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ABSTRACT

Poly (3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is the
most common used hole transport layer material in organic electronic devices. Despite
of several advantages of high transparency, stable work function, able to block electron
and easy film formation, the low conductivity issue of PEDOT:PSS needs to be
investigated. One of the feasible methods utilized in this study is the doping process of
high boiling point polar solvent. Glycerol and ethylene glycol are the chosen polar
solvents used to modify electrical properties of PEDOT:PSS. Another attempts to
increase the conductivity of PEDOT:PSS, are by doping it with metal oxide of zinc
oxide and aluminum zinc oxide. The optical, electrical and morphology properties of the
doped PEDOT:PSS thin films are investigated. The modified PEDOT:PSS thin film is
used as buffer layer in the fabrication of organic solar cell. The results obtained from the
AFM images and Raman spectra show that the doped PEDOT:PSS thin films have
experienced transformation in their polymer chain, lead in the variations of their optical
and electrical properties. All doped PEDOT:PSS films exhibit more than 85% of
transmissions, while the absorbance coefficient and energy gap E, are enhanced
accordingly. The sheet resistance of the doped films has been reduced drastically, thus
the conductivity are increased gradually upon zinc oxide amount in PEDOT:PSS; where
the conductivity has increased approximately to one order of magnitude (3.6 x 10°
S/cm) as to compared to the pristine PEDOT:PSS (4.14 x 10 7 S/cm). By introducing
doped PEDOT:PSS as buffer layer in the standard organic solar cell (containing poly(3-
hexylthiophene) P3HT and fullerene derivative, PCBM), the device efficiency has
improved to some extend compared to the device utilizing the pristine PEDOT:PSS.
The device with an amount of 4% ZnO doped PEDOT:PSS, exhibits the highest
efficiency which increased about one magnitude factor from 0.0053% to 0.036%.
The study is extended in observation of the thermal behavior of the doped PEDOT:PSS
thin films with respect to the I-V behavior in order to seek their potential application in
thermoelectric device. Further works in the fabrication of thermoelectric devices, are
continued by combining a highly conductive PEDOT:PSS PH1000 as p-type material
and organic n-type materials of PTCDA and Alqs. The I-V plots of all doped
PEDOT:PSS with respect to variant in temperature difference are obtained based on the
concept of thermoelectric device. The results indicate that the I-V behavior of pristine
and only several doped PEDOT:PSS (2%, 4% of glycerol-doped and 4%, 6% EG-
doped), have been affected by the changes in temperature gradient across the films. The
encouraging results is obtained in the output power, P,, relative Seebeck coefficient, «,
internal electrical resistance, Rp and efficiency factor, ¢ of thermoelectric devices of
PTCDA and Alqs; as n-type materials. The performance of these parameters indicate that
both selected PEDOT:PSS/PTCDA or PEDOT/AIlqQ3 can be utilized in thermoelectric
device with further optimization. Overall, the modification of PEDOT:PSS with the
selected polar solvent and metal oxide, can enhance the electrical properties of
PEDOT:PSS to be utilized in organic solar cells or thermoelectric devices.
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ABSTRAK

Poli(3.4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) adalah bahan
utama digunakan sebagai lapisan pembawa lohong untuk peranti elektronik bahan organik.
Walaupun dengan beberapa kelebihan yang dimiliki oleh PEDOT:PSS seperti kadar
transparensi yang tinggi, kestabilan fungsi kerja, berupaya menyekat kemaraan elektron dan
pembentukan filem yang mudah, ia memerlukan penyelidikan yang terperinci untuk mengatasi
isu yang timbul iaitu nilai kekonduksian elektrik PEDOT:PSS yang rendah. Satu daripada
kaedah yang munasabah telah digunakan di dalam kajian ini iaitu dengan proses tambahan
dengan larutan polar bertakat didih tinggi. Gliserol dan ethilin glaikol (EG) adalah dua larutan
polar yang dipilih untuk mengubahsuai sifat-sifat elektrik PEDOT:PSS. Kaedah lain yang juga
digunakan di dalam kajian ini untuk cuba menambah kekonduksian PEDOT:PSS ialah dengan
menambah oksida logam seperti zink oksida (ZnO) dan zink oksida dengan aluminium (AZO).
Sifat-sifat optik, elektrik dan morfologi permukaan disiasat untuk semua filem nipis
PEDOT:PSS yang ditambah. Kemudian, filem nipis PEDOT:PSS yang telah diubahsuai ini
digunakan sebagai lapisan penimbal di dalam fabrikasi sel solar organik. Keputusan yang
diperolehi dari imej mikroskop daya atom (AFM) dan spektrum RAMAN menunjukkan filem
nipis dengan bahan tambahan kepada PEDOT:PSS telah mengalami transformasi di dalam
rantaian polimernya, membawa kepada perubahan di dalam ciri-ciri optikal dan elektrikal.
Semua filem nipis PEDOT:PSS ini mempamerkan kadar tranparensi yang melebihi 85% dan
juga peningkatan di dalam pemalar penyerap («) dan jurang tenaga optik (£,). Secara khusus,
rintangan lembaran (R;) telah dikurangkan secara drastik, maka kekonduksiannya bertambah
secara beransur-ansur terutamanya dengan bahan tambahan zink oksida yang meningkat
kepada satu faktor magnitud (3.6 x 10° S/cm) berbanding dengan PEDOT:PSS asli (4.14 x 107
S/cm). Penggunaan filem nipis PEDOT:PSS ini sebagai lapisan penimbal di dalam sel solar
organik piawai ( mengandungi poly(3-hexylthiophene), P3HT dan bahan fuleren terbitan,
PCBM), kecekapan peranti telah dipertingkatkan ke satu tahap berbanding peranti yang
menggunakan PEDOT:PSS asli. Peranti dengan 4% tambahan ZnO kepada PEDOT:PSS
memperolehi kecekapan tertinggi dengan peningkatan sebanyak satu faktor magnitud iaitu
dari 0.0053% (dengan PEDOT:PSS asli) kepada 0.036%. Kajian ini dikembangkan lagi
kepada pemerhatian sifat terma pada semua filem nipis PEDOT:PSS yang diubah suai ini
dengan mengkaji sifat arus-voltan (I-V) untuk menyiasat keupayaan PEDOT:PSS ini untuk
penggunaan di dalam peranti termoelektrik. Kemudian, kajian selanjutnya di dalam fabrikasi
peranti termoelektrik, diteruskan dengan menggabungkan PEDOT:PSS PH1000 yang
berkonduksi tinggi sebagai bahan organik jenis-p (positif) dan PTCDA berserta Alq; sebagai
bahan berjenis-n (negatif). Perubahan graf I-V bagi semua filem nipis PEDOT:PSS yang telah
diubahsuai dengan merujuk kepada berlainan perbezaan suhu telah diperolehi berdasarkan
konsep peranti termoelektrik. Diperhatikan bahawa sifat I-V bagi PEDOT:PSS asli dan hanya
beberapa PEDOT:PSS yang diubahsuai sahaja (2%-, 4% tambahan gliserol dan 4%-, 6%
tambahan EQG) telah dilihat dipengaruhi oleh perubahan dalam perbezaan suhu merentasi filem-
filem nipis yang dikaji ini. Keputusan menggalakkan juga diperolehi dalam kuasa output, P,
pemalar relatif Seebeck, a, rintangan elektrik dalaman, R, dan factor kecekapan, ¢ bagi peranti
termoelektrik dengan PTCDA dan Alq; sebagai bahan organic berjenis-n. Keputusan yang
dicapai oleh parameter-parameter ini menunjukkan bahawa gabungan pilihan
PEDOT:PSS/PTCDA atau PEDOT:PSS/Alq; boleh digunakan di dalam peranti termoelektrik
selepas beberapa penambahbaikan. Secara keseluruhan, pengubahsuaian PEDOT:PSS dengan
dua pilihan bahan larutan polar dan oksida logam ini, berjaya meningkatkan ciri-ciri elektrikal
PEDOT:PSS untuk membolehkannya digunakan di dalam sel solar bahan organik atau peranti
termoelektrik.



ACKNOWLEDGEMENTS

“IN THE NAME OF ALLAH, THE MOST GRACIOUS AND MERCIFUL”

First and foremost, praise to Allah Azza Wajalla for His blessings to make this work
happen and finish, eventually. My greatest gratitude to Allah SWT for giving me the
strength and patience to complete this work.

Warmest appreciation and gratitude goes to my supervisor, Dr Khaulah Sulaiman and
co-supervisor, Dr Ahmad Shuhaimi for their support, guidance, advice, motivation and
encouragement to me during the research work and the thesis writing.

My special thankyou goes to all the administration officials, staff members and all
fellow friends of LDMRC, Physics Department, University Malaya for their kindness,
assistants, supports and cooperations to me while doing this research project.

My gratitude and thanks to University Malaya for providing me with the PPP research
grant PV038 to support my research work and provide me the funding to participate in
international and national conferences in several places.

I will forever appreciate and cherish the times spent with my research group members,
especially to Mr. Muhammad Saipul, Mr. Shahino Mah Abdullah, Dr. Zubair, Miss
Fadilah Abd Wahab, Miss Toong Way Yun, Mr. Lim Lih Wei and others who
constantly helping me in the laboratory works, analysis results, writing journal papers
and other activities that we shared together which not only gain my experiences in
research work but also built in the teamwork spirit.

Also to all other LDMRC’s students who are like my little sisters and brothers,
especially to Miss Siti Hajar, Miss Fatin, Mrs Nor Khairiah, Miss Nana, Mrs Lani, Mrs
Hamizah, Mrs Rehana, Miss Marlinda, Mrs Mazlinda, Mr Chua and others, keep up
doing what you do best and stay cute as always.

Special love and respect until jannah to my beloved husband Mr Yusdi Junus and to all
my children, Sofiya, Sofina, Muhammad and Umar. Thankyou for always accompany
me in my good and bad times. May Allah SWT shower us with His love and blessings
always.

Last but not least, this work is a special dedication to my parents, Allahyarham Haji
Abd Rahman Che Mat and Hajjah Zainah Long who always encourages me to finish
this work no matter what, which in a way kept me going. Greatest thankyou for their
support and prays for me. I am who [ am because these two amazing persons, may Allah
SWT bless them always.

Finally may Allah reward all of the people who involve in this work, officially and
unofficially with His blessings and love, and may this work be beneficial to others in
any ways too, inshaAllah. Amin.

Zurianti Abd Rahman



TABLE OF CONTENTS

ABSTRACT ...
ABSTRAK ..o
ACKNOWLEDGEMENT ... o,

TABLE OF CONTENTS. .. e,
LIST OF FIGURES. ...
LIST OF TABLES. ...
LIST OF SYMBOLS. .. e

LIST OF ABBREVIATIONS. ... e

CHAPTER 1: INTRODUCTION

1.1 Background of organic solar cell and major function of buffer layer in the
AEVICE. .ottt

1.2 History and background of thermoelectric device....................cooeenn..

1.3 Motivation for the research work.................oii i

1.4 Research goal and objectives.........ooeiiiiiiiiiiii i

1.5 TRESIS OULHNE. . ..

CHAPTER 2: BACKGROUND STUDIES. ... ..o,
2.1 Background of Organic Solar Cell Devices.........cccovvvviiiiiiiiiiiiiiiian,
2.2 Poly (3,4-ethylene dioxythiophene): poly (styrenesulfonate) (PEDOT :PSS)
2.3 Doping in PEDOT:PSS. ...
2.3.1 Glycerol Doped PEDOT:PSS... ...t
2.3.2 EG Doped PEDOT:PSS. ...
2.3.3 Zinc Oxide and Aluminum Zinc Oxide Doped PEDOT:PSS...........
2.3.4 DMSO Doped PEDOT:PSS. ...,
2.3.5 Other addition to PEDOT:PSS.... ..o
2.4 Power conversion effiCIeNnCY.......o.ovuiviiiiiiiiii i
2.5 Thermoelectric properties in doped PEDOT:PSS thin films...................

2.6 CONCIUSION. ettt e e,

CHAPTER 3 : METHODOLOGY ..ot
3.1 Preparation of Samples........oouiviiiiiiiii e

3.1.1 Synthesis of glycerol and ethylene glycol doped PEDOT:PSS........

i1

v

Vi
X
Xiil
X1V

XV

10
12
14

16
16
20
24
25
27
29
30
33
33
37
42

44
44
44

vi



3.2

33

3.1.2 Synthesis Of Zinc Oxide (ZnO) and aluminum zinc oxide (AZO)
doped PEDOT:PSS. ..o

3.1.3  Preparation of doped PEDOT:PSS thin film.............................

3.1.4 3,4,9,10-Perylenetetracarboxylic dianhydride (PTCDA) as n-type in
thermoelectric deviCe..........ovuiiiiiii i,

3.1.5 Tris(8-hydroxyquinoline) aluminum (III) (Alqs) as n-type in
thermoelectric deviCe..........oouiiiiiiiii i,

Fabrication of electronic devices............cvvviiiiiiiiiiiiniiiiiinene,
3.2.1 Cleaning Process of Glass and ITO Substrates...........................

3.2.2 Synthesize of active layer solution for organic solar cell................
3.2.3 Organic Solar Cell...........ooiiiiiii i,
3.2.4 Aluminum deposition process by thermal evaporation technique......

3.2.5 Preparation on doped PEDOT:PSS to observe the effect on
temperature gradient...........o.viuiiuiiiiitii i,

3.2.6 Thermoelectric Module. ..ot
Measurement teChNIQUES. .........oviiiiiii i e
3.3.1 UV-VIS SPeCtroSCOPY..uveennitentteiiene et eieee i eaaeans

3.3.2 Four-Point-Probe............ccoiiiiiiiii i
3.3.3 Atomic Force Microscopy (AFM) Measurement........................
3.3.4 Raman spectroscopy measurement. .........o.oeeeuerueennennenneennennnnn.
3.3.5 Surface Profilometer............c.ooiiiiiii
3.3.6 Current — Voltage (I-V) Characterisation.................ccevvvvennnnn..
3.3.7 Thermoelectric properties of doped PEDOT:PSS thin films..........

CHAPTER 4: RESULTS AND DISCUSSIONS OF THE DOPED
PEDOT:PSS THIN FILMS AND THE ORGANIC SOLAR CELLS

4.1

4.2

43

OPtiCal PrOPETLIES. . .e ettt ettt
4.1.1 Optical properties of glycerol doped PEDOT:PSS.......................
4.1.2 Optical properties of ethylene glycol (EG)doped PEDOT:PSS........
4.1.3 Optical properties of aluminum zinc oxide (AZO) doped PEDOT:PSS
Electrical properties. ... ..v.eieiei et
4.2.1 Electrical Properties of Glycerol doped PEDOT:PSS...................
4.2.2 Electrical Properties of ethylene glycol doped PEDOT:PSS............
4.2.3 Electrical Properties of AZO doped PEDOT:PSS........................
Morphological Properties..........o.ovueveiiriiiiiiit i
4.3.1 Morphological properties of glycerol doped PEDOT:PSS.............
4.3.2 Morphological Properties of EG doped PEDOT:PSS thin films

45
46

47

47
47

47
48
49
51

53
54

56
56
59
60
62
64
66
67

68

68
69
75
79
84
84
88
92
95
95
99

vii



4.3.3 Morphological properties of AZO doped PEDOT:PSS thin films.

4.4 Raman StUAIES. .....oueineitiit i
4.4.1 Raman studies of glycerol doped PEDOT:PSS....................o.l
4.4.2 Raman Properties of EG doped PEDOT:PSS thin films................
4.4.3 Raman Properties of AZO doped PEDOT:PSS..............c.oiiiii.

4.5 Current density — voltage (J-V) characterisations..................ccoeevennnnn.
4.5.1 J -V characteristics of glycerol doped PEDOT:PSS...................
4.5.2 J -V characteristics of EG doped PEDOT:PSS........................
4.5.3 J -V characteristics of ZnO and AZO doped PEDOT:PSS...........
4.5.4 Degradation in organic solarcell..................cooiiiiiiiiiiin,

TN 11001 00 o PP

CHAPTER 5: RESULTS AND DISCUSSIONS OF THERMOELECTRIC
EFFECT ...,

5.1 The influence of thermal gradient on carrier concentration and output power
5.1.1 Organic material — glycerol and ethylene glycol doped PEDOT:PSS
5.1.2  Aluminum zinc oxide doped PEDOT:PSS.............cooiiiiiiiinii.

5.2 Studies on thermoelectric module of PEDOT:PSS and two organic
materials, Alqz and PTCDA.. ...

5.2.1 Seebeck Coefficient and I-V Plots of Alqs as n-type and PEDOT:PSS
as p-type thermoelectric material ................c..cooiiiii .

5.2.2 The determination of Seebeck coefficients for thermoelectric device
with high conductive PEDOT:PSS and PTCDA.........................

5.3 SUMMATY Lottt e et et e

CHAPTER 6 : CONCLUSIONS AND FUTURE WORKS
6.1 CONCIUSIONS. . .ottt e e e,

6.2 FULUIE WOTKS . oo oo e

REFERENCES. ...

LIST OF PUBLICATIONS AND PAPERS PRESENTED .....................

103
107
107
112
116
119
120
124
127
130
130

132
133

134
141

147

148

152

155

156
160
162

163

172

viii



Figure 1.1 :

Figure 2.1 :

Figure 2.2 :

Figure 2.3 :

Figure 2.4 :
Figure 2.5 :
Figure 2.6 :
Figure 2.7 :
Figure 2.8 :

Figure 2.9 :

Figure 2.10:

Figure 2.11:

Figure 2.12:

Figure 2.13:

Figure 3.1 :
Figure 3.2 :
Figure 3.3 :
Figure 3.4 :
Figure 3.5 :
Figure 3.6 :

Figure 3.7 :

LIST OF FIGURES

Figure of merit Z7 shown as a function of temperature for several
bulk thermoelectric materials...............coooviiiiiiiiiiiiiiinn.,

Schematic diagram of the ideal operation in polymer:fullerene
organic solar cell......... ...

Schematic of cross sectional morphological model of PEDOT:PSS
thin fillm.....o

[lustration of PEDOT:PSS polymer chains before doping and after
doping to DMSO. ..o

Two kind of resonant structures exist within PEDOT.................
Molecular structure of glycerol...............oooiiiiiiiiiiiiiiiin..
Molecular structure of ethylene glycol....................cooiiiia,
Molecular structure of aluminum zinc oxide.................oeeuee..
Molecular structure of DMSO.........oooiiiiiiiiii
Energy band diagram of the organic solar cell components...........

The current-voltage characteristics of an ideal organic solar in a
dark condition cell (no light applied on the device).....................

The current-voltage characteristics of an ideal organic solar cell in
light condition......... ..o

Schematic diagram of the thermoelectric device and its external
61T (11 P

Molecular structure of two organic materials used as n-type in
thermoelectric module................o

Schematic diagram of fabricated organic solar cell......................
Schematic diagram of thermal evaporation system......................
Set-up equipment for thermal gradient versus [-V measurement......
Schematic diagram of a simple thermoelectric module.................
Jasco V-570 UV/VIS/NIR SpectrosCopy.....ccvvvreeeiiiiniennnnnnnnn.

Basic working principle in Jasco V-570 UV/VIS/NIR Spectroscopy

10

18

21

22

23

25

27

29

31

34

35

36

39

42

51

52

54

55

56

57

58



Figure 3.8 :

Figure 3.9 :

Figure 3.10:
Figure 3.11:
Figure 3.12:

Figure 3.13:

Figure 4.1 :

Figure 4.2 :

Figure 4.3 :

Figure 4.4 :

Figure 4.5 :

Figure 4.6 :

Figure 4.7 :

Figure 4.8 :

Figure 4.9 :

Figure 4.10:

Figure 4.11:
Figure 4.12:
Figure 4.13:

Figure 4.14:

(a) Four-point-probe model , (b) Schematic diagram of the four-
PrObDES MEASUTCIMENTS. .. .\vtett et etee e et eateeiteenneeeeeenneenans

Veeco 3000 AFM instrument. ...........ooieiiiiiiiiiiiiiiieeeenen
Working principle of typical AFM instrument..............cccceeuveenee.

Renishaw in Via Raman Microscope..........coeevvviiiiiiniiennnennnnn.
Diagram of the Raman scattering light occur on a sample............

(a) KLA Tensor P-6 surface profilometer, (b) The schematic
diagram of the surface profilometer...................cooiiiiiiiiinin

Transmission spectra of glycerol doped PEDOT:PSS compared to
the PrIStING. .. .ot

Absorption spectra of glycerol doped PEDOT:PSS compared to the
[0 1510 TP

Correlation of optical band gap (Eg) and absorption coefficient (o)
with respect to the percentage of glycerol doped PEDOT:PSS.......

Extraction from Tauc equation, (a) dln(ahv)/ohv versus E and (b)
In(ahv) versus In (hv-Eg).c..cc.oieiiiiiiiiiiiiiiiiiiiii i

Transmittance spectra for EG doped PEDOT:PSS thin films.........
The absorption coefficient spectra for EG doped PEDOT:PSS thin
Correlation of optical band gap (Eg) and absorption coefficient (o)
with respect to the percentage of EG doped PEDOT:PSS............
Transmittance spectra for AZO doped PEDOT:PSS thin films.......
Absorbance spectra for AZO doped PEDOT:PSS thin films..........
Correlation of optical band gap (E,) and absorption coefficient (o)
with respect to the percentage of AZO doped PEDOT:PSS thin
Absorbance spectra of AZO doped PEDOT:PSS thin films..........
Sheet resistance versus percentage of glycerol doped PEDOT:PSS
Conductivity versus the percentage of glycerol doped PEDOT:PSS

Sheet resistance of the modified PEDOT:PSS with different
percentage Of EG... ..o

59

60

62

62

63

65

69

71

74

75

76

71

79

80

81

82

84

85

86

89



Figure 4.15:

Figure 4.16:

Figure 4.17:

Figure 4.18:

Figure 4.19:

Figure 4.20:

Figure 4.21:

Figure 4.22:

Figure 4.23:

Figure.4.24:

Figure 4.25:

Figure 4.26:

Figure 4.27:

Figure 4.28:

Figure 4.29:

Figure 4.30:

Figure 4.31:

Figure 4.32:

Conductivity of the modified PEDOT:PSS with different percentage

Sheet resistance of the modified PEDOT:PSS with different
percentage 0f AZO . ... ..ot

Conductivity of the modified PEDOT:PSS with different
percentages Of AZO.......coviviieiieeieeieeeieeee et

AFM images for glycerol doped PEDOT:PSS compared to pristine
PEDOT PSSttt

R.ms roughness for glycerol doped PEDOT:PSS thin film................

AFM images for EG doped PEDOT:PSS compared to pristine
PEDOT PSS,

R.ms of ethylene glycol (EG) modified PEDOT:PSS thin film.........

AFM images for AZO doped PEDOT:PSS compared to the undoped
(pristing) PEDOT:PSS.......ooi e

Roughness, rms for AZO modified PEDOT:PSS compared to the
pristine PEDOT:PSS........oooiiiiiiieeeeeee e

Raman spectra for pristine and glycerol doped PEDOT:PSS in the
frequency range 200 — 2000 O™ oo,

Raman spectras  of the pristine PEDOT:PSS and modified

PEDOT:PSS with glycerol doped in the range 1300 cm™ to 1600
-1

CIIL ottt ettt b ettt ettt b ettt ettt

Raman spectra of the pristine PEDOT:PSS and modified
PEDOT:PSS With EG...cc.cccoiiiiiiiiiiiiciiecceee

The transformation in chemical structure of PEDOT:PSS from
benzoid to quINOid StIUCUTE..........eevviieiieiieeiieie e

Raman spectra of the pristine PEDOT:PSS and modified
PEDOT:PSS with EG in the range of 1350 cm™ to 1600 cm™..........

Raman spectra of the pristine PEDOT:PSS and modified
PEDOT:PSS With AZO.....ccoiiiiiiiiiiiiiieeesteeeeeee e

Raman spectra of the pristine PEDOT:PSS and modified
PEDOT:PSS with AZO in the range of 1300cm™ to 1600cm™...........

J-V plots for glycerol modified PEDOT:PSS compared to pristine
PEDOT:PSS ...t

90

91

93

94

97

98

100

102

105

106

108

110

113

115

116

117

118

120

Xi



Figure 4.33:

Figure 4.34:

Figure 4.35:

Figure 4.36:

Figure 4.37:

Figure 4.38:

Figure 4.39:

Figure 4.40:

Figure 5.1

(a-c):

Figure 5.2
(a-b):

Figure 5.3
(a-c):

Figure 5.4
(d-e):

Figure 5.5
(a-d):
Figure 5.6:

Figure 5.7 :

Figure 5.8:

Figure 5.9:

Figure 5.10:

The variation of V,. and Ji for glycerol modified PEDOT:PSS
compared to pristine PEDOT:PSS.......ccccooiiiiiiieieeeeeen

The variation of fill-factor, FF and power conversion efficiency,
PCE with respect to the glycerol doping.........ccceeeevveeecvienciieencieeennen.

J-V plots for EG modified PEDOT:PSS compared to pristine
PEDOT:PSS ..ot

The wvariation of V., and J, for EG modified PEDOT:PSS
compared to pristine PEDOT:PSS.......ccooiiiiiieeeeee e

The variation of FF and PCE for EG modified PEDOT:PSS
compared to pristine PEDOT:PSS.........ccoiiieeeieee,

J-V plots for AZO modified PEDOT:PSS compared to pristine
PEDOT PSS .t

The variation of V. and J;, for AZO modified PEDOT:PSS compared to
pristine PEDOT:PSS. ...

The variation of FF and PCE for AZO modified PEDOT:PSS
cOMPATed tO PIASTINE ..vveevevreieiieeeiieeeieeeereeeeiee et e eereeesereeeeaeeeareeenes

The variation in the current — voltage plots measured for pristine
and glycerol doped PEDOT:PSS materials.........ccccceevvirviienreeneennen.

The variation in the current — voltage plots measured for EG doped
PEDOT:PSS thin films.........cccooriiiiiiiiiieeee e

Output power (P,) versus temperature difference (AT) produced by
pristine and glycerol doped PEDOT:PSS............cocoiiiiiin

Output power (P,) versus temperature difference (AT) produced by
EG doped PEDOT:PSS. ...,

Current — voltage plots of ZnO and AZO doped PEDOT:PSS .......
The power output generates from the I-V plots of different doped
percentage of AZO versus the temperature gradient....................

The variation of open circuit voltage (V,.) with the temperature
difference AT for thermoelectric device with Alg; and PEDOT:PSS.

The plot of output power with the temperature difference..............

The influence of temperature difference to open circuit voltage and
short circuit current of the TE device................ooooiiiiiin.n.

Output electric power generated by the TE module.....................

