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ABSTRACT OF THE DISSERTATION
Novel Thin Film Solar Cells: Film Formation/Properties and Device Physics
by
Tze-Bin Song
Doctor of Philosophy in Materials Science and Engineering
University of California, Los Angeles, 2015

Professor Yang Yang, Chair

Thin film solar cells have attracted considerable attentions due to their lightweight, low
material consumption, ease of fabrication, and potentially high power-conversion
efficiency. However, significant cost reductions as well as large-scale production are
necessary to compete with the conventional utility power. To reduce cost, vacuum-free
manufacture process for each solar cell component is needed. This dissertation focus on
novel and cost-effective methods on solution processes of thin film solar cells, ranged from
top transparent electrode, the various absorbing layers, and eventually achieving high
performance devices. For the transparent electrode, our focus is on the silver nano-wires,
and the nano-junction within the network. For the absorbing layer, our targets are:

Cu2ZnSn(S,Se)s (CZTS), and CH3NH3sPbXs (MAX, X= 1, Cl, Br) perovskite materials,
il



respectively. In Chapter 2, a formation of Ag-NW contacts was proven to be an efficient

method to reduce the contact resistance using the Joule heating, current crowding, and

electromigration effect. Transparent electrodes have been applied to optoelectronic devices.

Chapter 3, a metal nanowire composite layer was demonstrated to achieve fully solution-

processed as a component of Culn(S,Se)s (CISS) solar cells. The high performance of the

nanowire composite and the role of such electrodes in high performance solar devices were

elucidated. Further improvement of the nanowire network to achieve better stability was

also demonstrated. Chapter 4 presented a doping control method to investigate the effect

of sodium dopant to the CZTS solar cells in terms of device performance, properties, and

film formation. A novel synthesis method of CZTS:Na nanocrystal was demonstrated.

Sodium incorporation method successfully improved the efficiency by around 50%. In

addition, the role of sodium incorporation was investigated. In Chapter 5, the

transformation of solution-processed MAXs perovskite solar cells was investigated and

possible reaction pathways were proposed. Secondary phases from this process were

identified and the corresponding physical properties during the transformation were further

studied.
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Chapter 1 Introduction

Currently, world energy consumption relies mainly on fossil fuels. The limited resource of
fossil fuels on Earth makes them challenging as a long-term energy source. Moreover,
consuming fossil fuels produces a significant amount of carbon dioxide, which could
accelerate the greenhouse effect and induce climate change worldwide. How to divert our
economy from one based on fossil fuels as the dominant energy resource is an urgent issue.
Among the various types of renewable energy sources, solar energy is one of the most
promising candidates owing to its ubiquitous availability. The Sun provides Earth with as
much energy every hour as human civilization uses every year. Therefore, photovoltaic
(PV) technologies that directly convert sunlight energy to electricity is one of the most
promising long-term clean energy solutions.

The most mature and well adopted PV cell is based on crystalline silicon technology, which
occupied approximately 85% of the PV market in 2010.[1] However, this technology is
still more expensive than energy production from fossil fuels due to the costly silicon
wafers and high-temperature processes. Therefore, thin film PV devices, incorporating a
wide range of materials from polymer heterojunction, halide perovskite, chalcogenides,

amorphous silicon and cadmium telluride, have been extensively researched to reduce the



production costs to below that of traditional energy sources. Additionally, the thin absorber

layers enable the fabrication of lightweight, flexible solar modules. To achieve such cost-

effective solar cells, it will be necessary to develop new material systems and processing

approaches continuously.

The introduction starts with general solar cell structures and working mechanisms (Sec.

1.1). Then, current and emerging technologies for transparent electrodes for

optoelectronics are reviewed. A brief introduction and key challenges are described (Sec

1.2). This is followed by discussions on the two major solar absorber materials' properties

(Sec. 1.3). The understanding and development of transparent electrodes, improving and

understanding the absorber materials are the main focuses of this thesis; thus, general

concepts and challenges of these directions are also discussed in this chapter.

1.1 Basic Principles of Photovoltaic Systems

Two types of solar cell structures are currently well adopted in different material systems.

The first type of structure consists of back electrode/p-type/n-type/top electrode as shown

in Figure 1.1a. This structure was developed in the early stages of the solar cells research

on Si-based devices. Currently, Cu(In,Ga)(S,Se). (CIGS), Cu2ZnSn(S,Se)4 (CZTS), CdTe,

hybrid Si/CNT solar cells, organic photovoltaic (OPV) and GaAs systems are adopting this



structure. Among them, CIGS is one of the promising materials to achieve lightweight and

low cost devices because of its ease of processing for polycrystalline thin films to achieve

high performance. A typical structure is based on a lightly doped p-type semiconductor

material combined with a heavily doped n-type semiconductor material. Due to the poor

carrier mobility of holes, the wider depletion region should occur in the p-type material

and assist the charge separation and transport. Most photogenerated carriers can be

extracted efficiently with proper controls of the film thickness and doping concentrations.

Another type of solar cell structure consists of back electrode/p-type/i-type/n-type/top

electrode as shown in Figure 1.1b. This structure comes from improving the p-n junction

structure of Si solar cells. To control and to introduce a specific amount of dopants over an

entire Si wafer requires long time processing and high-temperature post-annealing.

Moreover, the extrinsic doping would induce more defects in the materials resulting in

more recombination. The p-i-n solar cell structure overcomes these technical and

fundamental issues and further improves device performance. Currently, amorphous Si (a-

Si), crystalline Si solar cells, heterojunction with intrinsic thin layer (HIT) and halide

perovskite solar cells adopt this structure. Generally, the thin and highly doped p-type and

n-type layers are used at both sides of the intrinsic layer for charge separation and collection

and the intrinsic layer is the main photon absorber. Though Si and HIT solar cells have
3



achieved high efficiencies compared to other materials, their cost-effectiveness and

preparation process are still under investigation. The halide perovskite materials emerge as

potential candidates for thin-film solar cell applications. In this dissertation, we will focus

on two next-generation materials, CZTS (to replace CIGS) and halide pervoskite materials,

and the details of these materials’ properties are discussed in the section 1.3.

The schematic diagram for the working principle of photogeneration and carrier transport

is shown in Figure 1.1c and d. When the light shines through the transparent electrode, a

photon exited an electron from the valence band to the conduction band and generated a

bonded electron-hole pair (exciton). The exciton will be separated by the built-in potential

through the p-n junction into free electron and hole. The free electron and hole will be

transported to the electrodes and then to the external circuit. The built-in potential from the

p-n junction is established as shown in Figure 1.1d. The conduction band bending and

valence band bending in the depletion region is the main driving force for charge separation

and collection. In the other case, the p-i-n structure device has two interfaces, p-i and i-n.

These two interfaces will form built-in potentials and these built-in potentials can span

across the entire i-type layer by tuning the thickness of i-type layer or carrier concentrations

of the semiconductor layers. Controlling the building potential and the depletion width are

critical for efficient separation of excitons and achieving good charge transport and
4



collection.
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Figure 1.1 (a) Schematic diagram of p-n junction solar cells; (b) schematic diagram of p-i-
n junction solar cells; (¢) schematic diagram of charge transport in p-n junction solar cells;
(d) schematic diagram of energy band diagram and charge separation in p-n junction solar
cells.[2]

Evaluating solar cell performance is based on their ability to produce electrical power under

illumination. The power conversion efficiency of a solar cell is determined by its



simultaneously produced voltage and current, which make up its power output. The typical

characterization of a solar cell is extracted by applying an external voltage and measuring

its current output at various bias levels under illumination. The solar cell performance is

evaluated by power conversion efficiency (PCE):

(VX])at max power point VOocXJScCXFF

PCE = (

) = ( ).

input light power per unit area input light power per unit area

The open-circuit voltage (Voc) is the voltage at the open-circuit point; the short-circuit
current density (Jsc) is the current density at the short-circuit point and the maximum power
point is the maximum value of current times voltage. All these parameters are indicated in
a sample current-voltage (I-V) curve shown in Figure 1.2. The fill factor (FF) is the ratio
between V*J at maximum power point and Voc*Jsc that could also be represented as the
area ratio between the dark doted line and red doted line in the 4™ quadrant. The cell’s J-V
characteristics depend on the various material properties and interactions that take place
within the cell and thus is a far more complex matter, which has been and will continue to
be the topic of intensive research. The various observations and trends presented in this
dissertation represent a single piece of an increasing entity and hopefully offer insight that

will be useful in future developments.
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Figure 1.2 An example of current-voltage (I-V) curve. Isc = Jsc x device area.

1.2 Current Status of Transparent Electrodes

Transparent conducting electrodes are crucial parts in all kinds of optical electronics. Using
solar cells as an example, charge carriers are generated uniformly across the entire cell area
and must be collected from a large region with minimal power loss. Meanwhile, the ability
of photons to transmit through the window layer determines the efficiency of the
photocurrent generation. Based on these two considerations, the sheet resistance and
transparency are the key parameters to determine the quality of a transparent electrode.

Currently, the majority of transparent conductors used in the solar cells devices are doped

metal oxide films. Among all the metal oxide materials, tin-doped indium oxide (ITO),



aluminum-doped zinc oxide (AZO) and fluorine-doped tin oxide (FTO) are commonly

used in practical applications due to their relatively low sheet resistance and high

transparency in the visible region.[3] Among these three, ITO is the most common

transparent electrode in solar cells, light-emitting diode, and touch panel technologies.

However, the increasing demand for the raw material, especially indium, with the rapid

development of flexible electronics, makes it critical to search for alternatives to replace

ITO.[4] Moreover, the sputtering deposition of high quality ITO is a low-throughput

process and requires elevated temperatures. Solution-processed ITO also requires high

temperature annealing to achieve good conductivity.[5] It is vital therefore to only use

substrates that are stable at high temperatures, which means increased substrate cost and

reduced performance on plastic substrates.

Considering all these factors, emerging techniques are proposed to fulfill both the standard

requirements on the sheet resistance and transmission, and that can be formed by low-cost

processes, such as spin-coating, spray coating and roll-to-roll processes.[6] Carbon

nanotubes (CNTSs), conductive polymers, graphene as well as metal nanowires have been

investigated for use as transparent electrodes.

CNTs have the unique electrical property that they can be either metallic or

semiconducting.[7] The high stability, flexibility, and mobility of CNTs make the CNT
8



network a potential candidate to replace the rigid 1TO substrate. The current challenge of
using CNTSs as a transparent electrode is high wire-wire contact resistance, which results
in the relative higher sheet resistances than other materials at similar transmittance.[4]
Among various types of conductive polymers, PEDOT:PSS and polyaniline (PANI) are
currently the most popular materials of choice to replace the conventional 1TO electrode.
These two materials are well-studied conjugated polymers with excellent mechanical
stability, flexibility and, more importantly, they can achieve relatively high conductivity
and transparency. Currently, however, these polymers still exhibit lower conductivity and
transmission than other candidates.[4]

Graphene is another promising candidate as a TCE in optoelectronics. A flexible two-
dimensional sheet of sp?-hybridized carbon atoms, it exhibits high conductivity and is
nearly transparent. A single layer of graphene showed a sheet resistance of 125 ohm/sq and
97.4% transmission at a wavelength of 550 nm, which is superior to the ITO substrate and
other reported TCEs.[8] The upcoming challenge for grapheme electrodes is to improve
the electrical and optical properties while scaling-up the process, and to make the
fabrication process faster, easier, and more cost effective.[4]

Last but not least, recent studies on the metallic nanowire’s application in optical

electronics have attracted a lot of attention. Similar to CNTs, high conductivity from the
9



metal material and high transmittance from the open space between nanowires make the
metallic nanowire a potential candidate as TCE. Compared with CNTs, the metallic
nanowire network shows better sheet resistance and transmission values, because the wire-
to-wire contact resistance can be reduced by thermal treatment.[9] These materials can be
easily processed to achieve high-performance devices. In terms of the sheet resistance and
transmission as shown in Figure 1.3, the silver nanowire networks have been demonstrated
to be comparable and even superior to ITO. However, based on the standard parameters is
not enough to evaluate their potential for practical applications. Herein, to apply silver
nanowire network to solar cells effectively, | have focused on the fundamental
understanding of silver nanowire networks and developing novel processes to integrate

silver nanowire networks for electronics in Chapters 2 and 3.[4]
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Figure 1.3 Sheet resistance and transmission chart for various types of transparent
conducting electrode materials including CNTs, silver nanowires, conductive polymers,

and graphene. Adapted with permission from ref. (4). Copyright 2014 MDPI.
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1.3 Emerging Thin Film Photovoltaics

As mentioned in Sec. 1.1, there are different emerging absorber materials in solar cell
research. Among thin film solar cells, CIGS solar cells have been demonstrated to have
PCEs over 20%.[10] The limited availability of indium for large-scale implementation led
to growing interest in solar materials that contain only earth-abundant elements. In addition,
the capability of solution processing for high-performance solar materials is ideal for future
applications. Therefore, CZTS and halide perovskite solar cells become two of the most

promising alternatives.

1.3.1 Cu2ZnSn(S,Se)4 Solar Cells

Kesterite CZTS has a similar structure to chalcogenide CIGS, with the zinc and tin
alternating on the lattice sites that are occupied by indium or gallium in CIGS, as shown in
the Figure 1.4.[11] Consisting solely of earth-abundant, non-toxic, and inexpensive
elements, kesterite CZTS offers a high absorption coefficient of >10*cm™!, which
corresponds to less than 2 pm of absorption length for visible light, with an adjustable band
gap that can range from 1.0 to 1.5 eV to match the solar spectrum.[12-14] Kesterite CZTS
thus opens the door for both economic and environmental friendly thin film device

production without limitations of raw materials.

11
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Figure 1.4 Comparison of the crystal structure of chalcopyrite and kesterite. Adapted with
permission from ref. (4) Copyright 2012 Wiley

The device structure used in high performance kesterite CZTS devices is identical to that

used in chalcogenide CIGS, as shown in Figure 1.5.[15] Molybdenum (Mo) bottom

electrodes provide stability against high-temperature post-annealing process in CIGS and

CZTS and resistivity against their constituent elements. Kesterite CZTS materials were

deposited onto A Mo back contact and annealed at high temperature in selenium vapor to

enhance grain growth and phase formation. An n-type cadmium sulfide (CdS) layer, which

is widely used in the high efficiency CIGS devices, is also adopted in CZTS devices. CdS

layers were deposited by a chemical bath deposition (CBD) process and they are reported

to passivate defects effectively and produce a generally benign interface. Following the n-

type CdS layer, a thin intrinsic ZnO layer is commonly used to reduce the localized

shunting pathways through CIGS or CZTS/CdS junctions. Transparent electrode I1TO is

12



then sputtered onto the ZnO layer and serves as the window layer for light harvesting. The

Zn0 and ITO layers are vacuum deposited.[ 16] Researchers including our group have been

working on developing a novel process to replace the traditional methods.

MgF,

Zn0

Cds

CZTS

Mo 300 nm

Figure 1.5 CZTS solar cell structure: cross-sectional transmission electron microscopy
bright field image. Adapted with permission from ref. (15) Copyright 2011 American
Institute of Physics

Rapid progress in kesterite CZTS material development has advanced its conversion

efficiency to beyond 12% in the last few years.[17, 18] Kesterite CZTS materials were

prepared via various methods and their best device performances were concluded in Table

1.1.

Table 1.1 A summary of the best CZTS device efficiencies prepared using different

methods. For the definitions of efficiency, Voc, Jsc, and FF, see Sec 1.2.

