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ABSTRACT

Polymer/silicon hybrid solar cells have been idtreed to tackle the expensive
fabrication problem of conventional p-n junctioticgin solar cells. The idea arisen
in the polymer/silicon hybrid solar cells is that keplacing the high temperature
processed silicon doping layer (by diffusion) tolaw temperature processed
polymeric layer. By eliminating the diffusion step the p-n junction, it has been
estimated that energy input into the solar celdpation process could be 35% lower.
The polymer/silicon hybrid solar cells have the atages of low equipment cost
and low temperature fabrication to cut down theesgove cost in the conventional
silicon solar cells.

However, organic materials are less efficient timmmganic materials. The best
power conversion efficiency of polymer/silicon higbsolar cells is lower than that
of conventional p-n junction silicon solar cell@re factors have been hindering the
performance of the polymer/silicon hybrid solarlsellherefore, the aim of this
work attempts to explore some methods to enhare@diver conversion efficiency
of the polymer/silicon hybrid solar cells. In thisesis, (i) a surface texturization
structure was adopted for the silicon layer andafn acid treatment was applied for
the polymer layer. These approaches may be of i@poe in achieving better
carrier separation and collection in the hybridasalells. Moreover, the efficiency
enhancing methods are simple and low cost, thataas@rable to be used without

paying a huge extra cost.



Firstly, poly(3,4-ethylenedioxythiophene):poly(@aenesulfonate)
(PEDOT:PSS) was used for the polymer layer in iwid solar cells because of its
high work function and convenient solution procesisy. The polymer/silicon
hybrid solar cells with ITO/PEDOT:PSS/Silicon/Gairchitecture were fabricated.
The silicon/PEDOT:PSS junctions were processed Hd 1C in air with a
spin-coating and a wet etching process. Advancedgetent (high temperature and
high vacuum) was not necessary. The eliminationtleé high temperature
manufacturing step proposed a way to achieve imesipe solar cells. Furthermore,
with the aim of improving the charge collectionthé solar junction, the silicon
nanowires (SINWs) array was utilized to lower tipgical reflection from the shiny
planar silicon surface. The power conversion efficy (PCE) of the solar cell was
improved from 1.1% to 6.67% by converting the ptasiicon surface into the 390
nm height SINWSs array at the solar junction byritetal assisted electroless etching
method. The optimal length of SINWSs in the expenisavas around 390 nm. There
was an optimal length for the SiNWs array becatme golymeric PEDOT:PSS
aggregated at the top portion of the long SiNWayabut could not infiltrate into the
interspacing between the long SiINWs array. In thegl SINWs solar cells, poor
carrier collection as well as high recombinatiote reuppressed the PCE to improve
further.

Secondly, the low conductivity of pristine PEDOS$® film has been a
limitation for high efficiency devices. The low adurctivity of PEDOT:PSS is due to
the insulating PSS matrix attracted between thalective PEDOT grains. Hence,

the conductive PEDOT grains are separated by tisedP8 become less interlinking.



It was reported that the positive charged hydrogms in the formic acid could
neutralize the negative charged PSS chains. Thenabsof coulombic attraction
between the positively charged PEDOT chains andraleRSSH chains resulted in
the phase segregation between PEDOT and PSS ame fiesm conductivity of
PEDOT:PSS film was enhanced after the formic acghtiment. Therefore, the
formic acid treated PEDOT:PSS film was used to omprthe PCE of silicon
nanowires/PEDOT:PSS hybrid solar cells. The foragil treatment suppressed the
reverse saturation current and reduced the sersestance of the hybrid solar cells.
Finally, a 16.4% PCE enhancement was recordedtafteiormic acid treatment.

Thirdly, this study also showed that thin silicgheets were applicable to
fabricate flexible hybrid silicon/PEDOT:PSS hybsdlar cells. Thin silicon sheets
not only provided higher bending flexibility of tremlar cells but also allowed less
use of silicon material. The flexible 1Bn silicon sheet/PEDOT:PSS hybrid solar
cell yielded a PCE of 5.56%. We employed a bendést) apparatus to study their
bending stability. Bending cycle test showed a goedovery of the original
efficiency after 5000 cycles under a bending raddfisr mm that the estimate
bending stress in the silicon sheet was around MPa&. The ability of bending
repeatedly without varying much in the power cosi@r efficiency of the solar
cells hold a significant importance for the devehgmt in the lightweight and
rollable applications.

Last but not the least, moisture is always a ehgk for most of the organic
materials. With the help of an environmental chamibecontrol the humidity level,

lower relative humidity would cause slower deviaghdation. By comparing the



devices' overall performances with the individualdy of the ITO, silicon
nanostructure and PEDOT:PSS layer, we confirmettiigamajor causes of the PCE
drop in the degraded devices were due to the dezred the PEDOT:PSS
conductivity and the increase of the ITO interfaesistance. The results suggested
that humidity is a critical degradation factor irethybrid silicon/PEDOT:PSS solar
cells. We also demonstrated that the efficiencytte device could be almost
recovered by re-depositing the fresh PEDOT:PSSrlaydgo a fresh ITO and

recycling the silicon in the degraded device.
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Chapter 1 Introduction

CHAPTER 1 INTRODUCTION

1.1.Motivation

Fossil fuels are well-established sources to medilectrical energy. However,
pollutants emitted from burning fossil fuels arerhtul to human health. Figure 1.1
shows the dominant emitters from power plants agecury, acid gases and many
toxic metals [1]. Moreover, around 21.3 billion $oof greenhouse gases (carbon
dioxide CQ) are produced from burning of fossil fuels in powéants every year
[2]. The emitted CQ can lead to climate change such as extremely hadtcald
weather, increased mean sea level, flooding, Idssrap yield as well as the

earthquakes, may even bring economical loss ostdisa

25%

17.86% Nickel

-4 Arsenic
NOx
Mercury
Acid Gases
S02
Chromium

Figure 1.1 A pie chart showing the pollutants esdgittrom the power plant.



Chapter 1 Introduction

Despite fossil fuels cause pollution problem atidhate change, it is still
difficult to stop using them because our growingnded for electrical energy. The
United State Energy Information Administration feees that the world energy
consumption will grow by 56% between 2010 and 2(BJ0 On the contrary, oil,
coal and natural gas, together supplying 85% ofwtbdd's energy supply, are just
enough to last 42, 133 and 61 years respectivdlyVj¢ should aware that fossil
fuels are non-renewable energy sources and thépevilsed up in the near future.

Therefore, the generation of clean and renewaldegy sources as alternatives
to fossil fuels not only help retarding the poltuti problems but also meet the
increased energy need. Photovoltaic energy is amipnog candidate because
sunlight is abundant around us. Photovoltaic i® @ssafe method for electricity
generation different from nuclear power plant inieshhradioactive waste is danger
and causes long-term disposal problems. Furthernsmiar electricity can make
localized with the electrical appliances to avdid transmission power losses over
long distances from large power plants to the comss via extensive cables and
networks [5].

The application of photovoltaic devices to prodetaztricity will become more
important in the coming decades. The European Uhis already set a goal of
meeting 20% of energy demand through the use @wahble sources by 2020, in
which 12% of the electricity produced from photdaa power [6]. Moreover, a
large solar energy project has been planned iraltaproduce 5 gigawatts of power

[7]. For photovoltaic energy, conventional p-n jtioo crystalline silicon solar cells
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have attractive features of their good (up to 2%wer conversion efficiency as
well as sophisticated and well-developed deviceidabon techniques. Crystalline
silicon solar cells are currently dominating wit98 [8] in current photovoltaic
market because of their clean energy productiom Watv environmental impact,
non-toxicity, and abundant in silicon material. Biie limitations of their high
temperature doping process and low throughput naatwfing steps result in
expensive energy cost and advanced equipment meastthat hindered the

progress of photovoltaics.

1.2.This work

As aforementioned, silicon-based solar cells #reient but they are expensive
to produce that limited their applications. Theedtir costs for solar and coal are
18.12 and 3.14 cents per kilowatt hour respectij@lyEnergy generated from light
is nearly 6 times more expensive than that front.coa

One of the strategies to reducing the cost ofrsms is to eliminate the high
temperature steps in solar cell fabrication. Cotieeal p-n junction silicon solar
cells require diffusion or ion implantation to cmitthe amount of dopants into the
semiconductors and to alter the conductivity typa. the common dopants, such as
boron, arsenic and phosphorus, their diffusion tenaifoire range is between 800 and
1200 °C [10] and the diffusion step should be pssed in an ultra-clean furnace.
This solar cell fabrication involves expensive gyecost and high capital cost. By

eliminating the p-n diffusion step, it is estimatbdt energy input into the solar cell
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production process is 35% lower [11]. Besides, #tenination of the high
temperature steps in solar cell fabrication offerany advantages [12]: First, the
activation of silicon wafers' impurities under higémperature can be avoided,
preventing the reduction of minority carrier lifees and device efficiency. Second,
the low temperature fabrication will be compatitdethe trend of using thin silicon
substrates. Low temperature process can avoidritlesirable warping effects and
low thermal stresses in thin silicon.

Another strategy to reducing the cost of solatscel to reduce the expensive
material cost. Thinner wafers are being increagidgveloped in silicon technology.
For instance, double side polished wafers and sisigle polished wafers as thin as
8-10 um and 90um respectively have been supplied commercially igdiameter
ranging from 25.4 to 150 mm [13]. Around 40% of thedule cost is attributed to
the silicon wafer cost. The cell cost can be lowee$0.3/W per volume production
by 25um ultra-thin silicon semiconductor on metal sulissd14].

It would be attractive to implement convenientrfedtion approaches to cut
down the expensive energy cost and yet high powevearsion efficiency for the
silicon based solar cells. Low-cost high-efficienayotovoltaics can be potentially
achieved with the emergence and commercializatia@onducting polymer which is
usually processed by simple spin-coating from agsemlution at room temperature.
Organic polymeric materials enable large area ptoin in a cost-effective manner
by solution process or printing technique. Thesdrigues have low energy and
temperature demand compared to conventional seductor diffusion process and

can reduce cost by a factor of 10 or 20 [15]. Muezp their low temperature
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fabrication is compatible with a variety of substs especially the flexible plastic
substrate which is favorable in the high throughplitto-roll technology.

The basic concept underlying any photovoltaic devs charge separation by a
built-in electric field at the junction (or inteda). Band engineering together with
this basic concept, a "hybrid silicon/polymer salall" is an alternative choice to the
conventional p-n junction silicon solar cell. Theaim difference between "hybrid
silicon/polymer solar cell" and the conventionah punction silicon solar cell is at
the junction (or interface). For the former, junctiis formed between silicon and
polymer by spin-coating polymer onto the silicolnstwate at room temperature. For
the latter, junction is formed between p-type siticand n-type silicon by high
temperature diffusion of acceptor dopants into riligpe silicon substrate. Hence,
the fabrication of silicon/polymer hybrid solar lcébes not require high temperature
processing like diffusion. The idea in this hybsiticon/polymer junction is that by
replacing the inorganic doped silicon layer (byfudifon) to a polymeric
semiconductor layer (by spin-coating). In this wtne processing cost is reduced
with the silicon/polymer hybrid solar cell.

The "hybrid silicon/polymer solar cell" combinedvantages of both organic
(polymer) and inorganic (silicon) semiconductordieThybrid cell consists an
organic material such as the conjugated polymer titssports holes. Inorganic
silicon is used for the light absorption material the hybrid cell. The hybrid
photovoltaic devices have advantages of not onlydost solution processing but

also possible for flexible solar power applications
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1.3.Objectives

The aim of this study is to explore efficient iin solar cells in a low-cost

approach. The specific objectives of this thesgs ar

1. To improve the power conversion efficiencyilicen/PEDOT:PSS solar devices
by solving the problems such as high light refl@ectirom silicon surface and
low conductivity of polymer.

2. To investigate the bending flexibility and theunmid stability of the
silicon/PEDOT:PSS solar devices. Thin film siliceubstrates are utilized in the

fabrication of flexible silicon/PEDOT:PSS solar dms.

1.4.Thesis Overview

In this work, hybrid silicon/PEDOT:PSS heterojuantsolar cells are studied
for the photovoltaic application. This thesis camsaeight chapters and they are
organized as follows.

In chapter 2, the silicon/PEDOT:PSS heterojunctien introduced. The
underlying physics of the semiconductor and therapeg principle of the
silicon/PEDOT:PSS heterojunction solar cells arescdbed. The recent
developments of silicon/PEDOT:PSS solar cells &e @eviewed.

In chapter 3, the materials preparation and erpartal setups for the hybrid

solar cells are summarized. The physics for therilybilicon/PEDOT:PSS solar
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cells is described with the aid of the energy bdiagram for a better understanding
of the device's photovoltaic mechanism. A char&tiermodel which is used to
analyze the photovoltaic parameters of the solkriseescribed as well. Also, the
characterization methodologies in this work areoticed, which include Scanning
Electron Microscopy (SEM), Transmission ElectroncMscopy (TEM), Atomic
Force Microscopy (AFM), solar simulation and Cutrafensity-\Voltage (J-V)
measurement, Capacitance-\Voltage (C-V) measuremamf]ectance and
transmittance measurement, four probes resistteisying and thin film thickness
measurement.

In chapter 4, silicon wafers are purchased as diaeting material. The
as-received silicon wafers are usually planar andase-polished because the
current electronics industries rely on the plamehhology to build a vast array of
high precision and complex integration circuit chipn one wafer simultaneously
[16]. However, the shiny planar silicon surfacdaets a large portion of light due to
the high reflective index of silicon (reflectivedex of silicon = 3.42). The silicon
solar cells with planar silicon surface suffer higptical loss problem. To address
this issue, we texture the silicon surface frommpfainto nanowires morphology by
metal assisted electroless etching method to rediieeoptical reflectance. In
addition, the optimal length of nanowires for thgbid silicon/PEDOT:PSS solar
cells is revealed in this chapter.

In chapter 5, the low conductivity problem of pine PEDOT:PSS is
investigated. The low conductivity of the PEDOT:P8& suppress the carrier

collection, promote joule heating induced lifetimeduction and lower the device
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efficiencies. This chapter studies the effect dffiedent concentration of formic acid
treatment on the power conversion efficiency (PQ@E)the silicon nanowires/
PEDOT:PSS hybrid solar cells. After the treatmethie conductivity of the
PEDOT:PSS film enhances around two times and PO&nees 16.4%.

In chapter 6, flexible silicon nanowires/PEDOT:P8%orid solar cells are
implemented by overcame the limitation of brittleoperty of monocrystalline
silicon wafers. Normally, the brittle property sificon wafers makes them difficult
to curvature. By thinning the silicon wafers to ewfto a few ten micrometer
thickness using the potassium hydroxide solutiochiey method, flexible
silicon/PEDOT:PSS hybrid solar cells are fabricatedpolyethylene terephthalate
(PET) plastic substrates and the photovoltaic perémces are studied. In addition,
bending cycle tests are carried out to understhedénding stability of the flexible
hybrid solar cells.

Humidity has long been the enemy to optoelectraeices. In chapter 7, the
effects of humidity on the photovoltaic performanect the silicon nanowires/
PEDOT:PSS hybrid solar cells are studied. The klylsolar cells are kept in
different levels of relative humidity that contrdl by an environment chamber. The
power conversion efficiencies of the hybrid solaliscare recorded periodically to
obtain a trend of degradation due to humidity. emnore, the reasons for the
degradation of the devices are investigated.

In chapter 8, a summary of all the results in gigiect are drawn. Some ideas

on the possible future work will also be presentethis chapter.
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CHAPTER 2 LITERATURE REVIEWS

2.1.Introduction

In the current chapter, underlying physics of semductors is used to explain
how silicon solar cells can convert light energelectrical energy. It is worth noting
that conventional p-n junction and Schottky junctere two important concepts in
photovoltaic devices. Then, we will be familiar ithe architecture and operation
principle of the hybrid silicon/PEDOT:PSS hetergtion solar cells. Low cost
fabrication techniques are introduced. Finally, widl discuss the progress and

limitation of the current hybrid silicon/PEDOT:PS8lar cells.

2.2.The physics of silicon solar cells

The electrical conductivities of semiconductor enls are between conductors
and insulators. At zero Kelvin, pure silicon behavike an insulator. The
semi-conductivity of silicon can be modified by thddition of impurities during
manufacturing so that it can partially conduct &leity for different types of
applications. When the addition of impurities igthienough, it can even behave like

a conductor. Silicon is a widely used semicondurctghotovoltaics, optoelectronics
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and integrated circuit devices.

2.2.1.N-type and p-type silicon

Silicon can be n-type or p-type, determining by tiyge of impurities in the
lattice structure of the semiconductor crystal. Gmwmn p-type impurity materials
include boron, aluminum, indium and n-type impuntgterials include phosphorus,
arsenic and antimony [17].

The common n-type impurities have five outermdstteons. Four of them
combine with silicon atoms, while the fifth eleatrean move freely to transport
charges in the lattice (Figure 2.1(a)). N-type semductors are electrically neutral.
The positively charged impurities are fixed in th#ice and emitted free electrons.
As the free electrons can move freely with reldyivew energy into the conduction
band of silicon, this little energy is schematigalepresented by a "donor energy
level" near the conduction band edge of silicong@Fe 2.1(b)). When more
impurities are added, this donor energy band gajvéocome will be smaller so that
the conductivity of the semiconductor increases.

Similarly, the common p-type impurities have otilyee outermost electrons.
Holes are leaving near the valence band of siletmms. In this way, the holes can
be filled by the mobile electrons in the valencadaf silicon (Figure 2.2(a)). The
holes movement can be interpreted by the opposidgement direction to the
electrons. With the acceptation of electrons froiica atoms, the impurities

become negatively charged. Electrons from the ealdvand of the silicon occupy

10



Chapter 2 Literature Reviews

the holes at low energy that is denoted by an f#ocenergy level” (Figure 2.2(b)).
The "donor energy level" and "acceptor energy leaet also called the Fermi level
of n-type and p-type silicon respectively.

For n-type semiconductors, free electrons are daasemajority carriers, and

holes are named as the minority carriers. For ppdg@miconductors, the free holes

are the majority carriers, electrons are the mipaarriers.

(a)
=== Covalent bond between Si
=== Covalent bond between Siand P
(b) A
Free electron Conduction
b4 band
= Donor level
Hole in the fixed dopant
Valence
band

Figure 2.1 (a) A free electron is emitted from gitosrous (b) Donor level is near the

conduction band in the n-type semiconductor (Medifirom [17]).