122

123

124

125

126

127

128

129

136

137

139

141

143

146

150

151

153

154

xii



LIST OF TABLES

Table 1.1: Timeline of research on organic solarcell............................ 3
Table 1.2: Timeline of Thermoelectric and related research over the last 30

21 £ 9
Table 2.1: Electrical conductivity and thermoelectric properties of

PEDOT PSS ..o 40
Table 3.1: List of doped PEDOT:PSS series as buffer layer in OSC device... 49
Table 4.1: Values of optical band gap (E,), n and thickness for pristine and

glycerol doped PEDOT:PSS... ..o 72
Table 4.2: Optical properties of EG doped PEDOT:PSS thin films .......... 78
Table 4.3: Optical properties of ZnO, pristine PEDOT:PSS and AZO doped

PEDOT:PSS thin films............ooiii 81
Table 4.4 Root-mean-square, rms roughness and mean surface roughness

for glycerol modified PEDOT:PSS ... 98
Table 4.5 : Root-mean-square, rms roughness and mean surface roughness

for EG modified PEDOT:PSS .. ..., 102
Table 4.6 : Root-mean-square roughness and mean surface roughness for

AZO modified PEDOT:PSS compared to the pristine

PEDOT PSS 106
Table 4.7: List of band position, band assignments and the type of raman

active modes of glycerol doped PEDOT:PSS raman spectras...... 108
Table 4.8: Raman peak at 1443 cm™ of the glycerol doped PEDOT:PSS... 109
Table 4.9: List of band position, band assignments and the type of Raman

active modes of EG doped PEDOT:PSS..........ooiiiiiiiiia. 114

Table 4.10: List of band position, band assignments and the type of raman
active modes of AZO doped PEDOT:PSS.............coooiiiiiiil. 118

Table 4.11: J-V characteristics for glycerol modified PEDOT:PSS compared
to pristine PEDOT:PSS. ..., 121

Table 4.12: J-V characteristics for EG modified PEDOT:PSS compared to
pristine PEDOT:PSS.... .., 126

Table 4.13: J-V characteristics for AZO modified PEDOT:PSS compared to
pristine PEDOT:PSS....oo 128

Xiii



ZT

VOC

LIST OF SYMBOLS

Figure of merit

Seebeck coefficient
Absolute temperature
Electrical conductivity
Thermal conductivity
Open circuit voltage

Cell power

Current

Voltage

Maximum voltage
Maximum current

Short circuit current density
Fill factor

Power conversion efficiency
Output power

Input power

Temperature gradient
Heat input

Heat sink/loss
Absorption coefficient
Thickness of the thin film
Transmittance

Optical band gap energy
Photon energy

Sheet resistance
Resistivity

Ideality factor

Efficiency factor

Internal electrical resistance

Xiv



PEDOT:PSS
ITO
TE

Alqgs
Zn(CH3CO0,),.2H,0
DEA
Al(NOs3)3.9H,0

DI

CH

DCB

G-PEDOT
EG-PEDOT

LIST OF ABBREVIATIONS

Poly (3,4-ethylene dioxythiophene): poly (styrenesulfonate)

Indium Tin Oxide

Thermoelectric

Zinc oxide

Aluminum zinc oxide

Ethylene glycol

Organic solar cell

Organic light emitting diode
Poly(3-hexylthiophene)
Phenyl-C61-butyric acid methyl ester
Highest occupied molecular orbital
Lowest unoccupied molecular orbital
Hole transport layer

Organic photovoltaic

Aluminum

Dimethyl sulfoxide

Organic thin film transistor

Poly (3-(4’-(17,4”,7’-trioxaoctyl) phenyl)thiophene)
Carbon nanotube

Hidroxides

Current - voltage
3,4,9,10-Perylenetetracarboxylic dianhydride
Tris (8-hydroxyquinoline)

Zinc acetate dehydrate
Diethanolamine

Aluminum nitrate

Distilled water

Chloroform

Di-chlorobenzene

Glycerol doped PEDOT:PSS

EG doped PEDOT:PSS

XV



UV-VIS
UV/VIS/NIR
SMU

AFM
PTCDA

Algs

DI water

CB

VB
TTF-TCNQ

Ultraviolet - visible

Ultraviolet — visible- near infrared

System measurement unit

Atomic Force Microscopy
3,4,9,10-Perylenetetracarboxylic dianhydride
Tris(8-hydroxyquinoline) aluminum (III)
Distilled water

Conduction band

Valence band

Tetrathiafulvalene-tetracyanoquinodimethane

XVvi



CHAPTER 1

INTRODUCTION

1.1 Background of organic solar cell and major function of buffer layer in the
device.

The extending requirement in renewable energy technology is the main reason of
focusing on solar cell which seems to be the best choice for convenient device since it do
not require chemical reactions and does not contain any mechanical generator or moving
equipment that involves maintenance and fuels for power refill in order to produce
electricity.

Solar cell device consists of three main components namely anode, semiconductor
material and cathode. The fundamental concept of solar cell device is based on the
photovoltaic effect which occurs when the light strikes to the device. The photon energy
from the sunlight is responsible in providing the excitation motion of electrons and holes in
semiconductor device hence producing electricity when both free charge carriers flow out
to the external circuit.

Inorganic semiconductor material such as silicon is used widely in the commercial
solar cell. The basic working principle of conventional inorganic solar cell is that the
generating of electrons and holes are in the bulk of silicon or other inorganic semiconductor
material. Although electrons and holes in inorganic material are not bonding together, they
need to be separated by a built-in electric field because the photoinduced chemical potential

gradient in the inorganic material tends to drive them in the same directions. The built in-



electric field will create a potential gradient that may transfer them to their respective

electrode before producing electric power at the external circuit (Gregg & Hann, 2003).

The wide interest in using organic material in solar cell started with the findings in
1839 where a photocurrent had been observed with the lighting in an aqueous solution
when platinum electrodes coated with silver bromide or silver chloride (Williams,1960).
Consequently, the research on organic material for photovoltaic application was widely
spread with an athracene was used as the first organic substance (Spanggaard & Krebs,

2004).

The interesting part of using organic material lies on the behavior of their charge
carriers of hole and electrons which were attached to each other and namely as excitons. In
specific, the separation of excitons for organic heterojunction devices is happened at the
interface between two active layers in the device which consists of donor and acceptor
materials. Both layers creates heterojunctions interface which are different in their energy
level. The difference in energy level or work function of the organic interface layer results
in the existence of built-in electric field (Peumans & Forrest, 2004). The electric field offers
driving force to dissociate the excitons to electrons and holes in the active layer of the
device. In contrast to the inorganic material which mostly rely on the built-in electric field
to diffuse them to different directions, the charge carriers of electrons and holes in organic
material are exist primarily in their own path way which automatically drives them to
opposite direction by the force of photoinduced chemical potential that is naturally applied

to these charge carriers (Benanti & Venkataraman, 2006).

Hence based on the working principle in organic solar cell, upon dissociation

process at the active layer component, the free charge carriers of electrons and holes must



move to the respective electrodes, namely anode and cathode to generate electricity. During
transportation, material defects or interface states may cause these free charge carriers to
recombine, hence decreasing the photocurrent effect in the device. A higher internal
electrical field allows the photo-generated carriers to smoothly move to the electrodes,

results in reducing the probability of recombination process (Tsai et al., 2011).

The details on the wide spread research activities on organic solar cell are
summarized on Table 1.1. The summary shows the apparent interesting highest efficiency

of organic solar cell has been achieved to 10.7% in 2012 (Blair & Venkataraman, 2013).

Table 1.1: Timeline of research on organic solar cell

YEAR INVENTORS CREATIONS

1839 Alexandre E. Becquerel Observed a photocurrent between two electrodes
submerged in solution

1873 Willough by Smith Observed a photoconductivity in Selenium
1883 Charles Fritts Builds Selenium Solar Cell
1888 Aleksandra Stoletov Build the first photoelectric cell based on

photoelectric effect

1954 Bell Laboratories Developed the first inorganic solar cell based on
silicon

1974 P.H.Fang Use Ohmic contacts in organic photovoltaic device

1978 Ghosh & Feng Develop a theoretical model with efficiency 7% in

merocyanine organic solar cell

1978 Researchers of Exxon | Reported on OPV device with 1% efficiency using
Mobil semi-transparent aluminum electrodes
1986 C.W.Tang Creates the first two-layer organic PV cells,

efficiency 0.95% reported




Table 1.1 continued: Timeline of research on organic solar cell

YEAR INVENTORS CREATIONS

1991 Gratzel Reports the successful of dye sensitized TiO, solar
cell

1991 Scientist from Osaka Uni. | Developed the first dye/dye bulk heterojunction PV
by co-sublimation

1993 Sariciftci Report the photoinduced electron transfer from
MEH-PPV to C60

1994 Scientist from UC Santa | Reported the solar cell based on MEH-PPV and

Barbara C60

1995 Heeger& Groups Indepedently reported all exploration on polymer
active layer

2000 A.Hagfeldt &Gratzel Proposed TiO, nanoparticle fil structure for
ultrafast charge separation and increased efficiency

2000 Scienctist from Eindhoven | Reports the use of oligomer-carbon dyads/triads as
active material in PV cell

2001 L.Schmidt-Mende Report a self-organised liquid crystalline solar cell
with efficiency 1.95% at 495nm

2001 C.J. Brabec et al Used plastic and buckminster fullerene in solar
cells,with efficiency achieved up to 3%

2002 Paul Alivisatos et al Reported the hybrid nanorod polymer solar cells
with P3HT-CdSe with efficiency 1.7%

2005 G.Lietal Develop 5% power conversion efficiency
polymer PV using polymer blend of P3HT &
methanofullerene

2009 Holcombe et al Synthesize an all-polymer solar cell to form
Grignard Metathesis polymerization

2010 Lu Ping Yu, et al Report the development of prototype polymer
organic PV cells with PtB7 with efficiency
achieved ~7.4%

2011 Mitsubishi Chemical | Announce the production of 9.2% PCE organic

company PV cell

2012 Van der Poll et al Produced high-efficiency 7% with small molecule

organic PV




Table 1.1 continued: Timeline of research on organic solar cell

YEAR INVENTORS CREATIONS

2012 Heliatek et al Produce the prototype 10.7% PCE organic PV

2012 Ramuz et al Develop the first all-carbon solar cell

2012 Snaith, et al Use organometal halide pervoskites results in
efficiency of 10.9%

2013 Heliatek, et al Announced the development of organic solar cell
with small molecules and efficiency achieved
~12%

2013 Yang Yang et al Report a 10.2% PCE in tandem organic PV cell
with two identical subunits

2013 Marks, et al Produced high-efficiency with 80% of FF in
organic PV

An efficient organic solar cell device is measured by its ability to prevent

recombination process in the carriers dissociation stage which results in increasing its

photocurrent. The recombination process mostly occurs at the interface between the

electrode and the semiconductor active layers which reduce the transportation rate of free

charge carrier (Halls et al., 1999). A common solution is to introduce a thin interlayer

called buffer layer between electrode and active layer which may adjusts the electronic

behavior of the adjacent materials (Johnev et al., 2005).

The main roles of buffer layer are to diminish recombination of free charge carriers

and to increase the rate of holes collection to anode. Moreover, in addition of these major

functions, an efficient buffer layer will also contribute to the modification of the unstable

anode/active layer interface by the superior injection/collection properties between the

buffer layer and active layer interface (Yin et al., 2010).




The common material used as buffer layer is poly (3,4-ethylene dioxythiophene):
poly (styrenesulfonate) (PEDOT:PSS) which deposited by spin coating onto indium tin
oxide (ITO) film prior to organic deposition. This additional layer is very efficient since it
produces surface defects passivation and smoothen the ITO surface (Dahou et al., 2010).
PEDOT:PSS also available in modifying the work function between the electrode and the
active layer by reducing or increasing the work functions of the cathode and anode (Brown
et al., 1999). Moreover, PEDOT:PSS is able to improve the cohesion between difference

layer and thus decrease the interfacial series resistance (Park et a;., 2011).

PEDOT:PSS is strongly suggested as an excellent buffer layer due to its better
performance in the organic solar cell which supported by the consistent usage and existence
of PEDOT:PSS as buffer layer in most of the fabricated organic solar cell to date. Thus it
seems that the buffer layer is an important component, which then became permanent
material in organic solar cell (Po et al., 2011). Moreover, an effective interfacial property
between the buffer layer and the active layer need to be consider as well in order to enhance
the efficiency of the organic solar cell device (Kim et al., 2011). Inspite of acting as anode
buffer layer in optoelectronic devices, the commercialized polymer PEDOT:PSS also
utilized as transistor circuits (Sirringhaus et al., 2000) and photodetector (Gong et al.,

2009).

The combination of PEDOT with PSS was purposed to reduce the insoluble issue in
PEDOT. However, the insulator behavior of PSS particles leads to the limitation in PEDOT
electrical properties, specifically in terms of electrical conductivity (Po et al., 2011). The
raise in transparency of PEDOT:PSS leads to the decreasing in its electrical properties

which shows the inbalance and unstable behavior in PEDOT:PSS in two most important



characteristics applied in organic solar cell. This issue seems to be the major disadvantage

in the use of PEDOT:PSS in optoelectronic devices.

In order to improve this obstacle, many options taken were by modifying
PEDOT:PSS structure with the doped of organic solvent such as dimethyl sulfoxide
(DMSO), ethylene glycol (EG), glycerol and sorbitol. These organic solvents are able to
enhance the conductivity of PEDOT:PSS by reducing the insulator PSS layer on the
PEDOT:PSS surface, results in the larger exposed surface of PEDOT conductive thin film

that increased the electrical conductivity of PEDOT:PSS thin film (Han & Okuzaki, 2009).

Huang et al also convince that the modification in PEDOT:PSS is needed to
improve the electrical properties of PEDOT:PSS thin film and the organic solvent group
which possessed superior conductivity are the best candidates to enhance the conductivity
of PEDOT:PSS thin film. Their work on sorbitol, DMSO and glycerol doped PEDOT:PSS
show tremendous increment in the conductivity of PEDOT:PSS compared to the undoped

PEDOT:PSS thin film (Huang et al., 2013).

The existence of organic solvent in PEDOT:PSS thin film also provides great
support in enhancing the connectivity between the interface of PEDOT:PSS thin film as
hole transport layer (HTL) with the active heterojunction layer of P3HT and PCBM in
organic solar cell which results in better performance in the device compared to by using

undoped PEDOT:PSS thin film as HTL (Mauger et al., 2012 ).

Thus, despite its structural stability, high optical transparency and process ability,
the modification of PEDOT:PSS is essential in order to enhance its electrical properties to

become the efficient buffer layer in optoelectronic device.



1.2 History and background of thermoelectric device.

In the consequent of the extensive research on finding convenient device in
renewable energy technology, the highly desired to fully use the tremendous wasted heat
which released from the manufacturer processes, industrial activities and automotive
exhaust has motivated the work on transforming the wasted heat to electricity through

specific instrument namely thermoelectric device (Hochbaum, 2007).

The thermoelectric (TE) generator is a solid state heat engines with special materials
properties enable them to convert waste heat into electricity. The efficiency of this device is
closely related to the semiconductor’s material properties and is determined by its figure of
merit, ZT, which is a dimensionless unit depending on the Seebeck coefficient (S), absolute

temperature (T), electrical conductivity () and thermal conductivity (k):
ZT = S%g = 1.1
K

However, the thermoelectric efficiency which consists of electric power produced
over waste heat-inis currently only about 1/6 of the maximum Carnot efficiency. Although
it is unexpected that thermoelectric device can act as part of the large scale energy
production, this device indeed contributes in the recent technologies. Their exclusive solid
state properties offer several benefits with respect to other established technologies. One of
the attractive performances of thermoelectric device which found similar to the solar cell is
that their ability to produce electricity without moving parts. Thus, this device is capable in
the convenient aspects as noise free and low in maintenance, operation and instrument cost

which permit their usage in a harsh or remote surroundings (Bell, 2008).

The major advantage in thermoelectric devices is their scalability where their

efficiencies are maintained regardless of the magnitude of power level although for



example at milliwatt level. As a results, the thermoelectric devices seem to be more
efficient and the increase in ZT will only improve the range of applications where
thermoelectric are more efficient (Vining, 2009). Table 1.2 tabulates the research summary
on thermoelectric performance from 1980 to 2010s while Figure 1.1 demonstrates the
thermoelectric performances, ZT on several thermoelectric materials that have been studied
(Tritt & Subramanian, 2006). It is noted from the table that presently, PEDOT material was
also been used as thermoelectric compound, hence has encouraged the investigation of

thermoelectric properties in the modified PEDOT:PSS thin film in this work.

Table 1.2: Timeline of Thermoelectric and related research over the last 30 years.

YEAR RANGE THERMOELECTRIC EVENT

1980s - Minimum thermal conductivity and conducting polymer
were discovered.

1990s to 2000s - TE quantum well theory

- Vacuum thermionic cooling

- Glass-like heat flow (skutterudite)

- Attempts of TE polymer-inorganic composites
- Quantum well structures

- Heterostructurethermionics

- Crystals with complex electronic structures

- Superlattice thin-film structures

2000s -2010s - Bulk nanostructured materials

- Polymer-CNT TE nanocomposites
- Strained endotaxial nanostructures
- PEDOT-Tos
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Figure 1.1: Figure of merit Z7shown as a function of temperature for
several bulk thermoelectric materials.

1.3 Motivation for the research work

Although PEDOT:PSS is fully adequate due to its high transparency behavior, it is
crucial to improve its electrical properties in order to become an efficient buffer layer in
organic solar cell. A compromise is needed to obtain PEDOT:PSS thin film that can
simultaneously exhibit high transparency and conductivity. The urgency to overcome this
issue has forced the utilization of many methods including expensive and complex
procedures. Nevertheless, many of such offer inconvenient effect to the technology where
PEDOT:PSS involves as one of the major components in their manufacture products for
example in organic solar cell and organic light emitting diode. This research is triggered by
the need to seek for a green and simple method upgrading PEDOT:PSS performance for
optoelectronic devices. Hence, the focus are on utilizing the non-toxic polymer conductive
PEDOT:PSS, doping with non-toxic organic polar solvent, glycerol and non-toxic metal

oxide (ZnO and AZO) as the chemical solutions for the green-assisted method.
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Besides, it is well known that PEDOT:PSS can be the next potential candidate to
replace ITO as a transparent conductive oxide layer. It is hoped that this work may provide
new ideas on how to improve PEDOT:PSS as buffer layer utilizing a simple, economical
and green technology friendly method.

Moreover, in the invention of green organic technology, thermoelectric device is
another alternative to organic solar cell which offers approximate equal benefits as organic
solar cell. Although, the thermal dependences of thermoelectric device has limited the
efficiency achievement to be compared to organic solar cell, its solid state scalable
technology found to be appealing enough and worthwhile to be study. Nonetheless,
PEDOT:PSS does not only appear to be the main part in organic solar cell but also widely
used as an efficient p-type material in organic thermoelectric device. Therefore, it is
worthwhile to extend the study in this research by utilizing PEDOT:PSS in thermoelectric

device.

Therefore, in this work, the research problem is addressed as:-

- The electrical properties of PEDOT:PSS was not compatible with high transparency
ability in PEDOT:PSS. Although PSS particles has contribute in solving the
insolubility issue in PEDOT solutions, the insulator behavior of PSS particles leads to
the limitation in PEDOT electrical properties, specifically in terms of electrical
conductivity. The raise in transparency of PEDOT:PSS lead to the decreasing in its
electrical properties which shows unstable behavior in PEDOT:PSS to be applied in
organic solar cell.

- The used of high maintenance, expensive, toxic and complex procedures in order to
improve the electrical properties of PEDOT:PSS which may create corruption effect in

environment and economical perspectives.

11



In general, the suggestion solutions to modify the optical and electrical properties of

PEDOT:PSS thin film are consists of :-

- Introducing polar solvents of glycerol and ethylene glycol as the doped materials to
PEDOT:PSS in order to modify the optical and electrical properties of PEDOT:PSS.

- Adding metal oxide of zinc oxide (ZnO) and aluminum zinc oxide (AZO) as the metal
doped materials to PEDOT:PSS.

- Using a simple method of sol-gel process to prepare the mixed solutions of doped
PEDOT:PSS and spin-coating technique to deposit thin film of doped PEDOT:PSS and

also in the process of organic solar cell fabrication.

1.4  Research goal and objectives

The goal of this work is mainly to study the effect of types of dopant on the
electrical and optical characteristics of PEDOT:PSS. Two types of dopant used in this study
are organic and inorganic materials.

The organic polyol polar solvent materials used in this work are glycerol as the
nontoxic candidate and ethylene glycol (EG) as the toxic candidate. The reason to use both
opposite properties is because these two materials possess equal in molecular structure and
chemical bonding, hence it is crucial to observe whether which material can contribute for a
better electrical as well optical characteristics of PEDOT:PSS as buffer layer in organic
solar cell.

Moreover, alternative materials of inorganic metal oxides are also investigated in
this research, to be used as dopant in PEDOT:PSS. Zinc oxide (ZnO) and aluminum zinc
oxide (AZO) produced by a simple sol-gel technique will be examined in term of their

electrical, optical as well as microscopic properties. In this case the composite materials

12



called hybrid inorganic/organic material; by producing a metal oxide/PEDOT:PSS in
solution form, which will then be used as buffer layer in organic solar cell. Towards the end
of this research, the influence of modified PEDOT:PSS onto the thermoelectric behavior
(temperature gradient) is also studied.

Hence in this work, the PEDOT:PSS were modified by doping with
glycerol, EG, ZnO and AZO materials. The modified PEDOT:PSS were then deposited
onto glass substrate as thin films. The optical, electrical as well as microscopic properties of
the modified PEDOT:PSS thin films were measured by specific equipment to determine the
best characteristics. Then, the organic solar cell were fabricated, utilizing the modified
PEDOT:PSS as the buffer layer and compare the device efficiency with respect to the
different dopant materials and variation percentage of dopant materials. Other than that, the
electrical behavior of the modified PEDOT:PSS with respect to temperature gradient across

the thin films were also been observed.

Thus, there are specific objectives need to be properly addressed as listed below:

1. To investigate the effect of doping various percentage of glycerol, EG, ZnO
and AZO materials to the optical properties of PEDOT:PSS thin films.

ii.  To examine the effect of doping various percentage of glycerol, EG, ZnO
and AZO materials to the electrical properties of PEDOT:PSS thin films.

iii.  To analyze the effect of doping various percentage of glycerol, EG, ZnO and
AZO materials to the microscopic properties of PEDOT:PSS thin films.

iv.  To study the efficiency of fabricated organic solar cell with respect to the
different dopant materials and variation percentage of dopant materials in
modified PEDOT:PSS as the buffer layer in the devices.

v. To observe the effect of temperature gradient across the modified

PEDOT:PSS thin films with respect to their electrical behavior.

13



1.5 Thesis Outline

Overall, the contents of thesis includes the details of the procedures, analysis and
achievements of the PEDOT:PSS with two organic materials and a metal oxide as the

dopant materials.

In chapter 2, the background concept of organic solar cell is explained including the
basic function of each component in the device. The hurdle experienced by the device also
will be addressed in order to relate to the solutions taken by other researchers specifically
on the approaches used to enhance the buffer layer properties of the device. Next, the detail
introduction of PEDOT:PSS with the molecular structure, the chemical behavior and the
advantages of PEDOT:PSS as buffer layer in organic solar cell were explained. Other than
that, the weaknesses in PEDOT:PSS are also properly addressed and the options taken to
improve PEDOT:PSS by other researchers are also elaborated in general. Then, the addition
reviews on the thermoelectric concept and background of the thermoelectric device are
explained to provide guidelines for the works of doped PEDOT:PSS on thermoelectric field
and to relate with the thermoelectric module which is built exclusively in this work.

While in chapter 3, it begins with the detailed explanation on the sample preparation
of the dopant materials followed by the doping processes and the preparation of doped
PEDOT:PSS solutions will be discussed. Next, the fabrication of organic solar cell and the
thermoelectric module are completely described and the specific measurements and
calculation techniques are finally presented in this chapter. All of content descriptions in
this chapter were assisted by specific diagrams, picture and equations to ease the
understanding process for the research procedures and methodology in this work.

On the other hand, Chapter 4 consists of several subtopics which separated the

characterization processes, initially the presentation of the optical properties results. Then

14



the results on the electrical properties are delivered followed by the explanation of the
morphology of the studied doped PEDOT:PSS thin films. Consequently, the Raman
spectroscopy results which provided the information on the chemical structure of the doped
PEDOT:PSS are presented followed by the results on the organic solar cell efficiency. All
segments are presented with the support of graphs, list of datas and mathematical values in
specific tables and calculation details for analysis purposes.

Next in Chapter 5, elaborates on the results obtained from the experiment studies of
the thermoelectric devices based on the doped PEDOT:PSS were described. Discussion of
thermal gradient are laid in this chapter, with variation of dopant types used in
PEDOT:PSS. Moreover, some results and values obtained using the commercially available
high quality PEDOT:PSS; PH1000 are also presented and analysed for comparison.

Chapter 6 concludes the finding based on the obtained results and analysis of this

study. Finally, some suggestions on future works are described.
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CHAPTER 2

BACKGROUND STUDIES

Overview.

In this chapter, several topics in organic solar cell and thermoelectric were
reviewed. The previous works reported by other researchers regarding organic solar cell,
PEDOT:PSS material and thermoelectric were also described in details. This chapter begins
with the background explanations on organic solar cell consists of the basic working
principles and the view of the cross section of the device was also defined in details
together with the description of the common materials used in each component in organic
solar cell. The background of PEDOT:PSS material was also included to provide adequate
knowledge about the subject material in this work. In addition, several materials which
involved as doping substances in PEDOT:PSS were also described in details. This work
was focused on using modified PEDOT:PSS as buffer layer in organic solar cell and in
thermoelectric device. Hence the concepts of efficiency and performance of the organic

solar cell and thermoelectric device were also elaborated in depth in this chapter.

2.1 Background of Organic Solar Cell Devices.

An organic electronic devices such as organic solar cell (OSC) and organic light
emitting diode (OLED) have been widely fabricated due to its promising performance,
having good flexibility, environmentally clean, and low fabrication cost. Many studies were
implemented in order to improve the efficiency and stability of the devices which focusing
on the main components of the devices. In both devices, the basic components consist of

two electrodes, namely cathode and anode, active layer and buffer layer. The buffer layer
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acts as the supportive medium incorporated the electrodes and active layer for the
improvement efforts in the devices.

Polymer based-organic solar cell specifically focusing on organic solar cells made
of active layer of the composite polymer materials become the main focus in this study.
Such active layer of around 100 nm thick can be prepared via solution processing
techniques. By referring to Figure 2.1, as light strikes on the glass substrate of the device,
the photons pass via the transparent glass and anode layer before they reach the active
layer. The absorption of photons in the organic active layer forms the bounds of electron-
hole pairs known as excitons. The difference in work function between donor and acceptor
layers in active layer will urge the separation of electron and hole in the excitons (Kietzke,
2007). The donor and acceptor materials used to determine the charge carrier transport after
the diffusion process in the active layer of the organic solar cells. As a result of the
diffusion process, the electrons will flow towards the cathode while holes move towards
anode (Lin et al., 2012).

In polymer based-organic solar cell, the active layer normally consists of bulk
heterojunction composite polymer of donor and acceptor materials where a conjugated
polymer material such as P3HT acts as electron donor while fullerene derivative such as
PCBM will act as electrons acceptor component. This heterojunction layer is able to form
an interpenetrating network that provides a large interfacial area for charge separation and

continuous pathways for charge transport (Mauger et al., 2012).