Methods Efficiency (%) | Voc(mV) | Jsc(mA/cm?) FF (%) Ref

13



Hydrazine-based 12.7 466 38.9 69.8 [18]

Nanocrystal-based 9.85 457 32.6 66.1 [19]
Sol-gel-based 8.3 443 31.2 60.2 [20]
Co-evaporation 11.6 423 40.6 67.3 [21]

Currently, the highest performance is achieved by a hydrazine-based solution processing

with 12.7% PCEs in IBM T. J. Watson.[ 18] However, hydrazine is not an ideal solvent for

industrial applications. Therefore, researchers have been working on nanocrystal-based and

sol-gel solution processes using relatively non-toxic solvents.

The nanocrystal approach starts with the synthesis of metal chalcogenide nanocrystals,

followed by the deposition of nanocrystal films, and ends with the post-thermal treatment

of films. Currently, cell efficiencies up to 9% have been achieved and the record is only

slightly lower than hydrazine-processed kesterite solar cells, and similar to that achieved

with co-evaporated kesterite solar cells.[19] Moreover, the nanocrystals can be dispersed

with polar or non-polar solvents by changing the surface ligand during the synthesis,

making it compatible with a number of deposition techniques including spin-coating, spray

coating, blade coating, and dip coating.[12]

Although sol-gel processed CZTS has relatively low device performance, the sol-gel

process is more environmentally-friendly than other methods. The commonly used solvents
14



in sol-gel processes are either alcohol-based solvent or water-based.[22] In addition, the

precursor is easily prepared by directly dissolving components into the solvent without

further synthesis step. Sol-gel processing is still under development and it is believed to be

a competitive method with further studies.

1.3.2 Halide Perovskite Solar Cells

Perovskite materials follow the general formula ABX3 and adopt the same crystal structure

as calcium titanate. In this arrangement, the ‘A’ and ‘B’ cations coordinate with 12 and 6

‘X’ anions, forming cuboctahedral and octahedral geometries, respectively (shown in

Figure 1.6.).[23] A compound’s tendency of forming perovskite can be estimated using the

Goldschmidt tolerance factor,[24] although determining the chemical and thermal stability

of the resulting structure invariably requires more detailed analysis. The perovskite

materials family exhibits a wide range of electronic behavior including piezoelectric,

thermoelectric, semiconducting, and superconducting properties depending on the

specifics of the material.[25-27] In the early 1990s, Mitzi and coworkers made an extensive

investigation into the optoelectronic properties of organometallic halide perovskites, where

the ‘A’ sites are occupied by organic cations, the ‘B’ sites are occupied by group IV cations

(Sn, Pb), and the ‘X’ sites are occupied by group VII anions (Cl, Br, I).[28-30]
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Figure 1.6 Crystal lattice of the methylammonium lead halide (CH3NH3PbX3) perovskite
structure. Adapted with permission from ref. (23). Copyright 2013 Nature Publishing
Group.

Lead halide perovskite solar cells are rapidly approaching PCEs of 20% after only 5 years
of concerted development, an achievement that required decades of effort for conventional
materials.[31-33] The most successful perovskite materials thus far are variations on the
compound CH3NH;3PbX3 (X=Cl, Br, I), which exhibits the most attractive properties of
ideal PV absorbers: 1) Strong optical absorption due to s-p anti-bonding coupling; 2) High
electron and hole mobilities and diffusion lengths; 3) Superior structural defect tolerance
and shallow point defects; and 4) Low surface recombination velocity and benign grain
boundary effects.[34-37] Additionally, the ambipolar transport properties make these
materials feasible to various device designs.[38]

Table 1.2 sums up the CH3NH3PbX3 material properties and compared them to that of other

kinds of absorber materials.
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Table 1.2 A summary of the perovskite, Si, CIGS and GaAs materials’ properties.

CHaNHsPbls | Si CIGS Gaas | Rt
Band gap (eV) 1.5 1.1 1.12 1.43 [31]
Absorption 4.5 3 4.5 4.5 [34]
coefficient 10 10 10 10
Carrier mobility [39]
2 Up to 2000 1500 <10 8500
cm /(V-s)
Carrier 16-17 16 15-16 17 [40]
concentration 10 10 10 10
Carrier lifetime >100 ns ~ms 50-200 ns <100 ns [41]

Comparing to the current commercially available solar materials, the halide perovskite

CH3NH;PbI; has a high absorption coefficient due to its direct band gap and exhibits even

higher absorption above its band gap than CIGS and GaAs.[34] Furthermore, the long

carrier lifetime and high carrier mobility indicated less recombination and efficient charge

transport. Its diffusion length can be more than 1 pm, which is comparable to indirect band

gap materials, such as Si.[41] It also shows a relatively high carrier density, which implies

a small resistance for bulk material, and the low material resistance can result in a small

series resistance for the solar cell devices. Due to all these superior properties, CH;NH3Pbl3

device shows a high performance as listed in Table 1.3 together with that of other solar

materials.
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Table 1.3 Summary of CH3NH3PbX3 device parameters as compared to other kinds of

absorber materials.

Table 1.3 A summary of solar cell performance of the perovskite, Si, CIGS and GaAs

materials.
CH3aNHsPbls Si CIGS | Gaas | Ref
Voc V) 1.1 0.706 068 | 112 | B
V. deficit | 03-045V | 03-04V | 04V | ~03v | Bl
Iy (mAem) ~22 4.7 36 295 | [10]
FF ~80% ~ 80% ~80% | >85% | L1
Film thickness | ~350nm | 100-200um | 1-2um | 2um | KV
Efficiency (%) 20.1 25.0 217 | 288 |10

CH3NH;3PbI; perovskite materials can achieve a PCE higher than 20% with less than half

a micrometer thickness, showing outstanding FFs and minimal Voc loss, thus attract huge

attention and research efforts around the world.

Currently, preparation of halide perovskite solar materials is catalogued into one step and

sequential deposition (either in solution or vacuum) techniques. One-step processing is

based on the co-deposition of both the organic and inorganic components either through

solution processing or thermal evaporation. In solution processing, a mixture of MXz (M =
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Pb, Sn; X = Cl, Br, I) and AX (A = MA", FA") is dissolved in an organic solvent and
deposited directly to form a film, followed by thermal annealing to produce the final
perovskite phase.[42] Meanwhile, thermal evaporation employs dual sources for MX> and
AX with different heating temperatures to form the perovskite film.[38] Sequential
deposition means depositing an MX> (M = Pb, Sn; X = CI, Br, I) layer such as Pbl, and an
AX (A = MA", FA") such as methylammonium iodide sequentially followed by heat
treatment to form the completed perovskite film.[43-45] Typically, the deposition of MX>
is achieved using spin-coating, while AX can be introduced by (1) spin-coating the AX
solution on top of the MX5 layer, (2) immersing the MX5 layer in the AX solution to induce
a solid-liquid reaction, or (3) exposing the MX, layer to AX vapor at elevated
temperatures.[46-48] Also, two-step sequential deposition can be carried out in thermal
evaporation, by sequentially depositing the inorganic and organic components. The

schematic diagrams of different deposition methods are shown in the Figure 1.7.
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Figure 1.7 The preparation of CH3NH3PbI3-xClIx film from different deposition methods:
(a) Dual source coevaporation using PbCl> and MAI source; (b) Sequential deposition by
dipping the Pbl, film into MAI solution; (c) One-step solution process based on the mixture
of Pbl, and MAI, and sequential coating of Pbl, and MAI; (d) Vapor-assisted solution
process using the MAI organic vapor to react with Pbl, film. Adapted with permission from
ref. (38, 46, 47, 48). Copyright 2013 Nature Publishing Group, 2014 American Institution
of Physics, 2014 American Chemical Society

The power conversion efficiency has been pushed from 3.8% to 20.1% based on interface

design and controlled perovskite film growth. Here, several of the main milestone findings

in perovskite research are summarized. In 2008 and 2009, Kojima et al. used CH;NH3Pbl;

and CH3NH3PbBr3 as the light-harvesting dyes in mesoporous dye-sensitize solar cells

(DSSC) and achieved a PCE of about 3.8%.[49] Later, Im et al. optimized the fabrication

conditions, delivering a 6.5% PCE.[50] However, CH3;NH3PbX3 (X = Br, I) was found to

dissolve in polar solvents, rendering the perovskite solar cells incorporating a liquid

20



electrolyte layer unstable. This instability was eventually resolved by adapting solid hole

conductors in place of the liquid redox electrolyte and a PCE as high as 9.7% was

achieved.[51] Subsequently, an insulating Al,O3 network was used to replace conducting

nanoporous TiO> template. Using a mixed CH3NH3PbI3—<Cly as the sensitizer, an improved

open-circuit voltage (Voc) was demonstrated, and the reported efficiency was boosted to

10.9%.[52]

In 2013, a two-step procedure of CH3NH3I intercalation following layered Pbl deposition

resulted in a PCE of 15% and a certified PCE of 14.1%.[53] Similar results using a planar

cell configuration to eliminate the mesoporous structure in DSSC and a CH3NH3PbI3«Clx

absorber deposited by a two-source thermal evaporation produced a reported efficiency of

15.4%.[38] This result indicates that a mesoporous structure such as TiO2 is no longer

required, further confirming the ambipolar transport of perovskite materials.

The highest PCE obtained by a significant margin was reported from the Korean Research

Institute of Chemical Technology (KRICT) at 17.9%.[54] There are additional reports of

equally high or higher efficiency values, although difficulties regarding packaging and

encapsulation have reduced the number of these reports that result in certified efficiency

values. As a recent example, our group has produced cells with a PCE of 19.3% through

careful interface design and film formation control.[55] The latest result was reported by
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KRICT with a PCE of 20.1% but no detail was released.[54] The PCE trend of each of
these reported values is shown in Figure 1.8. Researchers are striving to explore the

potential of these materials and to solve the stability issues for future applications.
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Figure 1.8 Efficiency trend of CH3NH3PbX;3-based perovskite solar cells collected from
literature reported value and NREL report chart.
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Chapter 2 Nanoscale Joule Heating and Electromigration Enhanced

Ripening of Silver Nanowire Contacts

2.1 Introduction

As mentioned in Chapter 1, with the recent demand for thin, transparent, conducting films
and flexible devices, nanomaterials such as carbon nanotubes,[56, 57], graphene,[8, 58]
and metallic nanowires[59-61] have emerged as promising alternatives to replace the brittle
ITO. In particular, silver nanowire networks provide excellent transmittance and
conductance and thus have been brought forward as a potential candidate for transparent
conductors (TCs) in thin film optoelectronic devices,[62] such as touch panels, light-
emitting diodes, and solar cells, due to their potential high-throughput, low-cost fabrication,
flexibility, and solution processability. However, the high contact resistance between silver
nanowires coming from the insulating surfactant coating of polyvinylpyrrolidone (PVP)
and loose contact between individual silver nanowires remains a critical issue, making
extra processing steps necessary in order to achieve low sheet resistance values desirable
for practical applications.[63]

Many processing techniques have been reported to address this issue, including heat

treatment (featuring either a high processing temperature or long treatment time),[59]
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mechanical pressing,[64, 65] electrochemical ion exchange,[66] vacuum filtration,[67]

metal-oxide nanoparticles fusing,[68, 69] plasmonic welding process,[70] etc. Some of

these methods require the use of high input powers or long treatment durations, while

others suffer from obvious scalability issues, shadow effects, or may damage chemically

sensitive substrates. Recent reports demonstrated that Joule heating can weld platinum

wires and carbon nanotubes by precisely controlling the contact geometry and current flow

between the two wires.[71, 72] With forming point contacts, hot spots can be generated at

the contact point because of the high local current density. In this work, passing current

through the small contact points between the wires with residual insulating surface ligands

from the chemical synthesis process successfully generated enough power to weld all the

contacts of the wires across the entire large-area devices. During this process,

electromigration occurred at the high current density regions in the nanowire network in

and near the contact regions, which plays a critical role in determining the electrical

properties of the metallic nanowires network and therefore is crucial for the future

applications of the metallic nanowires.[73] This method is easily transferable to large-scale

silver nanowire networks where substantial improvement in the conductivity of these silver

nanowire network electrodes can be achieved at low temperatures and by using only a small

amount of input energy over the treatment duration of a few seconds. This process enables
24



us to obtain low resistance silver nanowire networks and employ them as electrodes in
devices that require relatively gentle processing conditions, such as polymer solar cells in

which an efficiency enhancement of a factor of 20 is demonstrated in this work.

2.2 Experimental Details

2.2.1 Preparation of Silver Nanowire Network Films

Silver nanowires were obtained from Blue Nano Inc. (Charlotte, NC, USA). A schematic
diagram of the experimental set-up is shown in Figure 2.1a, with the red dots indicating
hot spots for the electro-welding process. The silver nanowires were either synthesized
according to previous reports[66] or commercially available silver nanowires. Silver
nanowires were spin cast on a glass substrate (1.5 x 1.2 cm?) patterned with evaporated
metal electrodes to form the nanowire network. Different silver nanowire area densities as
transparent conductors are prepared by mulitple times of spin casting with silver nanowire

dispersion.

2.2.2 Fabrication of Single Contact Devices

Silver nanowires are dispersed onto SiO> substrates and then spin coated with methyl
methacryllate (MMA) and poly(methyl methacryllate) (PMMA) as photoresists (PR). In

order to avoid thermal effect to the Ag wires contact, PR are not baked after spin coating.
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Silver films with 100 nm were patterned by e-beam lithography and then deposited to serve

as electrodes.

2.2.3 Characterizations of Silver Nanowire Network Films

Scanning electron microscopy images were taken on a Nova Nano 230 electron microscope
and cross-section SEM images were taken by a FEI Nova 600 Nanolab Dualbeam™
SEM/FIB for structural properties of the nanowire contact. The transmittance spectra were
taken using a Hitachi ultraviolet—visible spectrophotometer (U-4100). Thermally
evaporated Cr/Au (2 nm/50 nm) through the shadow mask was used as the metal pads on
glass substrate to define the 0.6 cm in length (L) and 1.2 cm in width (W) channel. The
two-point probe method was used to estimate the sheet resistance of the film defined by
Rshv=R(W/L). After the annealing process, the sheet resistance was also tested using a four-
point probe method with a sheet resistivity meter (Guardian Manufacturing, Model: SRM-
232-100, range: 0 to 100 ohm/sq) to varify the value. A HP E3631A Triple output direct
current power supply with 25 V compliance voltage was used to apply current to the silver
nanowire network and the resistance was converted by the voltage and current recorded in

the process and then transfered to the sheet resistance for comparison. For single- contact

devices, silver nanowire contact resistance measurements were performed on an Agilent
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semiconductor parameter analyser using 0.1 V and connecting to a 500 ohm resistor.

2.3 Results and Discussion

2.3.1 Electrical Properties and Morphologies

Morphologies of the silver nanowire contacts before the electrical current treatment was

shown in Figure 2.1b and the sharp interface between the two nanowires in contact is

observed. After a current treatment at 0.2 A limit with 25 V compliance voltage for 30

seconds, different morphologies of contacts were formed and characterized using the tilt-

angle SEM (Figure 2.1c and d). In the case shown in Figure 2.1c, the contact was welded

and the top wire had deformed towards the bottom wire. Figure 2.1d showed a contact in

which only the one side of the contact welded significantly forming an asymmetric contact

morphology, which is not seen from those welded contacts produced by other treatment

methods such as heating and plasmonic welding, which invariably produce a symmetric

contact shape at the wire-wire contact. A low-magnification, tilted SEM image was also

taken after the treatment (Figure 2.1e), showing contact morphologies distinct from those

produced by other processes.[70] The difference in the symmetry of the contact

morphology indicates that a different joining mechanism is at work in our point contact

treatment.
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Figure 2.1 Experimental set-up and SEM images before and after electrowelding treatment;
(a) Schematic diagram of the experimental set-up, with a continuous network of nanowires
allowing for the passage of current between two metal electrodes; (b) Tilted (45°) SEM
images of the initial silver nanowire contact; (c,d) nanowire contacts after the
electrowelding treatment, different morphologies of the silver nanowire contacts are
observed under tilted SEM; () A wider view of several nanowire contacts after the passage

of current. The arrows indicated the deformation of the nanowire contacts.

