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Abstract 

 

Solar cells based on the crystalline silicon offer high efficiency of 

25.6% (latest achievement from Panasonic), but they are expensive due to 

the high temperatures required in their fabrication. The alternative 

approach using low-temperature processable organic photovoltaics (OPV) 

is potentially cheaper, but the organic solar cells are not very efficient. In 

our work, we explore if organic semiconductor can be integrated with 

silicon to form hybrid organic/silicon solar cells that are both efficient 

and low-cost. Specifically, we demonstrate that a solution-processed 

silicon/organic heterojunction (SOH) can replace the conventional silicon 

p-n junction to yield solar cells with high power conversion efficiencies 

(>12%). 

As we known, to generate a photovoltaic in a solar cell, the photo 

generated carries need to be spatially separated at two electrodes of 

opposite polarity. In solar cells this is typically accomplished using a p-n 

junction. While the p-n junction technology is well understood, the 

fabrication of p-n junction on silicon is expensive process because it 

requires ultra-clean furnaces, pure precursors and high temperatures. In 

our work, we successfully replace the silicon p-n junction with a 

silicon/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 
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(PEDOT:PSS) heterojunction that can be manufactured at low 

temperatures (＜ 140℃) with a simple spin-coating process. The key 

design rules to achieve a high efficiency are discussed and experimentally 

demonstrated, as follows. 

a). The uniform coating of PEDOT:PSS thin films on hydrophobic Si 

substrates 

In this work, commercialized highly conductive ink (Clevios PH1000) 

was used as precursor to form transparent hole transport layers on n-type 

silicon by simple spin-coating process, and a big problem here is the 

uniform coating of aqueous solution on the hydrophobic H-terminated Si 

surface. We demonstrate the usage of 0.1wt% Zonyl fluorosurfactant 

(DuPont) as an additive into PEDOT:PSS improved the adhesion of 

precursor solution on hydrophobic c-Si wafer. The average power 

conversion efficiency value was 11.3%, which was superior to those of 

non-treated devices. The Zonyl-treated soluble PEDOT:PSS composite is 

promising as a hole-transporting transparent conducting layer for 

c-Si/organic heterojunction(SOH) photovoltaic applications.  

b). Optical anisotropy in PEDOT:PSS and its effect on the photovoltaic 

performance of SOH solar cells 

  In this topic, we demonstrated the effect of uniaxial optical anisotropy 

on the photovoltaic performance of c-Si/organic heterojunction solar cells 

produced by spin coating using either a MeOH solvent or MeOH and EG 
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cosolvents. The systematic study of corresponding samples via 

spectroscopy ellipsometry implied that the use of the cosolvents led to an 

increase in extraordinary index of refraction and a reduction in the film 

thickness which promoted densification of polymer chains network in the 

resulted PEDOT:PSS thin films. And this improvement of PEDOT:PSS 

fine structure due to colsolvent addition resulted in an increased hole 

mobility from 1.23 cm
2
/V.s to 3.92 cm

2
/V.s of the resulted samples. A 

solar cell fabricated using such a film exhibited a relatively high 

efficiency of 11.23%, with a substantial fill-in factor (FF) value of 0.71. 

c). Employment of guest materials for further improvement of SOH solar 

cells efficiencies 

In addition, varieties of functional material like graphene oxide, 

molybdenum oxide flake sheet, ferroelectric polymer poly (vinylidene 

fluoride tetrafluoroethylene) P(VDF-TeFE) were employed as dopant to 

improve carrier transport properties in SOH diodes and go advantage the 

solar cell performance. 

d). The photovoltaic performance of PEDOT:PSS/n-type poly-Si 

heterojucntion solar cell devices have been investigated. The high 

pressure H2O vapor treatment of poly-Si prior to the film deposition of 

organic promoted the reduction of dangling bond defects incorporated 

into poly-Si, resulting in the enhanced carrier collection efficiency at 

850-1100 nm region. The chemical mist deposition of conductive 
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PEDOT:PSS combined with negative DC bias supply improved 

significantly the adhesion of PEDOT:PSS on hydrophilic poly-Si wafer. 

As a consequence, a highly efficient PEDOT:PSS/poly-Si heterojunction 

solar cell was obtained with the highest power conversion efficiency of 

9.8% with a Jsc of 33 mA/cm
2
, a Voc of 0.54 V, and a FF of 0.55. Such 

organic/poly-Si heterojunction cells can potentially further deliver high 

FF and conversion efficiency combining with the creation of ohmic 

junction at the rear surface. 

  Finally we highlight the possible candidate approach which give a 

pathway for further improving the efficiency of c-Si/PEDOT:PSS hybrid 

solar cells. 
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Chapter 1 

 

Introduction 

 
1.1 Motivation 

As is it well known, there is an emerging need to reduce human energy 

consumption dependence on non-renewable fuels and shift to renewable 

energy. Among them, Solar photovoltaic (PV) devices, are very a 

promising candidate to convert solar energy into electricity. Thus, PV 

industry increased markedly in recent decades. Nevertheless, as of 2012, 

solar PV accounted is still not sufficient in the total human energy 

consumption [1]. The most important reason for the low energy 

consumption share is high costs of typical PV productions. Compared to 

conventional power sources, PV-generated electricity is expensive, 

mostly due to the high costs of manufacturing and installing solar 

modules.  

Among the PV market, there are many kinds of technologies which 

show different price and performance. To allow absolute comparison 

between the competing PV technologies, PV panels are quoted in terms 

of “U.S dollar per watt-peak” ($/Wp). This ratio takes into account that 

one needs fewer numbers of more efficient modules to generate the same 
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amount of total power. “Watt-peak” simply refers to the fact that, solar 

panels are rated for power produced at the peak light intensity, even 

though the actual power output varies during the day.  

 

Crystalline silicon solar cell is the dominant technology with 80% of 

the PV market share. Silicon cells are efficient (13-20 % average 

efficiencies in case of modules), but they are still little expensive. As of 

2010, average manufacturing costs of silicon-based PV modules were 

1.16 $/Wp [2], not only because crystalline silicon wafer is expensive, 

but also because fabrication process of an efficient cell requires several 

high-temperature steps, complicated equipments, and expensive materials 

[3, 4, 5] (Table 1.1). [6].  

In order to improve PV energy installation, the key point is reduction 

of solar cell cost, like compromise on efficiency and use cheaper 
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materials: easier-fabricated thin-film semiconductors instead of more 

expensive crystalline Si. The lower raw material costs, low-temperature 

processing, simpler capital equipments, and higher throughput 

manufacturing allow these “thin-film” technologies to achieve substantial 

reductions in cost. Among them, composite semiconductor like Cadmium 

Telluride (CdTe), Cooper Indium Gallium Selenide (CIGS) and 

amorphous-Si (a-Si) technologies are prominent examples (Fig. 1.1). 

Another approach is organic solar cells. Organic molecules with 

conjugated π-electron systems are also a class of thin-film 

semiconductors. Different with typical valence and conduction bands in 

inorganic materials, they have intra-molecular filled and empty energy 

levels, referred to as the highest-occupied-molecular-orbital (HOMO) and 

lowest-unoccupied-molecular-orbital (LUMO), respectively [7]. The 

energy gap of organic materials, both donors and acceptors, are typically 

~2-3 eV, which is larger than that of crystalline silicon (1.12 eV). The 

clear advantage with organic materials is their manufacture process - 

organic thin-films can be deposited using low-cost methods, such as 

spin-coating, spray-coating or transfer printing [8]. Due to the cost 

advantages, many types of organic-based solar cells have been proposed 

[9]. However efficiency of these devices is still poor [6] and their 

reliability is also a problem [10, 11]. 
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1.2 Silicon-based Hybrid Solar Cells 

 

In this work, a hybrid approach is demonstrated, where organic 

polymers are combined with silicon wafer to yield a silicon/organic diode 

which shows the cost improvement of thin-film organic materials and 

outstanding performance of silicon [12, 13, 14]. 

Like organic solar cells, this hybrid devices use only low-temperature 

(<140℃) processing and are very simple to fabricate - an organic 

semiconductor is spin-coated or mist deposited on top of crystalline 

silicon substrates, followed by electrode fabrication. Another advantage 

of hybrid devices is the possibility of higher throughput – unlike dopant 

diffusion which is a slow step, organic solutions can be deposited on 

silicon at very high rates. 

In this Si-based solar cell, similar as traditional Si solar cells, light 

absorption and photocurrent in hybrid devices generated predominately in 

silicon, so losses of light absorption and photogenerated carrier 

recombination are relative low. Theoretically, very high efficiencies, 

rivaling crystalline silicon solar cells, can be achieved in such hybrid 

photovoltaic devices. 

 

1.3 Solar Cells: Principles and Fundaments 
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Generally, solar cells are diodes that have been optimized for 

absorbing light while generating low dark-current. Like a typical diode, 

there is a built-in electric field inside a solar cell which allows current to 

flow in only forward-bias. In the dark, the current-voltage characteristics 

are similar to that of a diode: low leakage in the reverse-bias and an 

exponential turn-on in the forward bias. The current density (J) depends 

on the voltage across the device (V) as 

 

where k is the Boltzmann constant, T is the temperature, n is the ideality 

factor, and J0 is the saturation current density of the diode. In the case of 

low-level minority carrier injection and dominance of the 

Shockley-Read-Hall recombination, n is unity, and J0 is given by 

 

ni is the intrinsic carrier density, ND and NA are the doping concentrations 

in the n- and p-type regions, Dn and Dh are diffusion coefficients of 

electrons and holes in silicon, and Ln and Lh are the diffusion lengths of 

minority carriers. This equation assumes the long-base approximation is 

valid. 

Under illumination, photons get absorbed in silicon, generating 

electron and hole pairs. The built-in electric field separates these charges 
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and forces them towards opposing electrodes, causing a photocurrent (JL). 

The current voltage characteristics in this case are given by 

 

  

The generated power (P), given by the product of voltage and current 

(negative values represent generated power), has a global maximum, 

called the peak power point. To extract maximum energy from a solar 

cell, it should be biased near the peak power point. 

The performance of solar cells is typically measured in terms of three 

figures of merit: the short-circuit current (JSC), the open-circuit voltage 

(VOC), and the fill in factor (FF). For the case when the series resistance 

(Rs) is zero, Eq.(1.3) gives 

 

where η is the power conversion efficiency. The peak power output is 

generated at some intermediate point between JSC and VOC. 
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1.4 Efficiency of Silicon Solar Cells 

 

To increase the efficiency of a solar cell, enhancement of either JSC, 

VOC, or FF, needs to be achieved. The record efficiencies published in the 

literature of various solar cell technologies are given in Table 1.2 [6]. To 

better compare the different technologies the implied J0 of the diodes, 

calculated from the solar cell parameters using Eq. (1.4), is also shown. 

 

1.4.1 Short-Circuit Current 

 

In case of constant generation across the whole depth of a solar cell, 

the JSC is given by 

 

where G is the generation rate due to illumination and Lp and Ln are the 

hole and electron diffusion lengths, respectively. The relation assumes 

that the depletion width in both n and p regions is much less than the 

diffusion lengths, Lp and Ln. The relation also doesn’t consider the effect 

of surface recombination. For a solar cell in which the diffusion lengths 

are longer than the wafer thickness (Lp, Ln >W), the diffusion term drops 

off and the short-circuit current depends only on the photon-flux of the 

incident light. 
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Solar insolation spectrum closely matches the broadband spectrum of a 

5777°K blackbody [15], but due to atmospheric absorption, the actual 

spectrum reaching earth is strongly confined between the far infrared and 

near ultraviolet. Solar cell efficiencies are normally quoted against the 

ASTM AM 1.5G standard illumination [16]. The incident power at AM 

1.5G illumination is 100 mW/cm
2
.  

A semiconductor with a certain bandgap (EG) extensively absorbs 

photons with energies greater or equal to EG. Some phonon-mediated 

absorption does occur at lower energies but the absorption lengths are 

very long (around 1mm in case of silicon) that not many carriers are 

generated by this process in a 200-500 µm thick silicon wafer. Assuming 

each photon generates an electron-hole pair, i.e. an internal quantum 

efficiency of 1, the maximum possible photocurrent at a given 

wavelength cutoff could be calculated. In case of silicon, which has a 
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bandgap of 1.12eV, only wavelengths below ~1110nm could be absorbed 

and the theoretically maximum photocurrent is 43.8mA/cm
2
 [17]. 

Actually crystalline solar cells reach very close to this value (JSC > 

42mA/cm
2
) by clever use of light-trapping structures and anti-reflection 

coatings [18]. 

 

1.4.2 Fill-Factor 

 

Fill factors decrease with increase in the internal series resistance. 

Usually, the top metal grid covers only ~10% of the top surface, so 

photogenerated carriers need to travel large lateral distances before they 

are collected at the metal contact, in case of these carries fortunately had 

not been recombinated among diode interfaces. If the conduct of the top 

semiconductor layer is not high enough, the resulted ohmic contact 

reduce the fill-factor [19]. 

 

Fill factors also reduce if the ideality factor (n) of the solar cells 
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increases. The ideal diode-characteristics (Eq. (1.1)) assume that current 

flows only due to low-level minority-carrier injection (into quasi-neutral 

regions) and carrier recombination only via the Shockley-Read-Hall 

(SRH) mechanism [20]. In a practical cell, current can be caused by 

several other mechanisms (Table 1.3), e.g high-level minority carrier 

injection (n=2) [21], Auger recombination (n=2/3) [22], recombination in 

the depletion region of the diode (n=2) [23, 24]. Non-uniformity in the 

doped layers is also reported to cause higher ideality factors [25]. Current 

contribution of these non-ideal processes has different voltage 

dependence than the ideal case of Eq. (1.1) and consequently ideality 

factors of real devices is different from unity. 

Both increased ideality and higher fill in factors can be a big problem 

in typical thin-film devices, because the mobilities and diffusion lengths 

of carriers in amorphous materials are usually poor. However, in the case 

of high-quality crystalline silicon solar cells fill-factors that are very close 

to the theoretical maximum (>80 %) could be easily obtained. 

