Graduate School ETD Form 9
(Revised 12/07)

PURDUE UNIVERSITY
GRADUATE SCHOOL
Thesis/Dissertation Acceptance

This is to certify that the thesis/dissertation prepared

By Azadeh Hemati

Entitled
LAYER BY LAYER NANOASSEMBLY OF COPPER INDIUM GALLIUM SELENIUM (CIGS)
NANOPARTICLES FOR SOLAR CELL APPLICATION

For the degree of Master of Science in Mechanical Engineering

Is approved by the final examining committee:

Hazim EI-Mounayri

Chair
Mangilal Agarwal

Kody Varahramyan

To the best of my knowledge and as understood by the student in the Research Integrity and
Copyright Disclaimer (Graduate School Form 20), this thesis/dissertation adheres to the provisions of
Purdue University’s “Policy on Integrity in Research” and the use of copyrighted material.

Approved by Major Professor(s): Hazim El-Mounayri

Approved by: Sohel Anwar 12/05/2011
Head of the Graduate Program Date




Graduate School Form 20
(Revised 9/10)

PURDUE UNIVERSITY
GRADUATE SCHOOL

Research Integrity and Copyright Disclaimer

Title of Thesis/Dissertation:

LAYER BY LAYER NANOASSEMBLY OF COPPER INDIUM GALLIUM SELENIUM (CIGS)
NANOPARTICLES FOR SOLAR CELL APPLICATION

For the degree of ~ Master of Science in Mechanical Engineering

I certify that in the preparation of this thesis, I have observed the provisions of Purdue University
Executive Memorandum No. C-22, September 6, 1991, Policy on Integrity in Research.*

Further, I certify that this work is free of plagiarism and all materials appearing in this
thesis/dissertation have been properly quoted and attributed.

I certify that all copyrighted material incorporated into this thesis/dissertation is in compliance with the
United States’ copyright law and that [ have received written permission from the copyright owners for
my use of their work, which is beyond the scope of the law. I agree to indemnify and save harmless
Purdue University from any and all claims that may be asserted or that may arise from any copyright
violation.

Azadeh Hemati

Printed Name and Signature of Candidate

12/06/2011

Date (month/day/year)

*Located at http://www.purdue.edu/policies/pages/teach_res_outreach/c 22.html




LAYER BY LAYER NANOASSEMBLY OF COPPER INDIUM GALLIUM
SELENIUM (CIGS) NANOPARTICLES FOR SOLAR CELL APPLICATION

A Thesis
Submitted to the Faculty
of
Purdue University
by
Azadeh Hemati

In Partial Fulfillment of the
Requirements for the Degree
of
Master of Science in Mechanical Engineering

December 2011
Purdue University

Indianapolis, Indiana



To
my parents,
who made all of this possible,
for their endless encouragement and patience



ACKNOWLEDGEMENTS

| would like to gratefully thank Dr. Kody Varahramyan and Dr. Mangilal
Agarwal, for providing me the opportunity to be a part of this research, sharing their
valuable knowledge and experiences with me, and advising me throughout this thesis
work. And also Dr. Sudhir Shrestha, who taught me the research in a professional manner
and showed me his pursuit of perfection in every single detail, for which I will always be
thankful. 1 would like to thank Dr. Hazim EI-Mounayri for chairing my advisory
committee and helping me in many aspects of my academic success throughout these two

years.

| am grateful to the Integrated Nanosystems Development Institute (INDI) at
Indiana University Purdue University Indianapolis (IUPUI) for providing support and
facilities for this research. I also thank Jason Cambridge for his contribution towards the
synthesis and preparation of the nanoparticles for my research purpose, and appreciate
my research group members, Parvin Ghane and Nojan Aliahmad for their helps, supports,
and valuable contribution and discussions that led to successful completion of this thesis.
| would also like to thank Mr. Rudy Earlson, Mr. Jeff Sears, and Mr. Cary Pritchard, for
their technical support in the lab and Dr. Ricardo Decca for providing AFM, and Mr. Clif
Duhn for running the SEM and EDS. | would also like to thank Ms. Valerie Lim Diemer

and Ms. Ginger Jessop Lauderback for assisting me in formatting this thesis.



TABLE OF CONTENTS

Page

LIST OF TABLES ... bbbt Vi
LIST OF FIGURES ..ottt sttt aneans vii
ABSTRACT ..ottt bbbt e bRt e ettt be bt e e Xi
1 INTRODUCTION ..ottt sttt aenresneeneaneas 1
1.1 Background and OVEIVIEW ..........cccueieeiieiieiieie e sieeste e ste e sre e ee e 1

1.2 LItErature REVIBW ......ccviiiiieiiieie ettt sttt neeneeenee e 7

1.3 Purpose and Scope of this TheSIS........cccccvveiieiiiiciicce e 8

2  PHOTOVOLTAIC EFFECT AND SOLAR CELLS .......ccocov i 11
2.1 Semiconductor MaterialS.........cccoiiiiiieieiee e 11

2.2 Semiconductor Junctions and Built-in Potential .............cccccoveeviviiviinienns 12

2.3 PhotovoltaiC EFfECt........cooiiiiiiiiiicceeee e 16

2.4 Thin FIlmM Solar CellS ......cooiiiiiieiiec e 18

2.5 Nanoparticle-based Solar CellS .........ccovviieiiiiiciiee e 21

3  SYNTHESIS AND FUNCTIONALIZATION OF CIGS NANOPARTICLES ..... 23
3.1 Synthesis and PUrifiCation...........c.ccceeveiieiicii e 24

3.2 Size Distribution and Zeta Potential.............cccooeiveiiiieiiieseec e 25

3.3 Functionalization of NanopartiCles ............ccccceevveieeiicve i 28

4  LAYER-BY-LAYER ASSEMBLY OF NANOPARTICLES ......c.ccocvviiirennene 34
A1 OVEIVIBW ..ottt sttt ettt et e bt et nbe e nbe st et e e nbeenaeeneenrs 34

4.2  CIGS Nanoparticles FIlM ... 36

4.3  CIGS Nanoparticles and Polymer Films ...........ccccooveiiiiiiiiiiccececec 38

4.4  ZnO, CdS, and Polymer FIlMS .......ccooiiieiieece e 43

A5 SUMMAIY coiiiiieeiie et e et e e st e e st e e st e e e snbe e e nrneeensnee e s 50

5 ELECTRICAL CHARACTERIZATION......coviiiieeie et 53
5.1 CIGS Nanoparticles FIIM .......ccccoiiiiiiiiiciic e 53

5.2  CIGS Nanoparticles and Polymer Films ... 55

5.3 SUMIMAIY ..ottt ettt b e sbe e esbr e e ne e nrn e 58



Page

6 LBL CIGS FILMS FOR SOLAR CELL APPLICATIONS. ... 60
B.1  OVEIVIBW ettt e et e ettt e e e e e e e e e e e e e e e e e ae s 60

6.2  Fabrication and Testing Methods ..........ccooveviiniieie e 63

6.3 ReSUItS anNd DiSCUSSION .....cceeeeeeee e, 69

7 CONCLUSION AND FUTURE WORK ..o, 76
% R O] o Tod (V1] (o] o FU O TSR RRRR TR 76

T.L FULUIE WOTK e 77

LIST OF REFERENCES ... 80



Table
Table 1.1.1
Table 1.3.1

Table 2.4.1
Table 3.3.1
Table 4.1.1
Table 4.3.1

Table 45.1

Table 45.2

Table 5.3.1

Table 5.3.2

Table 6.3.1

Vi

LIST OF TABLES

Page
Comparison of various thin film solar cells...........cccccovviiiiiiiiciie, 6
Comparing the estimated cost of LBL CIGS
solar cell with thin film Si solar cell and commercially
available CIGS Solar Cell ........cooviieiiiie e 9
Best performances of various thin film solar cells [29]..........ccccoveienen. 20
Summary of charge and size distribution............c.ccooviiieiii s 33
Parameter definitions used in equations ...........ccccoeveveeieneene e 36
Comparision of change in frequency measured for
different immersion times as indicated in the table ...........ccccoooiviinnnene. 40
Summary of Thickness per Layer for each CIGS
Nanoparticles LhL FilM ........c.ccoooiiiiiiicccce e 51
Summary of thickness per Layer for each ZnO and
CdS nanopowders LBL film ... 52

Showing the resistivity of the CIGS nanoparticles
LbL film in dark and under light illumination versus the number
of the layers (The channel resistivity with no layer deposited is 47.9

Showing the resistivity of the CIGS nanoparticles
LbL film before and after annealing versus the number of the
layers (The channel resistivity with no layer deposited is 47.9 MQ.m) ... 59

Comparison of the power density for the fabricated solar cell devices.... 75



Figure
Figure 1.1.1

Figure 1.1.2
Figure 1.1.3
Figure 1.1.4
Figure 2.2.1

Figure 2.2.2

Figure 2.2.3

Figure 2.3.1

Figure 2.3.2

Figure 2.4.1
Figure 2.4.2
Figure 3.1

Figure 3.1.1
Figure 3.2.1
Figure 3.2.2
Figure 3.2.3

vii

LIST OF FIGURES

Page
Yearly consumption of energy by source [3].......ccccoevviveiiereiiesieeseenn 2
Market shares of various solar cells in 2010 [ [7].....cccooerererenenienininnnn 3
Best reported solar cell efficiencies [8] .......ccoovvvniiiniiiieicie e 4
Band gap versus attainable theoretical solar cell efficiency [9] ................. 5

Schematic of a p-n junction (a), showing charge density (b),
electrical fie (c), and built-in potential across the depletion region [28] .. 13

Energy band diagram of schottky junction between
a metal and a p-type semiconductor (Oy< ®s), ideal case.
(a) Materials in isolation and (b) in contact [23] .......ccccoeveriiiieniiiniee 14

Energy band diagram of schottky junction

between a metal and a p-type semiconductor (&< ®s) and

(®m< Ecnu), non-ideal case. (a) Materials in isolation

and (D) INCONLACE ........cooiiiie e 15

Schematic showing the flow of photon-generated electron
and hole in the space charge region of a p-n junction.............c.ccccceeneenee. 17

Schematic of a p-n junction band diagram showing
depletion region and photogeneration. (the filled and unfilled circles

represent electrons and holes, respectively).........ccocovieiiiiiienie e, 18
Schematic of a (a) CIGS and (b) CdTe thin film solar cells [11] ............. 19
Schematic of a Si thin film solar cell [11] .......ccooviviiiiiiiie e 20
Schematic of CIGS crystal StruCtUre...........cocevveie e 23
SEM images of CIGS nanoparticles dispersed in water .............ccccceevenee. 25
Size distribution of CIGS nanoparticles in chloroform .............cccccoeens 26
Size distribution of CIGS nanoparticles in Water ............ccocceveervnienenne. 27

Zeta potential distribution of CIGS nanoparticles dispersed in water ...... 28



Figure
Figure 3.3.1

Figure 3.3.2
Figure 3.3.3

Figure 3.3.4

Figure 3.3.5

Figure 4.1.1

Figure 4.1.2

Figure 4.2.1

Figure 4.2.2

Figure 4.3.2

Figure 4.3.3

Figure 4.3.4

Figure 4.3.5

Figure 4.3.6
Figure 4.3.7
Figure 4.4.1
Figure 4.4.2
Figure 4.4.3

Page

Zeta potential of CIGS nanoparticles vs. pH of the solution.................... 29

Zeta potential of CIGS nanoparticles in NaOH solution ............cc.cccevee.. 29

Showing decreasing zeta potential of CIGS nanoparticles

dispersed in water with the addition 0f PSS ............ccccoeiiviieiicci e, 30

Size distribution of CIGS nanoparticles (a) before and

(b) after dispersing in PSS SOIULION .......cc.coiiiiiiiiiiccccc e 31

SEM image of CIGS-PSS nanoparticles dispersed in water..................... 32

Schematic showing the layer by layer (LbL) nanoassembly

process through alternate adsorption of polycations

and Polyanions [42].......oov oo 34

Showing the LbL process on a QCM measurement instrument [47]........ 35

QCM Frequency change vs. film thickness after each

layer dePOSITION ........ccieiicc e 37

AFM image of 4 bi-layers of CIGS on a glass substrate .......................... 38

Frequency and thickness changes for three deposited

bi-layers of PSS/PEI as precursor layers and 4 bi-layers

OF CIGS/PSS ..ot 39

Showing a comparison of film thickness of 3

bi-layers of PSS/PEI as precursor layers and 4 bi-layers

of CIGS/PSS as main layers for different immersion times..................... 40

QCM Frequency changes as well as film thickness

after deposition of each PSS-coated CIGS and PEI bi-layer .................... 41

The Image of a CIGS film taken by Keithley for (a) 7 and

(D) 13 1AYEIS ON ITO ..t s 42
AFM image of the CIGS film for (a) 7 and (b) 13 layerson ITO............... 43
SEM image of 13 layers of PSS-coated CIGS and PEI film....................... 43
Size distribution of ZnO nanoparticles in PSS solution............c.cccceevveeiee 44
Frequency vs. film thickness of a 5 layer ZnO-PSS and PEI film .............. 45

The image of a ZnO-PSS and PEI film taken by Keithley for
(@) 5and (D) 10 1ayers 0N ITO ....cccueiieiieie e e 46