In order to understand the reaction taking place at the contacts, an isolated two-wire contact
system was fabricated, as shown in Figure 2.2a. The direction of the applied current is
indicated by red arrows. A 500 ohm resistor was connected to introduce a current limit
under 0.1 V bias for the structure. Before current treatment, the resistance of the two-wire
device was larger than 10%° ohm due to the large point contact resistance. After the current

treatment with a maximum current density of around 1.5x107 A/cm?, calculated from the
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maximum current value to the cross section area of the small nanowire, the resistance was
dramatically reduced to 185 ohm, as shown in the I-V curves depicted in Figure 2.2d. The
ratio between the power generated at the contact and within the nanowire can be expressed
as Pc/Pw = R¢/Rw, in which R and Rw are the two-wire contact resistance and nanowire
resistance, respectively. From experimental results, Rc + Rw is larger than 10*° ohm, and
we can estimate the average Rw from the silver nanowires dimensions to be ~180 ohm.
This results in the conclusion that Rc >> Ry, indicating that nearly 100% of the heat
generation will be localized at the contact with little heating effect in the bulk of the silver
nanowires. The contact morphology of the two-wire device was characterized from
different viewing angles, left (L) and right (R), as shown in the Figure 2.2a, after applying
the electrical current (Figure 2.2b and c¢) and the same asymmetric shape of the contact,
similar to those in the larger film, was observed. The cross-section of the contact was made
using focused ion beam (FIB) and characterized with SEM to gain more insight into the
contact formation. As shown in the inset of Figure 2.2c, the top nanowire deforms around
the bottom nanowire, and the final contact shape formed to favor a good electrical
connection between the two. It is observed that, in general, the nanowire with the smaller
diameter of the two tends to take on the majority of the morphological changes and the

most extreme changes take place at the corner of the contact.
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Figure 2.2 Two-wire contact measurement and characterization. (a) An SEM image of a
two-wire device, with the red arrows indicating the direction of current flow. (b, ¢) Tilted
(52°) SEM image of the silver nanowire contact from the different directions. The
diameters of top and bottom nanowires are around 49 nm and 58 nm, respectively. The
reacted contact was found at the R (right) corner of the silver nanowires. The cross-
sectional SEM image of the two silver nanowires contact is shown in the inset of (c), with
the majority of deformation clearly concentrated in the upper nanowire. The scale bar of
the inset is 50 nm. (d) Current-voltage measurements before and after current passing, the
current of pristine device is in the pA region and the post-treatment device is in the pA, as

shown in the figure.

2.3.2 Mechanism of the Eletromigration in Nano-Contact

This process can be simulated using a finite element method, showing three stages of
reaction taking place, corresponding to our previous observation from cross-sectional SEM
images (Figure 2.3). The images in Figure 2.3 only show a quarter of the simulated
structure to highlight the current distribution near the contact. In Figure 2.3a, the point

contact between two pristine nanowires leads to current concentrating into a relatively
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small volume, and the presence of surfactants such as PVP will result in even larger heat

generation due to the high current density and high contact resistance. Under these

conditions, strong Joule heating will occur at the contact. Once enough heat is generated at

the contact, increased surface and bulk diffusion of silver atoms will allow for the welding

of the point contact to achieve a larger contact area. Furthermore, the tendency for the

smaller nanowire to deform preferentially (as in Figure 2.1c) can be explained by the

dependence of the free energy on the diameter of the nanowire. According to Gibbs-

Thomson theory, the Gibbs free energy increases sharply with smaller particle dimensions

due to an increased contribution from the Gibbs-Thomson potential, AG = 2yQm/r, where

y is the surface energy, Qm is the volume per atom of investigated material, and r is the

radius of the nanowires. The silver nanowire with the smaller diameter is subject to a higher

potential energy, and is therefore comparatively unstable compared to the larger wire. With

the localized temperature increase produced by Joule heating, the silver atoms in the

smaller wire will obtain enough thermal energy to diffuse rapidly onto and around the other

wire. Similar electrical sintering reactions in silver nanoparticles had been studied both

experimentally and through simulation previously.[74-76] The reaction can happen at a

time scale of milliseconds with reaction temperatures exceeding 100 °C.[75] It was

established that the surface diffusion activation energy of noble metal atoms is typically
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less than 1 eV[77, 78] and the process can happen even at room temperature. With the Joule

heating and the reduction of the surface diffusion activation energy from the high Gibbs-

Thomson potential, the process can occur in a short time. Eventually, a reacted contact is

formed, generally adopting a shape similar to that shown in Figure 2.3b, which is reflected

in the result in Figure 2.1c.

(a)

Figure 2.3 Finite element simulation of the current density distribution at different contact
morphologies. (a) Simulation and cross-sectional SEM of a pristine point contact between
two silver nanowires. Extremely high current density occurs at the point contact. (b)
Reacted contact morphology, showing the hot spot at the corner of the current flow
direction. Localized high current densities can still occur under this morphology as larger
amounts of current are forced through the contact. Electromigration can enhance the
contact reaction and reshapes the contact into the a ripened contact geometry. (c) Ripened
contact morphology, producing greatly reduced current crowding, and exhibiting a nearly
uniform current density distribution through the contact. This morphology is more stable
than the other two geometries, and provides the best contact conductance due to its large
contact area. The scale bars in each figure indicate the magnitude of the current density.
The arrows indicated the current flow dirction. Insets in each simulated current density
figures are FIB-cut cross-sectional SEM images of the different contact morphologies. The

scale bar in each inset is 100 nm.
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After the formation of the reacted contact, reduced contact resistance will allow for
increased current flow. However, the current density will not be homogeneous across the
entire contacted region because the contact area is still smaller than the bulk of the
nanowires. Additionally, in order to minimize the distance electrons travelled as they travel
from one nanowire to the other, current crowding occurred and the current density was
substantially higher at the inner corner of the contact. As shown in Figure 2.3b, the highest
current density region was at the corner of the contact instead of the center of the contact.
This current crowding can introduce an enhancement to the local current density up to one
order of magnitude from the simulation and previous report.[73] In a two-wire contact
system, average current density was on the order of 10" A/cm?, which indicated a current
density of around 108 A/cm? at the corner of the contact. Comparing with the data from
copper interconnect technology, surface-diffusion induced electromigration occurs at the
Si device operation temperature of 100 °C with a current density of 10% A/cm?. The melting
temperatures of silver and copper are similar, therefore the high current density induced by
the current crowding in our two-wire contact system ensures that electromigration can
occur. The high current density region will cause the formation of a hot spot at the corner
of the contact between the two nanowires and facilitate continued atomic movement via

sustained Joule heating. Due to the fact that the directional current flow produces
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asymmetric heating on the L and R sides of the contact, the R corner of the reacted contacts
will produce a stronger force driving atomic vacancies to the lower current density region
from what is known as the collision effect, typical of current crowding situations.
Eventually, the net motion of atoms toward the high current density region forms a ripened
contact, with a typical geometry similar to that shown in Figure 2.3c. The current density
distribution in the ripened contact is more uniform than the previous two conditions (Figure
2.3a and b). Thus, the presence of the current crowding effects is likely the main reason
behind the asymmetric shapes as those observed in the two-wire contact and nanowire

network.

2.3.3 Transparent Electrode Performance and Device Application

To demonstrate the feasibility and effectiveness of this process in device fabrication,
electro-welded silver nanowire network's performance as a transparent conductor is tested.
The sheet resistance change as a function of treatment time was recorded under various
current limits as shown in Figure 2.4a. Three different density of silver nanowire films
were made with different initial sheet resistance values. The sheet resistance of all three
films was significantly reduced by one to three orders of magnitude in the first 10 seconds

of treatment, namely, 4x10* ohm/sq to 91 ohm/sq at 0.2 A current treatment and 4x10°
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ohm/sq to 157 ohm/sq at 0.1 A current treatment. After 30 seconds, the sheet resistance
values saturated. Compared with those processed through thermal treatment on a hot plate,
which requires temperatures of around 200 °C and treatment times of 10 to 20 minutes,
this process is extremely fast and requires minimal power input into the nanowire network.
Furthermore, this process can bring the sheet resistance down to a value comparable with
reports from silver nanowire networks with similar transmittance treated at 200 °C. In this
case, the high initial contact resistance generated sufficient power at the contacts to
enhance atomic diffusion and eventually induce current crowding effects to bring the
contact resistance to a greatly reduced value similar to that observed in the two wires
contact system. Under constant current conditions, the required voltage from the power
supply dropped dramatically as the contribution of contact resistance within the network
diminished, and the power consumption dropped off sharply after the first seconds. The
maximum power input to the network at the 0.2 A current treatment in Figure 4a was
determined to be around 6.9 W/cm?, and the total energy input of the entire treatment was
roughly 94 J/cm? during the 30 seconds treatment period. The power consumption in this
process is much lower than those reported for other treatment processes including pressure
treatment and plasmonic welding and its short processing time could make this process

more suitable for mass production.[65, 70] Additionally, when the current limit is increased
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to higher levels, the sheet resistance is further reduced, as shown in Figure 2.4b. The
reduction in sheet resistance as the welding current is increased takes only a few seconds,
similar to the duration of the initial process. The dependence of sheet resistance on welding
current, even after the initial treatment, enables us to produce a continuously controllable
resistance in silver nanowires networks, while opening up new avenues for the formation

of well controlled nanowire contact properties by electrical methods.
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Figure 2.4 Controlling sheet resistance with time and current conditions. (a) Sheet
resistance changes with time under different constant current conditions. Different films
were treated with 0.1, 0.15, and 0.2 A, and stablized after around 30 seconds, with no
significant changes after more than 20 minutes of continuous treatment. The voltage and
current curves with 0.2 A limit are shown in the inset. (b) Current limit controlled sheet
resistance of two silver nanowire networks with different nanowire area densities. The

current value was increased at the inidicated times.

The optimized transmittance and sheet resistance (Figure 2.5a) values obtained from

electro-welded nanowire networks were comparable to those calculated from percolation
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theory[79-81] with a transmittance of 86.7% at 550 nm and a sheet resistance of 19.7
ohm/sq, indicating that this method is able to reduce the inter-nanowire contact resistance
in the nanowire networks to negligible levels.[81] To demonstrate the effectiveness of
localized contact welding in practical applications, silver nanowire networks were
incorporated into an OPV device as the top electrode. The silver nanowire network was
spun cast  on top  of  fabricated polymer  solar  cell layers
(ITO/ZnO/P3HT:PCsoBM/PEDOT:PSS) as the electrode, and the current density-voltage
curve (J-V curve) was measured both before and after the electro-welding. As shown in
Figure 2.5b, the as-coated device shows an extremely low FF and Jsc. High inter-nanowire
contact resistance of the silver nanowire network appears to introduce a high series
resistance into the device, which produced poor FF and Jsc. After the current treatment
process, however, the FF and Jsc are significantly increased with the FF increasing from
25.03% to 37.59% and Jsc from 0.428 mA/cm? to 5.345 mA/cm?. From the J-V curve, the
series resistance was calculated to reduce from 1369 ohm/cm? to 7 ohm/cm?. The power
conversion efficiency was increased 20 times from 0.06 % to 1.18% by the welding
treatment. The lower sheet resistance of the silver nanowire network results in more
efficient transport of carriers and reduction of the power loss within the silver nanowire

electrodes, which, in turn, leads to a higher fill factor, short circuit current, and ultimately
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an enhanced solar cell efficiency. The fact that a stable Voc value is attained after the
treatment indicates that this current treatment process does not bring thermal damage to the

layers underneath which can easily occur in relatively temperature sensitive OPV devices.
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Figure 2.5 Optical properties and the application of electro-welding on temperature-
sensitive materials and devices. (a) Transmission of treated silver nanowire films with
different nanowire area densities. The inset shows the relationship between the
transmission at 550 nm and electrowelded sheet resistance values with average nanowire
dimensions of 90 nm in diameter and 40 pm in length. (b) Current density-voltage
characterization of a semitransparent polymer solar cell made with an electrowelded
silver nanowire film as the top electrode. The device using an untreated silver nanowire
film (red curve) showed extremely high series resistance, and after the electrowelding
treatment (blue curve) the series resistance was reduced significantly, indicating
dramatically reduced sheet resistance in the silver nanowire film. The photovoltaic
performance improves by a factor of 20 after the treatment. The inset is a picture of a

semitransparent polymer solar cell.

2.4 Conclusions

In this chapter, we have demonstrated the use of localized reactions induced by electrical
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current flow to improve the contact properties of metallic nanowire contacts dramatically.

This process can be precisely controlled using a constant current power supply to achieve

different sheet resistance levels within seconds. Joule heating will initially be generated at

the high resistance contacts at the high current density region near the center of the

wire/wire contact. The smaller diameter silver nanowire with a higher free energy will

become unstable and diffuse onto the other wire to form reacted and eventually ripened

contacts. Contact resistance was found to be reduced more than seven orders of magnitude

after the treatment. More importantly, the presence of anisotropic electromigration effect

was observed and resulted in further improvement of the morphology of the contact in

bringing the contact resistance to lower values. This process demonstrated the capability

of electrically controlling nanoscale interactions and introduced a new way to investigate

nanowire contact reactions.

From a practical point of view, solution-based deposition and extremely fast post-

treatments can facilitate the mass production of metallic nanowire network. As

demonstrated on polymer solar cells, power loss in the top electrode can be significantly

reduced and the power conversion efficiency improved by 20 times after the treatment.

Unlike heat treatment on a hot plate, this process makes it possible to develop metallic

nanowires as electrodes on temperature sensitive substrates with low energy consumption
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and less damage. Additionally, this process will not suffer from shadowing effects, which

can reduce process homogeneity over large areas in light or laser treatments. This

development brings us one step closer to fast and cost effective solution-processed

electrodes, devices, and circuits fabricated on a wide variety of substrates through

electrically derived contact reaction of nanomaterials and heterojunction nanostructures

fabrication.
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Chapter 3 Transparent Conductors of Silver Nanowires Networks

Composite

3.1 Introduction

Except for the great optical and electrical properties of silver nanowire networks, effective
charge transport for solar cell devices needs to be improved. Furthermore, flexible
transparent conductors processable under thermally and chemically benign conditions in
vacuum environments are urgently needed to replace sputtered ITO thin films effectively
for low-cost production and for emerging flexible electronics. Calculations predict that
metal nanowire networks have the potential to demonstrate substantially higher
transmittance than sputtered ITO thin films at equivalent sheet resistance values.[59] In
this approach, the high optical transmittance of the networks that can be achieved is not
from their intrinsic optical properties but from the relatively low surface coverage of the
nanowires. Therefore, in order to achieve comparable sheet resistance to that of sputtered
ITO thin films at equivalent transmittance, nanowire materials have to have much higher
intrinsic electrical conductivity than that of conductive metal oxides. Lee et al. first
demonstrated solution-processed randomly dispersed silver nanowire mesh as a promising

candidate to replace sputtered ITO thin films by providing both low sheet resistance and
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high transmittance.[59] In order for silver nanowire networks to be effectively incorporated

into a wide range of modern optoelectronic devices, the following challenges must be

simultaneously resolved: (1) wire-to-wire junction resistance; (2) surface roughness; (3)

gaps between silver nanowires causing parasitic lateral current flow; (4) appropriate work

function; (5) mechanical robustness including adhesion and flexibility; and (6) process

compatibility.[9]

In addition, poor thermal and chemical stabilities of these metallic nanowires were

observed, however, restricting the capability of post-processing and potential applications.

The instabilities of the metallic nanowire network mainly come from the chemical reaction

(including oxidation, sulfurization) and surface diffusion of metal atoms resulting in

contact ripening or Rayleigh effect.[82-84] In particular, ripening at the contacts of the

nanowire network causes a discontinuous network, which results in a decreased lifetime

and limits post-processing. Some approaches on improving the thermal and chemical

stabilities of the nanowire network were proposed using functional protection layers

deposited by vacuum techniques such as atomic layer deposition and sputtering,[85-87]

which, although effective, led to increased manufacturing cost.