11



Chapter 2 Literature Reviews

@
=== (Cogvalent bond between 5i
=== Covalent bond between Siand B
(b) A
Conduction
band
Electron in the fixed dopant
—$— Acceptor level
4;— Valence
Free hole band

Figure 2.2 (a) A neighborhood electron moves tdtig¢ vacancy of hole in the
boron-doped silicon. A new hole is formed at thigiaal location of the electron. (b)

Acceptor level is near the valence band in thepgetyemiconductor (Modified from

[17])

2.2.2.P-N junction

In the operation of a solar cell, the generatibthe electrical current from the
sun's photons energy relies on an intrinsic eleigld to separate charges. So, how

can this electric field be provided? One of theanapmponents in the silicon solar

12
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cell is the "p-n junction”. A p—n junction is thatérface between a p-type and a
n-type semiconductor, as shown in Figure 2.3. Thigction can be made by
diffusion at high temperature from 800 to 1200 °Cian implantation by the
bombardment of a high-velocity beam. In diffusiorogess, the dopant impurties
move from the surface into silicon substitutionally interstitially under high
temperature [18]. In ion implantation process, tlopant atoms are forced to add
into silicon by high energetic ion beam bombardnj&8i. Figure 2.4 and Figure 2.5
are the schematic diagrams showing the diffusicstesys and the ion implanter
respectively. Photos of the equipment for diffuspypocess and ion implantation are

shown in Figure 2.6.

Before
diffusion:
— n-silicon
After
diffusion:
— n-silicon

Figure 2.3 Schematic diagram of a p-n junction.
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Figure 2.4 The open-furnace-tube diffusion systéanga) solid, (b) liquid and (c)

gaseous impurities source. Wafers are heated kotligperature in a quartz boat

and the impurities are transported to the siliamfiege and diffused into the wafer.

(Photos captured from [19])
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Figure 2.5 The ion implanter system. A high velptieam of impurity ions was x-y
scanned across the silicon wafer to penetraterttie esurface of silicon target

wafers. (Photo captured from [19])

When p-type silicon is in contact with n-type &ilh, the mobile electrons from
the n-type silicon near the p—n junction will ds&iinto the p-type silicon, leaving
positively charged impurities in the n-type silicoaar the p—n junction. Similarly,
holes from the p-type silicon near the p—n junctieii diffuse towards n-type
silicon, resulting fixed impurities with negativlarges in the p-type silicon near the
p—n junction. The neutrality at the region neaiy p—n interface is lost along with
the accumulated diffusion charges, the space chagen or depletion layer is
formed. This potential difference across the juottis called built-in potential .
The diffusion process results in generate moreesgaarges, but the electric field
produced by the space charge region opposes flasidif process for both electrons
and holes. Eventually, the electric field is stragmgpugh to balance the diffusion

process at equilibrium, as shown in Figure 2.7.
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Figure 2.6 Equipments for (a) diffusion process @don implantation [20]
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Figure 2.7 Space charge region is formed in p-otjan at equilibrium

20006 —»

p-type

Conducion band
Fermi level

— 0 °° n-type

Valance band

Figure 2.8 Energy band diagram of a p-n junctidrotBcurrent is generated by the

absorption of photons energies.

When light illuminates the p-n junction, electrowdl be excited from the
valence band into the conduction band. Holes dteb&hind in the valance band.
(Figure 2.8). At this circumstance, the electrieldi is important to separate the
electrons and holes to the "correct” electrode® dlkctric field at the p-n junction

can prevent hole-electron recombination and ditket electrons to flow in one

17
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direction. The negative electrons move to the aghend the positive holes migrate

to the anode. In this way, the light energy is @ited into the electrical energy.

2.2.3.Schottky junction

The Schottky junction is similar to the p—n juocti where metal serves the role
of either the p-type or n-type semiconductor.

Figure 2.9 (a) illustrates the ideal metal/semitator junction for a n-type
semiconductor and a high work function metal, aftemtact. If the n-type
semiconductor and the high work function metaliareontact, electrons will flow
from the semiconductor to the metal. Positivelyrghd donors are left in the space
charge region nearby the interface. Similarly, dgp-type semiconductor in contact
with a low work function metal, electrons will floirom the metal to the
semiconductor, as depicted in Figure 2.10 (a). Megacharged acceptors are
formed in the space charge region nearby the axterf

The band diagram for metal/n-type and metal/p-tgpmiconductor Schottky
barriers at equilibrium are given in Figure 2.9 @md Figure 2.10 (b) respectively.
Across the space charge region (SCR), an eleattit is formed. The electric field
generates a built-in potential, which is equal ie tifference between the work
function of metal and the Fermi level of semicortduevhen they are separated. The
potential difference leads to a rectifying Schottlayrier near the interface.

When light shines at the Schottky junction, eleethole pairs are formed in the

n-doped or p-doped silicon. The electric field fa Schottky junction can prevent

18
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hole-electron recombination and direct the electramd holes to flow to the cathode

and the anode respectively.

(a) space charge
region
Metal —+
E-field
(b) | .
E Metal n-type semiconductor
Space charge region
. 1
Schotthky
barrier Ec
height

Ef

Distance

Figure 2.9 (a) Space charge region is formed iralimetype semiconductor Schottky

junction at equilibrium and (b) the band diagram.
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Figure 2.10 (a) Space charge region is formed italpetype semiconductor

Schottky junction at equilibrium and (b) the banaggdam.

2.2.4.The evolution of Schottky junction solar cells

The metal top-electrode of the Schottky structaam be replaced by the
degenerate semiconductor [21]. Degenerate semictorduhave low resistivity and
wide band gap so they are transparent in the eisN@velength. Ideally, they can

reduce the reflectance losses or the shading ldsgdbe metal layer. Tin-doped

20
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indium oxide (ITO) is commonly used for the uppéecerode. ITO film usually
consists of 90% indium oxide @@3) and 10% tin oxide (SO3) by weight. It is a
degenerate semiconductor with a wide band gap wikidhinable with deposition
properties. For ITO/n-type silicon solar cells, ytheould achieve the ideak.Jof
around 33 to 36 mA/cfnat AM1.5 or 40 mA/crhat AMO illumination conditions
[21].

Another proposed degenerate semiconductor is theductive polymer
poly(3,4-ethylenedioxythiophene):poly(styrenesuifta), PEDOT:PSS. It is usually
a hole transporting material and has more than @@¥sparency over the entire
visible spectrum into the near-infrared for thin DRET:PSS films. High work
function of around 5.2 eV of PEDOT:PSS lets therktconduction of holes to be

efficient at the solar junction.

2.2.5.Advantages of Schottky junction over p-n junction

Schottky junction has advantages over p-n junctansolar devices in three
areas: First, the formation of Schottky junctionmaéhates a high-temperature
diffusion step. A 35% input energy is saved fromoduction process of Schottky
junction solar cells in comparison to that of tleeweentional p-n junction solar cells
[11]. Hence, the production cost per cell is lowker8econd, collecting junction of
the Schottky solar cells is located right at thdagie so that the charge collection is
efficient [22]. Third, no loss of silicon crystallty perfection in the product due to

the elimination of the high temperature diffusiangess. For p-n junction solar cells,
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the open-circuit voltage is limited to typically 6630 mV. The Schottky junction
monocrystalline silicon solar cell achieved an opeauit voltage, as high as 655
mV in 1979 [23].

In the last couple of years, there had an incngasiumber of reports on
Schottky barrier monocrystalline n-type silicon/RBEDPSS solar cells. Their
relatively simple fabrication in ambient atmosphered at rather low processing

temperatures, is very appealing for low-cost yghfefficiency photovoltaics.

2.3.0perating principle of monocrystalline n-type

silicon/PEDOT:PSS hybrid solar cells

A hybrid solar cell is formed by associating an amg material with an
inorganic semiconducting material so it can acghboth the distinct properties from
them. The general structure for n-type silicon/PHERSS hybrid solar cells is in
sandwiched geometry as shown in Figure 2.11. Thestsate may be glass or

plastics.

| ITO glass [ Ag grids
J) : PEDOT:PSS
Anode Silicon
Ga:ln

J,

Cathode

Figure 2.11 The architecture of the hybrid soldk ce
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Indium tin oxide (ITO) is an anode material in thgorid solar cells, due to its
high transparency and commercial availability. Arestcommon anodic material is
silver (Ag). The silver grid pattern can be donetbg convenient screen-printing
method.

Poly(ethylene-dioxythiophene) doped with  polyshgsulfonic  acid,
PEDOT:PSS, is applied between the top electrodettandilicon wafer by solution
processing (drop-casting or spin-coating). The cotide polymer PEDOT:PSS
layer roles as a hole transporter layer. Moreavegn reduce the surface roughness
of ITO, protect the active layer from oxidationdaprevent the unwanted trap sites
by blocking the diffusion of anode material int@ thctive layer [24]. In addition, the
work function can be changed by redox reactionth@PEDOT layer [25].

The bottom electrode (cathode) can be made byoeatpg metal with a
shadow mask or simply depositing eutectic gallimtiim (Galn) paint with a
cotton pad. Cathode materials should be ohmic comtih silicon to ensure a good
charge collection.

Photovoltaic cells convert light energy to eledticenergy. The silicon
semiconducting layer absorbs sunlight and genefegesholes and electrons, which
are separated and diffuse to the correspondindgretess. The electrons and holes
separation is served by the internal electric fiatdl the collected charges at the
electrodes produce a current in the external dir@dlar cells generate direct current
electricity to loads or electrical apparatuses.

The general operating principle of the hybrid sotells involves three

important processes: (i) light absorption (ii) dediffusion and separation and (iii)
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charge transport.
2.3.1.Light absorption

Incident photons with energies greater than thedbgap energy of the
semiconductor are absorbed and the electrons ajrthend states are excited. The

band gap of silicon is 1.12 eV. The photon eneE)yafd the wavelength of the light

(A) is related by: E = h7c whereh is Planck's constant (6.626 xf@s) anct is the

_ (6626x10°%)(2998x1(F)

speed of light (2.998 x fan/s). Thus, A —
(112)(1602x10™*°)

=1.107pm.

Hence, light with wavelengths below 1110 nm is absd and the theoretical
maximum photocurrent is 43.8 mA/émi26]. Organic PEDOT:PSS thin film
contributes very little to the light absorption,tbis role was more significantly to

enhance charge separation and provide good chargsport.

2.3.2.Charges diffusion and separation

Charge diffusion and separation are difficult irgamic materials. First, the
average exciton diffusion lengths of most of thgamic semiconductors are short
(smaller than 20 nm). However, the exciton diffuslengths in inorganic materials
such as silicon could reach several hundred narmmefhus, different from
inorganic materials, most of the excitons are gamgicombined in the organic

materials before the carriers are diffused to rehetelectrodes. Second, the binding
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energies of excitons in organics materials arehm tange 200 400 meV [27].

Thermal energy at room temperature of around 26 me\ot large enough for the
dissociation of excitons into holes and electrdds. the other hand, the binding
energies in most inorganic semiconductor mateaadsin the range of 2—40 meV.
Therefore, the charges separation in organic nadgeis much difficult than that in
inorganic materials.

As a result, exciton dissociation must be caroed at the interface with the
help of an inner electrical field built by organémd inorganic components with
proper highest occupied molecular orbital (HOMO)d alowest unoccupied
molecular orbital (LUMO) energy levels. The totaka of the interface and the
intensity of the built-in electrical field at thenterface dominate the exciton
dissociation efficiency.

Two common configurations of polymer/inorganic hgbsolar cells are bilayer
and core-sheath, as in Figure 2.12. Charge separaticurs at the interface. Due to
the short exciton diffusion length in conjugatedypwers, bilayer structure seriously
limits exciton dissociation because only one irstegf is provided for the exciton
dissociation between the materials. This implied tnly the photoexcitation nearby
the interface and within an excitonic diffusion ¢g&m can produce free charge
carriers. In order to enlarge the interface ared lanefit carrier transportation,
ordered core-sheath nanostructures were applietoonjugated polymer/inorganic

hybrid solar cells [28].

25



Chapter 2 Literature Reviews

Inorganic

Figure 2.12 Bilayer (left) and core-sheath (righphitecture of the

polymer-inorganic solar cells.

2.3.3.Charges transport

The charges are transported and collected thrdugklectrodes. The electrode
configurations are commonly silver grids or trangpé conductive oxide layers. For
silver grids, the separation distance between fsghould be optimized to favor the
charge collection and avoid large area shadingghit.| Alternatively, transparent
conductive oxides allow sufficient light absorptioecause of the high transmittivity
of materials. However, indium (one of the elementsansparent conductive oxides)

Is rare and its price is increasing.

2.3.4.Alternative materials for silicon or for PEDOT:PSS

In silicon/PEDOT:PSS solar cells, an alternativaterial for PEDOT:PSS is
graphene (Gr). Gr has high carrier mobility, hightical transparency and tunable
work function. In the silicon/graphene (Si/Gr) satall, the Gr film forms Schottky

junction with silicon and functions as a carriepating layer. The efficiency of the

26



Chapter 2 Literature Reviews

Si/Gr solar cell can be improved from 0.014% to5%4by thermal annealing
process at 450 °C for one hour [29]. Doping graphgim with nitric acid can
increase the work function of graphene and incréaseefficiency to 3.55% [30].
Another alternative material for PEDOT:PSS is carbanotubes (CNTs). The high
mobility and large surface area of CNTs could beofable to carrier dissociation
and transportation, offering great promise in teeedopment of high efficiency solar
cells [31,32]. CNTs served as both photogeneratgities and carrier
collection/transport layer. Silicon/CNTs heterojtion solar cells have an efficiency
of 5-7% [33].

For silicon, an alternative material is galliumsemide (GaAs). GaAs is a
promising solar cell material due to its high ogti@bsorption coefficient. A
reasonable power conversion efficiency can be dem/iwith a relatively thin
thickness in comparison with other materials. Bageda heterojunction between
vertically aligned GaAs nanowires and PEDOT:PS3 witorporating an electron
blocking poly(3-hexylthiophene) layer, the fabredthybrid solar cell exhibits an

power conversion efficiency of 9.2% [34].

2.4.Low cost fabrication methods

2.4.1.Spin-coating and screen-printing for organic thin fim

A group of widely used organic materials are polggné>olymers cannot be

deposited by vacuum evaporation due to their langéar mass and decomposable
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character under excessive heat [25]. Thereforet polymer-based materials are
usually solution processed at low temperature. rAttie wet film formed on the
substrate, annealing or ultraviolet curing are lguearried out. Subsequently,
another film is allowed to be deposited on topheim.

Common printing/coating techniques for the proaucof polymer solar cells
are spin-coating and screen-printing. The schendiigram of spin-coating and
screen-printing are shown in Figure 2.13 and Figlr&4 respectively. These
techniques provide the possibility for large scal®duction with low energy
consumption.

For spin-coating, the substrate is stuck on tise dnd followed by dropping
excess amount of coating solution onto the sulestiEtten the substrate rotates at
high speed so that the excess solution is spread tadial outward force. The
volatile solvent in the coating solution could evegie throughout the spinning.
Eventually, a thin film is left on the substratagher the rotation speed of spinning,
the thinner the film.

For screen printing, a screen stencil is put gnabthe substrate. Most area on
the screen stencil is ink-blocking except the arfgaattern to be printed. A squeegee
is moved across the screen stencil, the ink wilitgthe pattern of the screen onto the

substrate.

28



Chapter 2 Literature Reviews

1. Dropping coating 2. Thin film coated on substrate
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Figure 2.13 Schematic of spin-coating processing thin film on a substrate.
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Figure 2.14 Schematic of screen-printing processing

2.4.2.Electroless etching for silicon nanowires

Commonly used silicon nanowires fabrication method85 ] include
vapor-liquid-solid (VLS) method, laser ablation,ligmn phase, molecular beam
epitaxy (MBE) growth, and metal-assisted elect®letshing (EE). These nanowires

fabrication methods are compared and summarizeti@asn in Table 2. 1.
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Methods Advantages Disadvantages

VLS Diameter and growth rate control;  Contamination of catalyst;
Allowing epitaxial deposition  (degrades minority-carrier lifetime
&
diffusion length in SINWS)

Laser High purity, yield and quality; High temperature (~120QC)
ablation Fast growing rate; target heating
Uniform smooth curving of NWs

Solution Defect free SINWS; Solvent heating and pressurizing

phase Nearly uniform diameter (as low

as 4-5 nm)
MBE Epitaxial deposition; High-purity solid Si source
Vertically aligned ordered array heating;
Ultrahigh vacuum;
Metal contamination;
Only NWs with diameters greater
than 40nm was obtained,
Low growth rate
EE Rapid fabrication of large-area;  Hard to control wire diameter

Highly oriented SiNWs array

Table 2. 1 Comparison table for commonly used gnawethods of silicon nanowires
(SINWSs). [Information extracted from Ref.35]

Generally, the fabrication of silicon nanowiregeeds in high temperature
(VLS, laser abalation, solution phase) or high weweu(MBE). However, the

advantage of metal-assisted electroless etching (&Ehat silicon etching occurs
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rapidly at room temperature when the silicon swbesr covered with silver
nanoparticles are immersed in the hydrofluoric (HE)d based solution. It is
reported that high-quality, upright-orientationicoh nanowires (SiNW) arrays can
be rapidly fabricated on silicon substrates withigdaarea homogeneity and
controllable depth of nanowires [36]. Growth of $¥Narrays could be carried out on
p-type or n-type crystalline silicon wafers as vaadlon a selected active area [37].

The working principle of EE is a displacement teac The metal induces
oxidation and the silicon dioxide beneath the mesalyst dissolves in hydrofluoric
acid solution. At the surface of the silicon wafeeduction of metal ions and
oxidation of silicon atoms are simultaneously tagéce [38].

By the injection of holes into the valence bandsiicon, the displacement
reaction on silicon with silver ions (with highlyogitive reduction potential) is
carried out. The presence of HF acid brings abloeitsucceeding dissolution of the
silicon wafer. As a result, the silicon-silicon lsngive out the electrons to reduce
the silver ions into silver nanoparticles on thiican surface. Silver nanoparticles
cannot move horizontally and they are pinned by ghe on the silicon surface.
Subsequently, local etching occurs (Figure 2.15 &me silver dendrites would be
formed on the silicon surface during the etchingcpss [39]. The cathode reaction is

the reduction of silver ions:
Ag" +e - Ag(s)
The silicon beneath the silver nanoparticles igliaed by the injected holes and

dissolved at the silicon/silver interface by HF.eTsilicon under the noble metal is

etched by HF much faster than the region withoetdbverage by the metal. Owing
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to the continuous etching away of the silicon diexibelow the silver metal, the
silver nanoparticles sink and generate pores imosilicon substrate. (Figure 2.15
(b)). The anode reaction is the oxidation of siti¢89]:

Si+2H,0 - SiQ, +4H" +4¢e

SiO, + 4HF - H,SiF, +2H,0

Silicon
(a)
ﬁ.g"‘
I
_ Ag particle sinks
l_ to the bottom
Silicon
(b,

Figure 2.15 Mechanism of the lateral dissolutiositton.

