All the measurements were
conducted inside a controlled environment with temperature of 25 + 2 °C and 50 - 60 %
relative humidity.

3.3 Results and Discussions
3.3.1 FTIR of MPA and MPE

As discussed above, the strong interaction of the carboxylic group of MPA with
the amine solvent (butylamine in this case) leads to the aggregation of QDs. In figure
3.1a, (stage-1) shows the PbS QD solution in octane and ligand solutions in DMF. After
the ligand exchange, 3-mercaptopropionic acid (MPA) treated QDs are precipitated
whereas MPE treated QDs are dispersed in DMF solution (stage-2). Stage-3 shows the
homogeneous dispersion of MPE treated QDs in butylamine (BA) whereas MPA treated
QDs are precipitated in BA and hence rendered useless for spin coating. Infrared
absorption spectra of BA, MPA, and MPA+BA are shown in Figure 3.1(b). The IR
spectrum for MPA+BA shows possible amide formation in view of signatures arising
from supposedly Amide-I at 1640 cm™ (corresponding to C=0 stretch) and Amide-1I
bands at 1573 cm™ (corresponding to N-H bend) via losing the C=0 stretch of MPA
situated at 1715 cm™. Figure 3.1(c) shows the IR spectra of BA, MPE, and MPE+BA,
indicating non-interaction of MPE with BA and the C=0 stretch at 1743 cm™ of MPE is
unaffected in presence of BA. This prompted us to utilize MPE as the thiol ligand in this
study.
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Figure 3.1: (a) Depiction of the ligand exchange process of PbS QDs using mix ligand
solution containing [3-mercaptopropionic acid (MPA)+halometallate] and [3-methyl
mercaptopropionate (MPE)+halometallate] ligands. Infrared absorption spectra of (b)
BA, MPA, and MPA+BA and (c) BA, MPE, and MPE+BA.

3.3.2 Optical properties of PbS QDs in solution phase

As synthesized, oleic acid capped QDs show narrow size distribution and low
electronic trap traps, but the long chain oleic acid molecules are deterrent for charge
transport. Replacement of oleic acid molecules by small dimension ligands is critical to
attaining efficient charge transport in QD solid. However, the incomplete surface
coverage of the surfactants, especially in the case of small ligands, may lead to inter QD
diffusion as the QDs come very close together. Additionally, the uncontrolled chemical
reaction in unsaturated surface atoms leads to intermediate localized electronic states in-

between the bandgap of QDs, which are detrimental for photovoltaic operation.

In the present study, oleic acid capped PbS QDs (PbS-OA) are treated with a
combination of halometallate (Pbls) and MPE ligands to attain mutually passivated QDs,
where the MPE concentration is varied to optimize the passivation process. Schematic
illustration of the QD surface in the case of pristine oleic acid passivation and mutual
passivation is shown in Figure 3.2. In a typical ligand exchange process, the octane

solution of oleic acid capped PbS QDs is added to the DMF solution of halometallate and
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MPE ligands. Within two minutes of vigorous mixing, the QDs are phase transferred to
the DMF solution, indicating successful removal of oleic acid ligands by halometallate
and MPE ligands. The QD dispersion is DMF solvent is further cleaned to remove excess

ligands, and taken for optical characterizations.
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Figure 3.2: Schematic representation of oleic acid capped and mutually passivated QD
surface.

The excitonic absorption peak of QD is very sensitive to a small change in their
dimension®, as the energy bandgap is inversely proportional to their size. Hence, we
probe the 1t excitonic peak of PbS QDs in their DMF dispersion, as a tool to monitor the
surface passivation process. The as-synthesized oleic acid capped PbS QDs show the
excitonic peak at 880 nm and full width half maximum (FWHM) of 223 meV in toluene
solution (Figure 3.3a and Table 3.2). Upon treatment with only Pbls™ ligands, the
excitonic peak redshifts to 896 nm, and the FWHM increases to 270 meV. While the
redshift in excitonic peak implies the growth, the increase in FWHM suggests the
increase in size polydispersity due to the inhomogeneous growth of PbS QDs in the case
of Pbls™ ligand passivation. For mutually passivated QDs, we treat the oleic acid capped
QDs with the mixed ligands of (Pbls” + MPE), where the MPE concentration increases
systematically for the fixed Pbls” (0.1 M) concentration. It is observed that as the
concentration of MPE ligand is increased, the excitonic peak position shifted
incrementally to longer wavelengths, but the FWHM decreases systematically. The
incremental redshift in PbS QD excitonic peak due to attachment of thiol molecule is
expected due to the mixing of S2p orbital of sulfur with the highest occupied states of
PbS QDs.3? The FWHM of the excitonic peak reduced steadily from 270 meV to 202
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meV with the increase in MPE concentrations. This suggests that though the effective
core size of QDs increases marginally due to MPE attachment, however, the increment
is homogeneous for all the QDs.

(a) o 10F ——Pb-OA (b) __1of ——PbS-OLA
(s} i\ == =Pbly = == == Pbly
% k. \ Pbl,+0.45mM MPE i“, - = Pbl;+0.45mM MPE
= ﬁ\\ — - Pbl;+0.9mM MPE _, — - =Pbl;+0.9mM MPE
9 Pbl;+4.5mM MPE o Pbl,+4.5mM MPE
Qo === Pbl;+18mM MPE o
- = =-Pbl,+18mM MPE
g 05 W/ F \\\ PhlgssomMMPE Sosgy  \\ 7T Pbls‘:SGmM MPE
Q \\ == Pbl,;+72mM MPE © 3 Toom
B ! = ==+ Pbl;+72mM MPE
i S
% Z
p S 0.0 —
0.0 . . o Ot . . N ; '
800 1000 1200 1000 1100 1200 1300 1400
Wavelength (nm) Wavelength (nm)

Figure 3.3: Improvement in optical properties due to mutual passivation. (a)
absorbance and (b) photoluminescence (PL) of PbS QDs in DMF solution for different
concentrations of MPE. The absorbance spectra are normalized for the 1%t excitonic
peak, and PL spectra are normalized at their emission peak for their comparison.

Further, we determined the Urbach tail energy from absorbance spectra®, which
is a direct consequence of inhomogeneous growth (Figure 3.4).3* The Urbach energy ‘E,,’
is determined using the following equation

E—E,

InA =InA
n nAg + E,

where A is the absorbance, E is the energy determined for photon energy (hv).
Urbach energy E,, is determined from the inverse slope of In(A) vs E plot. The Urbach
energy for Pbls™ treated QD increased to 71 meV, from 42 meV of oleic acid capped QD,
which recovered fully to 38 meV in the case of MPQDs (Table 3.1). Lower Urbach
energy in MPQDs indicates a narrower distribution of electronic tail states within the

bandgap.
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Figure 3.4: Figure shows the absorbance Vs energy in a semi-log plot. Urbach energy
(Eu) is calculated from the linear fit of the absorbance onset (lower energy region of
the 1% excitonic peak). Higher concentrations of MPE show lower Urbach energy,
indicating less band tail states.

Table 3.1. Calculated E, values for different concentration of MPE are shown in tabular

form.

Ligand E, (meV)

OA-PbS 42.35

Pbl, 71.28

PbL, +0.45mM MPE 44.11

PbI3'+O.9mM MPE 43.38

PbL, +4.5mM MPE 44.84

PbL, +18mM MPE 42.61

Pbl, +72mM MPE 37.57

We closely monitored the Stokes shift and the FWHM broadening of the
photoluminescence (PL) spectrum as they are directly related to the inhomogeneous
growth and sub-bandgap states of QDs. Figure 3.3b shows the normalized PL spectra of
PbS QD for various surface ligands in their DMF solution. The comparative analysis of

the absorbance and PL spectra of QDs in their DMF solutions is given in Table 3.2. The
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PL spectra further corroborate the findings from absorption measurements. Pbls™ treated
QDs show the highest stokes shift (133 nm) and highest FWHM (187 meV) in its PL
emission, following the inhomogeneous growth of QD size. In the case of MPQDs, a
systematic decrease in both stokes shift and FWHM of PL emission properties are
observed when the MPE concentration increases. In the case of high MPE concentrations,
the Stokes shift and FWHM of emission peak reduced to 110 nm and 166 meV,
respectively, which tally better than as-synthesized oleic acid capped QDs (Stokes shift
114 nm, FWHM 175 meV).