In this work, we attempt to resolve nearly all of the current issues imposed on silver

nanowire networks by two different strategies: a) employing solution-deposited conductive
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metal oxide nanoparticles onto pre-existing silver nanowire network. The embedding the

silver nanowire network in the conductive metal oxide nanoparticle matrix offers many

advantages including improved wire-to-wire junction conductance, improved surface

morphology, excellent mechanical adhesion, and flexibility. As the first demonstration of

this method, indium tin oxide nanoparticles (ITO-NP) were selected as a conductive metal

oxide nanoparticle because of their relatively maturity and industrial availability. Although

our present electrode design contains indium, which is of concern in terms of supply and

price, we expect that indium-free conductive metal oxide nanoparticles such as aluminum

doped zinc oxide and antimony-doped tin oxide nanoparticles may play equivalent roles to

ITO-NP in the future electrode architecture; b) employing a sol-gel method using titanium

oxide (TiOx) as a highly efficient protecting layer over the silver nanowire networks. The

sol-gel TiOx film has found widespread application in areas such as antireflection

coating,[88] wear resistance,[89] and chemically resistant coatings.[90] The sol-gel

solution process is inexpensive and easily adaptable for industrial mass production. The

process can be done in atmospheric conditions and the properties of the coatings can be

precisely controlled by tuning the temperature, chemical contents, and molar ratios of the

precursors. Moreover, a variety of methods are available for depositing these coatings, such

as spin-coating, dipping coating, spray coating, and blade coating. In this work, it is found
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that by applying sol-gel TiOx onto the silver nanowire network, the composite electrode

showed improved electrical and optical properties, superior perforamnce in thermal

accelerated life tests, bending test, chemical corrosion test, and exhibited better adhesion

with the substrates. It is believe that these electrode designs will allow silver nanowire

films to be practically employed a wide range of optoelectronic device applications.

3.2 Experimental Details

3.2.1 Preparation of Silver Nanowire-Nanoparticle Composite

Silver nanowire dispersions were spun at spin speed of 1000 rpm for 60 s onto Polyethylene

terephthalate (PET) substrates to form randomly dispersed silver nanowire network, and

ITO-NP films solution sequentially spun at spin speed of 2000 rpm for 30 s onto the silver

nanowire network. The silver nanowire solutions were purchased from Seashell

Technologies and diluted to 1 mg/mL concentration. The diameter and length of the silver

nanowire approximately have 120 nm of diameter and 30 um of length, respectively. Silver

nanowire network with different sheet resistance and optical transmittance values were

obtained by repeated spin-coating process. The employed ITO-NP solutions are prepared

by mixing 30 wt% of ITO-NPs dispersed in isopropyl alcohol (Sigma Aldrich) with

Polyvinyl Alcohol dissolved in deionized water. The PVA solution was added to into the
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ITO-NP solution to further improve mechanical adhesion of the resulting silver

nanowire/ITO-NP films.[68]

3.2.2 Preparation of Silver Nanowire-Sol-Gel TiOx Composite

Silver nanowires were obtained from Blue Nano Inc with an averaged diameter of around
90 nm and an averaged length of around 30 um. Titanium isopropoxide (Ti{OCH(CH3)2} 4,
TTIP) and ethanolamine were purchased from Sigma Aldrich Inc. Diluted silver nanowire
(2.5 mg/mL) dispersed in ethanol was spun onto the pre-cleaned rigid glass substrates as
well as PET flexible substrates (3M Transparency Film, 3M). Diluted silver nanowire
dispersion was spun onto the targeting substrate with a 2000 rpm spin speed. Different
silver nanowire densities are prepared by multiple spin coating cycles. Diluted TTIP
solution with ethanol and ethanolamine (volume ratio 1:10:0.1, no aging is required.) was
spun onto the silver nanowire network with 2000 rpm for 40 seconds. The films were baked
at 80 °C for 5 mins to remove the residual solvent. The ITO films were deposited by

sputtering with a 150 nm thickness under 2x107 torr.

3.2.3 Characterization of Thin Film Composites

Optical specular transmittance of the films was measured using a Hitachi Ultraviolet—

Visible Spectrophotometer (U-4100) without an integrating sphere. The measured
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transmittance values exclude scattered light and Fresnel reflection. A glass substrate was

used as a reference in the transmittance measurement. The surface resistance (<100 ohm/sq)

was measured using a four-point probe method with a surface resistivity meter (Guardian

Guardian Manufacturing, Model: SRM-232-100, range: 0~100 ohm/sq). Two-point probe

method was used to estimate the surface resistance of the film with surface resistance >100

ohm/sq. Thin film transistors were measured by a semiconductor parameter analyzer

(Agilent 4155C, Agilent Technologies) connected to a probe station. Cross-section and

plane view SEM images were taken on a JEOL JSM-6700F electron microscope.

3.3 Results and Discussion

3.3.1 Silver Nanowire-Nanoparticle Composite

Microstructure. The surface morphology of a metal nanowire network is critically

important to its successful incorporation into optoelectronic devices. The nature of

randomly dispersed metal nanowire network lead to protrusions produced by overlapping

wires which were as approximately three times high as the diameter (~110 nm) of the

employed nanowires (Figure 3.1a and c). This surface morphology would not be suitable

to modern thin film optoelectronic devices fabrication wherein the thickness of each layer

is frequently less than 100 nm. This rough surface could frequently cause the device short
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failure.[66] The subsequent deposition of ITO-NP film significantly improved the resulting

surface roughness. The pre-deposited nanowire mesh was completely covered by ITO

nanoparticles without leaving any gaps or space. As a result, the nanowires cannot be seen

in the plane view SEM image (Figure 3.1b). The localized height variation of the resulting

film was the same order of magnitude as the size (10-30 nm) of the employed nanoparticles,

as shown in the AFM scan (Figure 3.2). The root mean square roughness and roughness

average were 12.7 nm and 15.7 nm, respectively. These values are approximately one tenth

of the local height variation of bare silver nanowire films which can be 200-300 nm due

to stacked wires in their junctions. It is expected that the surface roughness can be further

improved by employing smaller sized nanoparticles.

silver nanowire
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view SEM images of an indium tin oxide nanoparticle film deposited on pre-existing silver
nanowire network. (c¢) Cross sectional SEM image of silver nanowire network embedded

in an indium tin oxide nanoparticle matrix.
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Figure 3.2 (a) AFM image of the silver nanowire/ITO-NP surface and (b) AFM height line
profile of the surface.

The large lateral holes between silver nanowires are also seriously problematic in the lateral
carrier collection of devices in which carrier diffusion length is not much larger than the
gap size. This charge collection issue can be also solved owing to completely

filling the holes present in the nanowire networks by transparent conductive material in
optoelectronic devices.[61] Furthermore, the resulting surface of silver nanowire/ITO-NP
will be favorable for building opto-electronic devices because most conventional thin film
optoelectronic materials are optimized to be compatible with the electronic properties of
the ITO surface.

Optoelectrical properties. The sheet resistance of silver nanowire networks depends on
the dimension (length and diameter) of the wires, wire areal density, each wire resistance,
and wire-to-wire contact resistance. At the given dimension of the wires and wire areal

density, wire-to-wire junction resistance rather limits overall the sheet resistance due to its
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extremely high value, typically larger than 10° ohm, in as-prepared silver nanowire
networks.[66] It is thus critically important to ensure low wire-to-wire junction resistance.
The possible existence of small vertical gaps between silver nanowires and insulating
ligands used for synthesis and solution dispersion is likely to hinder carrier transport across
the wire-to-wire junction. Although fused wire-to-wire junction can be readily achieved by
thermal annealing around 180 °C or mechanical pressing, these methods may not be
applicable on heat sensitive and/or readily deformable materials and devices.

The deposition of an ITO-NP matrix onto a bare silver nanowire network dramatically
decreased the sheet resistance of the films (Figure 3.3a). The sheet resistances of silver
nanowire/ITO-NP films ranged from 0.01% to 18.9% of those of bare silver nanowire films,
depending on the wire number density with a range of 0.3—1.6 um™! in the films (Figure
3.3b). The meshes with smaller number density showed more significant decrease in sheet
resistance. The decrease in sheet resistance cannot be explained by conduction taking place
predominantly in the ITO nanoparticles because the sheet resistance of the plain ITO-NP
film was as high as ~20 kohm/sq. Based on the observation that there was no obvious
change of shape in the pre-deposited nanowire network after deposition of the ITO-NP
matrix, these results thus verify the reduced wire-to-wire junction resistance after

deposition of the conductive nanoparticle matrix
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The bare silver nanowire meshes with smaller wire number density have been shown to

have larger average wire-to-wire junction resistance which implies that the junction

resistance is a more dominant component in the sheet resistance of the films with smaller

wire number density.[59] Thus, a more dramatic decrease in the sheet resistance of the

films with smaller wire number density was observed because low wire-to-wire junction

resistance was achieved in the all prepared networks by sequential deposition of the ITO-

NP matrix.
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Figure 3.3 (a) Sheet resistance values of a plain indium tin oxide nanoparticle film and a
number of silver nanowire networks before and after nanoparticle matrix deposition. (b)
Ratios between the sheet resistance value of silver nanowire networks before and after the
deposition of the indium tin oxide nanoparticle matrix. (¢) Optical transmittance at 550 nm
of a plain indium tin oxide nanoparticle film and a number of silver nanowire networks
before and after the deposition of the indium tin oxide nanoparticle matrix. (d) Difference
in the transmittance at 550 nm of the silver nanowire networks before and after deposition

of the indium tin oxide nanoparticle matrix
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The microstructure of the deposited silver nanowire/ITO-NP films supports the argument
for improved wire-to-wire junction conductance. A cross-sectional SEM image shows that
each silver nanowire is surrounded by densely packed ITO nanoparticles (Figure 3.1c). The
smaller size of the individual ITO nanoparticles relative to the dimensions of the silver
nanowires likely allows them to readily pack into the gaps left in the as-deposited mesh.
The reduction of wire-to-wire contact resistance can thus be attributed to the conductive
ITO nanoparticles filling the vertical gaps which allows the wires to become connected
together via a conductive medium. Free electrons are then able to flow across wire-to-wire
junction without undergoing significant electrical resistance.

High optical transmittance is as important as low sheet resistance in transparent conductors.
The transmittance of the silver nanowire films was only slightly decreased by 3.3% to 6.5%
after ITO-NP matrix deposition, depending on wire number density in the range 0.3-1.6
um! (Figure 3.3c and d) while a significant decrease was simultaneously observed in the
sheet resistance of the films. The films with higher wire number density showed more
transmittance loss after deposition of the ITO-NP matrix. Considering ITO-NP films
showed a transmittance of 96.7% at 550 nm, and the measured specular transmittance
excluded scattered light, it is likely that the optical transmittance losses of more than 3.3%

after deposition of the ITO-NP film onto existing silver nanowire films is associated with
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the enhanced light scattering in the silver nanowire/ITO-NP. The enhanced scattered light

could be advantageous for thin film photovoltaic devices by providing better absorption of

light in absorber layers and better photogenerated carrier collection. The enhanced light

scattering by silver nanowire based electrodes has been reported to improve the short

circuit current density in organic and inorganic thin film solar cells.[59, 61] Organic solar

cells would perhaps be expected to benefit most from this effect. These organic devices are

often unable to completely absorb light because their absorber layer thickness is typically

limited by short carrier diffusion lengths. Enhanced light scattering could be also useful to

reduce the thickness of absorber layers in chalcogenides and polycrystalline or amorphous

silicon solar cells.

The transmittance values of silver nanowire/ITO-NP films with several different sheet

resistance values are shown in Figure 3.4a. The transmittance at 550 nm reached 90.5%

when the sheet resistance was 44 ohm/sq; 88.6% at 23 ohm/sq, and 85.3% at 11 ohm/sq.

The transmittance of the films was essentially constant across all measured wave- length

regions because optical transmittance in metal nanowire films is controlled almost entirely

by the sparseness of the metal wire network. Our low temperature solution-deposited silver

nanowire networks embedded in ITO-NP matrices showed sheet resistance and

transmittance values comparable to commercially available sputtered-deposited ITO
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electrodes as well as the reported values for silver nanowire networks and silver nanowire

composites.[65-67, 69, 80, 91-93] (Figure 3.4b)
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Figure 3.4 (a) Variation in transmittance of the silver nanowire/ITO-NP films with
wavelength for three different sheet resistance values. (b) Plot of transmittance versus sheet
resistance, the maximum achievable transmittance of conductive silver nanowire/ITO-NP

films, and the literature values for silver nanowire and silver nanowire composites

Percolation in Silver Nanowire/ITO-NP films. Predicting the relationship between
transmittance and sheet resistance will be useful because these two parameters are perhaps
the most important properties in the selection of effective transparent conductors.
Percolation theory for randomly dispersed one-dimensional objects predicts the
relationship between the sheet resistance and the wire areal number density as below:[57]
Ris « (N—=N.)%and N, = 17.94/nL? (1)

Where Rs is the sheet resistance of the networks, N is the wire areal number density

dispersed on the surface, Nc is wire areal number density at the threshold point,
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L is the wire length, and a is an exponent depending on the dimension of the resulting
meshes.

To relate the sheet resistance to the transmittance from the above percolation theory, we
need the relationship between the transmittance and the wire areal number density. The
surface coverage (SC) will be the average projected area of wires (LD) multiplied by the
wire areal number density (N) as below:

SCc=N x LD (2)

Where D is the diameter of the metal wires. The transmittance loss in metal nanowire
networks is mainly due to the reflective scattering of light by the metal nanowires. The loss
of optical transmittance of the bare silver nanowire will be thus approximately equal to the
surface coverage of the metal nanowires, and the transmittance can be described as below:
T =100 X (1 —-SC)% =100x (1 —-LDN) (3)

At the percolation point

SCc=N¢ X LD =222 = 5.71D/L (4)

2

T, =100 X (1 —-5.71D/L)% (4)

Thus, the transmittance at the percolation point, Tc, equivalent to achievable maximum

transmittance of a conductive network, is solely determined by the aspect ratio of the wires

while the critical wire areal number density is solely determined by the length of wires.
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The nanowires employed in this work have approximate diameters of 115 nm and lengths
of around 30 um. The Tc value is thus estimated to be approximately 97.8%.