Figure
Figure 4.4.4

Figure 4.4.5
Figure 4.4.6
Figure 4.4.7
Figure 4.4.8

Figure 5.1.1

Figure 5.1.2

Figure 5.2.1

Figure 5.2.2

Figure 5.2.3

Figure 5.2.4

Figure 6.1.1
Figure 6.1.2
Figure 6.1.3

Figure 6.2.1

Page
AFM image of the ZnO-PSS and PEI film for (a)
5and (b) 10 1ayers 0N ITO ..o s 46
Size distribution of CdS particles in PSS solution...........ccccccoevevviveienee. 47
QCM results of the CAS/PEI LbL film .....ccovviiiiiiiie e 48
Image of a CdS film taken by Keithley for (a) 5 and (b) 10 layers .......... 49
AFM images of 5 layers of Cds on an ITO-coated
substrate for (a) 20 and (b) 2.5 um surface areas.........cccoceevverveeieernenne 49
The 1/V characteristics of 12 and 20 layers of CIGS films showing
PhOLOVOILAIC EFFECT ... 54
The 1/V characteristic of a 25-layer CIGS LbL film
with and without the presence of light, showing the decrease
IN FESISTIVITY DY 8790 ..o 54
The 1/V characteristics of CIGS/PSS LbL deposited
film on an ITO Coated glassS........ccevverveierieiiieiire e 55
The I/V characteristics of a 6 bi-layer CIGS-PSS
LbL films (annealed after each 2 bi-layers at 240°C for 10 min),
showing the decrease in resistivity by 76.4% ..........cccoevvieieienciiinnnn 56
The I/V characteristics of 6 bi-layers of
CIGS-PSS and PELI. The film resistivity decreases after
deposition of each bi-layer. Also showing the decrease in
resistivity by light illumination..............cccocoeiiie i, 57
The I/V characteristics of a 3-bilayer CIGS-PSS
and PEI LbL film before and after annealing .............ccccocoevvevieieiiecenne. 58
Schematic of a p-n junction solar cell [49] ... 60
Ideal diode 1/V CharaCteristiCs .........cooovveririeniieniee e 61
Schematic of solar cell I/V characteristics in the dark
and under light illumination [53] ......ccccoiieiiiiii e 62

Schematic of the probes placements on the device to
measure the 1/V charaCteristiCs .........oovvvveiiiieiiiere e 64



Figure
Figure 6.2.2

Figure 6.2.3

Figure 6.2.4

Figure 6.2.5

Figure 6.2.6

Figure 6.3.1
Figure 6.3.2

Figure 6.3.3

Figure 6.3.4

Figure 6.3.5

Figure 6.3.6

Page
Schematic of PEDOT-CIGS -n-ZnO solar cell device (Device-1)
With ITO as front CONLACE. .......ccuevieiieieiie e 65
Energy band diagram of PEDOT-CIGS-n-ZnO
device (Device-1) at equilibrium ...........cccoovreiieiii 66
Schematic of CIGS-CdS solar cell device (Device-I1) with...................... 67
Schematic shows of CIGS-CdS, solar cell device
(Device-I11) with ZnO buffer layers and Mo as back contact and
ITO @S frONt CONTACT ......coiveeieeiecieeee e e 68
Energy band diagram of CIGS-CdS device
(Device-111) at equilIDrIUM.......ooiiii s 69
Showing Device-l under MeasuremMent...........cccevveereereeieeseeseesee e 70
The I/V characteristics of a PEDOT-CIGS-ZnO
solar cell using ITO as front contact (Device-1) ......c.ccccevveveiveiecceseenee. 71
The I/V characteristics of a CdS, and CIGS
solar cell configuration using ITO as both back and front
CONEACTE (DEVICE-IT) . 72
Solar cell results of CIGS and CdS configuration
using n-ZnO and i-ZnO as buffer layers, and Mo as back contact
and ITO as front contact (Device-T1) ... 73

Solar cell results of LbL CIGS film and
chemical bath deposited CdS configuration using n-ZnO and i-ZnO
as buffer layers, and ITO as both back and front contact (Device-1V)..... 74

Solar cell results of LbL CIGS film, n-ZnQO, i-ZnO
configuration using ITO as both back and front contact (Device-V) ....... 75



Xi

ABSTRACT

Hemati, Azadeh. M.S.M.E., Purdue University, December 2011. Layer by Layer
Nanoassembly of Copper Indium Gallium Selenium (CIGS) Nanoparticles for Solar Cell
Application. Major Professor: Hazim EI-Mounayri.

In this research thesis, copper indium gallium selenium (CIGS) nanoparticles
were synthesized from metal chlorides, functionalized to disperse in water, and further
used in layer by layer (LbL) nanoassembly of CIGS films. CIGS nanoparticles were
synthesized through the colloidal precipitation in an organic solvent. The peak and
average sizes of the synthesized particles were measured to be 68 nm and 75 nm in
chloroform, and 30 nm and 115 nm in water, respectively. Two methods were used to
disperse the particle in water. In the first method the stabilizing agent oleylamine (OLA)
was removed through multiple cleaning processes, and in the second method ligand
exchange was performed with polystyrene sulfonate (PSS). Zeta potential of CIGS
nanoparticles dispersed in water was measured to be +61 mV. The surface charge of the
nanoparticles was reversed by raising the pH of the solution, which was measured to be
—43.3 mV at 10.5 pH. In a separate process, the CIGS nanoparticles dispersed in water
were coated with PSS. The resulting dispersion was observed to be stable and the surface

charge was measured to be —56.9 mV.

The LbL deposition process of CIGS nanoparticles was characterized by
depositing thin films on quartz crystal microbalance (QCM). LbL depositions was
conducted using (i) oppositely charged CIGS nanoparticles, (ii) positively charged CIGS
nanoparticles and PSS, and (iii) PSS-coated CIGS (CIGS-PSS) and polyethyleneimine



Xii

(PEI). The average thickness of each bi-layer of the above mentioned depositions were

measured to be 2.2 nm, 1.37 nm, and 10.12 nm, respectively.

The results from the QCM have been observed to be consistent with the film
thickness results obtained from atomic force microscopy (AFM). Various immersion
times versus thickness of the film were also studied. For electrical characterization, the
CIGS films were deposited on indium tindioxide (ITO)-coated glass substrates. Current
versus voltage (1/V) measurements were carried out for each of the films using the
Keithley semiconductor characterization instruments and micromanipulator probing
station. It was observed that the conductivity of the films was increased with the
deposition of each additional layer. The I/V characteristics were also measured under the
light illumination and after annealing to study the photovoltaic and annealing effects. It
was observed that under light illumination, the resistivity of a 12-layer CIGS film
decreased by 93% to 0.54 MQ.m, and that of the same number of layers of PSS-coated
CIGS and PEI film decreased by 60% to 0.97 MQ.m under illumination. The resistivity
of an 8-layer CIGS and PSS film decreased by 76.4% to 0.1 MQ.m, and that of the same
layers of PSS-coated CIGS and PEI decreased by 87% to 0.07 MQ.m after annealing.

The functionalized nanoparticles and the LbL CIGS films were implemented in
the solar cell devices. Several configurations of CIGS films (p-type), and ZnO and CdS
films (n-type) were considered. Poly(3,4-ethylenedioxythiophene) (PEDOT),
molybdenum (Mo), and ITO were used as back contacts and ITO was used as front
contact for all the devices. The devices were characterized the Keithley semiconductor
characterization instruments and micromanipulator probing station. For a CIGS and n-
ZnO films device with PEDOT as back contact and ITO as front contact, the current
density at 0 V and under light illumination was measured to be 60 nA/cm? and the power
density was measured to be 0.018 nW/cm?. For a CIGS and CdS films device with ITO as
both back and front contact, the current density at 0 V and under light illumination was
measured to be 50 nA/cm? and the power density was measured to be 0.01 nW/cm?. For a
drop-casted CIGS and CdS films device with Mo as back contact and ITO as front
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contact, the current density of 50 nA/cm?at 0 V and power density of 0.5 nW/cm? under
light illumination was measured. For the LbL CIGS and chemical bath deposited CdS
films device with 1TO as both back and front contact, the current density of 0.04 mA/cm?

2 under light illumination was measured.

at 0 V and power density of 1.6 pW/cm
Comparing to Device-l1ll, an increase by 99% in the power density was observed by using

the CIGS LbL film in the device structure.

The novel aspects of this research include, (i) functionalization of the CIGS
nanoparticles to disperse in water including coating with PSS, (ii) electrostatic LbL
deposition of CIGS films using oppositely charged nanoparticles and polymers, and (iii)
the utilization of the fabricated LbL CIGS films to develop solar cells. In addition, the n-
type cadmium sulfide film (CdS) and zinc oxide (ZnO) buffer layer were also deposited
through LbL process after the respective particles were functionalized with PSS coating

in separate experiments.



1 INTRODUCTION

1.1 Background and Overview

The energy need of the United States and the world is growing every year. The
current worldwide energy demand exceeds 13 TW and the world will need 30 TW power
by 2050 [1]. To meet this growing of energy need, dependency on fossil fuel alone could
not be sustainable both economically and environmentally. Thus, renewable and clean
sources of energy, such as solar, wind, and geothermal have been pursued for a relatively
long time. The prices of the renewable energy sources have been declining over the years,
however, to become commercially competent with fossil fuels, the prices of the
renewable energy have to be reduced further and the efficiencies have to be improved
significantly. The growing demand of world energy and the diminishing fossil fuel
reserves are helping drive the cost of energy higher every year. This along with the
improved renewable energy sources will ultimately lead to a viable sustainable renewable
energy generation. In addition, the effects of the emissions have been shown to be
devastating to our environment. Therefore, energy security and global climate change

will be the main agenda in the coming decades.

Among the above mentioned clean sources of energy, the sun has the ability to
produce roughly 120,000 TW of solar energy every day. Moreover, solar cells are safe
and have much less hazardous effects to the environment while reducing the carbon
emissions. Due to the above explanations solar has been the fastest growing industry in
the past decade. The solar cells and photovoltaic (PV) systems production has been
doubled every two years since 2002. Japan, Europe, and the USA are the three foremost
countries providing about 89% of the worldwide PV capacity [2]. In Figure 1.1.1, the

yearly growth of solar energy usage is shown.
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Figure 1.1.1 Yearly consumption of energy by source [3]

A solar cell is a solid state electrical device in which solar energy is converted
into electrical energy via the photovoltaic effect. The photovoltaic term comes from two
words, “Photo” means “light”, and “voltaic” comes from the name of an Italian physicist
Volta. The photo-voltaic effect was first found by a French physicist, A. E. Becquerel, in
1839 [4] but the first photovoltaic cell was built in 1883 by Charles Fritts [5], who built
the first photovoltaic cell, made junctions by coating a very thin thin layer of gold on top
of the selenium semiconductor. The efficiency outcome of this cell was about 1%. In
1888, the first photoelectric cell was built by Aleksandr Stoletov based on the outer

photoelectric effect discovered by Henrich Hertz.

In 1905, the photoelectric effect was described by Albert Einstein which led to the
Nobel Prize in physics for him in 1921. Solar cell was patented in 1946 by Russell Ohl,
while working on a series of experiments on transistors. In 1954, the modern photovoltaic
cell was developed at Bell laboratories and then Daryl Chapin, Calvin Souther Fuller and
Gerald Pearson developed a highly efficient solar cell for the first time using diffused

silicon p-n junction [6].



Currently, different types of solar cells are available in various categories. Solar
cells categorized by their base components. They can be based on silicon, chemical
compound or new materials. Each of these categories also includes some subdivisions.
Figure 1.1.2 shows types of solar cells and also provides the market shares of each of

them in year 2010.

:

0N XN A BN

Figure 1.1.2 Market shares of various solar cells in 2010 [7]



Each type of the mentioned solar cells has different efficiencies and their
efficiency has been improved during the time from primary solar cells in 1975 until now.
The efficiency in solar cells is categorized in four different types named as
thermodynamic, charge carrier separation, reflectance, and conductive efficiency. The

overall efficiency is the combination of these individual efficiencies.

Figure 1.1.3 presents a comparison of laboratory efficiencies obtained for various
materials in different types of solar cells from 1975 until 2010. Commercial efficiencies
are significantly lower.

C
J Concertrators Thin-Film Techaclogies
8- ¥ Teedrcion R4eemnd moncitic) @ Culn GalSyy
A Toopncion (24emed monoithe) o CdTe
Single-Junction Gaks O Amorphous ScH (stabiized)
U ASegeoys * Neoor, micos, polySi
AConestaty OMpncion poyorysiine
of Yhnte Eﬂ;meV
ODye-sernloed ool
m&. 0 0rganc onls
il
e O Quantum dot onds
~Rr
g
okl
]
0§ 2‘-
&
w
0+
16
12
8k
4}
(1] I | TN G ARV, L Wl Y /2 ST LN U A WY R T L
1975 1980 1985 1990 1996 2000 2005 010 =

Figure 1.1.3 Best reported solar cell efficiencies [8]



To decrease the cost of solar energy, high-efficiency solar cells are of interest. Some
expenses are due to the size of the power plant, thus the more efficient the solar cell is,
the less size and energy production costs would be. Short circuit current (lsc) and open
circuit voltage (Vo) are the basic parameters in evaluating the efficiencies of cells.
Semiconductors with band gap between 1-1.5eV have the greatest potential to form an
efficient cell (Figure 1.1.4).