Both materials have differences in their highest occupied molecular orbital
(HOMO) level of the donor (quasi Fermi level of the holes) and the lowest unoccupied
molecular orbital (LUMO) level of the acceptor (quasi Fermi level of the electrons). This

gradient in the chemical potentials of electrons and holes yields an internal electrical field

17



which defines the maximum open circuit voltage (V,.) and leads to a field-induced drift of
charge carriers assists by the internal electric field. Donor material has excess amount of
holes that will be transported to the anode, while acceptor material having excess amount of
electron that will be transported to the cathode after the diffusion of exciton to free

electrons and holes.
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Figure 2.1 : Schematic diagram of the ideal operation in polymer:fullerene organic solar cell

In solar cell the efficiency is measured based on the amount of electric power of the
device could produce and compared to the electric power of the device received from the
sun. The measured electric power was produced by the collected electrons and holes when
both free charge carriers flow accordingly from the organic solar cell to the external circuit.
Specifically in organic solar cell, in order to ensure the smooth flow of free charges to each
electrode, the efficient arrangement in the work function of the HOMO and LUMO levels
of each component in the device is crucial. Both levels need to be arranged in a way that
will permit a complete transportation of free charge carriers after receiving the sufficient

energy from the sun. However, there is a possibility that the diffused charges of electrons
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and holes will recombine back to exciton, which due to material defects or interface states
hence decreasing the photocurrent generation and reduce the efficiency of photovoltaic
device.

The recombination of free electrons and holes normally occur between the active
and the cathode layers and also at the interfacial of donor and acceptor blend of active layer
in organic solar cell. Therefore, to reduce the recombination of free electrons and holes, a
buffer layer between electrode and active layer is introduced. A buffer layer which located
between anode and active layer, should be able to block the electron away from anode by
only allowing holes to pass through, such layer is also known as hole transport layer (HTL).
In such way, the recombination of generated free charge carrier could be reduced, and the
flow of holes to the anode can be increased. In particular, it can be suggested that a HTL is
used for three reasons, firstly is to smooth the prickly surface of ITO, which can cause
shorts, secondly is to create a link between the ITO (anode) and the active layer by
providing alternating energy levels so that holes do not experience huge electrical barriers
and lastly, it modifies the work function of the anode (Mauger et al., 2012).

PEDOT:PSS as semiconducting copolymer, is the most common used HTL material
owing to several reasons and factors such as it is insoluble in organic solvents, conductive
and it is transparent to visible light. Moreover, it possesses a stable work function, will
accept holes from any polymer (regardless of its highest occupied molecular orbital
(HOMO) and is electron blocking. This layer is significantly important because this
electron blocking-layer improves device efficiency as it reduces dark current, which
increases the open-circuit voltage of an organic photovoltaic (OPV) device (Mauger et al.,

2012).
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2.2 Poly (3,4-ethylene dioxythiophene): poly (styrenesulfonate) (PEDOT :PSS)

Poly(3,4-ethylenedioxythiophene) with its abbreviation, PEDOT is a well-known
conductive polymer. In PEDOT chains there are charges or dipoles with specific structure
called benzoid that is organized in curling order. A soluble PEDOT derivative was prepared
by electrochemical polymerization method which yields an insoluble polymer with
interesting properties of high conductivity and almost transparent in its thin and oxidized
state of PEDOT film (Crispin et al., 2003).

Originally, it is impossible to form PEDOT pristine films in ambient condition
because the pristine PEDOT is very unstable in its neutral state where the oxidation rate is
high in air. Moreover it is insoluble in all common solvents hence by p-doping the PEDOT
with high conductivity can be achieved. However PEDOT also can be over-oxidized where
the oxidation may yield the traps that could cause drastic decreased in its conductivity
values.

In order to overcome the poor solubility issue, a polyelectrolyte namely poly
(styrene sulfonic acid) (PSS) was employed as primary doping material for PEDOT in
order to ensure its solubility in water. PSS acts as a negative counterion to the positively
charged PEDOT and results in the charge-balancing dopant of PEDOT:PSS combination
(Cook et al., 2014). This mixture produced an aqueous dispersion of PEDOT:PSS with
several advantages of forming a better film, higher conductivity, transmits higher visible
light and good stability (Pathak et al., 2015). In addition, this polymer blend also possessed
a stable polymer system which in return desires only a simple processing procedure such as

spin coating technique to perform film on different substrate materials (Yan et al., 2009).

The simple description of the structure of PEDOT:PSS thin film is illustrated in

Figure 2.2 where the image representing the aqueous solution of PEDOT:PSS. It is consists
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of PEDOT rich particles and covered by PSS lamellas. The PSS portion developed thin top
layer onto the PEDOT-rich particles which immersed beneath PSS after solid state

processing (Xiong & Liu, 2012).

. PEDOT-rich particles = PSS

Figure 2.2 : Schematic of cross sectional morphological model of PEDOT:PSS thin film.

In addition to clearly visualize the chains condition of both polymers, J.
Gasiorowski et al have described PEDOT:PSS in Figure 2.3 as a complex system where the
PEDOT rich particles (blue) covered several parts of the isolated PSS rich chain(red) with a
range of magnitude from micro to nano sizes. The aqueous PEDOT:PSS solution consists
of polymer chains that form compact random coils of spherical nanostructure during the
drying process in solid state films.However, in the case of the doped of DMSO into
PEDOT:PSS, this spherical form of PEDOT:PSS shape was gradually transformed to an

ellipsoidal arrangement (Gasiorowski et al., 2013).
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Figure 2.3 :Illustration of PEDOT:PSS polymer chains before doping and after doping to
DMSO.

Although PEDOT is insoluble and owns a low molecular weight polymer but it is
conductive, while PSS is an insulating polymer but yet possesses a high molecular weight.
The combination of both polymers yields equilibrium in their chemical and physical
properties which offers flexibility that required in PEDOT solution. Moreover, the
electrostatic attraction of oligomer PEDOT portions to PSS chains have increases the
solubility of the compound resulting in easier processing procedure (Laskarakis et al.,
2013).

The chemical structure built in PEDOT consists of two resonant structures, benzoid
and quinoid as demonstrated in Figure 2.4. The benzoid structure was based on two
conjugated-electrons that form the C,-Cp bond, while for quinoid structure no conjugated
electrons on the C,-Cg bond. The PEDOT structure may transform from benzoid to quinoid
condition complemented by conformational adjustment in the chains from coil shape to
linear or expanded-coil shape. This transformation happens to reduce the complexity of the
structure and results in enhancement of the electrical properties of PEDOT (Wichiansee &

Sirivat, 2009).
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Figure 2.4 : Two kind of resonant structures exist within PEDOT.
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Both structures of benzoid and quinoid may exist in PEDOT:PSS film. The benzoid
structure seems to be the preferred structure for a coil conformation, while the quinoid
structure could be the favored structure for a linear or expanded-coil structure. The
transformation from curly-based structure of benzoid to the straight or extended coil of
quinoid structure leads to the conductivity enhancement on the PEDOT chains (Teguh &
Yeow, 2014).

Buffer layer can be important components in organic optoelectronic devices of both
OSC and OLED in enhancing their electronic conduction ability. In OSC, the main purpose
of buffer layer is to support the gathering of holes which were diffused in active layer to
anode layer in order to generate electricity. PEDOT:PSS seems to be the most preferable
material used as buffer layer due to several beneficial properties. Instead of having a direct
contact arrangement of anode (ITO) and active layer, PEDOT:PSS can be used as the best
solution to have the superior injection/collection of charge carrier which is located between

the ITO (anode) electrode and bulk heterojunction active layer. This is due to the ability of
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PEDOT:PSS in forming a uniform, conductive, transparent and stable thin film which
results in a stable and smooth ITO surface. Therefore, the advantages of PEDOT:PSS leads
to the improvement in the connection to the organic layer and support the hole injection to

the electrode (Ouyang et al., 2004; Wichiansee & Sirivat, 2009).

2.3  Doping in PEDOT:PSS.

PEDOT:PSS possesses high transparency properties that permit a large amount of
photons to pass through it and subsequently reach the active layer. However, the function of
PEDOT:PSS as HTL is not only rely on the transmission of photons but also as a transport
agent to usher the free holes from active layer to anode in organic solar cell. Hence the
ability of PEDOT:PSS in assisting the flow of free holes from active layer is strongly
depends on its electrical properties aspect. The efficient electrical properties of conductivity
and mobility of PEDOT:PSS are the important factors in order to transport maximum rate

of diffused free holes to the anode of the device.

Although PSS is the primary dopant for enable PEDOT to become soluble in water,
the original nature insulation properties of PSS seems to create minor limitation for PEDOT
conduction to perform as a good free charge transporter. Such discrepancy may be due to
the lamellas structure of PSS surroundings the PEDOT causing the reduced in its electrical
conduction. In order to overcome this limitation, several options were implemented to
increase the electrical conduction of PEDOT:PSS. Grid deposition and soft lithography
(Aernouts et al., 2004; Glatthaar et al., 2005) of PEDOT:PSS are among the methods that
contribute to the enhancement of its electrical properties. However, the second option via
doping process using the polar solvent into PEDOT:PSS is most likely to be an economical

and environmental friendly. Among the potential secondary dopant that can be used for this
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purpose are glycerol, ethylene glycol (EG), DMSO and sorbitol (Dimitiev et al., 2009;
Huang et al., 2008; Ouyang et al., 2004; Rodriguez et al., 2011).

On the other hand, an inorganic metal oxide can also be used as an alternative
dopant in PEDOT:PSS to increase its electrical conduction. The attempt on using ZnO or
AZO as buffer layer were implemented which has been proven to enhance the performance
of organic solar cell (Dong & Zhou, 2010) since zinc oxide own high electrical conduction
properties and high transparency. Moreover, the metal oxide such as zinc oxide with
aluminum (metallic) doped is believed to be able to improve the mobility and conductivity
of zinc oxide itself. Hence, the mixture of both PEDOT:PSS and zinc oxide seems to be
good potential combination in rising the electrical aspect of PEDOT:PSS thin film (Park et

al., 2011;Dong & Zhou, 2010; Semaltianos et al., 2010; Sharmaa et al., 2009).

2.3.1 Glycerol doped PEDOT:PSS.

Glycerol in liquid state is under 3-OH group in plyol compound appears as colorless
liquid, odorless and have a syrupy and sweet taste. The best part of glycerol is that it is a

non-toxic material that has a high boiling point and can be used as plasticizer.

'J HO™ T “OH
o o
Glycerol

Figure 2.5 : Molecular structure of glycerol

As illustrated in Figure 2.5, glycerol was previously chosen as a secondary dopant

in PEDOT:PSS in organic thin film transistor (OTFT). The deposition of glycerol doped
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PEDOT:PSS was made by using ink jet printing process for OTFT fabrication. It was found
that, with the addition of glycerol into PEDOT:PSS, It contributes not only in modifying
the viscosity condition from ink jet process but also enhanced the electrical conductivity of
PEDOT:PSS (Lee et al., 2010).

In addition of using glycerol doped PEDOT:PSS in OTFT, this combination seems
to establish interesting performance in organic light emitting diodes (OLED) as well. Ana
B. Rodriquez and her team suggested that glycerol exists as a cross-link agent which offers
protection to PEDOT:PSS from water and moisture. Hence, the OLED device with glycerol
doped seems to provide advantage in practical application results from high quality
consistency of the device even after water immersion testing. However it is essential to
control the addition of glycerol since the quality of the device performance is declined with
larger amount of glycerol. The optimum amount of glycerol is suggested to be around 5%
to promise a good performance of OLED device (Rodriquez et al., 2011).

Another work on using ink-jet method for glycerol doped PEDOT:PSS film printing
have been performed by Zhaoting Xiong et al. In addition of thermal annealing process to
the developed thin film, glycerol doped results in improving the film jetting process due to
the change in ink viscosity. Moreover, the conductivity of PEDOT:PSS with glycerol also
increase drastically 300 times compared to PEDOT:PSS without glycerol (Xiong & Liu,
2012).

The preheated treatment of glycerol doped PEDOT:PSS thin films was proved to
exhibit better conductivity where it increased for over three orders of magnitude compared
to the preheated pure (pristine) PEDOT:PSS (Yin et al., 2010). The enhancement of
electrical properties also accompanied by the tremendous reduction in resistivity of
PEDOT:PSS and the decreased in transmittance with the high heating temperature to the

doped PEDOT:PSS. However in average, the decline of only about 1-3% at short
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wavelength (300-600nm) in its optical properties is still in a reasonable and sufficient range
for buffer layer application in organic solar cell (Tsai et al., 2008).

Glycerol doped PEDOT:PSS has also been utilized as a top electrode in the
fabrication of inverted organic photodiodes by T.Nyberg et al. The device shows interesting
outcome with glycerol doped PEDOT:PSS, poly (3-(4’-(17,4”,7-trioxaoctyl) phenyl)
thiophene) (PEOPT) and bismuth as transparent anode, organic active layer and metal
cathode, respectively. They claim that the successful process of spin coating the doping of
glycerol to PEDOT:PSS onto the hydrophobic PEOPT is due to the glycerol existence and
the silanize procedure upon PEOPT (Nyberg, 2004). Thus, their findings have encouraged

high motivation to utilize glycerol as one of our doping candidate material in this work.

2.3.2 EG doped PEDOT:PSS.

/\/OH
<) HO

Ethylene Glycol

Figure 2.6 :Molecular structure of ethylene glycol

As shown in Figure 2.6, it is shown that EG is mostly identical with glycerol in its
physical appearances which is odorless and colorless in liquid condition. The taste of EG is
also syrupy and sweet and has a high boiling point. However compared to glycerol, EG

comes from a 2-OH group in plyol component and is highly toxic material.

Work on EG as a dopant for PEDOT:PSS aqueous solution was implemented
(Ouyang et al., 2004) where the conductivity of PEDOT:PSS was observed to be increased

from 0.4 to 200 S/cm. In this case, the conductivity enhancement is believed to be strongly
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dependent on the chemical structure and the EG treatment that lowers the energy barrier for
charge hopping among the PEDOT chains. Their clear explanation on the enhancement of
conductivity with EG doped PEDOT:PSS offers high motivation on this study. EG could to
a drastic morphology arrangement with existence of large domains results in increasing the
interchain interaction.

Moreover, EG treatment encourages the PEDOT chains transformation from the
benzoidto the quinoid structure which leads to a conformation changes from the coil
structure into expanded-coil or linear structure. Enhancement in conductivity of
PEDOT:PSS with EG addition is due to the major impact in PEDOT chains which is
registered as the conductive polymer chains. On the other hand, EG addition is likely to
overcome the isolation effect of PSS in the PEDOT:PSS compound (Teguh et al., 2014).

Another interesting research was from W.Wichiansee and A.Sirivat work which
strongly offers great support in the use of EG in the present work is the mixture of EG and
PEDOT:PSS in certain volume ratios by casting process and dried in vacuum oven at
100°C. The drying processes at different range of temperatures of EG doped PEDOT:PSS
contribute in water lossen, the loss of the residue solvent EG, the side chain degradation
and the polymer backbone degradations of PSS and PEDOT chains. All transitions not only
responsible in increasing the particle electrical conductivity of PEDOT:PSS but it also
affects the electro-rheological properties of PEDOT:PSS blends (Wichiansee & Sirivat,
2009).

The used of EG in this work is important for the comparison purpose with the result
from the used of glycerol as dopant since both were under the same alcohol group with
almost the same molecular structure. However glycerol is very much less toxic than EG,
therefore the study on EG seems to be a compliment to glycerol in order to investigate their

ability as doping material in PEDOT:PSS.
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2.3.3 Zinc Oxide and Aluminum Zinc Oxide doped PEDOT:PSS.

o
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Figure 2.7 :Molecular structure of aluminum zinc oxide

The molecular structure of ZnO is shown in Figure 2.7. In effort to develop a
hybrid organic device which merges the organic material and inorganic material, zinc oxide
is suggested to become the high potential candidate to cooperate with PEDOT:PSS. The n-
type properties of zinc oxide could increase the number of electrons in PEDOT:PSS and
also reduce the energy band of PEDOT:PSS. As a result, the conductivity of PEDOT:PSS is
expected to increase with the doping of this metal oxide.

The corporation of ZnO nanoparticles into PEDOT:PSS by laser ablation which was
proven to enhance the electrical properties in double has offer major motivation of using
this metal oxide as the inorganic doping material to PEDOT:PSS (Semaltianos et al., 2010).
In addition, ZnO was also doped to the most well-known dopant material, aluminum which
was expected to produce interesting outcome of conductivity enhancement. Other than that,
several works involving ZnO and AZO as buffer layer in organic solar cell device also
encouraged the usage of ZnO and AZO materials in this research (Godoy et al., 2010; Ju et

al., 2009; Dong & Zhou, 2010; Sharmaa et al., 2009).
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In another different work, zinc oxide nanoparticles have been used to replace
PEDOT:PSS as buffer layer in organic solar cell. The buffer layer acts as a hole blocking
layer to prevent recombination process of the charge carrier dissociation. Zinc oxide
nanoparticle acts very well as a buffer layer although not much improvement is observed
compared to the device with PEDOT:PSS as a buffer layer (Dong & Zhou, 2010).

Moreover, an encouraging result in a research using ZnO as buffer layer has been
presented where ZnO was used as intrinsic buffer layer on AZO transparent electrode of
organic solar cell. This buffer layer was successfully avoid the shunt path in the device and
enhanced the device performance owing to the one without the intrinsic ZnO layer (Park et
al., 2011).

Different approach has been reported by the use of double layer of ZnO as buffer
layer inserted between ITO and PTA6/PCBM device and significant raising was found in
the amount of free electrons from active layer to electrode. Although it only contributes to
small increment in the efficiency of the organic solar cell, it demonstrates that this metal

oxide material works well within organic material (Ju et al., 2009).

2.3.4 DMSO doped PEDOT:PSS.

Figure 2.8 illustrates the molecular structure of DMSO. To date, the doping of
DMSO to PEDOT:PSS was reported where the conductivity of PEDOT:PSS PH1000 is
successfully improved to 1000 S.cm™ (Gasiorowski et al., 2013) with the addition of
DMSO. The finding is even more interesting since it also maintained the optical properties
at a good range with the DMSO existence. Hence the modify PEDOT:PSS is in good
condition to replace the shortcoming and expensive ITO in organic optoelectronic

application in future (Gasiorowski et al., 2013).
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Figure 2.8 : Molecular structure of DMSO

The post annealed treatment of DMSO doped PEDOT:PSS contributes to the
efficiency of OSC up to two order of magnitude. The conductivity of pure PH1000
PEDOT:PSS is drastically increased from 1.65 to 866 S.cm™ with the present of DMSO.
Hence it motivates the authors to imply this DMSO doped PEDOT:PSS as buffer layer in
organic solar cell with P3HT/PCBM as the active layer organic material.

The variation in surface morphology with the existence of DMSO attributed to the
improvement in electrical properties of PEDOT:PSS. Hence, the increase of charge carrier
transport mobility contributes to the raise of the electrical conductivity of free holes from
the active layer to the anode. Therefore, the improvement in buffer layer needs to be taken
into account in ensuring the better efficiency in organic solar cell (Karagiannidis et al.,
2012).

Due to the interesting outcome of efficiency in the device with DMSO doped
PEDOT:PSS as buffer layer, the work on replacing ITO with this doped conducting
polymer seems to be highly motivated. Seok-In Na et al shows that the use of DMSO doped

PEDOT:PSS as polymer anode in organic solar cell exhibits comparable efficiency with the
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conventional organic solar cell with ITO as anode layer. Hence the authors suggested that
the issues of limitation and expensive ITO may be overcome with this alternative (Na et al.,
2008).

In addition, O.P.Dimitriev et al compared the conductivity of DMSO doped
PEDOT:PSS with EG doped PEDOT:PSS. They concluded that DMSO produced better
performance in enhancing the electrical properties of PEDOT:PSS compared to EG. An
equal amount of doping DMSO and EG is mixed with PEDOT:PSS which shows drastic
difference in the conductivity value of the PEDOT:PSS. The conductivity of PEDOT:PSS
is increased after the doping of DMSO and EG from 0.022 S/cm (in pristine) to 1.75 S/cm
and 0.5 S/cm, respectively . Hence, the doping of DMSO to PEDOT:PSS seems to offer
better performance for this conducting polymer in organic optoelectronic device application
(Dimitriev et al., 2009).

However, carbon nanotube (CNT) seems to be a tertiary dopant after PSS (for
soluble PEDOT), and DMSO (to improve conductivity). CNT gives further increase in
conductivity by reducing the resistivity even more. The electrical conductivity is increased
even more with the combination of DMSO with CNT as dopants for PEDOT:PSS by giving
further advantage as a heat dissipation material for flexible electronic devices (Park et al.,
2011). However, DMSO is a highly toxic material which is not really encouraged to be
used for our work that mainly focus on low cost fabrication and green technology

application (Elmoazzen et al., 2007; Ravindran et al., 2011).
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2.3.5 Other addition to PEDOT:PSS.

Yijie Xia et al, enhanced the conductivity of PEDOT:PSS by treating itwith a fluoro
compound, hexafluoroacetone (HFA). The interactions between amphiphilic HFP20H of
this compound and PEDOT:PSS is responsible in inducting thephase segregation of some
hydrophilic PSSH from PEDOT:PSS. In addition the merge of HFA and PEDOT:PSS can
also attributes to the conformational change of the conductive PEDOT chains. The
conductivity drastically increases in four factor of magnitude with HFA by two significant
interactions exclusively to PEDOT and PSS. The hydrophobic —CF3 groups from the HFA
compound reacted with the hydrophobic PEDOT chains while the hydrophilic of —OH
groups of HFA compound reacted with hydrophilic PSS chains (Xia et al., 2012).

However, HFA 1is highly hazardous toxic that may harmful to the human breathing
system and affected to the human skin as well. Hence, in spite of the interesting result in
enhancing the conductivity of PEDOT:PSS, this is off listed in order to establish organic

device in green technology.

24 Power conversion efficiency.

The components in organic solar cell based on substrate of ITO as the cathode,
PEDOT:PSS as buffer layer, active layers of P3HT and PCBM and anode of aluminum.
The materials were sandwiched in such an order according to their energy level to promise
the flow of free charge carrier to cathode and anode. By referring to Figure 2.9, the work
function of aluminum (Al) as cathode is arranged to be higher than the anode (ITO) level to
urge the diffusion of free charges to flow on their respective ways, where electrons to

cathode and holes to anode. PEDOT:PSS plays a role as a buffer layer where it is located at
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the middle between ITO (anode) and the active layer of P3HT:PCBM bulk heterojunction

which will act as a bridge for the transportation of holes to anode.

The difference in work function in active layer was reflected by the diode behavior
of the device without any exposure to light. The open circuit voltage, V,. was occur which
due to the existence of internal electric field with the energy band difference. However as
the device were exposed to light, the diffusion process of free charge carrier will generates

the short circuit current with the light influence.
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Figure 2.9 : Energy band diagram of the organic solar cell components(W. Zhang et al.,
2014)

Figure 2.10 represents the current-voltage (I-V) plot of organic solar cell in dark
condition, which forms a curve that obeys ideal diode behavior. The I-V measurement is a
task to obtain the current versus voltage or resistance characteristics by providing voltage-
current stimulus and measuring current-voltage reaction. It is a basic electric measurement

and a fundamental way to discover behavior and characterize the semiconductor devices,
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electronic devices and new materials. The I-V plot will provide the information on the
electric power generates by the measured device.

The operating regime of the solar cell in which the cell generates power corresponds
to the voltage range from 0 to Voc, where the V,.is the open circuit voltage. The V. value is
normally influenced by the bias at the p-n junction of the device under light illumination

condition.

Current 4

H >

Voc Voltage

Diode effectin dark condition

Figure 2.10: The current-voltage characteristics of an ideal organic solar in a dark
condition cell (no light applied on the device).

Basically, the cell power, P is given by the product of the current (/) and voltage (V)
produced by the organic solar cell. In addition, the device power, P reaches a maximum at
the cell’s operating point or maximum power point. This point occurs at a maximum
voltage, V,.and maximum current 7,..as illustrated in Figure 2.11.

Apart of V,., other quantities, namely short circuit current density, Js, fill factor,

FFand device efficiency, 7 are the main parameters for the performance characteristics of a
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solar cell and can be directly deducted from I-V plots under light condition as shown in

Figure 2.11 (Benanti & Venkataraman, 2006).

Current 4

/

L.

Figure 2.11 : The current-voltage characteristics of an ideal organic solar
cell in light condition.

The Ji. 1s the current produced by the organic solar cell while no potential difference
applied to the device. It occurs due to the short circuit in the device produced by the
generation and collection of light-generated carriers. It is determined from the curve at the
I-V plot together with the open circuit voltage, V,.. The current density, J;. is constructed
by dividing the /. value taken from the I-V plot with the active area of the device
approximately about 10 cm™.

The fill factor (FF) is defined as the ratio of the actual maximum power output to its
theoretical power output if both current and voltage were at their maximum /. and V.,
respectively. The FF is the key parameter to determine the cell performance and it is

measured by the area at the fourth quadrant of the I-V curve as shown in Figure 2.11.
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On the other hand, the power conversion efficiency, n of the cell is the power
density delivered at operating points (Js.V,. x FF) as a fraction of the incident light power
P; (Bin Yin, Qian Liu, et al. 2010). The efficiency is also determined as a percentage of the
ratio of output power, P,, produced by the device to the applied input power, P; from the

light illumination.
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In addition, the efficiency is also determined as a percentage of the ratio of output

power produced by the device to the applied input power from the light illumination.

2.5 Thermoelectric properties in doped PEDOT:PSS thin films.

The performance in thermoelectric device is based on the figure of merit (ZT) value which
consists of:

ZT = 257 23
K
This parameter is determined from the ratio of the product of electrical conductivity, o, the
Seebeck coefficient, S and the temperature, 7 to the thermal conductivities, x of the
materials used as p-type and n-type in the thermoelectric device.
The countless wasted heat produced in the surrounding which due to several
processes in the active industrial productions have not been recycled properly. However the

thermoelectric generation technology intends to conduct an efficient project using these low
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grade wasted heats based on their solid-state energy conversion mode. It seems to be a high
potential project due to its very low cost or even no cost in resources aspect which added
extra benefit for energy-saving and emission reduction in the green technology in future
(Gou et al., 2010).

In the thermoelectric device, the heating process of the aluminum top contact may
influence the charge transport properties of the p-type and n-type materials. By the present
of such thermal treatment, it may modify the structural characteristics of the organic
semiconductors, due to the fact that the transport properties of semiconducting films are
strongly depend on their structure of grain size and shape as well as the characteristics of
the contact between them (Rusu et al., 1998). In addition, the heating at one side of the TE
device constructs a temperature difference between both opposite sides which causes
charge carriers in the material to diffuse from the hot side to the cold side. The separation
of charge to the cold side creates an electric potential between two sides until it stops at the

maximum value since the electric field is at equilibrium.

