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Surface passivation has become increasingly crucial for thin silicon 

photovoltaic (PV) devices. Quinhydrone/ methanol (QHY/ME) has been utilized in the 

past as a temporary passivant for hydrogen terminated silicon surfaces with an 

outstanding lifetime. The work described in this thesis investigates the passivation 

mechanism of quinone molecules on silicon. The passivation behaviors of free radicals 

in quinone molecules, and other radical sources like photoinitiators, are discovered for 

the first time. 

This work confirms that radical intermediates are the reactive species in 

quinhydrone/ methanol (QHY/ME) passivation on silicon surfaces. The two 

constituent parts, p-benzoquinone(BQ) and hydroquinone(HQ), have been studied 

separately. BQ abstracts the hydrogen atom from methanol to become semi-quinone 

radicals (QH*). Both QH* and the resulting methanol radical are responsible for the 

large, instantaneous increase in minority carrier lifetime in BQ/ME, obtaining the 

lowest surface recombination velocity of 1.6cm/s. HQ releases a hydrogen atom to 

become QH*. This radical-driven passivation mechanism is also valid on other radical 

sources like photoinitiators and weak bonds like C-Cl. 

The chemical passivation mechanism was further investigated by X-ray 

photoelectron spectroscopy (XPS), which confirmed the bonding of aromatic groups 

to the surface. Density functional theory (DFT) results support the possibility of QH* 

bonding from a thermodynamic perspective. The methanol radical has the most 

favorable adsorption energy for bonding, followed by QH* and then BQ molecule.  

ABSTRACT 



 xv 

The electronic structure of BQ/ME passivated Si is determined by a 

combination of the surface band bending and electron affinity/dipole. Both the 

photoemission and Scanning Kelvin Probe Microscopy (SKPM) techniques indicate a 

downward band bending of H-Si and BQ and ME treated samples. DFT calculations 

show that a dipole is formed upon bonding of BQ radicals on the surface, decreasing 

the surface electron affinity and work function. Both the dipole and downward band 

bending contribute to the formation of electron accumulation on n-Si by BQ bonding 

resulting in the observed surface passivation. 

Hybrid organic/silicon devices combining PEDOT:PSS on Si with BQ/ME as a 

surface passivant were fabricated. The introduction of the BQ passivating layer does 

not provide a barrier to charge transfer. A device efficiency of 9.6% was achieved. 

Quantum efficiency data shows a good light absorption near the front of the cell 

indicating a well-passivated front surface.  

At last, another alternative passivation method -- SiOC passivation was 

studied, where the SiOC films were deposited with plasma-free ultra-low-temperature 

ALD. The surface passivation effect and stability of the SiOC films were compared 

with the quinone passivation. 
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INTRODUCTION 

1.1 Summary 

The work described in this thesis investigated the radical passivation 

mechanism of organic molecules on silicon for photovoltaic (PV) applications. The 

passivation behaviors of free radicals in quinone molecules, and other radical sources 

like photoinitiators, were discovered for the first time. To advance the understanding 

of such mechanism, experimental and theoretical investigations were carried out. The 

importance of this work is the new insights into the passivation mechanism and the 

discovery of a group of effective organic silicon passivants, which had not been 

previously demonstrated. Utilizing these organic passivants for an enhanced 

photovoltaic efficiency of hybrid organic/silicon solar cells was also explored as a 

logical extension of this work. 

1.1.1 Thesis Motivation 

Solar photovoltaics energies have gained increasing attentions in the energy 

industry because of the substantial benefits for climate, health, and the economy. In 

order to thrive in today’s energy market, PV technology must continue to push device 

efficiencies higher and drive the $/W of devices lower. Traditionally, however, device 

efficiency and device $/W have been proportional - higher efficiency devices are also 

higher cost. In order to overcome this challenge, an approach to device design has 

been proposed in this work that combines the strengths of both organic materials and 
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traditional inorganic semiconductor materials in a novel hybrid device. This involves 

passivation, which reduces the surface recombination velocity of minority charge 

carriers and eventually pushes device efficiencies higher. Organic materials are low 

cost, and they provide simple fabrication requirements. Traditional semiconductor 

materials - such as silicon – provide stability, high efficiency, and ease of integration 

into present methods of manufacturing. The combination of organic and inorganic 

materials allows for the maintenance of high efficiency while reducing cost - 

effectively breaking the proportional trend that dominates present PV technology. 

1.1.2 Thesis Objectives 

The focus of this work is the further understanding of the quinone passivation 

mechanism on c-Si, seeking alternative passivants, and the implementation of the 

passivation layer in a hybrid organic/silicon solar cell device. This goal will be 

investigated through the following objectives: 

1) Identify the chemical passivation mechanism: This objective will improve 

the understanding of how radicals are formed in passivation solutions, and how the 

radicals bond on the c-Si surface.  

2) Identify the electrical passivation mechanism: This objective will further 

explain how radicals affect the silicon energy band structures and improve surface 

quality for higher efficiency solar cells. 

3) Mechanism study by density function theory (DFT) calculation: Both 

Gaussian and VASP calculation tools where used to compare with the experimental 

results in order to aid in understanding the chemical and electrical passivation 

mechanism. 
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4) Fabricate hybrid organic/silicon devices using quinones: This objective will 

confirm the functionality of the passivation layer in a solar cell, demonstrate the 

device performance, as well as identify areas for improvement. 

1.1.3 Thesis Outline 

In Chapter 2 I propose a radical-driven passivation mechanism, and discuss the 

passivation behaviors of free radicals in benzoquinone (BQ), hydroquinone (HQ), 

under the impact of external radicals, radiation and electronegative groups substituted 

in quinone molecules, and other radical sources like photoinitiators and chloromethane 

compounds.  

In Chapter 3 I investigate the bonding of quinones on silicon via X-ray 

photoelectron spectroscopy (XPS). The time evolution of the bonding and the surface 

monolayer quinone coverage are reported. 

In Chapter 4 density function theory (DFT) calculations are used to study the 

thermodynamics of quinone bonding on silicon surfaces, the bonding structure and 

electronic density of states. Two calculation tools, Gaussian and VASP, were used.  

In Chapter 5 I examine the electrical passivation mechanism by exploring the 

quinone-induced silicon band bending and dipole with Scanning Kelvin Probe 

Microscopy (SKPM), XPS and VASP. The work function of BQ passivated n-Si 

surfaces is calculated. 

Chapter 6 is dedicated to the hybrid solar cells with the implementation of the 

quinone passivation layer. Fabrication and characterization of the hybrid devices are 

covered to discuss the functionality of the quinone passivation layer. 

SiOC passivation films deposited with plasma-free ultra-low-temperature ALD 

are presented in Chapter 7. This work was done in collaboration with K.K. Air Liquide 
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Laboratories, Japan. Composition and bonding of the SiOC films are studied using 

XPS and FTIR. The surface passivation effect and stability of the SiOC films are 

studied and compared with the quinone passivation. 

To sum this thesis up, a general discussion and future directions for quinone 

passivation on silicon and hybrid organic/silicon solar cells are discussed in Chapter 8. 

1.2 Photovoltaics Background 

1.2.1 Fundamentals of Photovoltaics 

A photovoltaic (PV) process is a process which directly converts sunlight into 

electricity, illustrated in Figure 1.1 (top): A photon of a suitable energy is absorbed by 

a semiconductor material, step 1. The energy of this photon promotes electrons to 

higher energy level, generating electron-hole pairs, step 2. The charge carriers then 

separated by the build-in electric field in the device and collected by the metal 

contacts on the front and back-side, step 3. The electron then dissipates its energy in 

the external circuit and returns to the solar cell, step 4. Therefore, the essential parts in 

a solar cell are a semiconducting material for photoelectric conversion, and a built-in 

electric field for charge separation. 