30+

204

Moax Efficiency %

10

- y
0 Band Gap (V) ~

Figure 1.1.4 Band gap versus attainable theoretical solar cell efficiency [9]

The new generations of solar cells are thin film solar cells which are lower in cost
and lighter in weight than the old generation, known as crystalline silicon cells. The cost
of a thin film solar cell is even comparable with traditional energy sources like fossil
fuels or nuclear power. In thin film solar cells, a thin film of semiconductor is deposited
on any substrate such as plastic, glass, metal foils, etc. the substrate can also be either
solid or flexible, and less material is used versus crystalline silicon type solar cell. There
also exists more efficiency improvement potential and more cost reduction on thin film
solar cells [10, 11].

In thin film solar cells, different materials can be used, and these solar cells are
named based on the semiconductors which are used in their structure. Cadmium telluride
solar cells [10], Copper Indium Selenide (CIS), Copper Indium Gallium di-Selenide
(CIGS) [12, 13], silicon thin film solar cells, light-absorbing dye synthesized solar cell
(DSSC), and organic/polymer solar cell are different types of thin film solar cells.

Table 1.1.1 provides overview of the thin film solar cells and their efficiencies.



Table 1.1.1 Comparison of various thin film solar cells

Solar Cell Types Best Band Gap Characteristics
Efficiency eV)
CIGS (CulnGaSe,) Direct band gap,
~ 19.5% ~11 very strong light
absorption
CdTe ~ 16.5% 15 Cd is toxic if
released
Amorphous Si, c-Si, nc-Si, Not completely
TandeF;n 12-14% ~ LT Gable [14]
Polymer-based Solar Cells
e Dye sensitized Deposited on
solar cells ~11% - supporting/flexible
e Polymer/Polymer substrates

e Polymer/Organic
Nano Structure Solar cells
e Polymer/inorganic ~ 6% -
(nanocrystals)

Used as quantum
dots

There are several methods to deposit thin films on substrate. These methods are
classified as chemical deposition and physical deposition methods. In chemical
deposition, a chemical change at a solid surface caused by a solution make the deposition
to take place and since the solution surrounds the solid object, deposition happens on
every surface. Electroplating, chemical solution deposition (CSD), chemical vapor
deposition (CVD), plasma enhanced CVD (PECVD), and Layer-by-Layer (LbL) are
known as chemical deposition methods. Sputtering, pulsed laser deposition, thermal
evaporator, cathodic arc deposition (arc-PVD), and electro hydrodynamic deposition
(electrospray deposition) are placed in the physical deposition method category since
only mechanical, electromechanical, or thermo dynamical methods are applied to produce

a thin film.

Among other deposition methods, LbL offers several advantages. This method is
very simple and cost effective [15]. A high degree of control over thickness can be
obtained and there are varieties of material such as polymers, ceramics, metals,

nanoparticles, and biological molecules, which can be deposited on different types of



rigid and flexible substrates. In this method the film is formed by deposition of
alternating layers of oppositely charged materials with a washing step in between for

eliminating the excess deposited materials.

1.2 Literature Review

Chalcopyrite semiconductor materials (I-111-V1,), like CulnS/Se (CIS) and
CulnGaSe; (CIGS), due to their unique optical and electrical properties, are suitable for
solar cell applications and have attracted researchers’ attention for several decades. CIGS
solar cells have to be more cost-effective than Si-based solar cells to be able to replace
them. One way is to decrease the size of the cells and make it thinner. Different
deposition methods have been used so far, to deposit a thin film of CIGS. These methods
are classified as vacuum and none vacuum-based processes. Co-evaporation [16, 17] and
co-sputtering which are classified as vacuum-based deposition methods require extremely
high vacuum and therefore are costly. In order to lower the costs, some no-vacuum
methods were recently tried to replace vacuum-based deposition methods. A 13.7%
efficiency CIGS thin film solar cell with bifacial configuration fabricated through three-
stage growing process has been reported in [18]. The bifacial configuration includes solar
cell device on both back and front contact. M. Kaelin et al. [19] reported different non-
vacuum deposition methods of CIGS thin film and compared them with the vacuum

methods.

Later, it has been tried to apply the nanoscale unique properties of CIGS. As
reported in [20], 20 nm-sized CIGS nanoparticles were used as an absorber layer and
were deposited on Mo, as the back contact, through the paste coating method. In order to
improve the conductivity of the deposited film, CIS in a hydrazine-based solution was
deposited on Mo-coated glass substrate through spin-coating and an efficiency of about
9% for a 0.45 cm? effective area was reported [21].



Recently, a 1 pum film using 7 nm-sized chloroform dispersed CulnSe;
nanocrystals was deposited through LbL nanoassembly on an ITO-coated glass [22].In
order to improve the current; nanocrystals were functionalized through a ligand exchange
using 1, 2-ethanedithiol (EDT). After each CIS dip-coating step, EDT treatment was done
to increase the nanocrystals interconnection and avoid solubility of film during

subsequent dip-coating. A 16 pA/cm?

current density at 1 V under white light
illumination and 1 pA/cm? in the dark were obtained from the film. They claimed that
EDT was acting as a CIS film modification and increased the conductivity of CIS, while
CIS film itself did not have a reasonable conductivity for making a solar cell. They also

used ITO as front and Al/Au as a back contact.

According to research done by Spies et al [23] and the schottky theory, in order to
form an ohmic contact between a metal and a p-type semiconductor, the work function of
the metal should be higher than the semiconductor. Otherwise, a schottky contact would
be formed at the junction interface. The p-type CIS used in Kergommeaux’s research had
a work function of 4.44 eV, ITO (work function ~4.7 eV)/CIS made an ohmic, and AL
(work function ~4.3 eV)/CIS a schottky contact.

In our case, since CIGS is used with a work function of 5.46 eV. According to
schottky theory and research done by [23] and [24], a metal with higher work function is
needed to be able to form an ohmic contact, since most of the metals have less work
function than CIGS. Thus there is an unavoidable schottky barrier at both the back and
front contact. But in this research it was tried to reduce the schottky barrier from at least

one side.

1.3 Purpose and Scope of this Thesis

The purpose of this thesis research is to develop thin CIGS films using layer by
layer nanoassembly process for solar cell application. LbL nanoassembly is readily

scalable into commercial manufacturing and is also a very cost effective process. On the



other hand, CIGS is a direct band gap semiconductor with the best absorption coefficient
among the other semiconductor materials, thus applying a very thin film of this material
can provide a comparable efficiency to the other solar cells. In addition, unique properties
of nano-sized CIGS such as more surface/volume ratio and stronger bonding to the
substrate make it an attractive semiconductor material for the solar cell application.
Combining these material properties with the cost effective layer by layer provide a
higher energy output per unit cost. The estimated cost of LbL solar cell is compared with
thin film and flexible silicon based and commercially available CIGS based solar cells
costs in Table 1.3.1. The cost of LbL solar cell was estimated by considering that the bulk
cost of materials will be half of the current cost purchased for laboratory use. The
materials cost was estimated to be $20/m? and the fabrication and packaging costs are
estimated to be $10/m? and $5/m? [25], respectively. The power output of the LbL solar
cell is calculated based on expected 10% solar cell efficiency, which is equal to

efficiency of current thin film CIGS solar cells.

Table 1.3.1 Comparing the estimated cost of LBL CIGS solar cell with thin film Si solar
cell and commercially available CIGS solar cell

Weight (Kg) Power (W) $ Cost/ $ Cost/
m? Im? m? Power (W)

Thin Film Si

Solar Cell 3.26 62 221 3.5
Commercial
CIGS Solar 1.18 38 526 13.8

Cell
LbL CIGS <118 38 35 0.92
solar cell

In this research thesis, CIGS nanoparticles were synthesized through the colloidal
precipitation in an organic solvent and functionalized using PSS to reverse the surface
charge and disperse in water uniformly. Nanoparticles then characterized by size and
charge to further use in the film fabrication, through the LbL nanoassembly. They were
also functionalized through changing the pH of the solution to disperse in water. VVarious

LbL films of functionalized CIGS nanoparticles and polymers were then characterized by
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their thickness using QCM and AFM and their I/V were measured under the light
illumination using the Keithley measurement instrument for the light effect observation

in order to choose the best of the films for the fabrication of solar cell.

Several solar cells were fabricated using CIGS nanoparticles (absorber layer) and
different n-type semiconductor materials such as n-ZnO and CdS with the use of PEDOT
and ITO as back contact. Various deposition methods such as spin-coating, drop-casting,
chemical bath deposition and LbL were applied for the layers deposition. The solar cells
then were tested and characterized using the Keithley measurement instrument. In
addition to CIGS nanoparticles, CdS and ZnO nanopowders were also functionalized to
disperse in water and characterized by size and charge for the LbL purposes. Their LbL

films were also characterized by thickness using QCM and AFM.
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2 PHOTOVOLTAIC EFFECT AND SOLAR CELLS

2.1 Semiconductor Materials

Semiconductor materials can have a crystalline or an amorphous structure.
Crystalline semiconductor materials have been widely used in solar cell applications until
now, but in recent years the amorphous semiconductors have gained more popularity due
to their better intermediate conductivity, as well as quick change in conductivity with the
temperature gradient. Such materials do not have the rigid structure of crystalline
semiconductors like silicon; therefore, they are generally used in thin film structures,
since there is no need of high electronic quality of the material and they are less sensitive
to radiation damage and structural impurities. In addition to silicon, three other elements
have also been used recently in commercial solar cells; germanium, silicon carbide, and

gallium arsenide.

Semiconductors are often called “intrinsic” when they are pure, but their
conductivity and electronic properties can be controlled by adding a small amount of
other elements which are called “dopant.” These impurities specify the semiconductors to
be either an n or p-type. There are various discrete energy levels around the atomic nuclei
of materials called “energy bands.” Electrons tend to fill up the bands with lower energy,
which are closer to the nucleolus first. They then start filling the next band up to a certain
energy band called “valence.” Unlike metals, in semiconductors and insulators, the
valence band is almost filled with electrons. The electrons need to be on the conduction
band, which is above the valence, to be able to flow through the material. Under certain
conditions, very few (semiconductors) or none (insulator) of the electrons can move to

the conduction band. These conditions are related to the energy difference between the
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valence and the conduction band, called “band gap.” The band gap in semiconductors is
less than 4 eV. By providing the band gap energy, electrons can be exited to the
conduction band and leave holes behind in the valence. Both electrons in the conduction
and holes in the valence band contribute to the conductivity in semiconductor material.

2.2 Semiconductor Junctions and Built-in Potential

Semiconductors can be doped to n or p-type based on the doping material. For
example, when silicon is doped with sulfur, excess electrons are created, and the
semiconductor is called as n-type. In n-type semiconductors, electron represents the
majority carrier. P-type semiconductors (eg. Silicon doped with boron) have more holes
than electrons. When an n-type semiconductor is brought in contact with a p-type
semiconductor, a p-n junction is formed (Figure 2.2.1). When the n and p-type
semiconductors come together and form a junction (Figure 2.2.1 (a)), carriers start
diffusing from region of higher concentration to that of lower concentration. Since the
concentration of electrons is higher on n-side and the concentration of holes is higher on
p-side, electrons diffuse to p-side creating positive ions and holes diffuse to n-side
creating negative ions. The created ions on the both side result in an electric field at the
junction. The diffusion of carriers and recombination occurs until equilibrium is reached
where further carrier recombination is prevented by the built in electric field. The built-in

potential and electrical fields are shown in Figure 2.2.1 .

A diode junction can also be made through the formation of a junction between a
metal and a semiconductor, called “Schottky junction” [26, 27]. In 1883, one of the first
schottky solar cells was made by Charles Fritts when he was coating selenium with a
thin layer of gold. Similar to p-n junctions, a depletion region is formed at the metal and
semiconductor interface. For this case, the internal built-in potential is called “schottky

barrier” and its magnitude is called “schottky barrier height” (SBH),



13

space
charge
region

{a] neutral region - - neutral region

-

p-doped n-doped

carrier concentration
[leg scale]

-.,".

() rg‘ Charge Density

(<) !T Electrical Field

@ Electrical : ——
ll I POtential / al '.f.(:ll:'Jljt"

Figure 2.2.1 Schematic of a p-n junction (a), showing charge density (b), electrical fie
(c), and built-in potential across the depletion region [28]

In an ideal Schottky-Mott model, the schottky barrier height can be defined in
terms of the band gap of the semiconductor; work function of metal, ®y; the work

function of semiconductor, ®s; and the electron affinity of the semiconductor, ys.

Figure 2.2.2 shows the energy band diagram and schottky barrier formation of a
metal and a p-type semiconductor while ®y< ®s. As illustrated by the right going arrow
in Figure 2.2.2, when metal and semiconductor are brought together and the two Fermi
levels align, at thermal equilibrium, a Fermi-level-mediated charge transfer would occur;
therefore, electrons move from the metal to the semiconductor. This charge transfer
causes a macroscopic di-pole at the interface which is called a built-in potential, Vg,. Vg,
is a potential barrier which prevents the hole at the top of the valance band of the

semiconductor to go into the metal. As this charge transfer continues, Vg, and a
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corresponding vacuum level, E_vac, arise and a potential barrier called schottky barrier

height, ®gp, is also formed.
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Figure 2.2.2 Energy band diagram of schottky junction between a metal and a p-type
semiconductor (®y< ®s), ideal case. (a) Materials in isolation and (b) in contact [23]

The ideal SBH for p and n-type semiconductors are given by equations (2.1 and

(2.2, respectively, where Eyis called the energy band gap.