Table 3.2. Tabular representation of absorption and PL spectra of PbS QDs for different
ligands in DMF solution.

lst
excitonic FWHM PL peak | FWHM | Stokes
Ligands peak [absorbance] | position [PL] shift
position (meV) (nm) (meV) (nm)
(nm)

OA-PbS 881 223 995 175 114
Pbls 889 270 1022 187 133
Pblz+0.45mM MPE 896 250 1025 177 129
Pbl3+0.9mM MPE 916 221 1032 174 116
Pbl;+4.5mM MPE 918 217 1035 172 117
Pbl;+18mM MPE 922 206 1035 166 113
Pbl;+36mM MPE 922 207 1035 166 113
Pblz+72mM MPE 924 202 1034 166 110

Further, we monitor the relative PL emission intensity of PbS QDs for different
ligand environments in their solution-phase dispersion. To determine the relative PL
emission intensity of PbS QDs for different ligand passivation, absorption spectra for the
respective solutions are measured first. Next, the absorption at 550nm wavelength is
unified for all the samples using suitable multiplication factors (Figure 3.5a). We measure
the PL spectrum using the 550 nm excitation wavelength while maintaining the same

excitation and emission slit width of the instrument. Finally, we multiplied the PL
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spectrums using the respective multiplication factors that arise from absorption
unification (Figure 3.5b). The relative PL emission shows near unity recovery of PL
emission in the case of MPQDs, whereas Pbls™ treated QDs show 80% less emission in
comparison to oleic acid capped PbS QDs (Figure 3.5b). Full recovery of PL emission
indicates no increase in trap density and trap distribution in the case of MPQDs, whereas

intermediate traps increase substantially in the case of Pbls™ treated QDs.
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Figure 3.5: (a) Absorbance and (b) relative photoluminescence intensity of PbS QDs
for different surface passivations. In the case of thin films, normalized absorbance and
PL spectra are shown in (c) and (d), respectively. Colour code of (c) and (d) are
maintained the same. All emissions are recorded for 550nm excitation wavelength.
Next, we turn our attention to the thin films of the PbS QDs passivated with
different mixed ligand combinations. While the MPQDs show negligible redshift (~2
nm) in the 1% excitonic peak with respect to their solution-phase absorption, the Phbls’
treated QDs suffered significant redshift (~26 nm) in their thin films (Figure 3.5c). In the
case of incomplete ligand coverage, the QDs can grow through unpassivated surface sites
when they come in physical contact with each other, through either Ostwald ripening®,

or infrequent formation of QD dimer®, or both. We argue that the large redshift (~26 nm)
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and the broadening of the excitonic peak of Pbls treated QD films could be due to
inhomogeneous inter-dot diffusion, triggered by their incomplete ligand coverage.
Whereas negligible redshift (~2 nm) in MPQDs could be due to the increase in QD to
QD coupling in their thin-film, but the growth of QDs is restricted due to their near-
optimal ligand coverage. The most striking change is observed in the PL spectra of the
thin films (Figure 3.5d). In the case of Pbls™ treated PbS QDs, the PL peak appears at
1520 nm, with the red shift of 594 nm. Upon increment of MPE ligands, the emission
peak gradually blue shifts, and a separate peak at 1100 nm starts to appear. For MPQD
films, the emission peak at 1100 nm is attributed to band edge emission from PbS QDs
with the Stokes shift of 173 nm. The Stokes shift of band edge emission is increased by
63 nm in thin films, with respect to their solution-phase emission (Figure 3.5b). This
could be due to efficient energy transfer towards lower bandgap QDs, facilitated by
increased electronic coupling between QDs, in their thin films.3” The systematic blue
shift of long-wavelength emission peak (1520 nm) of Pblz™-PbS QDs with the increase in
MPE concentration indicates gradual elimination of low energy trap states from the QD
film. The trap emission at lower energies (wavelength range 1250 nm to 1520 nm as
shown in Figure 3.5d) could originate from infrequent fusion of QDs to form QD dimers
in the solid films®, or formation of sub-bandgap electronic traps states®® due to sub-
optimal surface passivation. The addition of MPE is not only successful in removing the
low energy trap emission but also recovers the band edge emission of the PbS QDs in
their thin films. Removal of intermediate trap states may reduce the recombination in
solar cells to facilitate the current generation. Recovery in band edge emission would
help restrict the Fermi energy pinning and increase the quasi-Fermi level splitting of
electron and hole under optical illumination. This may help in increasing the

photovoltage and current generation in solar cells.

3.3.3 Band edge determination by UPS

To take advantage of the superior optical properties of MPQDs, we fabricated
solar cell devices using the reported n-p-p* device architecture.®? We perform the
Ultraviolet photoelectron spectroscopy (UPS) measurement to determine the valence
band, conduction band, and Fermi energy values of the QD solids. PbS QD films are
spin-coated on gold-coated silicon wafers for the UPS measurement. The samples are

prepared and stored in air before they are transferred for the UPS measurement. He-Ia
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radiation of 21.22 eV is used for the measurement. From the full UPS spectra (Figure
3.6a), the onset energy region (OER) and secondary energy cutoff (SEC) is determined
as shown in Figure 3.6b and 3.6¢ respectively. Band positions are determined as

Fermi energy level, Er = - (21.22 — SEC)
Valence band level, Eve = EF — OER
Conduction band level, Ecs = Evs + Eq4

where the bandgap Eg is calculated from the 1% excitonic peak of the absorption spectra

of the PbS QDs.

UPS study shows shallower conduction and valence band positions in MPQDs
with respect to Pbls™ passivated QDs (Figure 3.6d). This is consistent with the literature
report, where thiol molecule passivation leads to shallower conduction and valence band
edges in comparison to halogen ligands.®® The positioning of Fermi energy close to the
valence band indicates the p-type nature of PbS QDs for both the surface ligands.
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Figure 3.6: (a) Full range UPS spectra for Pbls™-QD and MPQD films (b) shows the

magnified view of the onset energy region (low binding energy region) and (c) shows

the zoomed view of the secondary energy cut off region of the UPS spectrum. (d) band

energy diagram of Pblz-QD and MPQD, determined from their UPS spectrum.
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3.3.4 Current-voltage characteristics

To fabricate the photovoltaic devices, the electron transport n-layer is deposited
by spin coating ZnO nanocrystals on top of the ITO-coated glass substrate.”2® The main
light-absorbing p-layer is formed by depositing MPQDs (or Pbls™ passivated PbS QDs)
on top of the ZnO layer. The p-type, hole transport layer is formed by depositing 1,2-
ethandithiol (EDT) treated PbS QDs by layer-by-layer approach.

The cross-sectional SEM image of a representative solar cell and the schematic
picture of the device structure is shown in Figure 3.8a. Photovoltaic devices of mixed
ligands treated QDs with varied concentrations of MPE ligands (0-72 mM) are studied
to determine the optimum ligand combination. The comparative study of photovoltaic
performances is shown in Figure 3.7, and Table 3.3. The power conversion efficiency of
solar cells increases systematically with the increase in MPE concentration from 0 mM
to 36 mM, due to the gradual increase in Voc, Jsc, and FF. The increase in photovoltaic
figure of merits with the increase in MPE concentrations suggests a steady improvement
in QD passivation. However, MPE concentration beyond 36 mM, leads to a decrease in
photovoltaic performances, even though superior emission properties are observed for 72
mM of MPE ligand (Figure 3.5d). Thin films for higher MPE concentrations (72 mM and
higher concentrations) show a substantial increase in agglomerations, which could be
responsible for their lower photovoltaic performances. Substitution of Pbls™ ligand by
MPE beyond a critical proportion compromises their dispersity in polar butylamine
solvent, which leads to the agglomeration of QDs in their thin films. The highest
photovoltaic performance is achieved for the mixed ligand combination of 0.1M Pblz™ +
36 mM MPE. The optimum ligand combination for MPQDs is studied further, and the

device parameters are compared with the reference Pbls treated solar cells.
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Figure 3.7: J-V characteristics of solar cells for different concentration of MPE ligands
indicate improvement in photovoltaic parameters with increase in MPE concentration.
The optimum ligand combination is found to be 0.1M Pbls" + 36 mM MPE.

Table 3.3 J-V characteristics of Pbls™ and various concentrations of MPQDs.

Ligand Voc (V) Jsc (MA/cm?) FF Efficiency (%)
Pbls 0.59 24.9 0.48 7.05
Pbls"+ 4.5mM MPE 0.59 27.8 0.482 7.9
Pbls"+ 9mM MPE 0.6 29.2 0.485 8.5
Pbls+ 18mM MPE 0.62 29.6 0.50 9.17
Pbls + 36mM MPE 0.61 30.3 0.52 9.6
Pblz"+ 72mM MPE 0.58 29.5 0.47 8.04

J-V characteristics of the best performing Pbls” and MPQDs based solar cells are
shown in Figure 3.8b. The reference device shows Voc: 0.59 V, Jsc: 24.9 mA cm?, FF:
0.48, and PCE: 7.05% in comparison to Voc: 0.61 V, Jsc: 30.3 mA cm?, FF: 0.52, PCE:
9.6% of MPQDs based solar cell. The statistical variations of the photovoltaic parameters
are compared for 10 numbers of reference Pbls™ treated solar cells and 20 numbers of
MPQD based solar cells. The measured photovoltaic parameters are shown in boxes, and
the average values are indicated by lines, as shown in Figure 3.8c. The average gain in
Voc, Jsc, FF, and PCE in the case of MPQDs based solar cells is 4%, 22%, 5%, and 33%
respectively. The EQE data shows enhanced photon to current conversion efficiency for

the entire wavelength range of interest for MPQD based solar cells. The deviation in Jsc
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calculated from EQE and measured from solar illumination is within 10%, as shown in
Figure 3.8d.
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Figure 3.8: Solar cell characterizations. (a) cross-sectional SEM image of a
representative solar cell along with schematic representation of various layers. (b) J-V
characteristics (scan rate 0.1 V s) of best performing solar cells based on reference
Pbls™and mutually passivated QDs (MPQDs). (c) statistical distribution of photovoltaic
parameters Voc, Jsc, FF, and PCE are given. The average values of the parameters are
represented by lines inside the boxes. (d) comparison of external quantum efficiency
(EQE) of solar cells based on Pblz” and MPQDs.

3.3.5 Trap state densities for PbQDs and MPQDs

The increase in average Voc (30 mV) is in line with the observation of lesser PL
stokes shift and lesser Urbach energy in the case of MPQDs. The built-in potential
estimated from the difference of light current and dark current is 0.67 V and 0.63 V for
MPQDs and Pbls treated QDs, respectively (Figure 3.9).%° This indicates despite having
identical energy bandgap and similar electron and hole transport layers, the open-circuit
voltage increases in the case of MPQDs due to reduction in intermediate trap states and

Fermi energy pinning across the interfaces.
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Figure 3.9: Built-in-potential is calculated from the inflection point of dark and light
J-V curves of Pbls” and MPQD solar cells respectively. Built-in-potential for Pbls™ is
0.63 V and MPQD shows 0.67 V.