A variety of materials and processes can potentially meet the requirements for 

photovoltaic conversion, but in practice semiconductor materials in the form of a p-n 

junction are widely used. A p-n junction diode is formed when an electron-rich 

material (n-type) is brought into contact with a hole-rich material (p-type). In an n-

type semiconductor, the fermi level (Ef), at which there is a 50% probability that the 

level will be occupied, lies closer to the conduction band (CB). While in an p-type 

semiconductor, the fermi level (Ef), lies closer to the valence band (VB).  
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Figure 1.1. A photovoltaic process (top) and the correlated energy band diagram 

(bottom). Step 1, light absorption; step 2, charge separation; step 3, charge collection; 

step 4, current generation. CB: the bottom of conduction band; Ef: the fermi energy 

level; VB: the top of valence band.  

Diffusion of charge carriers occurs when p and n-type materials contact and 

the Ef reaches equilibrium, where electrons move into the p-type material and holes 

move into the n-type material. This diffusion leaves the surface of the p-type material 

in a negatively-charged state, and the surface of the n-type material in a positively 

charged state forming an electric filed. This build-in electric field separates the light-

generate carriers described in step 2, illustrated in Figure 1.1 (bottom). 

The term quantum efficiency (QE) describes the device’s ability of converting 

incident photons to electricity. It’s defined as is the ratio of the number of charge 

carriers collected by the solar cell to the number of incident photons, Equation 1.1. 
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QE =
collected electrons/sec

incident photons/sec
 Equation 1.1 

QE therefore depends on both the absorption of light and the collection of charges. 

Once a photon has been absorbed and has generated an electron-hole pair, these 

charges must be separated and collected at the front and back contacts. However, 

sometime the charges recombined before they can be collected, and this is called 

recombination. Charge recombination causes a reduction in the efficiency, which a 

high performance solar cell avoids as much as possible. This thesis will give an in-

depth discussion on how to lower the recombination lost and improve the solar cell’s 

efficiency.  

1.2.2 Figures of Merit 

The 2017 April overview of the best research-cell efficiencies by the National 

Renewable Energy Laboratory (NREL), Figure 1.2, shows that solar cell efficiencies 

vary from 10% for organic-based solar cells to 46.0% for multi-junction cells. Those 

multi-junction devices consist of a stacking of several cells and absorb a broader range 

of the solar spectrum with less thermalization losses.1 However, the highest efficiency 

cells have not always been the most economical because of the considerable high 

manufacturing costs, and the use of the multi-junction is limited to special roles, like 

in aerospace where their high power-to-weight ratio is desirable.  
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Figure 1.2. Overview of best research-cell efficiencies. © 2017 NREL 
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Si-wafer based PV technology accounted for about 94% of the total production 

in 2016, Figure 1.3.2 The lab-record silicon cell efficiency is 27.6% for mono-

crystalline silicon with concentration and 21.9% for multi-crystalline silicon wafer-

based technology. For the past decade, thin film photovoltaics like Cadmium Indium 

Galium Selenide (CIGS) and cadmium telluride (CdTe) cells have been developed as 

the top candidates to replace silicon cells with efficiencies reaching around 23%.3,4 

However, the higher costs associated with these materials and the growing momentum 

for a relatively new technology have kept them in the margins in the market. In 2016, 

the market share of all thin film technologies account to about 6% of the total annual 

production, Figure 1.3.2 The relatively new area of immerging PV like perovskite and 

quantum dot cells has been growing rapidly with lab efficiencies doubled in the past 

few years.5–7 However, the efficiency is still low to make into the market in 

comparison with silicon cells. 

 

 
Figure 1.3. Percentage of global annual PV production by technology.2 © 2017 

Fraunhofer ISE 
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Overall, silicon solar cells remain dominant in the solar market because of a 

reliability record unmatched by any other materials and the industrial maturity 

inherited from the semiconductor world. Progress in silicon solar cells lies in pushing 

the efficiency even higher and reducing the cost. In this work, I will focus on silicon 

cells and discuss the efficiency improvement by the implementation of organic 

monolayer, which takes advantage of the stability of silicon and also the low cost of 

organics. 

1.3 Passivation Background 

An excellent electrical interface quality is essential for many devices relying 

on the bulk electronic properties of semiconductors.8 For example the 

oxide/semiconductor interface in field effect transistors must be effectively defect-free 

to ensure high mobility through the channel. Similarly, in photovoltaics, charge 

carriers can recombine at defects at semiconductor/dielectric interfaces, leading to 

decreased power efficiencies. These semiconductor interfaces, with minimal 

interaction with charge carriers, are said to be electrically passivated. This differs from 

surfaces whose further chemical reaction is limited, which are called chemically 

passivated. Electrical defects, on the order of 109/cm2, may still be significant, but 

remain virtually undetectable by standard chemical surface analytical techniques. 

Cleaved Si surfaces contain a large number of dangling bonds, and reconstruct 

to minimize the number of energetically unfavorable dangling bonds. Nevertheless, 

                                                 

 
 Reprinted with permission from Chen, M.; Hack, J.; Iyer, A.; Lin, X.; Opila., R. L. 

In Reference Module in Chemistry, Molecular Sciences and Chemical Engineering; 

Elsevier Inc., 2017. Copyright 2017 Elsevier Inc. 
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these surfaces are still very chemically reactive. One of the remarkable things about 

silicon is that the SiO2 surface on Si essentially chemically passivates that surface. 

Moreover, because the SiO2/Si interface is so defect free this surface can also be 

electrically passive. This remarkable property permitted the fabrication of metal oxide 

semiconductors and the growth of the microelectronics industry, even though the 

carrier mobilities in Si are not remarkable. 

 The discovery by Chabal et al. that freshly cleaved Si surfaces (or those whose 

oxide has been just etched) can react stoichiometrically with hydrogen in HF solutions 

to saturate the dangling bonds is very important.9 These surfaces are chemically 

passivated (although far from as stable as SiO2 interfaces). However, their electrical 

passivation does not obviously follow the chemical passivity. Hydrogen-terminated 

Si(111) surfaces were compared.10 One surface was prepared atomically flat, as in the 

standard for chemical functionalization. Another surface was prepared with a recipe 

that resulted in a rough, perhaps not stoichiometric hydrogenation. The first surface 

would generally be judged to be the better chemical passivation. However, the 

electrical passivation of these two surfaces can be determined by measuring the 

lifetimes of photoexcited carriers; that is, how long did it take before photoexcited 

carriers recombine. The second surface was found to be much better electrically 

passivated. 

In this section, we will explore the requirements for good electrical 

passivation. While passivation is important across the entire electronics industry, we 

will emphasize the effect that electrical passivation has on the performance of 

photovoltaics.  
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1.3.1 Inorganic Passivation 

The surface of silicon has significant disturbances in symmetry due to the 

presence of dangling bonds. Dangling bond defects could cause increased surface 

recombination through Shockley-Read-Hall or defect recombination. These 

recombination losses can be mitigated through two basic types of passivation, 

chemical and electrical. Chemical passivation aims at reducing the surface trap states 

by bonding to the surface atoms either hydrogen atoms, another semiconductor film, 

or some other dielectric materials. For example, the midgap interface defect density of 

c-Si can be as low as 109 eV−1cm−2 after growth of a high quality thermal SiO2 film 

and a subsequent anneal in a H2 atmosphere, i.e., a forming gas anneal.11 Electrical 

passivation on the other hand reduces the electron or hole recombination at the 

interface by creating an electric field.  