Dgp = Eg + 15— Ds (2.1)

Opp = Os — As (22)

For non-ideal case, the charge neutrality level, Ecni, of the semiconductor also is
being considered. The charge neutrality level plays the role of an effective Fermi level for
the semiconductor and it strongly pins the Fermi level at the metal and semiconductor
interface. For a schottky junction, Ecny is an intrinsic semiconductor property at the
interface and can be estimated from the valance band offset data or from band structure

calculations.
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Evvac

Figure 2.2.3 Energy band diagram of schottky junction between a metal and a p-
type semiconductor (Oyn< ®s) and (Pm< Ecni), Non-ideal case. (a) Materials in isolation
and (b) in contact

As shown in Figure 2.2.3, for the non-ideal case, additional charge transfer occurs
at the interface. The position of charge neutrality level, Ecny, relative to the metal Fermi
level, Ef, determines the direction of the non-ideal charge transfer. In Figure 2.2.3 (a), the
metal Fermi level is above the Ecni. Therefore the charge transfers from metal causes a
discontinuity in the local vacuum level, E vac as shown in Figure 2.2.3 (b). Due to the
formation of positive di-poles, the schottky barrier height (®gp) and built-in potential

(Vg)) are decreased.

In the schottky junction, the majority carriers (electrons) move between the metal
and semiconductor creating a current called majority-carrier current (lo, majority). In this
case, electrons from metal have sufficient energy to pass across the barrier height at the
junction interface. This current is constant at a certain applied voltage, since the barrier
height between the metal and semiconductor is constant. Although this current is reverse
to the current of the forward bias, it can be balanced by the majority carriers of the

forward current which are excited thermally at the schottky.
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In some cases, an insulating layer is applied between the metal and semiconductor
in order to decrease the saturation current. High saturation current has bad effects on the
performance of the solar cell and reduces the solar cell efficiency by forming extra
current path of majority-carriers (lo, majority). The insulating layer of few nanometers width
can reduce the lo, majoriy, While the short circuit current is not reduced much. The
formation of short circuit current is due to tunneling of the minority carriers through the
insulating layer. The electric field makes the minority carriers to move to the barrier and

be collected to a certain degree until they are able to tunnel through the insulator layer.

On the other hand, the majority carriers are being moved away the by electric
field from the junction interface. Thus, the net flow is being reduced when the majority
carrier passage is slowing [8]”. This junction type is called metal-insulator-
semiconductor (MIS). It has been shown that the SBH of an MIS is larger than that of a
metal-semiconductor (MS) structure. In the MIS systems, since there are two interface-
states, and two internal electrical fields, the diode equation cannot be applied. However,
by applying some ideality factors, the saturation current can be calculated as the sum of

minority and majority-carrier current.

2.3 Photovoltaic Effect

Light travels in packages of energy called photons. When a semiconductor is
illuminated by light, the energy of the photons is absorbed by the semiconductor. This
energy can excite the electrons, which are located in the valence band. The electrons in
the valence band are tightly bonded to the neighboring atoms by a covalent bond and are
not able to move far from their place. When the electrons in the valence band absorb
enough energy (greater than the band gap), they can be excited and move into the
conduction band, where they are free to move. At this time, the covalent bond in the
valence band has fewer electrons. The lack of an electron in the valence band is known as
a “hole”. The presence of any hole in the covalent bond causes the electrons from
neighboring atoms to move into the “hole”. This movement again leaves a hole behind in
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the neighboring atom and causes the hole to move through the semiconductor. These
photons can create movable electron-hole pairs in the semiconductor lattice which forms
an electrical current. This phenomenon is called as photovoltaic (PV) effect. If the photon
energy absorbed by an electron is greater than the band gap, the difference between the
absorbed energy and the band gap energy is converted into lattice vibrate rather than into

electrical energy .

A solar cell uses the electron-hole pair created in the depletion region of a p-n
junction. When an incoming photon creates an electron-hole pair in the depletion region,
the built-in electric field sweeps electron to n-region and hole to p-region. The separated
electron-hole pair then travels through an external circuit for recombination, contributing

to the electrical current. In Figure 2.3.1, a schematic of the photovoltaic effect is shown.

Photon
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Figure 2.3.1 Schematic showing the flow of photon-generated electron and hole in the
space charge region of a p-n junction.

In Figure 2.3.2 the band diagram of a simple p-n junction is shown. Photons
absorbed in the depletion region create extra electron-hole pairs where electrons move
toward n-side and holes move toward the p-side. The photogenerated current (I.)

direction is shown in the Figure 2.3.2.
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Figure 2.3.2 Schematic of a p-n junction band diagram showing depletion region and
photogeneration. (the filled and unfilled circles represent electrons and holes,
respectively)

2.4 Thin Film Solar Cells

Almost all of the inorganic semiconductor materials have a PV-effect, but only

some of them are suitable for commercial solar cell applications, due to cost availability
and efficiency reasons. The semiconductors with a direct band gap of about 1.5 eV and a
high optical absorption of about 10°/cm are consider as suitable absorber materials for the

solar cell application.

The optimum thickness of a semiconductor varies inversely with the absorption
coefficient, thus high absorption coefficient material results in thinner solar cells. Due to
the cost and manufacturing process, the simplest semiconductors to be used in solar cells
are elemental materials; however, there are none of them available with direct band gap.
In addition, the closest band gap energy of elemental materials to the ideal band gap of
1.5 eV is for Si with 1.1 eV band gap and a film thickness of 50 mm should be used, at
least. Therefore using the elemental materials is not an ideal case for the solar cell

applications. Recently, semiconductor materials of two or more-component alloy films
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are used in addition to the elemental materials in order to fulfill the solar cells
requirements. For example, alloy film of a-Si:H is used which is very easy to dope, and
has a large band gap and optical absorption coefficient. Other two-component (binary)
materials which can be used for thin film solar cells are GaAs, CdTe, InP, etc. which are
ideal, but due to the high cost, they are not applicable commercially. Increasing the
number of components in the alloy film, like I-111-VI semiconductor materials (Culn-
»GaxSey), can improve the geometrical property and photovoltaic effect of the
semiconductor which leads to apply a thinner film but on the other side, the phase
diagram of these materials become more complex and fuzzy. In Figure 2.4.1 and
Figure 2.4.2, the schematic of Cu(InGa)Se,/CdS, CdTe/CdS and triple junction p-i-n a-
Si:H solar cell devices are shown, respectively.
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Figure 2.4.1 Schematic of a (a) CIGS and (b) CdTe thin film solar cells [11]
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Figure 2.4.2 Schematic of a Si thin film solar cell [11]
In Table 2.4.1 the characteristics of different types of thin film solar cells are
compared for different active areas. As shown, CulnGaSe, have a higher efficiency

(19.2%) than a-si (12.7%) for a smaller active area.

Table 2.4.1 Best performances of various thin film solar cells [29]

Small area Efficiency (%) Area (cm’) Ve (V) Je (mAfem?) Fill factor (%)
GaAs 233407 400 1011 276 B3R
a-5i 127 +0-4 1 0-887 194 741
Si (thin film transfer) 16+ 04 4017 0645 328 78:2
Si (nanocrystalline) 10:-1 +0-2 1-199 0-339 244 766
CulnS, 11-4+04 0:511 0729 21.83 717
CulnSe; 154 0-515 412 72:6
Culn{iaSe; 192 (4008 0-689 3571 7812
CulnAlS; 169 047 0-621 360 755
CdTe 163 1.032 0845 259 753
GalnP/GaAs 30:3 40 2488 1422 B5-6
GaAs/CIS 258+1-3 40

a-S1/CIGS 14:6+0.7 24

GalnP/GaAs/Ge 31015 (02496 2.548 1411 862
a-51/a-8iGe/a-8iGe 13-5+0-7 0-27(da) 2:375 772 744

Furthermore, organic semiconductor materials can be an alternative to be used in
solar cells. These materials are interesting due to their excellent mechanical properties

which are similar to plastic/polymer materials [30] in addition to their good optoelectrical
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properties. Due to high band gap of higher than 2 eV in organic materials, only about
30% of the light can be absorbed. But they can be used at room temperature and can be
deposited through very cheap processes, like spin or blade-coating, on any flexible or
solid substrate. Although the efficiency of the PV devices, in which the organic
semiconductors were used, are still low, but they may be suitable for disposable solar

cells for small power generations.

2.5 Nanoparticle-based Solar Cells

Nanoparticle-based solar cells have become increasingly popular due the fact that
their properties can be tailored at the nanoscale, which allows higher efficiency and lower
cost. In general, the theory of operation of thin nanoparticle-based solar cells is similar to
the bulk material solar cells. However due the fact that the active layer is made of smaller
particles put together induces new phenomena in their performance. Nanoparticles have
been used to utilize in new fabrication processes, such as printing and spraying, as well as
in some cases to harvest new properties of the material observed at their nanometer

range.

According to the discussion in the Section 2.4 about the suitable materials for thin
film solar cells, the I-111-V1 chalcopyrite semiconductor materials (Culng.GaxS/Se,)
have unique properties among other semiconductor materials. As an example, CulnSe;
has one of the highest absorption coefficients of about 3-6x10°/cm, although its band gap
is about 1 eV. It also can make a very good junction with other materials. CulnSe, can
also be doped to be either p or n-type according to the elemental ratios in its chemical
structure, and an efficiency of about 11.4% makes it a good candidate of semiconductor
materials. CulnS, with 1.53 eV band gap can also be considered as an ideal material for

solar cell applications [31, 32, 33].

The other example of this type of multi-component semiconductor alloys is
Cu(InGa)Se, (CIGS). By increasing in the number of components in the material
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structure, the phase diagram of the material becomes very complex and hard to have a
control on the composition formation during the synthesis (nanoparticles) or during the
deposition (co-evaporation). Furthermore, using rare metals like In and Ga in the
composition makes it more expensive; however, because of using a very thin film of only
a few microns or less on a large-scale area and obtaining high efficiency as well, CIGS-
based thin film solar cells come in consideration recently and could be the most cost-
effective solar cells among the others. CIGS-based solar cells have also shown a very
good stability at outdoor temperature and comparing to silicon solar cells, they have a
very high radiation resistance and can be easily deposit on any light weight flexible
substrate and solve spacing problems. Currently the best CIGS solar cell efficiency is
reported to be 19.4% for 0.994 cm? effective area [12, 34].
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3 SYNTHESIS AND FUNCTIONALIZATION OF CIGS NANOPARTICLES

CIGS (Culn,Ga(1.xSey) has a chalcopyrite structure similar to a diamond structure
shown in Figure 3.1 . This structure consists of tetragonal unit cells as shown in
Figure 3.1. The value of x can vary from 1 (pure CIS) to 0 (pure CGS). Depending on the
value of x, the band-gap energy (Egy) also varies from 1.0 to 1.7 eV [35, 36]. There are
many parameters which have impact on the CIGS solar cell efficiency such as doping,
defects, impurities, grain size, film uniformity, etc. [35]. The ratio of Ga/(Ga+In) is also
very important for the solar cell performance and should be approximately 0.3 for the
best solar cell performance [36, 37]. To reach p-type conductivity, CIGS should be Cu-
poor and annealed under high pressure Se-vapor. But if the material is Cu-rich and Se
deficit, an n-type CIGS would be formed [38].

Figure 3.1 Schematic of CIGS crystal structure
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3.1 Synthesis and Purification

CIGS nanoparticles were synthesized using 25 ml of oleylamine (OLA). The
OLA was heated at 205°C for 2 hours while nitrogen was bubbling in the liquid so that
the oxygen was replaced with nitrogen in the liquid [39, 40, 41, 42]. Then the nitrogen
was removed and the inlet was sealed to avoid oxygen going in again. After that, heating
was continued at 205°C for at least 10 hours to make the OLA turn yellow. The yellow
color presence means that water has been evaporated. Then in a nitrogen-filled glove box,
10 ml of OLA was added to 0.316g of Se in a flask, Flask A. The solution in Flask A was
heated at 250 °C for 1 hour, while being stirred with a magnet at medium speed.
Meanwhile, in two other separate flasks (Flasks B and C), 5ml of OLA was mixed with
0.294 g of InCl; in flask B and 5 ml of OLA was mixed with 0.198 g CuCl. Solutions in
Flask B and C were heated at 250 °C for 30 minutes. The flasks were stirred with
magnets at medium speed. Then Flask B and C were added to Flask A and 0.118g of
GaCl; was added to them. The whole mixture then was heated at 250 °C for 75 min. And

the mixture again was stirred with magnets, but at high speed.

After completion of the synthesis, ethanol is added to the cooked mixture and
sonicated for 15 minutes and centrifuged at 7000 rpm for 10 minutes. The precipitate
from the centrifuge step is collected while the supernatant is discarded. Then the
precipitate is dispersed in chloroform and sonicated for 15 minutes, and centrifuged at
13000 rpm and the precipitate is discarded again and excess ethanol is added. After
sonication for 15 minutes the solution is centrifuged at 12000 rpm. The cleaning steps are

repeated 3 more times.