We further estimated the density of intermediate trap states (DOS) across the
bandgap of QDs, using the method reported for transient photovoltage and photocurrent
measurements.**3 The number of trap states ‘n’ that need to be filled to generate a given

Voc is determined by

Where q is electronic charge and A and d are the area and thickness of the solar cell. The
4AQ

oc

differential capacitance C is determined from C = ; where 4V, is the change in Voc

due to the light pulse measured from TPV data. The density of trap states can be

an
expressed as .
A%

oc

n

The plot of d
dVoc

vs Voc is shown in Figure 3.10a where DOS is significantly lower

in MPQDs at any given Voc. Voc of a solar cell can be expressed as Voc = 1/q(Ern-Erp)*4;
where q is the electronic charge, Er, and Er, are quasi-Fermi levels for electron and hole
respectively under photo-illumination. The situation is schematically depicted in Figure
3.10b. The estimation of DOS for different Voc values give a vivid picture of the
distribution of trap states across the bandgap of the active-PbS light-absorbing layer. The
splitting of Ern and Erp is determined by the ratio of photo carriers that are at the
conduction and valence band to the number of carriers that are trapped by the
intermediate trap states. In the case of higher DOS, the number of trapped carriers will

be higher to limit the quasi-Fermi energy splitting for electrons and holes. Lower DOS
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thereof produces higher photovoltage, as observed in the case of MPQDs based solar

cells.
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Figure 3.10: (a) Density of trap states at different Voc values as determined from
transient photovoltage and transient photocurrent measurements. (b) Schematic
presentation of trap states across the band gap of PbS QDs.

3.3.6 Capacitance voltage measurement
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Figure 3.11: Capacitance-voltage characteristics measured under dark conditions at 1
kHz with scan rate of 0.1 V s™. Depletion width at various applied voltages is indicated
by right hand side axis of the graph.

We carried out the capacitance-voltage measurement to estimate the depletion
width in our n-p-p* type solar cells (Figure 3.11).2640 We note that due to the complexity
in device configuration (heterogeneous interfaces and formation of two junctions n-
ZnO/p-PbS and p-PbS/p*-PhS-EDT), it is difficult to determine the depletion width
accurately. Considering negligible depletion in highly doped ZnO and PbS-EDT layer
and considering the relative permeability of 18 in the p-PbS layer,*> we estimated the
depletion width of 288 nm for MPQDs and 165 nm for Pbls™ treated solar cells. Higher
depletion width implies lower doping density in MPQDs, which corroborates with the
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findings from PL and DOS measurements. The carrier density determined from the
capacitance-voltage data shows a doping density of 1.96 x 10 cm™ for MPQDs and
9.94 x 10 cm™3 for Pbls™ treated QDs.

3.3.7 Transient lifetime of MPQDs

Photocarrier lifetime and carrier mobility are the two important parameters that
determine the diffusion length of the photocarriers. Transient photovoltage measurement
(TPV) is used to determine the photocarrier lifetime at different open-circuit voltages.?%
The white light bias of varying intensities is used to generate different Voc values, and a
perturbation laser pulse is used to estimate the voltage decay time at a given Voc (shown
in Figure 3.12a). Photocarrier lifetime at any given Voc is significantly higher in the
case of MPQDs (Figure 3.12b), which could be due to the reduced recombination through
the intermediate trap states.
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Figure 3.12: (a) Transient photovoltages obtained for MPE at different Voc values.
(b) Photocarrier lifetime at different Voc measured from transient photovoltage (TPV)
decay.

3.3.8 Carrier Mobility determination

Bias-dependent photocurrent decay measurement is employed to determine the
carrier mobility in the solar cells.**#” The advantage of the technique is that it can be used
readily in solar cell devices to estimate mobility. The photocurrent decay characteristics
for MPQDs and conventional Pbls™ treated solar cells are given in Figure 3.13(a,b). The
carrier transit time (tt) iS estimated as the time taken to decay 1/e times of the maximum
current value. Carrier mobility (u) is determined using the formula, u=d?/(txV); where
d is the film thickness, and V is the applied bias. From the slope of the d%/ty vs V plot,
carrier mobility for MPQDs is found to be slightly higher than conventional Pbls™ as
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shown in Figure 3.13c. From the knowledge of carrier mobility and carrier lifetime, we
estimated the diffusion length (Lo=V(w(KT)t/q); K -Boltzmann constant, T —temperature
(300 K), T -carrier lifetime, and q -electronic charge) to be 94 nm and 52 nm for MPQDs
and Pbls treated solar cells, respectively. Higher carrier depletion width (Figure 3.11)
and higher diffusion length (determined from Figure 3.10a and 3.12) facilitate efficient
carrier extraction from thicker MPQDs layer, which corroborates with enhanced Jsc and

higher FF in their solar cell devices.
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Figure 3.13: Decay profile of photocurrent under the influence of varied applied biases
is shown for (a) MPQDs and (b) Pbls solar cells. The carrier transit time (tv) IS
determined as the time taken to decay 1/e times of the peak current value. (c) Charge
carrier mobility is determined by measuring transient current decay at different applied
biases. From the slope of d?/t vs applied bias plot (where d is film thickness, and Tt
is the carrier transit time) the mobility is estimated.
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Table 3.4 Diffusion length and Drift length of Pbl3"QDs and MPQDs

Ligand Depletion Diffusion length Drift length

width (nm) (La) (nm) (D1) (um)
Pbls 165 52 0.5
MPE 290 94 1.06

3.3.9 X-ray photoelectron spectroscopy for passivation evidence

The involvement of MPE in the passivation of the QD surface is confirmed from
the X-ray photoelectron spectroscopy (XPS) measurements. XPS study is carried out on
thin film of PbS QDs deposited on gold-coated silicon substrates. High-resolution XPS
spectra for S2p and C1s are fitted using CASA-XPS software. High-resolution S2p
spectrum is deconvoluted using the following constraints: (i) for each chemical
environment of sulfur, S2p peak is split into two peaks- S2ps2 and S2p1, (ii) binding
energy of S2p1» appears at 1.18 eV higher energy than S2pz» peak, and (iii) area under
S2ps2 and S2p1» peaks are maintained equal after relative sensitivity factor (RSF)
consideration.*®#° In the case of Pbls-QD film, the S2p spectrum is fitted by two sets of
peaks, for which the binding energies of S2ps> peaks appear at 161.59 eV and 165.12
eV. A minimum of three sets of peaks is required to fit the S2p spectrum of MPQDs, for
which S2ps> peaks appear at 161.56 eV and 163.91 eV and 165.96 eV. S2p3; peak at
161.56 eV is attributed to the Pb-S bond of lead sulfide; 163.91 eV is attributed to the C-
S bond of MPE and 165.96 eV is attributed to S-Ox bond formation (PbSOx) at the QD
surface*®. A comparison of C1s peaks shows that the characteristic peak of ester (COO)
of MPE appeared at 288.35 eV, which is absent in Pbls™-QD film. C1s peak of C-S bond
superimposed with the C1s peak of C-N bond of butylamine which makes it difficult to
identify. However, the presence of the C-S bond peak in S2p spectra and COO peak at
C1s spectra confirms the presence of MPE at the QD surface. Further, to get insight into
the surface condition of MPQDs, we performed an XPS study for varying concentrations
of MPE ligands.
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Figure 3.14: High-resolution XPS spectra of (a) S2p, and (b) C1s orbitals. The
chemical environments of S for all deconvoluted peaks are assigned in the legends.

For the fixed Pbls™ ligand concentration, as the MPE concentration increases, the
Sulfur/lodine ratio in MPQDs increases systematically, as observed from the XPS study
(Figure 3.15). The increase in Sulfur/lodine ratios with the increase in MPE
concentrations, suggests the progressive addition of thiol molecules and decrease in

iodine contribution at the QD surface.
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Figure 3.15: Sulfur to iodine ratio of PbS QDs for varied concentration of MPE
ligands, determined from XPS analysis. Sulfur/iodine ratio increases with increase in
MPE ligand concentrations.
3.3.10 TEM study of MPE passivated QDs
To elucidate the physical properties of the mutually passivated PbS QDs, we have
carried out transmission electron microscopy (TEM) imaging. We note that amorphous
and low electron density of the MPE molecule cannot be seen under TEM imaging, but

we are interested in the morphological change of PbS QDs imparted by the mutual
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passivation. The TEM image of as-synthesized oleic acid capped QDs (Figure 3.16)
shows a uniform size of 3 nm in diameter, consistent with their excitonic peak at 880 nm
wavelength (Figure 3.3a). However, MPQDs and Pbls-QDs show a high degree of
polydispersity in their shape and size, as shown in Figures 3.16 (a) and (b). The
distribution of particle size as determined from the TEM images (Figure 3.16c), shows
the average particle size for MPQDs is 5.84 nm, and 6.67 nm for Pbl3-QDs. The TEM
images of the MPQDs and Pbls™-QDs show a significant increase in average particle size
with respect to oleic acid-capped PbS QDs. The optical properties (absorbance and PL
data) of the MPQDs and Pbls-QDs suggest that the size of the oleic acid capped PbS
QDs increases only marginally (<0.1 nm) due to the ligand treatments. The discrepancy
in size, observed in TEM images, and optical data could be due to the formation of the
shell layer at the surface of QDs. As reported earlier, Pbl, based ligand treatment forms
athick layer of perovskite shell (BA2Pbls) at the PbS QD surface during the solidification
process*2. For the TEM imaging, ultra-dilute (<1 mg/mL) solution of QD from their
butylamine dispersion is drop cast on the TEM grids and allow them to dry slowly. The
ionic ligands (Pbls™ anions and BA™ cations) present in the QD solution arrange to form
the perovskite matrix shell during the film solidification process. We believe that the
highly diluted solution of QDs allows the formation of a thick shell layer during the slow
drying process on the TEM grids.