There exist several passivation techniques but not all are commercially viable 

or economical. For example, growing silicon dioxide on the silicon surface is a very 

effective passivation technique but can be commercially challenging because it 

requires a high temperature (at least 1000˚C), is a high electricity consuming process, 

and has throughput limitations. Other techniques, including deposition of SiNx and 

Al2O3 have demonstrated promising results in the photovoltaics industry. There have 

been several attempts at finding the right match between excellent passivation ability 

and cost-effectiveness at industrial scale. Silicon nitride (SiNx) front side passivation 

using plasma enhanced chemical vapor deposition (PECVD) has evolved as an 

alternative to high temperature oxidation of silicon and is a widely practiced 

passivation technique in industry.12–14 

Comparing passivation techniques is often a reflection of the fixed charge 

density created in the dielectric layer or at the semiconductor/passivant interface. The 
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photoexcited carrier lifetime is a good representation of the effectiveness of the 

passivation technique. The carrier lifetime can be related to the surface recombination 

velocity, SRV, where the effective lifetime  is a function of bulk lifetime τb, and the 

wafer thickness W, 

1


=
1

𝑏
+
2𝑆𝑅𝑉

𝑤
 

Equation 1.2 

 

Interface charge density, represented by Qf, has a positive value for SiNx 

passivation whereas it is negative for Al2O3 passivation. Besides difference in charge 

densities, the silicon nitride and aluminum oxide passivation techniques have 

fundamental differently charged defects. For SiNx, the charged defects are uniform 

throughout the bulk of the film. The positively charged defects are microscopically 

assigned to silicon dangling bonds which are back-bonded to three nitrogen atoms 

(instead of four), the so-called K+centers.15,16 Al2O3 on the other hand is complicated. 

An ultrathin, interfacial SiOxlayer (up to ~1nm) is expected, and has been detected in 

some studies, which has been conjectured to play a crucial role in the formation of 

negative Qf.
17 Agostinelli et al. reported that thermal atomic-layer-deposited (ALD) 

aluminum oxide layers provide effective surface recombination velocities Seff below 

100cm/sec on 2 ohm-cm p-type Cz-Si.18 Al2O3 is effective on p-type silicon, because 

the minority carriers are electrons, which are Coulombically repelled by the negative 

charge in the Al2O3. In addition, Hoex et al. reported that plasma-assisted atomic-

layer-deposited (PA-ALD) aluminum oxide can provide a 13 cm/sec SRV on 2 Ω.cm 

p-type float zone Si and Seff=2 cm/s on 2 Ω.cm n-type Cz-Si samples.19 A record low 

effective surface recombination velocity (SRV) of 4 cm/s has been obtained on 1 

Ω.cm p-Si wafers for SiNx passivation using remote plasma enhanced chemical vapor 

deposition (PECVD) or high frequency (13.56 MHz) direct PECVD.20 SiNx 



 

 

 

13 

passivation for the front surface of c-Si solar cells is deemed to be superior to other 

passivation techniques such as SiO2 or TiO2 for a number of reasons. One is due to its 

field effect passivation provided by positive interface charges. In addition, 

hydrogenated passivation of bulk defects also helps with surface recombination 

velocity. Its adjustable refractive index helps the material double as an antireflection 

coating (ARC).20–23 

1.3.2 Methyl Termination Passivation 

Another alternative to the silicon-oxygen passivation is the silicon-carbon 

passivation layer, where the kinetically stable silicon-carbon covalent bond slows the 

oxidation of silicon and also retards the formation of charge-carrier recombination 

centers on the silicon surfaces. Many techniques have been developed to functionalize 

silicon with alkyl.24–27 

N. S. Lewis et al. have reported that the CH3-Si(111) surface can be prepared 

by a two-step chlorination/alkylation process, where the H-terminated Si(111) surface 

is chlorinated in a benzene solution of PCl5 and then reacts with an organic Grignard 

reagent.28,29 

 

H: Si
PCl5,heat
→       Si − Cl 

Si − Cl + RMgCl → Si − R +MgCl2 

 

This CH3-Si(111) surface has shown a low surface recombination velocity 

smaller than 100 cm/s.28 Bulky alkyl groups such as (CH3)2CH- (iso-propyl), (CH3)3C- 

(tert-butyl), and C6H5- (phenyl) moieties give a comparable passivation effect as 

methyl-Si, but the long alkyl chains are more reactive than CH3-Si and provide a 
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potential easier secondary functionalization.28 A well-defined, high-yield secondary 

functionalization can also be obtained by using the mixed methyl/allyl monolayer as 

the first base layer, permitting attachment of further organic moieties to the surface.30 

Silicon-carbon passivation on the Si (100) surface, on the other hand, is 

significantly different from Si(111) because of the atomic roughness of H-terminated 

Si(100). The two-step chlorination/alkylation method gives surfaces containing 

SiH(CH3)-, SiH2(CH3)-, and Si(CH3)2-type species. A surface recombination velocity 

smaller than 30 cm/s for methylated surfaces, and 60 cm/s for Si surfaces 

functionalized with the other alkyl groups have been reported.31 

1.3.3 Solution-Based Organic Passivation 

Solution-based techniques can allow for a less capital-intensive surface 

passivation process that can be performed at low temperatures to avoid affecting the 

bulk properties of the silicon. There are two historically dominant classes of wet-

chemical passivation for silicon: Oxidation-based and hydrogen-terminated 

passivations. Oxidation-based passivations allow for the formation of a thin oxide 

layer of varying thickness and surface charge.32 Hydrogen terminated passivations 

subsequently etch away this formed oxide layer using a solution of NH4F or HF.9 

Angermann et al. studied the defect density of a variety of these surface treatments 

using large-signal field-modulated surface photovoltage measurements. They found 

that obtaining low surface defect densities was heavily dependent on the 

microroughness of the surface formed during the oxidation step of silicon (111) and 

(100) samples. Oxides prepared via a hot-water treatment produced the lowest surface 

defect densities.32   
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Hydrogen terminated silicon surfaces are only stable for on the order of 10 

minutes, and so more air-stable alternatives for non-insulating passivation layers are 

desirable.32 Several groups have followed the hydrogen-termination step by 

subsequently substituting the hydrogen for a molecular monolayer of an alternative 

passivant. Treatment of wafers in an iodine-ethanol solution has historically been used 

by the photovoltaic industry for testing wafer bulk quality via photoconductive 

decay.33,34 

Quinhydrone-methanol was first demonstrated as an alternative to iodine-

ethanol by Takato et al.33,35 Subsequent studies by Chhabra et al. demonstrated the 

ability to achieve high minority carrier lifetimes in both p-type and n-type silicon.36  

Quinhydrone is a charge-transfer complex consisting of equal parts benzoquinone and 

hydroquinone, which form a two electron redox couple in solution.37 The capability of 

hydroquinone – alcohol solutions to produce Schottky-Mott limited junctions on 

silicon was demonstrated by Har-Lavan et al.38 The treatment was shown to result in 

field-effect passivation and benzoquinone was suggested as the more active 

constituent in the quinhydrone complex.38,39 A free radical bonding mechanism by 

which both quinone radicals and methanol radicals bond to the silicon surface was 

suggested by Kotulak et al.40 XPS studies have shown evidence of both quinone and 

methanol bonded to the surface, appearing to form essentially a monolayer.41 There 

may be some charge associated with this layer. 

An alternative deposition method was performed by Avasthi et al. who used 

thermal evaporation to deposit a layer of 9,10-phenanthrenequinone, demonstrating an 

absence of Fermi-level pinning, with subsequent IPES and UPS studies of the 

resulting surface band structure.42,43 
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Continued research into alternative passivation methods works to meet the 

goals of simple deposition, air stability, low recombination velocities, and 

compatibility with subsequent processing steps.  

In this work, we will focus on the solution-based quinone passivation on 

silicon to better understand the chemical and electrical passivation mechanism, and 

further investigate the role of the quinone passivation layer in a solar device. 
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RADICAL-DRIVEN SI SURFACE PASSIVATION MECHANISM 

2.1 Introduction 

As discussed in the previous chapter, one of the fundamental limitations of the 

silicon devices comes from the abundant defect states introduced by the dangling 

bonds on the silicon surface. These defect states act as minority carrier recombination 

centers, and can change the surface band structures detrimentally. In developing 

silicon-based photovoltaics with thinner substrates and higher efficiencies, an effective 

surface passivation that reduces the density of defect states and surface recombination 

losses is increasingly important. High temperature passivation using a silicon dioxide 

or a silicon nitride layer has a long history and is still the standard method used in 

industry.13,44 In comparison, room temperature, solution-based electronic passivation 

by molecules like halides and quinones, especially quinhydrone (QHY) in alcohol 

(mostly methanol), is emerging, because of the easier and cheaper processing and 

superior electronic passivation effects.41,45–47 However, the QHY passivation 

mechanism is still not clear, and we will discuss about it in this chapter. 