The continuous etching around the pores wouldltr@suhe final formation of
silicon (nanowires and nanoribbons) nanostructutetonger and thinner silicon
nanowires arrays would be fabricated if the silgarticles covered silicon wafers

were immersed in the HF-based etching solutioraftonger duration. The etching
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of silicon would continue until the exhaustion bétsupply of oxidizing ions. Finally,
some nanowires may form bundles by sharpeningofirends of the nanowires.

To control the silicon nanowires' diameter or dgnssome methods are
summarized as follows:

Nanowires with random diameters from 30 to 200 ¢an be formed by high
density of silver particles on the silicon substrg40]. Silver particle density is
controlled by the duration of silver nucleation. the two-step electroless etching
method, the first step is to immerse the samplessolution of 0.03 M silver nitrate
(AgNO3) and 5.6 M HF for a short period of time for tleerhation of silver particles.
The second step is to immediately soaked themtihsolution of 56 M HF and 0.3
M H,0O; for 3 hours to form silicon nanowires. The duratal immersion in the first
step plays an important role in the silver nuctaatiLow density and high density
silver particles are formed on the silicon subssatfter 10 and 65 seconds
respectively. The high density silver particles cdmain nanowires with diameters
from 30 to 200 nm and the low density silver p&egbtain porous silicon.

The density or diameter of nanowires from 100%8 Bm could be accurately
controlled by the template method [41]. In this Inoet, polystyrene spheres are used
as the template. First, the spheres are self-adsdnoin the silicon substrate. The
desired diameter and density of nanowires are clbedr by the diameter of the
spheres that are reduced by a reactive ion etgrmgess. Next, thermal evaporation
process is carried out to deposit a silver film cadalyze for the subsequent
electroless etching. Due to the masking of theailisubstrate by the spheres, a

silver film with holes array is formed on the siit substrate. Consequently, the
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silicon beneath the silver film is etched away aadowires array is formed by the
metal-assisted electroless etching. The polystyspieres and the silver film are
removed by chloroform and boiling aqua regia respeky.

Another approach for accurate controlling the dgnsf nanowires is using
anodic aluminum oxide (AAO) membrane [42]. This eggeh can fabricate silicon
nanowires with diameter as small as 8 nm and deasithigh as 1§ wires/cn.
First, the 300 nm thick AAO membrane with 20 nm ealiameter is solution
transferred onto the silicon substrate. Then, neadbn etching (RIE) is performed
followed by the removal of the ultrathin AAO madkence, the hexagonal pores
array pattern on AAO membrane is transferred omeouinderlying silicon substrate.
Next, silver or gold metal is deposited on the qragd silicon substrate.
Consequently, the ordered array of nanowires isionbtl by performing metal
assisted etching of silicon. The density of theawéres is determined by the density
of pores of the AAO membrane and the deposited Inbkiekness. Due to the
shrinkage effect, the diameter of nanowires deeseawith increasing mesh
thickness.

The strong trapping of light by nanowires can éage light absorption and
improve cell performance. One possible alternatfethe nanowires for light
trapping was the plasmonic metal nanospheres incatgd at the interface between
air and silicon. The common plasmonic metals adreeisiand gold. Silver is much
better than gold because of its cheaper cost. Thikght can be effectively guided
within the absorbing layer due to the collectiveilbstion of electrons at the surface

of the metal nanospheres [43]. The plasmonic natiofes effectively trap sunlight
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into the underlying silicon by forward scatterirghen the silicon pyramid surface
was optimally 35% covered by spherical silver narbples (average radii around
68 nm), the reduction in the total reflectance wesund 3.4% [44]. Although the
introduction of plasmonic nanoparticles can dearebght reflection, they also
induce light loss due to absorption within the rzarticles themselves. After
integrating 200 nm diameter silver nanopatrticlestam of the silicon wafer, the
measured efficiency of the solar cell reduced frofm47 to 17.1% for low area
coverage (~1-5%) and from 17.47 to 16.8% for higgmacoverage (~5-10%) [45].
On the other hand, the parasitic absorption is eutgble in the dielectric
nanoparticles. The efficiency enhanced slightlynfrd7.47 to 17.7% with the

application of 100 nm diameter silica nanoparticles

2.4.3.Anisotropic etching of silicon

Anisotropic etching of silicon refers to the diiectdependent etching of
silicon [46]. For single crystalline silicon solells, anisotropic etching is utilized to
form pyramidal structure on the surface of thecsiti wafers. The pyramidal
morphology can re-collect the reflected light amaptthe light more efficiently
inside the solar cells [47].

Because of the strong dependence of the etclonatiee direction of crystallity
and the concentration of etchant, silicon structtae be produced in a well-control
and reproducible way, according to Figure 2.16 [48he mixture of sodium

hydroxide solution or potassium hydroxide solutimixed with isopropyl alcohol
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are the most common etchant for silicon. The teatpee range of 70-90 °C is
widely used in the etching process [47]. Seidelestudied the silicon etch rate by
potassium hydroxide solution in details and theulissare summarized in Figure

2.16. A chemical equation of anisotropic etchingsdfcon is as follows [49]:
Si+20H™ +2H,0 - SiQ(OH),” +2H,

Isopropyl alcohol is used for an effective mixtu@ potassium hydroxide
solution influencing the smoothness of resultedcail surfaces [50]. Isopropyl
alcohol can help removing the hydrogen bubblesiénetching solutions [47]. It also
promotes the formation of large pyramids becausgcieases the wettability of the
silicon surface. However, with increasing isoproglgohol concentration, the silicon

etching rate decreases significantly.

Temperature [°C]

%KOH 20° 30° 40 50° &0°¢ 700 80 90° 100
10 149 32 67 133 252 46 82 140 233
15 156 34 70 140 2685 49 86 147 245
20 157 34 71 140 267 49 86 148 246
25 153 33 6% 138 259 47 84 144 239
30 144 31 65 128 244 45 79 135 225
35 132 29 59 118 223 41 72 124 208
440 1.17 25 53 1056 199 36 64 110 184
45 101 22 46 290 171 31 Bb 95 158
a0 084 18 38 75 142 26 46 79 131
55 066 14 340 59 112 21 36 62 104
60 050 11 22 4.4 84 15 27 47 78

Figure 2.16 Silicon (100) etch rates imj/h] for various KOH concentrations and
etch temperatures. [48]
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2.5.Recent development in silicon/PEDOT:PSS hybrid

solar cells

Without any efficiency enhancement methods, thdcasi/PEDOT:PSS
heterojunction solar cell efficiency can be veryw16<0.1% [51]). However, it had a
gradual increase in its power conversion efficiemcyecent years and could be a
promising candidate for future low cost solar cells

Currently, the silicon/PEDOT:PSS hybrid solar €dflave already exceeded
10% efficiency [52]. Various feasible methods favites efficiency improvement
are reviewed from the literature. First, deviceficeincy improvement can be
achieved by enhanced optical absorption of silicbme textured (micropyramids
and nanowires) silicon surface increased junctreafar optical absorption and thus
enhanced carrier separation/collection and PCE.[%3}ious types of textured
silicon surface have been achieved, such as naaof®#4], nanorod [55] or
nanopillar [56]. The silicon/PEDOT:PSS hybrid solzll with the hierarchical
surface (nanowires on micropyramids) obtained aegvogonversion efficiency of
11.48% [53]. Compared to the efficiency of planab9%) and only micropyramid
(10.37%) surface devices, the hierarchical surfackieved higher efficiency.
Moreover, the generated power density by the hybeitl with hierarchical silicon
surface enhanced from 51.9% to 253.8% at all angfescidence (AOI). This
efficiency enhancement in ominidirection is pragktibecause sunlight shines on the
solar cell from a variety of direction during th@yd The hierarchical surface

increased internal multiple reflection and providedintermediate refractive index
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between air, PEDOT:PSS, and silicon, broadbandlg amnidirectionally to
suppress the undesired surface reflection in tle@siPEDOT:PSS hybrid solar cell.

Second, studies were also conducted on the intenfassivation of silicon.
Materials such as ferroelectric poly(vinylidene odifidetetrafluoroethylene)
P(VDF-TeFE) [57], graphene oxide (GO) [58,59,60n@inum oxide (A}Os) [56]
and 1,1-bis[(di-4-tolylamino)phenyl]cyclohexane HB) [52] were reported and
acted as a thin organic interfacial layer in betwedype silicon and PEDOT:PSS.
This enhanced the electric field or electron barriat the crystalline
silicon/PEDOT:PSS interface anslppressed the electron recombination at the
anode, for the purpose of device efficiency improeat. However, too thick
interface layer imposed higher barrier potentialdioarge carriers to tunnel through,
retarding the collection efficiency of the deviddus, most thickness of interfacial
passivation layers were around 2-5 nm.

Third, better adhesion of PEDOT:PSS on hydrophablcon were also
reported to improve the devices efficiency. Theultesf higher efficiency was
interpreted in terms of the better adhesionp@e-filling ability) of PEDOT:PSS on
the planar (or gap between) nanostructured siliéd@nmore contact areldetween
PEDOT:PSS and silicon, the charges separation woellchore efficient. Liu et al
[61] mixed 0.1% Zonyl fluorosurfactant in PEDOT:P3®d fabricated 11.3%
crystalline silicon/PEDOT:PSS photovoltaic devicdsge to the good adhesion of
Zonyl-treated PEDOT:PSS on silicon surface. Fotuied pyramid surfaces, Yu et al
[52] pointed out that the spin-coated organic paymlayer was always

inhomogeneous and it was hard to coat uniformlytesttured surfaces. Thus, they
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utilized electrospray deposition (ESD) which is gy ghrocess with a solution
precursor to achieve a uniform film coating. Thedarcts were formed preferentially
at the valley region of each pyramidal structurbug, the EDS was demonstrated
effective to improve the interfacial propertiesn8arly, for nanowires array textured
silicon surface, the spin-coated organic polymes widficult to infiltrate into the
gaps among the nanowires. Still, the pore-fillinmglisy of small molecular size of
Spiro-OMeTAD into the gaps between the SINWs wagsored to increase its
junction area and improve SiNWSs surface passivd@h. Spiro-OMeTAD stands
for 2,20,7,70-tetrakis(N,N-di-4-methoxyphenylamin®)90-spirobifluorene, that is
a small molecule organic material. The SINWs/SgMdeTAD/PEDOT:PSS cells
exhibited a power conversion efficiency of 10.3%ich was higher than the 7.7%
of SINWs/PEDOT:PSS cells.

The silicon/PEDOT:PSS heterojunction solar cedl flaown gradual increase in
its power conversion efficiency in recent years agxkaled a promising candidate
for the future low cost solar cell. In 2013, thglest power conversion efficiency
reached 13.01% [52], with a short circuit currefit3d.76 mA/cni, open circuit

voltage of 0.54 V and fill factor of 69.5%.

2.6. Effect of nanowires length on device efficiency

Texturization is a simple way to improve opticalsatption and increase
junction area. Although silicon surface texturipati by nanowires has been
investigated for the efficiency improvement in tirid silicon/ PEDOT:PSS solar

cells, the optimal length of the nanowires for best performance is uncertain. For
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instance, Lin et al. [63] studied the SINWs lengtfect on the PCE of the hybrid
solar cells. Their devices with 370 nm SiNWs acb@¥CE of 8.4%. On the other
hand, Lai et al. [64] showed that devices with B6® SINWs can only obtain 7.7%,
whereas the devices with 900 nm SiNWs can achie®®CE of 9%. However,
another literature from Lin et al. [65] showed tkhatices with 780 nm SiNWs can
only obtain 0.93%, whereas the devices with 3187 SiNWSs can achieve a PCE of
3.82%. These differences may be due to a wide rahgEasons such as the variation
in optical absorption, charge recombination, siieBEDOT:PSS adhesion, etc.
Therefore, it is worthy to study the reasons ofc#fgenanowires length contributed
to the efficiency improvement of silicon/ PEDOT:PS8ar cells. The factors studied
here could serve as the basis for the developmdnthigh efficiency

silicon/PEDOT:PSS hybrid solar cells.

2.7.Enhancement of carrier separation efficiency

Pristine PEDOT:PSS suffered low conductivity pesblof less than 1 S/cm.
The low conductivity of the PEDOT:PSS can suppssiers collection, promote
joule heating induced lifetime reduction and lowlee device efficiency. Therefore,
in the fabrication of silicon/PEDOT:PSS hybrid satalls, it is customarily added 5
wt% dimethyl sulfoxide (DMSO) into PEDOT:PSS forncluctivity enhancement.
The conductivity of DMSO-added PEDOT:PSS film isward 850 S/cm. DMSO is a
polar organic solvent with high dielectric constadtddition of DMSO into
PEDOT:PSS solution can introduce a screening effibett suppresses the

electrostatic interaction between PEDOT and PS$. [6be phase separation of
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PEDOT and PSS polymer chains promotes interacéonsng PEDOT molecules
that improve the crystallinity of the PEDOT phaBRecently, it was reviewed that
PEDOT:PSS films employing film treatment (togethéth additives) showed better
conductivity than only the additives in the PEDC33?aqueous solution. This is
because the film treatment method not only leadsetter connected PEDOT chains
but also facilitates significant removal of exc&SS from the film surface. Among
the film treatment methods of PEDOT:PSS, the cotivitic of PEDOT:PSS film

was enhanced three order of magnitude to 2050 $tcough the formic acid

treatment. Therefore in this thesis, we take a &tedper and investigate the effect of
different concentration of formic acid on the PEDPSS film for the purpose of the
conductivity as well as the power conversion ety enhancement. This study
aims at developing silicon/PEDOT:PSS hybrid soktscfor high efficiency in a

cost-effective approach.

2.8.Bending flexibility of hybrid SI/PEDOT:PSS solar cdls

In recent years, the development of solar cells enotoward wearable and
flexible devices. Monocrystalline silicon is a ptgaumaterial for high efficiency
solar cells. However, the brittle property of salicwafers makes them difficult to be
curvature. Methods for fabricating crystalline &ln thin film possessed of bending
flexibility have been reported [67,68]. Among thgmotassium hydroxide etching of
silicon wafers can fabricate ultrathin crystalliséicon films that can be cut with
scissors like a piece of paper and direct handléicowt a supporting substrate [67].

This flexible silicon fabrication method is simpéad inexpensive. Therefore, the
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flexible silicon fabrication method is utilized tbtain some thin film silicon sheets
in this work. The thin film silicon substrates areestigated to demonstrate the
feasibility of thin film silicon/PEDOT:PSS solar It2 Thin film solar cells with
increased bending flexibility and light in weighhieh will be favorable for wider

applications.

2.9. Stability of SI/PEDOT:PSS/ITO hybrid solar cells

For silicon/PEDOT:PSS devices, most of the publisivork was focusing on
the optimization of the device performances [69 ,38], and not much work has
focused on investigating the degradation mechare$énthe silicon/PEDOT:PSS
devices and the possible approaches to recoveffinency.

Previously for the organic photovoltaic (OPV) dms, the degradation of their
efficiency has been studied with P3HT:PCBM as theva region materials and
PEDOT:PSS as the hole transporting layer. It has [#hown that the hygroscopic
property of PEDOT:PSS film will absorb moisture aradise morphological changes
in the film which are irreversible after drying ankus the conductivity of the
PEDOT:PSS film will decrease [71, 72]. Degradatwwas also obvious in the
PEDOT:PSS/MDMO-PPV:PCBM organic solar cells illuaiied under humid
conditions ( > 40% relative humidity) either in air in nitrogen [73]. Furthermore,
while exposing the PEDOT:PSS layer to illuminatiwavelength shorter than 315
nm, it has been shown that strong oxidation wowdduo in the PEDOT:PSS thin

film added with 5wt% dimethylsulfoxide (DMSQO) [74Another circumstance that
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can also cause degradation of the devices is #tahitity of the ITO/PEDOT:PSS
interface. The acidic property of PEDOT:PSS layandar high humidity
environment has shown to cause the liberation @itim and tin from the ITO [75].
The indium-containing etching products will be pag in the PEDOT:PSS layer and
affect the transportation of charges. To overcohe liberation, Lau et al., have
suggested to use self assembly monolayer (SAM) ddrray alkylsiloxanes to
interfere the diffusion of the indium and tin [7&eside this, reducing tendency of
water uptake from air can increase the environnhestédility of the PEDOT:PSS
film, such as adding sorbitol solution into PEDO33 dispersion [6].

In the current study, the coil conformation of REDPSS turns into linear or
expanded-coil conformation after the adding of kthg glycol (EG), it can benefit
the delocalization of charges in the PEDOT:PSSthactlectrical conductivity [77]
and it has been shown by Yang et al that the cdnilyc the EG
treated-PEDOT:PSS can increase from 0.4 to 160 $®icmsing 1:1 volume ratio
[78]. We employ an environmental chamber to stére devices under different
relative humidity while maintaining the temperatg@nstant. By detaching the ITO
glass from the silicon substrate, we individuallydy the degradation effects on the
ITO, PEDOT:PSS and silicon nanostructure. The figdi can explain the major

causes of the PCE drop in the current silicon/PEIPST devices.

2.10. Concluding remarks

Recent solar cell development aims at lower pradnatost and higher power

43



Chapter 2 Literature Reviews

conversion efficiency. Silicon/PEDOT:PSS hybrid asokells are promising for
future low cost solar cells due to the relativelyneenient solution fabrication
process at room temperature and in air environm®iticon is abundance, non
toxicity and strong absorption in the ultraviolegion, acting as a light absorption
material. Moreover, polymer PEDOT:PSS has high captitransparence, good
thermal stability and low temperature processiegyed as a hole transporting layer.
In this thesis, we will improve the power conversioefficiency in
silicon/PEDOT:PSS solar devices by solving the faais of high light reflection
from silicon surface and low conductivity of polym&hen, work will be carried out
to investigate thin film silicon substrates and destrate the feasibility of flexible
silicon/PEDOT:PSS solar cells. Finally, the stapibf the hybrid solar cells under
humidity condition is investigated. The longer seevtime of the solar cell is also a

key for energy cost reduction.
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CHAPTER 3 EXPERIMENTAL SETUP AND

CHARACTERIZATION TECHNIQUES

3.1.Materials preparation for the hybrid solar cells

3.1.1.Silicon wafers

Four inches diameter’ single-crystalline (100)ypé silicon wafers with
resistivity of 1-10Q-cm (Guv Team) were used as the substrate. Thpensyafers

were doped with phosphorus concentration aroun®®xm?.