The synthesized nanoparticles were characterized by size and zeta-potential using
Malvern nanosizer measurement instrument. The first solution used in the LbL process
was CIGS nanoparticles dispersed in an aqueous solution and the second solution was 0.1
g/ml NaOH added to the first solution to reverse the charge of the particles. Water was

purified using a Millipore-Milli-Q water purification system in which ion-exchange and
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filtration as well as reverse osmosis are involved. The Scanning Electron Microscopy

(SEM) images of CIGS nanoparticles dispersed in water is shown in Figure 3.1.1.

4 s X 4
’ < . - ! ~

> . < y e A A
S4800 1.0KA2 4mra x50,0k SEWUY

Figure 3.1.1 SEM images of CIGS nanoparticles dispersed in water

3.2 Size Distribution and Zeta Potential

Figure 3.2.1 shows the size distribution of the particles dispersed in chloroform.
In Figure 3.2.1, the average and peak size of the particles has been measured to be 75 nm
and 68 nm, respectively. This result is good since the particle size range is less than 100
nm which is in the nanoscale range. This result shows that the nano-sized CIGS particles
are very well dispersed in chloroform and this property can be used for the purification
process after the synthesis as well. By addition of chloroform to the solution of mixture
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of large and small-sized particles, smaller particles are dispersed in chloroform while the

larger ones are precipitated.
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Figure 3.2.1 Size distribution of CIGS nanoparticles in chloroform

CIGS nanoparticles have positive zeta potential when they are dispersed in water
(Figure 3.2.3). But in chloroform, the average zeta potential of the particles is negative (-
34 mV) covering the positive zeta potential of the CIGS particles, but due to the wide
zeta distribution range from -90 mV to 0 mV, chloroform cannot be a good dispersant for

the LbL purpose.

In other measurement, 0.1 ml of chloroform dispersed CIGS solution was
dispersed in 1 ml of ethanol. The size and zeta potential of CIGS nanoparticles in the
solution are measured to be 594 nm and -19 mV, respectively. The results show that after
the ethanol addition, particles were aggregated and became larger (594 nm) and started to
settle down. This fact can be used for the purification process, where it is necessary to
separate the CIGS nanoparticles from the unwanted supernatant. By adding the ethanol to
the solution, CIGS nanoparticles are aggregated and settled down in the solution and the
top part of the solution can be discarded and the precipitate be kept. When zeta potential

was measured for the ethanol addition case, still a wide zeta potential range, from
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negative to positive, could be seen, and although the average zeta potential of the

particles was measured to be -19 mV, the solution cannot be used for the LbL purpose.

The size and zeta potential distribution of CIGS nanoparticles in water are shown
in Figure 3.2.2 and Figure 3.2.3, respectively. In Figure 3.2.2, the average size and the
peak was measured to be 115 nm and 27 nm, respectively. From the graph it can also be
seen that most of the particles are in the range of 15-100 nm. This result was taken right
after the purification. After a few days, aggregation of the particle was observed. This
result indicates that for a short term period, particles can be kept in water and still have a
nano range size distribution, but for a long term period, they should remain in

chloroform.
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Figure 3.2.2 Size distribution of CIGS nanoparticles in water

As seen in Figure 3.2.3, the zeta potential distribution of CIGS particles in water
was measured to be 61 mV. The result was taken right after the purification. Since the
zeta potential distribution has a narrow single peak on the positive zeta potential range, it

can be used for the LbL purpose as positive-charged nanoparticles.
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Figure 3.2.3 Zeta potential distribution of CIGS nanoparticles dispersed in water

3.3 Functionalization of Nanoparticles

CIGS surface charge modification was accomplished through a ligand exchange
process with NaOH and PSS and also through physically removing the OLA from the
particles through multiple washing steps. The purpose of this surface modification was to
disperse the nanoparticles in the water. Figure 3.3.1 show that CIGS nanoparticles
dispersed in water have +61 mV zeta potential before NaOH addition. By adding and
increasing the NaOH to the aqua solution of CIGS, surface charge of particles decreases
and is finally saturated at -43.4 mV, which indicates reversal of the surface charge.

Figure 3.3.2 shows the zeta of CIGS nanoparticles at 10.5 pH.
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Figure 3.3.1 Zeta potential of CIGS nanoparticles vs. pH of the solution
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Figure 3.3.2 Zeta potential of CIGS nanoparticles in NaOH solution

The CIGS nparticles dispersed in water were coated with PSS for a stable
dispersion and obtained good negative surface charge. Figure 3.3.3 shows the zeta
potential distribution of CIGS nanoparticles coated with PSS and dispersed in water. The
concentration of PSS was 30 pug/ml. As PSS was slowly added to the CIGS solution, the
zeta potential of CIGS nanoparticles was slowly decreased until the zeta potential of the
solution reversed. There was also an interesting observation beside the charge reversion
that the size of the particles started to increase while the zeta started to decrease towards
zero starting from 38 mV. This is due to the attachment of PSS on the surface of CIGS
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nanoparticles, as well as due to the agglomeration of the particles. As the PSS started to
make the solution negative, the particle size started to decrease. When the zeta reached -
21 mV, the size of the nanoparticles reached to a point a little bit larger than the starting
point with no PSS which indicates the addition of PSS, on the CIGS surface. This is due
to the increased surface charge leading to a better dispersion and less agglomeration. The

zeta potential of -56.9 mV was obtained for CIGS nanoparticles in a 10 mg/ml PSS

solution.
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Figure 3.3.3 Showing decreasing zeta potential of CIGS nanoparticles dispersed in water
with the addition of PSS

Figure 3.3.4 shows that the coating of the particles with PSS results in a more
narrow size distribution which was due to the high negative surface charge that prevents

the particles from coming closer, and thus prevents agglomeration.
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Figure 3.3.4 Size distribution of CIGS nanoparticles (a) before and (b) after dispersing in
PSS solution

The SEM Image of PSS-coated CIGS nanoparticles were taken on a gold

substrate. The sample was prepared by placing a drop of the solution on gold-coated



32

silicon substrate and dried at room temperature. The SEM image of CIGS nanoparticles
in the PSS solution is presented in Figure 3.3.5. It shows that the particle size of CIGS
nanoparticles after coating with PSS became larger, around 150 nm, which also confirms
verifies the size measured with nanosizer.

&Q‘O‘,a%yzanmﬁ_mst ; g :

Figure 3.3.5 SEM image of CIGS-PSS nanoparticles dispersed in water

A summary of the surface charge and size of CIGS nanoparticles in different
dispersant is provided in Table 3.3.1. From the table, PSS-coated CIGS has the minimum
particle size, thus is the best case to be deposited through the LbL process.



Table 3.3.1 Summary of charge and size distribution

_ ) Surface Charge Size
Nanoparticles Dispersant
(mV) (nm)
CIGS Chloroform -34 75
CIGS Ethanol -19 594
CIGS water +61 115
CIGS-NaOH water -43.4 520

CIGS-PSS water -56.9 60

33
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4 LAYER-BY-LAYER ASSEMBLY OF NANOPARTICLES

4.1 Qverview

Layer-by-Layer (LbL) nanoassembly is a bottom-up fabrication method which is
based on sequential deposition of oppositely charged polyelectrolytes [43, 44] or
nanoparticles on any rigid or flexible substrates, of different shapes and sizes [45]. The
substrate usually need surface modification prior to the LbL process [46]. In order to
modify the surface charge of the substrate, either chemical reaction or deposition of
multi-layers of charged groups on the substrate are performed before the deposition of the
actual layers. The precursor layers can be made up of polymers with net charges of (+ve)
or (—ve) called polyions (polyanions or polycations). A schematic of the LbL process is

shown in Figure 4.1.1.

17|

A e

Polycation Polyanion on Self-assembly of Self-assembly of Alternate Self-
on substrate substrate + precursor layer on polycation “glue”/ assembly of
polycation substrate achieved nanoparticles nanoparticles and

polyions

C =
Figure 4.1.1 Schematic showing the layer by layer (LbL) nanoassembly process through
alternate adsorption of polycations and polyanions [43]

In LbL methods, film thickness range of 1-1000 nm can be obtained, and although

the process is slow, the fabricated film has fewer defects or cracks compared to drop-
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casting or spin-coating [47]. The driving forces between the oppositely charged
nanoparticles or polyelectrolytes are electrostatic forces. LbL nanoassembly is a low cost
and precise fabrication technique which provides a highly uniform and thermal stable
film. The film obtained by this method is hard to dissolve in organic solvents, and also a
wide variety of charged polymers and nanoparticles as well as substrate selections can be

applied in the LbL process.

The film thickness fabricated through LbL nanoassembly process can be
measured using Quartz Crystal Microbalance (QCM) instrument. To measure the film
thickness, the LbL process performed on the QCM as the substrate. The resonant
frequency of the QCM changes with the mass change of the deposited materials,
Figure 4.1.2 shows the schematic of an LbL process on a QCM instrument.

Quartz Crystal Micrabalance
(QCM) Plate

A /
— :-Ej —-I-/% —>= Measuremenl
N

—

Adsorption Rinsing
in Water m ||m¢;en Stream

Figure 4.1.2 Showing the LbL process on a QCM measurement instrument [48]

Equations 4.1, 4.2 and 4.3 are used to measure the film thickness using frequency
change of the QCM. Since the change in the frequency value of the QCM is read from the
device, from Equation 4.1, Am can be found and then using Equation 4.3, thickness of the

film is measured.

_2f0"2 AM

(pq)(uq) A @.1)
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fo=

&l o

(4.2)

Thickness = (ATM) (plf) (4.3)

The parameters are defined in Table 4.1.1. The density (p), Shea modulus (p), and
the wave speed (C) for an AT-cut quartz crystal are 2.648 g/cm®, 2.947x10 ® Nm™ and

3336 ms?, respectively.

Table 4.1.1 Parameter definitions used in equations

Parameter Definitions Symbols
Resonant Frequency (Hz) fo
Frequency Change (Hz) Af
Mass Change (g) Am
Piezoelectrically Active Crystal Area (Area Between Electrodes, m?) A
Density of quartz p
Shea Modulus Quartz for AT-Cut Crystal u
Wave Speed for Quartz C
Thickness of the Quartz d

LbL nanoassembly gives a practical and versatile opportunity on surface
modifications [45]. There are also a wide range of applications in the fabrication of

sensors, biosensors and electronics using the LbL nanoassembly method.

4.2 CIGS Nanoparticles Film
The layer-by-layer depositions of CIGS nanoparticles dispersed in water have

been performed. The two oppositely charged aqueous CIGS solution, as described in
Section 3.3, were used in the LbL process. The film was deposited on a Quartz Crystal
Microbalance (QCM) to measure the film thickness and study the film build up
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characteristics by alternate dipping in the charged solutions for 5 minutes. Each layer

deposition was followed by a 5 minutes water washing step (CIGS/wash/CIGS/wash).

Figure 4.2.1 shows the QCM results for 4 bi-layers of CIGS (positive) and CIGS
dispersed in NaOH (negative), plotted as change in frequency (dashed line) and film
thickness (solid line) against the number of layers deposited. Increase in film thickness

after each layer deposition is shown. From the figure, the average thickness of the total
thickness after 4 bi-layers is 18 nm.
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Figure 4.2.1 QCM Frequency change vs. film thickness after each layer deposition

Atomic Force Microscopy (AFM) profiling was conducted on a CIGS sample
with 4 bi-layers. To be able to see the film thickness, a scratch was made on the film

using the AFM probe tip. As shown in Figure 4.2.2, the film thickness was measured to
be 15 nm.
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Figure 4.2.2 AFM image of 4 bi-layers of CIGS on a glass substrate

4.3 CIGS Nanoparticles and Polymer Films

CIGS nanoparticles films were also deposited with PSS and PEI polymers. In the
first case, a positively charged CIGS and PSS were used for LbL deposition. In the
second case, CIGS nanoparticles were coated with PSS, and they were used to deposit
LbL film with PEI.

A Layer-by-layer process performed on a QCM using CIGS nanoparticles
dispersed in water, which have +61 mV surface charge, and PSS, which has -56.9 mV
surface charges. For making the film, 3 bi-layers of PSS/PEI as precursor layers and 4 bi-
layers of CIGS/PSS as main layers were deposited. The immersion time period for each
solution and also for the intermediate washing steps was 5 minutes. As shown in
Figure 4.3.1, a decrease in frequency and an increase in film thickness can be seen. The
film thickness is measured to be about 15 nm. In Figure 4.3.2, again the film thickness of
three bilayers of PSS/PEI as precursor layers and 4 bi-layers of PSS/CIGS as main layers
are shown but the immersion time periods were 20 minutes and 10 minutes for the
precursor (PSS/PEI) and main (CIGS/PSS) bi-layers, respectively. Each layer was then
followed by a 10-minutes washing step. In this case, a film thickness of about 24 nm was

achieved. Comparing the film thickness in Figure 4.3.1, Figure 4.3.2 clearly shows that
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an increase in the immersion time period causes more uniform and thicker film to be
created. Figure 4.3.1presents the frequency change of precursor and main deposited
layers for different immersion time period. A larger decrease in the frequency for both
precursor and main layer was obtained for the longer immersion time (10 and 20

minutes).