                                                 

 
 Reprinted with permission from Chen, M.; Hack, J. H.; Iyer, A.; Jones, K. J.; Opila., 

R. L. J. Phys. Chem. C. 2017, 121 (39), 21364. Copyright 2017 American Chemical 

Society. 
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2.2 Background & Literature Review 

Quinhydrone (QHY) is a 1:1 mixture of p-benzoquinone (BQ) and 

hydroquinone (HQ). The electrochemical behavior of BQ/HQ couples associated with 

electron-proton transfer equilibrium has been studied for several decades. It is well 

known that in buffered aqueous media, BQ/HQ couples undergo the ECEC 

mechanism (electron transfer, chemical reaction, electron transfer, chemical reaction), 

which is comprised of two steps of electron-transfer coupled with proton acceptance 

(chemical reaction), summarized in Figure 2.1.48 BQ/HQ couples in methanol 

solution, in which researchers show the direct formation of HQ from BQ without the 

appearances of any semiquinone radicals, observed via cyclic voltammetry (CV).49 

 
Figure 2.1. ECEC mechanism, and the structures of semiquinone radicals. The radical 

in QH* can either reside on the oxygen atom, or be partially delocalized over the π 

system. 

However, it has been found under certain circumstances, such as when 

electronegative groups are introduced into the quinone structures, the quinone 

molecules form an equilibrium involving the semiquinone radicals. For example, in 
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the ubiquinone/methanol (Q10/ME) solution, Q10*- radicals are found, as well as the 

protonation of Q10*- to Q10H*, confirmed by UV/Vis and IR spectra.49 

Presumably, when introducing BQ/ME or HQ/ME onto silicon surfaces, the 

active defects on silicon surfaces affect the electrochemical behavior of BQ and HQ as 

well, and radicals are likely to exist in the reactions, which can be essential in forming 

the Si-quinone or Si- ME bonding that passivates silicon surfaces. Cahen et al. have 

observed Si-hydroquinone surface bonding via infrared spectroscopy by attenuated 

total reflection (ATR-IR) after quinhydrone/ methanol treatment of n-Si(100).50 

Previous work in our group has demonstrated that the level of silicon surface 

passivation achieved in BQ/ME solution is affected by the availability of hydrogen 

atoms in the solutions,39 but it is still not clear if the semiquinone radicals are the 

responsible species for passivation. 

On the other hand, photons can be another radical-initiation source. 

Photoinitiators are widely used in photopolymerization. A photoinitiator can be 

excited from ground state S0 to the lowest singlet excited state S1 via absorption of 

radiation. The excited singlet state, S1, can nonradiatively pass to the triplet state, T1, 

when the vibrational levels of the two excited states overlap. This process is known as 

intersystem crossing (ISC), illustrated in the Jablonski diagram in Figure 2.2.51 The 

parallel spin in the T1 state is caused by the substantial spin and orbital interactions. 

Intersystem crossing can be enhanced in molecules containing halogen, ketone groups, 

or paramagnetic species.52 
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Figure 2.2. Jablonski diagram. 

Two general mechanisms for photoinitiation are the ionic and free radical 

mechanisms, where either ionic photoinitiators or free radicals are generated from 

excited states S1 or T1, to participate in polymer cross-linking when radiated with 

light.53,54 Highly efficient photoinitiators should have a quantum efficiency as close as 

possible to one, but a number of factors affect the efficiency for the creation of 

radicals, for instance, the photo absorption cross-section size, initiation velocity, side 

reactions, etc.55 The photoinitiator quantum efficiency is usually in the range of 0.4 to 

0.8.55,56 In this work, we focus on the radical mechanism, and two commercial radical 

photoinitiators, bis(2,4,6-trimethylbenzoyl)- phenylphosphineoxide (I819) and 

camphorquinone (CQ) were studied.  

In this chapter, we will discuss the passivation behavior of free radicals in BQ, 

HQ, under the impact of external radicals, radiation and electronegative groups 

substitution in quinone molecules, and other radical sources like photoinitiators and 

chloromethane compounds. 
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2.3 Minority Carrier Lifetime Measurements 

The minority carrier lifetime, or lifetime for short, of a material is the average 

time which a carrier can spend in an excited state after electron-hole generation before 

it recombines, and it is widely used to evaluate the recombination rate, as show in 

Equation 1.2. Lifetime can be measured by Photoconductance Decay method with a 

Sinton WCT-120 Lifetime tester: The sample wafer is inductively coupled to an RF 

coil, which measures the conductivity of the wafer. A flash of light excites carriers 

within the wafer, and the photoconductance decay is measured. The intensity of the 

flash is monitored by a light sensor. The slope of the photoconductance decay curve 

provides the effective lifetime at a given minority carrier density (MCD). 

In monitoring the effects of organic surface passivants such as benzoquinone 

on carrier lifetime, it is desirable to be able to perform lifetime measurements while 

the specimen is still immersed in solution. This allows for study of the time evolution 

of the reaction and avoids atmospheric exposure which may lead to further surface 

modification.36 Carrier lifetime measurements are performed using a WCT-120 Sinton 

lifetime tester. Since the wafers are not being placed directly on the measurement 

surface of the lifetime tester, but are instead sealed within a liquid-containing bag, it is 

expected that this modified experimental setup will have some effect on the resulting 

lifetime measurements. The liquid filled bag may act to modify the amount of light 

reaching the wafer and also affect the coupling between the wafer and the inductive 

coil. 

                                                 

 
 Reprinted with permission from Chen, M.; Hack, J. H.; Iyer, A.; Opila, R. L.; In 

IEEE Photovoltaic Specialists Conference.; 2015; pp 1–6. Copyright 2015 IEEE. 
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The Sinton lifetime tester operating in the quasi-steady state mode calculates 

the effective minority carrier lifetime of a specimen based on Equation 2.1.57 

 

               𝜏𝑒𝑓𝑓 = 𝜎𝐿/ ( 𝐽𝑝ℎ(𝜇𝑛 + 𝜇𝑝)) Equation 2.1 

The value of the photoconductance,  σL , is measured from the bridge circuit 

voltage while the electron and hole mobilities (μn + μp)  are determined from 

tabulated values at known average minority carrier densities Δnavto satisfy  Equation 

2.2. Here W is the thickness of the sample and q is the elementary charge.    

 

                                           𝜎𝐿 = 𝑞Δ𝑛𝑎𝑣(𝜇𝑛 + 𝜇𝑝)𝑊  Equation 2.2 

The value for the photogeneration,  𝐽𝑝ℎ , is related to the incident light 

intensity, which is measured relative to a reference photodiode. From this measured 

irradiance, the value of 𝐽𝑝ℎ can be estimated by making assumptions about the 

absorption properties of the sample. For a bulk silicon sample of known thickness, the 

absorptivity is well documented and can be used to estimate 𝐽𝑝ℎ. However, 

modifications to the reflectivity of the surface and other optical properties of the 

laboratory setup may affect the amount of the incident light which is transmitted to the 

bulk of the wafer. To account for these factors, an optical constant representing the 

percent of incident light absorbed is introduced. The Sinton lifetime tester assumes for 

silicon samples of sufficient thickness and low surface reflectivity an experimentally 

determined value of 𝐽𝑝ℎ of 38mA/cm2. The optical factor directly scales this value, for 

instance, a constant of 0.7 represents reduced photogeneration for a bare silicon wafer 

with high reflectivity, while higher photogeneration with optical constants exceeding 1 

are possible for thick samples with exceptional anti-reflection coatings. The proper 

choice of optical constant will linearly affect the inverse of the resulting measured 

minority carrier lifetime. 