 

1.4.3 Open-Circuit Voltage 

 

Since JSC and FF are already near the theoretical maximum in practical 

silicon solar cells, at this stage, the only parameter available for further 

improvement is VOC. Enhancements in VOC need a reduction in J0 
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(according to Eq. (1.4)).To understand the intuitive reasoning behind the 

relationship between J0 and VOC, we have to first understand the physical 

meaning what J0 represents.  

  Theoretically, J0 of the device depends on the minority carrier 

diffusion lengths and bulk doping as presented in Eq. (1.2) [20]. At 

equilibrium state, the diffusion current (due to carrier density gradient) 

equals the drift current (due to the built-in field), and the total current is 

zero. When a forward-bias is externally applied across the p-n junction 

the built-in field id suppressed, breaking the drift-diffusion balance. The 

more dominant diffusion current injects minority-carriers through the 

junction into the quasi-neutral region, where they recombine. Holes are 

injected from p-type Si to n-type Si, electrons are injected from n-type Si 

to p-type Si, resulting in a positive current flow from anode to cathode. 

The higher the injected minority-carrier current, the higher J0 could be 

observed. So J0 is simply a symbol of minority carrier recombination in 

the diodes. 

In case of under illumination, excess carriers are created in the 

quasi-neutral regions of silicon due to photogeneration. The built-in field 

demands to maintain establish equilibrium by forcing out the 

photogenerated carriers, electrons towards the cathode and holes towards 

the anode, thereby results in a photocurrent with the direction opposite to 

the minority carrier current and a positive photovoltage. However, due to 
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a positive photovoltage and resulted reduction in built-in field, some of 

the minority carriers can’t cross the potential, they are injected across the 

junction and lose to recombination. The amount of current lose to 

recombination is precisely the value of the dark-current at that voltage. 

By decreasing J0, we can reduce the amount of carriers lose to 

recombination, and thus a lower J0 should lead to a higher VOC. 

 

1.5 Outline 

 

In this work, hybrid silicon/organic heterojunctions (SOH) are 

investigated for photovoltaic applications. The goal in this topic was to 

integrate low-cost organic semiconductors on high-performance 

crystalline silicon to demonstrate low-cost high-performance solar cells. 

In chapter 2, modification of conductive PEDOT:PSS was been 

exhibited via flurosurfactant addition and co-solvent treatment. At first, 

we demonstrate the usage of 0.1wt% Zonyl fluorosurfactant (DuPont) as 

an additive into PEDOT:PSS improved the adhesion of precursor solution 

on hydrophobic c-Si wafer. The average power conversion efficiency 

value was 11.3%, which was superior to those of non-treated devices. The 

Zonyl-treated soluble PEDOT:PSS composite is promising as a 

hole-transporting transparent conducting layer for c-Si/organic 

heterojunction(SOH) photovoltaic applications. Next, optical anisotropy 
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in PEDOT:PSS and its effect on the photovoltaic performance of SOH 

solar cells. In this topic, we demonstrated the effect of uniaxial optical 

anisotropy on the photovoltaic performance of c-Si/organic 

heterojunction solar cells produced by spin coating using either a MeOH 

solvent or MeOH and EG cosolvents. The systematic study of 

corresponding samples via spectroscopy ellipsometry implied that the use 

of the co-solvents led to an increase in extraordinary index of refraction 

and a reduction in the film thickness which promoted densification of 

polymer chains network in the resulted PEDOT:PSS thin films. And this 

improvement of PEDOT:PSS fine structure due to co-solvent addition 

resulted in an increased hole mobility from 1.23 cm
2
/V.s to 3.92 cm

2
/V.s 

of the resulted samples. A solar cell fabricated using such a film exhibited 

a relatively high efficiency of 11.23%, with a substantial fill-in factor (FF) 

value of 0.71. 

In chapter 3, employment of guest materials, like molybdenum oxide 

flake sheet (MoO3), ferroelectric polymer poly(vinylidene 

fluoridetetrafluoroethylene) P(VDF-TeFE), for further improvement of 

SOH solar cells efficiencies have been shown. In this work, molybdenum 

oxide flake sheet, ferroelectric polymer poly(vinylidene 

fluoridetetrafluoroethylene) P(VDF-TeFE) were employed as dopant to 

improve carrier transport properties in SOH diodes and go advantage the 

solar cell performance. 
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In chapter 4, the photovoltaic performance of PEDOT:PSS/n-type 

poly-Si heterojucntion solar cell devices have been investigated. The high 

pressure H2O vapor treatment of poly-Si prior to the film deposition of 

organic promoted the reduction of dangling bond defects incorporated 

into poly-Si, resulting in the enhanced carrier collection efficiency at 

850-1100 nm region. The chemical mist deposition of conductive 

PEDOT:PSS combined with negative DC bias supply improved 

significantly the adhesion of PEDOT:PSS on hydrophilic poly-Si wafer. 

As a consequence, a highly efficient PEDOT:PSS/poly-Si heterojunction 

solar cell was obtained with the highest power conversion efficiency of 

9.8% with a Jsc of 33 mA/cm
2
, a Voc of 0.54 V, and a FF of 0.55.  

  In chapter 5, a summary of all the results and some ideas for future 

work are presented.  
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Chapter 2 

 

Silicon/PEDOT:PSS Heterojunctions Solar 

Cells with Modified Fine Structure of 

PEDOT:PSS 

 

2.1 Introduction 

 

To date, crystalline silicon (c-Si) based heterojunction solar cells with 

an intrinsic hydrogenated amorphous silicon (a-Si:H) thin layers (HIT), 

Ntype (n-) c-Si/i-a-Si:H/p-a-Si:H/ITO multilayered structure offer high 

efficiency with an efficiency of 22~23% [26-28]. The a-Si:H layers, in 

general, is fabricated by a low-pressure plasma-enhanced chemical vapor 

deposition (PE-CVD) of a SiH4 and H2 mixture. Indium tin oxide (ITO) 

films as the transparent conductive oxide (TCO) layer are also prepared 

by low-pressure rf magnetron sputtering. As an alternate approach using 

c-Si/organic heterojunction solar cells is potentially cheaper due to 

low-temperature processing. To date, n-Si/poly-(CH3)3Sicyclooctate 

-traaniline, n-Si/polyaniline, and p-Si/4-tricyanovinyl-N,N-diethylaniline 

have been investigated and shown up to 3.5% [29-31]. Several 

approaches have been also attempted to improve the device performance 
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with carbon nanotubes (CNTs) and Si nanowires (SNWs) to increase the 

conductivity of polymer [32, 33]. J. C. Strum et al. has reported an 

improved efficiency of 10.1% in planer 

n-Si/poly(3-hexylthiophene-2,5-dily) (P3HT) junction solar cells [34]. 

More recently, relatively high efficiency c-Si/poly(ethylene 

dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) junction solar 

cells with a η of 10-11% have been reported [35, 36]. PEDOT:PSS is well 

known as a hole transport layer of organic thin-film solar cells (OSCs). It 

is also used as a transparent conductive layer by secondary doping of 

inert solvents such as glycerol, sorbitol, dimethyl sulfoxide (DMSO), 

N,N’-dimethyl formamide (DMF), tetrahydrofuran (THF), and graphene 

oxide (GO) [37-41].  

Here, we demonstrate a solution-processed organic/silicon 

heterojunction can replace the conventional silicon p-n junction to yield 

solar cells with high power conversion efficiencies (over 10%). 

 As the schematic diagram of the conversional SOH device shown in 

Fig2.1, conjugated polymer Poly(3,4-ethylenedioxythiophene) 

poly(styrenesulfonate) (PEDOT:PSS)  thin film plays an important role 

both in transparent conductive layer and emmiter layer to yield a typical 

photovoltaic junction . It is well known PEDOT:PSS is a polymer 

mixture of two ionomers. One component in this mixture is made up of 

sodium polystyrene sulfonate which is a sulfonated polystyrene. Part of 
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the sulfonyl groups are deprotonated and carry a negative charge. The 

other component PEDOT is a conjugated polymer and carries positive 

charges and is based on polythiophene. The properties of this polymer, 

like conductivity, transparence and mobility, are mainly determined by 

the component ratio and phase separation of PEDOT/PSS polymer chains. 

Thus, the fine structure modification of PEDOT:PSS polymer also plays 

an key factor for high efficiency c-Si/PEDOT:PSS hybrid solar cell 

devices. Here as following, several approaches of fine structure 

modification of conductive PEDOT:PSS are been presented. 

 

2.2 Highly efficient SOH device with Zonyl 

fluorosurfactant treatment  

 

As mentioned above, the alternate spin coating was attempted to 

improve the film uniformity on hydrophobic c-Si(100) wafer. But these 

products were still inhomogeneous frequently. The usage of the 

electrospray deposition (ESD) made possible the uniform coating, 

although the film deposition rate was very slow of 0.2 nm/s. [29] Simple 

coating technique with high film uniformity, therefore, is strongly 

required on hydrophobic c-Si wafer. Recently, Vosgueritchian et al. 

revealed that the Zonly fluorosurfactant-treated PEDOT:PSS film showed 

lower sheet resistance compared to untreated films, and it is a possible 
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material for indium tin oxide (ITO)-free organic photovoltaics as 

stretchable and flexible transparent electrodes. [30, 31] These findings 

will be also expected for the uniform spin coating of PEDOT:PSS on 

hydrophobic c-Si wafer without any complicate processes. 

In this session, we demonstrate the highly efficient c-Si/Zonyl-treated 

PEDOT:PSS heterojunction solar cells showing a high efficiency of 

10%–11%.  

 

FIG 2.1 Schematic of c-Si/PEDOT:PSS hybrid photovoltaic device 

 

Figure 2.1 shows the schematic of the c-Si/PEDOT:PSS hybrid solar 

cells. One-side-polished with N-type CZ Si(100) with resistivity of 

3–5Ω.cm and thickness of 300μm was used as a substrate. The c-Si 

wafers were cleaned in acetone, ethanol, and deionized water for 10min 

each. Following that they were dipped in 5% hydrofluoric (HF) acid to 

remove any native oxide. Highly conductive 5% by weight dimethyl 

sulfoxide (DMSO) added PEDOT:PSS (Clevios PH1000) mixed with 

different amounts of Zonyl fluorosurfactant was then spin coated onto the 

RCA H-terminated c-Si wafer with 1000rpm for 60s followed by thermal 
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annealing at 140℃ for 30min. Finally, the top ring electrode (5mm 

*5mm in inner size, 0.1mm width) was formed using silver paste by 

pattern printer. The outer area of the silver electrode was covered with an 

opaque mask to eliminate the incident light. The silver electrode has 

resulted in a power loss of 5%–7% of the incident light due to shadowing. 

The PEDOT:PSS composite films were characterized by atomic force 

microscopy (AFM; Seiko Instruments SPA-300/SPI-3800), spectroscopic 

ellipsometry (SE), current density-voltage (J-V) in the dark and under 

illumination of AM1.5G, 100mW/cm
2
 simulated solar light (Bunkoukeiki 

CEP-25BX), and capacitance-voltage (C-V) measurements.  
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FIG 2.2 AFM and photo images of (a) pristine and (b) 0.1% Zonyl added 

PEDOT:PSS thin films on c-Si wafer. The former was for the alternate 

spincoat with 1000 and 2000rpm after dropping few shots of pristine 

PEDOT:PSS solution. The latter was prepared by spincoat with 1000rpm 

for 60s and subsequent dry at 140℃ for 30min. Both film thickness were 

around 100nm. 

 

In Figure 2.2, the AFM and photo images of 100 nm-thick 

PEDOT:PSS films on flat c-Si(100) wafer are shown with and without 

adding a 0.1% Zonyl fluorosurfactant. The former was prepared by 

alternate spin coating with 1000 and 2000rpm after dropping few shots of 

pure PEDOT:PSS solution to improve the film uniformity rather than the 

single spin coating. The latter was prepared by the spin coating with 

1000rpm for 60s and subsequent dry at 140℃ for 30min. Both film 
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thicknesses were around 100nm. It is clear that the surface uniformity of 

spin-coated PEDOT:PSS composite is improved markedly despite of the 

0.1% Zonyl addition. The root-mean-square roughness (RMS) values 

were 2.6 and 3.3nm for the films with and without a 0.1% Zonly addition, 

respectively, in the 20*20 μm
2
 area.  

Figure 2.3 shows the J-V characteristics in the dark and under 

illumination of AM1.5G 100mW/cm
2
 simulated solar light, and external 

quantum efficiency (EQE) spectra for the PEDOT:PSS/c-Si hybrid 

devices with and without a 0.1% Zonyl addition. The photovoltaic 

parameters, i.e., open circuit voltage Voc, short circuit current density Jsc, 

an fill factor FF, and η, are summarized for the devices with different 

Zonyl weight percents in Table 2.1. It is seen that dark current density Jd 

is suppressed significantly for the 0.1% Zonyl added device [Fig. 2.3(a)]. 
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FIG 2.3 J-V curves of c-Si hybrid solar cells for PEDOT:PSS composite 

buffer layers with and without an addition of a 0.1% Zonyl 

fluorosurfactant (a) in the dark and (b) under illumination of a simulated 

AM 1.5G 100mW/cm
2
 light. (c) EQE spectra of corresponding c-Si 

hybrid solar cells. 

 

The calculated series resistance Rs showed a minimum of 0.75 Ω*cm
2 
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with a highest shunt resistance Rsh of 1.2*10
4
 Ω*cm

2
 for the 0.1% Zonyl 

added PEDOT:PSS diode. The reduction in the dark current is clear 

evidence for reduced electron current and the suppression of electron 

recombination.  

 

 

TABLE 2.1 Performance detail of the c-Si/PEDOT:PSS hybrid solar cells 

with different Zonyl concentrations. 