However, as the temperature gradient increases, it continues to collect the charged
carriers onto the cold side which results in the growth of thermoelectric voltage and
subsequently produce electric power in TE device. Therefore, it can be suggested that the
variation of temperature gives Seebeck effect to the charge transportation in the material
and subsequently contributes to produce electricity. The schematic diagram of

thermoelectric device is illustrated in Figure 2.12.
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Figure 2.12 : Schematic diagram of the thermoelectric device and its external
circuit.

One of the main characteristic of polymer materials that is low in thermal
conductivity, x is essential in thermoelectric concept in order to yield high performance in
the device which is measured by the high ZTs. The studies on TE properties of
PEDOT:PSS have started about a decade ago, in 2002 when J.Y.Kim et al discovered that
the Seebeck coefficient decreased with the addition of dielectric solvent of DMSO
(J.Y Kim et al. 2002). Since the incorporation of PEDOT:PSS with DMSO has downgraded
the TE properties, the mixture of this organic material with inorganic material such as
Bi,Tes; and Te nanorods were implemented as an positive alternative. However, it results in
a finding that the efficiency of TE properties is highly depends on the individual
components, hence all compounds involve in PEDOT:PSS need to be enhanced in order to
obtain high performance in TE properties (Tsai et al., 2011).

It is interesting that the conductivity of PEDOT:PSS can be enhanced drastically by
the addition of various organic solvents such as glycerol, ethylene glycol and sorbitol.
Hence, in addition to its low thermal conductivity, flexibility and great thermal stability, the
high adjustable electrical conductivity of PEDOT:PSS hasbecomes a major advantage

inapplying it as thermoelectric material (Feng-Xing et al., 2008).
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Table 2.1: Electrical and thermoelectric properties of PEDOT:PSS.

Conductivity Seebeck coefficient Power factor,
Materials
(S/cm) (LV/K) S?c(mW/m.K)
PEDOT:PSS P ~50 ~13 8.45
PEDOT:PSS PH510 ~300 ~13 50.70
PEDOT:PSS
PH1000 >900 ~25 562.50

PEDOT:PSS has been widely studied in terms of its thermoelectric properties and
has shown a good potential to be used in thermoelectric device. Table 2.1 tabulates the list
of thermoelectric properties of several types of PEDOT:PSS. The types of PEDOT:PSS are
listed in Table 2.1 as PEDOT:PSS(P), PEDOT:PSS(PH 510) and PEDOT:PSS(PH1000)
with the conductivity of 50 S.cm™, 300S.cm'to 1000 S.cm™, respectively (Zhang et al.,
2010). The upgraded PEDOT:PSS exhibit large increment in all thermoelectric parameters

that consists of electrical conductivity, Seebeck coefficient and its power factor.

This is as to date such a common results produced for any conducting polymer that
have been studied (Zhang et al., 2010). However the Seebeck coefficient of PH1000 has
drastically increased with the increment in electrical conductivity. The conductivity in
modified PEDOT:PSS were improved due to the alteration of charge mobility. Hence a
significant increment in Seebeck coefficient can be ascribed to the growth of charge
concentration amount in the solutions (Liu et al., 2010).

Due to these interesting performance, the study on the effect of doped PEDOT:PSS
with glycerol, ethylene glycol (EG), zinc oxide (ZnO) and aluminum zinc oxide (AZO) in

this presence work to their thermal behavior is studied and observed. Moreover,
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PEDOT:PSS PHI1000 is used as the p-type thermoelectric material and paired with two
interesting organic materials, 3,4,9,10-Perylenetetracarboxylic dianhydride (PTCDA) and
tris(8-hydroxyquinoline) (Alq;) as n-type thermoelectric materials in a built in
thermoelectric module. The present work was focused on the investigation on the Seebeck
effect of these paired materials with respect to the temperature gradient across the

thermoelectric module.

As shown in Figure 2.13(a), PTCDA is a n-type organic material of the small
molecule group which has its own ordered crystalline structures. The charge transport is
assumed to be more efficient for a higher electrons mobility (Zahn et al., 2006). This
perylene derivative acted as a model system owing to its ability in constructing, well-
ordered layers on a variety of substrates which is an important factor for providing effective
electrical properties to PTCDA (Nicoara et al., 2006). As a result, PTCDA is likely to
become a good candidate as n-type organic material in the TE device. To the best of our
knowledge, this work is the starting point in studying PTCDA as n-type material for the
TE device. The outcome of this work is expected to provide a useful information on organic
TE technology for the future.

On the other hand, Alqgs has attracted our attention for studying TE
properties due to its very interesting properties as an electron transport material in organic
light emitting diodes (OLED) (Meyers & Weck, 2004). As shown in Figure 2.13(b), Alqs is
a small molecule material with ordered crystalline structures which is the significant
requirement for an efficient transport of charge for a higher carrier mobility (Zahn et al.,
2006). Best of our knowledge, Alqs has yet not been investigated as n-type material in the
TE device. Therefore, Alqs has been introduced as n-type material in this work without any

alteration or dopant treatment in order to investigate its own potential as n-type material in
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thermoelectric device. The function of this study is to give some feedback on the

preliminary attempt of using Alqs in thermoelectric device.

O PTCDA

Alq,
() (b)

Figure 2.13 : Molecular structure of two organic materials used as n-type in
thermoelectric module .

2.6 Conclusion.

This review provides general information in the modified PEDOT:PSS and their
usage as buffer layer in organic solar cell. The demand to increase the efficiency of organic
optoelectronic devices offers major requirement in modifying PEDOT:PSS since this
conducting polymer is the main material for hole transport layer in the device. The addition
process or so called secondary doping of PEDOT:PSS with organic solvent or other
mechanical methods are crucial in order to upgrade its performance in organic
optoelectronic devices. However due to the principle of green technology, the used of
environmental friendly, nontoxic, cheap and a simple process material is highly suggested.
Hence this work is specifically focused on glycerol, EG and doped zinc oxide as the doping

materials to PEDOT:PSS.
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Furthermore, the review also covered the thermoelectric concept and a brief
introduction on the organic materials that were used in this work. Concise observation on
the application of high conductive PEDOT:PSS and two n-type organic materials were also
included to lead an advance work on another possible renewable energy device which is
expected could be merge to organic solar cell in order to maximize the light source in two

ways applications of solar energy and heat energy.
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CHAPTER 3

METHODOLOGY

Overview

The organic semiconductor materials used in this study is presented in chapter 3, in
detail. Besides, the thin film preparations as well as experimental setup are also described
here. Finally, the mathematical operations and procedures used to determine the optical,
electrical and performance of organic solar cell and thermoelectric device were explained in

this chapter.

3.1 Preparation of samples.

The PEDOT:PSS brand Clevios PH500 (Series number:81076210) from Heraeus
Precious Metals GmbH & Co. was used without any alteration. The solutions were
filtered by using 0.5um nylon filter on the glass syringe before being mixed it with the

dopant materials.

3.1.1 Synthesis of glycerol and ethylene glycol doped PEDOT:PSS

Glycerol and ethylene glycol (EG) are the two alcohol based materials which have
the identical physical properties such as colourless, odorless and liquidity. Both were used
without any alteration and mixed with PEDOT:PSS solution. Glycerol and EG were
purchased from Sigma Aldrich Sdn. Bhd. with code number of G7893 and
324558respectively.The doping amount of glycerol and EG were determined by volume
rate ratio. For example, 2% doped glycerol mixed to PEDOT:PSS was based on the volume

of PEDOT:PSS, e.g: Sml. Hence, the volume of 2% glycerol is:-
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2 x5ml = 0.1ml 3.1
100

The amount of glycerol and EG doped to PEDOT:PSS were varied from 0% (which
also named pristine PEDOT:PSS) to 8% with 2% interval. Each doping material was mixed
to Sml PEDOT:PSS and was placed under ultrasonic bath at room temperature for 1 hour.

Subsequently all solutions were aged for another 24 hours before the deposition process.

3.1.2 Synthesis Of Zinc Oxide (ZnO) and aluminum zinc oxide (AZQO) doped
PEDOT:PSS.

The aim of this process is to synthesize zinc oxide solution and three aluminum
doped zinc oxide solutions with different aluminum doping percentage from 2% to 6% with
2% interval. Then the solutions were mixed with PEDOT:PSS liquid in a simple process of
ultrasonic bath to assure complete mixing between the metal oxide and semiconducting

polymer materials.

The ZnO and AZO solutions of each aluminum percentage were prepared using sol-
gel technique. First, the precursor solution of zinc oxide (ZnO) was prepared using zinc
acetate dehydrate, Zn(CH3CO,),.2H,O as astarting material and dissolved in 2-
methoxyetahnol. Few drops of diethanolamine (DEA) were used as stabilizer. This solution
was then divided into four different vials. While one of the solution remains undoped, the
other three were added with aluminum which obtained from aluminum nitrate
AI(NOs3)3.9H,0 precursor with variation of atomic percentage, 2.0, 4.0 and 6.0wt %. Then
all solutions including the pristine (undoped aluminum) were stirred at 3000 rpm under

magnetic stirrer for 2 hours, and annealed at 60°C. The resultant solutions which were very

45



clear and transparent were then kept ageing in vials for more than 48 hours before film

deposition process.

3.1.3 Preparation of doped PEDOT:PSS thin film.

The solution of all doped PEDOT:PSS were used in preparing the thin film on the
cleaned glass substrate by spin coating technique. Since the solution is based on organic
substance that tends to decompose with a heating treatment, this method is suitable owing
to its process which operates only under room temperature. Moreover, this method is
identified to produce a uniform and controllable thickness of the organic thin film.

The WS400B-6NPP-Lite spin coater instrument was used in this work which
required a nitrogen gas to control the pressure to hold the sample on its disk plate. The spin
speed, spin duration and spin mode can be adjusted and programmed in order to obtain the
desired thickness of doped PEDOT:PSS thin film.

In the present work, the thicknesses of all studied doped PEDOT:PSS were intended
to be approximately constant since the focus is to study the effect on different type of
material doping and their doping amount to PEDOT:PSS. Thus the spin speed for all
doping PEDOT:PSS solutions were maintained at 3000 rpm and spun for about 60 s which
expected to form doped PEDOT:PSS thin films with thicknesses only in the range of 100
nm to 150 nm. This range is the optimum thickness for buffer layer component in order to
assist the absorption of phonon light to the active layer region and as hole transport layer to
anode electrode.

Firstly, the cleaned glass substrate was placed at the middle of the disk plate inside
the spin coater. The glass substrate was holding on the disk plate under vacuum condition
while the spinning process is in progress. The instrument was set-up at the desired speed

and duration before the spin coating process started. After the deposition process completed
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the glass substrate was dried at 120°C for 20 minutes to remove the moisture in the
deposited thin film. Later, all doped PEDOT:PSS thin films were ready for the

characterization.

3.1.4 3,4,9,10-Perylenetetracarboxylic dianhydride (PTCDA) as n-type in

thermoelectric device

PTCDA powder was purchased from Sigma Aldrich and consists of a red powder in
colour. It was deposited on cleaned glass substrates under vacuum environment by a
thermal evaporation technique. The deposition pressure is 1 x 10 Mbar and the time taken
for a deposition process was around 3 min. This process produced PTCDA thin films with

the thickness approximately ~100 nm.

3.1.5 Tris(8-hydroxyquinoline) aluminum (III) (Alqs) as n-type in thermoelectric

device

The process of Alqgs deposition is very much alike with PTCDA, where the
yellowish Alq; powder which was purchased from Sigma Aldrich was deposited under
vacuum pressure of 10~ Mbar for about 3 min. The Algs thin films with thickness around
100 nm were then deposited on the cleaned glass substrates under the thermal evaporation

process.

3.2 Fabrication of electronic devices.
3.2.1 Cleaning Process of Glass and ITO Substrates.

The glass slides were cut into 2 cm x 2.3 cm in dimension for each glass substrate.
The glass substrates were immersed in soap water before being inserted in an ultrasonic
bath for 20 min at room temperature. Then the glass substrates were rinsed in distilled (DI)

water, followed by acetone together with ethanol and then completing the cleaning process
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with rinsed in DI water again. The wet glass substrates were purged under nitrogen gas to
dry them completely prior to the deposition process.

On the other hand, in order to determine the electrical characteristics and the solar
cell fabrication, commercial indium tin oxide (ITO) glass substrates with a sheet resistance
of 7 Q/sq cm were used. Prior to the cleaning process, the ITO films were cut into 2.0 cm x
2.3 cm. In order to maximize the efficiency of the studied organic solar cell, the ITO films
were patterned by using etching technique. The etching processes involved coating of
undesired ITO layer with cellophane tape and followed by spraying the exposed areas with
an alcoholic commercial paint. The alcoholic paint was used to protect the chosen ITO area
from being etched. The paint on ITO glasses were then leave to dry for a while and then
the cellophane tape were taken off and exposed the undesired area for etching process.
Afterwards, the ITO glass were fully submerged into diluted hydrochloric acid
(HC1:H20=4:6) and were heated at 60°C for about 20 minutes in order to remove the ITO
layer at the exposed area. Later, the etched ITO glasses were taken for further substrates

cleaning procedure.

The steps were identical with the procedure of cleaning the glass substrate.
However, the alcohol cleaning part in glass substrate procedure was replaced with
isopropyl for ITO cleaning process. After blow-drying the patterned ITO substrate,

theywere ready for thin film preparation.

3.2.2 Synthesize of active layer solution for organic solar cell.

The active layer material consists of P3HT and PCBM substances, were
blended together using chloroform (CH) and di-chlorobenzene (DCB) as the solvent. The

ratio between P3HT and PCBM was fixed at 1:1 with concentration of 30mg/ml. The
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blended solutions have been stirred using magnetic stirrer for about 24 hours and left for

aging for a day prior to fabrication process oforganic solar cell (Yusli et al., 2009).

3.2.3 Organic Solar Cell.

The optimized metal oxide thin film was used in fabricating thepolymer solar cell

which consists five main components, glass substrate, anode layer, buffer layer, active layer

and cathode layer. All four components except the buffer layer will be fixed to the same

material, where the patterned ITO acts as anode layer,P3HT will be the donor and PCBM

the acceptor in active layer while aluminum functioned as cathode layer in the device. On

the other hand the buffer layer was varied according to the doped PEDOT:PSS series as

tabulated in Table 3.1.

Table 3.1 :List of doped PEDOT:PSS series as buffer layer in OSC device

DOPED PEDOT:PSS SERIES

THE COMPONENT IN OSC DEVICE

Pristine (Undoped) PEDOT:PSS

ITO/pristine PEDOT:PSS/P3HT:PCBM/Al

2% glycerol doped PEDOT:PSS

ITO/2% G-PEDOT:PSS/P3HT:PCBM/AI

4% glycerol doped PEDOT:PSS

ITO/4% G-PEDOT:PSS/P3HT:PCBM/Al

6% glycerol doped PEDOT:PSS

ITO/6% G-PEDOT:PSS/P3HT:PCBM/Al

8% glycerol doped PEDOT:PSS

ITO/8% G-PEDOT:PSS/P3HT:PCBM/AI

2% EG doped PEDOT:PSS

ITO/2% EG-PEDOT:PSS/P3HT:PCBM/AI

4% EG doped PEDOT:PSS

ITO/4% EG-PEDOT:PSS/P3HT:PCBM/AI
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6% EG doped PEDOT:PSS ITO/6% EG-PEDOT:PSS/P3HT:PCBM/AI

8% EG doped PEDOT:PSS ITO/8% EG-PEDOT:PSS/P3HT:PCBM/AI

Zn0O doped PEDOT:PSS ITO/ZnO-PEDOT:PSS/P3HT:PCBM/Al

2% AZO doped PEDOT:PSS ITO/2%AZO-PEDOT:PSS/P3HT:PCBM/Al

4% AZO doped PEDOT:PSS ITO/4% AZO-PEDOT:PSS/P3HT:PCBM/Al

6% AZO doped PEDOT:PSS ITO/6% AZO-PEDOT:PSS/P3HT:PCBM/Al

The standard OSC device consists of ITO/doped PEDOT:PSS/P3HT:PCBM/ALI as
shown in Figure 3.1. Apart of buffer layer being spin coated, the active layer which consists
of the combination of P3HT and PCBM organic solutions also developed by the same
technique while aluminum electrode was deposited under the thermal evaporation
technique. The principle of spin coating technique has been elaborated in details in 3.1.3,
however, the spin speed for buffer and active layers are varied based on the required
thickness of each component layers. The fabrication processes started with the deposition
of the doped PEDOT:PSS as the buffer layer which spun at 3000rpm for 60s onto the

patterned ITO layer.

The steps followed with the deposition of active layer which consists of the
combination of P3HT and PCBM solution and were spun at 3500 rpm for 45s to form
thickness in the range of 100nm. Before the final layer deposition of aluminum electrode,
the deposited glass substrate was heated at 130°C for 20 minutes on a hot plate to remove
moisture and particles from the buffer and active layer component and also to enhance the

interface contact between the respective deposited component layers. After the
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deposition of aluminum electrode by thermal evaporator machine, the performance of
organic solar cell device is ready to be measured. The current-voltage (I-V) characteristics
of dark and light condition were utilized to determine the device properties by using

Keithley 2400 System Measurement Unit (SMU) and solar simulator.

Al %
P3HT:PCBM
Glycerol, EG and AZO Doped PEDOT:PSS
0

Glass substrate

Figure 3.1 :Schematic diagram of fabricated organic solar cell

3.2.4 Aluminum deposition process by thermal evaporation technique.

As illustrated in Figure 3.2, thermal evaporation system consists of a built-in
vacuum chamber which includes a shadow mask, a sample holder, a pair of electrodes and
a connected valve to pump the pressure in the chamber. The chamber is connected to the
controller for pressure adjustment and pumping procedures. In addition, a pair of electrodes
in the chamber was connected to the power resource which supplies electric current to heat
the tungsten filament in order to evaporate the respective metal material, e.g: aluminum,
gold or silver. The desired deposit metal was tightly clamped on the tungsten filaments, in a
specific amount which approximately enough to evaporate to the desired areas at the doped

PEDOT:PSS thin films samples which were placed above the shadow mask.
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Shadow mask and >Vacuum chamber
sample holder € | 3 Crystal detector
\ > Alaminum vapor path
W} > Tungsten filament clamped
with metal deposits
Electrode to supply clectric source * e
to heat the tungsten filament
High vacuum
pumping

Figure 3.2 :Schematic diagram of thermal evaporation system

The deposition process started with the warming session to stabilize the rotary
pumping system. In the meantime, the aluminum wire and the tungsten filament were
placed under ultrasonic bath in acetone acid to remove particles in the cleaning process.
All deposited substrate which are the target films in this process were located on the
shadow mask and transfer to the vacuum chamber. The cleaned aluminum wire was then
dried under nitrogen gas and was cut into small pieces and was hung tightly on the tungsten
filament. Subsequently, the tungsten filament with metal deposit of aluminum was clamped
at the two electrodes in the vacuum chamber. Subsequently, to provide a good vacuum
condition inside the chamber, the evaporator system is required to be fine —pumped to

pump out all of the air from the chamber.

In order to ensure the successful of aluminum evaporation process, the pressure in
the vacuum chamber needs to be at least at 5.0 x 10 mbar. Pressures lower than 107
mbar are essential to ensure that most of the evaporated metal will travel in the straight path
to reach the target films within the vacuum chamber. Hence, the pumping process was

sustained in order to achieve 10™ mbar. After the system is under this pressure, the current
y p
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is slowly supplied to the electrode until the aluminum at the tungsten started to melt when

the current reach about 20 A.

The shutter which protects the sample was removed to allow the aluminum to
evaporate on the samples and in the meantime the supplied current was simultaneously
increased to 24 A. This value of current is supplied to confirm that all molten aluminum
was evaporated to the samples. The deposition time taken is approximately about two
minutes and this duration was found to be appropriate to develop aluminum contact with
the thickness around 120 nm. Subsequently, the system was switched off and left for
cooling while venting the air in which increased the system pressure to about 2.0 x 10~
Mbar. Finally, the chamber is allowed to open and the complete organic solar cell devices
were removed from the chamber before the I-V measurements to determine their device

performance.

3.2.5 Preparation on doped PEDOT:PSS to observe the effect on temperature

gradient.

The doped PEDOT:PSS thin films with several percentages of glycerol, EG and
AZO were also studied in terms of the effect on their current-voltage measurements
according to the temperature gradient, A7. The thin films were prepared where aluminum
layer were deposited between the doped PEDOT:PSS thin films and were connected as
shown in Figure 3.3. Both aluminum acts as the thermal connection where one side as the
hot region and another is the cold region. The temperature gradient of doped PEDOT:PSS
thin films between these two sides of aluminum was measured by connecting both region to

FLUKE 116 True-rms digital multimeter by using thermocouple copper wire.

Another two probes were touched to either sides of aluminum and connected to

Keithley for I-V measurements while the temperature gradients drops across the
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PEDOT:PSS thin films. The heat source comes from the boiling water which placed on the
left aluminum layer, while the cooling source created by ice cubes which located on the
right side of the aluminum layer. The temperature gradient (A7) was changed according to
the temperature drops of the boiling water placed at the hot region and by temperature
increase in the ice cubes at the cold region. The I-V measurements were recorded every 2
minutes to obtain the trend of I-V plots with respect to the changes in their temperature

gradient.

Doped
PEDOT:PSS

I-V measurements

Figure 3.3 :Set-up equipment for thermal gradient versus [-V measurement

3.2.6 Thermoelectric Module.

The thermoelectric (TE) module has been exclusively designed with very much
concern on a simplest and economic fabrication process. The fabrication of the TE module
begins with the deposition of aluminum contacts on a glass slide of a design shown in the
schematic diagram in Figure3.4. The device structure consists of two parts, the first part is
the hot region of heat input (Q;) which connected to the n- and p-type regions, while the
second part is the cold region of heat sink/loss (Q,). PEDOT:PSS was deposited by drop-
cast in agap between the aluminum contacts whereas PTCDA and Alqs; were deposited by

thermal evaporation technique at a pressure of 10~Mbar in the other gap. The thicknesses
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of the PEDOT:PSS thin films approximately ~100 nm while PTCDA and Alqsfilms were
estimated to be around 120 nm.

The hot area supplied by the heat from boiling water while the cold area was
maintained with ice cubes attached to two opposite sides of the device. The changes in the
temperature gradient was corresponded to the decreasing temperature of boiling water and

the increasing temperature of the ice cubes which were finally converted to cold water.

(BY

Measurement

Figure 3.4 :Schematic diagram of a simple thermoelectric module

To measure the Seebeck coefficients (S) of both materials, each material was
deposited on the approximately 200pm gaps created between the two aluminum electrodes.
The applied temperature difference between the electrodes was measured together with the
current-voltage plotting to observe the influence of changing in temperature difference with
the electrical behavior using thermocouple. The voltages produced under temperature

difference were measured using a FLUKE 116 True-rms digital multimeter.
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33 Measurement techniques.

The present study focuses on the functions of anode layer in polymer solar cell.
Thus,high level of transparency and conductivity of metal oxide is essential in order to
absorb as much sunlight as possibleand to efficiently transport the converted free charge
carriers (holes) to external circuit. In order to obtain the optimum metal oxide sample,

several measurements have to be implemented.

3.3.1 UV-Vis Spectroscopy.

The investigation on the optical properties of doped PEDOT:PSS is important due
to the application of these materials as buffer layer in organic solar cell device. Optical
properties of any thin film consist of the reflection, absorption or transmission ability of the
mediums upon the light incident. In this device, the capacity to absorb light of all medium
isan essential factor to the betterperformance of the device.

As shown in Figure 3.5, theabsorption and transmission of doped PEDOT:PSS thin
films were obtained by using Jasco V-570 UV/VIS/NIR Spectroscopy. The procedure of
the measurement is started by placing two cleaned glass substrate on the sample holders as
references. A deuterium discharge tube and a tungsten iodine lamp were used to apply light

in the range of 190 nm to 350 nm and 340 nm to 2500 nm.

Figure 3.5 :Jasco V-570 UV/VIS/NIR Spectroscopy
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The light was travelled through a grating in the monochromator and divided into
two when it passed through the two light paths on both glass substrates at the sample
holder. The photodetector detects the transmitted light. The lights were then assembled at
the photomultiplier and were transferred to the amplifier for electric signal decoding
process. The schematic diagram of the working principle of this equipment is shown in
Figure 3.6. Subsequently, a built-in software converts the signals and produces the
transmission spectra. These spectra create a baseline as a reference to be used when
measuring the transmission of any thin film on the glass substrate. Then the measurement
of the doped PEDOT:PSS was performed after one of the glass substrate was removed and
replaced with the sample. All transmission and absorption spectra were then recorded and

were used in the analysis process.

Sample
hg!der
Computer
-
| Monochromatorl -_‘
-
Ret®ence
Light holder

source

Figure 3.6 :Basic working principle in Jasco V-570 UV/VIS/NIR Spectroscopy
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As shown in equation 3.2, by using Lambert’s law, the transmission spectrum were
used to obtain the absorption coefficient of all doped PEDOT:PSS thin films. & is the

absorption coefficient, ¢ is the film thickness and 7 is the transmittance of the thin film.
1, 1
a= ?11’1(;) 3.2

The absorption coefficient and photon energies (4v) were related to the optical band
gap, E, by using Tauc’s relation written in equation 3.3. The E, is deducted with an
assumption that a direct transition of electron was occurred between the edges of the
HOMO and LUMO level (n=0.5), which produced variations in the absorption coefficient

due to the increment in photon energy.
ahv = a,(hv — Eg)" 3.3

As illustrated in Figure 3.7, the E, value was determined from the graph of (ahv)* versus hv

and the extrapolating of the linear potion near the onset of absorption edge to the Av axis.

hv ‘eV)

Figure 3.7 :Example plot of (afv)’ versus hv to obtain Eg from the extrapolation line.
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3.3.2 Four-Point-Probe.

The measurement of electrical properties were conducted to doped PEDOT:PSS
thin films in order to determine the sheet resistance and conductivity of the thin films. The
four point probe model in Figure 3.8(a) consists of four highly conductive probes that
touched the top surface of the film or material. The four probes are in lines or linear and
have a constant spacing. Upon connected with the power supply from the Keithley system
measurement unit (SMU), the applied current (/) flows via the two end probes and

voltage (V) can be measured between the two center probes as illustrated in Figure 3.8(b).

(b)

Figure 3.8:(a) Four-point-probe model , (b) Schematic diagram of the four-probes
measurements.

Thus the measurement will provide current versus voltage plot across the thin films.
The plots were used to determine the sheet resistance which was extracted to calculate the
conductivity of the thin films. From the I-V plot, the resistance, R, was obtained by using
equation 3.4 where the current and voltage are related to the average resistance by the slope

of the linear graph (V/I) multiplied with the In m. This concept is based on the Haldor
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Topsoe theories which explained in details about the relations of the sample geometric
with the spacing between the probes used (Topsoe,1968) . Therefore, this concept is valid
if the conducting sheet infinite in the horizontal directions and the thickness of the thin film
is smaller than 40% of the spacing size of the probes. Consequently, to find the
conductivity value, the resistivity, p of the doped PEDOT:PSS was deducted by using

equation 3.5 where ¢ is the thickness of the studied thin film or material:-

R, =1n T[% (ohms/sq) 34

Later, the conductivity, o of the samples was determined from the reciprocal of resistivity

from equation 3.6.

p= %(ohm—cm) 3.5

3.6

VIlR

3.3.3 Atomic Force Microscopy (AFM) Measurement

Figure 3.9 :Veeco 3000 AFM instrument.
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The morphology variation of the thin film with respect to the treatment changing is
measured by using AFM spectroscopy. In this work, the AFM instrument model Veeco
3000 (Figure 3.9) is used to determine the surface roughness and morphology of all doped
PEDOT:PSS thin films. The AFM measurement can be implemented in several different
modes. For example, the tip can be in constant contact with the sample, or may be placed
slightly above the sample, or it also can be operated in “tapping” mode, alternatingly
tapping tenderly on the sample. The latter mode method works well with soft samples that
might be damaged if the tip remained in contact. Thus, due to the sensitive condition of our

polymer thin films, the tapping mode of AFM measurements were employed to all samples.