 

 

 

23 

A second potential source of error arises from the determination of the value of 

the photoconductance  𝜎𝐿. This value is calculated from the voltage across an 

impedance bridge inductively coupled to the sample wafer. The relationship between 

the measured bridge voltage and the conductance of a wafer is determined in the 

calibration of the instrument. However, this relationship may be modified due to 

changes in the distance between the wafer and inductive coil, and the presence of a 

liquid solution.   

The instrument calibration fits a quadratic relation between the bridge voltage, 

𝑉𝐵, and wafer conductance, however this relation can generally be simplified to a 

linear relationship in the measurement range of interest with reasonable accuracy.58 

         𝜎𝐿 = 𝐾𝐵𝑉𝐵 Equation 2.3 

When using the quasi-steady state photoconductance (QSSPC) technique as 

described above, the measured lifetime is dependent on the optical constant and the 

bridge voltage scaling factor 𝐾𝐵. Mismatch in the value of the optical constant will 

lead to a linear change in the inverse of the measured lifetime, while mismatch in the 

bridge voltage scaling factor will have a nonlinear effect, due to a dependency on 

average minority carrier concentration. When instead using the transient 

photoconductance decay (PCD) analysis method, the dependence on the optical 

constant is removed, and our error depends only on the mismatch in 𝐾𝐵 . A third 

technique, the generalized analysis method, is a combination of these two methods 

dependent on the value of the optical constant at low lifetimes while becoming largely 

independent of optical constant values at high lifetimes. In the generalized analysis 

mode, a change in the optical constant value from 0.78 to 0.58 is seen to yield about a 
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30% increase in measured lifetime for lifetimes around 20µs, a 20% increase for 

lifetimes around 200µs, and almost no increase at lifetimes of around 3000 µs. 

To examine the magnitude of these effects on the measured lifetime, repeat 

measurements were made on the same wafer in various candidate containers, Figure 

2.3. Lifetimes were measured in the generalized analysis mode for a minority carrier 

density of 1*1014 cm-3. A clear decrease in measured lifetime was observed with 

increased thickness of the container. The 4 mil plastic bag, as the thinnest of the 

containers was seen to have the smallest effect on the measurement. For the wafer in a 

plastic bag, the decrease in lifetime is expected to be the result of both the increase in 

distance from the inductive coil and the decrease of light intensity reaching the 

sample. These measurements were repeated on two additional wafers, which showed 

similar nonlinear decreases in measured lifetime with container thickness. 

 
Figure 2.3. Lifetimes measured for an n-type wafer in different sample-holding 

conditions.  Measured lifetime is seen to decrease with increased distance from the 

instrument surface. Data is acquired for samples placed directly on the surface (0mm), 

in an empty bag (0.1mm), on a glass slide (1.0mm), a plastic petri dish (1.3mm), a 

plastic wafer box (2.0mm) and a glass petri dish (3.0mm). © 2015 IEEE 
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A further change in measured lifetime is expected for the samples when placed 

in the liquid solution. An initial test shown compares the difference in lifetimes 

recorded for wafers when placed directly on the measurement surface and when 

placed in a plastic bag containing 50 ml of methanol (ME) solution. Changes of 

lifetime of -15%, -4%, -25%, -42% and were observed for lifetimes at a minority 

carrier density of 1*1015 cm-3 using an optical constant of 0.7. A simple trend is not 

clear from this data, and in one case the measurement actually increases when placed 

in solution. Methanol, while less effective than benzoquinone, is known to show some 

mild passivation effect on silicon surfaces, so it is initially unclear whether this 

chemistry is having an additional effect on the measurement.59 

To attempt to control for any chemical effects on the lifetime, a wafer (Sample 

N4) with a thermally grown oxide layer of thickness 110nm, was tested. This thick 

oxide layer should effectively block any passivating effects caused by organic 

molecules from the solution. Lifetime measurements were performed for this wafer in 

and out of solution when contained in either a plastic petri dish or plastic bag. The data 

shown in Figure 2.4 show the combined effects of factors independent of optical 

constant, such as placing the wafer in a petri dish, and factors which affect only the 

optical constant, such as covering the petri dish with a lid. It is expected that the 

methanol filled bag represents a combination of both types of factors. Again the bag 

was shown to cause a smaller decrease in the measured lifetime than the petri dish, 

with further decreases in measured lifetime for both containers when immersed in 

methanol. A repeated measurement with the wafer placed directly on the instrument 

surface was performed shortly after removal from the methanol solution, which 

showed no change to the lifetime of the wafer. The same tests were performed on a 



 

 

 

26 

wafer with only a thin natively formed oxide, which showed the same trends with no 

increase in lifetime from the brief methanol treatment. 

 
Figure 2.4. Measurements of a wafer with thermally grown oxide (N4) and native 

oxide (N3) (Note the logarithmic axis). Decreases in measured lifetime are seen due to 

thickness of containers, light blocking lids, and immersion in methanol. The last 

measurement is a repeat of the first measurement following immersion in methanol 

and shows no significant change. © 2015 IEEE 

The presence of a liquid solution is likely to affect both the value of the optical 

constant and the bridge voltage scaling factor 𝐾𝐵. While these effects generally tend to 

decrease the reported carrier lifetime, recalibration is recommended to ensure accuracy 

of measurements. In most cases, the optical constant can be estimated reasonably well 

for a particular type of sample and environmental setup and can be kept fixed for the 

duration of the experiment. At sufficiently high lifetime values in the millisecond 

range, the transient photoconductance mode or generalized mode can be used for data 

analysis, and the choice of optical constant becomes unimportant. 
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The more complicated source of error in measured lifetimes comes from 

changes in the relationship between wafer conductance and measured bridge voltage.   

An increase in distance between the wafer and inductive coil will tend to decrease the 

measured lifetime due to an underestimation of the photoconductance and 

corresponding minority carrier concentrations.60  This effect is seen to be relatively 

strong even for small displacements from the instrument surface. Placing the wafer in 

a plastic petri dish was seen to decrease the measured lifetime up to 42%. For samples 

that must be placed in containers, thinner materials such as a plastic bag minimize this 

introduced error. A better solution is to recalibrate the instruments for the new 

environmental setup, finding a new scaling factor 𝐾𝐵 for the bridge voltage, as 

described by Lago-Aurrekoetxea et al.61 

A wafer with a thick thermally grown oxide layer has been shown to be useful 

in separating the physical and chemical passivating effects of the liquid. It is expected 

that the use of similarly chemically inert wafers will enable the removal of the effect 

of the experimental setup on the measured lifetimes. 

In this section, variations in the optical constant and inductive coupling of the 

wafer, as well as the presence of a liquid solution, are shown to lead to discrepancies 

in the measured lifetime of the wafers. The accuracy of optical constant is more 

important in the quasi-steady state photoconductance testing mode than in the transient 

photoconductance decay or generalized mode. Since optical constants typically range 

from around 0.63 to 1.03 for standard test setups, even gross misjudgment of the 

optical constant will still result in measurements accurate within a factor of 2. The 

changes in the relationship between wafer conductance and measured bridge voltage 

are more complicated and can cause up to a 40% decrease of lifetime (for example, if 
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a petri dish is used). In this work, for samples that must be placed in containers, 

thinner materials such as a plastic bag are used to minimize the introduced error. 

2.4 Experimental Methods 

2.4.1 Wafer Cleaning 

N-type Si(100) samples (doped with phosphorus, FZ, DSP) from Topsil 

GlobalWafers were used in this work. The specified resistivity is 1-5 ohm_cm and 

wafer thickness is 28020m. A bulk minority carrier lifetime minimum of 9.18ms is 

certified by the vendor.  

All wafers were cleaned following the procedures described by Opila and 

Teplyakov et al.: Substrates were cleaned using a Piranha etch (H2SO4:H2O2= 4:1) for 

five minutes, followed by a five minute DI water rise and a two-minute immersion in 

hydrofluoric acid (HF, 2wt%) to obtain hydrogen terminated surfaces.10 After 

cleaning, the substrates were quickly dried with a nitrogen gun and immediately 

placed in the passivation solution to be tested. 