3.1.2.PEDOT:PSS solution

Aqueous PEDOT:PSS solution was used as the haslegorting polymer film.
The solution was applied on the substrates by epating. The molecular structure
of PEDOT:PSS is given in Figure 3.1 and the workcfion of PEDOT is around 5.2

eV. The technical data of PEDOT:PSS solution israanezed in Table 3. 1.
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l J
SO, SO,H SO,H SO,H so; SO,H

Figure 3.1 Molecular structure of PEDOT:PSS [79]

Clevios PH1000

Conductivity (S/cm)* 1164
Viscosity (mPa- s) 15-50
Solid content (%) 1-1.3
PEDOT:PSS ratio 1:2.5

Table 3. 1 Technical data of PEDOT:PSS solution [79

3.1.3.Indium Tin Oxide (ITO) glass

Indium tin oxide (ITO) is a ternary composition 64% indium, 8% tin and
18% oxygen by weight. ITO-coated glass (Guv Teahgheet resistivity of T)/sq
was used as transparent anodes. The transmittatice 3O glass was around 82%

at wavelength 550 nm.
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3.1.4.Gallium Indium eutectic

The gallium indium eutectic (99% metal basis) pasas purchased from Alfa

Aesar. It was deposited on the back surface alosilivafers as the cathode material.

3.2.Physics for the hybrid silicon/PEDOT:PSS solar cedl

Figure 3. 2 shows the energy diagram of the sifie&DOT:PSS heterojunction
solar cell. The work function of PEDOT:PSS is a0 — 5.2 eV [79], which is
close to the valence band energy)(&f silicon. Because of the advantages of the
high work function, PEDOT:PSS is a potential had@ducting polymer and serves
as a high quality Schottky contact on n-type siig@miconductors. The solution
based spin-coating process of PEDOT:PSS may retheeformation of the
interfacial trap states (possibly due to small ptalsand chemical stresses at the
interface), giving rise to better junction propesti[80]. Thus, PEDOT:PSS layer
attached on a clean n-type silicon substrate wimf a Schottky barrier for

electron-hole pairs separation.
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PEDOT .
IT0 .pcg n-silicon  Gain
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— Ga (4.32eV)

Figure 3. 2 Energy diagram of the active layerthan-silicon/PEDOT:PSS

heterojunction solar cell.

The band diagram for non-contact PEDOT:PSS angh@-silicon is shown in
Figure 3. 3(a). Given that the band gap of siliegr 1.12 eV, doping concentration
of n-type siliconNg= 6x13*cm™ and T = 300 K, the Fermi levelE) of the n-type
silicon is

6x10"

E N
E. = E. +[—=—KT In(—%)] 0408+ 056- (0.0259In(———)=4.36 eV.
¢ = B¢ [2 (n'ﬂ + ( 9”&45460

PEDOT:PSS n-Si
e E0
Ec 4.08 S R NGEEL -
Ef 4.36 Pg \ IQ’IE” Be
———————— — Ei 464
Ef 5.2 Ev 5.2 \ Ef
Ev
PEDOT:
PSS n-Si
a) b} '

Figure 3. 3 The band diagram for (a) non-contaBlEBOT:PSS and n-type Si (b)
PEDOT:PSS and n-Si after contact.
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As the work function of PEDOT:PS®#epo7) is higher than that of n-silicon
(ds = 4.36 eV), rectifying Schottky contact will beihed [81]. Just after the contact
formation, electrons will begin to flow from the silicon to the conductive
PEDOT:PSS as shown in Figure 3. 3(b). As the alastrare removed from the
n-type silicon, uncompensated donors were left noehand hence creating a
depletion layer with a width\W{) and a built-in electric field\{,) [82]. Under
equilibrium, the Fermi-level will be constant and current flows because a barrier
(®p) stops electrons flowing from conductive PEDOT:R8Semiconductor silicon.
Electrons in the semiconductor will confront an rgiyebarrier equal t@pgpor- Ps
while flowing from silicon to PEDOT:PSS layer.

In the dark, the dominant flow in forward bias afSckottky junction is the
diffusion current that flows from PEDOT:PSS toln. The forward bias reduces
the barrier height. As a result, a large forwardent can flow across the interface
and the forward current increases exponentiallyh veipplied voltage [Figure 3.
4(left)]. Under reverse bias, the current flowingrh PEDOT:PSS to silicon is
restricted by the enlarged barrier height. The aateid current flow will be a small
reverse leakage tunnelling current [Figure 3. 4f)ilg The schematic band diagrams
of the silicon/PEDOT:PSS heterojunction under fowhias and reverse bias are

shown in Figure 3. 4.
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Figure 3. 4 Schematic band diagrams of the silRBRRYOT:PSS heterojunction under
forward bias (left) & reverse bias (right). (modidi from [82])

For hybrid silicon/PEDOT:PSS heterojunction salal, the dominant current
transport mechanism is thermionic emission of nitégsr over the Schottky barrier

(q®s). The total dark current densityJq is expressed as [ 83 |

Jq :{A*Tzex{—%j}{ex{%]—l} where A* is the effective Richardson

constant,k is the Boltzmann constant, is the absolute temperature avids the
applied voltage.

When light is incident on the silicon/PEDOT:PS&iface of the hybrid solar
cell with photon energy larger than the band gagrggnof silicon, electrons in the
valence band of silicon will be excited to the coctibn band. Holes generated by
light absorption in the silicon are injected intBIFOT:PSS and hence into the ITO
electrode. The work function of PEDOT:PSS is larthen the Fermi level of the
n-type silicon so that electrons generated inailishould be collected efficiently at
the In:Ga eutectic cathode. Finally, a current 8dvom silicon to PEDOT:PSS. The

band diagram of the silicon/PEDOT:PSS heterojunctimder illumination is
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schematically illustrated in Figure 3. 5.
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Figure 3. 5 Schematic band diagram of the Si/PEPSE. heterojunction under

illumination.

Literature reported that the PEDOT:PSS/inorgamierface may include an thin
interfacial dipole layer [80, 84 ,85]. The effeofsthe interfacial dipole [86] are the
increase of the upward band bending in silicon tieainterface and reduction of the
reverse-bias leakage current. Hence, higher qualfit$schottky junction will be

formed.

3.3.Characteristic model of solar cell

The equivalent circuit of a solar cell is showrFigure 3. 6.
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Figure 3. 6 Equivalent circuit of a solar cell.[87]

The practical photovoltaic model consists of @Erdiode connected in parallel
with a photo-generated currendpd), parasitic series resistanc®)( and shunt
resistance Ks). Ideally, series resistance is small and shusistance is large.
Applying Kirchhoff's law to the node whedg,, diode,Rs» andRs met, and get the
output curreng:

J=Jpn=da = Jan Eq3.1

V+J V+J
J= Jph —JO{GX[{ thhF{‘} —1}—{—&:{‘1 Eq 3.2

where Jy = diode current

Jsh = shunt current
where  Jo = saturation dark current
n = ideality factor
Vir= thermal voltage kT/q=0.0259
k = Boltzmann's constant (1.38x40/K)
T = cell's working temperature
q = electron charge (1.6x18C)

V = applied voltage
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The model characteristic parameters can be obtdioedthe measured-V data by

the curve fitting method with the following equati{88]:

V+|§(J0+.J ph)

3 =¥ fambert bR, x @ " (R, +w
R ni, LA+ Rst) 1+ RSGP Eq 3.3

whereG, is the parallel parasitic conductance Rsi/

The seriesKs) and shunt resistanc&sf) can be interpreted from the shape of
J-V curve. The effect oRs and Ry, on theJ-V curve are simulated according to
Eq 3. 3 and the results are plotted in Figure 3narder to obtain the ideal diode
curve for the largest fill factoRs should be as small as possible &gshould be

infinitely large.

Series resistanc®) is closely related with the intrinsic resistanc®rphology,
and thickness of the semiconductor layer [89]. &eniesistance in the hybrid
silicon/PEDOT:PSS solar cell can be stemmed franstly, the flow of current
through the junction of the solar cell; secondlye tcontact resistance between
cathode and silicon, and that between PEDOT:PSS amadle; and finally the
material resistances of the top and rear electroflee main evidence of series
resistance is the reduction of the fill factor andy also a reduction of the short

circuit current in case of excessively high seressstance.
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Figure 3. 7 The upper and lower graphs show theahpf the series resistance)(R
and shunt resistance {fron the shape of IV curve, respectively. The gsaigh
simulated by using Eq.3.3.

Shunt resistancesR{,) is correlated with the amount and character & th
impurities and defects in the active semicondudayer because impurities and
defects cause charge recombination and leakagentui@9]. Also, as the shunt
resistance decreases, the current flown throughshivat resistor increases for a
certain junction voltage and results in a slightrdase inVy,.. Shunt resistance is

generally due to manufacturing defects, rather fh@or solar cell design [90]. When
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the solar cell's shunt resistance is low, an aterrcurrent path that causes power

losses will be created for the light-generatedemitr

3.4.Simulation and control of the environmental conditon

In order to simulate illumination approximatingttee natural sunlight, a class A
solar simulator is used in this project to provalecontrollable and standardized
equipment in the laboratory for the efficiency tegtof the solar cells. In addition,
for the purpose of studying the humidity effecttloé solar cells, an environmental
chamber, which the temperature and humidity leasl lse controlled, was utilized.
Moreover, for the testing of durability and stayilof the flexible hybrid solar cells

under bending strain, a bending test apparatuseid in the study.

3.4.1.Solar simulation andJ-V curve

The power conversion efficiency is a charactessproperty of solar cells and
is revealed from the current density-voltage\{) curve. TheJ-V curves of solar
cells were measured in air at condition of bottkdard 1 sun (AM1.5) 100 mW/cin
simulated by the solar simulator (SUN2000, Abethfedogies, Inc.). The photo of
the solar simulator is given in Figure 3. 8. Befareasurement, the solar simulator
was calibrated by a NREL certified monocrystallgikcon reference cell (Figure 3.
9). A sample stage was set so that the solar catide clamped at the same location

every measurement. The light fell normally on thdican/PEDOT:PSS

55



Chapter 3 Experimental Setup and Characterizatiechhiques

heterojunction. Th@-V characteristic curves of the solar cells were mesisby a
Keithley 2400 sourcemeter and the reading value® wexorded via a LABVIEW

interface.

Feature Specification91]
Type of lamp Ozone-free Xe Arc Lamp
Lamp power 150 W
Lamp lifetime 1500 Hours
Light source Continuous (Shutter)
Intensity adjustmen AM1.5, 100 mW/rd
Working distance 50-200 mm
lllumination area 35 mm diameter

Table 3. 2 Specifications of the solar simulatodeio
SUNZ2000.

Figure 3. 8 The solar simulator SUN2000, Abet.
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Figure 3. 9 The NREL certified monocrystallineilin reference cell.

A current density against voltagd—-{/) curve represents the photovoltaic
characteristics of a solar cell. In the dark, tlweve shows diode behavior. When

light shines on the cell, thiz-V curve shifts downwards.
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Figure 3. 1QJ-V characterization curve.

On theJ-V curve, there are three important points to notlc@pen-circuit
voltage Vo), 2. Short-circuit currentl{) and 3. the maximum power poiNIPP).
These values imply the efficiency of the solarsell

Open-circuit voltage\y) is the voltage across the output electrodes when
cell in open circuit (i.e. when curredt= 0) [84]. Short-circuit currentl{) is the
current through the electrodes when the cell igapd at short circuit (i.e. when
voltageV = 0) [92]. Maximum power pointMPP) is the point on the-V curve
where maximum power is generated. Power is theyatodf current and voltage.
Hence, it is equal to the area of the rectanglenéal between a point on thleV
curve and the axes. MPP, the area of the resulting yellow rectangle inufgg3. 10
is the largest.

Power conversion efficiency (PCE) of a solar eeltalculated by the ratio of

maximum power output (i.e. power produced by arsoddl Pypp) to power input
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(i.e. incident solar radiatiofP,y). Thus, PCE=M. Pn is the sum over all
IN

wavelengths and is generally standardized at 1008°When the solar simulator is
used.
Another representation of the efficiency of a sakl is by the fill factor (FF).

FF is the ratio of the maximum power point to thieduct of open circuit voltage

(Voo) and the short circuit currenisf) [92] so that the equation BF = M The

ocYsc
fill factor is how well the (yellow) rectangle aremder theJ-V curve "fills" the

maximum possible rectangle area with lengtWgfand width oflsc.

3.4.2. Temperature and humidity chamber

A temperature and humidity chamber (Espec Corpg wmtilized in the humidity
test of the solar cells in this project (Figurel®(a)). In the chamber, the humidity
bath heats water up and there is a re-circulatiritpa by the blower for optimum
performance. The detailed chamber constructioivesngn Figure 3. 11(b) [93]. The
temperature and humidity levels are inputted byr ugda a touch-screen panel
(Figure 3. 11(c). When the temperature and humiddgditions are reached, the

batches of solar cells were placed in the middigefchamber for the experiments.
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Figure 3. 11 (a) The environment chamber usedignpitoject and (b) its interior

construction and (c) the level of humidity can besa a touch-screen control
panel.

60



Chapter 3 Experimental Setup and Characterizatiechhiques

3.4.3.Bending test apparatus

A home-made bending test setup was used. The 1Wwidth x 4 cm length plastic
substrate was clamped at the two edge on the bgtebh setup. The flexible hybrid
solar cell of around 1 cm x 0.8 cm was stuck atntiédle of the plastic substrate.
The left edge of the bending fixture was fixed énel right edge was moved to and
fro by a rotating rod. The frequency and the numiifethe bending cycles were
controlled by the rotating speed (rpm) of a motad anonitored by a counter,
respectively. The bending radius at the centehefdubstrate can be controlled by
varying the end-to-end length of the flexible bemgisubstrate. By shorten the
end-to-end length of the flexible substrate, theidewould be bent into a curve
shape at the middle of the substrate. We appliednapressive load axially at the
two clamped edges of the substrate until the erghtb length of the substrate

decreased from the initial 40 mm to the final 30 mrthe bending experiments.

3.5. Material Characterization techniques

3.5.1.Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is a conventechnique to obtain the
surface morphologies or cross sectional imagesir€ig. 12 shows the photos of the
SEM equipment used in this project (Photos ref frfgn]). Field emission scanning

electron microscopy (Hitachi S4800 and Leo 153@fuees high resolution of 1-2
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nm and was used in this project to examine thecosili nanowires and

PEDOT:PSS-covered silicon nanowires. The samplestack horizontally on flat

sample holders and upright on L-shape sample toldgr conductive tapes for

obtaining surface morphologies and the cross satithickness respectively. To
prevent accumulation of surface charges which cags@ning image faults, the
surfaces of the samples were coated with an uiltrédljer of gold by sputtering. The
specimens were placed into the vacuum chambeeiSEM, the electron beam was
focused and deflected so that it raster-scannedatmple surface. When the primary
electrons interact with the sample surface, thell loss energy and emit as
secondary electrons. The detector collected thenskery electrons to generate
morphology images.

SEM was also used in this project to examine tbements coated on the silicon
nanowires array during the electroless etching gsec Energy dispersive X-ray
spectroscopy (EDX) was used to identify the elesenntained in the materials. In
the vacuum chamber of SEM, characteristic X-rays @mitted by the sample
bombarded with the high-energy beam of electrori3X Eanalyzed the dispersed

energy of the characteristic X-rays to obtain al@ed chemical analysis.

62



Chapter 3 Experimental Setup and Characterizatiechhiques

(b)

Figure 3. 12 Photos of the SEM used in this proj@jtHitachi S-4800 FEG
Scanning Electron Microscope (b) LEO 1530 FEG Scanhlicroscope.

3.5.2.Transmission Electron Microscope (TEM)

Scanning Transmission Electron Microscope (TEM$ waed in this project to
study the crystallinities of the silicon nanostwres and their sidewalls. Figure 3. 13
shows the TEM equipment (Photos ref from: [94]).the sample preparation, the

silicon nanowires were scratched directly from $ilezon substrate. The sample of
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silicon nanowires were then transferred and supdoon a mesh grid and a small
screw ring was used to hold the grid in place am TiEM stage. In the vacuum
column of TEM, a beam of high-energy electrons wasmsmitted through an
ultra-thin specimen. There would be an interactodrthe electrons when it was
passing through the specimen. TEM analyzed thernmdton contained in the
electron waves collected from the sample. The bifighd and diffraction pattern of
the sample were obtained to give its informatiommrphology and crystallinity of

material respectively.

Figure 3. 13 Photo of the TEM, FEI Tecnai G2 20\8tW Scanning Transmission
Electron Microscope, used in this project.

3.5.3.Capacitance-voltage C-V) measurements

The capacitance-voltag€<{V) measurements were done with semiconductor
Device Analyzer (Agilent B1500A) in this projecth@& photo of the equipment is

given in Figure 3. 14. The frequency of 100 kHz wased for theC-V
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measurements because it has better accuracy thiidz Test frequency and reduces
errors due to cabling or device series resistan®®][ C-V method is a
non-destructive measurement of the depletion lapgracitance of semiconductor
junction. The built-in voltageV/y,; of the junction is at the explolated intersection
point of the 1€? line with the horizontal axis. When@/ = 0,V = Vi, - kT/q The
capacitanc€ can be lowered by reducing the junction area anceasing depletion
width W by reducing the doping concentration and/or apgjya reverse bias [96].

The depletion-layer thicknessW can be calculated by equation [96]:

2¢.\V,, -V . o . : .
W= /Sq— [;j wherees is the permittivity of semiconductay, is the applied
d

bias voltage andg is the elementary charges. From the slope of the, |

Slope= 2z

N e A7’ the dopants concentration of the semicondudgrcan be
aNy€s

determinedA is the contact area.

Figure 3. 14 Semiconductor Device Analyzer (AgilBA600A) was used to
obtained the built-in voltages of the solar cells.
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Figure 3. 15 The barrier height can be extractechfC-V measurement.

3.5.4.Reflectance and transmittance measurement

The reflectance measurement of the silicon wadsravell as the transmittance
measurement of the PEDOT:PSS thin films on plasilustrates were handled with
the Cary 4000 UV-Vis Spectrophotometer. The equipmedlows quick sample
fixture and alignment by using the spectrophotongei@ccessory tools. Before the
reflectance measurements began, it was calibratélebreference halon plate. With
the help of the Cary WinUV software, the reflectaand the transmittance spectrum

of the specimens were measured in the range ofS@AM.
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Figure 3. 16 Cary 4000 UV-Vis Spectrophotometer used for reflectance and

transmittance measurement.

3.5.5.Sheet resistance measurement

The sheet resistances of ITO substrates were meshsuith the four-point
probe method (Lucas Labs 302), where the distaetwden two adjacent probes
was 1 mm. By passing a current through two outebgs and measuring the voltage
through the two inner probes allow the measureroktiite substrate's resistivity [97].

Using the voltage and current readings across ttbiee, the sheet resistivitycan

be calculated by the equatiom = % G\IL = 453E-I\|£. The unit for sheet resistivity
n

Is Q/sq.
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Figure 3. 17 (a) The four-point probe equipment wsesd to measure the sheet
resistance of the ITO substrates and polymer tim {b) Schematic of the four

point probe measurement.

3.5.6.Atomic force microscopy (AFM)

The surface morphologies of polymer films were rexeed by atomic force
microscopy (AFM, Nanoscope V with Multimode 8 cafiigr) in this project. The
AFM equipment was shown in Figure 3. 18. During ARMasurement, a cantilever
with a sharp tip at its end was used to scan tHaiof the specimen. When the tip
was brought into proximity of a sample surfaceréhare forces between the tip and
the sample. Hence, there is a deflection of theileaar according to Hooke's law.