To validate our assumption that the loss of optical transmittance of silver nanowrie
networks is approximately equal to the surface coverage of the metal nanowires, we plotted
the variation in transmittance loss (100-T) (%) for the silver nanowrie networks as a
function of the surface coverage of silver nanowires both before and after ITO-NP
deposition. Figure 3.5a—e show plane view SEM images of bare silver nanowrie films with
different number densities of silver nanowires with values ranging from 0.305 to 1.59 pm~
!, The surface coverage is estimated by multiplying the diameter (115 nm) of the wires and
the wire number density measured from the SEM images of the silver nanowrie networks
before the ITO-NP deposition. The surface coverage is nearly equal to the transmittance
loss of the bare silver nanowrie, which validates our assumption (Figure 3.5f). The
maximum transmittance of the transparent silver nanowrie/ITO-NP was determined to be
94% from the plot of the sheet resistance versus the transmittance (Figure 3.4b) which is
3.8% lower than the calculated value of 97.8%. This difference results from additional

transmittance loss by large angle light scattering and light absorption by the ITO-NP matrix.
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Figure 3.5 Plane view SEM images of bare silver nanowrie networks with a nanowire
density of (a) 0.305 um™, (b) 0.439 um™', (c) 0.767 pm™, (d) 0.972 um™', (e) 1.59 pm™'.
(f) Optical transmission loss (100—T) of bare silver nanowrie and silver nanowrie/ITO-NP

films as a function of the surface coverage of silver nanowires

By combining equations (1)—(4), the variation in sheet resistance, Rs as a function of optical
transmittance, T, can be described by the equation

1/Rs o< (T =T)* (5)

The linear plot of log (Rs) vs. log (Tc—T) allows us to extract o values of 1.46 and 1.27 at
550 nm and 600 nm, respectively (Figure 3.6). These values are similar to the theoretical
value of a = 1.33 for the relationship between nanowire number density and surface

conductance in two-dimensional networks,[57] and also similar to the reported values of
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1.42 experimentally determined from the relationship between amount of nanowire

deposited on the substrate surface and the surface conductance of nanowire films.[67]

& al 6 nm
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Figure 3.6 The linear plot of log (Rs) vs log (Tc—T) allows us to extract o values of 1.46
and 1.27 at 550 nm and 600 nm, respectively, from the equation: 1/Rg « (T, — T)*

Mechanical properties of Silver nanowire/ITO-NP films. In order for a potential
electrode material to be used in flexible devices and to be compatible with roll to roll
processing, the electrode must meet certain mechanical requirements including adhesion
and flexibility. Tape tests were executed in the regions shown by the dotted lines in Figure
3.7 to test the adhesion of the silver nanowire film to the substrate. 3M tape (Scotch®
Magic™ Tape) was pressed with a pressure of an approximately 2 MPa for 30 s. As
described in the experimental section, we mixed a PVA solution with the as-purchased ITO-
NP solution to prepare the final ITO-NP solution in order to achieve improved film

adhesion. The addition of the PVA dramatically improved the film adhesion without
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sacrificing transmission or sheet resistance. While bare silver nanowire films were

completely peeled off during the tape test, the nanocomposite remained on the substrate

without any change in transmittance or sheet resistance, demonstrating the excellent

mechanical adhesion of the silver nanowire/ITO-NP film. In addition to mechanical

adhesion, the silver nanowire/ITO-NP offers excellent mechanical flexibility even under

severe concave and convex bending (Figure 3.8a). The surface resistance of the silver

nanowire/ITO-NP film was observed to change by approximately 30% of its initial value

when the film was bent to a 0.5 cm radius of curvature. For convex (concave) bending, the

surface resistance of the film decreased (increased) with decreasing radius of curvature. It

is likely that convex bending of the substrate induces compressive forces at the wire-to-

wire junction, which in turn may improve the wire-to-wire junction conductance. This

indicates that silver nanowire networks embedded in ITO-NP matrices have further room

for improvement. More importantly, the resistance completely recovered its original value

when the substrate was relaxed to back to a planar shape even after as many as one hundred

bending cycles to a radius of curvature of 0.5 cm (Figure 3.8b). This recovery is attributed

to the flexible nanoparticle matrix firmly holding nanowire network in place, which

prevents the permanent deformation of the networks.
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Figure 3.7 Photos of bare silver nanowire and silver nanowire/ITO-NP films after tape tests.
The tape test was executed for the regions shown by the dotted lines in the photos to test
the adhesion of the silver nanowire film to the substrate.
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Figure 3.8 (a) Variation in the surface resistance of the silver nanowire/ITO-NP film
deposited on a PET substrate as a function of radius of curvatures (Rc) in concave and
convex bending. (b) Variations in the final surface resistance of a silver nanowire film as a
function of number of cycles of bending to a 0.5 cm radius of curvature in concave and
convex bending. The resistance values were measured after the substrate was relaxed to
back to planar shape.
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3.3.2 Silver Nanowire-Sol-Gel TiOx Composite

Diluted silver nanowire dispersion was spun onto the target substrate and the result is

shown in the SEM image in Figure 3.9a. The titanium isopropoxide (Ti{OCH(CHz3)2}4,

TTIP) was diluted with ethanol and a small amount of ethanolamine, and then spun onto

the silver nanowire network. The ethanolamine was added to stablize the sol preventing it

from forming crystalline precipitations. The silver nanowire-sol-gel TiOx composite film

was shown with tilted angle SEM in Figure 3.9b. The details of the experiment were

described in the experimental section. The sol-gel TiOx layer exhibited a conformal

coverage over the entire silver nanowire network and showed an amorphous phase due to

the room temperature process.[94] The transmittance and sheet resistance of silver

nanowire-sol-gel TiOx film are 85.6% at a wavelength of 550 nm and 13.2 ohm/sq, which

are superior to the previous report with a 84% trasmittance and a 19 ohm/sq sheet resistance

using similar aspect ratio silver nanowires (averaged diameter of 90 nm and averaged

length 30 um) , as shown in Figure 3.9c and d. [69, 80, 84] Although the transmittance was

slightly affected by the sol-gel TiOx layer, which has a 99.3% trasmission at the wavelength

of 550 nm with glass as reference, it is found that the sheet resistance was reduced

significantly after the sol-gel TiOx layer deposition even without heat treatment (Figure

3.9¢). The reduction of the sheet resistance in silver nanowire-sol-gel TiOx could be
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originated from the improved contacts between adjancent silver nanowires during the
evaporation of the solvent and the transformation between TTIP and TiOx network during
the drying process.[95] The shrinking force from the gelation process was presumed to be
the main reason for the sheet resistance reduction, because the sol-gel TiOx layer has a near
insulator property hardly contributing to the conductive pathways within silver nanowire

network.
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Figure 3.9 (a) Plain view SEM image of the silver nanowire network and the averaged
diameter and length are around 90 nm and 40 pum respectively. (b) Tilted angle SEM of
silver nanowire network covered with sol-gel TiOx which shows a uniform coverage. (c¢)
The transmittance of the silver nanowire-sol-gel TiOx films over three different sheet
resistance values from different silver nanowire density. The inset shows the optical image
of different transmittance films by tuning the silver nanowire density. (d) Transmittance
versus the sheet resistance of silver nanowire-sol-gel TiOx films and literature values of
silver nanowire and silver nanowire composites from similar diameter and length of silver
nanowires. (€) Sheet resistance change before and after sol-gel TiOx coating. After sol-gel
deposition, averaged sheet resistance of 24 ohm/sq for the as-fabricated silver nanowire

network reduced to an averaged sheet resistance of 11 ohm/sq.
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Thermal accelerated life test was done in air under different temperatures with one hour

treatment time, as shown in Figure 3.10. Bare silver nanowire networks, silver nanowire

networks incorporated with metal oxide nanoparticles as the functional protecting material

were fabricated and tested in comparison with the sol-gel TiOx process.[96-98] The sheet

resistance of the as fabricated silver nanowire networks was fixed around 20 ohm/sq while

extra coatings with nanoparticles and sol-gel TiOx would reduce the sheet resistance to

around 11 ohm/sq as shown in Figure 3.9e.[68] No significant changes in the electrical

properties was observed for any one of the three cases during the thermal accelerated life

test at 200 °C as shown in Figure 3.10a. However, when tested at 250 °C, the sheet

resistance of the bare silver nanowire film increased rapidly up to values beyond our

measurement capacity of 120 Mohm/sq. When the bare silver nanowire film was treated at

300 °C, the conductive pathways within the network was disconnected within 5 mins as

shown in Figure 2b. Some of the nanowires within the bare silver nanowire network

became small droplets due to contact ripening and Rayleigh instability.[99] Meanwhile, the

silver nanowire-sol-gel TiO2 composite film remained intact after 10 minutes of 300 °C

treatment (Figure 3.10c). For the silver nanowire/ITO-NP composite, the ITO-NPs

provided partial protection to the silver nanowire network as well as acting as the

conductive matrix to the film. The sheet resistance of silver nanowire/I[TO-NP composite
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increased slower than the bare silver nanowire network, and saturated to around 10* ohm/sq
due to the coductive marix of ITO-NPs under 300 °C treatment.[61] When the temperature
was increased to 350 °C, the sheet resistance of the silver nanowire-sol-gel TiOx composite
rose gradually to over 120 Mohm/sq in around one hour. Results from higher temperatures
(375 °C and 400 °C) are shown in Figure S3.1 and it is clearly shown that the silver
nanowire-sol-gel TiOx composite maintained its conductive path and sheet resistance value
for more than 5 mins under 400 °C. These results demontrated that the thermal stability of
the silver nanowire network was significantly improved with the incorporation of sol-gel
TiOx. Previously it has been reported that by adopting a core-shell silver nanowire/TiOx
structure, the single silver nanowire can be stable up to 750 °C in 10 mins under ultra high
vaccuum.[86] In a nanowire network, however, low surface energy grooves are formed at
the contacts between wires and these could facilite the movement of Ag atoms to the
contact through surface and bulk diffusion, causing contact ripening and Rayleigh effect to
happen at a lower temperature or shorter treatment time. Conformal coating using sol-gel
TiOx layer over the silver nanowire network can effectively suppress the surface diffusion
and enhance the thermal stability of the network compared with bare silver nanowire and

NP coated composite silver nanowire networks.
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Figure 3.10 (a) The sheet resistance versus time was recorded under different temperature
treatments for bare silver nanowire networks and two different silver nanowire composite
films, representing unprotected (silver nanowire), partially protected (silver nanowire/ITO-
NP) and fully protected (silver nanowire-sol-gel TiOx) silver nanowire networks. (b) Plane
view SEM images of the bare silver nanowire network treated at 300 °C for 5 mins and (c)

silver nanowire-sol-gel TiOx film treated at 300 °C for 10 mins.

Chemical stability of the silver nanowire-sol-gel TiOx composite electrode was examined

through corrosion test comparing these silver nanowire composite films and bare silver

nanowire network. Silver is stable in most chemical environments but it can easily react

with sulfur to form Ag>S which is black in color. In this case, sulfur was provided dissolved

in the solvent dimethylformamide (DMF) and applied to silver nanowire networks with

and without functional protecting layers. The silver nanowire films were soaked into 60 ml

of DMF solvent containing 0.008 g of sulfur powders for 30 mins. Higher chemical
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stability was observed for the silver nanowire-sol-gel TiOx composite electrode compared

with the bare silver nanowire network and NP coated silver nanowire network, as shown

in Figure 3.11. As shown in Figure 3a, the resistance of the bare silver nanowire network

rose more than six orders of magnitude of its initial resistance value after the 30 min

treatment. The resistance rose around three orders of magnitude for the silver nanowire/NP

composite film and the resistance change in both cases could be attributed to the reaction

of Ag with sulfur ion decreasing the amount of the silver nanowires present for creating

conductive pathways within the silver nanowire network. The silver nanowire-sol-gel TiOx

composite film was slightly affected and the resistance rose to twice its original value. For

the bare silver nanowire case, although the silver nanowires kept their original shapes but

Energy Dispersive X-ray Spectroscopy (EDS) showed a Ag to S atomic ratio of 2:1. This

is a clear indication that most of the silver nanowires were corroded by the sulfur ions.

Meanwhile, the sol-gel TiOx covered silver nanowire network remained intact as observed

by SEM and sulfur was not detected by EDS analysis, as shown in Figure 3.11b and c. The

three types of silver nanowire networks investigated behaved differently when placed in a

chemical environment containing sulfur and a schematic diagram was shown in Figure

3.11d. The exposed surface area of the silver nanowires determine the reaction rate between

silver atoms and sulfur ions, making bare silver nanowires most prone to chemical
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corrosion. The NPs in the silver nanowire/NP composite electrode could provide partial
protection for the silver nanowires, however sulfur ions could still penetrate the nanoporous
structure and react with the Ag atoms, although at a slower rate compared to the bare silver
nanowire case. The sol-gel layer offered the best corrosion resistance due to its full
coverage of the silver nanowire network and choosing TiOx as opposed to other metal
oxides such as zinc oxide can provide the additional benefit of being resistant to most base

and acid solutions, thereby providing a more chemically stable protection.

(a) (d) P
I Before Sulferization
10’ 1 B After Sulferization

Resistance (ohm)

AgNW  AgNW/NP AgNWisol-gel TiO,

S

Figure 3.11 Corrosion test to silver nanowire and silver nanowire composite films soaked
in the DMF-Sulfur power for 30 mins. (a) the resistances changed before and after the
sulfurization. (b,c) SEM images of the bare silver nanowire network and silver nanowire-
sol-gel TiOx composite film after sulfurization. (d) the schematic diagrams of the
protection mechanism for different cases.

Mechanical properties including the adhesion to substrates and flexibility are probed to test
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this method’s compatibility with electronic device fabrication and roll-to-roll processing.

The adhesion property was tested by peeling with scotch tape and the resistance of the

silver nanowire films were recorded before and after the taping process (Fig. 3.12a and b).

The samples shown on the top of Figure 3.12a were bare silver nanowire network film,

with a sheet resistance of 4.6 ohm/sq and trasmittance of 52.1% at the wavelength of 550

nm.The silver nanowire-sol-gel TiOx composite had a sheet resistance and trasnsmittance

of 3.6 ohm/sq and 49.3% repectively. After peel-off test using the scotch tape, the sheet

resistance of silver nanowire-sol-gel TiOx did not change. The sheet resistance of the bare

silver nanowire network, however, increased to a value that is beyond our measurement

capacity (120 Mohm/sq) due to the weak adhesion between the glass substrate and the

silver nanowire network as shown in Figure 3.12b. Furthermore, the flexibility of the silver

nanowire-sol-gel TiOx composite was evaluated through a bending test as shown in the

Figure 3.12c. To compare the silver nanowire-sol-gel TiOx composite film with the

standard sputtered ITO electrode, both films were prepared on PET substrates. Five

hundred bending cycles with a 1 cm diameter bending curvature was applied on both films

and the sheet resistance changes were recorded. The sheet resistance of the sputtered ITO

rapidly increased for even below 100 cycles due to crack formation within the ITO

film.[100] The sheet resistance of the silver nanowire-sol-gel TiOx composite film, on the

67



other hand, was maintained after 500 cycles.

(a) (b) (c)

== —e— AgNW-sol-gel TiO»
e .
Bare AgNW film 102 oo
Rs = 4.6 ohm/sq e /"‘
Tss0nm= 52.1% &' {g
S 10 |/
AgNW-sol-gel TiO, 2 /
Rs = 3.6 ohm/sq /
T550nm= 49.3% 100_ {

0 100 200 300 400 500
Bending Cycle (number)

Figure 3.12 Photos of bare silver nanowire (top) films and silver nanowire-sol-gel TiOx
(bottom) before (a) and after tape test (b). The sheet resistance of the bare silver nanowire
films is 4.6 ohm/sq and the silver nanowire-sol-gel TiOx is 3.6 ohm/sq. After adhesion test,
the silver nanowire sol-gel TiO2 remains conductive and the bare silver nanowire doesn't.
The scotch tape was placed on the right hand side of the samples in (b). (c) Variations in
the sheet resistance of silver nanowire-sol-gel TiOx and sputtered ITO film on PET
substrates as a function of number of cycles of bending to a 0.5 cm radius curvature. The

sheet resistance values were measured after the substrate was relaxed back to planar shape.