2.4.2 Wafer Thinning 

Silicon wafers were thinned in steps of 20nm with an HNA (hydrofluoric 

acid/nitric acid/acetic acid) etching procedure, where the wafer is immersed in HNA 

solution for three minutes, followed by five minute DI water bath and another five 

minutes DI water bath. The HNA solution is a mixture of 17mL acetic acid (Fisher 

Scientific), 73mL nitric acid (J.T. Baker, 69.5%) and 10mL hydrofluoric acid (J.T. 

Baker, 49%). After HNA thinning, wafers were dried and weighed. The change in 

thickness is calculated by weight loss. Piranha and HF were used to clean the etched 

surface and terminate surface with hydrogen, as described previously. These thinned 
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Si:H wafers were then put in passivation solution immediately and lifetimes were 

recorded. 

2.4.3 Passivation Treatment 

0.01M passivation solutions of the following molecules with methanol (ME, 

J.T. Baker CMOS grade, as-is) as the solvent were prepared, unless otherwise noted, 

shown in Figure 2.5. The passivation solutions were freshly mixed and contained 

within sealed acid resistant plastic bags at room temperature. The concentration, 

0.01M, was chosen based on a previous quinhydrone concentration study.36  

 

 
Figure 2.5. Passivants used in this paper are BQ (98+% Sigma-Aldrich), HQ (99% 

Acros Organics), Chloranil (99% Sigma-Aldrich), EQ (97% Acros Organics) and 

TEMPO (98+% Sigma-Aldrich). All chemicals are used as received from the vendor. 

2.4.4 Lifetime Measurements 

A Sinton WCT-120 Lifetime tester was used to measure the lifetime that began 

immediately following immersion in solution.57 An optical constant of 0.7 was used 
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for all experiment based on the in-solution lifetime measurement study.62 

Measurements were taken every 15 minutes, and the substrates remained in solution 

over the duration of the experiment. Based on the study of quasi-steady-state and 

quasi-transient measurements, lifetime higher than 200s is reported in transient 

photoconductance decay (PCD) mode at MCD=1x1015cm-3, and lifetime below 200s 

is reported in quasi steady state photoconductance (QSSPC) mode at MCD=1x1014cm-

3.63,64 All lifetime comparisons of different passivation techniques in the same plot are 

performed on pieces cut from the same stock wafer to minimize any variation of the 

substrate, unless otherwise specified. 

2.4.5 Photoinitiation Set-up 

A home-built system in Figure 2.6 was used for photoinitiation study. A 300W 

xenon lamp (300nm-700nm) was used as the light source. Light was directed by a 

silver mirror and then through a longpass filter (380nm longpass for I819 and 470nm 

longpass for CQ). The intensity on the sample surface measured by a light meter is 

13mW/cm2 around 470nm and 40mW/cm2 around 380nm for I819 and CQ 

respectively. In addition, the ambient room light intensity is on the order of 100 

W/cm2.  
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Figure 2.6. Photoinitiation set-up. Xe light was directed by a silver mirror and then 

went through a longpass filter (380nm longpass for I819 and 470nm longpass for CQ). 

Wafers were kept in the solution during this irradiation treatment. 

2.4.6 Electrochemical Cell Set-up 

The electrochemical measurements were carried out using a VersaStudio 

(Princeton Applied Research) computer-controlled electrochemical measurement 

system equipped with a potentiostat (PARSTAT 3000, Princeton Applied Research).  

The measurements were carried out using a conventional three-electrode 

configuration: a working electrode (WE, silicon modified sample), a counter electrode 

(CE, platinum foil) and a reference electrode (RE, Ag/Ag+), as shown in Figure1. The 

silicon electrodes were single side polished wafers of 0.01-0.02 Ω.cm resistivity, 

boron-doped, (100) oriented, single-crystal material obtained from MEMC Electronic 

Materials. Typical electrodes consisted of 1cm2 on each side. Prior to use, Si 

electrodes were cleaned with piranha and HF as described in section 2.4.1, and Ga-In 

eutectic were rubbed on the unpolished side to form an ohmic contact. Ag/Ag+ non-
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aqueous reference electrodes were home assembled using a Ag wire dipping in 0.1 M 

AgNO3/methanol solution. Tip of the reference electrode was sealed with a voycor 

glass.  

Methanol, from J.T. Baker, was bubbled with dry nitrogen for 30 minutes 

before use. TBAPF6, from Acros Organics, was added as the supporting electrolyte. iR 

compensation was automatic detected by the potentiostat and applied in all 

measurements. 

                 
Figure 2.7. Electrode configuration for BQ/ME reaction on Si electrode 

2.5 Results and Discussion 

2.5.1 Passivation using BQ, HQ and Methanol 

After piranha and HF cleaning, wafers were placed in BQ/ME, HQ/ME and 

ME solution immediately, and lifetime data were collected as a function of time while 

the wafers remained in solution, as illustrated in Figure 2.8. It can be seen here that 

BQ/ME provides nearly instantaneous improvement of lifetime reaching the highest 

around 4500 s in around 30 mins, and then starts to decline (H terminated Si is found 

to have a lifetime lower than 40 s in this work). HQ/ME and ME passivation shows a 
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gradually increase with HQ/ME plateauing around 2500 s and ME solution 

plateauing around 1300 s. 

 

 
Figure 2.8. Passivation results of BQ/ME(0.01M), HQ/ME(0.01M) and the control 

sample, methanol. Solid points are measured data, while dash lines are trend lines. The 

error bars are smaller than the symbol size unless indicated otherwise. 

The lifetime behavior can be explained by the redox reaction illustrated in 

Figure 2.9. In BQ/ME solution, BQ abstracts H atoms from the solvent methanol to 

form QH* and MEO*, and these radicals bond to the reactive silicon surface providing 

passivation effects. According to the study by Forbes and Lewis et al., the excitation 

of QH* and MEO* in BQ/ME mixture under ambient light is more energetically 

favorable than the formation of MEO* in pure ME, which explains why BQ/ME has a 

faster response and much higher lifetime than ME.59,65 In pure ME solution, shown in 

green dots in Figure 2.8, the improvement of lifetime implies the bonding of methanol 

molecules on the surface. Bonding of methanol on silicon surfaces in pure anhydrous 
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methanol has also been observed by Lewis et al. via XPS and FTIR, where a sharp Si-

OCH3 stretch peak is observed after three hours wafer immersion.59 In HQ/ME 

solution, the equilibrium still exists and QH* slowly releases. The behavior of radicals 

will be further confirmed in the following sections. 

 
Figure 2.9. Reversible redox reaction of BQ/QH*/HQ system.66 

Surface recombination velocity (SRV) is extracted from Equation 1.2, where 

the effective lifetime  is a function of bulk lifetime b, SRV and wafer thickness W. 

b =9.18ms is certified by the vendor. This gives a SRV of 1.6cm/s for BQ/ME 

passivation and 4.1cm/s for HQ/ME passivation on polished N-type wafers at 

MCD=1x1015cm-3.  

HNA is a commonly used etching process.67 The SRV of HNA treated surfaces 

is also studied. N-type silicon wafers were thinned five times using the HNA 

procedure described in the experimental section. Lifetimes of wafers with different 

thicknesses were recorded at two injection levels (1x1014 and 1x1015cm-3) in Figure 

2.10. Using a linear fit is performed with a fixed bulk minority carrier lifetime of 

9.18ms. Results show that for the HNA treated surfaces, at the injection level of 

1x1015cm-3, SRV = 6.7 cm/s (adj. R2=0.98), and at the injection level of 1x1014cm-3, 

SRV = 7.3 cm/s (adj. R2=0.99). The SRV is equivalent to other existing passivation 

techniques, like thermal SiO2, a-SiNx:H, a-Si:H, and Al2O3.
17 
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Figure 2.10. Inverse of the effective lifetime after BQ/ME treatment plotted vs. the 

inverse of thickness for extrapolation of SRV from the fit of data at each injection 

level. The linear fit is performed with a fixed bulk minority carrier lifetime of 9.18ms 

2.5.2 Impact of External Radicals 

To investigate the role radicals play in the quinone and H terminated Silicon 

system, a free radical trap, TEMPO, was introduced. TEMPO, (2,2,6,6-

tetramethylpiperidin-1-yl) oxidanyl, shown in Figure 2.5, was discovered by Lebedev 

and Kazarnowskii in 1960 and is known as a stable radical.68
 The steric effects in 

TEMPO create stability against light and heat and promote the capture of other 

radicals. 