Figure 3.16: TEM image of oleic acid capped PbS QDs having excitonic peak at 880
nm. The average particle size is ~ 3nm.
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Figure 3.17: TEM images of (a) MPQDs and (b) Pbls-QDs are shown for
comparison. (c) Size dispersion of MPQDs and Pbls-QDs, determined from their TEM
images as shown beside.

3.4 Conclusion

In this chapter of the thesis, we have introduced MPE as a novel organic ligand
to develop mutually passivated PbS QD ink, in conjugation with halometallate ligand.
Size uniformity and trap free energy bandgap of as-synthesized oleic acid capped QDs,
which normally deteriorate under short ligand exchange step, are maintained in the
mutually passivated QDs. In comparison to conventional halometallate passivation,
MPQDs show a five-time increase in PL emission, smaller stokes shift, and narrow
Urbach energy, indicative of their excellent surface passivation. The resultant solar cells
show higher Voc, Jsc, and FF to improve the average solar cell performance by 33%.
Improved photovoltaic parameters are supported by the significant reduction in
intermediate trap density, increase in depletion width, and diffusion length in MPQD
solar cells. The proposed strategy of mutual passivation can have significant implications
in improving the optoelectronic properties of QD solids. This may find useful

applications for the development of light-emitting diodes, photodetectors, and solar cells.
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Chapter 4

Solution phase partial ligand exchange for crack free and conjugated

guantum dot hole transport layer

Abstract:

Colloidal quantum dots (QDs) have benefitted from solution-phase processing
and bandgap tuning for their application in solar cell development. Today’s QD solar
cells rely on the solid-state ligand exchange (SLE) to replace bulky oleic acid ligands
with short 1,2-ethanedithiol (EDT) ligands to develop conducting hole transport layer
(HTL). However, high volume contraction in EDT conjugated QD films leads to crack
and porosity in the HTL layer, which are detrimental to photovoltaic performance and
device stability. We show that partial removal of oleic acid ligands in the solution phase
reduces the volume contraction in solid films, thereby allow the growth of crack-free QD
films in the SLE process. Conventional cleaning process by repeated precipitation and
redispersion using protic methanol solvent helps partial removal of oleic acid ligands,
but it is detrimental to the electronic properties of QDs. We develop a one-step solution-
phase partial ligand exchange process using ammonium salts, which enables partial
replacement of oleic acid ligands and passivation of the QD surface. The advancement
in the partial ligand exchange process eliminates the need for tedious and wasteful
multiple cleaning steps with MeOH while improving the photophysical properties of
QDs. Partial ligand exchange with NH4SCN leads to a 1.5 times increase in p-doping and
mobility over MeOH cleaned PbS QD film. HTLs developed using NH4SCN QDs shows
improve photovoltaic performance to attain 10.5% power conversion efficiency.
Improvement in depletion width and hole collection efficiency leads to superior
photovoltaic performance, confirmed from experimental studies and one-dimensional

solar cell capacitance simulation (SCAPS).

87



Chapter 4: Solution phase partial ligand exchange for crack free and
conjugated quantum dot hole transport layer

4.1 Introduction

The previous chapter has illustrated the various benefits of colloidal quantum dots
(QDs) as a potential building block for the development of next-generation
optoelectronic devices.™*! Lead Sulfide (PbS) QDs as one of the top contenders in
photovoltaic device development, owing to their wide range tunable bandgap'?, strong
near infra-red (NIR) absorption®, higher humidity tolerance!, and high material
abundance®. The advancements in QD surface functionalization have helped immensely
in controlling physical propertiest”617 like solution-phase processing, size
monodispersity (as evidenced in chapter 3), compact QD film formation, and reduction
in the inter-dot distance in QD solids. Electrical properties of QDs solids like doping
density!81° carrier mobility?®2!, intermediate trap states??, and energy band positions®
are also tuned by controlling the ligand chemistry. Advancements in surface passivation
and device engineering have led to the steady progress of the QD solar cells.

The device architecture of a QD solar cell consists of a transparent electrode, an
n-type electron transport window layer (ETL), a light-absorbing active QD layer, a hole
transport layer (HTL), and a metal electrode.>* Several excellent advancements have
been made to improve the ETL?326 and the active QD layer!6:17:2227-29 jn the past. The
development of the HTL to improve the performance of QD solar cells has gained
significant research attention lately.3%*® Several materials have been investigated for the
development of the HTL layer, including organic semiconductors36-28 metal oxides (e.g.,
MoOs, NiOy, etc.)®*4! 2D semiconductors*“3, and p-type QDs.137304445 HTL layers
made using surface-functionalized p-doped QDs vyields the highest photovoltaic
performance as of date.}**

State-of-the-art HTLs are made by solid-state ligand exchange (SLE) of PbS QDs
using 1,2-ethandithiol (EDT) as a ligand, first demonstrated by Luther et al., in 2008.46
There have been efforts to improve the PbS-EDT layer by fluorenylmethyloxycarbonyl
protected EDT,* mixing EDT with potassium thiocyanate®> or methiopropamine,®
infusing sulfur into the PbS-EDT layer,® and treatment by oxygen plasma.*®*° In a
typical SLE process, oleic acid (OA) capped native QDs solution is spin-coated to grow
a thin film, the EDT ligand solution is then drop-cast and soaked for few seconds for the
ligand exchange to complete. Finally, the film is washed with excess solvent to remove
the unreacted ligands. The whole sequence is repeated to grow thicker films. Removal of

eighteen carbon chain bulky OA by short ligand EDT (two carbon chain) leads to
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significant volume contraction (approximately 50%) in QD films, which often results in
cracks and pores in the HTL layer.*®° Porous HTL layers are detrimental for solar cells
as they allow the direct contact of the top electrode with the active QD layer, leading to
poor photovoltaic performance and stability.

Protic solvents (ex: Methanol, ethanol) are reported to cleave the covalently bond
OA from the QD surface via proton exchange.>>> We show that partial removal of OA
ligand from the QD surface using repeated cleaning with methanol (MeOH), reduces the
volume compression and improves the compactness of QD films grown using the SLE
process. However, the electronic landscape of QDs deteriorates significantly due to
repeated cleaning with MeOH, which increases size polydispersity and midgap trap
states. We posit that partial replacement of surface-bound OA ligand using control
interaction with short ligands in the solution phase would be rewarding. In this chapter,
we discuss the development of a one-step solution-phase partial ligand exchange of
native OA-PbS QDs using ammonium salts (NH4CI, NH4Br, and NH4SCN) as ligands.
Ammonium salts assist partial removal of OA ligands and passivate of the surface sites
by Cl, Br, or SCN ligands while maintaining their stable dispersion in non-polar solvents.
The ammonium salts treated QDs enable growing compact and crack-free HTL layers in
the SLE process, using EDT as a ligand (scheme shown in Figure 4.1). QDs subjected to
one-step partial exchange with ammonium salts show improved photophysical properties
and surface passivation compared to multiple cleaned methanol (MeOH). In the case of
NH4SCN ligand, QD films show 1.5 times increase mobility and doping density when
compared with repeated MeOH treated films. HTLs fabricated using NH4sSCN QDs show
an 11% increase in photovoltaic performance to attain absolute power conversion
efficiency (PCE) of 10.5%. With the help of experimental studies and SCAPS simulation,
we prove that increase in solar cell depletion width and superior hole collection by the

NH4SCN HTL layer leads to enhance photovoltaic performance.
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Figure 4.1: SLE of as-Synthesized OA-Capped PbS QDs by EDT, which causes
cracks in the HTL. Smooth HTL film is obtained after partial OA removal with
ammonium salts.

4.2 Experimental Details
4.2.1 PbS QD synthesis

Lead sulfide quantum dots were synthesized following a report from the
literature.!” In a three-necked flask, 0.45 g lead oxide (PbO) was taken followed by 3 mL
1-octadecene (ODE) and 1.5 mL of oleic acid (OA). The mixture was then degassed at a
high vacuum at 95 °C under constant stirring overnight. The lead oleate is then shifted to
argon atmosphere and temperature increased to 120 °C. 210 pL of hexamethyldisilithiane
(TMS, in 10 mL ODE) is then swiftly injected into the lead oleate mixture and heating
switched off. After cooling down, 10 mL of acetone is injected and stirred for 5 minutes.
After precipitating with acetone, aliquots were centrifuged at 3000 rpm to separate PbS
QDs. The QDs are redispersed in 4 mL toluene and precipitated by acetone. The QDs are

were dried and finally dispersed in octane for further processing.

4.2.2 Ligand exchange

172 mg lead iodide (Pbl.), 45 mg lead bromide (PbBrz), and 72 mg ammonium
iodide (NHal) were dissolved in 5mL of dimethylformamide (DMF), and 10uL of 3-
chloro-1-propanethiol (CPT) was added to prepare the stock solution (0.1 M) for p-type
CPT PbS active layer. In a typical ligand exchange process, 5 mL of 14 mg/mL PbS QDs
in octane were added to 5 mL of stock solution in a 30 mL centrifuge tube and vortexed
vigorously for 2 minutes. This is to facilitate the transfer of QDs to the polar DMF phase.
The clear octane solution at the top is then discarded and QDs are washed thrice with

octane to remove any remaining traces of OA. DMF solution was filtered and then QDs
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were precipitated by adding 6 mL toluene to it. QDs were centrifuged and the supernatant
discarded. QDs were dried in vacuum for 20 minutes and then finally dispersed in

butylamine to obtain a concentration of 250 mg/mL concentration.