 

These imply that the junction property is improved by the 0.1% Zonly 

treatment without creating additional defects at the junction interface. The 

devices for the pristine PEDOT:PSS buffer layer exhibited an average η 

of 9.5%–10.2%. This maximum g value was achieved of a η of 10.2% 

with a Jsc of 29.0mA/cm
2
, a Voc of 0.527V, and a FF of 0.669. Once 0.1% 

Zonyl was added in conductive PEDOT:PSS, the average η value 

increased to 10.8%–11.34%. The best performance was achieved with a η 

of 11.34%, a Jsc of 29.2mA/cm
2
, a Voc of 0.541V, and a FF of 0.718 [Fig. 

2.3(b)]. Obviously, the improvement in the device performance can be 

attributed to the usage of the 0.1% Zonly addition. In particular, the FF 

value improved from 0.669 to 0.718 by the 0.1% Zonly addition. The 
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EQE improved markedly in the visible and near-infrared region for the 

0.1% Zonly added devices compared to that of pristine PEDOT:PSS [Fig. 

2.3(c)]. Further increases of the Zonly content deteriorated the cell 

performance (Table 2.1).  

 

FIG 2.4 (a) 1/C
2
-V and (b) C-f plots of c-Si/PEDOT:PSS hybrid diodes 

with and without an addition of a 0.1% Zonyl fluorosurfactant. 
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Figure 2.4 shows the 1/C
2
-V plot at 1MHz and C-f (f: measurement 

frequency) characteristics of c-Si/PEDOT:PSS composite junction solar 

cells with and without a 0.1% Zonyl addition. The built-in potential Vb 

and donor density Nd were 0.87~0.94V and 5.82*10
15

 /cm
3
 for the pristine 

PEDOT:PSS diode, whereas Vb and Nd were 0.88–0.96V and 7.99*10
15

 

/cm
3
, respectively, for the 0.1% Zonly added diode [Fig. 2.4(a)]. The 

slope of the 1/C
2
-V plot relating to (1/ Nd +1/Na: Na accepter density) was 

lower for the 0.1% Zonyl added PEDOT:PSS diode than that of pristine 

PEDOT:PSS, suggesting that the Na in the organic increased.  

In addition, the junction capacitance was almost independent of f, and 

it was suppressed to be lower for the lower measurement-frequency range 

in the 0.1% Zonyl added PEDOT:PSS [Fig. 2.4(b)]. These imply the 

lower interface defect density. [32] Thus, the role of the 0.1% Zonly 

addition into conductive PEDOT:PSS is considered as the suppression of 

electron recombination, and/or promote the hole current by enhancing the 

carrier mobility. [33] This is achieved by inserting PEDOT:PSS with 

wider energy gap than 1.1 eV such that the lowest unoccupied molecular 

orbital (LUMO) of the organic is higher than the conduction minimum 

(Ec) of c-Si, the lower space charge density at the interface and/or the 

enhanced hole mobility by the lowering the highest occupied molecular 

orbital (HOMO) of the organic-valence band maximum (Ev) offset. In 

general, the Voc is described through the relation Voc＝nkT*ln(Jsc/J0)/q. 
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[34] Thus, large LUMO-Ec offset results in a lower J0 and, hence, a larger 

Voc. However, the SE characterization revealed that the HOMO-LUMO 

gap energy in PEDOT:PSS was almost same for both samples. Both Voc 

and Jsc were 0.52~0.54V and 28~30mA/cm
2
, respectively, and they were 

almost independent of the Zonly content up to 0.5% by weight. Thus, the 

improvement of FF value by the 0.1% Zonyl treatment can be attributed 

to the lowering of space charge layer at the c-Si/PEDOT:PSS interface. It 

is also well known that the spin-coated PEDOT:PSS exhibit the 

prominent anisotropic optical property, i.e., the ordinary optical 

component showing the metallic property and the extraordinary 

component exhibiting a dielectric behavior. [35] This property also 

promotes the role of the hole transporting layer as well as the highly 

transparent conductive layer by adding the 0.1% Zonly. Thus, the 

improved adhesion of PEDOT:PSS conjugated polymer on hydrophobic 

c-Si wafer results in the efficient suppression of defect generation at the 

c-Si/organic interface, resulting in the higher device performance in 

addition to a native SiOx layer. [36-39]  

In conclusion, we have studied the role of Zonyl fluorosurfactant 

addition to conductive PEDOT:PSS on the performance of 

c-Si/PEDOT:PSS hybrid heterojucntion devices. The 0.1% Zonly 

addition to conductive PEDOT:PSS improved significantly the adhesion 

on hydrophobic c-Si wafer. As a consequence, a highly efficient 
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c-Si/organic hybrid solar cell was obtained with the highest power 

conversion efficiency of 11.34% with a Jsc of 29.2mA/cm
2
, a Voc of 

0.541V, and an FF of 0.718. Such Si/organic hybrid cells can potentially 

further deliver high conversion efficiency combining with the textured 

structure and the creation of ohmic junction at the rear surface. 

 

2.3 Optical anisotropy in co-solvent modified PEDOT:PSS 

and its effect on the photovoltaic performance of crystalline 

silicon/organic heterojunction solar cells 

 

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDOT: 

PSS) has attracted considerable attention as a conducting polymer 

because of its high electrical conductivity, transparency, structural 

stability, and other desirable properties. [40-43] Several attempts have 

been made to further improve the conductivity of PEDOT:PSS by adding 

polar solvents such as water, methanol (MeOH), dimethyl sulfonate 

(DMSO), graphene oxide (GO), ZnO nanoparticles, or ethylene glycol 

(EG). [44-49] These solvents modify the fine structure of the random 

PEDOT:PSS coils. The addition of EG has been found to enhance the 

electrical conductivity due to phase separation of the hydrophilic 

conductive PEDOT and the hydrophobic insulating PSS, which leads to 

an increase in the hole mobility. [50] In general, PEDOT:PSS exhibits 
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strong uniaxial optical anisotropy, i.e., the ordinary index of refraction no 

and extinction coefficient ko indicate metallic behavior, while the 

extraordinary index of refraction ne and extinction coefficient ke indicate 

a more dielectric behavior. [51, 52] Recently, solar cells based on a 

crystalline Si (c-Si)/PEDOT:PSS heterojunction structure have been 

reported to have a power conversion efficiency g of 10%–11%.[53, 54] 

However, the effect of uniaxial optical anisotropy on the photovoltaic 

performance of c-Si/ PEDOT:PSS heterojunction solar cells remains an 

open question. 

In the present session, we demonstrate the effect of uniaxial optical 

anisotropy on the carrier transport properties and photovoltaic 

performance of c-Si/PEDOT:PSS heterojunction solar cells fabricated by 

spin coating using either a MeOH solvent alone or MeOH and EG as 

co-solvents. One-side-polished n-type c-Si(100) wafers with a resistivity 

of 1–5 Ω*cm and a thickness of 300μm were used as substrates. The 

c-Si wafers were RCA cleaned using SC-1 and SC-2 treatments, and then 

dipped in 5% hydrofluoric (HF) acid to remove any native oxide. 
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FIG 2.5 Chemical structure of PEDOT:PSS and EG. Also shown is a 

schematic of c-Si/PEDOT:PSS hybrid solar cells used in this study. 

 

Figure 2.5 shows the chemical structure of PEDOT:PSS and EG, 

together with a schematic of the c-Si/PEDOT:PSS solar cells used in this 

study. DMSO (5wt%) was added to filtered (pore size 0.45μm) 

PEDOT:PSS (Clevios PH1000) to render it conductive. Blended solutions 

were then prepared using MeOH alone or MeOH and EG as co-solvents 

with different weight ratios. Thin films were formed by spin coating these 

solutions onto the Si substrates at 1000rpm for 60s, followed by thermal 

annealing at 140℃ for 30min. Finally, a top electrode (5mm square, 

thickness 0.1mm) was formed using silver paste and a pattern printer. The 

outer edge of each silver electrode was covered with an opaque mask to 

block incident light.  

The electronic, structural, and morphological properties of the 
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PEDOT:PSS films were investigated using spectroscopic ellipsometry 

(SE: Jobin Yvon UVISEL), atomic force microscopy (AFM: SII 

nanotechnology, SPA-300/SPI-3800), X-ray diffraction (XRD), and 

X-ray photoelectron spectroscopy (XPS: ULVAC-PH1). The solar cell 

performance was characterized using current density-voltage (J-V) 

measurements in the dark and under AM1.5G illumination with 

100mW/cm
2
 of simulated solar light (Bunkoukeiki CEP-25BX). The 

optical properties of several PEDOT:PSS films with different solvent 

treatments were determined using ellipsometric measurements at an angle 

of incidence of 70 ° , in the energy region of 0.8 to 5.0eV. 

 

 

FIG 2.6 (a) Spectra of <n> and <k> for c-Si/PEDOT:PSS films: pristine, 
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MeOH-modified, and co-solvent modified films on c-Si, measured at   

70°. (b) Optical model used for spectral analysis. (c) no and k0 spectral 

components and (d) ne and ke spectral components for the corresponding 

co-solvent modified PEDOT:PSS films. 

 

Figure 2.6(a) shows measured spectra for the index of refraction <n> 

and extinction coefficient <k> for ~100nm thick pristine, 

MeOH-modified, and co-solvent modified PEDOT:PSS films. No marked 

differences in the <n> or <k> spectra were observed for different incident 

directions of the probe light, suggesting the absence of in-plane optical 

anisotropy. The measured spectra were analyzed using a Tauc-Lorentz 

(TL) oscillator and Drude model, taking optical anisotropy into 

consideration. The optical model used in this study is shown in Fig. 

2.6(b), and consists of a single layer with uniaxial optical anisotropy: 

//PEDOT:PSS (ordinary no, ko) and ⊥PEDOT:PSS (extraordinary ne, ke). 

The best fits to the (no, ko) and (ne, ke) spectra for the pristine, 

MeOH-modified, and co-solvent modified PEDOT:PSS films are shown 

in Figs. 2.6(c) and 2.6(d), respectively. For all samples, the n0 and k0 

spectra indicate metallic behavior, and are almost independent of the 

concentration of MeOH or EG. In particular, the k0 spectra in the infrared 

region of 0.8–1.0 eV, corresponding to free carrier absorption, are very 

similar, which implies that the free carrier concentration N is almost 
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unchanged by solvent addition.[55, 56] On the other hand, dielectric 

behavior is more dominant for the ne and ke spectra.  In contrast, ne is 

seen to increase significantly by co-solvent addition, whereas ke remains 

almost unchanged. A quantitative analysis of the XPS spectra (S2p) of 

PEDOT:PSS with or without co-solvent addition revealed that the relative 

concentration of PEDOT to PSS was higher near the surface for the 

co-solvent modified films. Furthermore, it was found that the addition of 

MeOH or MeOH/EG led to an increase in the intensity of an XRD peak at 

around 2θ＝26°, which is associated with the (020) planes in the 

orthorhombic unit cell of PEDOT.[57] This indicates an improvement in 

crystallinity compared to the pristine film. It has been reported that the 

addition of a polar organic solvent with a high dielectric constant can 

introduce a screening effect that suppresses the electrostatic interaction 

between PEDOT and PSS, and thus promotes interactions among PEDOT 

molecules that lead to crystallization.[58] These findings imply that the 

addition of EG causes enhanced phase separation of PEDOT and PSS 

polymer chains and improves the crystallinity of the PEDOT phase. This 

leads to densification of the PEDOT:PSS network, which can effect the 

optical anisotropy of the resulting thin films.[48,59]         

The carrier transport parameters for the films used in the present study, 

i.e., the free carrier concentration N and the carrier mobility μ, were 

also determined from k0 spectra in the infrared region using the plasma 
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frequency ωp＝(Ne
2
/ε0m*)

0.5
 and μ＝e/m*Γd relations, where Γd＝1/τ

is a damping factor determined by the dielectric constant ε(E)＝

ε∞-[Ad/(E
2
+Γd

2
)]. Here, μrepresents the average hole mobility within a 

typical grain.[60, 61] Thus, μis proportional to 1/Γd and the influence of 

scattering at grain boundaries is not considered. ε∞ and Ad are the 

dielectric constant e in the high-frequency region and a constant, 

respectively. Here, an effective mass m* of 0.82m0 was used, where m0 is 

the free-electron mass. [61] The values for ωp, N, and μ were found to 

be 1.41 eV, 1.18*10
21

cm
-3

, and 1.23cm
2
/Vs for the pristine film, 1.38 eV, 

1.13*10
21

cm
-3

, and 2.14cm
2
/Vs for the MeOH-modified film, and 1.44 eV, 

1.23 cm
2
/Vs, and 3.92cm

2
/Vs for the co-solvent modified film, 

respectively. Thus, the SE results provide information on both the optical 

constants and the carrier transport parameters for conductive PEDOT:PSS 

polymers.  

 

FIG 2.7 Conductivity of PEDOT:PSS films fabricated by spincoat 
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using either MeOH, EG alone, or MeOH and EG as co-solvents measured 

for four different ~100nm thick samples. The results for pristine 

PEDOT:PSS are also shown as a reference. 

 

 Γd 

/eV
 

τ 

/fs 

μ 

/cm
2
/Vs 

ωp 

/eV 

N/ 

10
21

cm-
3
 

Rsh  

Ω/□ 

Pristine 1.15 9.2 1.23 1.41 1.18 335 

MeOH 0.66 16.1 2.14 1.38 1.13 250 

MeOH+EG 0.36 29.5 3.92 1.44 1.23 149 

TABLE 2.2 Carrier transport parameters of corresponding resulted 

PEDOT:PSS thin films use different solvent addition. 