Silver nanowire-sol-gel TiOx composite was incorporated into TFT devices as the S/D
electrodes to explore its feasibility as a practical electrode. The 50 nm-thick ZnO channel
material was sputtered onto the p+ doped Si wafer with a thermally grown Si0; (300 nm),
and S/D electrodes were deposited by spray-coating diluted silver nanowires and TTIP
precursor solutions through shadow masks on top of the ZnO layer. A schematic structure
of the device is shown in Figure 3.13a. A photo of the TFTs was shown in Figure 3.13b

with the inset showing an optical image of one of the device and the channel length and
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width were measured to be 90 um and 820 um, respectively. Typical output curves of drain
current (Ips) as a function of drain voltage (Vps) under various applied gate voltage (Vas)
before and after thermal treatment were plotted in Figure 3.13c¢, and d. In Figure 3.13c, a
nonlinear rise of drain current at low drain voltage indicated that the source-drain contact
resistance was limiting the drain current,[ 101] which was not observed with sputtered ITO
electrodes. The silver nanowire-sol-gel TiOx electrodes did not form a good electrical
contact with the ZnO channel layer initially, however after post-annealing under 300 °C
for 10 mins in air, the contact of the silver nanowire-sol-gel TiOx with the ZnO channel
layer was improved and the current—voltage curve showed typical transistor behavior with
a linear Ip-Vp dependence at low bias and saturated as the channel layer was pinched off,
as shown in Figure 3.13d. Meanwhile, the post-annealing could enhance the TFT
performance by increasing the crystallinity of ZnO layer and the reduction of specific
contact resistance.[102] A transfer curve of ZnO TFTs with silver nanowire-sol-gel TiOx
S/D was shown in Figure 3.13e, with an on-off ratio of 5 x 10°. The field-effect mobility
(ure) of the TFT was 0.77 cm?/V-s. Thus silver nanowire-sol-gel TiOx electrodes showed a
better compatibility to TFT application compared with bare silver nanowire film by

improving the thermal stability and electrode lifetime of the devices.

69



(a) _ (b)
AgNW-sol-gel TiO,

(

(2]
—
—_

o
-
—_

]
~—

= 20 V=0V 20 V=0V | —vpg =10V
P-4 —Ye= —Ve= 3x10 DS
3 |—vVg=tov < | —vg=tov
£ 15 —Ve=20v = 15{—Ve=20V o
£ e g Tl =, 2x10°
(8] 3 <
2 10 t: 10 o
5 g “a "
] 3 = 1x107
2 5 S 5
z 2
© —_
e 0 4/—]1 g o 0
0 10 20 30 0 10 20 30 2 10 o 10 20 30
Drain-Source Voltage (V) Drain-Source Voltage (V) Gate Voltage (V)

Figure 3.13 (a) Schematic diagram of the silver nanowire-sol-gel TiOx electrode TFT
structure and (b) optical images of the TFT devices. The scale bar is 100 um. (c) The Ip-
Vp curve of the TFT device with as-fabricated silver nanowire-sol-gel TiOx electrodes and
(d) after baking at 300 °C for 10 mins under different gate voltage. (e) The Ip-Vg curve for
the device after baking at 300 °C for 10 mins and the saturation threshold voltage is

extracted to be around 8.6 V.

3.4 Conclusions

Room temperature solution-deposited silver nanowire networks embedded in ITO-NP

matrices demonstrate significant improvement in surface morphology, mechanical

adhesion, and flexibility while maintaining the sheet resistance and transmittance values

necessary to replace conventional sputtered ITO thin films. Surrounding the silver

nanowire network by ITO has been observed to dramatically improve wire-to-wire

conductance. The improved surface morphology is achieved by completely filling the gaps
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left between nanowires and fully covering the nanowires with nanoparticles. Anchoring the

nanowire network in place using nanoparticle matrix also offers excellent substrate

adhesion and mechanical flexibility. We expect that electrode structures of metal nanowire

networks embedded in conductive metal oxide nanoparticle matrices can be successfully

incorporated into a variety of device structures suitable for a diverse set of applications.

Solution-processed silver nanowire-sol-gel TiOx composite electrode was demonstrated to

reduce the sheet resistance of the silver nanowire network while improving the thermal

stability under various temperatures and treatment times over bare silver nanowire

electrodes by suppressing the surface diffusion of silver atoms during the thermal treatment.

Sol-gel TiOx are also shown to provide excellent chemical corrosion resistance for the

silver nanowire network preventing the sulfurization of silver atoms. Both the thermal

stability and chemical stability enhancement highlight the superior performance of a full

coverage layer, compared to bare silver nanowire networks and silver nanowire/NP

composite electrode with the NPs forming a nanoporous protection layer. Better thermal

and chemical stabilities open up new possibilities for post-fabrications with high

temperatures or harsh chemical conditions. This is demonstrated by applying silver

nanowire-sol-gel TiOx composite electrode as the electrode of TFT devices in which post

fabrication annealing successfully improve the observed device performance. Moreover,
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the sol-gel TiOx layer can greatly improve silver nanowire's adhesion to the substrate and

the composite electrodes show excellent flexibility, making it a promising candidate for

flexible electronics.

Supplemental Information
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Figure S3.1 The sheet resistances of silver nanowire-sol-gel TiOx films changed with time
under different temperatures were recorded from 200 °C to 400 °C for up to 1 hour. The

measurement limit is 120 Mohm/sg. The higher temperature would accelerate the reaction
and the results indicate the thermal stability of the silver nanowire-sol-gel TiOx electrode.
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Chapter 4 The Role and Methods of Sodium Doping in Cu2ZnSn(S,Se)4

Solar Cells

4.1 Introduction

The fast progress of CZTS research benefits from previous understandings on related
materials such as CIGS. In particular, the beneficial role of sodium in enhancing device
performance and improving materials properties of both CIGS and CZTS has been reported
in the literature.[103-107] Sodium incorporation was recognized to enhance the grain
growth, passivate deep defects, increase carrier density and results in better device
performance, mainly through increasing the Voc and FF.[105, 108-111] Sodium
incorporation is usually achieved by the diffusion from the soda-lime glass (SLG) through
the Mo layer to the CIGS or CZTS layer.[112, 113] This approach, however, makes precise
control of the sodium profile challenging, and it is seriously affected by the Mo layer
conditions. Moreover, it is ineffective for lightweight and flexible CZTS thin film solar
cells. Therefore, a well-controlled sodium incorporation method is needed not only to
further improve the film quality and device performance, but also to enable fabrication on
alternative substrates, such as PET. Highly efficient CIGS solar cells were demonstrated

using post-treatment deposition of NaF vapor, which proved to be an effective way to
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introduce sodium.[114] However, the effects of the sodium incorporation to CZTS

absorber material are still not fully understood. To explore the effectiveness of Na

incorporation in improving the performance of CZTS solar cells, introducing sodium via a

chemical synthesis to achieve uniform doping in nanocrystal CZTS on borosilicate glasses

(BSG) were investigated in this chapter.

4.2 Experimental Details

4.2.1 Synthesis of Cu2ZnSnS4 Nanocrystal Solution

Kesterite CZTS nanocrystals were synthesized as previous reported by mixing 1.33 mmol

of copper acetylacetonate (Cu(acac)2), 1.22 mmol of zinc acetylacetonate hydrate

(Zn(acac)z), and 0.75 mmol of tin(1V) bis(acetylacetonate) dichloride (Sn(acac)2Cly)

intol0 mL of oleylamine at 130 °C for 30 min; then, the soluiton was heated to 225 °C

under an Ar atmosphere, where 2 M of sulfur solution in 2 mL of oleylamine was injected

at 225 °C, and the temperature was kept at 225 °C for 1 h.[115] The reaction was cooled

down to room temperature quickly, and the precipitated products were obtained by adding

ethanol as the precipitant. The dissolve/precipitation procedure was repeated one more time,

and the nanocrystals were acquired and fully dispersed in a nonpolar solvent, such as

toluene.
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4.2.2 Synthesis of Cu2ZnSnS4:Na Nanocrystal Solution

In a typical synthesis of CZTS:Na, firstly, proportional amount of copper acetylacetonate

(Cu(acac)z), zinc acetylacetonate hydrate (Zn(acac)z), tin(IV) bis(acetylacetonate)

dichloride (Sn(acac)>Cly) were mixed in oleylamine under vacuum from room temperature

to 130 °C, and hold at 130 °C for 30 minutes; then, the reaction was heated to 225 °C under

Ar atmosphere, where sulfur in oleylamine was injected at 225°C, and the temperature was

kept at 225 °C for 30 min; after that, CF3COONa in oleic acid was injected at this

temperature into the above solution for another 30 minutes. The reaction was cooled down

to room temperature quickly, and the precipitation was obtained by adding ethanol as

precipitant. The dissolve/precipitation procedure was repeated one more time, and the

nanocrystals were acquired and fully dispersed in to non-polar solvent. The synthesis of

CZTS nanocrystals is similar as the synthesis of CZTS:Na nanocrystals, except without

injection of CF3COONa and the reaction time was kept at 225 °C for 1h. The metal

precursor ratio has been adjusted based on the device performance, and the optimized ratio

for the metal precursors, are 1.322, 1.223, 0.75 mmol, 0.04 mmol of Cu(acac),, Zn(acac)a,

Sn(acac)>Clz, CF3COONa respectively. Other control experiment has been carried out with

different reaction time and temperature for the injection of CF3COONa, e.g. 225 °C for 15
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minutes, and 250 °C for 20 minutes, or the amount CF3COONa was adjusted with 0.02

mmol, 0.08 mmol, and 0.16 mmol, respectively.[105]

4.2 .3 Device Fabrication and Characterization

Device fabrication:

Kesterite CZTS absorber layers were prepared following the procedure described above.
The CdS layer was deposited onto the CZTS layer by chemical bath deposition. Then,
solution processed silver nanowire/ITO-NP composite films were spin-coated onto the
devices as a transparent top electrode. The detailed experiment setup has been described
elsewhere.[68] The total area of each cell is 0.12 cm? by mechanical scribing and the
effective area is measured and calculated carefully under optical microscope.
Characterization:

The photovoltaic performance was characterized in air without any encapsulation under an
AM1.5G filter at 100 mW/cm? using a Newport Oriel 92192 Solar Simulator, as calibrated
using a silicon photodiode. The external quantum efficiency (EQE) was measured using a
system designed by Enli Tech. The XRD patterns were collected on a PANalytical X'Pert
Pro X-ray powder diffractometer using Cu Ko radiation (A=1.54050A). The TGA

measurement is carried out with the Q600 TG/DTA equipment, with temperature range
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varied from room temperature to 600 °C under Ar atmosphere. The XPS measurements
were performed using an Omicron XPS/UPS system, with a base pressure lower than 10
mBar. A monochromatic Al Ka. (1486.6 ¢V) X-ray source was used for excitation and the
spectra were collected with a pass energy of 50 eV. The SEM images were taken on a JEOL
JSM-6700F with an accelerating voltage of 5 kV. Transmission electron microscopy
(TEM) images were taken on an FEI CM 120 microscope operated at 120 kV, and HRTEM
images were taken on an FEI Titan scanning transmission electron microscopy (STEM)
operated at 300 kV. The carrier lifetime is measured by time-resolved photoluminescence
(TRPL) using Picoharp single counting system. A 635 nm semiconductor laser with a pulse
width less than 0.2 ns and with repetition rate of 20 MHz is employed as excitation source.
Photoluminescence signal from the samples is detected by a Hamamatsu H10330A
photomultiplier tube cooled down to 60 °C during operation. The capacitance-voltage
characteristics of the photovoltaic devices were measured using a Hewlett-Packard 4284A

LCR Meter.

4.3 Characterization and Device Performance

The reactant molar stoichiometry of Na/(Cu+Zn+Sn) in CZTS:Na nanocrystals was

adjusted from 0.5% to 10%, for further composition and structure characterizations and
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device fabrication. Figure 4.2a and b show the typical TEM and high-resolution TEM

images of the as-prepared CZTS:Na nanocrystals with 10% Na/(Cu+Zn+Sn).
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Figure 4.1 (a) TEM and (b) HRTEM image of the as-prepared CZTS:Na nanocrystals; (c)
XRD pattern of the as-prepared CZTS:Na nanocrystals.

The nanocrystals, well dispersed in non-polar solvent, were highly crystallized with the

particle size ranging from 15 to 20 nm. In the HRTEM image of a single CZTS:Na particle

(Figure 4.2b), the center of the particle was highly crystallized with characteristic

interplanar distance of 0.32 nm from a (112) plane of kesterite CZTS phase. In contrast,

the surface of the nanoparticle was amorphous. Figure 4.2c shows the X-ray diffraction

patterns for both CZTS:Na nanocrystals. It is clearly that CZTS:Na nanocrystals exhibited

kesterite phase, with the peaks centered at 28.48°, 32.98°, 47.43°, 56.22°, and 69.49°

corresponding to the (112), (200), (220), (312), and (008) planes of kesterite (26-0575),

respectively. The absence of visible peaks originating from sodium species in the XRD for
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CZTS:Na nanocrystals suggests that the introduction of amorphous Na on surface does not
change the kesterite phase of CZTS.

Compared with the as-synthesized CZTS nanocrystals shown in Figure 4.3a and b, the
slightly smaller size of CZTS:Na particles might be ascribed to both sodium interference
to CZTS growth and partially dissolving of the as-formed CZTS nanocrystals. The XRD

pattern is shown for comparison to CZTS:Na nanocrystals.

b (112)

I/a. u

15 30 45 60 75
2 Theta /°

Figure 4.2 TEM image (a) and (b) XRD pattern of the as-synthesized CZTS nanocrystals.

The successful incorporation of Na in the CZTS:Na nanocrystals was further proved by the
XPS characterization. The sample for XPS measurement was prepared by spin coating of
the as-prepared CZTS:Na into a continuous film with fixed 10% Na/(Cu+Zn+Sn)
stoichiometry. As shown in Figure 4.4a, one strong peak located at 1071 eV, indicative of

Na 1s, suggested the existence of Na species in CZTS:Na nanocrystals. Other labeled peaks
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included Cu (2p 3/2), Zn (2p 3/2), Sn (3d 5/2) and S (2p 3/2) in CZTS. The remaining

unlabeled peaks associated with surfactant residues, such as C, O and N, coming from oleic

acid, and oleylamine. High-resolution XPS scan measurement further revealed the

stoichiometry of each metal element in the CZTS:Na nanocrysals. Much higher ratio of

Na/(Cu+Zn+Sn) was determined by XPS measurement, suggesting surface exclusive

distribution, rather than homogeneous distribution over the entire nanocrystals, for sodium

species. This evidence is also in agreement with the rational design synthesis of CZTS:Na,

with step wisely injection of CF3COONa.

The STEM-EDS measurement was employed for further confirming Na distribution.

Figure 4.4b and ¢ showed a representative STEM image and line scan EDS result for two

typical discrete CZTS:Na nanocrystals. The line scan measurement was carried out in the

range of 75 nm, which covered two discrete nanocrystals. The plot of metal composition

varied at scanning position was drawn for both Zn atom and Na atom. Notably, Zn has a

large proportion in CZTS:Na nanocrystals, and no background signal needs to be taken

into account. As shown in EDS results, the Na signal strongly localized on the surface of

the nanocrystals, and significantly weakened across the center of nanocrystals; whereas,

Zn signal kept almost constant along with the entire scan range. Different atomic

distribution between Zn and Na further proved surface-exclusive nature of Na, which
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coincided with the amorphous surface in HRTEM and the absence of sodium-phase in

XRD pattern. The incorporation of Na species on nanocrystals surface through colloidal

synthesis process is quite different from previously developed Na incorporation strategies,

including pre-treatment of Mo substrate through vacuum evaporation of NaF layer with

certain thickness,[116, 117] and post-treatment of nanocrystal films through soaking into

NaCl solution for several minutes.[118] Both previously reported Na incorporation

strategies require relatively complex procedures, and suffer a longer diffusion length for

Na species within the film. It is expected that Na on the nanocrystal surface, with short

diffusion length and evenly distribution, can be more favorably to passivate the defects,

and against undesired residues in the CZTS film as well.
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Figure 4.3 (a) X-ray photoelectron spectroscopy (XPS) analysis on solution deposited
films from the as-prepared CZTS:Na nanocrystals; (b) STEM image of two typical
CZTS:Na nanocrystals, scale bar stands for 50 nm; (c) line scan EDS of two CZTS:Na

nanocrystals.
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To study the Na effect on device performance, both CZTS:Na and CZTS nanocrystals,

were used in the absorber layer of solar cells. The adopted device structure was

Mo/CZTS/CdS/silver nanowires/ITO-NP, through fully solution processing.[61] Detailed

device fabrication process is described in the experimental section in supporting

information. Same metal stoichiometry, Cu/Sn = 1.75 and Zn/(Cu+Sn) = 0.6, were used

for both CZTS and CZTS:Na nanocrystals. The Na/(Cu+Zn+Sn) ratio was adjusted to 1%

for CZTS:Na nanocrystals. The BSG was adopted as the substrate to exclude the

interference from Na in the substrate. Both CZTS:Na and CZTS nanocrystals were spin-

coated to form a continuous film followed by a high temperature annealing in the presence

of selenium.[119, 120] Figure 4.5a and Figure S4.1 showed the SEM images of the two

devices. Both devices exhibited identical absorber layer structure with similar thickness of

larger grain layer of CZTS, together with certain thickness of fine grain layer. This

suggested that Na on the CZTS:Na nanocrystals didn’t significantly affect the grain growth

in the absorber layer. CZTS:Na-based and CZTS-based devices exhibited power

conversion efficiency (PCE) values in the range of 5-6% and 3-4%, respectively, as shown

in Figure S4.2. Two typical cell performance data are shown in Figure 4.5b and Table 4.1.