4.2.3 OLA-PDBS cleaning for HTL layer

Oleic acid capped PbS QDs (in octane) from stock solution were separately
cleaned for HTL layer preparation. For the regular cleaning, PbS QDs were washed 8
times via sequential precipitation and dispersion using methanol and toluene
respectively. After the 8th cleaning and final centrifugation step, PbS QDs were dried via
argon flow and dispersed in octane with a concentration of 45 mg/mL. For the ammonium
salts, 0.17 mM solution of respective salts (NH4Br, NH4Cl, and NH4SCN) was prepared
in methanol and added dropwise to diluted OLA-PbS QDs until clear precipitation was
observed. Precipitated QDs were collected after centrifugation, dried as before, and

dispersed in octane in a similar concentration.

4.2.4 Device fabrication

The bottom ETL layer was prepared by depositing ZnO nanocrystals on top of
pre-cleaned ITO and heated at 250 °C as reported elsewhere.?® CPT-PbS QDs from
butylamine were then coated on top of the ZnO. The rotation speed of the spin coater was
varied from 2000 r.p.m. — 4000 r.p.m. to obtain the layer thickness between 400 to 220
nm. The films thus formed were transferred to an Argon-filled glovebox where they were
annealed at 70 °C for 10 minutes prior to HTL deposition. 0.01% 1,2-ethandithiol was
used to grow 2 layers of respective PbS QD layers (arising out of different HTLs) on top
of the pre-coated substrates to get a thickness of around 60 — 70nm of PbS-EDT.
Substrates were stored overnight in argon atmosphere before proceeding to electrode
deposition. Typically, 10 nm of molybdenum oxide (MoOz), 30 nm of gold (Au), and
120 nm of silver (Ag) are vacuum-deposited using a thermal evaporator (HHV BC-300)
at a base pressure below 5 x 10 Torr. The active area of the solar cells is 9 mm?, as

defined by the mask used for top electrode deposition.

4.2.5 Materials Characterization Techniques
Optical absorption measurements are carried out by a Shimadzu UV-vis—IR
(UV-3600 Plus) spectrophotometer. An integrating sphere (ISR-603), attached to a

Shimadzu UV-3600 Plus spectrophotometer is utilized to measure thin-film absorption.

91



Chapter 4: Solution phase partial ligand exchange for crack free and
conjugated quantum dot hole transport layer

Steady-state photoluminescence measurements are performed using Spectrofluorometer
FS5 (Edinburgh Instruments). Sample holders SC-05 and SC-10 are used for holding
cuvette and thin-film respectively. For the XPS study, Thermo Scientific K-Alpha+
spectrometer is utilized with the chamber in ultrahigh vacuum condition (10~° mbar). Al
Ka (1486.6 eV) is utilized as the monochromatic X-ray source with pass energy 50 eV
for individual core levels. The XPS spectra are calibrated for the full XPS survey to the
C 1s peak kept constant at a binding energy of 284.8 eV. CasaXPS software is used for
the deconvolution and peak fitting of the XPS peaks. Surface charge neutralization is
achieved utilizing an electron flood gun source for all of the measurements. UPS
measurement is also carried out simultaneously with the same instrument using He-Ia
radiation of energy 21.22 eV. Surface images under high magnification and cross-
sectional images of the device are taken by a field emission scanning electron microscope
(FESEM, NNS 450). The atomic force microscopy (AFM) images were taken using a
Park Systems XE-70 microscope in noncontact mode with a scan rate of 0.5 Hz and a
tip—sample distance of 13 nm throughout the measurements. The film roughness was

determined by using the Parks XEI software.

4.2.6 Device Characterization Techniques

4.2.6.1 Current (J) — voltage (V) measurement

Current—voltage characteristics are measured under dark and illumination
conditions under 1 sun illumination (AM 1.5) using a solar simulator (PEC-L01, Peccel)
with a Keithley 2634B source meter. The solar intensity is set using a calibrated thermal
detector (Thorlabs S302C).

4.2.6.2 Capacitance and Impedance measurement

Capacitance and Impedance measurements both were performed by PSM1735
(N4L) LCR meter. The capacitance measurement was carried out under dark at a
frequency of 1KHz and a.c. perturbation voltage of 50 mV. Impedance measurement was
carried out under illumination of 1 sun with frequency going from 1 KHz to 1 MHz while
the applied bias was varied from 0 V to 0.55 V. The carrier density was determined from

a 1/C? versus voltage plot using the Mott—Schottky equation

2

Ng = dC-2
A2qene, S5
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where Nq is the carrier density, C the capacitance, q the electronic charge, A the area of
the pixel, em the permittivity of PbS, and o the relative permittivity of air. The impedance
measurement was carried out under solar illumination, with the frequency ranging

between 100 Hz and 1 MHz, and the applied bias was varied between 0 and 0.55 V.

4.2.6.4 Mobility Measurement

Mobility is measured using the space charge limited current (SCLC) method.
Schottky devices are constructed with HTL spin-coated (thick, >300 nm) on top of ITO
substrates (pre-treated with silane to increase adhesiveness) followed by top electrode
deposition. J-V measurements are taken in dark with voltage sweeping from -5V to 5V
and linear fitting with slope = 2 is obtained from log J vs V plot which corresponds to
SCLC regime (J o V2). The current and voltage values are then substituted in the Mott-
Gurney relation J = 9/8(eo et V4/L3) and mobility of the HTL obtained.®

4.3 Results and Discussions
4.3.1 Morphological study of HTL

Crack-free and smooth HTL is crucial to prevent the direct contact of the top
electrode with the active layer, which otherwise deteriorates the solar cell performance.
For the efficient extraction of hole carriers, the thickness of the HTL layer is maintained
below 100 nm in QD solar cells. Hence, any porosity in such a thin HTL layer would
increase the chances of short formation and degradation of solar cells. When the bulky
OA (18 carbon chain) ligands are replaced by small bidentate EDT (2 carbon chain) in
the solid state, it leads to a rapid volume contraction and aggregation of QDs. As a result,
cracks are formed in the QD films. Repeated precipitation and redispersion of QDs using
protic MeOH helps to remove some of the surface-bound OA ligands from the QD
surface.® This reduces the volume contraction in QD films grown using the SLE process.
Figure 4.2 shows the surface morphology of PbS QD films for different cleaning steps
with methanol (MeOH); depicted as nW-MeOH, where n-indicates the iteration number
of MeOH cleaning. Atomic force microscopy (AFM) images of 2W-MeOH, 4W-MeOH,
6W-MeOH, and 8W-MeOH (Figure 4.2a-d) indicate a gradual decrease in QD
agglomeration and film roughness. The average film roughness decreases sequentially
from 3.72 nm to 0.89 nm with the increase in cleaning iteration from 2 to 8 times.

Corresponding SEM images (Figure 4.2e-h) indicate a sequential decrease in cracks and
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the formation of compact QD films. This suggests multiple cleaning of OA caped PbS
QDs with MeOH is critical for the development of crack-free and smooth HTL layers.
However, the repeated cleaning process is highly wasteful, time-consuming, and lacks

repeatability, as it involves multiple manual steps.

12.0nm

0.0 nm 0.0 nm

(g)- (h).

Figure 4.2: Surface properties of QD films. AFM (a, b, ¢, and d) and SEM (e, f, g, and
h) images of PbS QD films for 2W-MeOH, 4W-MeOH, 6W-MeOH, and 8W-MeOH
treatment, respectively.

We envisaged that partial replacement of bound OA ligands in the solution phase
by small ligands would enable stable dispersion of QD in non-polar solvents, and the QD
solution would then be used to form the compact film. This will help us bypass the tedious
cleaning steps with MeOH. In this regard, we take a measured amount of ammonium
salts (NH4Cl, NH4Br, NHsl, and NH4SCN) dissolved in MeOH, and add them to QD
solutions in toluene separately till the QDs are precipitated from their toluene dispersion.

The precipitated QD samples are isolated, dried, and dispersed in octane (Figure
4.1) for HTL layer deposition using the SLE process. We observe that partial ligand
exchange with NH4Cl, NH4Br, and NH4sSCN leads to a stable dispersion of QDs in
nonpolar solvents, but NH4l treated QDs are not dispersible. This can be explained using
the hard-soft acid-base theory. Soft bases are more aggressive in reacting with terminal
polar Pb atoms, which are considered soft acids. Due to this, I" replace most of the OA
ligands from the QD surface, which leads to the agglomeration and precipitation of PbS
QDs in nonpolar solvents. AFM and SEM images of NH4sSCN, NH4Cl, and NH4Br
(Figure 4.3 a-f) treated QDs show smooth, crack-free, and homogeneous QD film

formation. The average film roughness for NHsSCN and NH4Cl are 0.78 nm and 0.63
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nm, whereas, for NH4Br, the average roughness increases to 4.62 nm. This could be
because of mild agglomeration of PbS QDs, caused by the partial ligand exchange with
NH4Br.

3.7nm

0.0 nm 0.0 nm 0.0 nm

(d) (f)

Figure 4.3: Surface properties of QD films. (a, b &c) AFM, and (d, e &f) SEM images
of PbS QD films for NH4SCN, NH4Cl, and NH4Br treatment.