 

Figure 2.7 shows the conductivity for pristine, MeOH-modified, 

EG-modified, and co-solvent modified PEDOT: PSS films. For each type 

of film, three different samples were measured, and the conductivity was 

evaluated using σ＝1/Rshd, where Rsh is the sheet resistance determined 

from four-point probe measurements, and d is the film thickness obtained 

from SEM observations. The conductivity is seen to be markedly 

enhanced by the use of the co-solvent, compared to the case for MeOH or 

EG alone. It has previously been reported that the electrical conductivity 

of PEDOT:PSS can be increased by the addition of polyethylene glycol 

solvents, depending on their concentration and molecular weight. [48] 
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The increase in conductivity seen in Fig. 2.7 for the MeOH and 

co-solvent modified films is in reasonable agreement with the change in 

mobility determined from the SE spectra. Figure 2.8 shows the J-V 

characteristics determined in the dark and under AM1.5G illumination 

with 100mW/cm
2
 simulated solar light, in addition to external quantum 

efficiency (EQE) spectra for the three types of films. The open circuit 

voltage Voc, short-circuit current density Jsc, fill factor FF, and η are 

summarized in Table 2.2 for the pristine device and devices modified 

with different amounts of MeOH and EG.  
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FIG 2.8 J-V curves for c-Si/PEDOT:PSS hybrid solar cells with pristine, 

MeOH-modified, and co-solvent modified PEDOT:PSS buffer layers (a) 

in the dark and (b) under simulated AM1.5G illumination. (c) EQE 

spectra for the corresponding c-Si hybrid solar cells. 

 

As seen in Fig. 2.8(a), the dark current density Jd is significantly 
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reduced under forward and reverse conditions by the addition of MeOH, 

which is clear evidence for the suppression of electron recombination. 

This implies that by using MeOH as a solvent, the carrier transport 

properties can be improved without creating additional defects at the 

junction interface. 

 

TABLE 2.3 Performance parameters for c-Si/PEDOT:PSS hybrid solar 

cells with different MeOH and EG concentrations. The concentration is 

shown as the wt.% ratio of (PEDOT:PSS):MeOH:EG. 

 

The devices with a pristine PEDOT:PSS layer exhibited an average η 

of 6.38%, whereas a co-solvent modified device exhibited a value of 

11.23% with a Jsc of 28.79mA/cm
2
, a Voc of 0.548V, and an FF of 0.711. 

As seen in Fig. 2.8(b), under optical illumination, the use of MeOH leads 

to a large improvement in the device performance. However, the highest 

performance is obtained by the use of the MeOH/EG co-solvent. If the 

photovoltaic performance is governed by N, the EQE at wavelengths of 

1000~1200nm, where free carrier absorption is dominant, should be most 

strongly suppressed by an increase in N. [55, 56] However, as seen in Fig. 
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2.8(c), the EQE was enhanced over the entire wavelength region by the 

addition of the MeOH/EG co-solvent. Since the increase in photovoltaic 

performance was achieved for devices that also exhibited higher electrical 

conductivity, as shown in Fig. 2.7, it can be concluded that the 

improvement was the result of an increase in μ rather than a change in 

N. 

In summary, we demonstrated the effect of uniaxial optical anisotropy 

on the photovoltaic performance of c-Si/PEDOT:PSS heterojunction solar 

cells produced by spin coating using either a MeOH solvent or MeOH 

and EG co-solvents. It was found that the use of the co-solvents led to an 

increase in ne and a reduction in the film thickness that promoted 

densification of the PEDOT:PSS network. This resulted in an increase in 

μ in the films. A solar cell fabricated using such a film exhibited a 

relatively large η of 11.23%, with a Jsc of 28.79mA/cm
2
, a Voc of 0.548V, 

and an FF of 0.71. 

 

2.4 Summary 

 

  In this chapter, we demonstrate a highly efficient hybrid crystalline 

silicon (c-Si) based photovoltaic devices with hole-transporting 

transparent conductive poly-(3,4-ethlenedioxythiophene): 

poly(styrenesufonic acid) (PEDOT:PSS) films, incorporating a Zonyl 
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fluorosurfactant as an additive, compared to nonadditive devices. The 

usage of a 0.1% Zonly treated PEDOT:PSS improved the adhesion of 

precursor solution on hydrophobic c-Si wafer without any oxidation 

process. The average power conversion efficiency η value was 

10.8%-11.3%, which was superior to those of non-treated devices. 

Consequently, c-Si/Zonyl-treated PEDOT:PSS heterojunction devices 

exhibited the highest η of 11.34%. The Zonyl-treated soluble 

PEDOT:PSS composite is promising as a hole-transporting transparent 

conducting layer for c-Si/organic photovoltaic applications. 

In the next session, an investigation was carried out into the effect of 

uniaxial optical anisotropy in poly(3,4-ethylenedioxythiophene): 

poly(styrenesulfonic acid) (PEDOT:PSS) on the photovoltaic 

performance of crystalline Si/PEDOT:PSS heterojunction solar cells 

fabricated by spin coating using either a methanol (MeOH) solvent alone 

or using MeOH and ethylene glycol (EG) as co-solvents. Spectroscopic 

ellipsometry revealed that the extraordinary index of refraction increased 

by the use of the co-solvents. In contrast, the ordinary index of refraction 

indicated metallic properties and was almost independent of the 

concentration of MeOH or EG. The highest conductivity was found for a 

(PEDOT:PSS):(MeOH):(EG) weight ratio of 1:1:0.1, and this sample 

exhibited a relatively high power conversion efficiency of 11.23%. These 

findings suggest that the increase in the extraordinary index of refraction 
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leads to an enhancement of the hole mobility in PEDOT:PSS, resulting in 

improved photovoltaic performance. 
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Chapter 3  

 

Employment of Guest Materials to Enhance 

the c-Si/PEDOT:PSS Hybrid Solar Cell 

Efficiency 

 

3.1 Introduction 

 

There has been tremendous interest in developing next generation 

photovoltaics based on advanced materials such as quantum dots, 

semiconducting nanostructures, and conjugated polymers.[62-64] 

Crystalline silicon (c-Si) remains the basic material for high-efficiency 

stable photovoltaics, and it has recently been demonstrated that Si 

nanowire junctions and Si wire arrays from catalytic growth or 

electrochemical etching can improve light absorption.[65-67] On the 

other hand, the integration of different nanostructures or polymers into 

Si-based photovoltaics has been explored widely, and many 

heterojunction structures have been reported, such as GaN nanorods 

epitaxially grown on n-type c-Si, InAs nanorods grown on p-type Si, and 

multiwalled nanotube (CNT) arrays grown in an anodized alumina 

template on Si substrates.[68-70] Highly conductive 



 - 42 - 

poly(3,4-ethylenedioxythiophene):poly (stylenesulfonate) (PEDOT:PSS) 

is often used to modify indium tin oxide (ITO) electrodes owing to its 

superior injection/collection properties by secondary doping of special 

reagents such as graphene, graphene oxide (GO), CNTs, and metal oxide 

particles.[71-74] 

 

3.2 Effects of Molybdenum Oxide Molecular Doping 

on the Chemical Structure of PEDOT:PSS and on 

Carrier Collection Efficiency of c-Si/PEDOT:PSS 

Heterojunction Solar Cells 

 

Followed with above demonstration, it is also reported that 

PEDOT:PSS, GO, and metal oxide such as molybdenum trioxide (MoO3) 

are good candidates for solution-processable hole-transporting materials 

that exhibits an intense photoluminescence (PL) emission in the 

325~550nm region and is expected to find application as a light 

wavelength conversion layer.[75-78] Furthermore, the MoO3 layer would 

presumably generate a strong inversion in Si by electrostatic repulsion, as 

in the cases of dielectric SiOx and Al2O3.[79-81] Thus, a high built-in 

voltage, Vbi, can be expected at the c-Si/PEDOT:PSS: MoO3 composite 

interface. 

Here in this session, we demonstrate the effect of luminescent MoO3 
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molecular doping to conductive PEDOT:PSS on the chemical structure 

and external quantum efficiency (EQE) of n-type c-Si(100)/PEDOT:PSS 

heterojunction solar cells.  

The c-Si wafer (CZ, 3~5Ω*cm, 300μm thickness) was cleaned by the 

RCA1 and RCA2 procedures. Highly conductive PEDOT:PSS (Clevios 

PH1000) with 5wt.% dimethyl sulfonate (DMSO) was used as a starting 

solution. MoO3 (Kanto Kagaku Ltd. 99.99%) powder flakes with an 

average size of 1.7μm were used as a dopant. PEDOT:PSS:MoO3 

composite solutions with different MoO3/(PEDOT:PSS: MoO3) 1, 3, 10, 

and 30 wt.% were stirred for 1 h. Here, as the PEDOT:PSS solid content 

of PH1000 is around 1%, the dry weight ratios of MoO3/PEDOT:PSS 

composite thin films were much higher than the values reported in 

present paper, for example, in the case of the 1wt.% composite, the real 

dry weight ratio of MoO3/PEDOT:PSS was almost unity. A thin film was 

formed by spin-coating the precursor solution on RCA-cleaned c-Si 

wafers at 1000rpm for 60s, followed by thermal annealing at 140℃ for 

30min. After that, a top Ag grid electrode was fabricated by pattern 

printing. Finally, InGa eutectic layer was used as a rear electrode to form 

an ohmic contact. The PEDOT:PSS:MoO3 composite films were 

characterized using scanning electron microscopy (SEM), energy 

dispersive X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy 

(XPS), and spectroscopic ellipsometry (SE). The PL spectra were 
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measured using FluoroMax-3 (Horiba Jovin- Yvon) spectrophotometer.  

Figure 3.1(a) shows the SEM image of MoO3 particles in conductive 

PEDOT:PSS. The inset shows the crystal structure of MoO3. MoO3 

exhibits a layered structure consisting of vertex-sharing chains of 

distorted MoO6 octahedra that share edges with two similar chains to 

form layers. The distortion gives rise to very short “Mo¼O” bonds at the 

apical octahedral positions that terminate the top and bottom of the 

double octahedral oxide sheets. The resultant two-dimensionally bonded  

 

 

FIG 3.1 SEM images (a)~(c) and EDX maps (d)~(f) (corresponding to the 

circled region in Fig 3.1(a)) of MoO3 particle in PEDOT:PSS. Inset 

illustrates schematics for the possible intercalation of PSS chains into 

layered MoO3, where red and gray spheres denote O and Mo atoms, 

respectively; (d)~(f) are EDX maps for Mo, O and S. respectively, in 

MoO3 doped PEDOT:PSS. 
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layers are stacked in a staggered arrangement and held together by weak 

Van Der Waals forces. A variety of large guest species can be 

intercalated into the interlayer Van Der Waals gap.[82] The SEM image 

shows hair-like projections around the MoO3 flake sheets with an average 

diameter of 15~20 nm, which is much smaller than the typical mean size 

of PEDOT particles embedded in PSS chains.[83] EDX maps of Mo, O, 

and S for the PEDOT:PSS:MoO3 (3wt.%) composite are shown in Figs. 

3.1(d)–1(f). Notably, the EDX image of Mo was almost consistent with 

that of S despite the use of MoO3, and even though S was distributed 

homogeneously. This implies that the sulphur in PEDOT and/or PSS is 

coordinated preferentially in MoO3 particle. In addition, the average d 

spacing of the collected composite powder, as calculated from the four 

0k0 reflections in the XRD spectra, was 0.9~1.1nm, i.e., larger than that 

of pristine MoO3 (0.6nm). Furthermore, XPS revealed that the 3d binding 

energy corresponding to S＝O in PSS decreased less for higher MoO3 

concentrations. These findings suggest that the concentration ratio of 

PEDOT to PSS increased. Thus, the PSS chain was intercalated into the 

MoO3 flake sheet, modifying the chemical structure of PEDOT:PSS 

conjugated polymer.  
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FIG 3.2 PL and PLE spectra of MoO3 doped PEDOT:PSS film. The 

optical micrographs of PEDOT:PSS with and without 10wt.% MoO3 

doping are shown as well. 

 

Figure 3.2 shows the PL spectra of pristine MoO3 and PEDOT:PSS: 

MoO3 composite films at room temperature and the excitation PL (PLE) 

spectra for the 400 nm emission. Optical micrographs of PEDOT:PSS 

with and without MoO3 doping are shown as well. An intense broad band 

PL emission at 350~500nm having a maximum peak at around 

390~400nm was observed, and its intensity increased with MoO3 doping 
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concentration. Thus, the UV light at 310~345nm was absorbed and 

efficiently showed an intense broadband PL emission at 350~500nm 

range. The PL spectra at 350~500nm can be ascribed to the intense 

near-band-edge (NBE) emission due to the free-exciton recombination 

and visible light emission by transitions of excited optical centers in the 

deep levels (DLs). In fact, the MoO3-doped PEDOT:PSS micrograph was 

deep purple, owing to the intense PL emission at 350~550nm from MoO3. 

These results suggest that MoO3 may potentially be used for absorbing 

light at short wavelengths and then emitting at longer wavelengths 

(350~550nm), which would enhance the carrier collection efficiency of 

c-Si/PEDOT:PSS solar cells. 

Figure 3.3(a) shows the dark current density-voltage (Jd-V) curves for 

c-Si/PEDOT:PSS:MoO3 composite heterojunction solar cells with 

different MoO3 doping concentrations. The inset is a schematic of 

c-Si/PEDOT:PSS heterojunction solar cell. The effective area of each cell 

was 5*5mm
2
. These Jd-V curves exhibited a typical p-n junction 

rectification behavior with the ideality factor n value around 3 (see in 

Table 3.1). These high values of n indicate that the charge traps in 

PEDOT:PSS effect the electronic conduction through the diode.[84] The 

reverse and forward dark currents were suppressed lower than that of a 
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FIG 3.3 (a) Jd-V and (b) Jp-V curves for c-Si/PEDOT:PSS:MoO3 

composite hybrid solar cells with different MoO3 concentrations. Inset 

shows schematic of the device structure of c-Si/PEDOT:PSS: MoO3 

composite solar cells. (c) EQE and (d) DEQE spectra for corresponding 

c-Si/PEDOT:PSS:MoO3 composite hybrid solar cells. DEQE values are 

relative to that of a pristine device. 

 

pristine PEDOT:PSS diode by MoO3 addition. The photocurrent 

density-voltage (Jp-V) curves obtained under AM1.5G 100mW/cm
2
 

simulated solar light (Bunkoukeiki CEP-25BX) for corresponding 

c-Si/PEDOT:PSS:MoO3 composite heterojunction solar cells are also 

shown in Fig. 3.3(b). η was calculated via η＝VocJscFF/Pin, where Voc is 
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the open-circuit voltage, Jsc is the short-circuit current density, FF is the 

fill factor, and Pin is the incident light power. FF is determined via FF＝

(VmJm)/( VocJsc), where Vm and Jm are the voltage and current density in 

the maximum power in the fourth quadrant of the J-V curves, respectively. 