Following the same cleaning procedure, four solutions were made: ME, 

HQ/ME (0.01M), TEMPO/ME(0.01M), and HQ/TEMPO/ME (0.01M). The 

concentrations of HQ and TEMPO were each 0.01M in the HQ/TEMPO/ME solution. 

Wafers were immersed in the solutions immediately after cleaning, and lifetime data 

were collected as a function of time, as illustrated in Figure 2.11. 
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Figure 2.11. External radical effects on HQ passivation. Wafers were kept in four 

solutions: HQ/ME (0.01M), TEMPO/ME (0.01M), HQ/TEMPO/ME (0.01M) and a 

ME control. Solid points are measured data, while dashed curves are trend lines. 

Comparing quinone containing solutions (HQ/ME in pink and 

HQ/TEMPO/ME in dark blue) and non-quinone solution (ME in green and 

TEMPO/ME in black), the quinone solutions eventually plateau at a much higher level 

than the non-quinone solutions. This further confirms that the quinone facilitates 

passivation, presumably by more QH* and MEO* bonded to the Si surfaces.  
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Figure 2.12. Reactions of HQ (a) and TEMPO (b) with hydrogen atoms. 

ME, TEMPO/ME and HQ/ME all require at least six hours before significant 

passivation effects are shown, and the lifetime plateaus after around 24 hours. 

However, when HQ is mixed with TEMPO, the result changes completely: lifetime of 

the mixed solution increases dramatically in the first hour, and plateaus quickly at the 

saturation level. As sketched in Figure 2.12(a), we hypothesize that HQ releases a 

hydrogen atom becoming QH*, and QH* then bonds to the surface achieving a longer 

carrier lifetime. By adding TEMPO to the system, hydrogen atoms are consumed by 

TEMPO. Although it has been known that the O-H bond in TEMPO-H is 30% weaker 

than a typical O-H bond, TEMPO will still capture some of the hydrogen atoms, 

shown in Figure 2.12(b), and promote the reversible reaction to go to the right, leading 

to an accumulation of QH*.69 Thus, more QH* is available in solution and longer 

lifetimes are observed. As soon as the surface is saturated with QH* molecules, the 

lifetime levels out. 
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Figure 2.13. External radical effects on BQ passivation. Data indicates the lifetime 

after treatments of two passivation solutions: BQ/ME (0.01M) and BQ/TEMPO/ME 

(0.01M). Wafers were kept in solution for the duration of the experiment. 

However, contrary results are observed in BQ/TEMPO/ME, as seen in Figure 

2.13. The mixture solution, BQ/TEMPO/ME, has a lower lifetime than BQ/ME. This 

can be explained by the reaction in Figure 2.14, where BQ abstracts a hydrogen atom 

from the solvent methanol to transfer into QH*. QH* and MEO* radicals are 

responsible for the bonding on the silicon surface, and the rate of the passivation 

mechanism slows down when adding the free radical trap, TEMPO, in BQ/ME. 

Alcohol’s role as a hydrogen donor is confirmed by ethanol, shown in Figure 2.15, and 

a previous study in our group where no passivation was shown from BQ in aprotic 

solution, diethyl ether.39 
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Figure 2.14. BQ can abstract H* from ME becomes QH*. Both QH* and the resulting 

methanol radical CH3O* can bond to silicon to passivate the silicon surface. 

 

 
Figure 2.15. Ethanol can be the hydrogen donor facilitating BQ passivation as well as 

methanol. The error bars are smaller than the symbol size unless indicated otherwise. 

Experiments in this section have confirmed the significant role that radicals 

play in the passivation system. The performance of HQ and BQ will be affected 

greatly by TEMPO, which implies that, in BQ/ME, both QH* and the resulting 

methanol radical are responsible for the large, nearly instantaneous increases in 

lifetime. The bonding of quinone and methanol on silicon surfaces is confirmed by 

XPS in the following sections. 
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2.5.3 Passivation Using Quinone Derivatives 

The electronegative groups on the benzene ring affect the reactivity of the 

molecule. A group of benzene congeners with different oxidability are compared in 

the following section. Structures of the passivants are shown in Figure 2.5. All 

solutions were prepared at 0.01M using methanol (ME) as the solvent, except for 

chloranil. For chloranil, a saturated solution of around 0.005M is used because of the 

low solubility of chloranil in methanol. In all of the tests, wafers were immersed in 

solution at ambient room light for up to four days. 

 
Figure 2.16. Lifetime performance of alternative passivants. Concentration for all 

solution is 0.01M, except for the 0.005M chloranil/ME. The error bars are smaller than 

the symbol size unless indicated otherwise. 

Figure 2.16 shows the lifetime comparison of all passivant molecules. It can be 

seen that BQ and chloranil follow a similar trend in that the best passivation effects are 

obtained in the first hour when the wafers contact the solution, and then start to 

degrade. EQ and HQ show a gradual increase in passivation. In addition, TEMPO 

slows down the rate of passivation mechanism in both BQ/ME (Figure 2.13) and 
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chloranil/ME, and promotes the passivation in both HQ/ME (Figure 2.11) and 

EQ/ME. (TEMPO’s effect on chloranil and EQ data is not included here) 

Comparing the structures of all molecules, the ones with a more 

electronegative group (as the Cl- and O= in chloranil and BQ) abstract H atoms from 

the solvents more easily to become semi-quinone radicals, form bonds with the surface 

and have the large, instantaneous increase in lifetime. This agrees with the hypothesis 

in the previous section that radicals are responsible for bonding. 

2.5.4 Passivation Using Radical Photoinitiators 

Photoinitiators are good sources of radicals, which presumably can bond to 

silicon surfaces and induce passivation effects. Two commercial radical 

photoinitiators were studied in this work, bis(2,4,6-trimethylbenzoyl)-

phenylphosphineoxide (I819) and camphorquinone (CQ), which undergo Norrish type 

I and type II radical formation, respectively. 

 
Figure 2.17. I819 radical formation, Norrish type I reaction. 

In a Norrish type I reaction, the molecules in excited states, S1 or T1, undergo a 

hemolytic bond cleavage forming two or more free radical fragments, as illustrated in 

Figure 2.17.70 The size and nature of these fragments depend on the stability of the 

generated radicals. Benzoin and its derivatives are common compounds in this 

category. When applying radical photoinitiators for silicon passivation, the 

photoinitiators’ absorption spectra should also be considered. For example, benzoyl 

peroxide, in Figure 2.18, another widely used commercial photoinitiator, would not be 
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a good candidate for passivation because the absorption  is around 240 nm, which is 

likely to cause damage on silicon surfaces.71,72 In a Norrish type II reaction, the free 

radicals are formed by abstracting hydrogen from a hydrogen donor such as alcohol or 

amine upon absorption of light, as show in Figure 2.19.70,73 Presumably, the generated 

free radicals can bond to the reactive silicon surface sites and passivate the surface. 

 
Figure 2.18. BPO radical formation. 

 

 
Figure 2.19. CQ radical formation, Norrish type II reaction. 