The deflection signal was transformed into surfacephology image.
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As tapping mode AFM was used, the phase images alsp obtained for the

information of the variations in composition of tbemples.

Figure 3. 19 The cantilever tip scanned the surfd@polymer film coated on a

glass substrate.
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3.5.7.Thin film thickness measurement

The Tencor P-10 surface profiler was used to nreaghe film thickness of the
samples. Some steps on the sample were createzdighsng a few thin lines on it
by a cutter. The step height was measured by titdyhsensitive cantilever tip in the
profiler, scanning across the steps of the sanipléhe experiment, the scan length

was 200um at a scan speed of ifh/sec. The sampling rate was 50 Hz.

Figure 3. 20 The Tencor P-10 surface profiler weesduo measure the thickness of

thin films in this project.
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CHAPTER 4 SURFACE TEXTURIZATION

EFFECT ON SILICON/PEDOT:PSS HYBRID

SOLAR CELLS

4.1.Introduction

Silicon wafer is the light absorption layer foretlsilicon/PEDOT:PSS hybrid
solar cell. However, there are two main problemghi@ planar silicon. First, the
planar and surface-polished surfaces of the comaiesiticon wafers are usually
shiny. The high reflective index of silicon resuhsa large portion of light reflected
away from the surface of planar silicon. The siticgolar cell with planar silicon
surface suffers high optical loss problem. Thisbpgm directly reduces the amount
of available photons for photocurrent conversioecdd, in the hybrid silicon solar
cell with planar junction, some minority carriers deeper material region have to
diffuse a long distance to reach the junction. Thisders the dissociation and
extraction of light-induced charge carriers, whadluld potentially reduce the power
conversion efficiency of the solar cells.

Silicon nanowires (SINWS) array is attractive igprove optical absorption and
increase junction area for the purpose of efficikgiht to electrics conversion.

SiINWSs can suppress reflection loss from the framtage and significantly enhance
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light absorption over a wide spectrum range. MoeeoBiNWs can form radial

junction so that the junction area is enlarged. @lissociation and collection of the
photogenerated minority charge carriers could lbecgve as long as the diffusion
length is larger than the wire radius. Hence, tiW\& array was fabricated on the
planar silicon wafer for the efficiency improvememtthe silicon/PEDOT:PSS solar
cell. In this chapter, we textured the silicon agdg from planar into nanowires
morphology by metal assisted electroless etchinghode The light reflectivity,

carriers recombination and silicon—-PEDOT:PSS adimesiere studied to explain the
effect of SINWs in the hybrid silicon/PEDOT:PSSasatell. The factors studied here
could serve as the basis for the design and deweop for high efficiency

silicon/PEDOT:PSS hybrid solar cells.

4.2.Experimental procedures

4.2.1.Texturization of silicon surface by electroless etung

Silicon wafers were cleaved into area of 1 cm 8l The cleaved silicon
wafers were cleaned in detergent water, de-ionzaidr, acetone and 1,2-propanol
for five minutes in an ultrasonic cleaner sequdgtidhen, the wafers were UV
ozone treated for 15 minutes to remove the organpurities on their surfaces.
Afterwards, the wafers were etched in a 5% hydooftu(HF) acid solution for 60

minutes to remove the oxide on the surfaces.
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Silicon nanowires (SINWSs) were prepared by mesalisted electroless etching
process. The mechanism of electroless etching gsoweas described in chapter
2.4.2. Silicon wafers were immersed and etchedr023 M silver nitrate (AgN¢)
and 5.6 M HF solution at room temperature. Theesilens reduced to silver atoms
to assist HF etching vertically with respect to $ileson (100) surface. The length of
NW corresponds to the etching time. Texturizatibsibicon surfaces were done by
etching time of 5, 30, 60, 90 and 120 min respetfivAfter etching, the textured
wafers were rinsed clean with deionized water. Thitrey were soaked into
concentrated nitric acid (65%). Finally, the tertiwafers were immersed into 5%
HF solution to remove the oxide layer on the SiNWsey were dipped and rinsed

clean with deionized water, and kept in desiccamt tiefore use.

4.2.2.SI/PEDOT:PSS Device fabrication

The small pieces of ITO glass were cleaned inrdete water, de-ionized water,
acetone and 1,2-propanol for five minutes sequintia ultrasonic cleaner.. The
ITO glass were treated with UV ozone for 15 minutdfterwards, they were
collected for the subsequent spin-coating process.

Mixture of PEDOT:PSS and ethylene glycol solutiwas spin-coated on the
UV ozone treated ITO glass at 750 rpm for 10 sesoN@xt, the silicon wafer was
put on top of the wet PEDOT:PSS film and then keplesiccant box. Afterwards,

the device was annealed at 110 °C for 15 minutemioven in air. Back cathode
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ohmic contact was made by depositing a thin layé&adn eutectic alloy on the back

side of silicon.

4.3.Surface texturization of silicon

The experimental results on the relationship betwne texturization process

duration and the solar cell's power conversiorciefficy are reported in this section.

4.3.1.SEM characterization of the morphology of the textuized

silicon surface

When conducting the etching process on a siliagpstsate, a silvery color
coating was found on the surface of the siliconstnalbe. The morphology of this
silvery color coating was characterized by SEM #anglas a dendrite-like structure
(Figure 4. 1(a)). EDX analysis (Figure 4. 1(b)) ioned that the composition of the

coating was silver (Ag).
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Figure 4. 1 (a) SEM image of the silver dendrited ¢é) the EDX analysis.

To understand how the planar silicon surface wekegl into nanostructures,
the cross-sectional SEM images were captured tongwe information. These
images implied that at first, shallow pits contamthe Ag particles were formed due
to the etching of the beneath silicon dioxide. As teaction proceeds, some small

Ag particles sunk into the deep pits (Figure 4a}),(but further Ag particles that
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cannot enter the pits grew towards specific faveradirections, branched Ag
dendrites eventually covered a large portion of sheface of the silicon wafer
(Figure 4. 2 (b)). Subsequent growth consumed ge lguantity of the surplus Ag
atoms and the deposition of Ag occurred on thebersdendrites at particular
directions. This prevented the formation of a cocgey granular film. Because the
Ag particles were trapped by the pits and cannotemworizontally on the silicon
surface, highly localized and site-specific etchimgurred beneath these trapped Ag
particles. Under these circumstances, the initrellew pits deepened when the
underlying silicon dioxide dissolved and SiNWs wédoemed. The top view and

cross-sectional view of the SINWs were shown irufegd. 3.
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(b)

Figure 4. 2 (a) Shallow pits contained with Ag paets, but (b) the aggregation of Ag
particles grew into branched silver dendrites.

77



Chapter 4 Surface Texturization Effect on Silic&ZT:PSS Hybrid Solar Cells

(b)

Figure 4. 3 (a) Top view and (b) cross-sectionawof SINWs grown by electroless
etching.

Experimental results indicated that the lengtthef SINWs was proportional to
the etching duration. The cross-sectional SEM immagfevarious length of SiINWs
were recorded in Figure 4.4(a-f). Results shown ¢tehing time of 3, 5, 30, 60, 90
and 120 min obtained nanostructures with lengtB.af 0.39, 2.47, 3.87, 4.33 and
5.87 um respectively. Figure 4.4(g) shows the etching @tsilicon nanostructure
was around 83 nm/min initially and decreased tonB88min after 1 hour etching.

The rate decrement might be due to the consumpfitme etchant.
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Figure 4.4 SEM cross section images of silicon sanetures fabricated by
underwent an etching time of (a) 3, (b) 5, (c) @0,60, (e) 90 and (f) 120 min.
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4.3.2.1V characterization

The effect of surface texturization on deviceaiincy was studied. The solar
cell fabrication procedures were described in eac#.2.2. Referred to the
summarized results in Table 4.1, the power conearsificiency (PCE) of the planar
silicon hybrid solar cell was 1.1%, with open-citcwoltage (Vo) of 0.5 V, short
circuit current (&) of 8.5 mAcn? and fill factor (FF) of 26.8%. On the other hand,
the solar cell with SINWSs' length of 0.38n had the highest PCE of 6.67%, with.V
of 0.55 V and & of 24.13 mAcnif. The J-V characteristic curves of the devices were
plotted in Figure 4.5. With longer SINWs lengthrfrd.2 to 3.87um, the device
efficiency performances maintained at around 6—BUt there was a gradual.J
decrease from 24.13 to around 20 mAcmihe FF of the SiNWs hybrid solar cells
were around 50 to 60%. With longer SINWs lengtmr®.87 to 5.87um, the device
efficiency performances decreased gradually fro2i 6o 3.55%. jJdecreased from
21.48 to 14.94 mAcifh The photovoltaic output characteristics in Figdré shows
that all 4., FF and PCE of the SiINWs devices were better thase of the planar
devices. However, there was a lowey Wi SINWs devices than the planar device if

the SINWs was longer than 3.8ih.
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Etching Length of Voc Jsc FF PCE
time (min)  SINWSs (um) V) (mAcm™) (%) (%)
0 planar 0.50 8.50 26.80 1.10
3 0.20 0.54 23.39 43.52 5.45
S 0.39 0.55 24.13 50.15 6.67
15 1.25 0.55 24.96 46.81 6.42
30 2.47 0.53 19.88 58.60 6.14
60 3.87 0.49 21.48 59.25 6.21
90 4.33 0.43 17.67 54.79 4.20
120 5.87 0.43 14.94 54.87 3.55

Table 4.1 Summary of the J-V performances of thag and nanostructured

devices

30
NE 1 Planar

= 0.20 zm NWs
) 20 —0.39ﬁm NWs

| e 1.25 tm NWs

E 10 —2.47ﬁm NWs
~ | e=—3.87 zm NWs

—4.33 zm NW
-'% 0"_” —5.37ﬁ$ Nwz
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©
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o
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Figure 4.5 J-V characteristic curves of the plaarad surface textured devices
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Figure 4. 6 The photovoltaic output characteristicthe planar and surface textured
devices. (a) open circuit voltagedy, (b) short circuit current {J, (c) fill factor
(FF), (d) power conversion efficiency (PCE).

4.3.3.Reflectance measurement

Comparisons were being made between planar sibewh SINWSs-texturized
hybrid solar cells. Referring to Table 4.1, the P@Ehe planar silicon hybrid solar
cell was around 1.1% and the performance was wdhs all of the
SiNW-texturized solar cells. Moreover, itg dnd FF were also worse than all of the
SiNW-texturized solar cells. To explain this circstance, we compared the

reflectance of the planar silicon and the nanosired silicon substrates to explain

the relative low PCE of the planar device. Regaydim Figure 4.7, there was an
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obvious decrease of reflectance of the SiINWs sesfaompared to the planar silicon
surface. For planar silicon surface, the reflecamas around 40-70% in the
300-500 nm region and around 30-40% in 500-800 egion, whereas the purple
curve in Figure 4.7 shows that the reflectancehef $iINWs surface with 5.8/m

SiNWs-texturization fell below 8% within the entivgsible spectrum. Referring to
the optical images, the planar silicon surface wasvery shiny surface (Figure 4.8
(a)) whereas the SiNWs surface was dull black c@fogure 4.8 (b)). The relative

low PCE of planar silicon device than the SiNWsides should be due to the poor

light absorption.
100
90 1 Planar
] = ).20 zm NWs
—~ 80 e 0.39 zm NWs
X 70 —1.26 gm NWs
~ ] e 2,47 ym NWs
3 60 ——3.87 ym NWs
] ] e 5,87 ;2 NWS
‘8' 40
= 30
x 20
10 —~— —
0 _f

300 400 500 600 700 800
Wavelength (nm)
Figure 4.7 Reflectance of the planar silicon swefand SiNWs-texturized silicon
surfaces. The reflectance for a uBvYSiNWs-texturized silicon wafer is below 8%

in the visible spectrum.
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(@

(b)

Figure 4.8 Optical images of (a) planar siliconfsce and (b) nanostructure silicon

surface after 120 min etching.

The poor light absorption in the planar silicorvide can be explained by the
mismatch of refractive indexes of silicon mateia) and air medium @. When
light moves from the air medium into the silicon dnan, the amount of light

reflection R) can be calculated from the refractive indexethieyresnel reflection:

2 2
2 2
n, . n, .
n, cosd, —ng 1—[n—smeaj n, 1—(n—ssmﬁaj - Ng COS, Eq 4.1

S
+

1
N

2 2
n, . n, .
n, cosg, +ng 1—[—asm6aJ na\/l—(asm&aJ +ng cosf,
n n

S S

whereé, is the angle between incident light to the norofahe air—silicon interface

as shown in Figure 4. 9. When the light falls ndiynanto the silicon surface,

2

n,—n
2 . The refractive index of aing) is

n,+n

S

cosd, =1. Eq. 4.1 is simplified toR =

a S

1. The refractive index for planar silicons)is 4.08 at 550 nm (Table 4. 2). Hence,
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the calculated light reflection from the planaicgih surface is 37%. If the silicon
surface was texturized with 1(im silicon nanowires array by metal-assisted
electroless etching, the effective refractive inde€X%50 nm reduced strongly to 1.26
[98], by referring to Table 4. 2. Hence, the caltedl light reflection from the
SiNWSs surface is 1.3% for the 10n SiNWSs textured silicon surface. This result
showed that the decrease of the refractive indelxeérNWs structure would promote
more light trapping. SiNWSs significantly reduceck tight reflection as well as the

optical loss in the hybrid silicon solar cells.

Interface

Figure 4. 9 The reflection and transmission oftlighthe air-silicon interface.

Wavelength (nm) P|<’Jrl]rslar 10 umnfiNWs
300 5.06 1.26
350 5.48 1.28
400 5.59 1.30
500 4.29 1.28
550 4.08 1.26
600 3.94 1.26
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650 3.84 1.26
700 3.77 1.26
750 3.72 1.26
800 3.68 1.26

Table 4. 2 Refractive indexes of planar silicon][@3d 1@m silicon nanowires [98]

4.3.4.Recombination current

Generally, more light was trapped in the long S¥N®¥vray than the short array
and this should lead to highey s well as better PCE of the long SiINWs devices
due to better light absorption. However, the PCiulte recorded in Table 4.1 did not
show this trend and there was a decrease of P@te ilong SINWs devices than the
short 390 nm NWs device. The polymeric nature dDPHE:PSS caused aggregation
at the top portion of the SiNWs array throughow titm drying process. Figure 4.
10 showed that a thin layer was coated onto thet $iblWs array. However, the
bottom part of the SINWs was not fully covered WO T:PSS. It was found that
the PEDOT:PSS covered the top surface of nanowisdsad of infiltrate into the
small spacing between SiNWs thoroughly. The irdtlon became more difficult for
the long NWs (Figure 4.11). Carriers were colledess efficiently to the electrode
of the long SiINWs than the short SINWs. The poarieacollection was because of

the higher recombination rate in the long SiINWssdevices. [100]

The higher recombination rate can be revealed fithha larger reverse

saturation  current J¢) values. Jo values were estimated by
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equatiorV,, = (kT/q)In[JSC/JO] [101]. TheJ, values of the silicon hybrid solar cells,

with and without nanowires texturization processrevsummarized in Table 4. 3.
of the device with 3.8%m SiNWs was 1.1 x I0mAcm?, that was about one order
of magnitude higher than thlg of the device with short 400 nm SiNWs (1.2 x%10
mAcm?). A large J, value corresponds to a larger recombination in dbeice.
Hence, the leakage of carriers across the junatidhe long SINWs was larger than

that in the short 400 nm SiNWSs.

1 1 1 1 1 1 I 1 1

84800-2201 5.0kV 7.8mm x90.0k SE(M) SOOlnmI

Figure 4. 10 A thin layer of PEDOT:PSS is coatetbdhe short SINWSs.
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54800-9347 5.0kV 6.3mm x18.0k SE(U)

Figure 4.11 Difficult infiltration of PEDOT:PSS imthe bottom of long SINWS.

Length of Jo

SINWs @m)  (mAcm?)
planar 2.95 x 10°
0.20 1.71 x 16
0.39 1.20 x 1¢°
1.25 1.24 x 10
2.47 2.15x 1¢°
3.87 1.10 x 10/
4.33 9.39 x 10/
5.87 7.94 x 10/

Table 4. 3 The calculated leakage curd®rdt various devices with different length

of nanowires.
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4.4.Conclusions

In this chapter, the results showed that the SiNM/durized surfaces were
better than the planar silicon surface for highewer conversion efficiency of the
hybrid silicon/PEDOT:PSS solar cells. The metalisied electroless etching
technique was used to texture silicon surface &edetching rate on silicon by
HF/AgNG; solution was around 83 nm/min. After a 5 min etghof the silicon
substrate, the solar cell with a 390 nm SiNWs—tezxéal surface performed the best
PCE among the cells with various SiINWs lengths. 38@ nm SiNWs—texturized
device had the PCE of 6.67% whereas the planacedad the PCE of just 1.1%.
SiNWSs surfaces had lower light reflection than fflanar surface. This favored
better light-to-electricity conversion. However, 8Wengths longer than 390 nm
were not as good PCE as the 390 nm NWs. This wasuke of the poor adhesion of
PEDOT:PSS film at the bottom of the long SiNWs,dieg to the higher charge

recombination in the long SINWs solar cells.
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CHAPTER 5 EFFICIENCY IMPROVEMENT IN

SILICON NANOWIRES/PEDOT:PSS HYBRID

SOLAR CELLS BASED ON FORMIC ACID

TREATMENT

5.1 Introduction

In the hybrid silicon solar cell, the poly(3,4-ginedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS) was depositetb ailicon to form the
Schottky junction. PEDOT:PSS has many advantagesh sas high optical
transparency, good thermal stability, and conveénisolution processability.
However, the pristine PEDOT:PSS also suffers tiedonductivity problem of less
than 1 S/cm. The low conductivity of the PEDOT:P& reduce the carrier
collection, lifetime and the performance of the ides [102]. That is why in the
fabrication of silicon/PEDOT:PSS hybrid solar celtsis customarily added 5 wt%
dimethyl sulfoxide (DMSO) into PEDOT:PSS for contivity enhancement
[103-107]. DMSO is a common secondary doping sdha the conductivity of
DMSO-added PEDOT:PSS film is around 850 S/cm [108 DMSO molecules
can screen and reduce the coulombic attraction dstwEDOT and PSS. Since

PEDOT and PSS have different hydrophilicities amtide phase segregation can
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occur between them. Therefore, greater conducteB®T grain size and better
connected PEDOT chains are observed in the DMS@eR&EDOT:PSS film after
conductivity enhancement [109]. Most importanttywas shown that the reduction
in PSS/PEDOT composition ratio at the surface \appropriate amount of DMSO
in PEDOT:PSS, which affected the sheet resistanaet carrier collection and the
solar cell properties [110]. According to the XP2s spectra of the PSS/PEDOT
composition ratio at the surface decreased fromd Budthout DMSO) to 3.15 (5
wt% DMSO addition), the PCE of the silicon/PEDOTR$iybrid solar cell
improved from 2.4 (without DMSO) to 10.8% (5wt% DKdSaddition). The lower
PSS/PEDOT composition ratio at the surface of tladactivity enhanced
PEDOT:PSS film means that the ratio of insulati®SRo the conductive PEDOT
decreases and hence the conductivity improveseasuhace resulted in better PCE
of the silicon/PEDOT:PSS hybrid solar cells. Litera also reviewed that
co-addition of DMSO and an organic substance inED®T:PSS solution could
further improve the performance of the silicon/PEDESS hybrid solar cells. For
example, Liu et al mixed 0.1% Zonyl fluorosurfadtaand 5 wit% DMSO into
PEDOT:PSS solution to reduce the resistivity of BHIPSS film, the series
resistance of the device decreased 24% and repar@®d@% increment in PCE in
silicon/PEDOT:PSS hybrid solar cells [61]. Despiéxing the additives such as
DMSO and Zonyl into the PEDOT:PSS solution, treattmeon the annealed
PEDOT:PSS films with polar organic compounds effety enhanced the
conductivity of PEDOT:PSS films. Film treatment m&d not only led to better

connected PEDOT chains but also facilitated sigaift removal of excess PSS from
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the film surface [111]. Hence, methods employinign fireatment or both (film
treatment and additives in the solution) show bettenductivity than only the
additives in the PEDOT:PSS aqueous solution. Zhaal eshowed that the PCE
improved nearly twice after nitric acid vapour treant to reduce the resistivity of
the PEDOT:PSS by nearly 40% [112]. These seem plelthat a low resistivity of
PEDOT:PSS plays a critical role on the power cosieer efficiency of such kind of
hybrid solar cell. Recently, Mengistie et al repdrthe conductivity of PEDOT:PSS
(PH1000) can be enhanced to 2050 S/cm by treaedBDOT:PSS film with 98
wt% formic acid at 140 °C and showed that it wagr@mising high conductive
material to replace the ITO electrode on flexinkdsrate [113]. The protonation of
PSS by acid led to a neutral PSSH chains. The abseh coulombic attraction
between the positively charged PEDOT chains andraleRSSH chains resulted in
the phase segregation between PEDOT and PSS ame fiesm conductivity of
PEDOT:PSS was enhanced three order of magnitudmughrthe formic acid
treatment. The formic acid treatment was a simptelaw-cost method to reduce the
resistivity of PEDOT:PSS film.