The photovoltaic performance is summarized in Table 3.1. Jsc increased 

with MoO3 doping concentration up to 3wt.%, and decreased  

 

TABLE 3.1 Performance details of the c-Si/PEDOT:PSS solar cells with 

different MoO3-doping concentrations. 

 

markedly with further increase in MoO3 concentration, whereas Voc and 

FF shown the similar tendency as well. Here, the improved photovoltaic 

parameter should mainly attributed to the addition of MoO3 particles 

which act the following effects, (1): modified chemical structure of 

PEDOT:PSS with improved conduction path network; (2): frequency 

down-conversion centers in the near-UV region for more sufficient carrier 

collection efficiency. Although higher MoO3 concentration would 

intensify the above effects, as MoO3 is poorly conductive, photovoltaic 
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performance was suppressed due to increased series resistance, Rs. η 

increased to 11.01% with a Jsc of 29.4mA/cm
2
, a Voc of 0.552V, and an 

FF of 0.683 at a MoO3 concentration of 1wt.%. The 1/C
2
-V plot at 1MHz 

also showed a relatively high Vbi of 0.9-1eV, resulting in a higher Voc than 

that of pristine PEDOT:PSS. The EQE and difference EQE (DEQE) 

spectra for solar cells with different MoO3 doping concentrations are 

shown in Figs. 3.3(c) and 3.3(d). Here, the DEQE values are relative to 

that of a pristine c-Si/PEDOT:PSS solar cell, DEQE was found to be 

positive over the entire wavelength region of 350~1200nm for a MoO3 

concentration of 1–3wt.%. At high MoO3 doping concentrations of up to 

10~30wt.%, DEQE was markedly enhanced in the 350~550nm regions, 

with a shorter wavelength shift. It has been reported that polar solvent 

such as MeOH and ethylene glycol modify the chemical structure of 

PEDOT:PSS and that the phase separation of PEDOT-PSS enhances the 

hole mobility of PEDOT:PSS by increasing conduction path network of 

PEDOT chains.[85, 86] These findings suggest that the increased EQE in 

the 350~550nm region of c-Si/PEDOT:PSS:MoO3 composite 

heterojunction solar cells is due to the PL emission of MoO3. 

Nevertheless, the DEQE values in the infrared region of 900~1200nm 

were negative.  
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FIG 3.4 Reflectance spectra for c-Si/PEDOT:PSS:MoO3 composite solar 

cells with different MoO3 doping concentrations. All PEDOT:PSS:MoO3 

layer thickness were ~100nm. 

 

The reflectance spectra for PEDOT:PSS:MoO3 composite films, as 

determined by SE spectra analysis, are shown in Fig. 3.4. The reflectance 

spectra in the UV region corresponding to the absorption of c-Si 

decreased slightly by MoO3 doping, but no significant changes were 

observed. AFM revealed that the degree of RMS roughness was 3~9nm 

(5*5 μm
2
), which is less than that of typical light trapping structure. 

Thus, the improved EQE in the 350~550nm region does not result from 

MoO3 acting as an anti-reflection layer, but from the enhanced optical 

absorption in this region owing to the PL emission from MoO3. The RMS 
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roughness of the thin film examined by AFM was around 9nm, up to a 

MoO3 doping concentration of 10wt.%, which is negligibly small for a 

light-harvesting structure, as compared with that of textured Si(100). 

However, the EQE in the infrared region of 900~1200nm deteriorated at a 

MoO3 doping concentration above 10wt.% due to the increased optical 

reflectivity. 

In conclusion, we studied the effect of MoO3 molecular doping to 

conductive PEDOT:PSS on the chemical structure and photovoltaic 

properties of c-Si/PEDOT:PSS heterojunction solar cells. The MoO3 

molecular doping modified the chemical structure of PEDOT:PSS by the 

intercalation of PSS into the Van Der Waals gap of MoO3 sheets. These 

changes enhanced the photovoltaic performance of the c-Si/ PEDOT:PSS 

solar cells. η increased up to 11.0%. The UV absorption and intense PL 

emission at 350~550nm increased the carrier collection efficiency in 

c-Si/PEDOT:PSS heterojunction solar cells. 
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3.3 Improved Photovoltaic Performance of 

c-Si/PEDOT:PSS Hybrid Junction Solar Cells Using 

Ferroelectric Polymers 

 

It is well known, the Schottky barrier, fabricated by depositing a metal 

with a high work function on n-type c-Si, may be an alternative to p-n 

junctions. As is the case for p-n junctions, the Schottky barrier has a 

built-in electric field that can separate electrons and holes, generating a 

high photocurrent. However, the barrier that impedes the recombination 

of electrons at the anode is relatively low, resulting in a saturation current 

density that is typically much higher than that of p-n junction diodes. This 

is due to an insufficient electric field at the c-Si/organic interface and 

poor charge extraction. As a result, the open-circuit voltage Voc is limited 

to 520~550 mV, which corresponds to half the band gap energy of c-Si. 

To further increase Voc, a higher built-in field at the interface is required.            

To date, improvement of the photovoltaic performance of Schottky 

barrier devices has been attempted using poly(3-hexylthiophene) (P3HT), 

graphene oxide (GO), or perfluorinated ionomer (PFI) due to their high 

electron affinity that reduces electron recombination at the anode.[97-99] 

These devices were achieved by inserting an organic semiconductor layer 

with an energy gap wider than 1.1 eV between the silicon and the metal 



 - 54 - 

such that the lowest unoccupied molecular orbital (LUMO) of the organic 

is much higher than the conduction band minimum (Ec) of Si. In addition, 

to minimize resistive losses, the valence band maximum (Ev) should be as 

close as possible to the lowest occupied molecular maximum orbital 

(HOMO) and the hole mobility in the organic layer should be higher. 

However, these effects have not yet surpassed the Voc of ~700mV 

obtained by c-Si/hydrogenated amorphous silicon (a-Si:H) heterojunction 

(HIT) solar cells.[100, 101] To this end, the use of a ferroelectric layer 

(FE) is one possible method of enhancing the photovoltaic parameters. 

Significant improvement of photovoltaic performance and several 

specific features have been reported for poly(3-hexylthiophene): 

(phenyl-C61-butyric acid methyl ester)(P3HT/PCBM) organic thin-film 

solar cells by inserting an FE layer.[102, 103] However, few studies have 

been performed using c-Si/organic Schottky junction photovoltaic 

devices.  

In the present session, we demonstrate the improved photovoltaic 

performance of c-Si/PEDOT:PSS Schottky junction solar cells with a 

vinylidene fluoride-tetrafluoroethylene copolymer P(VDF-TeFE) FE 

layer using a large internal electric field provided by a permanent 

electrical polarization.  



 - 55 - 

 

FIG 3.5 Device schematic and the molecular structure of PEDOT:PSS 

and P(VDF-TeFE) ferroelectric polymer 

 

Figure 3.6 shows a schematic of the photovoltaic devices used in this 

study, along with the molecular structures of P(VDF-TeFE) and 

PEDOT:PSS. P(VDF-TeFE) is a random copolymer consisting of 

-((-CF2-CH2)x-(-CF2-CF2-)1-x)n chains with a regular intra-chain period 

of 2.6Å, controlled by the C-C bonds between fluorine pairs. The arrows 

in the figure indicate the direction of the net dipole moments, which point 

from the fluorine side to the hydrogen side of the chains.[104] In the 

ferroelectric phase, the all-trans chains are arranged in parallel rows as 

quasi-hexagonal close packing with an orthorhombic mm2 structure. 
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0.05–1wt.% P(VDF-TeFE) dissolved in acetone was spin-coated at 

1000rpm for 1min followed by thermal annealing at 130℃ for 10min. 

Subsequently, ~100nm thick DMSO (5wt.%) and Zonyl (0.1wt.%) doped 

PEDOT:PSS (Clevios PH1000) was spin coated.[94] All devices were 

fabricated from commercial high-conductive grade PEDOT:PSS 

spin-coated on FE/n-type CZ c-Si(100) wafers (1~5 Ω*cm, 300μm thick) 

at 1000rpm for 1min, followed by thermal annealing at 140℃ for 30min. 

The solar cell structure was a Ag/PEDOT:PSS (100nm 

thick)/P(VDF-TeFE)/c-Si/InGa with FE layers of different thicknesses. 

The solar cell performance was characterized by current density-voltage 

(J-V) measurements in the dark and under illumination of AM1.5G, 

100mW/cm
2
 simulated solar light (Bunkoukeiki CEP-25BX). The active 

area of the device, as defined by the top silver grid electrode, was 5*5 

mm
2
. The P(VDF-TeFE) films were characterized using X-ray diffraction 

(XRD), scanning electron microscopy (SEM), Fourier-transform infrared 

reflection absorption spectroscopy (FTIR), and atomic force microscopy 

(AFM). The capacitance hysteresis loop was also measured using a 

standard FE capacitor and c-Si/FE/PEDOT:PSS/Ag solar cell structures. 

The poling of the FE layer was performed under forward and reverse DC 

bias conditions at an electric field E of +2V (2*10
3
 kV/cm) and -15V 

(5*10
4
 kV/cm), respectively, for different periods. 
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FIG 3.6 (a) XRD patter and (b) FTIR spectra of a 100nm thick 

P(VDF-TeFE) layer in three states: as-grown, annealed at 140℃ for 

30min, annealed and poling under a reverse DC bias of 5*10
4
kV/cm for 

30min. The spectra are shown as a different spectra referred to those of 

as-grown and the annealed states. (c) Plane and cross-sectional SEM 

images of a 3nm thick P(VDF-TeFE) later after thermal annealing at 

140℃ for 30min. 

 

Figures 3.7(a) and 3.7(b) show an XRD pattern and a difference 

transmittance FTIR spectra from ~100nm thick P(VDF-TeFE) in three 
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states: as-grown, annealed at 140℃ for 30min, and annealed and poled by 

reverse DC bias poling at 5*10
4
 kV/cm for up to 1h. The P(VDF-TeFE) 

films generated a strong and sharp combined (110)-(020) XRD 

diffraction peak at a 2θ＝20 °, and their intensities increased after 

thermal annealing at 140℃ and subsequent poling. The different FTIR 

spectra shown are referred to those of as-grown and annealed states. Here, 

the IR absorption peaks at 840, 1279, and 1324 cm
-1

 corresponding to the 

trans conformation (Fig. 3.7(b)) were enhanced after thermal annealing 

and subsequent poling.[105, 106] Therefore, the film crystallinity 

correlates with the degree of trans conformation. Figure 3.7(c) shows 

AFM and cross-sectional SEM images of an ultra-thin spin-coated 3nm 

thick P(VDF-TeFE) layer after thermal annealing at 140℃ for 30min. 

The as-grown film was a continuous network, but the film became 

discontinuous and rougher after thermal annealing. SEM and AFM 

roughness measurements that were <5nm before thermal annealing 

increased to a diameter of 10~40 nm and a height of ~30 nm after thermal 

annealing. Poling did not significantly affect the morphology of FE dots. 

Similar results were obtained in case of the FE films formed by 

Langmuir-Blodgett (LB) deposition. Therefore, the P(VDF-TeFE) layer 

was discontinuous and contained a self-assembled dot structure after 

thermal annealing.  

Figures 3.8(a) and 3.8(b) show J-V curves obtained in the dark and 
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FIG 3.7 J-V curves in the dark and under exposure of AM1.5G simulated 

solar light for as-deposited c-Si/FE/PEDOT:PSS diodes with different FE 

layer thicknesses. 

 

under AM1.5G, 100mW/cm
2
 simulated solar light exposure for 
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as-deposited c-Si/FE/PEDOT:PSS Schottky junction devices with 

different FE layer thicknesses. The photovoltaic performance is 

summarized in Table 3.2. The reverse and forward dark currents were 

suppressed and fell below the values for a pristine PEDOT:PSS diode. η 

increased to 11.4% with a short circuit current density Jsc of 

28.85mA/cm
2
, an open circuit voltage Voc of 0.57V, and a fill factor FF 

of 0.692 for a 3nm thick FE layer diode. A thicker P(VDF-TeFE) layer 

can introduce a stronger electric field into c-Si. However, the increased 

FE layer thicknesses also enhance the contact resistance, which reduces 

device efficiency. Therefore, the FE layer thickness was kept well below 

~10 nm so that the carriers could conduct through it to the PEDOT:PSS 

and the electrodes. The influence of the induced electric field on device 

performance is evident in c-Si/PEDOT:PSS devices with an FE active 

layer. The insertion of a 3nm thick P(VDF-TeFE) layer leads to a 

considerable increase in all photovoltaic parameters, i.e., g, Jsc, Voc, and 

FF.  

 

TABLE 3.2 Performance details of c-Si/PEDOT:PSS hybrid devices with 

thin FE layers of different thicknesses. 
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Figure 3.9(a) shows J-V curves of a c-Si/FE(3nm 

thick)/PEDOT:PSS photovoltaic device at the c-Si/PEDOT:PSS interface 

after poling under a negative DC bias of 5*10
4
 kV/cm, as shown in the 

inset. The photovoltaic parameters are summarized in Table 3.3. For 

comparison, J-V curves for the corresponding solar cell after forward bias 

poling of 2*10
3 
kV/cm and for the pristine PEDOT:PSS device without an 

FE layer after applying negative DC bias of 5*10
4
 kV/cm are also shown 

in Figs. 3.9(b) and 3.9(c), respectively. The influence of the electric field 

induced by the negative DC bias poling on device performance is evident 

in the c-Si/PEDOT:PSS Schottky junction, as shown in Fig. 3.9(a). The 

addition of several monolayers (ML) FE layers led to a small increase in 

Jsc, even before poling, probably because of partial poling of the 

P(VDF-TeFE) film during thermal annealing. After poling of the FE layer 

by applying a large positive voltage to the Ag electrode, an extra electric 

field was added to the PEDOT:PSS layer, which had the same direction 

as the electric field induced by the electrode work-function difference. 