4.3.2 Optical properties of PbS QDs in solution phase

Photophysical properties of QDs improve as we move from multiple MeOH
cleaning to one-step partial ligand exchange with ammonium salts. It is observed that
MeOH cleaning damages the excitonic peak of QDs. The 1% excitonic peak of PbS QDs
blue shifts and broadened with every iteration of MeOH cleaning (Figure 4.4), while
treatment with ammonium salts has milder effects on the excitonic absorption. Earlier
reports suggest that MeOH can protonate the OA ligands to form free acid®! and also etch
the QD surface by removing the lead oleate complexes.> The QD core may decrease
marginally because of oxidation via unprotected surface sites and etching of the lead
oleate complex from the QD surface; as a result, the excitonic peak blue shifts by a few
milli-electron volts. Comparison of the peak to valley ratio, half-width at half maximum
(HWHM), and peak shift with respect to pristine PbS-OA are shown in Figure 4.4b.
Degradation of the excitonic peak in multiple MeOH cleaned samples are evident in their
large decrease in the peak to valley ratio and increase in HWHM. Ammonium salts
treated QDs show a much smaller change in their peak position, HWHM, and peak to
valley ratio. This shows that ammonium salts treatment is beneficial in maintaining the

guantum confinement effect and size monodispersity in partially OA exchanged QDs.!2%8
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Figure 4.4: Photophysical property of QDs. Solution phase absorption of the 1%
excitonic peak for various processing conditions in Octane and the evolution of peak
to valley, HWHM, and peak shift with respect to pristine OA capped QDs, deduced
from their corresponding absorption spectrums.

Estimation of band tail states from Urbach energy (E.) calculation®® shows an
increase in Ey in MeOH cleaned QDs (Figure 4.5 and Table 4.1). In the case of NHsSCN
and NH4Cl, Ey values are lower than the pristine PbS-OA, indicating a reduction in their
band tail states. In the case of NH4Br, however, E, increases, which could be due to

increased scattering due to mild agglomeration of PbS QDs in the solution phase.

T ——O0A
2W-MeOH
——— 4W-MeOH
—— BW-MeOH
—— 8W-MeOH
NH,CI

—— NH,Br
'. | —— NH,SCN
1.2 1.4
Energy (eV)

Figure 4.5: Absorbance (A) with energy in a semi-log plot. Urbach energy (Eu) is
calculated from the linear fit of the absorbance onset of the 1% excitonic peak.
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Table 4.1. The calculated Ey values for sequentially cleaned PbS and ammonium salts

treated PbS are shown in tabular form.

HTL E, (meV)

PbS — OLA 41
PbS — 2R 44
PbS - 4R 43
PbS - 6R 42
PbS - 8R 42
NH 4Cl 38
NH4Br 54
NH4SCN 36

The emission spectra show a sequential decrease in peak intensity with the
increase in MeOH cleaning iteration (Figure 4.6). This is consistent with earlier reports,
and it is attributed to the formation of midgap electronic states in QDs due to the removal
of surface-bound OA ligands.>** Analysis of emission properties shows that ammonium
salts treated QD samples show higher emission intensities (2 times or more compared to
8W-MeOH), lower FWHM, lower stokes shift compared with MeOH treated PbS QDs
(Figure 2d). This suggests that ammonium salts treatments not only remove the OA
ligands but protect the QD surface from electronic trap formation.
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Figure 4.6: Photophysical property of QDs. (a) Emission spectra of PbS QDs
dispersed in Octane. (b) Shows the peak intensity distribution, FWHM, and Stokes
shift in emission spectrums.
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4.3.3 X-ray photoelectron spectroscopy for passivation evidence

To probe the chemical environment of the QD surface X-ray photoelectron
spectroscopy (XPS) is performed. Ammonium salts and 8W-MeOH treated QD solutions
are used to grow thin films using EDT as the ligand. The films are deposited using the
SLE method on gold-coated silicon substrates to carry out the XPS measurement. XPS
data confirms that NH4Cl and NH4Br treated QDs retain Cl and Br passivation even after
the EDT treatment (Figure 4.7a & b). The Fourier transform infrared data of an NHsSCN
treated QD film (grown using EDT ligands) shows a vibrational peak around 2040 cm ™,
corresponding to the CN stretching frequency (Figure 4.7c). The reference 8WMeOH
film shows no such CN stretching peak. This confirms the presence of SCN in the
NH4SCN-treated QD film even after the EDT treatment.
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Figure 4.7: High-resolution XPS spectrum of (a) Cl 2p and (b) Br 3d orbital binding
energies for NH4Cl and NH4Br treated QDs after their EDT treatment.

NH4SCN treated QDs show an increase in the S/Pb ratio, suggesting an increase
in S contribution with respect to 8W-MeOH films (Figure 4.8 a&b). Further, in all
ammonium salts treated QD films S/Pb ratios are higher compared to 8W-MeOH films.
This indicates that partial ligand exchange leads to superior ligand coverage of the QD
surface. Itis reported that the presence of small hydroxyl ligands (OH) on the polar (111)
surface is a source of surface trap and instability in PbS QDs.” The high-resolution O1s
XPS spectrum can be deconvoluted into three peaks, pertaining to different chemical
species, as shown in Figure 4.8c. The peak at 531.86 eV (indicated by the red line) is
assigned to the binding of surface Pb atoms with hydroxyl ligands.”*® The relative
presence of OH species to unit lead contribution (OH/Pb ratio) is higher in the 8W-MeOH
film in comparison to ammonium salts treated samples (Figure 4.8d). This suggests

ammonium salts treated QD films possess lower numbers of OH-mediated midgap states.
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Figure 4.8: (a) S/Pb spectra and (b) S/Pb ratio for different ligands. Deconvolution of
high-resolution. (c) O1s XPS spectrum for the representative 8W-MeOH PbS QD film.
Legends indicate the presence of three different oxidative species on the QD surface
for O1s. (d) OH/Pb ratios of PbS QD films for different ligand conditions.

Energy band positions of HTL layers are determined using ultraviolet photon
spectroscopy (UPS) measurement. As discussed in the previous chapter, Fermi energy
position (Er) and valence band maxima (Evg) are determined from the secondary cut-off
and onset region of the UPS spectrum®’, as shown in Figure 4.9 a-c. Conduction band
minima (Ecg) are determined from the bandgap obtained from the 1% excitonic peak
position of the QDs. All the ammonium salt-treated QD samples show p-type
characteristics, as shown in Figure 4.9d. There is a gradual shift in energy band edges to
shallower energy values as we go from 8W-MeOH, NHsSCN, NH4Cl to NH4Br. This
suggests, ammonium salts treated QD films can be used as HTL for the development of

QD solar cells.
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Figure 4.9: (a) Full energy range UPS spectra. Magnified low energy onset region (b)
and (c) high energy secondary cut-off region of UPS spectra of different PbS QD films.
(d) Energy level positions of different HTLs, determined from the UPS data. Fermi
energy levels are shown with the red dotted line.

4.3.4 J-V characteristics

The schematic illustration of the device structure and the cross-sectional image
of a representative solar cell device are shown in Figure 4.10a. ZnO NCs are spin-coated
on pre-cleaned ITO substrate to grow the ETL layer. PbS QDs, passivated mutually by
inorganic lead tri-iodide (Pbls) and organic 3-Chloro-1-propanethiol (CPT)%, is
deposited on top of the ZnO layer to form the active layer (PbS-CPT). A thin HTL
(approximately 80 nm thick) is deposited via the SLE method using EDT as a ligand.
Partially ligand exchanged PbS QD solutions of 8W-MeOH, NH4Cl, NH4Br, and
NH4SCN are used to build the HTL layers. J-V characteristics of solar cells for different
HTL layers are shown in Figure 4.10b and Table 4.2.

NH4SCN treated HTL outperforms in solar cells due to the increase in all the
photovoltaic parameters, and the increase in PCE is to the tune of 11% over 8W-MeOH.
In the case of NH4Cl and NH4Br treated HTLs, Voc remained unchanged, Jsc increases
but FF decreases to yield comparable PCE with 8W-MeOH HTL. We further compare
the statistical distribution of photovoltaic parameters of high-performing NHsSCN with
conventional 8W-MeOH for different batches (Figure 4.10d) of solar cells. The box chart

indicates the maximum, minimum, and mean values of photovoltaic parameters. The
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mean values of photovoltaic parameters show increment in Voc, Jsc, FF, and PCE in
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Figure 4.10: Photovoltaic device analysis. (a) cross-sectional SEM image of the solar
cell device structure. (b) J - V curves of solar cells under 1.5AM illumination for
various HTLs. (c) PCE as a function of thickness for solar cells. (d) The statistical
distribution of photovoltaic parameters Voc, Jsc, FF, and PCE for 8W-MeOH and
NH;SCN treated HTLs.

Table 4.2. Photovoltaic parameters of solar cell for different HTLs

HTL Voc (V) Jsc (MA/cm?) FF PCE (%)
8W-MeOH 0.58 29.1 0.56 9.44
NH4CI 0.58 30.4 0.52 9.16
NH4Br 0.58 30 0.53 9.22
NH4SCN 0.6 30.2 0.58 10.5

4.3.5 Capacitance voltage measurement

Capacitance voltage measurement is used to determine the carrier depletion width
(W) of solar cells (Figure 4.11). Depletion width W is determined using the equation W=
€0erA/C; where €o - permittivity of air, & - relative permittivity of PbS QDs (considered
as 43%8), A - active area, C - capacitance. Depletion width at zero bias increases from 350
nm in 8W-MeOH to 400 nm in NH4SCN. Higher depletion width would help carrier
extraction from thicker active QD layer. The PCE of solar cells for the varied thickness
of the active layer is shown in Figure 4.10c. NH4SCN treated solar cells show higher
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PCE values for the comparable thickness of the active layer, indicating superior charge
extraction by PbS-NHsSCN HTL. The optimized thickness for the active layer increases
from 340 nm in 8W-MeOH to 390 nm in NH4SCN solar cells, which matches closely
with their respective depletion widths.
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Figure 4.11: Capacitance-voltage characteristics of solar cells measured under dark
conditions at 1 kHz with a scan rate of 0.1 V s™. Depletion width profiles are shown
on the right-hand side axis of the graph.