In this chapter, we studied the effect on thecidfficy of SINWs/PEDOT:PSS
hybrid solar cells based on formic acid treatm@&hie treatment was carried out by
dropping formic acid onto the annealed 5 wt%-DMS@ded PEDOT:PSS film
which was the active layer of the hybrid solar.c€he PCE improved from 8.00 to
9.31% in the 98 wt% formic acid treated devicesd dhe improvement was
attributed to an increase in open circuit voltayec( and fill factor (FF). To

understand the efficiency improvement, we analythedcharacteristic parameters of
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the SINWs/ PEDOT:PSS hybrid solar cell model with tambert's W-function and
discussed the effect of the formic acid treatmenthe photovoltaic characteristics
of the hybrid solar cells. We also studied the emtigtity of the formic acid treated
PEDOT:PSS films, it was found that higher film cantivity would lead to higher

PCE.

5.2 Materials and methods

First of all, the silicon nanowires were fabrighten silicon substrate and the
procedures were given in chapter 4.2.1. Next, treowires textured silicon wafers
were immersed in HF for 3 minutes. Then, they weeqgosed in ambient air for 15
minutes to improve the surface wetting. PEDOT:P8kition (Clevios PH1000
mixed with 5 wt% DMSOQO) was filtered via 0.4@n filters and dropped on the
nanowires textured silicon wafers. In order to dvgas bubbles and make good
contact between PEDOT:PSS and nanowires, the PEE®3I solution was at rest
on the silicon nanowires surface for 1 minute befiie spin-coating process. Then,
the PEDOT:PSS solution was spin-coated on the naeewextured silicon wafers at
3000 rpm for 30s. The wet PEDOT:PSS films were atateat 140 °C for 5 minutes.
Afterwards, 100ul of different concentration of formic acid was pgped onto the
annealed PEDOT:PSS film and then dried at 140°G foninutes. Finally, gallium
indium (Galn) eutectic alloy was deposited on thekside of the silicon wafers as
cathode. Silver paste was screen printed at time &ide of the silicon wafers and the

exposure area was 40 fim
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5.3Results and discussion

The schematic diagram of the SINWS/PEDOT:PSS hywldr cell is given
in Figure 5.1(a). Spin-coated PEDOT:PSS thin filad thigh transmittance so that
light could be transmitted to the SINWs/PEDOT:P8terface. Figure 5.1(b) shows
that the band alignment of silicon matched wellhwRPEDOT:PSS such that
PEDOT:PSS on the n-type crystalline silicon formedSchottky contact at the
junction. The role of PEDOT:PSS was a hole trartsfayrer with work function
around 5.2 V. When light shone on the solar cellefelectron pairs generated at the
SINWS/PEDOT:PSS interface. The built-in electrieldi separated holes and
electrons, holes were transported to the anodethea PEDOT:PSS layer and
electrons were transported to the cathode. Foembkght absorption, SINWs array
with a length of around 390 nm was fabricated anttip surface of silicon (Figure
5.1(c)). Referring to chapter 4, this length wasimged for the silicon nanowires

array in the hybrid solar cells.
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Figure 5.1(a) Schematic diagram and (b) the baagrdim of the architecture of the
SINWS/PEDOT:PSS hybrid solar cell. (c) The crossisaal SEM image shows the
390 nm silicon nanowires array after 5 minutesle€teoless etching.

5.3.1 Efficiency improvement by formic acid treatment

The annealed 5 wt%-DMSO-added PEDOT:PSS filmehi/brid solar cells
were treated by different concentration of formitdasolution, and it was found that
the cell had the highest PCE when 98 wt% formid aoilution was used.

Figure 5.2(a) shows the current density—voltage/{Jurves of the untreated and
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treated hybrid solar cells under different concaidn (9, 49 and 98 wt%) of formic
acid treatment. The PCE of the device, without foratid treated, was 8.00% (Table
5.1). After formic acid treatment, there was ardged increase in open circuit voltage
(Voo) from 0.491 to 0.526 V and fill factor (FF) fron6.9% to 60.8%. The short circuit
current (Jo of the hybrid solar cells after formic acid tr@a&nt were nearly
unimpaired, kept at around 28 mA/enThis was a large extent due to the high
transmittance of the formic acid treated PEDOT:RBSthat retained a good light
absorption at the SINWs/PEDOT:PSS interface. Asvshio

Figure 5.2(b), the transmittance of the films &b $Bn wavelength, without and after
98 wt% formic acid treatment, were 97.2 and 96.8%pectively. The formic acid
treatment retained the high transmittance of theeated PEDOT:PSS film. The PCE
reached 9.31% with )/ of 0.526 V, .of 29.1 mA/cm and FF of 60.8% when 98 wt%
formic acid solution was used (Table 5.1). Thers wd 6.4% PCE improvement in
the SINWSs/PEDOT:PSS hybrid solar cells by carried the PEDOT:PSS film

treatment with 98 wt% formic acid.

conceF/rAl\tration Vo Jse P PCE
(Wt%) V) (mAem) (%) (%)

0 0.491 28.68 56.85 8.00

9 0.510 27.44 59.07 8.26

49 0.511 28.19 60.00 8.64

98 0.526 29.14 60.81 9.31

Table 5.1 Summary of the photovoltaic performarafabe SINWs /PEDOT:PSS

hybrid solar cells treated with different concetitna of formic acid (FA).
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Figure 5.2 (a) The current density-voltage (J-\fves show that the PCE is improved
with higher concentration formic acid (FA) treaEDOT:PSS films. (b) The
transmittances of the FA treated and untreatedsfdne around 97% at 550nm

wavelength. The films with high transmittance allowst of the light to pass through

to the light absorption material.
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5.3.2 Photovoltaic characteristic parameters

In order to understand the improvement i3 &d FF of the formic acid treated
devices, we obtained the characteristic parametetise solar cell model by curve

fitting experimental J-V data into the Lambert'sfiviction [88]:

VHR (Jp+3,)

J =nEH™ Dambertw JoR xemersi |V Ru=(Jo+3,) Eq5.1
NV, [+ R/ Ry) 1+R /R,

where J and V are the measured current density and voltage efsthlar cell
respectively;J., Jo, N , Rs ,Rsp are the light generation current density, reverse
saturation current density, ideality factor, seriesistance and the shunt resistance of
the solar cell respectivelyy, is the thermal voltage that is equalkifiq = 0.0259.

The obtained characteristic parameters of the Hyswlar cell were summarized in

Table 5.2.
FA Jo (Alcn) n R (Qcnr)
concentration
(Wt%)
0 2.90 x 10 2.48 2.23
9 3.79 x 1¢ 2.19 1.51
49 3.62 x 1¢ 2.17 1.44
08 2.12 x 1¢P 2.02 1.51

Table 5.2 Summary of the reverse saturation cusramdl the series resistances of the
SiNWSs /PEDOT:PSS hybrid solar cells treated witfedent concentrations of formic
acid (FA).
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Table 5.2 shows that the reverse saturation cudgnvas decreased from
2.90x10° (untreated) to 2.12x10A/cm? (98 wt% formic acid treated). A smalldy
described lower carrier recombination in the so&l, which can be explained by the
equation of reverse saturation current in the th@ma emission model [114]:

Jo = AAT2exp(- @, /kT) Eqg.5.2

whereA is the area of solar celyy is the effective Richardson constant (for n-type
silicon, A'=252 Acm’K®), T is the absolute temperature (298K is the barrier
height andk is the Boltzmann constant.

From Eq. 5.2, the barrier heighg of the Schottky junction was increased from
0.71 (untreated) to 0.77 V (treated). The 0.06 yhbr ®g allowed better charges

separation at the solar junction.

5.3.3 Relationship between ideality factor and built-in

voltage

To further understand the mechanism of chargeragpa at the junction in the
hybrid solar cellsC-V measurement was carried out. In Figure 5. 3, thangd
concentration of the silicon substrate was congtansughout the depletion region,
therefore a straight line dfC?>-V curve was recorded. From the extrapolation at the
x-axis intercept of thd/C>-V curve, the built-in voltageV;) could be extracted.

The V,; inferred from the x-intercept of the CV plot wa$®-0.63 V for the 98 wt%
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formic acid treated device and 0.57-0.63 V for phistine device. BotlVy,; (pristine
and treated) devices were around 0.6 V. They wenglas becauseC-V
measurement predicted the built-in voltage in th&eace of interface states, nel
[115]. In our casen were equal to 2.48 and 2.02 for the pristine asrthic acid
treated PEDOT:PSS respectively. These values griaie 1 meant that the effect
of interface states in the silicon/PEDOT:PSS hybathr cells should not be ignored
in determiningVy; so that the fundamentd, obtained from C-V measurement
cannot represent the acti| in the devices. Figure 5. 3(c) shows totally 50icks
with and without formic acid treatment that the Ibui voltage was inversely
proportional to the ideality factor. As the averagdue ofn decreased from 2.48 to
2.02, the plot revealing that the built-in voltagereased from 0.43 V to 0.48 V after
the formic acid treatment. The correlation betwt#enbuilt-in voltage V) and the
ideality factor ) of the silicon/PEDOT:PSS hybrid solar cells cobklrepresented

by the equation:n = 9186 0706-V,,) .
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Figure 5. 3C-V measurement for the bulit-in voltage at the sHI®REDOT:PSS

interfaces of the (a) untreated and (b) formic a@dted devices. (c) The

relationship between ideality factor and built-witage.
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5.3.4 Conductivity measurement

It was noticed in Table 5.2 that the series ras=tRs decreased from 2.23 to
1.51 Qcn? in the SINWs/PEDOT:PSS hybrid solar cells aftex 88 wt% formic
acid treatment, and contributed to the improvenoéritF. The decrease R; in the
treated devices should probably relate to the asmd conductivity of the
PEDOT:PSS film. The conductivities of different centrations of formic
acid-treated PEDOT:PSS films were summarized imr€idp. 4. For the as-prepared
5 wt%-DMSO-added PEDOT:PSS films, the conductivilgs around 683 S/cm.
There was a gradual increase in the conductivitPBDOT:PSS film by using
higher concentration formic acid in the treatmérite average conductivity of the
PEDOT:PSS films after treatment by 9, 49 and 98 Vdfmic acid were 962, 1456
and 1582 S/cm respectively. The conductivity enbarent of the PEDOT:PSS films
after formic acid treatment should be ascribedh® more orderly oriented and
aggregated conductive PEDOT chains. In the AFM gphiasges, the brighter area
and darker area corresponded to PEDOT content &Sdrieh matrix respectively
[116]. Figure 5.5(a) shows that the customary 5 RR4SO-added PEDOT film had
some phase separation between PEDOT and PSS ckRamn98wt% formic acid
treated 5% DMSO-added PEDOT film, the phase sdpardtecame even more
obvious (Figure 5.5(b)). The phase separation é&twthe conductive PEDOT
grains and the insulating PSS matrix helped moterdonnection between the
conductive PEDOT grains such that the conductieftyhe film improved. Height

images showed that both the formic acid treated warickated films were smooth.

102



Chapter 5 Efficiency Improvement in Silicon NanesiPEDOT:PSS Hybrid Solar Cells based on
Formic Acid Treatment

The root mean square roughness of the treated atndated films were 1.3 nm
(Figure 5.5(c)) and 1.9 nm (Figure 5.5(d)) respetyi The significances of the high
conductivity PEDOT:PSS film were enhancing chargessfer and lowering the
series resistance. As a consequence, the 98wt%cfarid treatment doubled the

conductivity of 5 wt%—-DMSO-added PEDOT:PSS film ded to better PCE in the

silicon/PEDOT:PSS hybrid solar cells.
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Figure 5. 4 Average conductivities of PEDOT:PS&dilafter treatment with different

concentrations of formic acid. There are five saabr each concentration and the

red lines show the error bars. The blue dottedlare added as the aid for easy sight

to the trend of conductivities improvement withneg formic acid concentrations.
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Figure 5.5 AFM phase and height images of (a,cB3%&0-added PH1000 film and
(b,d) Formic acid treated 5% DMSO-added PH1000.filime upper is the phase
image and the bottom is the height image. All insagie Lim X Ium size.

To confirm the origin of the increase in conduityivwe used XPS to examine
the chemical composition at the surface of the PEPSS films. PEDOT:PSS is a
polymer mixture of two ionomers, PEDOT and PSS. toetents of PEDOT:PSS
can be known by checking the content of sulphurabse both PEDOT and PSS
contain one sulphur atom per repeat unit. The sulptom in PEDOT is within the

thiophene ring, whereas in PSS, it is includedhm $ulfonate moiety [117]. From
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XPS sulphur 2p spectra of the PEDOT:PSS film, thphar atoms in PSS are
relevant to the binding energy peaks at 169 and81éV and the sulphur atoms in
PEDOT are relevant to those at 164.6 and 163.8g\¢talculating the areas of the
energy peaks, the composition ratio of PSS to PEDOhe PEDOT:PSS film can
be known. By comparing the areas of the energy péak-igure 5.6, it can be
calculated that the compositional ratio of PSS #DBPT decreased from 2.94
(pristine) to 1.22 (treated). The reduction in greportion of PSS suggested that a
greater amount of hole-transporting PEDOT was &blmnnect with the silver grid

anode, which would be expected to reduce thefEhe device.
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Figure 5.6 XPS sulphur 2p spectra of the PEDOT:#H8Showing the decrease of
the PSS-to-PEDOT compositional ratio after FA tresxit.
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5.4 Conclusions

In conclusion, the PCE of SiINWs/PEDOT:PSS hybrmlas cells were
enhanced based on formic acid treatment. The tegdtmwas carried out by dropping
formic acid onto the annealed 5 wt%-DMSO-added PEPSS film at 140 °C for
5 min. The higher concentration of the formic adhli higher conductivity of the
PEDOT:PSS film as well as higher PCE of the hylsotar cell were observed. The
optimal device was obtained after 98 wt% formiaaceatment, PCE of 9.31% .V
of 0.526 V and FF of 60.81%. Formic acid treatme&at effective to suppress the
carrier recombination loss and reduce the serigistamce loss in the hybrid solar
cells. Furthermore, the formic acid treated PED@BPfilm retained its high
transmittance so thatcJof the hybrid solar cell was nearly unimpairedeafthe
treatment. The results implied that the high comtigitg and transparent formic acid
treated PEDOT:PSS film was significant to achievghhefficiency SiNWs/
PEDOT:PSS hybrid devices. This study also demaestrahigh efficient
SINWS/PEDOT:PSS hybrid solar cells by low cost 8olu processing and low

temperature fabrication (<140 °C).
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CHAPTER 6 FLEXIBLE THIN FILM

SILICON/PEDOT:PSS HYBRID SOLAR CELLS

6.1.Introduction

Monocrystalline silicon is a popular material gmlar cells. However, the brittle
property of silicon wafers make them difficult targature. In recent years, it is
noted that the development of solar cells movesatdvhinner wafer thickness and
flexible products. Thus, it is attractive to develfexible crystalline silicon solar
cells for boarder use such as curved surfacesrearstine bodies. Methods for
fabricating crystalline silicon thin film possesstée: bending flexibility have been
reported [118,119]. Among them, potassium hydroxtiding of silicon wafer can
fabricate ultrathin crystalline silicon film thaaw be cut with scissors like a piece of
paper and direct handled without a supporting satest[118]. Based on this
flexible silicon fabrication method, Lin et al. denstrated 12% efficiency of
nanohole and micro-desert silicon/PEDOT:PSS sadis,cwith the flexible silicon
thickness of 6Qum. In the same year, Ayon et al also reported thitnaflexible
silicon/PEDOT:PSS solar cells with silicon thickeesom 5.7 to 8.6um. They
obtained PCE of 6.33% by a 8n thick silicon that surface textured with silicon
nanowires. However, they hadn't carried out thedlen test so the bending

flexibility of the flexible silicon based solar telunder bending is uncertain. In this
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chapter, we employed an bending cycle test appatatstudy the bending ability of
the flexible silicon/PEDOT:PSS hybrid solar ceN8e also calculated the stress in
the flexible silicon/PEDOT:PSS hybrid solar cellden uniaxial compressive loads
by using the bending equation and COMSOL simulat®Banding flexibility was
studied in this work because the flexible solat cah be a kind of portable device,
such as a flexible solar charger for mobile phoriesiight be roll up and store
inside a container when traveling and pull out whkarging mobile devices. Thus,
it is significant to understand the bending flekipiof the flexible thin film hybrid

solar cells.