After poling, Jsc increased from 27.2 to 29.7mA/cm
2
, which is evident 

enough, although there was often a small variation in the maximum Jsc 

caused by the PEDOT:PSS thickness and the variation of remanent 

P(VDF-TeFE) polarization under different experimental conditions. 
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FIG 3.8 (a) J-V curves in the dark and under exposure of AM1.5G 

simulated solar light for c-Si/FE(3nm thick)/PEDOT:PSS diodes after 

poling of the FE layer under a reverse DC bias of 5*10
4 
kV/cm for 

different periods. The inset shows the poling conditions. (b) J-V curves 

for the corresponding device after poling under a forward DC bias of 

2*10
3 
kV/cm for different periods. (c) photo J-V curves for a pristine 

device without an inserted FE layer under a reverse DC bias of 5*10
4 

kV/cm for different periods. 
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TABLE 3.3 Performance details of c-Si/PEDOT:PSS solar cell with a 

3nm thick FE layer before and after poling 

 

The electric field induced by the FE layer increases the Voc of the 

c-Si/PEDOT:PSS devices as well. This increase in Voc can be understood 

by considering the photovoltage loss mechanism of the c-Si/PEDOT:PSS 

Schottky junction devices. First, the field-assisted e-h dissociation 

process increases the photocurrent generation by reducing recombination 

while preserving the high quasi-Fermi energy of the electrons, which then 

contribute to increasing Voc. Second, the voltage loss in the photovoltaic 

devices is also related to the saturated dark current of the device. The 

saturated dark current of the poled FE copolymer film was reduced by 

two orders of magnitude, as shown in Fig. 3.8(b). The reduced saturated 

dark current can be ascribed to a high carrier injection barrier under the 

reverse bias introduced by the FE dipole layer. The pole FE layer also 

controls the dark current of the device. Whereas photovoltaic parameters, 

i.e., g, Jsc, Voc, and FF decreased by poling under the lower forward bias 
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stress of 2*10
3
 kV/cm. No significant changes of the J-V curve were 

observed after poling the FE layer in the pristine PEDOT:PSS device 

without inserted FE layer for up to 1h. Therefore, poling the FE layer 

under a negative DC bias significantly increased the photovoltaic 

performance. The electric field induced by the 3nm thick FE polymer 

films significantly increased the carrier collection ability and device 

efficiency, from 10.2% without the FE film to 12.3% after poling the FE 

layer. The electric field induced by inserting a 3nm thick FE layer 

between the c-Si and the PEDOT:PSS layer increased η to 12.3% with a 

Voc of 0.58V, a Jsc of 29.7mA/cm
2
, and an an FF of 0.71 after 30min of 

poling under a negative DC bias. 

Figure 3.10(a) shows a capacitance hysteresis loop for c- 

Si/FE/PEDOT:PSS device with a 3nm thick FE layer at different poling 

periods under a DC reverse bias of -15V (5*10
4
kV/cm). The built-in 

electric field introduced by the P(VDF-TeFE) layer into the PEDOT:PSS 

was derived to be E=dσp/ε0εFEL, where σp is the polarization charge 

density, d is the thickness of the P(VDF-TeFE) layer, L is the thickness of 

the PEDOT:PSS layer, and εFE is the relative dielectric constant of the 

P(VDF-TeFE) fims.[102] The ultrathin FE layer has a high surface 

charge density, which raises the electrostatic potential at the surface of 

the c-Si. The FE polymer was assumed to uniformly cover the entire 

surface and be polarized in a direction nearly perpendicular to the plane. 



 - 65 - 

Assuming 

 

FIG 3.9 (a) Capacitance hysteresis loop of c-Si/FE/PEDOT:PSS junction 

solar cell with a 3nm thick FE layer measured at 1MHz for different 

poling periods. (b) A schematic of the remanent polarization of FE dot 

array at the c-Si/PEDOT:PSS interface. 

 

that the DC bias stress is mostly supplied to the 3nm thick insulating FE 
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layer, the hysteresis loop becomes prominent and the memory window of 

the annealed state was increased from 0.4V to 0.8V (2.6*10
3
 kV/cm) after 

poling. This value is significantly higher than the barrier height of the 

c-Si/PEDOT:PSS Schottky junction (0.5~0.55V).  

Using the nominal remnant polarization of 100mC/m
2
 for 

P(VDF-TeFE), the electric field induced by 3 ML of P(VDF-TeFE) in 

100nm thick PEDOT:PSS was calculated to be approximately 50 V/μm. 

Therefore, the 3 ML of FE P(VDF-TrFE) can induce an electric field in 

the PEDOT:PSS layer that is sufficient to transport holes and suppress 

non-radiative recombination. However, the actual induced electric field 

might be less than the model predicts, because of factors such as charge 

screening, possible incomplete coating, and poling of the FE layer. The 

non-continuous morphology of P(VDF-TeFE) allows efficient charge 

extraction to the electrodes and mitigates the buildup of photogenerated 

charges at the c-Si/PEDOT:PSS interface, as shown in Fig. 3.10(b). 

In summary, we report the effect of inserting a ultrathin P(VDF-TeFE) 

layer at the c-Si/PEDOT:PSS interface on the photovoltaic performance 

of a c-Si/PEDOT:PSS Schottky junction solar cell. The electric field 

induced by the 3nm thick FE polymer films significantly increased the 

device efficiency, from 10.3% without the FE layer to 12.3% after 

thermal annealing followed by poling of the FE layer. This layer insertion, 

annealing, and poling process also increased the Voc of the device.  
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3.4 Summary 

 

In this chapter, we invested the effects of guest material application in 

c-Si/PEDOT:PSS hybrid solar cells. At first, the effects of MoO3 

molecular doping in poly(3,4-ethylenedioxythiophene): 

poly(stylenesulfonate) (PEDOT:PSS) on the chemical structure and, in 

turn, on the carrier collection efficiency of c-Si/PEDOT:PSS 

heterojunction solar cells are demonstrated. Scanning electron 

microscopy revealed that the hydrophilic PSS polymer chain was 

intercalated into the interlayer Van Der Waals gap of MoO3 flake sheets, 

which modified the chemical structure of PEDOT:PSS. MoO3 exhibited 

intense photoluminescence in the 350~550nm region, which enhanced the 

carrier collection efficiency of c-Si/PEDOT:PSS heterojunction solar 

cells with no significant changes. These findings suggest that the intense 

photoluminescence of MoO3 and its light wavelength conversion 

contribute to the increased carrier collection efficiency. 

In the latter part, the effect of inserting an ultrathin layer of 

ferroelectric (FE) poly(vinylidene fluoridetetrafluoroethylene) 

P(VDF-TeFE) at the crystalline c-Si/PEDOT:PSS interface of a 

c-Si/PEDOT:PSS Schottky junction solar cell is demonstrated. 
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P(VDF-TeFE) is a highly resistive material that exhibits a large, 

permanent, internal polarization electric field by poling of molecular 

dipole among the polymer chains. Because of these properties, 

performance can be enhanced by adjusting the thickness of the FE layer 

and subsequent poling process. Inserting a 3nm thick FE layer increases 

the power conversion efficiency g from 10.2% to 11.4% with a 

short-circuit current density Jsc of 28.85mA/cm
2
, an open-circuit voltage 

Voc of 0.57V, and a fill factor FF of 0.692. Subsequent poling of the FE 

layer under a reverse DC bias stress increased η up to 12.3% with a Jsc of 

29.7mA/cm
2
, a Voc of 0.58V, and an FF of 0.71. The obtained results 

confirm that the spontaneous polarization of the FE layers is responsible 

for the enhancement of η, and that the polarization-based enhancement 

works if the FE layer is highly crystalline. These findings originate from 

efficient charge extraction to the electrodes and a suppression of 

non-radiative recombination at the c-Si/PEDOT:PSS interface. 
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Chapter 4  

 

Efficient Poly-crystalline Silicon/PEDOT: 

PSS Hybrid Solar Cells  

 

4.1 Motivation 

Solar cells based on the crystalline silicon offer high efficiency of 

25.6%, but they are expensive due to the high temperatures required in 

their fabrication. The alternative approach using low-temperature 

processable organic photovoltaics (OPV) is potentially cheaper, but the 

organic solar cells are not very efficient. In our former work, we explore 

if organic semiconductor can be integrated with silicon to form hybrid 

organic/silicon solar cells that are both efficient and low-cost. Specifically, 

we demonstrate that a solution-processed organic/silicon heterojunction 

can replace the conventional silicon p-n junction to form solar cells with 

high power conversion efficiencies (>12%). 

On the other hand, we exhibit the employment of poly-crystalline 

silicon (p-Si) which is more cost-effective, instead of expensive c-Si 

substrates. Here the big problem for application of p-Si is high defect 

density due to lots of grain boundaries, thus, initial device which 

employed the pristine p-Si substrates did achieved efficiencies below 6%. 
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To overcome this, defect passivation is needed to suppress trap states 

density like dangling bond at grain bound interface. In this chapter, we 

demonstrate efficient photovoltaic  performance of conductive 

PEDOT:PSS/n-type poly-Si heterojunction solar cells showing a 

relatively high η of 9.8% in terms of defect termination of poly-Si wafer 

and the uniform deposition of PEDOT:PSS on poly-Si using CMD. 

 

4.2 Passivation of Defects in Grain Boundaries Using 

High Pressure Water Vapor Treatment for Enhanced 

Device Efficiency 

 

As it is mentioned before, the big problem for application of p-Si is 

high defect density due to lots of grain boundaries, thus, initial device 

which employed the pristine p-Si substrates did achieved low efficiencies 

resulted by terrible fill-in factor value. To overcome this, surface 

passivation is needed to suppress defect density like dangling bond at 

grain bound interface.  

Figure 4.1 shows the schematic of the PEDOT:PSS/poly-Si 

heterojunction solar cells. Inset shows the SEM image of 100-nm-thick 

CMD PEDOT:PSS on poly-Si. N-type poly-Si wafer with a resistivity of 

1-3 Ω·cm and a thickness of 180 μm was used in this study. Poly-Si 

wafers were pre-treated by high-pressure H2O vapor at 1.6 GPa, 200ºC 
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for 2h to terminate dangling bond defects by oxygen at the grain 

boundary . Following that they were dipped in 5% hydrofluoric (HF)  

  

FIG 4.1 Schematic of the PEDOT:PSS/poly-Si heterojunction solar cells. 

Inset shows the SEM image of 100-nm-thick CMD PEDOT:PSS on 

poly-Si. Scale bar in the inset is 1μm 

 

acid to remove surface oxidized layer. Highly conductive 5% by weight 

dimethyl sulfoxide (DMSO) and 0.1wt% Zonyl fluorosurfactant added 

commercialized PEDOT:PSS (Clevios PH1000) was used as a starting 

material. Films were deposited by two different methods, i.e, spin coating 

and CMD. Figure 4.2 shows a schematic of the experimental setup for the 

CMD. It consists of ultrasonic atomization reactor, quartz tube, mesh 

electrode to supply DC bias for charging mist deposition precursor, and 

substrate stage. Aqueous solution of PEDOT:PSS was sealed in the 
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reactor set on the ultrasonic vibrator of 3 MHz. Aqueous solution of 5 

wt% dimethyl sulfonate (DMSO) added conductive PEDOT:PSS with DI 

FIG 4.2 Schematic of the conversional CMD setup. 

 

water and ethylene glycol (10 wt%) mixture using water and EG as 

co-solvents were set on the ultrasonic vibrator for the mist generation 

followed by thermally annealed to remove residual solvent at 140˚C for 

30 min. The mist of PEDOT:PSS transported to the quartz tube using a 

N2 as a carrier gas of 2 SLM and pass through the mesh electrode set 3cm 

away from substrate stage. The film deposition was performed with mesh 

DC bias of -5kV and a substrate temperature Ts of 40ºC. The film 

deposition rate was around 10nm/min. After that, the top Ag grid 
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electrode (0.1mm finger, 1mm bas bar) was formed using silver paste by 

screen printer. Finally, InGa alloy was used to make an ohmic contact as 

a rear electrode. As a comparison, spin-coated device was also fabricated 

by using 0.01% Zonyl fluorosurfactant added PEDOT:PSS onto 

HF-treated poly-Si wafer at 1000rpm for 60s and subsequent annealing at 

140℃ for 30min. PEDOT:PSS films were characterized by atomic force 

microscopy (AFM/DFM: Seiko Instruments SPA-300/SPI-3800), micro 

Raman imaging spectroscopy (Renishaw), Fourier-transform infrared 

spectroscopy (FTIR). The current density-voltage (J-V) characteristics in 

the dark and under illumination of AM1.5G, 100mW/cm
2
 simulated solar 

light (Bunkoukeiki CEP-25BX) was measured using solar cell device 

structure. The capacitance-voltage (C-V) and C-f (f: measurement 

frequency) were also measured to understand the carrier transport 

property at the PEDOT:PSS/poly-Si interface. In addition, the 

2-dimensional map of photovoltaic parameters, Jsc and external quantum 

efficiency (EQE) for devices (~2×2cm
2
) were measured using line 

illumination scan and computer tomography calculation (MAP Lasertec 

Co Ltd). 

Figure 4.3 shows FTIR spectra of poly-Si wafer after high-pressure H2O 

vapor treatment and subsequent 0.5% HF treatment. The spectra are 

shown referred to that of non-treated wafer as a reference. The Si-O-Si 

and SiO related peaks appeared at 800-1250 cm
-1

 region, implying that 
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FIG 4.3 shows FTIR spectra of poly-Si wafer after high-pressure H2O 

vapor treatment and subsequent 5% HF treatment 

 

the oxygen is incorporated into film and some of them contribute to the 

termination of dangling bond at the grain boundary in poly-Si. In Fig 4.4, 

the 1/C
2
-V plot at 1 MHz and C-f (f: measurement frequency) 

characteristics of Ag(1mmФ)/PEDOT:PSS/poly-Si diode are shown using 

spin-coated and CMD, respectively. It was found 1/C
2
-V plot of the 

device yielded by non-treated p-Si substrates couldn’t align the typical 

lineal relationship due to large trap states resulted by defect around grain 

boundaries region. The built-in potential Vb and donor density Nd were 

over 3V and 4×10
17

 cm
-3

 for the pristine diode, whereas Vb and Nd were 

0.7-1.1 V and ~1×10
16

 cm
-3

, respectively for the high pressure water 
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vapor treated device, despite of spin coating or CMD fabrication process. 