The measurement principle of AFM is based on activating a probe to scan back and
forth over the surface of a sample. But instead of using an electrical signal, the AFM
measurement is based on forces between the atoms in the tip and in the sample. As
demonstrated in Figure 3.10, the probe of the AFM is represented by a flexible cantilever
with a tip attached to its bottom. In general, while the tip scans the sample, the force
between the tip and the sample surface is examined. In order to maintain the force
magnitude, the cantilever is moving up and down, alternatively. A reflected laser beam
which acts as a detection device will measure the cantilever vertical motion, which matches
to the physical structure consists of hills and valleys of the film surface. Consequently, a

computer converts this observed vertical movement of the cantilever into an AFM image.

Other than the surface morphology, the information on friction between the tip and
the sample surface and also the elasticity or softness of the film can also be obtained from

the AFM measurement. In this work, the surface roughness were measured for all doped
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PEDOT:PSS thin films in order to investigate the influence of each doping material with

different percentages to the morphology structure of PEDOT:PSS thin film.

Positive
Sensitive

Figure 3.10 :Working principle of typical AFM instrument.

3.3.4 Raman spectroscopy measurement.

Figure 3.11 :Renishaw in Via Raman Microscope.

Raman spectroscopy is used due to its unique vibrational information that relates to
the chemical bonds and symmetry of molecules. Specifically for organic material, raman
spectra is similar to infrared spectra in that they have regions that are useful for functional

group detection. Hence, it provides a fingerprint by which the molecule is able to be

62



identified. In this work, Renishaw in Via Raman Microscope in Figure 3.11 is used to

obtain the raman spectra of all doped PEDOT:PSS thin films.

The origin of Raman spectra is markedly different from that of IR spectra. In
Raman spectroscopy, the sample is irradiated by intense laser beams in the UV-visible
region and the scattered light is usually observed in the direction perpendicular to the
incident beam. The scattered of light consists of two types; (i)Rayleigh scattering which is
strong and has the same frequency as the incident beam and (ii))Raman scattering which is

very weak with frequencies v,#v,, that based on the Stokes lines as demonstrated in Figure

3.12. v,represents the vibrational frequency of a molecule which is measured from the

Stokes (V,-v,;) and anti-Stokes (V,+V,,) lines. Basically, Raman spectra are observed for

vibrational and rotational transitions, however, it is also possible to observe Raman spectra
of electronic transitions between ground states and low-energy excited states (John R.

Ferraro , et al. 2003)

Scattered
light Raman
_ scattered
Incident t _-="1 light
light \ % A
sample

Figure 3.12 :Diagram of the Raman scattering light occur on a sample.
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Based on Raman spectra, types of chemical bonding were assigned normally
according to the frequency where the maximum peak occurs. Each frequency represents the

specific chemical bonding and the assignment bands of Raman spectra can be obtained.

The chemical bonding type describes the behavior of the normal vibrations between
polyatomic molecules of the material. For example, the symmetric (in-phase) stretching
vibration refers to the motion of three molecules bonded together which were move back

and forth along the bond direction after being stretched and released simultaneously.

For a specific condition where two of the molecules being stretched and the other
bonding is deformed, the normal vibration that occur after released is called the
antisymmetric (out-of-phase) stretching vibration. For all three molecules which moved in
perpendicular direction and released simultaneously, this type of vibration is called the
symmetric bending vibration. All these three examples possess their own frequency and

will be detected by the maximum peak in the Raman spectra.

3.3.5 Surface Profilometer.

KLA Tensor P-6 surface profilometer as illustrated in Figure 3.13 (a) was used to
determine the thickness of the doped PEDOT:PSS thin films in this work. Upon the
measurement process, several scratching traces are made on the thin film surface. These
scratches act as the steps which will be detected by the instrument scanning probe upon the
measurement process. As demonstrated in Figure 3.13 (b), the thin film was inserted on the
sample platform where the scratched trace is placed near the middle point indicating the
probe location. The scratched trace will provide obvious height difference which will

differentiate the surface height of the thin film to its bottom.
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Subsequently, the scanning probe will move along the surface of the thin film from
left to the right, while scanning the vertical or height differences along the film and display
it as an analog signal for analysis. This signal will then be converted to a plot showing the
height differences with certain XY- coordinate scales to determine the actual difference
magnitude between the high and low level of the step. Theoretically, the height difference

obtained from this plot representing the thickness of the measured thin film.

/ Scraich \

/ Probe ———> \
Substrate ‘

\\ Sample platform /,
- (b) - 7/
N
~ -~ d

\\-—_-—-#/

Figure 3.13:(a) KLA Tensor P-6 surface profilometer, (b) The schematic diagram
of the surface profilometer.
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3.3.6 Current — Voltage (I-V) Characterisation.

Current-voltage characteristics were measured with a Keithley 2400 high voltage
source measurement unit (SMU) in the dark and under AMI.5 solar illumination with an
intensity of 100 mW c¢m™ for measurement under light condition. The I-V measurements
under dark and light condition are essential to determine the performance of the studied
organic solar cells. The performance of organic solar cells can be evaluated fromthe fill
factor (FF) and the power conversion efficiency (77) that expressed mathematically in

equation 3.7 and 3.8, respectively.

IV,
FF = T 3.7
ISCVOC
IV,
n=-=-"><FF 3.8
P.
mn

In detail, 7,, and V,, represent the current density and voltage of the maximum output
power, respectively. The /. ,V,. and P;, are the abbreviation of short circuit current, open
circuit voltage and the incident light power from solar illumination, respectively. The ideal
I-V plot is shown in Figure 2.11 in Chapter 2.0 where it shows the typical curve produced

under light condition measurement which demonstrates the ..y, Viax, Isc and V,. properties.
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3.3.7 Thermoelectric properties of doped PEDOT:PSS thin films.

In this work, the behavior of a simple thermoelectric device with a high conductive
PEDOT:PSS PH1000 as the p-type material and two organic n-type materials( PTCDA and
Alqs) were observed by using current-voltage (I-V) plot.

The main concept of any thermoelectric device is that the charge carriers in n- and
p-type material will diffuse from hot region to cold region due to the temperature gradient
across them. Hence, the diffused charge carriers of opposite charge type were then tend to
flow to external circuit that has been connected earlier which results the production of
electrical power to the circuit. Therefore, the I-V measurement is expected to detect the
changes provided by the TE device while experiencing temperature gradient during the
measurement.

The V,. and I will be deducted from the I-V plot according to the changes occur in
the temperature gradient across the TE device. Subsequently, the output power, P,
representing the respective TE device will be calculated from equation 3.9 and presented in

a plot versus the temperature gradient.

Po = IscVoc 3.9
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CHAPTER 4

RESULTS AND DISCUSSIONS OF THE DOPED PEDOT:PSS THIN
FILMS AND THE ORGANIC SOLAR CELLS

Overview.

Chapter 4 discussed the effects of modified PEDOT:PSS with the doping materials
of polar solvent, ethylene glycol (EG) and glycerol with different concentrations of 2%,
4%, 6% and 8%. Apart of that, metal oxide such as zinc oxide and the doped aluminum
zinc oxide with different percentage of 2%, 4% and 6% have been used as doping
materials. The studies on the optical and morphological properties of the modified
PEDOT:PSS thin films have been performed. In addition, the electrical characteristics of
modified PEDOT:PSS as a buffer layer in organic solar cell with the construction structure
of ITO/modified PEDOT:PSS/P3HT:PCBM/AI have also been investigated. In this chapter,
the results of characterisation are separately reported according to the most important
properties of optical followed by electrical, morphological, Raman and finally the

performance of the organic solar cell devices.

4.1 Optical properties.

The optical properties of modified PEDOT:PSS thin films were measured using
UV-Vis-NIR Spectroscopy of Jasco V-750 to study the absorption and transmission of the

modified PEDOT:PSS thin films.
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4.1.1 Optical properties of glycerol doped PEDOT:PSS

Figure 4.1 shows the transmission spectra of all thin films in the range between
270 nm to 800 nm. The pristine and glycerol doped PEDOT:PSS thin films show high
transmission above 80% in ultraviolet range. All transmittances started at about 290 nm and
continuously increase beyond the near infrared region. However with the existence of
glycerol, an obvious increment in transparency is noticeable as compared to the pristine

transmission.
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Figure 4.1 :Transmission spectra of glycerol doped PEDOT:PSS compared to the pristine.

Apparently, the most transparent film is the 2% glycerol doped PEDOT:PSS while
the 4% doped PEDOT:PSS seems to transmit the same amount of photon energy as the
pristine thin film. However, in general all of the pristine and glycerol doped PEDOT:PSS
thin films exhibit transmission beyond 90%. The difference of transmission among the thin
films were acceptable since the percentage were maintained under the best range for optical

propose in the optoelectronic device.
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Glycerol itself is a transparent material and with the doping process, specifically at
2% glycerol doped, the transparency of PEDOT:PSS thin film has been enhanced for about
3% higher than the pristine film. Glycerol doping to PEDOT:PSS may be responsible in
rearrangement of the PEDOT polymer chain and PSS lamellar which results in
homogeneous and uniform distribution to allow larger transmission effect in the
PEDOT:PSS (Chen et al., 2009).

The transmission region indicates the range of photon energy owned by the
respective material in order to assist the electron excitement from the n-bonding level to the
anti- bonding level. The ultraviolet and visible regions are able to provide adequate photon
energy to excite electron to the anti-bonding phi level and the below, which may cause in
the enhancement of the electrical properties of the PEDOT:PSS. An obvious transmission
increment can be observed in near ultraviolet region for all doped glycerol of PEDOT:PSS
compared to that of the pristine one. Furthermore, in the visible region, all of the films can
be able to transmit light more than 90%.

The influence of glycerol doping level on the absorption spectra of PEDOT:PSS is
demonstrated in Figure 4.2. It can be observed that all of the glycerol doped PEDOT:PSS
thin films produce a strong absorption in near UV wavelength range from 230-330 nm with
the maximum absorption peak of all films is located at around 290 nm. The solvents
involve in the modification of these PEDOT:PSS most likely possess a consistent factor
which allows the absorption peaks maintained at this wavelength region. Hence, glycerol
solvent contributes in enhancing the absorption intensity at the same wavelength region
which gave advantages in increasing a sufficient energy to excite electrons in m orbitals to

n* antibonding orbitals or n electrons to * or * antibonding orbitals (Robinson, 1975).
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Figure 4.2 : Absorption spectra of glycerol doped PEDOT:PSS compared to the pristine.

All spectra exhibit an intense and sharp absorption peak without wavelength shift,
indicating that the absorption in modified PEDOT is not affected by the amount of solvent
added. The result is in agreement with study done by Mermazadeh et al where the
absorption peaks at 290nm indicate the existing and rearrangement of PSS lamella chain
with the glycerol doping (Mermazadeh et al., 2012). Hence, the changes of PSS may have
been affected by the structure of the molecular chains between PEDOT and PSS. Thus,
these changes attributed to the conformation of the PEDOT chains which produce a sharp

and focus absorption spectra relative to that of the pristine in the absorption spectrum .

Other than absorption coefficient (o), optical band gap (£,) is also an important
parameter for the measurement of hole transport efficiency in the PEDOT:PSS thin films as
future anode layer of OSC. Values of optical band gap (E,) and the ideality factor n are
calculated based on Tauc’s relation (Muhammad & Sulaiman, 2011). The variation in
optical band gap, E, obtained upon glycerol doping in PEDOT:PSS is tabulated in Table

4.1. It can be seen that there is a drastic rise in Egupon glycerol doping compared to the
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pristine. However the variation in glycerol amount seems does not contribute significant
change in £, which lies within a small range of 3.70 to 3.80 eV.

As discussed earlier, the existence of glycerol tends to restructure the PEDOT
molecules and PSS lamella which results in more organised and homogenous films.
Moreover, doping glycerol may also affect the molecular bonding by separating the ionic
bonds between PEDOT and PSS chains. This separation would cause PSS chains(which
bear the negative charge carriers) to repel with each other, hence produce a better organized
alignment (Xiong & Liu, 2012).

Subsequently, with the increase addition of glycerol, the elliptic particles of
PEDOT:PSS become round shape and bigger thus exhibiting more severe aggregation
which performed the broaden optical gap. Hence, it indicates that thelarger energy is
needed to absorb photons if compared to the pristine PEDOT:PSS thin film (Xiong & Liu,

2012).

Table 4.1: Values of optical band gap (E,), n and thickness for pristine and glycerol doped

PEDOT:PSS.
Material/ Absorption  Optical Band Gap Thickness n
Parameters Coefficient (Eg) (£0.5nm)  (Direct=0.5
(10°em™) (40,01 eV) In-direct = 1.5)
Pristine 11.09 2.80 151.2 0.5
2% G 11.11 3.80 152.6 0.7
4% G 20.01 3.73 150.1 0.9
6% G 17.64 3.70 148.6 0.7

8% G 12.97 3.85 152.2 0.8
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Figure 4.3 shows the variation in the optical band gap and the absorption coefficient
with respect to the percentage of glycerol added into PEDOT:PSS. Absorption properties of
a thin film is highly influenced by the optical band gap between conduction and valence
band or between the HOMO and LUMO levels in organic material. PEDOT:PSS is a
conjugated polymer, that possess the extended m-bond system of conjugated polymers
(single and double bond structure) along the chain.

Hence, this structure affects the properties of the material, including their optical
properties. The conjugation length of the bond is strongly correlated to the optical band gap
and the absorption wavelength. The presence of doping material, which in this case is
glycerol has adjusted the PEDOT:PSS conjugation length to some extent, thus alter the
optical band gap. The increase in the conjugation length is correlated to the decrease in the
adjacent energy levels (Skotheim et al., 1998). Nevertheless, in this study, the presence of
glycerol has increased the E,, indicating a substantial reduction in the conjugation length of
the PEDOT:PSS bonding. Unfortunately, larger energy gap of PEDOT.PSS would not
favor the charge transport properties as electrode in organic solar cell.

Moreover, alteration of conjugation length also contributes in controlling the range
of absorption wavelength range (Skotheim et al., 1998). Despite the dramatic increase of
the absorption coefficient with the glycerol doped, no shift of wavelength is observed in the
glycerol doped PEDOT:PSS. Thus, glycerol likely acts in minor modification of the
conjugation length which only affect the £, while maintaining the absorption in ultraviolet

at 290nm.
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Figure 4.3 :Correlation of optical band gap (E,) and absorption coefficient (o) with respect to
the percentage of glycerol doped PEDOT:PSS.

All of the samples were prepared at a constant spin speed, with the identical
thicknesses (~150nm) as tabulated in Table 4.1. By extracting from Tauc plot shown in
Figure 4.4 and utilizing equation 3.3, the ideality factor » value can be calculated.

The values of n and E, of the modified PEDOT:PSS and the pristine are presented
in Table 4.1. The n value indicates that the energy gap of PEDOT:PSS is a direct band gap
referring to the value which is around 0.5 to 1.0. Such values are in agreement to those
reported in other organic thin films (Karabulut et al., 2014; Muhammad et al., 2010;
Pejova, 2014; Zarrinkhameh et al., 2014). This is corresponds to the fact that the excitation
of electron from © band to m*(anti-phi) band needed no other band as a bridge due to the
sufficient energy enhanced by the existence of glycerol and the high transparency

properties of the material.

74



sIn(ahv)/Shv)
%

3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6
E (eV)

16 S
14 slope = 0.53

In(chv)

(b)

o
1

In(hv-E,)

Figure .4.4: Extraction from Tauc equation, (a) dln(ahv)/ohv versusE and (b)
In(ahv) versus In (hv- E,).

4.1.2  Optical properties of ethylene glycol (EG) doped PEDOT:PSS

Ethylene glycol (EG) is another high potential polar solvent that contributes in
enhancing the performance of PEDOT:PSS in electronic devices. The EG doped
PEDOT:PSS thin films were measured under UV-Vis spectroscopy to evaluate their

absorption and transmission properties.
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Figure 4.5 shows the effect of EG doping levels on the transmission spectra of
modified PEDOT:PSS thin films. It is found that the films have allowed more than 90% of
light to be transmitted in near ultraviolet range. At longer wavelength of visible region, the
transmittance increases upon EG doping, but approaching saturation level nearly 100% at
near infrared region. It is favorable that with greater transmittance within the respective
range in the doped PEDOT:PSS may permit more absorption of photons in active layer of

the solar cell which may produce higher J;. in organic solar cell (Huang et al., 2013).
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Figure 4.5 : Transmittance spectra for EG doped PEDOT:PSS thin films.

76



2% EG
4% EG
6% EG
8% EG
— pristine

290.6nm

1.0

0.8

0.6 1

0.4

Normalised Absorption

0.2 1

0.0 1

T T
260 280 300 320 340 360 380 400 420 440
Wavelength (nm)

Figure 4.6 : The absorption coefficient spectra for EG doped PEDOT:PSS thin film.

Figure 4.6 demonstrates the absorption spectra of the EG doped PEDOT:PSS which
found to be sharp, tense and clearly settled at 290.6 nm. The wavelength region of all
absorption spectra are located within ultra-violet region, which mostly correlated to the
doping of PEDOT:PSS material with polar solvent (Huang et al., 2013).

Table 4.2 tabulates the optical properties of EG doped PEDOT:PSS thin films. The
optical band gap,E,increases from 2.80 eV to 3.0 eV upon doping with 2% EG. The EG
existence has affected in rearranging the molecular structure of both PEDOT and PSS,
which results in the conformational modification of the molecular structure. This
conformational modification will be discussed in later section of Raman spectra, Section
4.4.1. It is believed that the modification in molecular structure is responsible for the
formation of the interchain interaction. The E, seems to be almost consistent for all
variation of EG doping in PEDOT:PSS, indicates that the addition of EG of more than 2%,
does not alter the energy level of PEDOT:PSS polymer chain. Generally, it is noted that
such finding in the EG doped PEDOT:PSS, is in contrast to the result of energy level for the

glycerol doped PEDOT:PSS.
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Table 4.2 : Optical properties of EG doped PEDOT:PSS thin films.

Material/ Absorption OpticalBand Thickness N
Parameters Coefficient Gap (E,) (+ 0.5nm) (Direct = 0.5
(x 10°cm™) at max (£0.01eV) Indirect = 1.5)
peak (~ 290nm)
Pristine 11.09 2.80 151.2 0.5
2% EG 12.31 3.0 155.0 0.5
4 % EG 11.55 2.95 153.0 0.5
6 % EG 5.73 3.0 153.3 0.5
8% EG 9.90 3.0 155.6 0.5

The correlation between optical band gap and the maximum absorption coefficient
of EG doped PEDOT:PSS is shown in Figure 4.7. It is obvious that a similar increasing
pattern can be observed in both E, and absorption coefficient for the percentage of EG
below 4%. It seems that the optical properties of PEDOT:PSS is improved with only small
amount of EG in the range between 2% and 4% doping. This attributes tothe stable
increment of absorption coefficient with broader E,. Larger amount of EG may interfere
the PEDOT:PSS molecules, since the addition of EG is able to increase the diameter and
also capable in forming clusters of the PEDOT:PSS primary colloidal particles (Yan &

Okuzaki, 2009), hence reduce the ability of film to absorb light.
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Figure .4.7 : Correlation of optical band gap (E,) and absorption coefficient (o) with
respect to the percentage of EG doped PEDOT:PSS.

4.1.3 Optical properties of aluminum zinc oxide (AZO) doped PEDOT:PSS.

Aluminum zinc oxide (AZO) was used as one of the dopant materials in
PEDOT:PSS in order to obtain the optimum optical and morphological properties. The
optimized PEDOT:PSS film then may be used to enhance the electrical
characteristics.Figure 4.8 shows the transmittance spectra of AZO doped PEDOT:PSS thin
films. All films exhibit transmittance beyond 90% which shifted more towards the visible
region. The transparent behavior of the modified PEDOT:PSS with ZnO has been slightly
improved. However with aluminum presence in zinc oxide to form AZO, this dopant

material has strong effect in improving the transmittance of PEDOT:PSS.

In this case, the highest transmission of thin film is obtained from the modified
PEDOT:PSS 6% AZO content. Other researchers (Pearton et al., 2004) reported that the
high transparency of PEDOT:PSS has been achieved by adding AZO substance. Therefore
the AZO-doped PEDOT:PSS may be used as one of the alternative electrode for application

in organic solar cells.

79



100

—2Zn0

88

Transmittance (%)

2% AZO
4% AZO
6% AZO
84 — Pristine

86

82 &

T T T T T T T T T T T T T T 1
450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 4.8 : Transmittance spectra for AZO doped PEDOT:PSS thin films.

Figure 4.9 illustrates the effect of AZO doping amount on the absorption spectra.
The pristine and ZnO doped PEDOT:PSS are also shown as comparison. Generally, the
peak for ZnO doped PEDOT:PSS is located at 345 nm, whilst the pristine PEDOT:PSS film
has a broad absorption range between 300 and 320 nm. Thus, the result indicates that ZnO
has influenced to some extent of absorption in PEDOT:PSS after doping process. In the
meantime, all AZO doped PEDOT:PSS films demonstrate an intense narrow peak at 351
nm. Hence, it shows that AZO component has large contribution in modifying the

absorption properties of PEDOT:PSS film.
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Figure 4.9 : Absorbance spectra for AZO doped PEDOT:PSS thin films.

Table 4.3 tabulates the optical properties of ZnO doped and AZO doped
PEDOT:PSS. The optical band gap,E,.is obtained from the Tauc’s relation, similar to the
method discussed earlier. By comparing the E, of pristine film of 2.80eV, andZnO-doped
of 4.03eV, distinguish result is found. In the fabrication of organic electronic devices, a

huge modification of optical band gap of ZnO doped PEDOT:PSS might be utilized.

Table 4.3 :Optical properties of ZnO, pristine PEDOT:PSS and AZO doped PEDOT:PSS

thin films.
Material/ Absorption Optical Band Thickness n
Parameters Coefficient Gap (Ep) (+ 0.5nm) (Direct = 0.5
(10°cm™) at max (£0.01 eV) In-direct = 1.5)
peak
(~352nm)
Pristine 0.11 2.80 151.2 0.5
Zn0O 1.63 4.03 155.0 0.5
2 % AZO 1.04 3.74 153.0 0.5
4% AZO 1.13 3.41 153.3 0.5

6% AZO 1.13 3.52 155.6 0.5
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Studies have shown that ZnO itself is a n-type oxide semiconductor material with a
direct wide of optical band gap of 3.37eV (Tang et al., 2013). However, the optical band
gap in ZnO may be broaden with respect to the increase in doping percentage of aluminum

(Wang et al., 2009).
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Figure 4.10 : Correlation of optical band gap (E,) and absorption coefficient (o) with respect
to the percentage of AZO doped PEDOT:PSS thin films.

The variations in the optical band gap and the peak absorption coefficient are shown
in Figure 4.10 with respect to the percentage of AZO doped PEDOT:PSS. Aluminum atoms
doped to ZnO lattice results in reducing the grain size hence break up the continuous
energy bands into discrete levels which leads to a broaden optical band gap (Wang et al.,
2009). In the present study, it is shown that the optical band gap of AZO doped
PEDOT:PSS increases with the content of dopant. Thus, it is believed that this behavior is
due to the Burstein-Moss effect in which the expand in energy band gap is attributed to the

increasing of carrier concentration in AZO material (Kumar & Rao, 2012; Mamat et al.,
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2010). The widening in optical band gap (E,) is strongly related to the carrier concentration

(n.) through equation 4.1 (Fournier et al., 2008) :-

pE, = (22)(2) "

sm*/ \r e

Where, / is Planck’s constant and m* is the electron effective mass in conduction band.
Therefore, it is suggested that with AZO doping contributes in broadening the optical band

gap due to the increase in carrier concentration of AZO in PEDOT:PSS.

The result shows that there is a strong correlation between both parameter of optical
band gap and the peak absorption coefficient. The changes in both parameters occur
parallel with the increased of AZO quantity in PEDOT:PSS. Notably, the contribution of
Zn0O and AZO as the dopants in PEDOT:PSS is quite significant. The enhancement of the
optical parameters in the modified PEDOT:PSS films has been achieved via this method.
Comparison between the absorption spectra of all the dopants used in this study i.e. the
alcohol polar solvents of glycerol and ethylene glycol; metal oxide of zinc oxide and
aluminum doped zinc oxide is presented.

The trend of absorption spectra between the alcohol polar solvent of glycerol and
ethylene glycol, metal oxide of zinc oxide and aluminum doped zinc oxide show obvious
difference where the spectra shifted to blueshift range where the peak moves 70 nm
towards visible range with AZO components in PEDOT:PSS. As stated by Wang et al, the
doping of aluminum to zinc oxide thin film attributes to a distinct blueshift of the
absorption edge where it is due to more amorphous Al,O3 and smaller crystallites of Al in
ZnO (Wang et al., 2009).This is in a good agreement with results occur in this work where

the same effect also appears in AZO doped PEDOT:PSS thin film.
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Figure 4.11 : Absorbance spectraof AZO doped PEDOT:PSS thin films.

The absorption peak is blue shifted with increasing Al doping concentration which
results from the broadening of the optical band gap. The widen E, is due to the Moss-
Burstein shift where with Al doping, the donor which occupied the bottom of the
conduction band possesses additional energy to be excited to higher energy in conduction
band. It is caused by the Pauli principle which tends to avoid the double occupied of
electrons in the energy states and also due to the vertical optical transition between the
energy level in the thin film (Lee et al., 2009). Hence, it is observed that AZO doping offers

strong effect in modifying the optical properties of PEDOT:PSS thin film.
4.2 Ele ctrical properties.

4.2.1 Electrical Properties of Glycerol doped PEDOT:PSS

Figure 4.12 shows the plot of sheet resistance of the glycerol doped PEDOT:PSS
compared to the pristine PEDOT:PSS. Generally, a dramatic decrease was observed with
the doping of glycerol where the sheet resistance was reduced to about a factor of two. The

sheet resistance of pristine which is about 36.3 ohm/sq decreased to the lowest of about 9.1
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ohm/sq with 2% glycerol doped to PEDOT:PSS. However, as the glycerol concentration
increases to 6%, the sheet resistance increases a bit before drastically rose to 40.8 ohms/sq
for 8% doped glycerol of the thin film. Hence the optimum amount of glycerol shall not

be more than 6% in order to minimise the sheet resistance of the thin film.
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Figure 4.12 : Sheet resistance versus percentage of glycerol doped PEDOT:PSS.