6.2. Experimental procedures

6.2.1.Fabrication of thin silicon film

The n-type silicon (100) wafers with resistivityy b-10 Qcm and thickness of
525um were cleaved into square with size of 10 mm wattd 10 mm length. They
were cleaned in soapy water, de-ionized waterpaeefind isopropanol sequentially
with an ultrasound cleaner. To obtain the thirceth film, they were then immersed
in potassium hydroxide solution (20%) at 60 °C doound 10 hours. Afterwards,
silicon nanowires were fabricated on the thin eiticfilm by metal-assisted
electroless etching. Before the etching processerées of cleaning steps were
carried out. First, the thin silicon films were W#one treated for 15 minutes to
remove organic residues on the silicon surfacen]tiey were underwent standard
silicon cleaning process in 1:1:5 parts of ammowater: hydrogen peroxide:

de-ionized water for 30 minutes at 80 °C and alsti1:5 parts of hydrochloric acid:
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hydrogen peroxide: de-ionized water for 30 minugs80 °C. These cleaning
processes could clean up the potassium hydroxsldue on the surface of the thin

silicon film.

6.2.2.Fabrication of silicon nanowires array

The thin silicon films were dipped in the hydraftic acid (HF) solution to
remove the surface native oxide for the subseqeésttroless etching process.
Silicon nanowires were formed on the thin silicdmfsurface by electroless etching
in the 0.023M silver nitrate (AgN§p and 5.6M HF solution for 5 minutes. Finally,

the silver nanoparticles were removed by nitridaci

6.2.3.Preparation of silver network electrode

Silver network electrode was fabricated on thexifile polyethylene
terephthalate (PET) substrate. This fabricationhatwas introduced by Han et al
[120]. In our anode fabrication, the PET substratese cleaned in acetone with an
ultrasound cleaner. Then, the acrylic emulsion p&lly gel solution was spin-coated
onto the PET substrate at 800 rpm for 30 s. It dréed in air at room temperature
until cracks network of the polymer gel film wassebved under an optical
microscope. 100 nm silver was thermal evaporatedhenpolymer coated PET
substrate in the vacuum chamber. Finally, a singalymer lift-off process was
carried out by immersing the silver coated PET utitmroform, followed by rinsing

with ethanol and blown dry under nitrogen gas. S$itner network coated flexible
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PET substrate was cut into a rectangular size ehADlong and 15 mm wide for the

subsequent device fabrication.

4

|

Spin-coated gel film Salf-forming cracks on the gel film
on a PET substrate under room temperature

Q =F/
Formation of silver network Silver evaporation on the gel film
by lift-off the gel film

Figure 6.1 A schematic diagram showing the fabiocgprocedures of the silver
network. [Modified from 120]

6.2.4.Preparation of the silver network/PEDOT:PSS electrdes

Conductive grade PEDOT:PSS solution (Clevios Pl10Gixed with 5%
ethylene glycol) was filtered through a 0.48n syringe membrane and then
spin-coated at 3000 rpm for 60 s on the silver netwThe film was then annealed
on a hot plate in the air atmosphere at 130 °G fminutes. Afterwards, the film was

dipped into ethylene glycol for 30 minutes, andesaied at 130 °C for 5 minutes.

6.2.5.Devices fabrication

In hybrid solar cells fabrication process, ethglghycol was first mixed with the
PEDOT:PSS (Clevios P) solution in a ratio of 3:heTPEDOT:PSS solution was

spin-coated on the silver network (and PH1000)exbélexible PET substrates at 750
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rpm for 10 s. Then the thin film silicon was puttbe spin-coated solution layer at the
center of the substrate. The thin film silicon wbbk stuck on the PET substrate via
the PEDOT:PSS film. The devices were annealed @t°ClLfor 15 minutes. Finally,
Galn eutectic alloy was deposited on the backsidkeosilicon film as cathode. The
silver network (and PH1000) coated flexible PETsétdie was an anode in the hybrid
solar cell. The schematic diagram and optical image the thin film

silicon/PEDOT:PSS solar cell is given in Figure(6)2and (b) respectively.

—Galn

(a) Itrathin silicon
iNWs

PH1000/Ag network
ET

(b)

FEETVETRY

T

Figure 6.2(a) Schematic diagram and (b) the baagrdim of the architecture of the
flexible thin film silicon/PEDOT:PSS hybrid solaglt

6.3.Results and discussion

6.3.1.Characterization of the thin film silicon
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The as-received 52pm thick crystalline silicon wafers were rigid andlly.
The thin silicon films were made by a wet etchinggess in potassium hydroxide
solution. The thickness of our KOH-etched silichmtfilms in the experiment were
around 15um, by referring to Figure 6.3(a). The ultrathincgh could be bendable
into a curve shape as shown in Figure 6.3(b). dieioto improve the light absorption
of the thin film silicon, we fabricated a silicommowires array on the thin silicon
film by metal-assisted electroless etching. Thecapimage of the thin silicon film
after the electroless etching is shown in Figui@ @). The length of the silicon

nanowires on the silicon thin film was around 450 (rigure 6.3 (e)).

Figure 6.3(a) Cross-sectional SEM images showiadtittkness of the thin silicon
film is around 15m. (b) The thin silicon sheet allow certain bendilegibility.
Silicon nanowires on the silicon wafer substrate @) shows the optical image

and (d) shows the length of SINWs on the thin afliilm of around 450nm.
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To ensure the single crystallinity in the silicthiin film was not affected after
the wet etching process in potassium hydroxidet®sluTEM characterization was
carried out. TEM images in Figure 6. 4 revealedt tthee wet-etched silicon
nanowires were single crystalline structure whiasuged good carrier mobility in
the device. A thin native oxide layer of aroundr2 was found on the surface of the
nanowire, this thin oxide layer served as a persgm layer and prevent the

leakage current.
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crystalline
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~ Native oxide
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Figure 6. 4 TEM images reveal the crystallinitySINWSs.
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6.3.2 Characterization of the silver network

The silver network anode of the solar cells wasrattarized. The SEM
images of the silver network morphology were giwefrigure 6. 5, the width of the
silver line was around 5-30m. The silver network area coverage on the traespar
PET substrate was around 15%. The transmittane® éarFigure 6.6(a) shows that
its transparency was 82% at wavelength 550 nm.r&igu6(b)is the optical image
of the silver network on PET. The sheet resistaridée silver network anodes was

12 Q/sq by four-point probes measurement.

$3400:57901 -"O.Uk._ 1§mrg§':k?a

Figure 6. 5 Top view SEM images of the silver netagtructures.
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Figure 6.6 (a) Transmittance result and (b) opiicalge of the silver network on a
PET substrate, the green lines at the two correpsthe visual observation of the

silver network on PET.

Figure 6. 7 recorded the J-V characteristics efftbxible devices. The flexible
solar cells achieved a power conversion efficiefREE) of 5.56% with open circuit
voltage (M) and short circuit photocurrents§Jof 0.51 V and 16.96 mA/chm

respectively. The fill factor (FF) of the solarlo#hs around 64.4%.
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Figure 6. 7 J-V characteristics of the flexiblentfilm silicon /PEDOT:PSS hybrid

solar cells.

6.3.3 Calculation of the strain/stress in the silicon thn film

The bending stress of the flexible solar cell wakulated in this section. A
schematic cross sectional diagram for the bendirigeoflexible solar cell was given
in Figure 6. 8. We measured the maximum defleatipand bending radiuR under

various substrate's final end-to-end length [3.e38, 35, 32 and 30 mm).

mm  PET substrate
Silicon thin film

¥

L.

¢ Force

O
I\S>

o

Figure 6. 8 Schematic cross-sectional diagramhebiending of the flexible solar

cell.
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Substrate's final

Optical images of the cross sectional g R
end-to-end length

mode shape of the flexible solar cell (mm) (mm)

(mm)
38 6.0 21.0
35 8.5 13.0
£,=32mm
32 10.5 9.0
£,=30mm
30 11.8 7.0

Table 1 Experimental maximum deflections and thedbeg radii.

In the buckling of the flexible solar cell, the xraum compressive straimyfy)

and stressofo) Was at the bottom surface of the thin film siliclayer, which are

given as follows [121]:
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_ DZE, +DJE, +DZE, +2D,D,E, +2D,D E, +2D,D.E,
2R(D,E, +D,E, +D,E,)

gbot =

Eq6. 1
Jbot = Esgbot Eq 6.2

whereR is the bending radius of curvature obtained frabl& 1.E,, E;, Es andy, ,

Vi, Vs are the effective Young's modulus and Poissorti® @ PET substrate,
PEDOT:PSS adhesive film and the silicon film respety. (i.e. ;=4 GPa, E= 1

GPa, E= 150 GPay,= 0.44,v; = 0.33,vs= 0.27).D, , D; andDs are the thickness
accordingly. D, = 50 pm, D;= 0.1 pm, Ds= 15 um). A schematic diagram of the
three layers in the flexible solar cell under buwlis given in Figure 6. 9. The
dimension and the mechanical properties of PETtsatkes PEDOT:PSS and silicon

thin film [122, 123] are summarized in Table 6. 1.

Material Width  Thickness Length Young's Poisson's

(mm) (um) (mm)  Modulus (GPa) ratio

PET 15 50 40 4 0.44
PEDOT:PSS 6.5 0.1 9 1 0.33
Silicon 6.5 15 9 150 0.27

Table 6. 1 Materials' dimensions and mechanicgbgntees used in the calculation.
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PET

PEDOT:PSS

Neutral axis
¥ Compressive
strain Ebot

Figure 6. 9 Diagram of the three layers under bemndi

The parameter values for Eq 6. 1 and Eq 6. 2igengn Table 6. 1. The results
of the compressive straispf) and stressof,o) at the bottom surface of silicon under

various substrate's final end-to-end length weo#tgd in Figure 6. 10.

250- e I
e St (MPa)
= Zswemen |
s | A
= =
7 ) =
g 150 0.08
s | .
100
-0.04

28 30 32 34 36 38
End-to-end length /,(mm)

Figure 6. 10 Relationship of strain or strain agathe substrate's final end-to-end
length. The dotted line is the extrapolation linethe determination of the shortest
end-to-end length according to the failure strésslicon of around 254 MPa.
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6.3.4 Finite element simulation of the effect of nanowire on the

bending stress

The buckling equations of Eq 6. 1 and Eq 6. 2 assuthe thin film silicon
surface being planar. In our flexible solar celthen layer of silicon nanowires was
fabricated on the upper silicon surface to imprthe light absorption. Thus, it was
study to know the effect of the silicon nanowiragdr on the maximum stress in the
thin silicon film. When nanowires were includedsificon, the stress distribution of
the flexible hybrid solar cell under a bending momevas simulated using
COMSOL Multiphysics 4.2a. A comparison was beingdmaetween the two
structures: planar thin film silicon and 500 nnmcthsilicon nanowires grown on the
top surface of the 1am thin film silicon. Simulation results in Figure 61 and
Figure 6.12 show the stress distribution in theickewith planar thin film silicon
and 500 nm thick silicon nanowires structure respely. From Figure 6.12(a), the
maximum stress was at the bottom surface of silebaround 217 MPa and the
stress at the foot of the nanowires was around B&,Ms shown in Figure 6.12(b).
For planar thin film silicon structure, simulatioesults in Figure 6. 11(a) showing
the maximum stress at the bottom surface of silwas 219 MPa for planar silicon
structure. Hence, the effect of the 500 nm nan@dre the change in the maximum

stress of the planar structure was less than 1%.
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(a) Surface: von Mises stress (MPa)
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(b) Surface: von Mises stress (MPa)
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Figure 6. 11 Cross sectional simulation showinghe)stress distribution of a planar

structure and (b) stress distribution of the planarsurface of the silicon thin film.

122



Chapter 6 Flexible Thin Film Silicon/PEDOT:PSS Hyh®olar Cells

(a) Surface: von Mises stress (MPa)
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(b) Surface: von Mises stress (MPa)
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Figure 6.12 Cross sectional simulation showingl{e)stress distribution of a
nanowire structure and (b) stress distributiorhefgilicon nanowires at the top

surface of the silicon thin film.
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L-dL = 30mm Planar Nanowires

Stress at the center of the 219 MPa. 217 MPa

bottom surface of silicon

Table 6. 2 Comparison of the bending stress iraagsland a nanowires structure.

6.3.5 Failure stress of silicon material

In order to avoid failure in the thin film silicdayer, it was necessary to design

the working stress for 99% reliability of the sdit material in our flexible solar cells.

o
Jo

Applying Weibull equation,A,(a):e( ] where A(c) is the reliability of
material,o is the working stressy is the characteristic fracture stress amd the
Weibull modulus. For square monocrystalline (100itan wafers,co= 372 MPa

and m = 12 [124]. Thus, the working stres® obtain 99% reliability of our silicon
thin film, i.e. A,(U) = 099, was around 254 MPa. Referring to Figure 6.146,29

mm was the threshold end-to-end length to fulfie t99% reliability of silicon,
having the maximum compressive stregg) of 249 MPa. However, this value was
a bit close to 254 MPa. In order to eliminate timeartainty in the loading on the
flexible solar cell, we chosé& = 30 mm in the bending cycle test where the
compressive strairedy) and stressofo) at the bottom surface of silicon were 0.15%

and 217 MPa respectively. This stress value wasgildian 254 MPa and hence the
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reliability of the silicon thin film should achiev@% when the end-to-end length of

the substratdg , was longer than 30 mm.

Figure 6. 13 Reliability of the flexible 1B silicon thin film is assured when the
end-to-end length of the substrate is longer tftanr

6.3.6 Bending test

The architecture of the flexible solar cells inrawork was PET/hybrid Ag
network/PEDOT:PSS/Si/Galn. The PET substrate wandOlong, 15 mm wide and
50 um thick. The 10 mm x 8 mm area silicon thin filmtkvaround 15um thickness
was stuck at the center of the substrate by PED&S.Prhe PET substrate was
clamped on two edges and exerted a compressive &xially. The bending setup is

shown in Figure 6. 14.
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the number of
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Figure 6. 14 The flexible solar cell is carryingending cycle test.

The results showed that the devices were flexabl# bendable. When the axial
compressive force was removed so that the enddolength of the flexible
substrate returned to its original flat conditidhe power conversion efficiency
returned to almost its original efficiency. The nmaum stress of the flexible hybrid
solar cell under a bending radius of 7 mm was athbttom surface of silicon of
around 217 MPa. Bending cycle test showed a goedvery of the original
efficiency after 5000 cycles under a bending raddfisy mm. The results were

recorded in Figure 6.16.
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Figure 6.15(a) The flexible device is clamped asted at the original flat position (b)
the device is bent into a curvature of radius ofiYm
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Figure 6.16 (a-c) Bending cycle test result shdvesghotovoltaic performance of the

flexible solar cells after 5000 bending cyclessggaod as the initial performance.
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6.4 Conclusions

We studied flexible hybrid solar cells with a thamystalline film silicon/
(poly(3,4-ethylenedioxythiophene):poly(styrenesndite) (PEDOT:PSS) Schottky
junction. The crystalline silicon wafers were etdhwy potassium hydroxide solution
until a thickness around 1Bn and became flexible. A silver network structurasw
used for the anode with high electrical condugtivii2 Q/sq) and good light
transmittance (82%). The flexible hybrid solar cgiélded a power conversion
efficiency of 5.56%. In the bending cycle test, tiexible hybrid cell showed a good
recovery of the original efficiency after 5000 agglunder a bending radius of 7 mm
that the estimate maximum bending stress of silie@s around 217 MPa. The
ability of bending repeatedly without varying mudh the power conversion
efficiency of the solar cells held a significantpartance for the development in the

lightweight and flexible applications.
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CHAPTER 7 HUMIDITY EFFECT OF THE

SILICON/PEDOT:PSS DEVICES

7.1.Introduction

Over the past decade, a large amount of work h&exn done for achieving
high power conversion efficiency in silicon/PEDO$® solar cells. Other than
power conversion efficiency, stability is also dtical factor for the practical
application of the solar cells. Hence, device iiifet and degradation mechanism
would shift more concerns. Organic materials aré a® stable as the inorganic
silicon. They can easily degrade in humid condgio®nly the understanding of
these degradation mechanisms can ensure the tstailil service lifetime of the
solar cells.

In this chapter, the devices were stored undderéifit relative humidity in a
environmental chamber at a constant temperature. degradation effects on the

ITO, PEDOT:PSS and silicon nanostructure were studidividually.

7.2.Experimental procedures

The silicon/PEDOT:PSS devices were fabricated raicg to the procedures
stated in sectiod.2.2. The silicon surface was textured to obtaamray of nanowire

with length around 340 nm. The effect of moisturetbe degradation of SINW/
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PEDOT:PSS hybrid solar cell was investigated wittoatrolled humidity chamber
(Espec Corp). The description on the chamber cbaldeferring to sectio.4.2. In
the degradation test, the devices were unencapdubatd stored under different
relative humidity (RH) varied from 15% to 100%, acwlatively at 25 °C for 3

hours. In each batch, ten hybrid solar cells wabkgi€ated for the humidity test.

7.3.Results and discussions

7.3.1.Efficiency degradation of devices due to moisture

The averaged PCE of the devices under differentd@ridition are given in
Figure 7.1 (a). The degradation rates was thedastleen the devices were stored in
15%RH environment. The average PCE of the inififiaiency of the devices was
around 6 — 6.5%, the PCE dropped to 5.49, 3.121a8P6 for those devices kept at
15, 60 and 100% RH respectively (Figure 7.1 (a)).

To look more detail into the consequence of humpidite PCE of the ten devices
under different RH were plotted in the histografitse PCE count of fresh devices at
t = 0 were shown in Figure 7.1(b,d,f) while the P&fnt of the degraded devices at
t=3h were shown in Figure 7.1(c,e,g). From thedgstm showing the performance
of each individual device, there was a clear trénad the devices degrade faster in a
higher relative humidity. However, their rate ofgdedation was not the same
although they were stored in the same humidity tmmd The reason could be due
to the thickness unevenness of the PEDOT:PSS laydoetween the silicon

nanowires and the ITO glass that caused the inhemety of the device
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degradation rate. Therefore some irregular interfee fringes could be observed as

shown in Figure 7.2.
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Figure 7.1 (a) Summary graph of PCE degradatiafewices at different
humidity; (b,d,f) are the histogram showing the R€Ehe as-fabricated devices;
(c,e,q) are the histogram showing the PCE of tlygaitked devices.
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Figure 7.2 Interference fringes are observed aPBPOT:PSS layer of the
SINW/PEDOT:PSS hybrid solar cell.