The slope of the 1/C
2
-V plot relating to (1/Nd+1/Na: Na accepter density) 

was lower for the high-pressure H2O vapor treated diode than that of 

non-treated one suggesting that the Na in the organic increased. 

 

 

FIG 4.4 1/C
2
-V plot at 1 MHz (top) and C-f (f: measurement frequency) 

characteristics of Ag(1mmФ)/PEDOT:PSS/poly-Si diode using 
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spin-coated and CMD, respectively 

 

In addition, the junction capacitance was almost independent of f and it 

was suppressed to be lower for the lower measurement-frequency range 

for the high-pressure H2O vapor treated diode. These imply the dangling 

bond defect is terminated by oxygen as Si-O-Si.
7
  

 

FIG 4.5 The 2D-dimensional map within 2×2 cm
2
 area of (a) short-circuit 

current density Jsc and (b) external quantum efficiency EQE at 950 nm of 

corresponding PEDOT:PSS/poly-Si heterojunction solar cells 
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Figure 4.5 shows the 2D-dimensional map within 2×2 cm
2
 area of 

short-circuit current density Jsc and external quantum efficiency EQE at 

950 nm of corresponding PEDOT:PSS/poly-Si heterojunction solar cells. 

The fine structures attributed to the defect of poly-Si wafer such as twin 

boundary, dislocation, and screw transition in poly-Si wafer was clearly 

observed for non-treated poly-Si wafer, whereas such fine structures 

disappeared for the treated one. These findings imply that high-pressure 

H2O vapor treatment is a possible method to suppress defect density of 

poly-Si wafer. 

 

4.3 poly Si/PEDOT:PSS hybrid solar cells using CMD 

deposition to yield uniform coating 

 

As it was been discussed previously, simple spincoat process is unable 

to yield an uniform deposition of PEDOT:PSS thin films on rough Si 

surface like textured/nano-pillar substrates. In this study, p-Si wafer we 

employed was been treated by conventional chemical wet-etching process, 

thus roughness around μm was been formed. This resulted in the 

nonuniform deposition of PEDOT:PSS thin film on such p-Si wafers. To 

overcome this issue, CMD deposition technic have been employed to 

investigate the p-Si/PEDOT:PSS hybrid solar cell performance with 

uniform coating of PEDOT:PSS. 
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FIG 4.6 Optical micrograph and 2D Raman map combination of (a) 

spin-coated and (b) CMD deposited PEDOT:PSS films on high-pressure 

H2O treated poly-Si. Inset shows the Raman spectra of film measured at 

two different regions. 

 

Figure 4.6 shows the in-plane optical micrograph and 2D map of 

Raman intensity at 1300-1500 cm
-1

 corresponding to C=C bond of 

PEDOT for 100-nm-thick spin-coated and CMD deposited PEDOT:PSS 
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films on high-pressure H2O treated poly-Si. Inset shows the Raman 

spectra of film measured at two different regions. The distribution of 

Raman peak for spin-coated PEDOT:PSS was inhomogeneous due to the 

inhomogeneous film thickness, whereas the CMD PEDOT:PSS was 

relatively homogeneous. These findings suggest that negatively charged 

mist mainly contribute to the uniform deposition of film on poly-Si. 

The J-V characteristics under illumination of AM1.5G 100mW/cm
2 

simulated solar light spectra at several positions are shown in Fig. 4.7 for 

the spin-coated and CMD deposited PEDOT:PSS/poly-Si heterojunction 

devices. The average photovoltaic parameters, i.e., open-circuit voltage 

Voc, short-circuit current density Jsc, fill factor FF, and η are summarized 

for the devices in Table 4.1. 

 

 

FIG 4.7 The J-V characteristics in the dark and under illumination of 

AM1.5G 100mW/cm
2 
simulated solar light spectra at several positions for 

the (left) spin-coated and (right) CMD deposited PEDOT:PSS/poly-Si 

heterojunction devices 
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As the results shown, average efficiency of p-Si/PEDOT:PSS hybrid 

solar cell was been promoted dramatically in case of CMD fabricated 

samples compare with that of spincoated devices. Especially the 

short-circuit current density Jsc improved from ~30mA/cm
2
 to 33mA/cm

2
, 

which implies the more sufficient carrier collection, due to enhanced 

uniformly coating (as shown in Fig 4.6) of PEDOT:PSS on p-Si surface 

and yielded larger PEDOT:PSS/p-Si interface. In addition, higher Voc was 

observed for CMD devices. These findings imply that the carrier 

transport at the PEDOT:PSS/poly-Si interface is improved with a high 

pressure H2O vapor treatment and the use of CMD.  

Band diagrams of p-Si/PEDOT:PSS hybrid solar cells with and without 

high pressure H2O vapor treatment are shown in Fig 4.8. As discussed 

before, FTIR result suggested passivation of defect at grain boundary is 

formed due to sufficient HP resulted Si-O bonding. Thus, trap states at 

p-Si/PEDOT:PSS hybrid junction interface should be sufficiently 

suppressed. This would lead to a lower quasi-Fermi lever which could 

enhance the built-in filed ΦB of the diode. In addition, energy potential of 

both conduct band and valence band would also been smoothed which is 

able to promote the e/h transport for enhanced carrier separation. 
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TABLE 4.1 Performance details of the spin-coated and CMD deposited 

PEDOT:PSS/poly-Si heterojunction devices, measured at four different 

region. 

 

 

FIG 4.8 Band diagram of p-Si/PEDOT:PSS hybrid solar cell. Left 

shows the schematic band structure of device with non-HP-treated p-Si 

substrates, whereas right one means HP-treated samples. 

Device Jsc(mA/cm
2
) Voc(V) F.F. Eff (%) 

CMD a 33.6 0.53 0.48 8.5 

CMD b 33.5 0.54 0.53 9.7 

CMD c 33.0 0.54 0.54 9.6 

CMD d 32.4 0.54 0.51 8.8 

SC a 27.2 0.48 0.46 5.9 

SC b 28.4 0.45 0.46 5.9 

SC c 39.5 0.49 0.58 8.4 

SC d 30.5 0.52 0.62 9.8 
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FIG 4.9 EQE spectra of p-Si/PEDOT:PSS hybrid solar cell yielded by 

p-Si substrates with and without HP treatment. The calculated EQE 

enhancement factor is shown as well.  

 

Fig 4.9 shows the EQE spectra of p-Si/PEDOT:PSS hybrid solar cell 

yielded by p-Si substrates with and without HP treatment. The calculated 

EQE enhancement factor is shown as well. Here, EQE enhancement 

factor＝EQEwHP/EQEw/oHP. It is found photo response of device with HP 

treatment is been promoted in entire region from 300nm to 1200nm. 

Nevertheless, as the EQE enhancement factor shows, photo response 

properties at infrared region is been enhanced dramatically. Such 

improvement of carrier collection efficiency in infrared region is mainly 

due to suppressed energy potential of both conduct band and valence 

band resulted by sufficient passivation of trap states. Thus, e/h transport is 

been promote which leads to the enhanced carrier collection. 



 - 83 - 

4.4 Conclusion 

 

In summary, we have investigated the photovoltaic performance of 

PEDOT:PSS/n-type poly-Si heterojucntion solar cell devices. The high 

pressure H2O vapor treatment of poly-Si prior to the film deposition of 

organic promoted the reduction of dangling bond defects incorporated 

into poly-Si, resulting in the enhanced carrier collection efficiency at 

850-1100 nm region. The chemical mist deposition of conductive 

PEDOT:PSS combined with negative DC bias supply improved 

significantly the adhesion of PEDOT:PSS on hydrophilic poly-Si wafer. 

As a consequence, a highly efficient PEDOT:PSS/poly-Si heterojunction 

solar cell was obtained with the highest power conversion efficiency of 

9.8% with a Jsc of 33 mA/cm
2
, a Voc of 0.54 V, and a FF of 0.55. Such 

organic/poly-Si heterojunction cells can potentially further deliver high 

FF and conversion efficiency combining with the creation of ohmic 

junction at the rear surface. 
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Chapter 5 

 

Conclusions and Future Work 

 

5.1 Summary of Results 

 

In this thesis we discussed the use of silicon/organic heterojunctions 

for photovoltaic applications. Crystalline-silicon based photovoltaics is a 

high-performance technology but the costs associated with the multiple 

high-temperature steps and low-throughput equipment makes silicon 

solar cells expensive to manufacture. Organic semiconductors are 

purported to be a low-cost alternative to conventional inorganic 

semiconductors but the performance of organic solar cells is very poor. 

The goal in this project was to integrate low-cost organic semiconductors 

on high-performance crystalline silicon to demonstrate low-cost 

high-performance solar cells. The key contributions of this work are: 

a). The uniform coating of PEDOT:PSS thin films on hydrophobic Si 

substrates 

In this work, commercialized highly conductive ink (Clevios PH1000) 

was used as precursor to form transparent hole transport layers on n-type 

silicon by simple spin-coating process, and a big problem here is the 
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uniform coating of aqueous solution on the hydrophobic H-terminated Si 

surface. We demonstrate the usage of 0.1wt% Zonyl fluorosurfactant 

(Dupont) as an additive into PEDOT:PSS improved the adhesion of 

precursor solution on hydrophobic c-Si wafer. The average power 

conversion efficiency value was 11.3%, which was superior to those of 

non-treated devices. The Zonyl-treated soluble PEDOT:PSS composite is 

promising as a hole-transporting transparent conducting layer for 

c-Si/organic heterojunction(SOH) photovoltaic applications. 

b). Optical anisotropy in PEDOT:PSS and its effect on the photovoltaic 

performance of SOH solar cells 

  In this topic, we demonstrated the effect of uniaxial optical anisotropy 

on the photovoltaic performance of c-Si/organic heterojunction solar cells 

produced by spin coating using either a MeOH solvent or MeOH and EG 

cosolvents. The systematic study of corresponding samples via 

spectroscopy ellipsometry implied that the use of the co-solvents led to an 

increase in extraordinary index of refraction and a reduction in the film 

thickness which promoted densification of polymer chains network in the 

resulted PEDOT:PSS thin films. And this improvement of PEDOT:PSS 

fine structure due to co-solvent addition resulted in an increased hole 

mobility from 1.23 cm2/V.s to 3.92 cm2/V.s of the resulted samples. A 

solar cell fabricated using such a film exhibited a relatively high 

efficiency of 11.23%, with a substantial fill-in factor (FF) value of 0.71. 
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c). Employment of guest materials for further improvement of SOH solar 

cells efficiencies 

In addition, varieties of functional material like graphene oxide, 

molybdenum oxide flake sheet, ferroelectric polymer poly(vinyli- dene 

fluoridetetrafluoroethylene) P(VDF-TeFE) were employed as dopant to 

improve carrier transport properties in SOH diodes and go advantage the 

solar cell performance. 

d). The photovoltaic performance of PEDOT:PSS/n-type poly-Si 

heterojucntion solar cell devices have been investigated. The high 

pressure H2O vapor treatment of poly-Si prior to the film deposition of 

organic promoted the reduction of dangling bond defects incorporated 

into poly-Si, resulting in the enhanced carrier collection efficiency at 

850-1100 nm region. The chemical mist deposition of conductive 

PEDOT:PSS combined with negative DC bias supply improved 

significantly the adhesion of PEDOT:PSS on hydrophilic poly-Si wafer. 

As a consequence, a highly efficient PEDOT:PSS/poly-Si heterojunction 

solar cell was obtained with the highest power conversion efficiency of 

9.8% with a Jsc of 33 mA/cm
2
, a Voc of 0.54 V, and a FF of 0.55. Such 

organic/poly-Si heterojunction cells can potentially further deliver high 

FF and conversion efficiency combining with the creation of ohmic 

junction at the rear surface. 
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5.2 Future Work 

 

Improving Efficiency of Silicon/PEDOT:PSS Hybrid 

Solar Cells 

 

The power conversion efficiency of silicon/organic heterojunction can 

be further increased by incremental improvements in the design of the 

present Si/PEDOT:PSS hybrid solar cell. A set of possible approaches are 

shown as following:  

 

Improvement of Short-Circuit Current 

 

In case of pristine SOH device, the short-circuit current is around 29 

mA/cm
2
, lower than ~40mA/cm

2
 achieved in the typical Si p-n junction 

solar cells. The primary reason for lower JSC is substantial top-surface 

reflection due to lack of light-trapping – there are no anti-reflection 

coating or surface texturing. Solution processed AR coatings using 

commercially available commercialized polymers can be used [106, 107]. 

However, in case of sufficient AR coating, the effective refraction index 

of materials should be considered, since its ~1.5 for PEDOT:PSS and 

~3.5 for silicon, thus AR materials with refraction index between 1.5 and 
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3.5 could be employed. Another option is combine textured 

light-harvesting structure, like plastic films on top of the silicon/organic 

heterojunction solar cell using optical adhesives, using anisotropic 

etchants, to increase carrier absorption in silicon [108~110]. Another 

possibility is improvement of PEDOT:PSS thin film transmittance, which 

could promote JSC values. On the other hand, to reduce absorption losses 

in the top electrode, more transparent and more conductive electrodes can 

be used, like ITO or AZO [111]. However, it is possible the sputtered 

metal-oxide causes many mechanical damage on the underlying 

PEDOT:PSS films, in this case, solution-processed ZnO [112, 113] and 

ITO [114] films could be used. Finally, nanowire metallic meshes can be 

used to increase the conductivity of top electrode [115], for further 

improvement of contact resistance. 