The decreased in sheet resistance may due to the increase in charge carrier
concentration which indicates by the widen in optical band gap of glycerol doped
PEDOT:PSS compared to pristine PEDOT:PSS (Fournier et al., 2008). The reduction of
sheet resistance is favorable in enhancing the electrical conductivity of PEDOT:PSS with
glycerol. On the other hand, the drastic increase in sheet resistance for 8% glycerol doped
to PEDOT:PSS is most likely due to the degraded surface morphology (Park et al., 2011).

The degrading surface morphology was referring to the size of particle engorgement
which was decreasing and has allowed the PSS insulator to fill the gap between PEDOT

particles. This condition leads to the higher sheet resistance for more than 6% of glycerol
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doped of PEDOT:PSS. Hence it is notable that the electrical properties of the glycerol
doped PEDOT:PSS are strongly related to the surface morphology. The effect on surface
morphology of PEDOT:PSS thin films with respect to the glycerol doping percentage was
discussed in details in section 4.3.1 where above 6% doped glycerol, the surface roughness
were reduced 33% from its highest surface roughness at 4% doped glycerol PEDOT:PSS.

It is noteworthy that due to this matter it can be concluded that the interaction
between PEDOT:PSS and glycerol becomes significant for low percentage of glycerol
concentrations and thus the conductivity is enhanced accordingly (refer to Figure 4.13).
However, when the amount of glycerol is sufficient to form a continuous conducting phase

of PEDOT:PSS, the interaction between them becomes less significant (Park et al., 2011).
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Figure 4.13: Conductivity versus the percentage of glycerol doped PEDOT:PSS.

Pertaining to the sheet resistance, the effect of glycerol in the PEDOT:PSS thin
films was then studied by DC conductivity measurement at room conditions with the four-

point probe technique. Figure 4.13 shows these results to various concentrations of glycerol
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in the aqueous dispersion of PEDOT:PSS. We can observe that the conductivity increases
rapidly as a function of glycerol concentration up to a maximum value of 1.62 x 10° S/cm
for 4% glycerol doped and then, it gradually reduces with the further concentration of the

doping glycerol.

It is reported that the electrical conductivity of PEDOT:PSS thin films strongly
depends on the extent of aggregation of the constituent polymer nanoparticles (Xiong &
Liu, 2012). It is also attributed to the swelling and interconnection of the conducting
clusters in the film (Laskarakis et al., 2013). There was an opposite reaction occurred
between the PEDOT particles and PSS lamella bonding in the thin film with the existence
of glycerol. In the combination of PEDOT with PSS, where PSS lamella bonding is an
insulator while PEDOT grain is the conductive element, the solution of PEDOT:PSS
conductivity is limited by the large insulating barrier occurred with the PSS lamellas on the
surrounding of PEDOT grains. The existence of glycerol assists in widening the average
grain size of the PEDOT particles which results in the reduction of insulating barrier of the
PSS between the PEDOT grains. Thus, the energy barrier was narrowed, hence creating
extra spaces for charge hopping that leads to the increase in conductivity in the thin film
(Cruz-Cruz et al., 2010).

It is apparent that, the electrical properties of conducting polymers are strongly
dependent on their film morphology and structure. As the morphology of the films changes
with the glycerol doping, the grain size and granular connectivity of the PEDOT and PSS
may have been affected in which some way reduces the number or the height of the
barriers. Thus, this leads to the variation of conductivity of the glycerol doped PEDOT:PSS

(Huang et al., 2003).
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Note that at 4% concentration of glycerol, the conductivity increases one order of
magnitude, from 4.14 x 10”7 S/cm in pristine to 1.62 x 10° S/cm in 4% glycerol doped
PEDOT:PSS. However, after the optimal concentration, a gradual decrease in the
conductivity is observed with more glycerol concentration. It is suggested that when we
doped the PEDOT:PSS with glycerol and as the concentration of glycerol increases to 4%,
the obstruction issue of the electronic charge transport through the material were overcome

with the rising of the charge transportation spaces.

However, after reaching an optimum concentration of glycerol, the further increase
of the glycerol concentration allows further growth of the PEDOT domains to longer
distances to each other which delay the charge transportation process in the thin film that
results to the reduction of the films conductivity (Laskarakis et al., 2013).

Although the conductivity has reduced after 6% glycerol doping, it is retain higher
than the conductivity of the pristine PEDOT:PSS film showing the significant of glycerol
doping in order to improve the electrical properties of the PEDOT:PSS thin film (Cruz-
Cruz et al., 2010). Thus, it is noteworthy that the existence of polar solvent as glycerol in
the PEDOT:PSS has strongly assisted in enhancing the charge carrier hopping between
different polymer grains. Therefore it revealed the information on the charge carrier
mechanisms and their dependence with the polar solvent concentration in the solution

(Laskarakis et al., 2013).

4.2.2 Electrical Properties of ethylene glycol doped PEDOT:PSS.

The main purpose of doping PEDOT:PSS with polar solvent is to enhance its
electrical conductivity. The electrical conductivity enhancement may be due to from the

increase in the charge-carrier mobility which result from the conformational changes of the
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PEDOT chains. Ethylene glycol (EG) is another high potential polar solvent that
contributes to the enhancement of performance of PEDOT:PSS in electronic devices. The
conductivity of PEDOT:PSS aqueous solution was enhanced by adding EG because EG
reduces the conductive PEDOT:PSS particle size and makes the insulating PSS layer

around the conductive particles becomes very thin (Sharmaa et al., 2009).

Figure 4.14 shows the variation in the sheet resistance upon different amount of the
EG being mixed in the PEDOT:PSS thin films compared to the undoped (pristine)
PEDOT:PSS thin film. The sheet resistance values were obtained from the four-point probe
measurement. The plot shows that there is a huge reduction in sheet resistance recorded by
the 4% EG doped PEDOT:PSS. The sheet resistance value is reduced from 36.3 ohm/sq
(pristine sample) to 9.1 ohm/sq (4% EG). However, the sheet resistance is increased with

further addition of EG at 8% concentration.
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Figure 4.14 :Sheet resistance of the modified PEDOT:PSS with different percentage of
EG.
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Indeed, the reduction in sheet resistance of PEDOT:PSS thin films would
significantly contribute to the increase in conductivity of a material. As shown in Figure
4.15, the electrical conductivity of the PEDOT:PSS thin film enhanced with EG doping.
The conductivity values for EG doped PEDOT:PSS thin films are between 5.5 x 107 S/cm
and 3.3 x 10° S/cm. It is shown that, the small percentage of EG has strongly contributed to
the improvement of the conductivity of doped PEDOT:PSS. However, as observed in the
conductivity of glycerol doped PEDOT:PSS, the similar trend has occured in EG doped
PEDOT:PSS. Further increased in EG percentage of 8% has reduced the conductivity to a

magnitude power of two.
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Figure 4.15 :Conductivity of the modified PEDOT:PSS with different percentage of EG.

EG has two polar groups in a molecule:one polar group may form a hydrogen bond
to the sulfonate or sulfonic acid group of PEDOT/PSS , while another polar group may
reside very close to the PEDOT chains. These two polar groups may create the interaction

of different dipole moment or generate the positive charge on the PEDOT chains. Hence, it
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is thought that the interaction between EG and the PEDOT chains, become the driving
forces for the conformational changes (Wichiansee & Sirivat, 2009).

Furthermore, the second conformation change may result from the transformation of
the chemical structure of PEDOT. There are two kinds of resonant structures, the benzoid
and the quinoid structures that exist within PEDOT, as discussed in Chapter 2.0 (refer

Figure 4.16).
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Figure 4.16 : Two kind of resonant structures exist within PEDOT.

For the benzoid structure, there are two-conjugated-electrons that form the C,-Cg
bond. For the quinoid structure, there is no conjugated-electrons on the C,-Cg bond. After
the secondary doping of EG, the benzoid structure transform into the quinoid structure and
the quinoid structure becomes dominant within the PEDOT/PSS chains. The transformation
of the chemical structure of PEDOT chains is generally accompanied by a conformational
change. Coil and linear or expanded-coil conformation are possible for PEDOT. Thus such

conformational changes may induce the rise in EG-doped PEDOT:PSS.

The obstacle in low conductivity of PEDOT:PSS (in the range of 10°¢ S/cm) is
likely to be due to the nature of its structure. The core of the molecule is rich of the

conductive PEDOT moiety, however, it is surrounded by the shell of the insulating PSS
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moiety. As to enhance the conductivity of the PEDOT:PSS, the main concern is to reduce
the thickness of the PSS insulating shell. This will lower the energy barrier of the interchain
and inter-domain charge hopping, hence the electrical conductivity of the PEDOT:PSS can
be improved (Xia et al., 2012).

EG doping has shown some impacts in improving the electrical conductivity of the
PEDOT:PSS thin films. The enhancement may due to the increase in charge-carrier
mobility resulting from the conformational changes of the PEDOT chains (Ouyang et al.,
2005). The contact between EG and PEDOT:PSS is claimed to be the driving force that
contributes in the conformational changes. EG with its two polar groups in a molecule
possess a strong factor to develop interaction that could enhance the conductivity of the
PEDOT:PSS. The connection occurs where one polar group of EG form a hydrogen bond
to the sulfonate or sulfonic acid group of PEDOT/PSS while another polar group may
reside very close to the PEDOT chains between the dipole moment of the polar group and
the dipole moment or the positive charge on the PEDOT chains (Ouyang et al., 2005).

Moreover, the conductivity of PEDOT:PSS also suggested that the increase is
mainly due to the screening effects of polar solvents (Kim et al., 2002). The screening
effect is referring to the modification of chemical structure in PEDOT:PSS with the
addition of EG. At the same time the excess insulating PSS part was washed away from the
surface of the PEDOT:PSS grains in the film, leading to a better connection between the

conductive PEDOT:PSS grains (Jonsson et al., 2003).

4.2.3 Electrical Properties of AZO doped PEDOT:PSS.

As shown in Figure 4.17, a different trend is observed in R; obtained for AZO
doped PEDOT:PSS. Initially, the introduction of ZnO doping to PEDOT:PSS thin film

yield a small reduction of R;. However, as the AZO doping percentage increased up to 4%,
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the R, drastically declined until the lowest value of 4.1 ohm/sq. Nevertheless, with further
increased to 6% of AZO has caused the R to increase to 6.8 ohm/sq. This indicates that the
4% amount of AZO is optimum amount of AZO to enhancethe electrical properties of AZO

doped PEDOT:PSS.
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Figure 4.17 :Sheet resistance of the modified PEDOT:PSS with different percentage of AZO.

Hence, as illustrated in Figure 4.18, the conductivity of AZO doped PEDOT:PSS as
an inverse trend of the sheet resistance R (plot in Figure 4.17) has recorded the highest
conductivity of 3.6 x 10° S/cm by 4% AZO doped to PEDOT:PSS. The conductivity of
ZnO doped PEDOT:PSS is around 4.5 x 107 S/cm which value is laid between the
conductivity of pristine PEDOT:PSS (0%) and 2% AZO doped PEDOT:PSS.

An interesting enhancement in conductivity with AZO in PEDOT:PSS thin film
illustrates high potential of upgrading the electrical properties of polymer by a hybrid
mixture with metal oxide. In the present work, zinc oxide and AZO are likely to become the

important compound in modifying and enhancing the electrical properties of PEDOT:PSS.
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Figure 4.18 : Conductivity of the modified PEDOT:PSS with different percentages of AZO.

Zinc oxide and AZO are known as n-type material with electrons as the majority
charge carriers (Tseng et al., 2010). The electrical conductivity of ZnO is directly related to
the number of electrons which formed by the ionization of the interstitial zinc and the
oxygen vacancies. By introducing aluminum as a dopant in zinc oxide (6%) to form AZO,
the carrier concentration is increased with the decreasing of resistivity. However, further
doping of aluminum beyond the optimum value may increase the electrical resistivity
which related to the segregation of dopants at the grain boundary. In this case, large amount
of aluminum dopant become impurity which give drawback to the electrical properties of

the materials (Kuo et al., 2006).

In the present work, 4% of AZO concentration in PEDOT:PSS thin film is sufficient
in reducing the sheet resistance, therefore increases the conductivity of the PEDOT:PSS
thin film. Combination between n-type material, AZO and p-type PEDOT:PSS attributed
to the conformational changes in the macromolecular polymer chains from a coil

conformation to extended coil or a linear conformation (Xia & Ouyang,2011). The changes
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of conformation may be originated from the dipole moment interaction. This
inorganic:organic hybrid may produce inhomogenoues and unbalance distribution of
positive and negative charges due to the dipole interaction between a dipole moment of
ZnO or AZO with the dipole moment of the ethylenedioxythiophene in PEDOT. Hence,
the change in conformation may be the significant factor in upgrading the electrical

properties of the AZO doped PEDOT:PSS (Semaltianos et al., 2010).

4.3 Morphological properties.

One of the factor to accomplish an optimum performance of bulk heterojunction
device is to control the morphology of the multilayer structure of the device.
Fundamentally, each layer of the device is connected by the interfaces. Hence an optimum
morphology is favorable to form a well-dispersed system which is crucial for efficient
charge separation between the interface of active layer and the electrodes. Moreover, a
phase separation on a large scale also essential to improve charge transport from the active
layer to the electrode of the device (Beek et al., 2005).

Hence, the atomic force microscopy (AFM) measurement with a tapping mode was
implemented to investigate the effect of surface morphology of the PEDOT:PSS thin film
with the doping of glycerol, EG and AZO. The root-mean-square (R;ns) roughness is a

quantitative value for describing the surface roughness of the dopedPEDOT:PSS thin films.

4.3.1 Morphological properties of glycerol doped PEDOT:PSS.

The topographical images of glycerol modified PEDOT:PSS compared to the 0%
glycerol (pristine) are shown in Figure 4.19 . The AFM image of pristine PEDOT:PSS
clearly shown that the morphology of the un-doped sample is smooth and conquered by

short curved structure which attributes to the existing of polymer nanoparticles from
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aqueous dispersion (Hau et al., 2009). The surface morphology of PEDOT:PSS films
consist of grains for PEDOT-rich regions and large areas among them appear almost
featureless for PSS-regions (Semaltianos et al., 2010). However, upon the addition of

glycerol, a dramatic effect on the surface roughness of the thin films is shown.

As a high boiling point solvent, glycerol has a potential to reduce the evaporation
rate of the PEDOT:PSS solvet hence results in forming a flat thin film surface which may
encourage in reducing the surface roughness of the PEDOT:PSS thin films (Tekin et al.,
2004; Xiong & Liu, 2012). As observedin 2% glycerol modified PEDOT:PSS thin films,
the aggregation of PEDOT-rich particles which have been generated due to the small
amount of glycerol can result in an increase roughness on the film surface. The surface
morphology of the glycerol doped PEDOT:PSS became more inhomogenous than the

pristine PEDOT:PSS.

Figure 4.20 presents the effect of glycerol-doped PEDOT:PSS on the surface
roughness. The values of root-means-square surface roughness (R;,s) and the mean of
surface roughness, R, are tabulated in Table 4.4. It can be seen that the surface roughness

of PEDOT:PSS increases upon glycerol doping up to 4%.
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Figure 4.19 : AFM images for glycerol doped PEDOT:PSS compared to pristine PEDOT:PSS.
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Such rise could be explained in terms of the broken ionic bonds that formed
between PEDOT and PSS chains with the doping of glycerol to PEDOT:PSS which leads
to the repulsion of negative charges on PSS chains. As the glycerol amount increases, it
results in more severe aggregation in PEDOT chains which may cause the increase in the

surface roughness of the PEDOT:PSS thin films (Xia & Ouyang, 2011).
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Figure 4.20 : R,,,s roughness for glycerol doped PEDOT:PSS thin film.

Table 4.4: Root-mean-square roughness and mean surface roughness for
glycerol doped PEDOT:PSS.

Sample Name Root-mean-square Mean-surface roughness,
roughness, R;s(nm) R, (nm)

Pristine 5.946 4.813

2 % Glycerol 12.001 8.720

4 % Glycerol 16.567 12.618

6 % Glycerol 11.587 9.179

8 % Glycerol 7.757 6.289

However as the percentage of glycerol increases (up to 8%), the PSS lamella layer

reacted with glycerol where the negative charges on the PSS chains repulse each other. This
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repulsion forms a better organized alignment to produce a smoother surface with further
percentage of glycerol (Xiong & Liu, 2012). Moreover, glycerol that acted as a plasticiser
upon addition to PEDOT:PSS results in the engorged colloidal particles thus in return,
improved the conductivity between the conductive region of the films (Lee et al., 2010).
Hence, the smoothen surface of 8% doped PEDOT:PSS thin film contributes
accordingly to increase the sheet resistance of the thin films as discussed in section 4.2.1
thus reduced the conductivity of 8% glycerol doped PEDOT:PSS thin film. The smoothen
surface reduced the engorgement effect of PEDOT:PSS particles which leads to the
increasing of surface contact between the PEDOT particles. As this allowed insulator of
PSS to fill in between the PEDOT particles result in the increment of sheet resistance of

the PEDOT:PSS thin films.

4.3.2 Morphological Properties of EG doped PEDOT:PSS thin films.

Atomic force microscopy images of the ethylene glycol (EG) doped PEDOT:PSS
are shown in Fig. 4.21. By adding EG to PEDOT:PSS, the surface morphology of the thin
films has changed. The variation was claimed to be related to the conformational
modification which responsible in raising the interchain interaction (Ouyang et al., 2004).
An additive effect shows that the granular structure becomes smaller with a sharper
engorgement generating the higher surface roughness value compared to the glycerol

modified PEDOT:PSS.

99



Pristine
(0%)

Figure 4.21 :AFM images for EG doped PEDOT:PSS compared to pristine PEDOT:PSS.
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As tabulated in Table 4.5, the addition of 2% and 4% of EG content has caused the
extreme surface roughening. The mixture of 2% and 4% of EG into PEDOT:PSS molecules
created non-homogeneous distribution of the PEDOT and PSS species within the grains.
Figure 4.22 presents the effect of EG-doped PEDOT:PSS on the surface roughness. This
result could be due to the migration of solvent component to the films surface and produced
an uneven surface of film. However, with 6% and 8% amount of EG doped has gradually
smoothen the film surface to exhibit a granular morphology consisting of PEDOT:PSS
particles. Other researchers have also reported the similar observation on the EG-doped
PEDOT:PSS (Karagiannidis et al., 2012).

According to the AFM images, it is obvious that the morphology of the pristine
(undoped PEDOT:PSS) is significantly affected by the presence of EG. Upon doping of
solvent, the PEDOT:PSS molecules become elongated oriented.It forms a long stretched
network that results in increase of surface roughness (Laskarakis et al., 2013). In addition,
H.Yan et al proposed that the roughness of the film surface was considerably become
rougher upon EG addition due to the formation of clusters with several primary particles
(Yan & Okuzaki, 2009).

Moreover, as shown in Figure 4.21, the existence of white granular on 6% EG and
8% glycerol modified PEDOT:PSS thin films indicates the island formation on the film
(Mauger et al., 2012). The results obtained in this AFM observation, also in agreement to
the images observed by Crispin et al. The existence of elongated islands was explained by
the phase separation upon addition of diethylene glycol (DEG) in PEDOT:PSS (Crispin et

al., 2003).
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Table 4.5 :Root-mean-square roughness and mean surface roughness for EG doped

PEDOT:PSS
Sample Name Root-mean-square Mean-surface
roughness, R;ys(nm) roughness, R, (nm)
Pristine 5.946 4.813
2% EG 12.750 9.717
4% EG 23.574 18.399
6 % EG 7.110 4.287
8 % EG 4.597 3.779

Further addition of EG contributes to the reduction of the excess PSS on the
PEDOT/PSS grains or film by phase separation (Sharmaa et al., 2009). In the PEDOT and
PSS clusters, the size of the primary particle can be decreased by removing the excess PSS
layer. The polar solvent tends to wash away the PSS molecules from the surface region.

Hence the PEDOT:PSS film become thinner with the increase of EG amount beyond 4%.
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Figure 4.22 :R;ns0f ethylene glycol (EG) modified PEDOT:PSS thin film.
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Nevertheless, it is in contrast with the AFM results by J.Gasiorowski et al where in
their observation, the trend indicates that roughness slightly increases upon increasing the
concentration of EG at certain values. Initially, they found that, the layer without EG
showed relatively smoother surface with granular structure of PEDOT:PSS. However with
an increasing concentration of EG, a noticeable increase of the roughness of the films had
been observed. They suggested that the significant increase of roughness with EG
concentration may due to the fact of formation of small grains within PEDOT:PSS

(Gasiorowski et al., 2013).

Another work also suggested that the EG doping has increased the thickness of the
PEDOT:PSS (Yan & Okuzaki, 2009). They referred that such thicker film was caused by
the increasing of the primary particle diameter or the aggregation of two or three primary
particles or cluster. Hence it is concluded that the EG doped PEDOT:PSS in the present
work mainly contributes in reducing the PSS layer as well as adjusting the PEDOT particles
for the elongated and better oriented thin films for EG concentration beyond 4%. Such

contradictory results may due to the different type of EG grade used in their study.

4.3.3 Morphological properties of AZO doped PEDOT:PSS thin films.

Morphologies of the different AZO doped PEDOT:PSS thin films are shown in
Figure 4.23. AFM images of pristine, ZnO doped and AZO doped PEDOT:PSS are also
shown as comparison. In general, the surface morphology in all thin films is reasonably
smooth, with uniform grain distribution. The obvious variation of roughness with the
present of AZO may results from the conformational changes of the macro molecular
polymer chains of PEDOT:PSS with AZO doping. The coil conformation structures have

been converted to a linear or expanded coil conformation with the incorporation of AZO
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(Semaltianos et al., 2010).The structure conversion from coil conformation to linear or
expanded coil altered the surface morphology by increasing its roughness hence this may
leads to the better connection among the conductive PEDOT chains.

The root mean square roughness (R.ys) and the mean surface roughness (R,) are
tabulated in Table 4.6. It can be seen that the root mean square roughness of PEDOT:PSS
thin film with AZO doping rises twice compared to that of the pristine thin film, from
about 5.946 nm up to 12.323 nm for 6% AZO doped PEDOT:PSS thin film. Figure 4.24
shows this drastic change in upon 4% AZO amount compared to the pristine film.

One can notice (from Table 4.6) that there is no changes occur in the roughness of
the ZnO doped PEDOT:PSS thin films compared to the pristine sample. Nevertheless the
exist of aluminum in zinc oxide (to form AZO) strongly contribute in a drastic increase of
the surface roughness with respect to AZO doping.

The variation of surface roughness in ZnO doped- and AZO doped PEDOT:PSS
(as shown in Table 4.6) rather steadily occur compare to the glycerol doped and EG doped
which likely forming drastic changes with their doping material. ZnO and AZO material are
n-type material which basically possessed dominant carriers of negative charges. Hence,
the doping process to a p-type PEDOT:PSS has established an electrostatic interaction
between PEDOT chain and the AZO components (Heo et al., 2013). It is also noted that the
gradual increase in rms roughness of the AZO doped PEDOT:PSS thin films may due to
the effect of aluminum content in zinc oxide compound leading in the transformation to a

linear conformation of PEDOT:PSS structure.
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Figure 4.23: AFM images for AZO doped PEDOT:PSS compared to the undoped
(pristine) PEDOT:PSS.
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Figure.4.24: Roughness, rms for AZO modified PEDOT:PSS compared to the pristine
PEDOT:PSS.

Table 4.6 :Root-mean-square roughness and mean surface roughness for AZO modified
PEDOT:PSS compared to the pristine PEDOT:PSS.

Sample Name Root-mean-square Mean-surface
roughness, Rq(nm) roughness, R, (nm)

Pristine 5.946 4.813

ZnO 5.778 4.639

2% AZO 7.270 5.580

4% AZO 11.408 8.963

6 % AZO 12.323 7.227
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4.4 Raman studies.

Raman spectroscopy studies is normally used due to the unique vibrational
informational which is specifically relates to the chemical bonds and symmetry of
molecules. Specifically for organic material, Raman spectra are similar to infrared spectra
in that they have regions that are useful for functional group detection. Hence, it provides a

fingerprint by which the molecule is able to be identified.
4.4.1 Raman studies of glycerol doped PEDOT:PSS

The Raman spectra for pristine and glycerol doped PEDOT:PSS are shown in
Figure 4.25.As an overall, the bands observed and their assignments are in good agreement
with the one obtained by other researchers (Schaarschmidt et al., 2009); Semaltianos et al.,
2010; Tamburri et al., 2011). The fingerprint spectra of PEDOT:PSS with the most clear,
intense and well-shaped peaks were produced for these polymer chain groups of glycerol
doped PEDOT:PSS. The main fingerprint peaks which provide identification of the
polymer material as PEDOT:PSS were appeared in the Raman band spectra and are
summarized in Table 4.7 together with their peaks and assignments of their chemical

bonding.

As illustrated in Figure 4.25, the spectrum of the reference pristine (green curve), a
band with a strong intensity is centered at 1426 cm™ which corresponds to the symmetric
stretching mode of the aromatic C=C band within the PEDOT chemical structure . Three
other important bands found at 1530, 1365 and 1261 cm™ which are related to the
antisymmetric C,-Cp stretching, Cpg-Cp stretching deformations and C,-C, inter-ring

stretching vibrations, respectively (Schaarschmidt et al., 2009).
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Figure 4.25 : Raman spectra for pristine and glycerol doped PEDOT:PSS in the frequency
range 200 — 2000 cm™ .

Table 4.7:. List of band position, band assignments and the type of raman active modes of
glycerol doped PEDOT:PSS raman spectras

Band Position (cm™) Band assignment Raman active modes
1569 -1574 Co- Cyq Antisymmetric stretching
1504-1514 Co-Cp Antisymmetric stretching

1444 Aromatic C1/4 Symmetric stretching
1369-1374 Cs-Cp Stretching deformation
1269 Co- Cq Inter-ring stretching
vibrations
1104-1120 C-O-C deformation
990-995 Oxyethylene ring
deformation
576-581 Oxyethylene ring
deformation

446-451 SO, bending
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From the Raman spectra, it is observed that the location of the aromatic C=C bands
(at 1443 cm™) of the glycerol-doped samples are not shifted upon doping of glycerol. It is
also noticeable that the Raman intensity at 1443 cm™ of the films have changed to some
extent, with respect to the variation of the glycerol percentage. The effect of glycerolon
Raman intensity is tabulated in Table 4.8. For the PEDOT:PSS film with 2% glycerol, the

band reaches the highest intensity, while at 6% doping exhibit lowest intensity.

Table 4.8 : Raman peak at 1443 cm™ of the glycerol doped PEDOT:PSS.

Glycerol doped (%) Raman absolute intensity
0 2514.20
2 9657.00
4 3413.68
6 1021.29
8 5493.80

The variation in Raman intensity upon glycerol doping exhibit the alterations in the
PEDOT polymer chain doping and the PSS ionic strength caused by the conformational
change in the PEDOT:PSS thin films (Schaarschmidt et al., 2009; Tamburri et al., 2011).
However the Raman peak originated from the PSS structure cannot be detected in this

study, probably due to the non-conjugated backbone (Nguyen & Vos, 2004).