Table 4.1 Device performance of the typical CZTS:Na and CZTS based devices.
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Voc Jsc FF PCE
CZTS:Na 0.361 33.38 50.95 6.14
CZTS 0.316 30.96 39.75 3.89

The CZTS:Na-based device showed enhanced Voc, Jsc and FF, with a much higher PCE

(6.14%) than those in CZTS device with 3.89% PCE. Particularly, Voc and FF, which

closely related to the carrier recombination, differed significantly within both devices.

When the absorber layer changed from CZTS to CZTS:Na, Voc increased 14% from 0.316

to 0.361 V, and FF increased 28% from 39.75% to 50.95%. External quantum efficiencies

(EQE) of the two devices are shown in Figure 4.5c. The superior performance in the

CZTS:Na-based device indicates the Na spices have positive effect in CZTS photovoltaic

devices. This enhancement of device performance, such as Voc and FF, was consistent

with the phenomena in previous vacuum based evaporated NaF method, demonstrating the

effectiveness of current solution incorporation of sodium.[116] In addition, with Na

inherent existing on the surface of nanocrystals, adhesion problem, coming from the

evaporation of NaF film into absorber layer,[121] could be completely avoided.

Furthermore, the enhanced device performances clearly demonstrated that the defect

passivation in solution could benefit defect passivation in solid state.
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Figure 4.4 (a) SEM image of typical solar cell based on CZTS:Na nanocrystals. Electrical
characterization of the CZTS:Na and CZTS devices: (b) J-V characteristics under Air
Mass 1.5 illumination, 100 mW/cm?; (c) External quantum efficiency (EQE) spectrum of
the device without any applied bias; (d) TRPL of the device under low injection; (e)
Capacitance-voltage measurement, with the measurement frequency of 11 kHz, the DC
bias ranging from 0 V to —-0.5 V, and the temperature at 300 K.

The effect from synthetic protocol and Na amount are further investigated, accordingly.
First, we explored the effects of reaction time and the reaction temperature during the
introduction of Na source. Because the decomposition temperature of Na precursor,
CF3COONa, is in the range of 220-270 °C, (Figure S4.3), we selected the reaction
conditions at 225 °C for 15 min or 250 °C for 20 min for the second step reaction, while

keeping the synthesis condition for CZTS nanocrystals unchanged. Device performances
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for CZTS:Na nanocrystals prepared at different conditions were shown in Figure 4.6. All
the electrical parameters for the devices were similar, with the Voc ranging from 0.32 to
0.35, and FF from 54% to 58%. This suggested the effectiveness of sodium incorporation

on both nanoparticle and film states based on thermolysis synthesis.
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Figure 4.5 Plots of the electric property comparison between the different synthetic
methods based devices, (a) Voc; (b) Jsc; (¢) FF; (d) Efficiency. The synthetic methods for
sample 1, 2, and 3 are 225 °C for 15 min, 250 °C for 20 min, and 225 °C for 30 min after

the injection of CF3COONa, respectively

Different Na amount affected the CZTS:Na based devices performance significantly.
Figure 4.7 showed the device performance at Na/(Cu+Zn+Sn) reactant stoichiometry of
0.5%, 1%, 1.5% and 2%, respectively. The performance, Voc and FF, reached its maximum

at 1% Na/(Cu+Zn+Sn), and dropped 30% when Na content kept further rising to 2%. At
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2% stoichiometry, the formation of sodium-containing impurities in the annealed CZTS

film may act as charge trap centers, rather than the effective passivation layer at defects.
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Figure 4.6 Plots of the electric property comparison between the devices made from the
CZTS:Na with different Na amount, (a) Voc; (b) Jsc; (c) FF; (d) Efficiency.

To get into the insight of the Na effect on CZTS devices, we used TRPL and CV
measurement to characterize the minority carrier life-time and carrier concentration,
respectively.[122, 123] In the present work, the minority carrier lifetime was obtained from
TRPL profiles at low-injection levels (Figure 4.5d). 3.6 ns and 1.5 ns minority carrier

lifetime were recorded for the CZTS:Na and CZTS based devices, respectively. The CV
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measurements for spatial carrier density were also performed with DC bias from 0 V to
—0.5 at room temperature, AC level of 5 mV, and measurement frequency of 11 kHz. The
carrier densities for the CZTS:Na and CZTS devices were fitted to be 9-10x10% cm3, and
8-9x10% cm~3, respectively, as shown in Figure 4.5e. Higher carrier concentration and
longer minority carrier lifetime were both observed in current solution-passivated CZTS
device. In contrast, evaporation incorporation of Na before the domain growth only raises
the carrier concentration on the cost of decreased the minority carrier lifetime.[124] This
difference may originate from distinct diffusion length of sodium in the devices. To achieve
uniform defect passivation, evaporation passivation requires longer global ion diffusion
from interface through the absorber film; whereas solution passivation only requires local
diffusion to cover all interfaces within the film. It is possible that the homogeneous Na
incorporation adopted in this work initiates a distinguishable mechanism to change the

defect chemistry, probably extended from grain boundary to bulk.

4.4 Conclusions

In this chapter, the rational solution passivation of CZTS absorber film by the use of
solution-processed CZTS:Na nanoparticle precursors and strategy of vacuum evaporation

for sodium doping to CZTS are demonstrated. During the chemical incorporation method,
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structure and composition characterizations, including HRTEM, EDX, and XPS, confirm

the exclusive presence of sodium species around a kesterite-phase core of CZTS. Specific

to solution passivation, both charge carrier concentration and minority lifetime are

increased, contributing 50% increment of PCE than that of un-passivated CZTS. Current

solution passivation demonstrated by the simultaneous surface passivation during

precursor fabrication, presents a simple, quantitative, and versatile approach towards the

pursuit for high performance photovoltaics. Quantitative introduction of sodium specifies

within the absorber layer can be preciously controlled by the reactant stoichiometry;

whereas for evaporation, sodium ions are difficult to diffuse into small cavities those are

surrounded by grains. Besides current sodium, other metals ions those can be nucleated

onto the core semiconductor materials, including Li, K, and even non-alkali metal or the

combinations, may also be explored by simply switching the reactants. Additionally, other

photovoltaics, such as CIGS and CdTe thin film technique, may also be benefit from the

solution passivation.

During physical incorporation method, it is found that sodium incorporation plays an

important role in determining the crystallinity and electrical properties of CZTS solar cells.

With the introduction of sodium into the CZTS films, an enhancement of the (220/204)

orientation was observed after selenization. In addition, deposition of the NaF layer can
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suppress the Mo(S,Se). formation, which is beneficial for further improving the

performance of CZTS solar cells. A highest PCE of 6.2% was achieved with 5 nm NaF

deposited at the Mo/CZTS interface prepared on non-SLG, superior to that of SLG (5.48%).

The amount of sodium and the incorporation strategy were found to influence the device

performance significantly. Proper amount of sodium incorporation could enhance the Voc

and FF, although a slight decrease in Jsc was also observed. Moreover, the temperature

dependent CF, CV and DLCP measurements showed that introducing sodium could

increase the free carrier density as well as interface states, and that lower acceptor defect

energy, instead of lower deep defect density, can also be expected. These measurements

agree with the device performance (Voc and FF improvement and Jsc reduction) with and

without sodium. We anticipate that the present approach of sodium incorporation and the

characterization results can be used to further examine the orientation properties and

growth mechanism, and facilitate the development of high performance devices on

alternative substrates.
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Figure S4.3 TG run of CF3COONa precursor.
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Chapter 5 Unraveling Film Transformations and Device Performance of

Planar Perovskite Solar Cells

5.1 Introduction

Thin film solar cells, such as CIGS, CdTe and a-Si have been developed as promising
alternatives to crystalline silicon solar cells as more cost-effective technologies.[17, 114,
125-128] As a result of the efficient direct band gap absorption, the thickness of thin film
solar cells could be effectively reduced to sub-micrometer or even hundreds of nanometers.
The potential low cost (cents/watt) of solar cells can be achieved through the combination
ofreduced material cost and high device performances. [129] The high performance of
CIGS and other compound absorbers, however, relies on vacuum based and/or high
temperature processes which would lead to high manufacturing costs and limit the choice
of substrates. As discussed in the Chapter 1, hybrid organic/inorganic perovskite absorbers,
especially methylammonium lead halide CH3sNH3PbX3 (X =CI, Br and I)-based, have
attracted significant attention as promising materials for thin film solar cells. Extraordinary
power conversion efficiencies (PCEs) of over 17% were achieved during the past five years
and the materials have been demonstrated as capable of being prepared using a number of

low temperature processes, making these materials especially attractive for low cost and
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scalable manufacturing of next generation thin film photovoltaic devices. [42, 55, 130, 131]

Perovskite CH3NH3PbXs-based solar cells have shown to possess desirable properties such

as an extremely high absorption coefficient, efficient ambipolar transport, and a tunable

direct band gap, allowing them to be excellent solar absorbers and carrier transporters.[43,

52, 132-136] However, how to effectively control the material growth, film formation, and

film qualityis still under investigation. In previous works, the morphology, stoichiometry

and crystallinity of these materials were found to affect the device performance

significantly.[137-140] Deposition techniques, treatments and film formation conditions

are critical to achieve high efficiency solar cells.[45, 46, 141] Dualeh et al. showed that the

depositing a CHsNH3sPblzxClx precursor onto mesoporous titanium dioxide (TiO>)

structure under proper annealing temperature can lead to formation of CH3NH3Pbls

perovskite material resulting in reduced pin holes within the film.[137] Eperson et al.

demonstrated that the annealing temperature, film thickness and thickness of compact TiO>

layer can influence the coverage of CH3NHsPblz.xClx which would further impact the

device performance.[138] These studies furthered our understanding on the correlation

between film formation and device performance. However, to further improve the device

performance, it is crucial to understand the film’s properties and the quality of the films

from the perspective of phase formation. During the formation of CHsNH3PbX3 perovskite
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film from the molecular solution, different phases are observed and those phases coexisting

with the CH3sNH3Pbls phase in the films are considered secondary phases. Secondary

phases play a crucial role in the semiconductor materials and could significantly alter the

device performance. For example, the order vacancy compound (OVC) CulnsSes phase in

CIGS improves electrical transport within the n-type CdS layer.[142-144] On the other

hand, the semimetallic phase Cu,Se in CZTS could lead to the formation of shunt paths

and recombination centers and thus deteriorating the device performance.[145] In this

paper, the phase transition during the CHsNH3sPblzxClx film formation was observed and

the secondary phases’ effects on the film formation, film properties and device

performance were investigated.

5.2 Experimental Details

5.2.1 Preparation of Precursor, Thin Films and Devices

The CHsNHsl (MAI) was synthesized by reacting 24 mL of methylamine (33 wt.% in

absolute ethanol, Sigma) with 10 mL of hydroiodic acid (HI) (57 wt% in water, Aldrich)

in a round-bottom flask at 0 °C for 2 h with stirring. The precipitation was extracted by

putting the solution on a rotary evaporator and carefully removing the solvent at 50 °C.

The raw product CH3NH3l was re-dissolved in absolute ethanol and precipitated upon the
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addition of diethyl ether. After filtration, the step was subsequently repeated. The solid was

collected and dried at 60 °C in a vacuum oven for 24 h. The PbCl,, Li-

bis(trifluoromethanesulfonyl) imide (Li-TFSI) and tert-butylpyridine (tBP) were

purchased from Aldrich. Spiro-OMeTAD was purchased from Lumtec. Low temperature

TiO2 solution was prepared as previous report.[146] The TiO2 solution (3mg/ml) was spin-

coated on pre-cleaned ITO substrates at 3000 r.p.m. and then baked 150 °C for 30 mins. A

0.73 M perovskite solution was prepared from PbCl> and MAI with (1:3 mole ratio) in

DMF and spin-coated onto the ITO/TiOz substrate at 2000 r.p.m. and then baked at 100 °C

for different time inside a dry air glovebox under 25 ppm H20. The Spiro-OMeTAD was

used as a hole transporting layer and dissolved in chlorobenzene (180 mg/ml). The Li-TFSI

was dissolved in acetonitrile (170 mg/ml) and 20 ul tBP. The Li-TFSI solution was added

to the Spiro-OMeTAD solution at a ratio of 1:40. Then, Li salt doped Spiro-OMeTAD

solution was spin-coated at 2000 r.p.m. onto the perovskite layer. Finally, a gold electrode

was evaporated onto the hole transport layer. The device area was defined withshadow

mask with an area of 0.114 cm? for measurement.

5.2.2 Characterization of Thin Films and Devices

XRD data were collected on Panalytical X Pert Pro X-ray Powder Diffractometer with Cu
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Ka radiation (A = 1.54056 A). The SEM were performed with field-emission electrons
using Nova 230 Nano SEM. The TRPL using Picoharp single counting system using 632.8
nm semiconductor laser with a pulse width less than 0.2 ns and with repetition rate of 1
MHz as excitation source was used for carrier lifetime measurement. The photovoltaic
performance was characterized without any encapsulation under an AM1.5G filter at 100
mW/cm? in air using Newport Oriel 92192 Solar Simulator and the intensity was calibrated

using a certified silicon photodiode.

5.3 Result and Discussion

5.3.1 Phase Identification and Proposed Reaction Pathway

The CH3NH3Pblz.<Clx perovskite absorber was deposited using a one-step method onto the
ITO/TiO, substrates by spin coating from a 1:3 molar ratio solution of PbCl; and MAI in
dimethyl foramide (DMF) and annealed at 100 "C, which is reported to promote good film
coverage and can provide sufficient energy for the perovskite phase formation (Details of
the film preparation are shown in experimental section).[137] The CH3NH3Pblsz is most
commonly prepared by thermal annealing at 80~100 ‘C. Annealing temperatures below
this range (between 60~80 “C) would result in slow transformation rates, while
temperatures lower than 60 "C could be too low to drive the transformation. Higher
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annealing temperatures (>120 “C) would accelerate the decomposition of CHzNHzPbls and
induce a poor film coverage.[137, 138] Thus, the temperature was fixed at 100 °C to
investigate the phase transformation at different annealing times. The phase transformation
was characterized by XRD with results shown in Figure 5.1. The peak at 26 = 7.4 degrees
arises from the precursor complex and those of 20 = 12.7, 14.2 and 15.6 degrees
corresponds to Pbl> (001), CH3NHsPbls (110) and CHsNH3PbClz (100) orientation
respectively (used as signature peaks for tracking phase transformation and indicated by

circle, triangle, diamond and square in Figure 5.1).
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Figure 5.1 X-ray diffraction (XRD) patterns of CH3NH3sPblz.xCly film formation. The phase
transformation was observed from annealing times of 40 mins to 110 mins. The inset is the
enlarged XRD result within 5 to 20 degrees.