-800 25
-700 -
20
-600 1 PSS
N
T 500 1 CIGS-PSS 152
> PSS-PEI P
S 400 - PSS-PEI 9
> @
o - 10
o -300 §
T 2
-200 - -
/ —&— Change in Frequency - 5
-100 = @ = Film Thickness
O 1 1 1 0

' Layers'

Figure 4.3.1 Frequency and thickness changes for three deposited bi-layers of PSS/PEI
as precursor layers and 4 bi-layers of CIGS/PSS
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Figure 4.3.2 Showing a comparison of film thickness of 3 bi-layers of PSS/PEI as
precursor layers and 4 bi-layers of CIGS/PSS as main layers for different immersion
times

Table 4.3.1 Comparision of change in frequency measured for different immersion
times as indicated in the table

Dashed Line Solid Line
4 bilayers of CIGS/PSS 4 bilayers of CIGS/PSS
for 5 min +3 precursor for 10 min +3 precursor
layers for 5 minutes layers for 20 minutes
Total Af for -300 2280
precursor layers(Hz)
Total Af for main 534 -939

deposited layers(Hz)

The CIGS nanoparticles were coated with PSS for more stable dispersion and to
form a better LBL film. In order to prepare the CIGS-PSS solution, for the LbL process,
50 wul of CIGS dispersed in isopropyl alcohol (IPA) was added to 6.25 mg/ml water
dispersed polystyrene sulfonate (PSS). The concentration of polyethyleneimine (PEI) was

3mg/ml. The LbL process was done on ITO-coated glass substrate. The substrate was
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dispersed in each CIGS-PSS/PEI solution for 5min in a way that the top layer was the
CIGS film.

Figure 4.3.3 shows the QCM results of 4 LbL bi-layers of PSS-coated CIGS and
PEI, in which the frequency decreased with the addition of each layer. On the same graph
the thickness of the total film, after each layer deposition is demonstrated. From the
figure, the total thickness of the film after 4 bi-layers is 35 nm.
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Figure 4.3.3 QCM Frequency changes as well as film thickness after deposition of each
PSS-coated CIGS and PEI bi-layer

Figure 4.3.4 shows digital images of films taken using a digital camera through
the microscope with 5/0.12 magnification. A film of 7 layers of CIGS-PSS/PEI on ITO
substrate is shown in Figure 4.3.4 (a) and a film of 13 layers of CIGS-PSS/PEI is shown

in Figure 4.3.4 (b) which also shows the scratch mark using micro-manipulator probes.
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(@) (b)

Figure 4.3.4 The Image of a CIGS film taken by Keithley for (a) 7 and (b) 13 layers on
ITO

The AFM images of the films were taken and the results are presented in
Figure 4.3.5. As shown in Figure 29. SEM image of a 13-layer film of PSS-coated CIGS
and PEI on an ITO glass substrate is shown in Figure 4.3.6. The sample was prepared by
LbL of the substrate in each of the solutions for 5 min. A 5-minute washing step was used

between each of the deposition steps.
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Figure 4.3.5 AFM image of the CIGS film for (a) 7 and (b) 13 layers on ITO

. »
Figure 4.3.6 SEM image of 13 layers of PSS-coated CIGS and PEI film

4.4 ZnO, CdS, and Polymer Films

The layer-by-layer nanoassembly was also performed using zinc oxide (ZnO) and

PEI to form a thin film of ZnO on an ITO-coated glass substrate. ZnO particles were
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coated with PSS to disperse in water. To prepare the ZnO solution for the LbL
application, 0.03 g of 6% Al-doped ZnO nanopowder was added to the 6.25 mg/ml PSS
aqua solution. The concentration of 3 mg/ml was used for the PEI aqua solution. The LbL
process has been done similar to Section 4.2 on an ITO-coated glass. In Figure 4.4.1, the
size distribution of ZnO in the PSS solution is shown to be mostly in the range of 40-60
nm. The Zeta potential of ZnO in the PSS solution was measured to be -57.5 mV and that
of PEl was +16 mV.
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Figure 4.4.1 Size distribution of ZnO nanoparticles in PSS solution

Figure 4.4.2 shows the QCM results of 5 LbL bi-layers done using ZnO-PSS and
PEI, in which the frequency is decreased while the number of layers increased. On the
same graph the thickness of the total film, after each layer deposition is demonstrated.

From the figure, the total thickness of the film after 5 layers is 67 nm.
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Figure 4.4.2 Frequency vs. film thickness of a 5 layer ZnO-PSS and PEI film

Figure 4.4.3 shows the digital images of 7 and 13 layers of ZnO-PSS/PEI film
which was taken with a microscope with and the scratches were made by Keithley
micromanipulator probes. It can be seen that a uniform film of ZnO is formed on the
ITO-coated glass using the LbL process. The AFM image of the film is presented in
Figure 4.4.4. As shown in the figure, the film thickness is about 80 nm. For this LbL
process, the ZnO particles average sizes were mostly measured to be in a range of 40-60
nm (Figure 4.4.1). But there were some smaller particles of size 30-40 nm as well, which

could be deposited.
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Figure 4.4.3 The image of a ZnO-PSS and PEI film taken by Keithley for (a) 5 and (b)
10 layers on ITO
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(a) (b)
Figure 4.4.4 AFM image of the ZnO-PSS and PEI film for (a) 5 and (b) 10 layers on ITO

In further experiments, the LbL process was done using PSS-coated cadmium
sulfide (CdS) and PEI. CdS was coated again with PSS to disperse in water and then was
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deposited on an ITO-coated substrate. The CdS solution for the LbL process was made

using 0.05 g CdS nanopowder added to 3 ml of Toluene and sonicated. Half of this

CdS/Toluene solution was then added to 6.25 mg/ml water-based PSS solution and

sonicated again until a uniform mixture of the solution was obtained. Then, the solution

was kept steady till particles were precipitated. The dispersant was then taken from the

bottom for the LbL process. The concentration of PEI was 3 mg/ml. Zeta potential of
CdS in the PSS solution was measured to be —74.6 mV and that of PEI was 16 mV. The
LbL process has been done similar to Section 4.2. As shown in Figure 4.4.5, the size

distribution range of CdS nanoparticles in the PSS solution is 9-18 nm.
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Figure 4.4.5 Size distribution of CdS particles in PSS solution

Figure 4.4.6 shows the QCM results of 5 LbL layers done using CdS-PSS and

PEI, in which the frequency is decreased while the number of layer increased. On the

same graph the thickness of the total film, after each layer deposition is demonstrated.

From the figure, the total thickness of the film after 5 layers is 31 nm.
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Figure 4.4.6 QCM results of the CdS/PEI LbL film

Figure 4.4.7 shows digital images of 5 and 10 layers of CdS-PSS/PEI film which
were taken with a microscope with 5/0.12 magnification and the scratches were made by
Keithley micromanipulator probes. It can be seen that the CdS film on the ITO-coated
glass using the LbL process is not as uniform as CIGS and ZnO films. The AFM image
of the film is shown in Figure 4.4.8.
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(a) (b)
Figure 4.4.7 Image of a CdS film taken by Keithley for (a) 5 and (b) 10 layers

(b)

Figure 4.4.8 AFM images of 5 layers of Cds on an ITO-coated substrate for (a) 20 and
(b) 2.5 pum surface areas
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4.5 Summary
A series of layer by layer (LbL) processes were performed through the deposition

of oppositely charged groups (particles or polymers) dispersed in water. As discussed in
chapter 3, CIGS nanoparticles have positive zeta potential, and the negatively charged
CIGS water was obtained by raising the pH of the solution as well as by the coating with
PSS. These CIGS nanoparticles, PSS and PEI were used to form various types of CIGS
films through LbL nanoassembly process. The coating of CIGS nanoparticles with PSS
resulted in uniform and stable water dispersion, however, small increase in the particle

size was observed.

Various combination of positively and negatively charged groups (particles and
polymers) dispersed in water were used to fabricate the CIGS film. The thicknesses of the
LbL nanoassembly films were then measured using quartz crystal microbalance (QCM).
Frequency of the quartz crystal was measured after the deposition of each layer. The
thickness of 4 bi-layers of CIGS+/CIGS—, CIGS/PSS, and CIGS-PSS/PEI were measured
to be 18, 20, and 35 nm, respectively. These results show that, CIGS-PSS/PEI film
resulted in thicker film and it was also observed to be more uniform than the other films.
It was also observed that increasing the immersion time helps to deposit more material
(nanoparticles) on the substrate (thicker film) and form a more uniform film. However,
the measured film thicknesses were less than expected. For example for a 4 bi-layer of
CIGS-PSS/PEI film, with an average size of 60 nm CIGS nanoparticles, a total thickness
of 240 nm would be expected but the actual thickness measured was only 35 nm, while
the measured thickness of the film is less than the theoretically expected, it has been
attributed to the fact that in the LbL nanoassembly process, the smaller nanoparticles
have higher probability of attaching to the substrate than bigger particles. The reason is
that, the smaller particles moves faster in a solution than bigger particles and because of
higher surface/volume ratio; they carry higher surface charges per unit volume and can
form a stronger bond to the substrate.
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The AFM and QCM results of LbL films were compared. The thickness of the
films measured using AFM was comparable to the results obtained from QCM, however,
the thickness measured through AFM was little smaller than the one measured by QCM.
Also, it was shown that by increasing the layers to more than 20 bi-layers, denser and
thicker film could be obtained. A summary of the film thickness results of 8 layers using

various CIGS nanoparticles film types is shown in

Table 4.5.1. the thickness per layer of CIGS+/CIGS- and CIGS/PSS films were
almost the same but the one for CIGS-PSS/PEI is much more. That is due to the fact that
PSS enhance the surface charge of the CIGS nanoparticles and causes more nanoparticles

bond to the substrate. Thus thicker film would be formed.

Table 4.5.1 Summary of Thickness per Layer for each CIGS Nanoparticles LbL Film

Film Types Surface Number of Film Thickness  Thickness
Charge (mV) Layers (nm) / Layer
CIGS+/CIGS- +61/-43.7 8 18 2.25
CIGS/PSS +61/-56.9 8 20 2.5
CIGS-PSS/PEI -56.9/+16 8 35 10.2

Furthermore, LbL nanoassembly was conducted using ZnO-PSS/PEI and CdS-
PSS/PEI on a QCM. ZnO and CdS were coated with PSS to disperse in water. Each of
the solutions used for the LbL process were water-based. A film thickness of 140 nm was
obtained for a 5 layer ZnO-PSS/PEI LbL film while the particle size distribution of ZnO
nanoparticles in the PSS solution was measured to be 40-60 nm. Also, for a 5-layer CdS-
PSS/PEI film, a thickness of 31 nm was obtained while the size distribution of CdS
nanoparticles in the PSS solution was measured to be 9-18 nm. Table 4.5.2 shows a

summary of the film thickness results obtained using CdS and ZnO nanopowders.
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Table 4.5.2 Summary of thickness per Layer for each ZnO and CdS nanopowders LbL

film
] Surface Number of Film Thickness  Thickness
Film Types Charge (mV) Layers (nm) / Layer
Zn0O-
-57.5/+16 5 67 13.4
PSS/PEI
Cds-
-74.6/+16 5 31 6.2

PSS/PEI
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5 ELECTRICAL CHARACTERIZATION

The current versus voltage (1/V) characteristics of the LbL deposited films were
measured using Keithly Semiconductor Characterization Instrument (4200-SCS) and with
the help of four micromanipulator probes. For all I/V characterizations, the following
sample preparation method was used: First, a 500 um channel was etched on ITO coated
glasses, LbL film was deposited on the ITO substrate by alternate dipping in oppositely
charged dispersions of respective materials including washing steps after each dip-

coating, and the samples were air dried.