Figure 4.26 shows Raman spectras of glycerol doped PEDOT:PSS in the range of
wavenumber from 1300 cm™ to 1600 cm™ which provides clear view on the finger-print
peak locations to observe the shifting phenomena due to the glycerol doping procedure to
the PEDOT:PSS. Several peak locations which show shifting results due to the doping of

glycerol are at 1372 cm™ and 1510 cm™. However at raman peaks locations of 1444 cm’
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'and 1571 ecm™ show no shifting effect but only changes in their intensity with respect to

different doping percentage of glycerol.
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Figure 4.26 : Raman spectras of the pristine PEDOT:PSS and modified PEDOT:PSS with
glycerol doped in the range 1300 cm™ to 1600cm™.

The peak at 1372 cm’" is referring to the stretching formation of Cg- Cp bonding and
the doping effect of 2%, 4% and 8% shows that the peak were shifted to the left with
respect to the peak by the pristine thin film, which shown the decreasing of the raman
wavenumber. The peak at 1510 cm™ also shows shifting effect with the doping of glycerol
where 4% doped peak moved backwards which the wavenumber were reduced while the
peaks of 2% and 8% doped glycerol moved forwards and were increased in their raman

wavenumbers.

The shifting and broadening effect upon glycerol doping process are correspond to
the stretching vibration of C, = Cg on the five-member ring of PEDOT. It is suggested to

be attributed to the resonant structure of PEDOT chain which changing from a benzoid to a
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quinoid structure (Ouyang et al., 2004). Hence in this study, the shifting peaks of 2%, 4%
and 8% glycerol doped PEDOT:PSS may relate to the vibrations of C,=Cg antisymmetric
stretching and the deformation of Cg = Cg stretching bonding which correspond to the

structure deformation from benzoid to quinoid structure.

As discussed in section 2.2 (page 23), the change to linear or expand coil of quinoid
structure results in the enhancement of electrical properties of PEDOT:PSS. Thus this
results was in good agreement with the electrical properties of 2% to 4% glycerol doped
PEDOT:PSS which shows increasing in conductivity of PEDOT:PSS with 2% and 4%

glycerol doped PEDOT:PSS (Section 4.2).

It should be noted that the two peaks at 1095 and 572 cm™ bands in all Raman
spectra correspond to the glass substrate and not originated from the doped PEDOT:PSS
thin films. For the same measurement condition, the absolute Raman intensity spectrum is
the function of the optical properties of the analyzed materials, mainly the colour and the
clearness (Colomban & Slodczyk, 2009). The intensity of the scattered light can decrease
significantly because of the weathering effects such as the appearance of microcracks, pits,
salts, precipitates and corroded silica rich layer at the upper surface exposed to different

polutions.

Hence, due to the intensity difference with respect to the doping percentage of
glycerol indicates the presence of impurities and defects which increases with the higher
amount of glycerol in PEDOT:PSS thin film. This is in a good agreement with the surface
morphology of glycerol doped PEDOT:PSS discussed in section 4.3.1 which shows rise of
rms roughness with the addition of glycerol, specifically in the range of 2% to 6% of

glycerol doped to PEDOT:PSS thin films. It is noted that the variations in rms roughness
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were not in order with the differences in Raman intensity. Hence, the increase of rms
roughness were suggested to be only partly related to the existence of defects on the surface

of the doped PEDOT:PSS thin films.
4.4.2 Raman Properties of EG doped PEDOT:PSS thin films.

Since the EG doping shows interesting changes in PEDOT:PSS thin films
specifically in their optical and morphology properties, hence further investigation on the
effect of this dopant to the molecular structure and polymer chains is crucial. In this
section, Raman spectroscopy measurement is discussed. Figure 4.27 presents the Raman

spectra of the EG doped- PEDOT:PSS thin films.

In this work, the Raman spectra for EG doped samples consist of several intense
bands. The correspond Raman bands to the bonding modes of the EG doped-PEDOT:PSS
spectra are tabulated in Table 4.9. The spectra obtained from this study is almost identical
to the Raman spectrum reported by the other researcher (Tamburri et al., 2011). It can be
noticed that the presence of an intense band at 1446 cm™ corresponds to the symmetrical
C,=Cgstretching modes. The asymmetrical C,=Cp stretching mode actually splits into two

bands located at 1504 and1564cm™’, respectively.
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Figure 4.27 : Raman spectra of the pristine PEDOT:PSS and modified PEDOT:PSS with EG.

Moreover a tiny band attributed to C,-C, stretching at about 1267 cm! is also
found in this study. This spectral feature has been widely recognized in literature and
ascribed to the oxidized form of the polymer. However, generally, their bands are broader
and shifted to higher frequency with respect to those detected for the undoped PEDOT:PSS
polymer form (Tamburri et al., 2011). The broader band was suggested due to the changes
from coil to linear chain structure which leads a transformation from benzoid to the quinoid

molecular structure.
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Raman spectroscopy of EG doped PEDOT:PSS has provided information on the
molecular transformation upon the addition of EG. It is suggested that the conformational
of the PEDOT chains is altered by EG doping in PEDOT:PSS (Ouyang et al., 2004). The
driving force for the conformational change is the dipole-dipole interaction of EG dipole
and PEDOT chains in PEDOT:PSS. The rearrangement of polymer chains in PEDOT:PSS

with EG doping provides a strong influence in electrical properties, as discussed earlier.

It is notice from Table 4.9 that by EG doping, the 1369 cm™ band has disappeared.
This band corresponds to the Cp-Cp stretching deformation and with more than 2% of EG
addition, has diminished this type of bonding structure in PEDOT:PSS. The missing
bonding may reflects the different structure of studied EG doped PEDOT:PSS thus affected
in different properties compared to the EG doped PEDOT:PSS by other research work

(Singh et al., 2014).

Table 4.9: List of band position, band assignments and the type of Raman active modes of

EG doped PEDOT:PSS
Band Position (cm™) Band assignment Raman active modes

1564 Co- C,, Antisymmetric stretching

1504 Co - Cp Antisymmetric stretching

1444 Aromatic C1/4 Symmetric stretching

1267 Co- Cq Inter-ring stretching

vibrations

1097 C-O-C deformation

994 Oxyethylene ring
deformation

576 Oxyethylene ring
deformation

449 SO, bending
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Wichiansee et al claimed that EG may involve in the second conformation change
due to the transformation of the chemical structure of PEDOT (Wichiansee & Sirivat,
2009). Two kind of the resonant structures exist within PEDOT which consists of benzoid
and quinoid structure which involve the deformation chains of C,- Cg as shown in Figure
4.28 (Yoo et al., 2014). In the benzoid structure, the C, - Cg bond is formed by two
conjugated electrons while in quinoid structure there is no conjugated-electrons on the C, -
Cp (Wichiansee & Sirivat, 2009). The difference in intensity and the shifting of Raman
peaks were highly due to the doping behavior in PEDOT:PSS according to the doping
material (Han et al., 2011).

R A
O0=8=0 0=8$=0 0=s=0

D QO C
:Ipss

0:?:0 0=s=0 O:?:O 0:?:0
o} OH O OH

Figure 4.28 : The transformation in chemical structure of PEDOT:PSS from benzoid to
quinoid structure.
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Figure 4.29 : Raman spectra of the pristine PEDOT:PSS and modified PEDOT:PSS with
EG in the range of 1350 cm™ to 1600 cm™" .

Figure 4.29 shows the raman spectras of EG doped PEDOT:PSS in the wavenumber
range of 1350 cm™ to 1600 cm™. Apparently, the peaks at 1442 cm™ shows no shifting
effect while obvious peak shifting were observed at 1510 cm™ and 1567 cm™ with respect
to the raman spectras of the pristine PEDOT:PSS. 4% and 6% EG doped PEDOT:PSS
shows the backwards shift of wavenumbers relative to the pristine peak at 1510 cm.
However 2% and 8% EG doped PEDOT:PSS shows almost none raman peak at this
wavenumber which indicating the weak bonding of C,- C, and C, - Cpgantisymmetric

stretching.

4.4.3 Raman Properties of AZO doped PEDOT:PSS.
The Raman spectra for zinc oxide and AZO doped PEDOT:PSS are shown in
Figure 4.30. Generally, as demonstrated in the plot, the band spectra and the peaks location

of AZO doped PEDOT:PSS thin films are all in good correlation with the pristine
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PEDOT:PSS. The most clear, intense and well-shaped peaks are produced for the polymer
chain groups of AZO doped PEDOT:PSS. The summary of the Raman peak and their
correspond active modes is tabulated in Table 4.10.

For zinc oxide and AZO pristine thin films, the Raman peaks appear in the range
between 250 ¢cm™and700cm™ (Manounia et al., 2006). From the plot, there was no clear
appearance of these respective peaks occur. Hence, no obvious modification in
PEDOT:PSS structure upon mixing with AZO compound.

It is also noticeable that peak 1370 cm™ also invisible in these Raman spectra. This
indicates that Cs-Cgbonding also not exist in AZO doped PEDOT:PSS which means no
stretching deformation occur between the molecular structure of PEDOT:PSS after its

collaboration to metal oxide of zinc oxide and AZO material.
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Figure 4.30 :Raman spectra of the pristine PEDOT:PSS and modified PEDOT:PSS with AZO.

Table 4.10. List of band position, band assignments and the type of raman active modes
of AZO doped PEDOT:PSS

117



Band position (cm-1)

Band Assignment

Raman Active Modes

1570 Cy-Cq, Antisymmetric stretching
1511 Co-Cp Antisymmetric stretching
1442 Aromatic Cyyy Symmetric Stretching
1267 Cy-Cq, Inter-ring stretching
vibrations
1102 C-O-C deformation
995 Oxyethylene ring
deformation
570 Oxyethylene ring
deformation
451 SO2 bending
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Figure 4.31 :Raman spectra of the pristine PEDOT:PSS and modified PEDOT:PSS with
AZO in the range of 1300cm™ to 1600cm™.
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Figure 4.31 demonstrated the raman spectras of ZnO and AZO doped PEDOT:PSS
in the range of 1300 cm™ to 1600 cm™. At this range, the peaks at wavenumbers of 1372
cm™, 1442 cm™, 1510 cm™ and 1569 cm™ illustrate minor shifting of peaks with the
doping of ZnO and AZO to PEDOT:PSS indicates that ZnO and AZO doping provides new

arrangements in the chemical structure of PEDOT:PSS.

4.5 Current density — voltage (J-V) characterisations.

Overview.

In this work, it is essential to utilize the present modified PEDOT:PSS as buffer
layer in organic solar cell device and obtain the current density-voltage (J-V) characteristics
from all the devices. The various changes occur in the optical, electrical and morphology

properties of the doped PEDOT:PSS with respect to its different doping material.

Hence, obtaining the J-V parameters of each device with glycerol, EG, ZnO and
AZO doped PEDOT:PSS as the buffer layer, is a significant process in order to blend and
conclude which is the optimum modified PEDOT:PSS that may contribute in enhancing the
performance of organic solar cell. Open circuit voltage, V,. is one of the most important
parameters in the organic solar cell performance. Its value is strongly related to the contacts
between the active layer with the electrodes which is usually referred as buffer layer in
organic solar cell device (Cai et al., 2009). Hence the variation in V. is expected to occur

with respect to the different in dopant PEDOT:PSS as buffer layer.

The J-V characteristics of organic solar cells with different buffer layer of glycerol,
EG and AZO doped PEDOT:PSS under illumination of AMI1.5 solar simulation (100

mW/cm?) are obtained and presented in this chapter.

119



4.5.1 J—V characteristics of glycerol doped PEDOT:PSS.

The J-V plots of organic solar cell which consists of ITO/glycerol doped
PEDOT:PSS/P3HT:PCBM/Al with different percentage of glycerol and undoped
PEDOT:PSS (pristine) are shown in Figure 4.32. It can be seen that the photovoltaic
performances of the devices using different concentration of glycerol are significantly
improved relative to the pristine PEDOT:PSS as the buffer layer. The results of J-V
characteristics are summarized in Table 4.11. The open circuit voltage, V,. current
density, Js, fill factor, FF and the efficiency percentage, 1 of all devices were stated in

Table 4.11.

Current Density (x 107 mA/cm'z)
&

-8 -
—a— G 2%
10 —o— G 4%
—A— G 6%
—v— G 8%
-12 - —&— Pristine

Figure 4.32 : J-V plots for glycerol modified PEDOT:PSS compared to pristine
PEDOT:PSS.
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Table 4.11 :J-V characteristics for glycerol modified PEDOT:PSS compared to
pristine PEDOT:PSS.

% Doping Voe(V) Jse(x 10° mA cm'z) FF (%) n(x 102 % )
Pristine 0.54 4.0 24.67 53
2 0.46 9.0 22.45 9.3
4 0.33 9.8 26.74 8.6
6 0.36 10.6 23.67 9.0
8 0.49 9.7 17.66 8.4

From Table 4.11, it shown that the Js. of the 2% doped PEDOT:PSS has been
enhanced from 4.0 x 10° mAcm™ to 9.0 x 10° mAcm™, compared to the undoped film.
The small variations of J. in the range of 9.0 x 10™ to 10.6 x 10° mA c¢m™ may indicate
minor improve charge transport of free charges results from a small formation of

percolation pathways of the charge carriers (Beek et al., 2005).

Nevertheless, there is not much difference in Ji. photocurrents upon dopant amount;
almost identical performance are obtained from these devices with variation of glycerol in
PEDOT:PSS as the buffer layer (see Figure 4.33). For other photovoltaic parameters of the
device, open circuit voltage, V,. and fill factor show obvious variation with respect to the
different glycerol concentration. The V. decreased drastically to 0.33 V with 4% glycerol
doping and this trend is in good agreement with the work by S.Park et al which studied the
PEDOT:PSS doped with sorbitol (Park et al., 2011). Park et al suggested that this behavior
may be attributed to the development of shunts which is in well relation with the

conducting pathways of the charge carriers from one layer to another layer in the device.
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Figure 4.33 :The variation of V. and J,. for glycerol modified PEDOT:PSS compared to
pristine PEDOT:PSS.

The fill factor (FF) strongly related to the ability to prevent the recombination
process between the diffused free charges at the interface of active layer and the electrode
in the device. Figure 4.34 presents the effect of glycerol-doped PEDOT:PSS buffer layer
on fill-factor, FF and power conversion efficiency, PCE of the photovoltaic devices. It is
found that the glycerol doped PEDOT:PSS buffer layer contributes in altering the fill factor
and the efficiency of the organic solar cell. At 4% glycerol content, the FF reaches the
highest value, but further increase in glycerol concentration has caused a drastic drop of

FF.
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Figure 4.34 : The variation of fill-factor, FF and power conversion efficiency,
PCE with respect to the glycerol doping.

The decrease in fill-factor with the increase in glycerol concentration may be due to
the increase in the series resistance (Rs) in the device (Shrotriya et al., 2006). Nevertheless,
the device efficiency reaches the maximum value at 9.31 x 10 % for device with 2 %
glycerol doped PEDOT:PSS as the buffer layer. This result in agreement with the
observation obtained in the conductivity measurement of the glycerol-PEDOT:PSS thin
films (discussed in the previous section), in which 2% glycerol has produced the highest
conductivity. Thus, based on this study only 2% of glycerol is needed incorporate the

PEDOT:PSS in order to increase the performance of the organic solar cell.
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4.5.2 J -V characteristics of EG doped PEDOT:PSS

The performance of organic solar cell device with EG doped PEDOT:PSS is
presented by the J-V plot in Figure 4.35. Obvious changes in V. and Js. have occurred
upon the EG doping . The extracted V,. and Jsvalues (obtained from Figure 4.35) is
presented in Figure 4.36. The plot shows that Vs reduced gradually while the Js. shows
unstable pattern with the increase amount of EG. It is suggested that the decrease in V.
may due to the shunts which exist at the interlayer of the device structure. In addition, the
increase in Jg, with addition of EG amount (such as at 6% EG) can be correlated to the rise
of charges formation inferred from the photoluminescence quenching. In contrast, with the
decrease in Ji(at high content of EG, such as 8%) indicates the weaken in absorption of

light by the anode and buffer layer side (Beek et al., 2005).

Current Density (x 10° mA/cm™®)

-15
—a—EG 2%
-20 4 —o—EG 4%
) —4a—EG 6%
95 —v—EG 8%
—— Pristine

Figure 4.35: J-V plots for EG modified PEDOT:PSS compared to pristine PEDOT:PSS.
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Figure 4.36 : The variation of V, and J,. for EG modified PEDOT:PSS compared to
pristine PEDOT:PSS.

The details of J-V parameters are listed in Table 4.12. In general, the enhancement
occurred in the efficiency of doped PEDOT:PSS compared to the device with pristine
PEDOT:PSS (Figure 4.37). As illustrated in Figure 4.37, the variation of fill factor seems to
be insignificant with the additional content of EG doped PEDOT:PSS. Hence this indicates
imbalance progress of the diffusion process to produce free charge carriers of electrons and
holes. As a result, recombination of free charges may occur which reflect in the unstable

trend of fill factor with the increased in EG content.

As indicated in Figure 4.37, there is no particular pattern in enhancing the
performance of the organic solar cell by EG doping into PEDOT:PSS film as buffer layer.
The highest efficiency PCE achieved is 17.0 x 10™ % by using 6 % EG doped PEDOT:PSS.
However, this amount of EG cannot be considered as the optimum amount to obtain the

highest efficiency due to un-stable Jy, as well PCE results.
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Table 4.12 : J-V characteristics for EG modified PEDOT:PSS compared to pristine

PEDOT:PSS.
% Doping ~ Voo(V)  Je( x 10° mA cm™) FF (%) n(x 107 %)
Pristine 0.54 4.0 24.67 53
2 0.40 15.4 18.78 11.6
4 0.36 11.4 23.05 9.5
6 0.39 22.3 19.57 17.0
8 0.46 10.4 21.24 10.2
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Figure 4.37 : The variation of FF and PCE for EG modified PEDOT:PSS compared to

pristine PEDOT:PSS.
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4.5.3 J -V characteristics of ZnO and AZO doped PEDOT:PSS.

Hybrid buffer layer of ZnO doped PEDOT:PSS and AZO doped
PEDOT:PSS are used in organic solar cell and the measured J-V characteristics are
presented in Figure 4.38. The list of electrical parameters obtained from the J-V
characteristic plot are tabulated in Table 4.13. The V. values seems to be maintained at
approximately 0.6 V for the pristine PEDOT:PSS, ZnO doped and (2% - 6%) AZO doped
PEDOT:PSS as shown in Figure 4.39. This unaffected V.. upon AZO doping amount
reflects insignificant dopant in modifying the barrier height of the materials in organic solar
cells. However, device produces the smallest V. value at 8% AZO indicating that large

amount of AZO may act as impurity and impinge the mobility of the charges in the device.

Voltage (V)

Current Density (x 10° mA/cm'z)
o

-20 —=—7n0
—o— AZO 2%

-25 —4— AZO 4%
—v— AZO 6%

.30 —&— Pristine

Figure 4.38: J-V plots for AZO modified PEDOT:PSS compared to pristine
PEDOT:PSS.
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Table 4.13 :J-V characteristics for AZO modified PEDOT:PSS compared to pristine
PEDOT:PSS.

% Doping V¢ vy Jo(x 10°mA cm™)  FF (%) PCE (x 107 %)

Pristine 0.54 -4.0 24.67 53

ZnO 0.60 -22.3 20.23 27.0
2% AZO 0.57 -23.4 25.83 34.5
4% AZO 0.60 -27.7 21.47 35.6
6% AZO 0.31 -19.5 28.13 17.1
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Figure 4.39: The variation of V,. and J,. for AZO modified PEDOT:PSS compared
to pristine PEDOT:PSS.

On the other hand, the J. increased drastically with the introduction of ZnO and
AZO in the buffer layer which is highly expected due to the n-type carriers content of these

metal oxide, which increase the n-carriers concentration in the device thus allow more short
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circuit current in the device. The existence of metal oxide in the buffer layer may improve
the free charge transportation hence results in increase of the photocurrent in the device.
The plots of fill factor and power conversion efficiency PCE with respect to the
Zn0O and AZO doped PEDOT:PSS are presented in Figure 4.40. The plot of fill-factor
demonstrates a very inconsistent value with respect to the variation of AZO amount in
PEDOT:PSS. However, plot of efficiency can be taken as indication for device
performance. It can be observed that the highest efficiency occur in the device with 4%
AZO doped PEDOT:PSS. This result is actually in good agreement with the conductivity
of the AZO-doped PEDOT:PSS films. Hence, the performance of organic photovoltaic
device can be enhanced via AZO doping at only 4% concentration in PEDOT:PSS.
However the further content of AZO (beyond 4% AZO) is likely to reduce the performance
of the device, hence the best amount of approximately 4% of AZO doping to PEDOT:PSS

may really contribute in increasing the efficiency of the organic solar cell.
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Figure 4.40 :The variation of FF and PCE for AZO modified PEDOT:PSS compared
to pristine PEDOT:PSS.
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4.5.4 Degradation in organic solar cell.

It is worthwhile to notice that in this work, the doped PEDOT:PSS has been
successful in enhancing the efficiency of organic solar cell compared to the pristine
PEDOT:PSS as the buffer layer. However, it is also significant to address the degradation
in the device performance with certain amounts of doping materials to PEDOT:PSS. The
fabricated device in this work were produced and observed in open atmosphere. Hence the
reductions in their performance were expected in preliminary.

Organic electronic device showed high sensitivity to the humidity and also affected
by the oxidation with the atmosphere (Rodriguez et al., 2011). Nevertheless, the exposure
of the device to the surroundings also lead to the alteration to the surface which due to the
swelling effect in PSS particles that reacted with the moisture in air which beneficial in
improving the conductivity of PEDOT:PSS (Nardes et al., 2008). In addition, the
degradation behavior in organic solar cell is highly depends on the internal stability
attributable to the changes in several layers and interfaces of the device (Singh et al.,
2014).Hence, although the fabricated organic solar cell with 2% glycerol, 6% EG and 4%
AZO doped PEDOT:PSS as buffer layers showed good improvement in the device
efficiency, the humidity by air exposure and the modifying in the interface layers in the

device are the significant factors that may cause the degradation of the fabricated devices.

4.6  Summary.

In this chapter the results of optical, electrical, morphology and chemical structure
properties were presented in details. In optical properties, all modified PEDOT:PSS thin

films show great improvement with the doping treatment in their transmission spectra,
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absorption coefficient and optical band gap. The conductivity of modified PEDOT:PSS
were also enhanced compared to the pristine specifically in AZO doped PEDOT:PSS.
Surface morphology varies according to the type and percentage of doping material show
strong connection with optical and electrical properties of PEDOT:PSS. The effect of
doping to PEDOT:PSS was also recognized by the shifting effect and intensity variations in
Raman peaks which indicates that the doping treatment contribute in changing the
arrangement of chemical structure in PEDOT:PSS. The modified PEDOT:PSS was then
used as buffer layer in organic solar cell and the efficiency of the device was determined by
measuring the current-voltage behavior with and without light. The efficiency show that all
doped PEDOT:PSS as buffer layer offer good enhancement in improving the efficiency of
organic solar cell where 4% AZO doped PEDOT:PSS as buffer layer exhibit the highest

efficiency in the organic solar cell.
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CHAPTER 5

RESULTS AND DISCUSSIONS OF THERMOELECTRIC EFFECT

Overview

This chapter describes the fabrication and characterization of thermoelectric effect
based on the modified PEDOT:PSS. Apart of solar energy, the thermoelectric generator is
one of other alternative methods in producing electrical power. The temperature gradient
within the thin film is oneof the important factors in thermoelectric study. Hence an
investigation on the modified PEDOT:PSS towards the temperature gradient across its thin
film is crucial in this work.

The Seebeck coefficient and electrical conductivity can be expressed as their
respective formulas concerning the carrier concentration by free carrier approximation. The
increase in carrier concentration causes the proportional increase in electrical conductivity
but the logarithmic decrease in Seebeck coefficient (Rowe, 1995).The effect on temperature
difference is highly related to the thermoelectric effect which based on three factors;
Seebeck coefficient (5), electrical (o) and thermal (x) conductivity. The Seebeck coefficient
is the ratio of the voltage difference (A4V) generates across the material when experienced a
temperature difference (A7T).

In order to obtain an accurate results on the performance of thermoelectric
generator, a specific set- up equipment which consists of heat/exchanger/thermoelectric
converter, the cold fluid loop, hot fluid loop, vacuum chamber, nitrogen gas, set of

thermocouples and a data acquisition system are required (Niu et al., 2009).
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The investigations are focused on the variation of current-voltage (I-V)
characteristics with respect to the temperature difference across the modified PEDOT:PSS.
It is well known that the electrical properties are temperature-dependent. Hence, with this
measurements, it is expected that the effect of temperature difference across modified
PEDOT:PSS may be appropriately addressed. Thus, the results obtained from the dependent

of I-V on the temperature gradient may contribute in elaborating the thermoelectric effect.

5.1 The influence of thermal gradient on carrier concentration and output power.

In chapter 4, all modified PEDOT:PSS show changes to some extent, in their optical
and electrical properties with different percentage of doping material. In this chapter, the
current—voltage (I-V) plot of each modified PEDOT:PSS was measured with respect to the
temperature difference across the PEDOT:PSS thin film. The fabrication of the
thermoelectric device is described in Section 3.2.6 of Chapter 3.

The enhancement in electrical conductivity of materials depends on two major
factors;(i) an increase in carrier concentration, n and (ii) the raise of the mobility of the
charge carrier, 4 (Du et al., 2011). In fact, the temperature gradient across the material can
contribute in rising the material’s conductivity because of the increasing number of
thermally excited carriers, n (Yakuphanoglu, 2009). The addition in carrier number leads to
the changes in the Seebeck coefficient which obtained from the ratio of the voltage drop
(AV) when the material experienced changes in temperature (AT) (Liu et al., 2010).

This chapter elaborates the effect of temperature gradient of the modified
PEDOT:PSS on their electrical properties. The temperature of all modified thin films were
varied by means of hot water and cold water as described in section 3.2.6 of Chapter 3.

Each doped PEDOT:PSS films was deposited onto a designed glass slide with aluminum as
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their metal contact to the hot and cold region separately. Thus, the doped PEDOT:PSS thin
films have experienced the temperature gradient from these two regions. Subsequently, the
I-V plots of each modified PEDOT:PSS were extracted to study the effect of the open
circuit voltage (V,.) and short circuit current (/) with respect to temperature gradient on
the thin films. This effect occurs due to the fact that the changes in thermal may contribute
in changing of energy ability of the electrons in the molecular structure, hence adjusting the
energy level between HOMO and LUMO layer in organic materials. The variation of these
energy level maybe indicated from the value of its open circuit voltage, V,. (Pode,2011).
The V,. and I, is used to calculate the output power (P,) produced by the respective doped

PEDOT:PSS thin film by using equation 5.1 (Yakuphanoglu, 2009):

By = LV 5.1

5.1.1 Organic material - glycerol and ethylene glycol doped PEDOT:PSS.

Organic semiconducting materials are promising as thermoelectric materials mainly
because of their large Seebeck coefficient and low thermal conductivity characteristics.
However the real issue is that most of this class of material has low electrical
conductivity.The electrical conductivity of organic semiconductor of conjugated polymers
is strongly depend on several factors such as the morphology, microstructure and the
number of counterions that balance the positive doping charge carried by the conjugated
polymer chains (Crispin et al., 2003). Thus, the adjustment on these factors is essential in
order to seek the optimized electrical conductivity of organic semiconducting materials to

be applied in thermoelectric device.
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The measurements of thermoelectric effect are presented here by focusing on the I-
V characteristics. The variation of I-V curves of the doped PEDOT:PSS thin films was
obtained with respect to the temperature difference across the films. Several I-V
measurements were implemented for different amount of EG and glycerol dopants (2% to
8%). However, after many attempts in measuring this electrical property upon temperature
gradient, only a few numbers of measurements have shown the relevant results. Most of [-V
curves do not show any change upon variation in temperature gradient; in which the I-V
curves are overlap with each other and cannot be distinguished, hence that curves were not
presented here.