4.3.6 Impedance measurement
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Figure 4.12: Cole-Cole plot of (a) 8W-MeOH, and (b) NH4SCN HTL based solar
cells. (c) Recombination resistance calculated from the cole-cole plot. (d) J-V
characteristics of solar cells under dark and illuminated conditions.
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Recombination resistances of solar cells under illumination are determined with
the help of impedance spectroscopy. From the semi-circular Cole-Cole plots for different
operating voltages recombination resistances are determined from their diameters (Figure
4.12 a&h)®8. NH4SCN solar cell shows higher recombination resistance than 8W-MeOH
solar cells as evidenced from Figure 4.12c. Built-in voltages within the solar cells are
compared from the inflection point of dark and light current.>® NH4SCN treated solar
cells show 40 mV higher built-in voltage (Figure 4.12d). An increase in depletion width
and recombination resistance supports the increase in Jsc and FF, and higher built-in
voltage backs the increment in Voc in NH4SCN HTL solar cells.

4.3.7 Carrier densities for HTLsS

Higher depletion width in the case of NH4SCN HTL based solar cells points to
higher hole majority carrier density. Rectifying devices are made using the device
structure ITO/ZnO/HTL/Au, where ZnO-HTL junction forms the rectifying n-p junction
(inset of Figure 4.13). Carrier densities are determined from 1/C? vs voltage plot (Figure
413 a & b), using Mott-Schottky analysis®®, where C is the capacitance (please see
method section for details). Relative variation of the hole carrier density for different
HTLs follows the order of NH4sSCN (2.64 x 1017 cm™3) > NH4ClI (2.47 x 10 cm™3) >
NH4Br (1.80x 107 cm™3) > 8W-MeOH (1.78 x 10" cm™3). The hole density for the best
performing NH4sSCN HTL is found to be 1.5 times higher than that for the 8W-MeOH
HTL.
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Figure 4.13: 1/C? vs voltage plots for the device structure shown in the inset. Red lines
indicate the fitted region around zero volts, used to determine doping densities in HTL
layers.
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4.3.8 Carrier Mobility determination

The space charge limited current (SCLC) method is employed to determine the
hole mobility of HTLs. Hole-only devices are made using the device structure shown in
Figure 4.14. From the J-V characteristics of the devices, hole mobilities are determined
using Mott-Gurney’s equation for the SCLC regime (please see method section for
details). The HTL based on NH4SCN shows the highest mobility (6.82 x 10~* cm?/V-s),
followed by 8W-MeOH (4.64 x 104 cm?/V-s), NH4Br (3.15 x 10 cm?/V-s), and NH4CI
(2.53 x 10~* cm?/V-s). A higher hole mobility and hole density in the NHsSCN-treated
HTL would decrease the transport resistance to reduce the voltage drop due to charge

transport and increase FF and Jsc of the solar cells.
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Figure 4.14: J-V curve (log-log scale) for the hole-only device (device structure is
shown in the inset) to determine hole mobility from space charge limited conduction.
SCLC regions are fitted using the red lines.

4.3.9 SCAPS Simulation

We further carried out the Solar Cell Capacitance Simulation (SCAPS) to
elucidate the impact of improved electronic properties of the HTL layer on the solar cell
performance.®>®* Experimentally determined values of carrier mobility and doping
density of HTL layers are used as inputs in SCAPS to calculate the J-V characteristics of
the solar cells. SCAPS simulation of the J-V characteristics of solar cells for 8W-MeOH
and NH4SCN treated HTLs are shown in Figure 4.15a. SCAPS simulation predicts
similar enhancement in Voc, Jsc, FF, and PCE in NH4SCN treated HTL based solar cells
as observed experimentally (shown in Table 4.3). We further probe the recombination of
photogenerated carriers with light travel distance inside the solar cell. For the identical
thicknesses of the active layer, NH4sSCN treated HTL shows lower carrier recombination

inside the active QD layer (Figure 4.15b). This suggests superior hole extraction
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efficiency in the case of NHsSCN HTL. The simulation results validate the experimental
findings and confirm that the improvement in the solar cell performances is due to the
improvement in electronic properties of the NH4SCN HTL layer. Details of the material

parameters used for the simulation are given in Table 4.4.
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Figure 4.15: SCAPS simulation results; (a) J-V curve for solar cells, and (b) carrier
generation and recombination with distance inside the solar cell. Light enters the solar
cells from the ZnO side.

Table 4.3. SCAPS simulation results of solar cells for different HTLs

HTL Voc (V) Jsc (MA/cm?) FF PCE (%)
8W-MeOH 0.581 29.465 0.553 9.475
NHJSCN 0.608 30.483 0.575 10.667

4.3.10 Stability

Stability of the unencapsulated solar cells with 8W-MeOH and ammonium salts HTL is
observed over time wherein they are stored under argon and J - V measured in ambient
conditions. The change in photovoltaic parameters (Voc, Jsc, FF, and PCE) with time are
shown in Figure 4.16. The PCE for NH4SCN, 8W-MeOH, NH4Br, and NH4Cl is 0.73,
0.63, 0.60, and 0.55 of the original efficiency after ~1800 hours indicating higher stability
for the NH4SCN HTL.
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Table 4.4. SCAPS parameters used for the simulation

Parameter ZnO Active 8W-MeOH | NH4SCN PbS
PbS QD PbS QD QD
Thickness (nm) 100 350/400 80 80
Bandgap (eV) 3.2 1.27 1.27 1.27
electron affinity (eV) 4.65 4.65 421 421
Relative dielectric 66 43 20 20
permittivity
CB effective density of 1x10% 1x10% 1x10% 1x10%
states (1/cm?®)
VB effective density of 1x10% 1x10% 1x10% 1x10%
states (1/cm?®)
Electron & hole thermal 1x107 7x10° 7x10° 7x10°
velocity (cm/s)
electron mobility (cm?/Vs) 5x107? 7x10°® 4.64x10* 4.64x10*
hole mobility (cm?/Vs) 5x1072 7x107 4.64x10* 6.82x10*
shallow uniform donor 1x10'® 1x10% 8x101® 1x10%®
density ND (1/cm?®)
shallow uniform acceptor 0 1.2x10% 1.78x10Y 2.64x10%
density NA (1/cm?®)
Defect
defect type Neutral Neutral Neutral Neutral
capture cross section 1x10°% 1x1013 1x108 1x1013
electrons (cm?)
capture cross section holes 1x10°% 1x1013 1x108 1x1013
(cm?)
energetic distribution Single Single Single Single
reference for defect energy Above Ey Below E. Below E. Below E.
level E¢ (SCAPS<2.7)
energy level with respect to 0.6 0.3 0.3 0.3
Reference (eV)
N total (1/cm?) 1x10% 1x10%° 1x10%° 1x10%°

106




Chapter 4: Solution phase partial ligand exchange for crack free and
conjugated quantum dot hole transport layer

1.0 u.\s—‘ ®- .
‘\’—4—% 411.0
A Q
8 >
> ©
9 g
Nosl @ —— 8W-MoOH (b) S
© NH,CI 105 £
= NH,Br o
S Z
2 #— NH,SCN
0.0
411.0
i}
L ®]
(TH o
gl o
@ o}
N N
T o5k © (d) {05 ®
£ £
- S
o <}
- e
0.0% 0.0

0 400 800 1200 1600 O 400 800 1200 1600
Time (hour) Time (hour)

Figure 4.16: Photostability of the solar cells with regular and ammonium salts treated
HTL on top.

4.4 Conclusion

Summarizing this chapter, we have shown that crack-free QD films can be grown
using the SLE method through partial removal of native OA ligands. Repeated cleaning
with protic MeOH solvent helps removing the covalently bound OA ligands from the QD
surface, however, the quantum confinement and electronic properties degrade
substantially. Solution phase partial ligand exchange with ammonium salts enables
partial removal of OA ligands and helps to maintain the QD surface. The one-step partial
ligand exchange process is efficient and useful in circumventing the tedious MeOH
cleaning process. PbS QDs partially ligand exchanged with NHsSCN shows an increase
in p-doping and mobility while a decrease in trap states. HTLs developed using NH4sSCN
treated QDs shows improved photovoltaic performance due to superior hole extraction
efficiency. The proposed strategy of partial ligand exchange to grow thin and crack-free
QD film can find widespread applications in the research and development of QD-based
light-emitting diodes, photodetectors, and solar cells.
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Chapter-5
Summary and Future Outlook

In the past two decades, PbS Quantum dot (QDs) and Perovskite solar cells have
been the forerunner for the next-gen commercialization to move away from the costly
Silicon solar cells. The highest efficiencies for these c-Si modules are 16-20% and not
much room for improvement as the values ever come close to the theoretical limit.
Additionally, these technologies, namely lead sulfide QDs and CH3NH3sPbls perovskites
can be used to construct tandem solar cells to overcome the Shockley Quessier limit
involving only a single p-n junction diode. Though both materials show interesting
properties such as high photostability and high molar extinction coefficients for PbS QDs
and high carrier mobility and ambipolar transport for CH3NH3sPbls, the performance is
limited by the top p-type hole transport layer (HTL) which can act as a deterrent for
realizing the full potential of the solar cells. In 3D CH3sNH3Pbls perovskites, the material
tends to grow inhomogeneously while being spin coated and thus can lead to low short
circuit current and decreased reproducibility. Subsequently, moisture ingress and air
oxidation are two factors that perovskites are highly sensitive to and can damage the
perovskite structure leading to precursor (Pbl> and MAI) formation. Thus, we need a
capping layer which not only helps in improving the charge transport for the holes but
also prevents moisture or even electrode penetration. In PbS QD we have two facets, the
(111) polar facet comprising of only lead atoms and charge-neutral (200) facet with
alternating Pb and S atoms. The alternate vacant Pb atoms in (111) surface lead to Pb-
OH formation which acts as the trap states and reduces efficiency. The conventional
ligand exchange with halometallate (Pblz") also leads to a rise in polydispersity which
can again affect performance as differential bandgaps can act as mid gap states for nearby
QDs. Thus, passivating these states is important to overcome these difficulties.
Generally, iodide passivation leads to an n-type PbS, and thiol passivation leads to p-type
PbS. Another major issue for the PbS QDs is the time and chemicals consumed in the
removal of oleic acid from the as-synthesized PbS by commonly followed sequential
cleaning (6-8 times) from methanol for the p-type layer coating (EDT exchanged). The
resulting PbS QDs though devoid of excess oleic acid ligands, also lose much of their
photophysical properties leading to a net reduction in open-circuit voltage and fill factor

in solar cells. QDs need to be thoroughly passivated in a single step to protect the QDs
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from overexposure to uncontrolled chemical reactions. The electronic properties of the
QD solar cells stem directly from their surface properties and as the bandgap is indirectly

proportional to the size of the QDs, polydispersity plays a role too.