All observed peaks came from the aforementioned four phases and no extra phases were
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present according to the observation of the diffraction patterns. As seen in the XRD

measurement, the precursor complex phase almost disappeared at 70 mins annealing time

which indicated the nearly complete transformation from precursor to solid phases.

Surprisingly a certain amount of Pbl, phase was observed even at 40 mins annealing, which

is before the complete transformation as identified by the disappearance of the precursor

complex peak at 20 = 7.4 degrees. This indicated that Pbl, phase formed under this

annealing temperature easily even for less than 40 mins (XRD pattern at 25 mins annealing

time shown in the Figure S5.1) and it was deduced to come from the ion exchange between

PbCl> and MAI. The generated Pbl> reacted meanwhile with MAI to form CH3sNH3sPbls,

and PbClI; reacted with CH3NHsCI (MACI), which was generated from PbCl, and MAL, to

form the CH3sNH3sPbCl3 phase. The Pbl, peaks are still present even with the incorporation

of excess MALI into the precursor solution, as shown in Figure S5.2. The result indicated

that the Pbl>formed at nearly stage and was later transformed into CHsNHz3Pbls perovskite

phase by reacting with MAI. Except for CH3NH3sPbls, other phases are hardly seen from

full XRD spectrum because of the extremely small amounts of those phases. In order to

evaluate the relative amount of the precursor complex, Pbl, and CHsNH3PbCl; phase

present during the phase change, the area ratio of the precursor complex peak at 26=7.4

degrees, Pbl, (001) and CH3NH3PbClsz (100), as relative to the CHsNH3sPblz (110) peak
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were calculated using Gaussian fitting. At 55 mins annealing time, the ratio of precursor

complex, CHsNHsPbClz and Pbl, to CH3NHsPbls were 0.21%, 1.79% and 0.16%

respectively. When the annealing time was increased to 70 mins, the amount of the

precursor complex and CH3NH3PbClz phase reduced to 0.05% and 1.25% and the Pbl.

phase increased to 0.53%. It can be assumed that the CH3NH3sPbls phase formation was

nearly complete and the increase in the relative amount of Pbl, phase mainly came from

the CH3sNH3Pbls phase decomposition and precursor reaction. Moreover, the reaction of

PbCl> with MAI to generate Pbl, caused the depletion of PbCl, which in turn would

facilitate the decomposition of CHsNHsPbCls phase reflected by the deceasing

CH3NH3PbCls peak ratio. After 90 mins annealing, the area ratio of the Pbl, (001) peak

relative to the CHsNH3sPbls (110) peak increased up to 1.70%. The films with longer

annealing time, for example 110 mins, generated more Pbl; phase and less CH3NHsPbCl3

phase. It is noted that the secondary phases will coexist in the solution processed

CH3NH3Pblz«Clx film and it would be a challenge to obtain a pure CHsNH3sPbls phase.

Summarizing the information obtained from XRD characterization on the solution

processed CH3NH3PblsxClx phase transformation, possible transformation pathways are

proposed in Figure 5.2.
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PbCl, + CHsNH,l Precursor Complex +
Pbl, + CHaNH,l + CH3NH,CI

(Decx ’;)iwm;mz‘:ii i)
(4)
CHsNHjl + CHsNH5PbCly

bl,
(Decomposifion) (3)

CH3NHsPbl,

Figure 5.2 Possible transformation pathway of solution processed CH3NH3PbI3-xClx film:
(1) PbCl; + 3CHsNHszl - Pbl; + CHsNHsl + 2CH3NH3Cl; (2) Pblz + CH3NHzsl
- CH3sNH3Pbls; PbClz + CH3NH3Cl - CH3NH3PbCls; (3) CH3sNH3Pbls > Pbl, + CH3NH»
+ HI; (4) CH3NH3PbCl3 + 3CH3NH3sl - (1) + CH3NHsCI.

At path (1), PbCl> and MALI in the DMF reacted to form Pbl, and MACI while coexisting
with MAI and a possible precursor complex. During annealing at path (2), Pbl> reacts with
MAI and PbCl> reacts with MACI to form CHsNHsPbls and CHsNHsPbCls. The
CH3sNH3Pblz phase formed from path (2) can decompose under thermal annealing at 100
C to generate Pbl, phase, CH3NH. and HI at path (3). The excess MAI can continue to
react with PbCl> to generate Pbly, facilitating the decomposition of the CHsNH3PbCls phase
(4). When the excess MAI depleted, the decomposition mechanism of CH3NHsPblz and
CH3NH3sPbCls phases dominates, and the relative amount of Pbl> phase rose gradually.

This proposed pathway takes into account both results from the XRD characterization here
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and previous reports.[137, 147-149]

5.3.2 Device Performance

CHsNHsPblz films with different annealing conditions were prepared, while lithium slat

doped Spiro-OMeTAD was employed as the hole transport layer and finally gold (Au) was

evaporated as the back electrode. Current density-voltage (J-V) curves were measured by

reverse bias scan under 1 sun AM 1.5G illumination and device parameters are shown in

Figure 5.3a. Typical J-V curves for the three conditions were shown in Figure 5.3b, where

the perovskite film were obtained from 40, 70 and 110 mins annealing, corresponding to

the early formation, near completed and the over-annealing stages. The highest averaged

PCE was achieved for the perovskite film annealed for 70 mins and it corresponds to the

near completed stage where the smallest amount of secondary phases is present (less than

2% for the sum of the four specific peak areas corresponding to the four phases). At

annealing times shorter or longer than 70 mins, the device performances were reduced.

From the summarized device parameters chart in Figure 5.3a, perovskite films with 40

mins annealing time exhibited poor Voc and slightly lower FF. When increasing the

annealing time to 55 mins, the Voc and FF were improved by 4% and 1.5% respectively.

During this period, the total amount of the secondary phases was reduced from 4.3% to
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2.1%. In addition to the decrease in the amount of the precursor complex and

CHsNH3sPbCls phase, the gradual increase of Pblz phase in the film at 70 mins annealing

together attributed to an improved Voc and FF, but a slightly lower Jsc. The Pbl, phase

was reported to improve the device performance by passivating the grain boundaries which

generally worked as recombination centers.[148, 150] However, excessive Pbl, phase will

reduce the light absorption efficiency in the film due to the larger band gap of Pbl; (2.4 eV)

which contributed to the lower Jsc.[137] After 90 mins of annealing, the percentage of the

secondary phases present in the film rose to 4.0% mainly due to an increase of Pbl, phase.

The Voc of the devices were higher in comparison to that of annealing for 40 mins where

a similar amount of secondary phases was present, although with different compositions

(more precursor phase and less Pbl,). Thus the precursor phase could be the main reason

behind the lower Voc of the device at 40 mins annealing time. The PCEs of those devices

with over 90 mins annealing are still low, however, mainly limited by the low Jsc value

(Device performance after 190 mins of annealing is shown in Table 5.1). While the devices

obtained from perovskite film with 70 mins of annealing exhibited high average PCEs,

those with 55 mins of annealing exhibited the highest averaged Jsc among all the conditions.

Therefore controlling the Pbl, phase within 0.5% the amount of CH3NH3Pblz and tuning

the amounts of precursor and CH3NH3PbCls phases in the perovskite films are important
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to simultaneously achieve efficient light absorption, effective grain boundary passivation

and reduced recombination centers.

Table 5.1 The averaged four device parameters of Voc, Jsc, FF, and Eff with varying
annealing time.

Voc(V)  Jsc (MA/cm?)  FF (%)  Eff (%)

40 mins 0.978 19.35 68.94 13.04
55 mins 1.018 19.64 70.04 14.00
70 mins 1.033 19.37 70.37 14.08
90 mins 1.038 18.82 71.15 13.89
110 mins 1.024 18.15 69.15 12.85
190 mins 1.015 16.54 69.58 11.69
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Figure 5.3 Device performance of the CHaNH3Pblz«Clx films with varying annealing times
(a) the summarized device parameters. (b) Typical current density-voltage characteristics

for 40 mins, 70 mins and 110 mins annealing time.

5.3.3 Characterization

Furthermore, the CH3NH3sPblz.xClx film morphologies during the transformation were

characterized by SEM as shown in Figure 5.4. A high surface coverage (>95%) of

CH3NH3Pblz«Clx films were achieved with thermal annealing at 100 “C within 70 mins of
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annealing which reduced the possibility of shunt paths formation thereby reducing leakage

current in the solar cells. The high surface coverage obtained within 70 mins of annealing

in this study indicates that surface coverage was not a major factor for the changes in device

performance instead the evolution of the secondary phases played a vital role in device

performance. When the annealing time exceeds 70 mins, bright spots and voids between

grain boundaries appeared, which were deduced to be coming from the decomposition of

CH3NH3Pbls phase into Pbl, phase and the loss of CH3NH3PbCl; phase. At annealing times

of 110 mins or longer, the surface coverage gradually decreased and the original conformal

films were broken into small grains and branches (SEM images with different scales shown

in Figure S5.3) and more pronounced void formation was observed between the crystal

grains. Such changes in the microstructure may lead to direct contact between the electron

and hole transporting layers, leading to an increase in the leakage current of the devices

was increased due to these shunt paths formation. In addition, an increase in voids indicates

a less effective absorption area within the absorber. Thus, a decrease in device performance

was attributed to the combined effects of changes in the amount of Pbl. phase and changes

in the thin film morphology at longer annealing times.
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Figure 5.4 SEM images of perovskite film morphologies annealing at 100 °C for (a) 40
mins (b) 55mins (c) 70mins (d) 90 mins and (e) 110 mins.

The TRPL measurements with a 632 nm wavelength and 1 MHz frequency pulsed laser
were performed on TiO2/ CH3NH3PblsxClx films to best simulate the device structure at
room temperature and the results were shown in Figure 5.5 measuring the peak emission
at 775 nm. The TRPL data was fitted by two exponential decay curves and the minority
carrier lifetime (t) of the films obtained at different conditions were 0.44 ps, 0.89us and
0.53 us corresponding to annealing times of 40 mins, 70 mins and 110 mins respectively.
Longer minority carrier lifetime is associated with longer diffusion length (Lp = vDt, D
is the diffusion coefficient of carriers) and reduced carrier recombination rates. For films

annealed for less than 70 mins, the precursor phase and other secondary phases can act as
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recombination centers in the material or induce stronger interface recombination with the

hole transport layer or electron transport layer which would cause the Voc to drop

significantly. It is interesting to note that the shorter carrier lifetime did not influence the

Jsc in the device performance, e.g. the absorber obtained at 40 mins. This is the first time

to our knowledge that this effect is observed in the CHsNH3sPblsxClx perovskite solar cells.

The Jsc reflects the collection efficiency of the p-i-n junction relative to the total number

of carriers generated by light absorption. Comparing the 40 mins and 70 mins annealed

films, the total amount of generated charges does not vary significantly possibly because

most of the CH3NH3Pbls phase was formed by 40 mins and the electrical field across the

perovskite layer can sweep the photogenerated carriers rapidly even with the presence of

secondary phases. When the films were annealed at longer times (>110 mins), the Pbl>

phase became the dominant secondary phase in the films and the perovskite gains were

segmented according to SEM characterization. The shorter T can be directly correlated with

the decrease in Voc of the device performance which in turn is due to the increase of

secondary phases and extent of carrier recombination. Compared with the previous studies

based on vapor-assisted solution process (VASP) of CH3zNH3Pbls perovskite solar cells,

Chen et al. showed that over a certain amount of Pbl, formation caused the minority carrier

lifetime slightly decreased. Moreover, it did not change the film morphologies
107



significantly.[150] However, in the one-step solution processed CH3NH3Pblz«Cly, the

phase transformation resulted in different film morphologies and the consequently varying

device performances. Moreover, the TRPL results correspond with previous reports using

impedance spectroscopic measurement that showed short electron lifetime resulted from

incomplete reaction between Pbl, and MAX, and from excessive Pbl> formation in

mesoporous structured CHsNH3zPblzxCly solar cells.[137] The effects on minority carrier

lifetime and morphologies are in good agreement with the current-voltage characteristic of

the devices and those films with proper annealing time (55~70 mins) exhibited decent

minority carrier lifetime (>0.8 us) and film coverage.
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Figure 5.5 Time-resolved photoluminescence of perovskite film with (a) 40 mins (b) 70
mins (c) 110 mins on TiO> substrates at room temperature.
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5.4 Conclusions

In this chapter, the evolution of various phases was shown through a series of

characterizations for the phase transformation of perovskite thin films based on solution

processed CHaNH3PblsxClx. The XRD results indicated that multiple secondary phases,

including a precursor complex, Pblz, and CH3NH3PbCls formed during the perovskite

formation. The device performance showed that less secondary phases will result in better

PCEs, while it is a challenge to achieve pure CH3sNH3Pblsz phase from the single step co-

deposition process from PbCl, and MAI precursors. The SEM and TRPL results were

consistent with the device performance measurements and further elucidated the relation

between phase transformation and device performance. Based on these results, possible

reaction pathways were proposed to unravel the evolution of phases as the film formation

occurred during the annealing process. The phase transformation based on different film

preparation processes, e.g. two step solution process, vacuum deposition, and co-

deposition solution process from Pbl precursor instead of PbCl, should be further studied

to address the Cl species effect and to improve device performance. We believe that the

present understanding of the phases’ effects will facilitate the rational design of perovskite

materials and expedite the development of this emerging photovoltaic technology.[151]
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Figure S5.2 X-ray diffraction pattern of the films prepared from varying PbCl> to MAI
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100 °C.
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Chapter 6 Conclusion and Outlook

Next generation materials for solar cell applications provide a promising route to
dramatically enhance PV technologies’ competitiveness in the energy market by improving
both the performance and the cost-effectiveness of the fabrication process. In this thesis,
silver nanowire electrodes show remarkable transmission and sheet resistance values, ease
of fabrication and incur little damage to the underlying device layers, due to the low
processing temperatures and benign chemical solvent. Versatile nanocomposite structures,
including nanowire/NPs and nanowire/sol-gel, as demonstrated in this thesis can maintain
excellent electrode performance while improving the coating properties, contact formation,
chemical stability and film adhesion. The flexibility and stretchability of silver nanowire
electrodes also make them suitable for numerous next generation device structures,
especially for producing useful wearable electronics.

The greatest issue the silver nanowire electrodes face to date is their susceptibility to
degradation due to continued electrical damage. Even though it has been demonstrated that
improved stability can be obtained by adding a protecting layer, the electromigration of the
Ag atoms under continuous applied electrical field would cause the nanowire to break in

practical applications. Future development of nanowire electrodes should be weighted in
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this direction in order to ensure their stability and compatibility in device applications.

Thin film solar cells have their own array of advantages and disadvantages which separate

them from conventional devices. The wide availability and non-toxicity of raw materials

for CZTS fabrication has attracted a substantial amount of research attention, but

controlling junction formation and defective surface layers in CZTS system remain

challenging. Extrinsic doping might be a possible way to push the limits of intrinsic effects;

meanwhile more efforts should be focused in the direction of growing high quality film

and developing more effective way to passivate defects.

Hybrid perovskite solar cells show an excellent power conversion efficiency and

outstanding material properties but the usage of Pb element is not environmental-friendly

and is also harmful to human body. The substitution of Pb element results in deteriorated

optical and electrical properties. Moreover, the instability of the hybrid structure due to the

organic species is also a challenge in practical applications. The next stages in these low

cost and high performance solar cells should center on Pb replacement and molecular

design of organic species.

The next handful of years will likely be an important time in the development of CZTS and

perovskite solar cell devices, during which it will be determined whether or not the various

difficulties associated with CZTS and perovskite materials can be resolved to a sufficient
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degree and meet the requirement of solar markets. This will undoubtedly take time, but the

understanding and techniques gained along the way will benefit the development of future

material systems.
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