The best I-V plots in Figure 5.1(a-c) and Figure 5.2(a-b) show some variations with
the changes in temperature difference produced by the pristine (undoped PEDOT:PSS), 2%
and 4% of glycerol doped PEDOT:PSS, 4% and 6% of EG doped PEDOT:PSS thin films,
respectively. In this study, only five samples are able to produce I-V results with a relevant
trend. Nevertheless, it can be observed that there are very small changes of I-V curves,
upon varying the temperature gradient, regardless of the dopant amount.

Subsequently, from these I-V plots, the output power of each organic doped
PEDOT:PSS thin films were obtained from the V,. and I, values. The variations of the
calculated output power of these films, on the temperature gradient are presented in Figure
5.3(a-c) and Figure 5.4(d-e). The pristine PEDOT:PSS does not show any trend, in output
power with the increasing of temperature gradient. For doped-PEDOT:PSS with 2%
glycerol, the output power is stable at approximately 4.5 nanoWatts, for temperature
gradient between 20 to 30°C, but starts to drop when the temperature gradient reaches at 40

°C.
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Figure 5.1 (a-c) : The variation in the current — voltage plots measured for pristine and

glycerol doped PEDOT:PSS materials.
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Figure 5.2 (a-b) : The variation in the current — voltage plots measured for EG
doped PEDOT:PSS thin films.

For the film with 4% glycerol content in PEDOT:PSS, the output power gradually
rise as the temperature difference increases from 20 °C to 30 °C, but become almost stable

beyond temperature gradient of 30 °C. For the film with EG-doped, the output power can
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increase with a small temperature gradient in the range of 15°C to 25°C. Nevertheless a
larger temperature gradient has caused the output power falls. In addition, the result of
output power is insignificant for the 6% EG doped-PEDOT:PSS film.

No proper results obtained for the I-V measurements of 6% and 8% of glycerol
doped and 2% and 8% of EG doped PEDOT:PSS thin films. Hence there were no plots of
output power versus temperature difference for these four thin films included in this report.
As stated in section 2.4, the I-V measurement is a process to obtain current versus voltage
or to observe the resistance characteristics in a device. It is mentioned in section 4.1 and 4,2
that the 6% to 8% of glycerol and EG doping show unsteady condition in terms of their
optical and electrical properties. Hence, this condition also related to the changes in
bonding structure in PEDOT:PSS with the doping treatment which provides obstacle to
obtain appropriate result from the I-V measurement. Thus, this may lead to no significant
results of output power in the respective range of glycerol and EG doping percentage to

PEDOT:PSS.
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Figure 5.3 (a-c) : Output power (P,) versus temperature difference (AT) produced by
pristine and glycerol doped PEDOT:PSS.
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5.1.2  Aluminum zinc oxide doped PEDOT:PSS

Metal oxides material is expected to offer benefits for high-temperature
thermoelectric applications due to their high thermal stability and excellent oxidation
resistance. The conventional solid-state reaction method of AZO has some drawbacks
because of the incomplete mixing of the starting materials results in inhomogeneous
materials. Hence the preparation of sol-gel which offers low cost, simple process and
uniform mixture was used (Cai et al., 2003). Zinc oxide alone is a high potential TE
candidate material because of its high carrier mobility and Seebeck coefficient (Ma et al.,

2010).

Figure 5.5 (a-d) shows the I-V plots of AZO doped PEDOT:PSS measured
according to the difference in temperature gradient. The I-V plot for each AZO doping
PEDOT:PSS illustrated difference curve with variations in temperature gradient. These
changes indicate that the electrical behavior is altered with the variation of temperature
gradient across the thin film. All graphs show variations of I-V characteristics with respect
to the temperature gradient from 15 K to 55 K. These differences provides output of values
for open circuit voltage (V,.) and short circuit current (/) which influenced by the
temperature gradient (A7). Output power (P,) generated by each thermoelectric device was
determined afterwards to evaluate the ability of these respective doped PEDOT:PSS
according to the doping percentage of AZO. The plots of output power with respect to

temperature gradient of each TE device are depicted in Figure 5.6.
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The trend of the graphs in Figure 5.6 illustrates that ZnO doped PEDOT:PSS shows
opposite effect compared with AZO doped PEDOT:PSS. The increase in temperature
gradient reduces the output power of ZnO doped PEDOT:PSS which is in contrast to the
results obtained for the AZO doped PEDOT:PSS. The change in output power is highly
influenced by the variation of V,. while J;. tends to be unstable with the temperature
gradient. Hence, it is suggested that the temperature incline along the thin films of zinc
oxide and AZO doped PEDOT:PSS contribute strongly in adjusting the HOMO and LUMO
level of PEDOT:PSS material.

As shown in Section 4.1.3, that with  ZnO and AZO doping, the E, of
PEDOT:PSS has been broaden from 2.80 eV in pristine to beyond 3.5 eV. The energy
level difference between PEDOT:PSS (HOMO and LUMO) with ZnO and AZO
(conduction band (CB) and valence band (VB)) forming a significant gap at the interface
which attributed to the diode behavior in the TE module (Sharmaa et al., 2009).

These energy level alteration yield differences in the V,. values of the respective
thin films since ¥V, values is indicated from the energy level diagram as the difference
between the LUMO level of the first material with the HOMO level of the second material.
In specific, the temperature gradient in these doped PEDOT:PSS contribute in restructuring
their HOMO and LUMO energy level. As a result, the open circuit voltage, V,. values of

these doped PEDOT:PSS were varies accordingly (Pode, 2011).
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5.2 Studies on thermoelectric module of PEDOT:PSS and two organic materials,
Alq; and PTCDA

Overview.

PEDOT:PSS PH1000 possesses the highest conductivity, to date is around 900 S/cm
while its Seebeck coefficient is approximately 25 uV/K which make this conducting
polymer the right candidate for p-type thermoelectric material. The Seebeck coefficient
obtained from the PEDOT:PSS PH1000 used in this work is in good agreement with the
range obtained by B.Zhang et al (Zhang et al., 2010). The desired factor for an efficient TE
performance is based on its TE properties, thus the increased in conductivity and Seebeck
coefficient of PEDOT:PSS PH1000 has encouraged us to use this material as an

established p-type material in this work.

In contrast, investigations on the n-type organic material in TE device were
claimed to be complex and less research has been done on this material (Zhang et al.,
2010). The purpose of these further studies is to investigate the ability of two organic
materials whether suitable to be one of the potential candidate as n-type organic
thermoelectric materials. 3,4,9,10-Perylenetetracarboxylic dianhydride (PTCDA)and tris(8-
hydroxyquinoline (Alqs) are two organic materials which offered high potential in organic
optoelectronic device application. Their interesting properties of high transparency, low
cost and high electrical conductivity contribute strongly in upgrading the performance of
organic optoelectronics device such as organic solar cell and organic light emitting diode.
Thus, it seems noteworthy to study their thermoelectric properties for an application as

organic n-type thermoelectric material.
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The Seebeck coefficients of PTCDA and Alq; were determined and their electrical
behavior were observed. Both materials were used as n-type thermoelectric material and
merged with PEDOT:PSS PH1000 as p-type material in a simple basic built-in
thermoelectric device/module as elaborated in chapter 3.0. The potential drops of this
module were measured according to the temperature gradient variation and subsequently
the Seebeck coefficient was determined. The Seebeck coefficient is the ratio of potential
drop, AV with the temperature gradient, A7 across the respective material as given by the

following equation 5.2 (Liu et al., 2010):

AV
AT

5.2.1 Seebeck Coefficient and I-V Plots of Alqs; as n-type and PEDOT:PSS as p-type
thermoelectric materials

The calculated values of Seebeck coefficients (S) for PEDOT:PSS and Alq; used in
this work are 25 pV/K and 2.8 uV/K respectively. The Seebeck coefficient value for Alqs
suggested that this n-type material has produced a Seebeck effect with temperature
difference. Thus, it has encouraged the pioneer work to further investigate on the
application in TE device since it shows a good potential as a TE material.

However it is notable that the Seebeck coefficient of Alq; could be enhanced by
several alternatives such as improving their electron injection, transport capability (Liang et
al., 2008) and its electron mobility with the introduction of dopants consists of Bphen or

C540 (Choy et al., 2006). Furthermore, the heating process of the aluminum contact can
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also modify the structural properties of both p and n type materials (Rusu et al., 1998) and
hence increasing the performance of the TE device.

The open circuit voltage, V,. and temperature difference relation was plotted in
Figure 5.5 based on the I-V measurement. The V,. shows the linear region up to 35K of
temperature gradient and seems to reach almost constant V,. beyond that temperature
gradient. Thus the range from OK to 35K might so-called the effective temperature
difference to diffuse the free charge carriers from hot to cold region. According to the work
done by Xing Niu etal (Niu et al., 2009), the V,. is directly related to the effective
temperature difference between both junctions of the thermoelectric modules. Thus the
decrease in changes rate of V,. for temperature gradient beyond 35K might be due to the
organic material properties which react inefficiently with the larger temperature difference

more than 35K.

The relationship between V. and the temperature gradient is shown from equation
5.3 ( Aydin et al., 2004) where m is the number of thermocouples, a is the relative Seebeck
coefficient of the n- and p- type materials used in the respective device and ATy is the

temperature difference between cold and hot junctions of the TE device.
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Figure 5.7: The variation of open circuit voltage (V,.) with the temperature difference AT
for thermoelectric device with Alg; and PEDOT:PSS.

V,c = malATp 5.3

In the present work, only one thermocouple was fabricated, thus m is equals to 1,
hence from the plot on Fig. 5.7, the slope obtained from the plot at linear region represent
the relative Seebeck coefficient of the device which is 0.127. By using the Seebeck
coefficient value of PEDOT:PSS PH1000, the value of theoretical Seebeck coefficient for
Algs is approximately 3.2 pVK™ which is in good agreement with the Seebeck coefficient

of Alq; obtained from the experiment.

Figure 5.8 represents the plot of power output with respect to the variations of
temperature difference. The module has generated an output electricity power in the range
between 190 uW and 230 pW for the temperature gradient from 15K to 60K. It seems Alq;
achieved a good agreement when associated with PEDOT:PSS and with the output power
in micro scale indicates that Alqs; could be utilized as a potential n-type material in TE

device. The output power of this TE device is comparable with the one recently reported
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by Bubnova etal. (Bubnova et al., 2011) using the organic conducting salt

tetrathiafulvalene-tetracyanoquinodimethane (TTF-TCNQ) as an n-type material.
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210;
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200

Output Power(uW)
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7 T T T T T T T T T T
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Figure 5.8: The plot of output power with the temperature difference.
The output power (P,) of TE device is highly influenced by the temperature

difference (A7) with the relationship shown in equation 5.4 (Aydin et al., 2004):

m2a?

P =
0 4Rp

ATZ 5.4

The internal electrical resistance (Rp) of the studied TE device has been determined
from equation 5.4 by finding the slopes at two difference regions as shown in the plot at
Fig. 5.8. Thus, from this respective plot, the internal electrical resistance (Rp) of the TE
device could be predicted as 0.1 Q for the first region with the difference temperature
below 22 K and approximately 0.4 Q2 for the temperature difference beyond 22 K. The rose

of Rp above 22 K shows a good agreement with the fact that the organic materials that have
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been used are instable beyond certain temperature difference. Low thermal conductivity of
an organic material that contributes to the flow of free charges in any electronic and optical
device is based on certain temperature gradient (Farag et al., 2011). Hence, in this TE
device, the temperature difference below 35 K could be an efficient value to promise a

good charge transfer from the hot to the cold region.

In addition, the performance of the TE could be evaluated from the efficiency
factor, ¢ which determined from equation 5.5 (Aydin et al., 2004) and from the slope
attained from Fig. 5.8, the value is 2.71 nWK?cm™. The efficiency factor obtained from
this work is about three orders of magnitude lower than the work by Glatz et al (Glatz &
Muntwyler, 2006) on p-n poly-Si and p-n Bi,Tesindicating that the improvements of the
thermoelectric properties are essential to produce an efficient device using this combination

of p- and n- type organic materials (Aydin et al., 2004).

__Po
T ApAT?

) 5.5

5.2.2 The determination of Seebeck coefficients for thermoelectric device with high

conductive PEDOT:PSS and PTCDA.

Referring to the research done on measuring the thermoelectric power of PTCDA
films on Au contact with Pt films deposition for thermocouple measurement by Kushvaha
et al (2011), PTCDA showed interesting values of Seebeck coefficient (Kushvaha et al.,
2011), in the range of 342 uV/K to 372uV/K. Therefore, this suggested that the n-type
material can be a good potential candidate as a TE material. However, a lower conductivity
value of the PTCDA which obtained from the work by Sato et alwhich is only between 1.0
puS/cm to 1.0 S/cm shows an important issue that could be resolved by improving their

electron injection and transport capability with the laser deposition and heat treatment(Sato

152



& Nishio, 2001) and also by introduction of alkali metal dopant to PTCDA material
(Wuesten et al., 2006).

The I-V characteristic was measured under dark condition with the temperature
dependent in the range of 60K to confirm the formation of free charge carriers in the
device. The open circuit voltage and short circuit current gathered from the I-V
characteristics show linear variation with the temperature difference and the graph of this
relation is shown in Figure 5.9. This graph illustrates a good potential of PTCDA as the
novel n-type material in TE device with the support of TE theory that the open circuit
voltage is directly related to the effective temperature difference between both junctions of

the thermoelectric modules (Niu et al., 2009).
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Figure 5.9: The influence of temperature difference to open circuit voltage and short circuit
current of the TE device.

Consequently, the short circuit current, /. and open circuit voltage, V,. for each
temperature gradient were deducted and the output power that produced across the TE

module was calculated. Figure 5.10 represents the plot of power output for the variations of
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temperature difference. The module has generated an output electricity power in the range
between 1 nW/em? to 5 nW/cm® for the temperature gradient from 15K to 60K. Although
both n- and p-type material in the TE device contributes to this nano scale output power,
the major issue involved in exhibiting this result may be created by PTCDA since

PEDOT:PSS PHI1000 is the stable and establish p-type TE material.
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Figure 5.10: Output electric power generated by the TE module.

The charge transports in the ordered layers of PTCDA moves in two ways, parallel
and perpendicular to the substrate. The electrons dominate in parallel direction while the
perpendicular directions conquered by holes (Tengelin- Nilsson et al., 2000). The
arrangement in the crystallinity ordered of perpendicular directions has increased the
conductive contact, while the parallel directions of the charge transport has been limited by
the distance between the adjacent molecules and the polar binding of the hydrogen and
oxygen atoms (Stanculescu et al., 2008). Thus, due to these reasons, as a n-type material,
the mobility of the electrons in PTCDA is slower compared to the holes and results in the

poor charge injection in the TE device. From the graphs in Figure 5.9 and 5.10, the values
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of a, Rp and ¢ for thermoelectric module with PTCDA as n-type material are also
determined based on the equations explained in the previous section (5.2.1).

The slope of V,. versus AT plot in Figure 5.9 is 33 mVK™. The m = 1, thus this
value is the relative Seebeck coefficient, « for this material. In addition, by using the same
value of Seebeck coefficient for PH1000, 25u VK'I, the Seebeck coefficient value for
PTCDA is found to be about 82.5 pVK™'. From equation 5.4, the R), value of this respective
TE module is determined from plot in Figure 5.10. The Rp value estimated is about 1.2 kQ,

which is very high reflected by the small value of ¢, about 1.45 pWK “cm™.

5.3 Summary

The current — voltage (I-V) plot for each modified PEDOT:PSS was measured with
respect to the temperature difference across the PEDOT:PSS thin film. This chapter
elaborates the effect of temperature difference to the electric properties. The variation of I-
V curves for doped PEDOT:PSS thin film was obtained. According to their doping
percentage, the I-V curves varies and the output power for each doped PEDOT:PSS was
determined. It shows that with sufficient optimization, the modified PEDOT:PSS thin film
specifically, AZO doped PEDOT:PSS own great potential as the candidate for
thermoelectric material. Then, high conductive PEDOT:PSS PH1000 was paired with two
organic material, Alq; and PTCDA in thermoelectric device and the thermoelectric
behavior was observed by determining the Seebeck coefficient and the output power
generates from the I-V plot. Other properties related to thermoelectric consists of efficiency
factor and internal electrical resistance was also calculated from the I-V curves of the

thermoelectric device.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORKS

Overview.

The history and background of organic solar cells and thermoelectric module have
been elaborated accordingly, in the early part of this thesis. Next, the introducing of
PEDOT:PSS material with its important function and disadvantages behavior in organic
solar cell are addressed in order to provide a clearer perspective of the purpose of study in
this work. The procedures including the synthesis of the samples, fabrication of organic
solar cell and thermoelectric module, the measurement and characterization processes, the
mathematical practices and significant parameter determinations are described in detail in
the following chapter to deliver knowledge on this research. Later, the results obtained
from the data processing are used in critical analysis in order to understand the behavior
and variation occurs related to the parameters involve. Lastly, this chapter presents the
conclusions which consist of the compilation of final view, comment on the analyzed
results and also the suggestions for future directions based on this work.

The main intention of this research is to study the effect of different type of dopants
(which is either organic or inorganic) on the physical properties of PEDOT:PSS thin films.
The doped PEDOT:PSS thin films were successfully characterized in terms of their optical
and electrical properties. The results and discussion of these thin films were presented in
Chapter 4. The sharp and intense absorbance spectra were obtained with the presence of
organic (glycerol and EG) and metal oxide (ZnO and AZO) as the doping materials to

PEDOT:PSS thin films. It is observed that the hybrid of inorganic ZnO and AZO material

156



with PEDOT:PSS offers strong effect in modifying the optical properties of PEDOT:PSS

thin films.

The absorbance spectra discovered a red-shifting peak from near ultraviolet (291
nm)in pristine and organic doping PEDOT:PSS to ultraviolet wavelength (351 nm) with
inorganic material of ZnO and AZO doping to PEDOT:PSS. Furthermore, while widening
the band gap, E, these dopants also strongly assisted in improving the absorption
properties of PEDOT:PSS which is drastically increased to about one order of magnitude

(1.1 x 10° cm™) compared to the pristine.

In order to apply the doped PEDOT:PSS thin films as buffer layer in organic solar
cell, it is essential to improve the electrical properties as well. Hence, the further work has
been focused on the electrical measurements of the doped PEDOT:PSS thin films. The
dopant materials proved to be contribute in enhancing the electrical properties of
PEDOT:PSS.

It is crucial to observe the changes of their surface morphology with respect to the
different type of dopant material and different percentage amount of dopant material, in
order to support the encouraging results obtained in the optical and electrical properties.
Any changes occur in the organic thin film which affected their optical and electrical
properties are significant with the alteration of the surface morphology of the thin film. The
strong relation between the morphology and electrical properties can be visualized with the
increase in their surface roughness. The short curved orientation in pristine PEDOT:PSS
have been transformed to elongation and organized structure that produced a long stretched

network of polymer chain with the existence of doping materials in PEDOT:PSS thin films.
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In addition to the mentioned works, Raman spectra were measured to investigate
the effect of doping on the chemical bonding of the PEDOT:PSS thin films. Almost all
signature peaks of PEDOT:PSS appear with small shifting effect with respect to the several
amount of doping percentage. In addition, obvious variations in the intensity of the Raman
peaks were observed according to the different percentage of the doping materials of
glycerol, EG and AZO concentrations as well which due to the presence of impurities,
crack and defects in the doped PEDOT:PSS. The difference of Raman intensity revealed
the alteration process occur in the PEDOT polymer chain with the presence of the doping
material to PEDOT:PSS thin film. The modification occur consist of the conformational
change which transformed the resonant structure of PEDOT:PSS from benzoid to quinoid

structure.

Later, the doped PEDOT:PSS were utilized in organic solar cell as buffer layer. All
devices produced diode behavior in the dark and under light illumination condition of the I-
V characterization. The doped PEDOT:PSS thin film show improvement in the efficiency
of the device, with 4% AZO doped PEDOT:PSS exhibit the highest efficiency which may
suggested to be used as the hybrid inorganic/organic substance for organic solar cell

application.

In Chapter 5, the doped PEDOT:PSS were employed in thermoelectric devices. The
influence of different type of dopants on the thermoelectric paramaters was investigated.
Interestingly, the I-V plots of all doped PEDOT:PSS thin films demonstrated a significant
effect with the change in temperature gradient applied across the films. However upon the
determination of output power, only several samples of doped PEDOT:PSS provided
significant results. Many efforts were performed to obtain good readings from other devices

were unsuccessful and they showed insignificant dependent with respect to the changes in
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temperature gradient. In contrast, the ZnO doped and 2% to 6% AZO doped PEDOT:PSS
produced a very attractive significant change with the variation of temperature gradient
which were illustrated in their I-V plots. The temperature incline along the thin films of
zinc oxide and AZO doped PEDOT:PSS contribute strongly in adjusting the HOMO and
LUMO level of PEDOT:PSS which results in the V,. alterations, hence allowed the
formation of output power in the AZO doped PEDOT:PSS. Inspite the decreasing of
output power with ZnO doped PEDOT:PSS at difference temperature gradient, AZO doped
PEDOT:PSS exhibit totally the opposite result. It shows that the existence of aluminum
provides a decent impact in improvement of zinc oxide and also as well as in PEDOT:PSS
thin film. Although the results were not excellent, it is considered as encouraging
improvement when compared to the pristine PEDOT:PSS thin film.

Finally, PEDOT:PSS of PH1000 high conductive solution was used as p-type
material together with n-type organic materials of PTCDA and Alqs; in the investigation of
the output power generated in thermoelectric device. The Seebeck effect were observed by
referring to their Seebeck values obtained which found to be 2.8 pVK 'and 82.5 pVK™
respectively, showed that these materials have good potential to be used as n-type material
in thermoelectric device. The range of temperature gradient from 0°C to 35°C is suggested
to be as the effective temperature difference to diffuse the free charge carriers of the studied
materials from hot to cold region. The output power of the TE device produced is in micro
scale for both thermoelectric devices using these two respective organic materials. The
results obtained provide motivation in further studies on the effect of both organic materials

in details, with proper procedures that related to thermoelectric properties.
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6.1

Conclusions.

The results obtained in this work were concluded as the lists below:-

All doped PEDOT:PSS exhibited higher transmittance spectra compared to the
pristine PEDOT:PSS which achieved more than 90% of transmission of light after
the doping process to PEDOT:PSS.

The sharp and intense absorbance spectra revealed that these dopants strongly
assisted in improving the absorption properties of PEDOT:PSS which is drastically
increased to about one order of magnitude (1.1 x 10° cm™) compared to the pristine.
The optical band gap, (E,) is widen with the existence of the organic (glycerol and
EG) and metal oxide (ZnO and AZO) as the doping materials to PEDOT:PSS thin
films while 4% glycerol concentration contributes in enhancing the absorption
properties up to 20 x 10°> cm™ compared to the pristine one, 11 x 10° cm’.

The enhancement of the optical parameters in the modified PEDOT:PSS films has
been achieved via this method.

In electricalproperties aspect, sheet resistance values of all samples were reduced
and in contrast increased their conductivity with the presence of all doping material
in PEDOT:PSS. It was found that the 4% EG and 4% AZO doped PEDOT:PSS
exhibited the maximum conductivity in micro range of approximately 3.5 x 10
6S/em.

By using a simple method, the conductivity of the doped PEDOT:PSS has been
improved and it is noteworthy that the conductivity can be enhanced to some extend
without underwent a complex and expensive method.

The AFM images revealed that the surface roughness of all doped PEDOT:PSS thin

films are increased if compared to the pristine (rms roughness of 5.9nm), with 4%
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of EG concentration exhibits the highest rms roughness of 23.6nm. The doped
PEDOT:PSS show increment in surface roughness which related to the
enhancement in the electrical conductivity in doped PEDOT:PSS thin films.

Raman spectroscopy provides strong evidence that the doping of glycerol, EG and
AZO to PEDOT:PSS offer significant effect to the molecular structure of
PEDOT:PSS thin film where almost all Raman signature peaks appeared in the
frequencies region of 1444 cm™, 1504 cm™ and 1569 cm™ and were slightly shifted
with the presence of different doping material in PEDOT:PSS while obvious
variation occur in the Raman intensity of all thin films which strongly reflected to
the impurities and defects in PEDOT:PSS thin films.

All doped PEDOT:PSS were successfully used as buffer layer in organic solar cell.
The device performance of the doped PEDOT:PSS buffer layer exhibited a
tremendous increment compared to the pristine PEDOT:PSS. The best performance
achieved was the device with 4% AZO doped PEDOT:PSS, with an increase of
about one factor of magnitude compared to the pristine buffer layer

Small variations were observed in glycerol and EG doped PEDOT:PSS while
further significant results obtained for ZnO and AZO doped PEDOT:PSS in the I-V
plots of thermoelectric device which revealed that the thermoelectric output power
was successfully generated with the temperature gradient effect across the TE
device with the optimum temperature gradient in the range of 15°C to 30°C for
organic doped PEDOT:PSS and 20°C to 50°C for ZnO and AZO doped
PEDOT:PSS.

The fabricated TE device of PEDOT:PSS PH1000 as p-type material and n-type

organic materials of PTCDA and Alqs; was successfully generates an output power
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of electricity in the micro scale range between 190uW/cm” and 230 pW/cm® and

between 1 nW/cm?and 5 nW/cm? for Algs and PTCDA, respectively.
6.2 Future works.

The used of PEDOT:PSS to date was not limited as buffer layer, instead several
research works reported the successful of PEDOT:PSS as anode layer in optoelectronic
devices. The results on the studied doped PEDOT:PSS could be further improved by other
chemicals or heat treatment and other preparation technique. In addition, the work on
synthesizing these doped PEDOT:PSS as anode material in optoelectronic is likely to be a
good challenge since some other research works have established a specific and successful
procedures in producing PEDOT:PSS layer as anode component in organic solar cell.
Hence, maybe by using this specific and conventional methodology, further investigation
on these doped PEDOT:PSS as anode layer in organic solar cell or other optoelectronic

devices is possible in future.

On the other hand, if the issue on the availability of equipment involved the
measurements of thermoelectric properties could be overcome, the further research on the
studied n-type organic materials could be implemented in details and may results in

providing new knowledge in thermoelectric technology in future.
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