Secondly, employment of light-trapping like periodical nanoarray 

structure (Fig 5.1) is also a hopeful approach for enhancing SOH solar 

cell efficiency. In our recent work, the SOH device with both side 

textured Si substrate obtained an excellent Jsc of 38mA/cm
2
, which is 

similar with typically produced c-Si based solar cell. Nevertheless, solar 

cell efficiency was still not sufficient, due to following two items: 1), 

nonuniform coating of PEDOT:PSS thin films on quite rough textured Si 

substrates by simple spin-coating process, thus, photo-generated carrier 

could not been collected efficiently; 2), serious carrier recombination at 
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Si/PEDOT:PSS interface resulted by enhanced defect density. To 

overcome the first problem, we tried to employ Chemical Mist 

Deposition (CMD) technique which is suitable for uniform coating of 

solution precursor despite of substrates roughness. At present, we need to 

optimize the mist deposition parameters like substrate temperature, 

charge mesh bias, transport gas fluid for depositing high quality 

PEDOT:PSS thin films. Solution for the next issue requests to observe 

sufficient surface passivation of Si substrates, similar with previous 

demonstration. 

 

 

 

FIG 5.1 SEM images of (a) textured and (b), (c), (d) (cooperation with 

NCTU) imprinted nano-pyramidal Si substrates (APPLIED PHYSICS 

LETTERS 103, 133901, 2013). 
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Increasing the Fill Factor 

 

The fill factor of pristine silicon/organic heterojunction cell is still 

around 0.7, which is much smaller than typical Si solar cell, mainly due 

to the ohmic losses in the organic films and its conduction with electrodes. 

Additional post solvent dipping treatment like DMSO, H2SO4, isopropyl 

alcohol, etc. is a well-known method of promoting PEDOT conductivity 

[116]. Series resistance can also be reduced by yielding an idea ohmic 

contact at cathode.  

 

Increasing the Open-Circuit Voltage 

 

Concerning the band diagram of Si/PEDOT:PSS heterojunction solar 

cell (Fig 5.2), open circuit voltage of such device is mainly determined by 

the off-set between PEDOT:PSS work function and Fermi lever of n-type  
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FIG 5.2 Band diagram of Si/PEDOT:PSS hybrid solar cell 

 

Si substrate. According to the C-V measurement, built-in potential of 

n-Si/PEDOT:PSS heterojunction is about 0.79V, which is quite higher 

than open circuit voltage of recent solar cell in our lab. These voltages 

lose mainly contributed in carrier recombination due to varieties of defect 

at Si/organic interface, such as dangling bond, trap states et al. This 

implies the further improvement of solar cell efficiency, especially the 

Voc, can be expected by sufficient surface passivation.  

In addition, another approach for higher Voc is band alignment to 

generate larger built-in potential, just like what researchers wisely did in 

HIT (heterojunction with an intrinsic thin layer) solar cells. In our work, 

we are also able to use amorphous silicon (a-Si) thin layer to obtain 

excited Voc. As a beginning try, we have achieved solar cell with a Voc 

of 0.75V resulted in the intercalated thin intrinsic a-Si films. However, at 

this stage the solar cell efficiency was still not sufficient due to relative 
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poor FF, and our next work will focus on how we can optimize the 

device fabrication process to get sufficient efficiency. 
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Appendix A 

 

Fabrication of SOH Devices 

 

A.1 PEDOT:PSS Precursor  

Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) 

is a polymer mixture of two ionomers. One component in this mixture is 

made up of sodium polystyrene sulfonate which is a sulfonated 

polystyrene. Part of the sulfonyl groups are deprotonated and carry a 

negative charge. The other component PEDOT is a conjugated polymer 

and carries positive charges and is based on polythiophene. Together the 

charged macromolecules form a macromolecular salt. It is used as a 

transparent, conductive polymer with high ductility in different 

applications.[117] For example, AGFA coats 200 million photographic 

films per year with a thin, extensively-stretched layer of virtually 

transparent and colorless PEDOT:PSS as an antistatic agent to prevent 

electrostatic discharges during production and normal film use, 

independent of humidity condition. Fig. A.1 shows the chemical structure 

of conventional PEDOT:PSS. 
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Fig. A.1 Chemical Schematic of PEDOT:PSS 

If high boiling solvents like methylpyrrolidone, dimethyl sulfoxide, 

sorbitol are added conductivity increases many orders of magnitude 

which makes it also suitable as a transparent electrode, for example in 

touchscreens, organic light-emitting diodes and electronic paper to 

replace the traditionally used indium tin oxide.[122-126] Due to the high 

conductivity (over 1000 S/cm is expectable), it can be used as a cathode 

material in capacitors replacing manganese dioxide or liquid electrolytes. 

This compound is generally applied as a dispersion of gelled particles in 

water. A conductive layer on glass is obtained by spreading a layer of the 

dispersion on the surface usually by spin coating and driving out the 

water by heat. Special PEDOT:PSS inks and formulations were 

developed for different coating and printing processes. Aqueous 

PEDOT:PSS inks are mainly used in spray-coating, flexography, 

rotogravure and inkjet printing. If a high viscous paste and gentle drying 

is required like in case of screen-printing processes, PEDOT:PSS can also 



 - 95 - 

be supplied in high boiling solvents like propanediol et.al. Solid 

PEDOT:PSS pellets can be produced with a freeze drying method which 

are redispersable in water and different solvents, for example ethanol, to 

increase drying speed during printing. Finally, to overcome degradation 

to ultraviolet light and high temperature/humidity conditions PEDOT:PSS 

UV-stabilizers are available. Commercially available PEDOT:PSS 

products are produced by Heraeus with the trade name Clevios
 TM

 and by 

AGFA with the trade name Orgacon
 TM

. Here, the commersialized 

Clevios
TM 

PH1000 is used in this study. 

 

A.2 Cleaning of c-Si substrates  

 

It is well known that there is a native oxide layer on c-Si surface, which 

will prohibit the carrier transport from n-type c-Si to p-type side in 

heterojunction solar cells. So the native oxide layer should be removed 

before p-type materials deposited on n-type c-Si substrate. Meanwhile, 

the dangling bond on the c-Si surface should be terminated by H or other 

atoms so that the defect density in interface would be suppressed at a low 

level. Usually the c-Si wafers are cleaned using standard RCA cleaning 

process in order to remove the native oxide layer.  

The RCA clean processes are presented as following: [127]  

(1) RCA1 cleaning at solution of NH4OH:H2O2＝5:1 heated at 80℃ 
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for 10 mins; 

 (2) HF dipping (5%, 1 min); 

(3) RCA2 cleaning at solution of HCl: H2O2＝5:1 heated at 80℃ for 

10mins; 

 (4) HF dipping (5%, 1 min),  

(5) Deionized water cleaning for 10 minutes.  

It will take too long time over 30 minutes using RCA clean the c-Si 

wafer. In this study, RCA cleaning process is cut down only dip in HF 

solution. 

 

A.3 Deposition Methods 

 

A.3.1 Spincoating  

Spincoating is a procedure used to form uniform thin films on flat 

substrates. An excess amount of a solution is placed on the substrate, 

which is then rotated at high speed in order to spread the fluid by 

centrifugal force. A machine used for spin coating is called a spin coater, 

or simply spinner. Rotation is continued while the fluid spins off the 

edges of the substrate, until the desired thickness of the film is achieved. 

The applied solvent is usually volatile, and simultaneously evaporates. So, 

the higher the angular speed of spinning, the thinner the film. The 

thickness of the film also depends on the concentration of the solution 
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and the solvent. Spin coating is widely used in micro-fabrication, where it 

can be used to create thin films with thicknesses below 10nm. It is used 

intensively in photolithography, to deposit layers of photoresist about   

1μm thick. Photoresist is typically spun at 1k to 5k RPM for 30 to 60 

seconds. In this study, PEDOT:PSS thin films is deposited by spincoating 

of precursor solution on RCA-cleaned Si substrates. 

 

A 3.2 Chemical mist deposition method  

The schematic of chemical mist deposition system is shown in figure 

A.2. The system is composed of solution heating system, gas 

transportation system and substrate heating system. 

 

Fig. A.2 Schematics of Chemical Mist Deposition Systerm 

In this system, the vaporization of organic solution (such as 
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PEDOT:PSS, GO etc ) is carried out through heating. The nitrogen (N2), 

as a carry gas, carries the organic mist to the substrate. A direct current 

electric field is applied between the tube and substrate, the organic mist is 

deposited on the c-Si wafer. Then thermal annealing is performed to 

remove the residual solvent. In the deposition process, some parameters 

will influence the film deposition rate and uniformity. The influence of 

deposition time, applied electric field and distance between the anode and 

cathode on the film deposition rate is investigated. As the result been 

achieved, it is possible to control the thickness of organic thin film 

through adjusting the deposition time.  The CMD is utilized for 

deposition of organic thin layer in this study. This technic is employed in 

chapter 4 to make an uniform deposition of PEDOT:PSS thin films on 

polycrystalline-Si substrates. 
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Appendix B 

 

Characterization methods 

 

B.1 Spectroscopic ellipsometry (SE)  

 

Ellipsometry is an optical technique for the investigation of the 

dielectric properties (complex refractive index or dielectric function) of 

thin films. It has applications in many different fields, from 

semiconductor physics to microelectronics and biology, from basic 

research to industrial applications [128-130]. Ellipsometry is a very 

sensitive measurement technique and provides unequalled capabilities for 

thin film metrology. As an optical technique, spectroscopic ellipsometry 

is non-destructive and contactless. Upon the analysis of the change of 

polarization of light, which is reflected off a sample, ellipsometry can 

yield information about layers that are thinner than the wavelength of 

probing incident, even as a mono atomic layer, Ellipsometry can probe 

the complex refractive index or dielectric function tensor, which gives 

access to fundamental physical  parameters and is related to a variety of 

sample properties, including morphology, crystal quality, chemical 

composition, or electrical conductivity. It is commonly used to 
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characterize film thickness for monolayer or complex multilayer stacks 

ranging from a few angstroms or tenths of a nanometer to several 

micrometers with excellent accuracy. In this study, the SE spectrum is 

used to analyze the thickness and optical properties of resulted thin films 

like PEDOT:PSS, SiOX, ferroelectric polymer et.al.  

 

FIG A.3 Schematic setup of a conventional SE 

 

 

B.2 Atomic force microscope (AFM)  

 

AFM is a very high-resolution type of scanning probe microscopy, 

with demonstrated resolution on the order of fractions of a nanometer. As 

shown in Fig. A.4, the AFM consists of a cantilever with a sharp tip 

(probe) at its end that is used to scan the sample surface [131]. The 
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cantilever is typically silicon or silicon nitride with a tip radius of 

curvature on the order of nanometers. When the tip is brought into 

proximity of a sample surface, forces between the tip and the sample lead 

to a deflection of the cantilever according to Hooke's law. Depending on 

the situation, forces that are measured in AFM include mechanical 

contact force, van der Waals forces, capillary forces, chemical bonding, 

electrostatic forces, magnetic forces (see magnetic force microscope, 

MFM), Casimir forces, solvation forces, etc. Along with force, additional 

quantities may simultaneously be measured through the use of specialized 

types of probe (see scanning thermal microscopy, scanning joule 

expansion microscopy, photothermal microspectroscopy, etc.). Typically, 

the deflection is measured using a laser spot reflected from the top 

surface of the cantilever into an array of photodiodes. Other methods that 

are used include optical interferometry, capacitive sensing or 

piezoresistive AFM cantilevers. These cantilevers are fabricated with 

piezoresistive elements that act as a strain gauge. Using a Wheatstone 

bridge, strain in the AFM cantilever due to deflection can be measured, 

but this method is not as sensitive as laser deflection or interferometry. 

Fig. A.4 shows an AFM image for pristine PEDOT:PSS films spin-coated 

on c-Si substrate. AFM is used to investigate the morphology of organic 

films. Fig. A.4 shows an AFM image for pristine PEDOT:PSS films 

spin-coated on c-Si substrate. 



 - 102 - 

 

FIG A.4 Schematic of a typical AFM setup 

 

B.3 Spectrophotometer 

 

Spectrophotometer gives a clear route to calculate the reflection or 

transmission properties of a material as a function of wavelength. Fig. 

A.5 shows the schematic of single light spectrophotometer. In this study, 

the optical transmittance and reflectance of corresponding films are 

measured by the spectrophotometer (Shimazu UV-2600). 
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FIG A.5 the schematic of spectrophotometer 

 

B.4 Solar simulator  

 

The J-V characteristics in the dark and under light illumination are 

measured using simulated solar light (AM1.5G, 100mW/cm
2
, 

Bunkoukeiki CEP-25BX). The power conversion efficiency η was 

calculated as [132, 133] 

η = VocJscFF / Pin ,                  

Here, Voc is the open circuit voltage, Jsc is the short circuit current 

density, FF is the fill factor, and Pin is the incident light power. FF is 

determined as FF = (VmJm)/(VocJsc), where Vm and Jm are voltage and 

current density in the maximum power point of the J-V curves in the 

fourth quadrant (Fig A.6). 
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FIG A.6 the principle of J-V characteristics 

 

B.5 Capacitance-voltage characteristic  

 

Assume the doping densities of p and n regions are Na and Nd, 

respectively. The capacitance per unit area may be derived from the total 

space charge Qs per unit area. Thus, we can write [134]:  

 

Assume that Na and Nd are constant and independent of the position, 

uses the relations xp=(Nd/Na)xn [135] and Wd=xn+xp (shown in Fig A.7), 

then the capacitance can be derived as:  
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For one side abrupt junction diode (i.e., Na>>Nd), we can obtain:   

 

In the same way, the transition capacitance for a linear-graded junction 

can be expressed by: 

 

Considering the area of the junction, the capacitance of the junction 

can be obtained: 

 

The inverse of the capacitance square varies linearly with the applied 

voltage V: 

 

The slope of the straight line yields the doping density, and the 
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intercept of the 1/Cj
2
 plot on the voltage axis gives the built-in potential 

Vbi [136]:   

 

 

FIG A.7 Schematic of a typical p-n junction 
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