The degradation was most severe for the 10 dewees in 100% relative
humidity, and thus their J-V characteristic curwesre shown in Figure 7.3 for
further study. In the as-fabricated devices, thedf the devices were around 0.54-
0.56 V and they were quite consistent (Figure })3(Bhe Jcvaried from around
24-28 mA/cm. This variation may due to the uneven of PEDOT:R&i&kness
between the ITO and SINW among the devices as siecubefore. After 3 hours
storage in 100%RH, open circuit voltage, shortwircurrent and fill factor in the
J-V curves of these 10 devices had obviously degrad shown in Figure 7.3(b).

Increase in the PEDOT:PSS resistance [MBy be one of the degradation
causes of the solar devices. However, the PEDOT:R$& was sandwiched
between the ITO and silicon nanowires so that adesiructive in-situ study of the
PEDOT:PSS layer inside the device was difficultughthe PEDOT:PSS samples
were prepared by spin-coating 1:1 PEDOT:PSS:EGurexbnto glass substrates at
3000 rpm for 60 s and then dry films were obtaiaidr an annealing process at 110
°C for 15 minutes. Prior and after storing thesdD®E:PSS layers in a humid

environment, their sheet resistances were recortgd four point probes
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measurement (Lucas Labs 302). The sheet resistdribe as-fabricate film was 7
kQ/sq. After storing the film in a >98%RH environmeiar 60 min, the sheet
resistance reading of the film fluctuated during fbur point probe measurement
and the relatively stable sheet resistance reaslawy7.8 K)/sq. However, after a 10
seconds nitrogen gas blow on the PEDOT:PSS fikrsheet resistance returned to a
stable reading of 7<k/sq. The results reflected that probably some &dppoisture
in the film led to the increase sheet resistancdPBDOT:PSS in the humidity
environment. If the humidity exposure duration vea®rt, the resistance might be
reversible by using a nitrogen gas blow to dryfilme. Nevertheless, different from
this uncovered film used in the sheet resistancasorement, the solar cell
architecture was that the PEDOT:PSS film was sariulvd between a silicon wafer
and a ITO glass so that the trapped moisture cazasity blow dry by nitrogen gas.

Under high humidity, EG doped PEDOT:PSS layer wastable.

Next, four point probe measurement was carrigdamatudy ITO conductivity
and tunneling electron microscopy (TEM) was usechiaracterize the growth of the
silicon dioxide layer on the silicon nanostructuréeese work was carried out for

the understanding the cause of the device degoedatithe interface [125].
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Figure 7.3 Current density-voltage curves showa)glie fresh devices (b) the
degraded devices (after storing in a 100%RH envnemt for 3 hours)
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7.3.2.Sheet resistance of the ITO-glass after devices'giadation

Further investigation of ITO degradation effectswdone. Some degraded
devices which have been stored in 100%RH for 3syaeare detached and measured
for the variation in their sheet resistance. Befibre four-probe measurements, the
dry PEDOT:PSS residues attached on the ITO-glass wleaned by cotton pads
soaked with isopropanol manually and then ultrasol@aning procedures. Table 7.1
shows the averaged sheet resistances of the IT€s gifier the degradation
experiment. Results showed that the ITO layer veagatied after the storage in the
high humidity condition. For the fresh ITO, the eaged sheet resistances was
around 5.83 ohm/sq. After the degradation study,stieet resistance in sample 5 of
the ITO glass increased to 6.6 ohm/sq. In additeom,obvious semi-transparent
greenish mark was observed on the ITO-glass atdh&act area between the ITO
and the silicon wafer, as shown in Figure 7.4. Muez, SEM images on the right
hand side of Figure 7.4 shows that the thickned3©fat the contact area between
the ITO and the silicon wafer was thinner than dnginal ITO thickness, this
revealed the etching of the ITO by the PEDOT:P38 that became acidic after
absorbed the water from the high humidity environindhe degraded ITO film
became thinner than its original ITO thickness stit the etched ITO might not
tightly hold onto the silicon nanowires and ledhe device degradation. The etching
process may be inhomogeneous, therefore the rafEQoflegradation was not the
exactly same. Sample 1 and 3 had similar sheedtingses with the fresh ITO which

was around 5.832/sq, which suggested little or no ITO degradatiorinem. Yet,
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ITO degradation was observed in sample 2 and 4 sawere ITO degradation

occurred in sample 5.

In the fabrication steps, first, the PEDOT:PSS s@n-coated on the ITO glass.
Then, the silicon wafer was placed on top of the REDOT:PSS film so that the
nanostructured silicon can stick into the ITO viaD®OT:PSS after the annealing
process. The rate of the solidification proces®BDOT:PSS could be affected by
many factors, for example: solvent evaporation @te’EDOT:PSS, the surface
energy of the nanostructure silicon and the idilon of PEDOT:PSS into the
nanostructure. All of the above factors would lead the uneven thickness of
PEDOT:PSS film between ITO and silicon wafer. Henitee diffusion path of
moisture into the PEDOT:PSS film as well as théietg of ITO would be varied
among different devices. The varied degradatiom 0&tTO of the devices resulted in

different sheet resistances in the pieces of degr&bO glass as shown in Table 7.1.

Sample No. Fresh ITO ITO from degraded
(Q/sq) devices (At t=3hr)/sq)
1 5.80 5.82
2 5.83 5.96
3 5.82 5.85
4 5.85 5.92
5 5.83 6.60

Table 7.1 Sheet resistance of fresh ITO and dedrdeeices' ITO
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Figure 7.4 The mark (highlighted in the red squar@$ observed on the ITO detached
from the device stored in 100%RH for 3 hours. Bgnparing the SEM images on the
right hand side, it can be observed that the tlaskrof ITO is reduced at the mark

region.
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7.3.3.Degradation effect of the silicon nanostructures

We also examined if the change of oxide thicknmsshe surface of silicon
nanostructures was related to device degradatianndling electron microscopy
(TEM) was used to study the oxide layer thicknessrp(Figure 7.5) and after
(Figure 7.6) keeping at the humid environment wif0% RH. The highlighted
region on the left and right hand side of the siimanostructure were shown in
Figure 7.5 (b), (c) and Figure 7.6 (b), (c), respety. From HRTEM images, there
was a thin amorphous native silicon dioxide layartbe sidewall of the highly
crystallized silicon nanostructure. (Figure 7.5 &@od (c)). From Figure 7.6 (b) and
(c), there was not show a significant increasenendxide thickness on the sidewall
of the nanostructure after exposed the device @94 &H for 3 h. The consistent
silicon nanostructure before and after device digjran suggested the dominating

effects were not contributed by the oxide on sHic@anostructures.
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Figure 7.5 TEM images of a silicon nanostructurthaut storing in 100%RH

chamber

140



Chapter 7 Humidity Effect of the SI/PEDOT:PSS Devic

(b)

Figure 7.6 TEM images of a silicon nanostructucgisy in 100%RH chamber

for 3 hours
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7.3.4.PCE recovery of the hybrid solar cells

From the previous results in this study, the PEIRSE layer and the ITO glass
were considered to involve in the PCE degradatfdhecurrent devices. We tried to
test if the degraded devices could be recoveredh wait newly spin-coated
PEDOT:PSS layer. To withstand the recovery prosgsaemore robust silicon
nanostructure (Figure 7.7) instead of silicon naneswvas used in the recovery test
and it was fabricated by changing the silver nétreiichant concentration from 0.023
M to 0.16 M. Moreover, we did the annealing in glbex and skipped the post UV
ozone process to minimize the effect of induceddexiayer formed on the
nanostructure that may influence the recovery efdévices.

The as-fabricated device had the original PCE evalll9%, as shown by the
black curve in Figure 7.8. After the degradatiost,tehe PCE dropped to 0.01%.
After that, we disassembled the device and semhla@ from the silicon wafer. The
PEDOT:PSS residues on the surface of ITO and riliwere cleaned up. Then, a
fresh layer of PEDOT:PSS was newly spin-coated din¢ooriginal ITO and then
attached it to the hydrofluoric acid cleaned oragisilicon substrate. The J-V curve
of the re-fabricated device was shown in blue coidfigure 7.8 with PCE of 2.32%.
There was just a partial recovery in the PCE ofiab=/

Another device degradation factor was due to ITke reuse of degraded ITO
could only get a partial recovery of PCE. With estr ITO, fresh PEDOT:PSS and

then attached it to the hydrofluoric acid-cleanegional silicon substrate, the PCE
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was around 4.5% that was nearly fully recovered®G& of the original device. The
difference in PCE of the original (4.9%) and reaede(4.5%) devices may be due to
some damages in the silicon nanostructure or intetmpemoval of the dried

PEDOT:PSS film during the recovery process.

200nm EHT = 5.00 kv Signal A = InLens WD = 4mm
Mag =1000KX || Photo No. = 348 Date :30 Apr 2013

Figure 7.7 The SEM side view of the silicon nanastires used in the recovery

test
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Figure 7.8 J-V characteristics curves of the asifabed (black), degraded (red),
partially (blue) and almost (green) recovered devic
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7.4.Conclusions

The effect of humidity on the PCE of hybrid SINVEIPOT:PSS solar cells was
studied. In the humidity test, the devices wererestounder different relative
humidity (RH) varied from 15% to 100% in an envineental chamber,
accumulatively at 25 °C for 3 hours. After indivadustudies of the ITO, silicon
nanostructure and PEDOT:PSS layer, we confirmetthiegamajor causes of the PCE
drop in the current devices are stemmed from tbheease of the PEDOT:PSS sheet
resistances and the increase of the ITO interfasestances. The current work not
only highlighted the importance of the humidity tmhin the SINWS/PEDOT:PSS
hybrid solar cells, but also identified the majauses of the device degradation. By
re-depositing the fresh PEDOT:PSS layer onto anff€® and recycling the silicon
in the degraded device, we demonstrated that tih@eety of the device can be

nearly fully recovered.
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CHAPTER 8 CONCLUSIONS AND FUTURE

WORK

The objective of this project was to improve tlosvpr conversion efficiency of
the hybrid silicon/PEDOT:PSS solar cells. The @ficies of the solar devices were
enhanced by solving the problems: (i) strong lig#ftection of the planar silicon
wafer and (ii) high resistance of PEDOT:PSS filmithiAthe gradual progress, the
hybrid silicon/PEDOT:PSS solar cells are approaghiowards high efficiency
devices. At this circumstance, the degree of ingmirton the devices' stability
increases. Hence, the second objective of thisprayas to study the influences of
bending and humidity on the efficiencies of the iglsilicon/PEDOT:PSS solar
cells. The following sections summarized the majontributions of this research

and some future work was suggested.

8.1.Major contributions

In this project, with just utilizing a few commoapparatus such as an
ultrasound cleaner, a UVO cleaner, a spin-coatemagnetic stirrer, an oven and a
screen-printer, the silicon/PEDOT:PSS hybrid solzlls were successfully
fabricated in air environment. This simple and ceféctive fabrication method for
solar cells was easy to achieve. There are fouomtajntributions in this study and

they were summarized as follows:
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8.1.1.Employing silicon nanowires for improving light absorption of

silicon

e The obtained silicon nanowires (SINWSs) array on sheface of the silicon
wafers was well-ordered and large area coverage.

e Surface texturization by silicon nanowires methodswised to relieve the
problem of high optical reflection from the plarglicon. For planar silicon
surface, the reflectance was around 40-70% in @580 nm region and
around 30-40% in 500-800 nm region, whereas theataihce of the 5.84/m
textured silicon nanowires surface can fall beld#% ®&ithin the entire visible
spectrum.

e The higher absorption ability of photons in thetteized cells than planar cells
contributing to higher rates of hole-electrons edilon and thus the short
circuit current in the device improved from 8.52#.13 mAcnt-

e The photovoltaic efficiency of the nanowires tektad cells was six times
better than that of the silicon planar cells. Tlmver conversion efficiency
improved from 1.1 (planar) to 6.87% (390 nm nanewitextured).

e The optimal height for SINWs was 390 nm, providéeé best performance
devices in our experiment.

e Two problems that restricted long SiINWs (e.g. 4rB) to contribute in high
efficiency devices were found. Firstly, the infition of PEDOT:PSS was
difficult for long NWs. Secondly, the higher recoimdition rate in the long

SiNWSs solar device led to poor charges collection.
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8.1.2. Applying acid treatment to increase the conductiviy of

PEDOT:PSs

e For the as-prepared 5% DMSO-added PEDOT:PSS fithes, conductivity
measured from the four-probes measurement was &@8® S/cm. There was
a gradual increase in the conductivity of PEDOT:R@8 by using higher
concentration formic acid in the treatment. Therage conductivity of the
PEDOT:PSS films after treatment by 9, 49 and 98 vd#mic acid were 962,
1456 and 1582 S/cm respectively.

e AFM phase images revealed the conductivity enharcemf the PEDOT:PSS
films after film treatment by formic acid should ascribed to the more orderly
oriented and aggregated conductive PEDOT chains.

e This was observed a 16.4% PCE improvement in tiWSIPEDOT:PSS
hybrid solar cells after 98 wt% formic acid treatrnes employed on the 5 wt%
DMSO-added PEDOT:PSS film. The PCE of the devic#hout formic acid
treated, was 8.00%. The PCE reached 9.31% whert%®8&aevmic acid solution
was used.

e After formic acid treatment, the results showedramease in both open circuit
voltage Vo) and fill factor £F). The formic acid treatment retained high
transmittance of the untreated PEDOT:PSS film. idetite short circuit current

(Jsg of the hybrid solar cells after formic acid tne&int was nearly unimpaired.
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e Series resistance R{) decreases from 2.23 to 1.50cn’ in the
SINWS/PEDOT:PSS hybrid solar cell after 98 wt% farracid treatment. The
decrease in Rin the treated devices should probably relatehto ibcreased
conductivity of the PEDOT:PSS film. The significasc of the high
conductivity PEDOT:PSS film were enhancing chartyagsfer and lowering
the series resistance loss. The higher fill faffdt) was attributed to a smaller
series resistanc®§.

e The reverse saturation currelgtin the solar cells was found decrease after the
formic acid treatment. This implied that the chargecombination in the device
decreased after formic acid treatment. Moreovgrincreased by 0.06 V after a
98 wt% formic acid treatment such that the electiédd was stronger for
carriers separation. This suppressed carriers feicaton loss in the formic

acid treated device.

8.1.3.Investigating the bending flexibility of thin film hybrid solar

cells

e Flexible hybrid solar cells with thin crystallinglison sheet/PEDOT:PSS
schottky junction was fabricated.

e The 15um thin film silicon sheets were used to test thasilility and
performance of flexible polymer/silicon solar cellBhe flexible solar cells
achieved a power conversion efficiency of 5.56%hwaipen circuit voltage and

short circuit photocurrent of 0.51 V and 16.96 nmA7crespectively. The fill
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factor of the solar cell was around 64.4%.

e Bending cycle test showed a good recovery of tiggral efficiency after 5000
cycles under a bending radius of 7 mm that themesé bending stress in
silicon was around 217 MPa. The results showedthl®tevices were flexible
and bendable.

e The ability of bending repeatedly without varyinguch in the power
conversion efficiencies of the solar cells heldigniéicant importance for the

development in the lightweight and rollable apgiimas.

8.1.4.1dentifying the causes of devices degradation due humidity

e The major causes of the PCE drop in the ITO/PEDS$%/BIilicon/Galn devices
were due to the increase of the PEDOT:PSS shestarese and the increase of
the ITO interface resistances.

e Experimental results given that the as-fabricat®®EPSS film had a sheet
resistance of 7 ®@/sq. After keeping the film in a humidity level gter than
98%RH environment for 60 min, the reading valu¢hef sheet resistance of the
film fluctuated during the four point probe measoemt and the maximum
sheet resistance reading was 7(8<). However, after a 10 seconds nitrogen
gas blow on the PEDOT:PSS film, its sheet resigtamturned to a stable
reading of 7 R/sq. The results reflected that probably some &dppoisture in
the film led to the increase sheet resistance dD®EPSS in the humidity

environment.
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e Regarding to ITO, the averaged sheet resistanciegf ITO was around 5.83
Q/sq. After the degradation study, the sheet rasist®of a ITO glass went up
to 6.6Q/sq in the four-probe measurement. This revealatihe ITO layer was
degraded after storing in the high humidity cormuttilt might probably due to
the film etching of ITO by the hygroscopic and acidPEDOT:PSS in the
humid environment. The ITO/PEDOT:PSS interface uastable.

e By re-depositing the PEDOT:PSS layer onto the disgtalevice and recycling
the Si (and fresh ITO), we demonstrated that thieieficy of the device can be

partially recovered (to almost fully recovered).

To conclude, this thesis explored the efficiencyhancement methods, the
mechanical flexibility of thin silicon sheets antdet degradation causes due to
humidity. This study was of important in developmiwards low cost silicon solar
cells. The fabrication of silicon/PEDOT:PSS hybsdlar cells is simple, cost
effective and low temperature processing. With fheher developments and
optimizations, they could have a great potentialbt the solar cells for real
application. To improve efficiency , it is recomnalexa to maximize light absorption
and enhance carrier separation/collection effigieiRroper encapsulation of the
hybrid solar cells is also a good method to slowmldhe residual oxygen and
moisture diffusion process. The longer service tohthe solar cell is also a key for

energy cost reduction.
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8.2. Future work

The following future work would be beneficial thet development of the
silicon/PEDOT:PSS solar cells in two ways: lowertenial cost and higher lifetime

stability.

8.2.1.Reduce the use of silicon material by a silicon nawires array

transfer method

In conventional p-n junction silicon solar celspund 40% of the module cost
Is attributed to the silicon wafer cost. Hencetlar research is needed to reduce the
use of silicon material to cut down the price diten based solar cells.

It was realized that silicon nanowires array dic@n substrate, fabricated from
the metal assisted electroless etching methodddwoeilscraped off or transfer away
from the silicon substrate [126,127]. Therefore, tanowires could be embedded or
coated on a flexible substrate to serve as thecegmucting element in any flexible
electronics application. This is not only lower test by using less silicon material,
but also improve the bending flexibility by takitige advantage of the thin silicon
nanowires array embedded into a flexible and trarespg substrate. However, the
difficulties in this type of solar cells are thesfficient of charges collection and easy

short circuit paths which need to be further stddiedetails.
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8.2.2.Improve the lifetime stability by light stabilizers

Another suggested area to further study is oretivronmental stable materials.
Some literature have already studied ondégradation factors of PEDOT:PSS, such
as light intensity. The light of wavelength smaltean 315 nm would increase the
sheet resistance of the 5wt%-DMSO-added PEDOT:P#8 [128]. This
conductivity loss of PEDOT:PSS would lead to degteaxh problem in the hybrid
solar cells. However, the solution to tackle thegrddation has yet been fully
proposed. Further experiments could be studiesmgraving the stability of the
organic polymeric materials. For instance, studes be carried out on the effect of
UV or light stabilizer on the degradation of PED®3$S. This can benefit the

development of the polymer/silicon hybrid soladsé&br longer lifetime.
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