5.1 CIGS Nanoparticles Film

Positively and negatively charged dispersions of CIGS nanoparticles (obtained through

pH control, as discussed in Section 3.3, were used to deposit 6 bi-layers of LbL
CIGS/CIGS film on a 500 pm etched channel on an ITO-coated glass. The immersion
time for each of the solutions was 5 minutes followed by a 5-minute intermediate water
washing step. The sample was air dried afterwards and the I/V characteristics were
measured, first in the dark (no-light), and then under light illumination (all lights on).
Then, 4 additional bi-layers of CIGS were deposited making a total of 10 bi-layers and
the measurement for 1/V was repeated. The results for both 6 and 10 bi-layers are shown
in Figure 5.1.1. The increase in conductivity (decrease in resistivity) clearly indicates the
photoelectric effect in the film, and as expected a 10 bi-layer film has a lower resistivity
than a 6 bi-layer film. Figure 5.1.2 shows the I/V characteristics of 25 layers of
CIGS/CIGS LbL film. The results show that the fabricated CIGS film has a resistivity of
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5.5 MQ.m and when exposed to light, decrease in resistivity by 87% and increase in

current was observed.
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Figure 5.1.1 The I/V characteristics of 12 and 20 layers of CIGS films showing
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Figure 5.1.2 The I/V characteristic of a 25-layer CIGS LbL film with and without the
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presence of light, showing the decrease in resistivity by 87%
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5.2 CIGS Nanoparticles and Polymer Films

CIGS and PSS film was deposited using LbL process on ITO-coated glass and the
I/V characteristics were measured using the Keithley Instrument. The results are shown
in Figure 5.2.1. An ITO-coated glass with a 500 um wide channel was alternately dipped
in aqueous dispersions of CIGS nanoparticles and 3mg/ml PSS. The substrate was dipped
in each solution for 5 minutes with intermediate water washing steps. After each 2 bi-
layers the sample was dried and 1/V characteristics were measured. The I/V results of the
sample for no layer and 2, 4, and 6 bi-layers are shown in Figure 5.2.1.
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Figure 5.2.1 The I/V characteristics of CIGS/PSS LbL deposited film on an ITO coated
glass

As expected, the resistance of the film decreased with the deposition of each
additional layer. The small current is attributed to the relatively high resistance of the thin
film in the channel stem from a wide (500 um) channel and a thin layer of CIGS film,
intermingled with insulated PSS polymer. An experiment similar to the one described
above was performed for CIGS and PSS film, with an additional annealing step at 240°C

for 10 minutes after every 2 bi-layer deposition. 1/V characteristics were measured after



56

every 2 bi-layers. The results are shown in Figure 5.2.2. A decrease in resistivity of the
film by 76.4% from 0.4MQ.m to 0.1 MQ.m was observed.
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Figure 5.2.2 The I/V characteristics of a 6 bi-layer CIGS-PSS LbL films (annealed after
each 2 bi-layers at 240°C for 10 min), showing the decrease in resistivity by 76.4%

In further experiment, CIGS-PSS/PEI film using functionalized CIGS with PSS,
as discussed in Section 3.4, was deposited using the LbL process on an ITO-coated glass
and the I/V characteristics were measured using the Keithley Instrument. Figure 5.2.3
shows the I/V characteristics of 6 bi-layers of PSS coated CIGS and PEI. An ITO coated
glass with a 500 um wide channel was alternately dipped in aqueous dispersions of CIGS
nanoparticles coated with PSS and 3mg/ml PEI, for 5 minutes each. An increase in
current of the film was seen after each bi-layer addition. The resistivity of the film was
decreased from 47.9 MQ.m to 2.4 MQ.m after a 6 bi-layer deposition. The light effect on
the 6 bi-layer film is also presented which shows that under light illumination (100 W
light source) the resistivity of the film decreased by 60% to 1 MQ.m.
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Figure 5.2.3 The I/V characteristics of 6 bi-layers of CIGS-PSS and PEI. The film
resistivity decreases after deposition of each bi-layer. Also showing the decrease in
resistivity by light illumination

The annealing effect on the PSS coated CIGS and PEI LbL film was conducted
for 1, 2, and 3 and 4 bi-layer films. The film was annealed at 150 "C for 5 minutes.
Comparing the resistivity, the current value of the 4 bi-layer film after annealing
(Figure 5.2.4) is decreased by 87% from 0.55 MQ.m to 0.07 MQ.m, which means
annealing lead to a more uniform film to be formed and caused the polymers and

unwanted residues from the LbL solutions to be evaporated and a better interconnection
between nanoparticles to be formed.
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Figure 5.2.4 The I/V characteristics of a 3-bilayer CIGS-PSS and PEI LbL film before
and after annealing

5.3 Summary
The layer-by-layer nanoassembly experiments were performed on a 500 um

etched channel on an ITO-coated glass substrate using negatively and positively charged
CIGS (CIGS+ and CIGS-), CIGS and PSS, and CIGS-PSS and PEI. The immersion time
for each of the solutions was 5 minutes. The resisitivity of the channel was measured to
be 47.9 MQ.m with no layer deposited. After the deposition of 12 LbL bi-layers of
positively and negatively charged CIGS, the resistivity of the channel was decreased to
5.5 MQ.m. For 6 bi-layers of CIGS and PSS, and 6 bi-layers of CIGS-PSS and PEI film,
the channel resistance was decreased to 0.4 MQ.m and 2.4 MQ.m, respectively, which

indicates a good film deposition.

The light effect on 12 layers of CIGS+ and CIGS—, and CIGS-PSS and PEI films
were studied as well. A summary of resistivity in the dark and under light illumination for
each of the CIGS film types is presented in Table 5.3.1. The best light effect was
obtained for CIGS/CIGS film, which decreased the resistivity of the film by 93%, and

that is because no polymer deposition was included in the LbL process and only CIGS
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nanoparticles were deposited for each layer. But for both film types, decrease in

resistivity after the light illumination was seen.

Table 5.3.1 Showing the resistivity of the CIGS nanoparticles LbL film in dark and
under light illumination versus the number of the layers (The channel resistivity with no
layer deposited is 47.9 MQ.m)

Number  Thicknes  Channel  Channel Resistance Resistivity Resistance Resistivity
Film Types of s/ Layer Width Length (Dark) (Dark) (MMuminated) (Hluminated)
Layers (nm) (pum) (cm) (TQ) (MQ.m) (TQ) (MQ.m)
cics/cics 12 2.25 500 2 7.4 7.9 0.5 0.5
CIGS-PSS/
PE| 12 10.2 500 2 0.5 24 0.2 0.97

In addition, the annealing effect on 8 layers of CIGS and PSS, and CIGS-PSS and
PEI films was studied and the resistivity results are presented in Table 5.3.2. A good
decrease on the film resistivity was observed. It was shown that annealing of CIGS and
PSS film decreased the film resistivity by 76.4% and also annealing the CIGS-PSS/PEI
film decreased the film resistivity by 87%.

Table 5.3.2 Showing the resistivity of the CIGS nanoparticles LbL film before and after
annealing versus the number of the layers (The channel resistivity with no layer deposited

is 47.9 MQ.m)
Number . Channel . L Resistance Resistivity
. Thickness/ Channel Resistance  Resistivity
Film Types La‘;‘;rs Layer ("m)  Width (um) L(ec':g;h (TQ) (MQ.m) (Argeé‘;ed) (A(;‘:;i'l‘f;j)
CIGS/PSS 8 2.5 500 2 0.53 0.4 0.125 0.1
CIGS-PSS/
10.2 500 2 0.17 0.55 0.029 0.07

PEI
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6 LBL CIGS FILMS FOR SOLAR CELL APPLICATIONS

6.1 Overview

Solar cell is a photodevice which generate electrical power by converting photo-
energy to electrical energy. A typical solar cell consists of a p-n junction with a built-in
electrical field across it. The light absorbed inside the diode creates free electron-hole
pairs. If a wire is connected between the n-type to the p-type, minority carriers would
flow through the wire and create electricity for an external load. Figure 6.1.1 shows a
schematic image of a p-n junction solar cell [49]. The cell must be designed in a way to
collect as many photogenerated minority carriers as possible and this causes less carrier

recombination to be occurred in the device structure.

Electron Flow Photon Absorbed
< in Depletion Zone = . > =
< F > Front Electrical Contact
Electron-hole " Photon
Electron Creation /
N-Type
«— Depletion Zone
Y “«——— Paype
\ Back Electrical
Electron-Hole Contact

Recombination

Figure 6.1.1 Schematic of a p-n junction solar cell [50]

Electron-hole pairs can be generated in the depletion region either thermally when
there is no light (lgark) Or by absorbing the energy from photons (1.). Thus, the current (I)
in a p-n photodiode is calculated using Equation 6.1 [51].
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I =lggrk + 1, (6.1)
The dark current component (lgark) for an ideal case is measured using Equation
6.2. A schematic of an ideal diode I/V curve is presented in Figure 6.1.2. In the ideal

case, leakage current (Io) is typically very small (~10™A) [51].

qVv
laare = Io(e R — 1) (6.2)

Where g (c) is the magnitude of the electric charge, Va (V) is the bias voltage, K

is the Boltzmann constant, and T is the temperature (K) [51, 52].

l I
~ LA
o(e % )
Va
=+ I >

Figure 6.1.2 Ideal diode I/V characteristics

The light current component I, is a reverse-going component of the diode current
and is equal to —g times the electron-hole pairs generated per second due to the light
illumination in the volume A (Ly + W + Lp), where A is the illuminated cross section
area, Ly and Lp are electron and hole minority carrier diffusion length, respectively, and

W is the depletion width. Thus I, is calculated using Equation 6.3 [51].
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In Equation 6.3, G, represents the photogeneration rate and it is assumed to be
uniform throughout the diode. Since W is very small in a p-n junction compare to (Ly +
Lp), and if this term (W) is considered as negligible, 1. become independent of the
applied bias and the I/V characteristics of the diode is moving downwards by increasing
the light intensity (increasing G,) [51]. Figure 6.1.3 shows the I/V characteristics of a
photodiode (solar cell) in dark and under illumination [53]. The solar cell parameters
such as open circuit voltage (Voc), shor circuit current (lsc), and maximum power (Pmax) IS

shown on the figure. It is clear that Pmax = ImVn is always smaller than P = IscVc.
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Figure 6.1.3 Schematic of solar cell I/V characteristics in the dark and under light
illumination [54]

The configuration of thin film solar cells can be either superstrate or substrate
structure [55]. When the superstrate structure is used, the back contact is transparent with
a metal oxide back contact. This configuration can be illuminated by light from both
sides, but for the substrate structure, the substrate back contact is a metal which is not
transparent. Depending on deposition methods which are applied for material depositions,
substrate can be either flexible or rigid. Expensive rigid substrates (ceramics, special
glasses) are used when high-temperature deposition methods are involved and flexible
substrates are used when the process is handling at low temperature (less expensive). In
CIGS thin film solar cells both of superstrate and substrate configurations are used but

higher efficiency for the substrate configuration has been reported [11].
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In a CIGS solar cell, CIGS forms p-type material while n-type could be chosen
from a list of n-type materials with high band gaps for a high throughput. In CIGS solar
cells, CdS is usually used as the n-type material because of its wide band gap [56]. The
CdS layer should be very thin to minimize the resistive losses and thus raise the
efficiency. In most of the CIGS solar cells, a highly conductive layer of ZnO (n-ZnO) is
used for the carrier collection just before the front contact and a very thin layer of highly-
resistive ZnO (i-ZnO) as buffer layer is applied between CdS and conductive ZnO which
helps to enhance the solar cell efficiency [57]. CdS layer thickness could also be reduced

to less than 20 nm by using this bi-layer of ZnO [57].

6.2 Fabrication and Testing Methods

CIGS solar cells were fabricated with the CIGS and other material layers as
discussed in the previous section and tested using the Keithley Semiconductor
Characterization Instrument. All the materials used in the fabrication were solution based
and were deposited at room temperature and in the air environment (vacuum or glove

boxes were not used for any of the device fabrication processes).

The back contact of the solar cell plays an important role in determining the
operation and efficiency of the solar cells, usually determined by the work function of the
material [58]. As CIGS is a p-type semiconductor; the back contact should be a material
with higher work function than CIGS to be able to form an ohmic junction [55]. Since the
work function of CIGS is higher than most of the metals, they are not suitable to be used
as the back contact for the CIGS solar cell. However, some metals, such as molybdenum
(Mo) under high temperature can form chemical bonding with the selenium element in
the CIGS structure forming an ohmic contact, thus can be used as a back contact. Some
other materials such as conductive oxide (such as indium tin oxide, ITO) and conductive
polymers poly (3, 4-ethylenedioxythiophene) (PEODT) have also been known to form a
good ohmic contact with the CIGS. Mo, ITO, and PEDOT were considered for the
fabrication of the solar cells.
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Layer by layer, chemical bath deposition (CBD), drop casting, and spin coating
methods were used for the deposition of the various layers of the solar cell. To achieve a
very thin and transparent layer for the front contact fabrication, solutions of n-type ZnO,
Intrinsic ZnO and CdS in different dispersants were deposited on the ITO-coated glass
through the spin-coating method. In the spin-coating method, a uniform and stable
solution of the particles is needed; otherwise particles would not be deposited uniformly.
Thus, the dispersant for various materials may be differed. When the solution is prepared,
the substrate, which is held by the vacuum on the spinner, should be covered by enough
amounts of the solution, then depending on the dispersant, the spinning time and speed
will be determined. For the following experiments, the spinning of IPA-based solutions
was started at 500 rpm and increased to 1000 rpm in few seconds, and left at that speed
until the substrate dried (about 1 minute). For the water-based solutions, the spinner
speed was set to 500 rpm and remained spinning until the substrate dried (about 5
minutes). The drop-casting method was also used to deposit CIGS nanoparticles and also

CdS for one of the devices.

In order to test the devices, four micromanipulator probes of the Keithley
measurement instrument were used. Two probes were used on each side of the sample, as
shown in Figure 6.2.1. This method can minimize the effect of contact resistance between
the probe and the substrate and also the effect of the probe resistance itself.

Front Contact

Silver Tape

Back Contact

Figure 6.2.1 Schematic of the probes placements on the device to measure the I/V
characteristics
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Since CIGS and PEDOT have ohmic contact, PEDOT was used as back contact
material. PEDOT was drop-casted on the glass substrate and heated at 250°C for 15
minutes. CIGS nanoparticles dispersed in IPA were drop-casted on the PEDOT film at
room temperature. A layer of n-type/intrinsic ZnO was spin-coated on an ITO-coated

glass. The two substrate plates then were assembled together as shown in Figure 6.2.2.

ITO- coated Glass

N-type ZnO

Glass Substrate

Figure 6.2.2 Schematic of PEDOT-CIGS -n-ZnO solar cell device (Device-I)
with ITO as front contact.