In this thesis, we discuss various strategies to combat the shortcomings listed
above to achieve high-efficiency solar cells for both perovskite and PbS QDs. In Chapter
1, we looked at the genesis of photovoltaics and development through different
generations of solar cells as well as the properties and improvements in perovskites and

PbS QDs were discussed in detail.

In Chapter 2, to combat small crystallite sizes and cracks in the film (as seen from
SEM) with PbAc: as a precursor of perovskite, antisolvent treatment was introduced
using chlorobenzene on top of the spinning film which increases grain size and nullifies
cracks on perovskite films. A homogeneous growth along the (110) plane is seen which
bodes well for the charge transport. Additionally, as seen using hole transport layer,
Spiro-OMeTAD leads to the film having pinholes and cracks which could lead to either
moisture or gold electrode seeping and decrease performance. To this end, this organic
molecule is combined with the polymer P3HT which also acts as HTL but lacks charge
transport properties of the former. The HTL formed by P3HT is thick and thus having a
blend of P3HT: Spiro-OMeTAD in 1:3 ratio grants us a robust HTL which boosts
performance and shows less hysteresis when compared to only spiro-OMeTAD film.
There being a concern of low hole mobility due to the organic molecules embedded into
the polymer matrix, SCLC calculation proved it to be on par with the Spiro-OMeTAD.
A high recombination lifetime for the blend is obtained when compared to both the
constituents separately. The increase is observed for all three photovoltaic parameters
and statistical distribution showed high fidelity in PCE and fill factor with 14.9% and
0.70 being the highest, respectively. This is a marked increase when compared to Spiro-
OMeTAD (PCE = 11.2%, FF = 0.50) and P3HT (PCE = 8.85%, FF = 0.49) only cells.
This study shows the importance of morphology of both the active layer and the HTL for
the reproducible films with good junctions leading to high fill factor and efficiency for
solar PSCs.

The polar (111) plane in the PbS QDs terminated by Pb atoms is prone to
oxidation due to the alternate vacant atoms after exchange with Pbls™ ligands. In Chapter

3, we sought to passivate the QDs with small thiol ligand in conjunction with Pbls™ and
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fill up those vacant sites. The best contender for the said thiol would have been 3-
mercapto propionic acid, a thiol known for its high performance in solid-state ligand
exchange but due to its agglomeration and subsequent precipitation, we utilized its ester
form 3-mercapto propionate (MPE). The SH binding site of the ligand can interact with
the Pb at the (111) plane squeezing in between the halometallate ligands. The MPE
addition leads to reduced polydispersity as evidenced from the excitonic peak in the
absorbance with a higher redshift. From the Photoluminescence (PL) of films, we see
emergence and strengthening of band-edge PL emission peak around 1100 nm upon
increasing the amount of MPE in the halometallate solution while the other peak at 1500
nm reduces proportionately. This peak could be the result of either low energy state
formation (Pb-OH) or QD fusing both of which are negated by thiol passivation. This
leads to a reduced stokes shift and low Urbach energy indicating homogeneous growth
for MPE passivated films. This monodispersity and near-unity retention of band-edge PL
leads to a 33% increase in average PCE highest being 9.6% with a reduction in density
of the intermediate trap states, an increase in mobility, and an increase in depletion width.
The findings of this study emphasize the benefits of the mutual passivation strategy for

reducing trap states and provide solar cells with better optoelectronic properties.

Continuing from the studies of the previous chapter, it was noticed that the
conventional method of sequentially cleaning the oleic acid (OA) capped PbS QDs to
partially remove oleic acid using methanol washing to facilitate solid-state ligand
exchange with 1,2-ethandithiol for the top hole transport layer later on, though leading
to a crack-free film, is detrimental to the electronic and optical properties of the PbS QDs.
For this, in Chapter 4, a one-step-solution-phase short ligand, NH4SCN, to partially
replace the surface-bound oleic acid ligand while retaining the optoelectronic properties
is introduced. Ammonium salts are the chosen candidates with NH4Cl, NH4Br, and
NH4SCN able to redisperse in octane after the partial removal of OA while NHal
interaction led to PbS QDs turning n-type and hence insoluble in non-polar solvents.
AFM and SEM show that the surface roughness is high and cracks are present in large
quantities for 2W-MeOH (nW-MeOH, where n indicates the number of washings) which
simmer down to a large extent for 8W-MeOH (3.72 nm rms roughness to 0.89 nm) but
the films obtained from NH4SCN and NH4Cl treated PbS QDs are almost crack-free and
have less surface roughness (NH4sSCN = 0.72 nm). The PbS QDs obtained after the

ammonium salt interaction show retention in excitonic and PL peak whereas multiple
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washing leads to a linear increase in polydispersity (peak broadening) and a similar
decrease in band edge PL intensity. The PL intensity of ammonium salts is 2 times that
of 8W-MeOH. NH4SCN treated HTL outperforms in solar cells due to the increase in all
the photovoltaic parameters, and the increase in PCE is to the tune of 11% over 8W-
MeOH. In the case of NH4Cl and NH4Br treated HTLS, Voc remained unchanged, Jsc
increases but FF decreases to yield comparable PCE with 8W-MeOH HTL. An increase
in depletion width and recombination resistance supports the increase in Jsc and FF, and
higher built-in voltage backs the increment in Voc in NHsSCN HTL solar cells. The
majority carrier density and the hole mobility for NH4sSCN HTL were obtained to be 1.5
times higher than 8W-MeOH which is also predicted by 1D SCAPS simulation software.
The highest obtained efficiency by jointly tuned p-type CPT-PbS and p* NHsSCN HTL
was 10.5%. This approach for HTL preparation shown in this study could replace the

conventional HTL preparation for PbS QDs saving time and chemicals.

The best overall efficiency for PSCs and PbS QDSCs stands at 24.3% and 13.8%
respectively. The third generation of solar cells focuses on developing strategies to
overcome the limitations of single p-n junctions and thus have higher efficiency output
at a smaller cost value. A tandem solar cell employing CH3sNH3Pbls and PbS QDs as the
absorbing layers could be developed to compete with existing Silicon solar cells. As the
CHsNHsPblz perovskite has a bandgap around 1.54 eV, the bandgap of PbS QDs has to
be around 1 eV for efficient NIR photon harvesting. The HTLs developed in these
studies, i.e. P3HT blended Spiro-OMeTAD for perovskite and NH4SCN cleaned PbS
QDs could be utilized for enhanced morphology. This technique can take advantage of

enhanced Voc (Vros + Vperov) for ultimately achieving higher PCE.
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This thesis explores the various hole transport layer (HTL) preparation strategies
for the perovskite (CHsNH3sPblz) and lead sulfide quantum dot (PbS QD) solar cells. In
this thesis, the improvement has been looked at from a morphological standpoint while
simultaneously improving the photophysical and electronic properties of the HTL.
Chapter 1 of the thesis introduces the need for photovoltaic technology, its progress over
the ages, and the current technologies perovskite and PbS QDs. Background information
and current research in these technologies are also discussed. Chapter 2 works towards
the two-fold improvement in the CH3NH3Pbls solar cells where the morphological
defects arising from the lead acetate based active layer and spiro-OMeTAD HTL are
remedied using antisolvent treatment by chlorobenzene and 1:3 P3HT:spiro-OMeTAD
HTL, respectively. The junction properties and HTL mobility were analyzed to be in line
with the efficiency improvement. Chapter 3 moves towards more stable PbS QDs where
the trap states formed at the PbS (111) facet while using the conventional Pbls", were
reduced by mutual passivation of Pbls™ + 3-Methyl mercaptopropionate (MPE) during
the ligand exchange process. Optoelectronic studies were conducted with the new
passivation strategy showing lower polydispersity and lesser density of trap states with
higher lifetime. Chapter 4 looks towards solving the age-old issues involved with
sequential cleaning for partial removal of oleic acid ligands from the PbS QDs for HTL
treatment, by introducing a single step cleaning utilizing ammonium salts. Ammonium
thiocyanate (NH4SCN) managed to give the best performance. AFM and SEM were used
to study morphology and other electronic studies helped analyze the NH4SCN treated
PbS QDs for their hole mobility and doping density. Chapter 5 summarizes the work
done in this thesis and recommends future directions for this research for their further

use in photovoltaic applications.
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