The band diagram of the device is shown in Figure 6.2.3. In this structure PEDOT
is heavily doped p-type organic semiconductor and ZnO is heavily doped n-type material,
their band gaps are much higher than the CIGS, CIGS is working as an absorber and the

device forms a p-i-n solar cell [23].
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Figure 6.2.3 Energy band diagram of PEDOT-CIGS-n-ZnO
device (Device-1) at equilibrium

A p-i-n diode is a junction between a heavily doped p- and n-type with an
intrinsic (lightly doped) material sandwiched in between. Because the depletion region
between heavily doped p- and n-type martials is very narrow, therefore the depletion
width inside the device is about the same as the intrinsic region (i-layer) width. Thus the
most part of the generated current in a p-i-n device are formed by carrier generation in the
depletion region (i-layer) under light illumination. Since i-layer is lightly doped, it is

totally depleted under zero bias or becomes depleted under a very small reverse bias.

In the next phase of devices, CdS was used as n-type material and to form a
junction with CIGS, and ITO was used both as front and back contact. The CdS and
CIGS films were fabricated by the drop-casting deposition method. An ITO-coated
substrate was covered using a concentrate (3 mg/ml) agua solution of CdS and heated at
90°C for 90 minutes, and then the temperature was raised to 450 °C for 30 minutes. On
the other hand, concentrated solution of CIGS was drop-casted on another ITO-coated

substrate at room temperature. The device was then assembled as shown in Figure 6.2.4.
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ITO- coated Glass

CdS Film

ITO-coated Glass

Figure 6.2.4 Schematic of CIGS-CdS solar cell device (Device-I1) with
ITO as front and back contacts

In another device, molybdenum (Mo) was used as the back contact, and CdS was
used as the n-type material. CdS is an n-type semiconductor with a direct band gap and
unique photoconductive, electrical, and optical properties. The band gap of CdS at room
temperature is 2.42 eV [59]. Due to the mentioned unique properties, CdS is a suitable n-
type semiconductor for thin film solar cells. In addition to forming a p-n junction, a layer
of intrinsic zinc oxide (i-Zno) and a layer of n-type zinc oxide (n-ZnO) were used to
improve the current of the device. The addition of n-ZnO layer before the ITO helps to
minimize any junction between ITO and CdS. The addition of the i-ZnO layer prevents

shorting of CdS layer while depositing n-Zno.

For the device fabrication, first, 0.3 g of n-ZnO nanopowder, having low electrical
resisance, was dispersed uniformly in 4 ml of isopropyl alcohol (IPA) and two thin layers
of this solution was spin-coated on an ITO coated substrate. In almost all of the thin film
solar cells, because ITO is a heavily doped n-type semiconductor, it is considered as the
metallic contact [24]. After the deposition, substrate was heated for 2 minutes at 105 °C.
Then 2 layers of intrinsic ZnO (i-ZnO) with high resistance were spin-coated on top of
the previous layer using the same concentration. The substrate was heated then for 2
minutes at 105 °C. These layers on ITO form the transparent front contact part of the
solar cell where the light is illuminated. Then water-dispersed CdS was drop-casted on

top of the other layers when the substrate was at 105 °C on the hot plate. After the water
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of the CdS solution dried, the whole substrate was baked at 540 °C for 30 minutes. The
schematic of the above mentioned device is shown in Figure 6.2.5. The band diagram of

the Device-111 is shown in Figure 6.2.6.

ITO- coated Glass

n-type ZnO

intrinsic ZnO

CdS

Mo

Glass Substrate

Figure 6.2.5 Schematic shows of CIGS-CdS, solar cell device (Device-111) with ZnO
buffer layers and Mo as back contact and ITO as front contact

As shown in Figure 6.2.6, CdS (n-type) and CIGS (p-type) form a p-n junction
since both have almost the same doping. In this device ZnO is heavily doped n-type

semiconductor and is used as the buffer layer before the front contact.
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Figure 6.2.6 Energy band diagram of CIGS-CdS device (Device-111) at equilibrium

In another experiment (Device-1V), LbL deposited CIGS on the ITO substrate
was used as the active CIGS layer. As CIGS-PSS and PEI deposited LbL film showed
good film build up and also good conductivity, it has been used for solar cell fabrication.
PSS-coated CIGS was prepared as described in Section 4.4, 6.25 mg/ml concentration of
CIGS-PSS solution and 3 mg/ml of PEI were used. An ITO substrate was cleaned using
acetone, IPA, and DI-water, and 13 bi-layers of CIGS-PSS and PEI were deposited
sequentially. The substrate was dipped for 15 minutes in CIGS-PSS solution, washed in
water for 5 minutes (3-step washing), dipped in PEI solution for 5 minutes, and washed
in water again through the mentioned 3-step washing procedure. CdS was then deposited
on the CIGS film using chemical bath deposition (CBD) [56]. A sequential spin coating
of n-ZnO doped with Aluminum (ZnO:Al) and i-ZnO, was performed on the fabricated
LbL film to form the solar cell. The device structure is similar to Device-III.

6.3 Results and Discussion

I/V characteristics of the solar cell devices discussed in the previous section were
measured using the Keithley 4200-SCS semiconductor measurement instrument. The
experiments were conducted in the dark (when all the light sources of the laboratory were
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turned off), ambient room light, and under additional light illuminated towards the
devices. It was observed that the difference between 1/V characteristics results of the
devices measured in the dark and under ambient light were negligible. Thus, for the I/V
measurement results showing light effect, the ambient light was taken as the dark
condition and additional light were shined on the devices for light illuminated results.
The results presented in this section were obtained from the devices having the active
area of 1 cm® Figure 6.3.1 shows a solar cell device under measurement using Keithley

instrument and a microscope.

The I/V characteristics of Device-l (the device structure is shown in Figure 6.2.2)
is presented in Figure 6.3.2. The device was tested in the dark and under illumination by
200 W light source. It was observed that the device shows solar cell characteristics,
however short circuit current (Ji = 0.02 pA/cm?) measured at zero voltage was small. It
was also observed that at zero voltage, Js. increased with increase in the light intensity (Js
= 0.06 pA/cm?). The open circuit voltage for this device was measured to be (Vo) 0.3 V
yielding the maximum power density of 0.018 nW/cm?.

Figure 6.3.1 Showing Device-l under measurement
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Figure 6.3.2 The I/V characteristics of a PEDOT-CIGS-ZnO solar cell using ITO as front
contact (Device-I)

The measured 1/V characteristics of Device-11 are shown in Figure 6.3.3. The
device was illuminated by 300 W light source. It was observed that the curve moved
down under light illumination and showed a diode characteristic as well. The short circuit
current density and open circuit voltage were measured to be 0.05 nA/cm? and 0.2 V,

respectively, yielding the power density of 0.01 nW/cm?.
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Figure 6.3.3 The I/V characteristics of a CdS, and CIGS solar cell configuration using
ITO as both back and front contact (Device-II)

Figure 6.3.4 shows the 1/V characteristics of Device-111 in dark and under 100 W
light source illumination. As depicted in the image (closer view to the zero voltage), the
solar cell reacts to light and the open circuit voltage is 10 mV and the short circuit current
density is measured to be 50 nA/cm?, yielding a power density of 0.5 nW/cm?. By
making the light on and off on the device, the light effect was observed (red line). In this
case since the light was illuminated from top of the device and CIGS was covered with a
thick layer of CdS, very small amount of light could reach the CIGS top surface to

generate electron-hole pairs. Therefore the photogenerated current is very small.
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Figure 6.3.4 Solar cell results of CIGS and CdS configuration using n-ZnO and i-
ZnO as buffer layers, and Mo as back contact and ITO as front contact (Device-111)

The I/V characteristics results for Device-1V using 13 bi-layers of CIGS-PSS and
PEI film is presented in Figure 6.3.5. This result has been obtained under 50 W light
source illumination. As presented, the device showed a better solar cell characteristic than
Device-I1l and its current is comparable to Device-Ill, although the film thickness is
much less than that of Device-11l1 (much less material was used), However the fabrication
process needs to be further improved in order to have a better device I/V characteristics.
The short circuit current density (Jsc) at 0 V and open circuit voltage (Vo) for Device-1V
are measured to be about 25 uA/cmZ and the and 0.045 V, respectively and the power
density is measured to be 1.125 uW/cmZ. This results show a 99% increase in the power

density and efficiency by using the LbL CIGS nanoparticles film.
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Figure 6.3.5 Solar cell results of LbL CIGS film and chemical bath deposited CdS
configuration using n-ZnO and i-ZnO as buffer layers, and ITO as both back and front
contact (Device-1V)

In a different experiment, a 13 bi-layer CIGS film was deposited on an ITO-
coated substrate and sandwiched between the substrate and another ITO-coated glass
which was coated with n-ZnO and i-ZnO through spin-coating (Device-V). The I/V
characteristics of Device-V is presented in Figure 6.3.6. The device was illuminated by a
50 W light source and the photovoltaic effect is clearly shown. An increase in current was
seen Dby raising the light intensity, but, since n-ZnO is heavily doped n-type, thus the

junction was not perfectly p-n junction and is more similar to an ohmic junction.
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Figure 6.3.6 Solar cell results of LbL CIGS film, n-ZnO, i-ZnO configuration using ITO
as both back and front contact (Device-V)

In Table 6.3.1, comparisons of the power densities among the fabricated solar cell
devices are presented. As shown the best power density with a huge difference was
obtained by using the LbL CIGS film.

Table 6.3.1 Comparison of the power density for the fabricated solar cell devices

Device Power Density
Device-1 (Drop-casted CIGS Film) 0.018 nW/cm?
Device-11 (Drop-casted CIGS Film) 0.01 nW/cm?
Device-111 (Drop-casted CIGS Film) 0.5 nW/cm?

Device-1V (LbL CIGS Film) 1.125 pW/em?
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7 CONCLUSION AND FUTURE WORK

7.1 Conclusion

In this research study, Cu(InGa)Se, (CIGS) nanoparticles were synthesized,
functionalized using PSS to disperse in water, and further utilized in LbL film
fabrication. After coating the CIGS nanoparticles with PSS, the size of the particle
decreased. Particles were able to disperse in water uniformly coating with PSS. Then the
Layer-by-Layer (LbL) nanoassembly method was utilized with oppositely charged aqua
solutions of (CIGS) nanoparticles. Positive and negative charged CIGS nanoparticles
were obtained by surface functionalization of the particles with polystyrene sulfonate
(PSS) coating and also by raising the pH of the solution. The zeta potential of the
particles in water was measured to be +61 mV and after coating with PSS and raising the

pH of the solution was reversed to —56.9 mV and —43.4 mV, respectively.

LbL depositions were conducted using CIGS and PSS and CIGS-PSS and PEI on
a quartz crystal microbalance (QCM) and resulted in each layer thickness of 1.3 nm and
10.2 nm, respectively. Subsequently, CIGS films were deposited on glass and ITO coated
glass substrate and the electrical properties of the film were measured using the Keithley
semiconductor characterization system. It was observed that the conductivity of the film
increases after each layer deposition. It was also shown that the conductivity was
increased by light illumination as well as by annealing the film. QCM and I/V

characteristic results of the fabricated films were also presented and discussed.

This work mainly focused on synthesis of CIGS nanoparticles, fabricating LbL

film using the CIGS nanoparticles, and characterizing the fabricated films using 1/V
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measurement. In addition, preliminary studies with fabrication and testing of CIGS solar
cells were also conducted. The preliminary results have been encouraging; however,
there is still a good room for improvement which is discussed in Future Work, Section
7.2. The functionalized nanoparticles and the LbL CIGS films were used in the solar cell
devices. Several configurations of CIGS films (p-type), and ZnO and CdS films (n-type)
were considered and devices were characterized by the Keithley semiconductor
characterization instrument and micromanipulator probing station. The results showed
that using LbL CIGS nanoparticles film improve the solar cell efficiency and power

generation.

Moreover, CdS and ZnO nanoparticles were functionalized using PSS to disperse
in water uniformly and the LbL nanoassembly was performed to deposit PSS-coated CdS
and ZnO on ITO glass using PEI. The film thickness of 30 nm and 140 nm were obtained
respectively, while the smallest particle size of CdS was measured to be 9 nm and was

measured to be 40 nm for ZnO.

7.1 Future Work
Most of the work conducted under this thesis research focused on developing and
characterizing LbL films of CIGS. While some results on solar cells are presented a good
of work would be needed to develop a high efficiency all-LbL solar cell. The future work
on this research will be on developing the solar cell using all-LbL layers, improving the
process, and efficiency, and obtaining the solar cells on flexible substrates. Some key
future works are highlighted bellow:

e CIGS nanoparticles can obtain better electrical conductivity and optical
properties through ligand exchange treatment with new materials like 1,2-
Ethanedithiol (EDT) or Methiopropamine (MPA). The experiments are

currently running and are still under study [47].
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e Since LbL CIGS film could improve the solar cell efficiency, The LbL film of
CdS and ZnO (n-type and intrinsic) can be implemented in the solar cell

device structure as well.

e Back contact of the solar cell should be improved to avoid the small schottky

junction formation and thus increase the current.

Since the LbL nanoassembly process is readily scalable and can be conducted on
any substrate (solid and flexible), paper-based CIGS solar cells can be fabricated using
CIGS nanoparticles LbL film on a flexible conductive substrate and applying paper-
based carbon nanotube (CNT) sheets as the back contact. Very high efficiency and low
costs can be obtained using this structure. Paper-based CIGS solar cells can be a very

good power supply for micro fluidic devices or any of low power consumers.
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