In the home-built set-up illustrated in Figure 2.6, hydrogen terminated silicon 

samples were kept immersed in I819/ME or CQ/ME solutions while exposed to 

filtered Xe light for a time interval of 30mins or one hour, before performing lifetime 

measurements. This irradiation treatment was repeated several times over the course 

of seven hours, as indicated by the solid lines in Figure 2.20. Samples were kept in 

solution for the duration of the experiment, and stayed on the Sinton measurement 

stage between irradiation periods, which is held at 28C. Compared with the room 

light condition indicated by triangles in Figure 2.20, the irradiation treatment in both 

I819 and CQ solution increases silicon lifetime. Lifetime of samples in I819/ME 

plateaus at around 900s in about five hours. CQ/ME reaches 750s in three hours. 
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This improvement of lifetime introduced by irradiation is consistent with the free 

radical bonding and passivation mechanism. 

  
Figure 2.20. Si lifetime performance in I819/ME and CQ/ME with irradiation 

treatment for up to seven hours. A 380nm Xe longpass filter is used for I819 and a 

470nm Xe longpass filter for CQ. Solid lines indicate the 30mins or one hour sample 

irradiation treatment duration. Dotted data that are not connected record lifetime 

measurements between irradiation periods in ambient room light. The error bars are 

smaller than the symbol size unless indicated otherwise. 

Measured lifetime for I819/ME passivation, 900s, is much lower than the 

average BQ/ME result, typically over 3ms. There are couple of possible explanations 

for these results. First, in BQ/ME, both QH* and the resulting methanol radical, 

MEO*, can react with the active silicon sites. While in I819/ME, only the benzylic 

radicals contribute to bonding. In CQ/ME, shown in Figure 16, presumably only 

MEO* radicals contribute to passivation, and CQ radicals are less likely to bond with 

silicon due to the large steric hindrance, which may account for the overall lower 

lifetime of wafers in CQ/ME than in BQ/ME. Another theory developed by Cahen et 

al. stated that radicals residing on the oxygen component of the organic molecules 
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formed by nucleophilic substitution (SN) are sensitive to the reactivity of Si surface 

sites, and the reactions take place rapidly on the more reactive sites (silicon defect 

sites), but much slower on the less reactive Si sites (H terminated Si sites). As a result, 

SN provides better electronic passivation by saturating the reactive surface defect 

sites.74 BQ/ME falls in this category with QH* and MEO* both being oxygen radicals. 

On the other hand,  -carbon radicals, like benzylic radicals from I819, are more 

likely to follow the radical chain reaction (RCR) mechanism, where the bonding 

reaction proceeds through the migration of the radicals from one Si atom to the 

neighboring Si atom and forms a closed-packed monolayer in its vicinity. However, 

RCR is not very site-specific, and thus silicon dangling bonds are less uniformly 

saturated than in the case of oxygen radicals.74 

 
Figure 2.21. Si lifetime performance in BQ/ME with irradiation treatment. Solid lines 

indicate the 30mins or one hour sample irradiation treatment. Dotted data record the 

lifetime between irradiation treatment when wafers in solution bags were sitting on the 

Sinton stage in ambient room light. Two wafers are from different stock wafers. The 

error bars are smaller than the symbol size unless indicated otherwise. 
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BQ, though not commonly used as a photoinitiators, is also photosensitive. It 

has been shown that BQ, stable in solid phase, can be photolyzed by light with 

wavelengths around 450nm in alcohol.65 Kotulak, et al. have observed that ambient 

room light facilitates BQ/ME passivation.40 Irradiation treatment with 470nm light 

was also performed on BQ/ME solution, and results are shown in Figure 2.21. The 

degradation of BQ/ME passivation when substrates are still immersed in solution in 

ambient room light condition is most likely caused by the addition of ME on the 

surface where ME competes or even replaces BQ, as discussed in the following XPS 

section. Note that the two wafers used here are from different stock wafers, which 

means the bulk quality might affect the overall lifetime. On the other hand, the fact 

that the degradation propagates in both light conditions proves that the irradiation 

treatment shows no significant improvement of lifetime as for I819 and CQ. This 

could be due to the passivation mechanism saturating in BQ/ME because of the high 

efficiency of QH* and MEO* bonding on silicon surface.  
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Figure 2.22. Passivation of CH2Cl2 in ambient room light versus time. 

Not only compounds containing benzene groups can be the radical source, 

weak bonds like Cl-Cl and C-Cl, (bond energy of Cl-Cl is 242kJ/mol, and C-Cl is 

350kJ/mol), can undergo homolytic cleavage giving free radicals as well when 

supplied with heat or light.75 Silicon wafers were immersed in CH2Cl2 solution 

(>99.5%) in a closed Teflon zip bag immediately after HF cleaning. Minority lifetime 

in ambient room light along with time is recorded in Figure 2.22. Results show that 

CH2Cl2 passivates the silicon surface instantly reaching a peak lifetime of 837s (H 

terminated Si has a lifetime <40 s). But this passivation is not stable; lifetime 

decreases to half in an hour while the wafer is still immersed in CH2Cl2 solution. 

Experiments in this section investigated the effectiveness of different radical 

sources. Photoinitiators I819 and CQ were proven to passivate silicon surfaces when 

irradiated with light at the corresponding reaction energy. Weak bonds like C-Cl can 

also generate radicals and passivate silicon. These support the proposed free radical 
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bonding and passivation mechanism. However, irradiation treatment of BQ/ME shows 

no significant further improvement of lifetime compared with the room light 

condition. 

2.5.5 BQ Reaction on Si in an Electrochemical Cell 

First, we looked in to the potential of the Ag/Ag+ reference electrode using 

ferrocene couple (Fc/Fc+) as a standard. Methanol (ME) was used as solvent, and Pt 

as both the working and counter electrodes, illustrated in Figure 2.23. 

                   
Figure 2.23. RE calibration with Fc/Fc+ couple. 

Figure 2.24 shows the cyclic voltammetry (CV) of Fc/Fc+ couple on Pt 

electrodes in methanol in three scan rates, 0.1V/s, 0.05V/s and 0.02V/s. From the 

detailed number listed in Table 2.1, the peak separation is the smallest for the lowest 

scan rate, 0.02V/s. However, the intensity of the current decreases as the decrease of 

scan rate. The best CV testing condition for Fc/Fc+ in methanol was 0.05V/s, and the 

Fc/Fc+ potential is found to be -0.13V vs. Ag/Ag+. Koepp et al. reported that the 

potential of Fc/Fc+ in methanol was 0.41V vs. Ag/AgCl.76 Thus, the Ag/Ag+ RE used 

in this work is 0.54V vs Ag/AgCl. 
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Figure 2.24. CV of Fc/Fc+ couple on Pt electrodes in methanol using Ag/Ag+ as 

reference electrode. 

 

Table 2.1. Scan rate comparison of Fc/Fc+ potential on Pt electrode in methanol. 

 

 Epc Epa E ΔE 

0.1v/s -0.34 0.1 -0.12 0.44 

0.05v/s -0.29 0.04 -0.13 0.33 

0.02v/s -0.26 0 -0.13 0.26 

After validation of the home-built electrochemical cell, the linear sweep 

voltammetry (LSV) was performed to study the Si electrode behavior in both BQ/ME 

solution and the ME control, using the set-up described in Figure 2.7. Potentials 

positive of 0 V were avoided to eliminate the possible changes of the silicon surface 

properties, like dissolution and oxidation, shown in Figure 2.25.77 The highlighted 

areas in Figure 2.25 indicate the electrode electron transfer efficiencies. A current 

enhancement in LSV is observed in the BQ/ME solution compared with pure ME, 

indicating that the electron transfer on the surface is more efficient in BQ/ME than in 

ME. 
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Figure 2.25. Linear sweep voltammetry (LSV) of BQ/ME and ME solutions using Si 

as WE, Pt as CE and Ag/Ag+ as RE. Scan rate is 0.05 V/s. WE area is around 1.0cm2. 

In addition, Fc/Fc+ was used as the internal standard in the CV scan for 

BQ/ME reaction on Si electrode. Results of the BQ/Fc/ME and the Fc/ME control 

samples are shown in Figure 2.26. The reduction and oxidation peaks attributed to 

Fc/Fc+ are observed in -0.3V and 0.09V respectively. However, no redox peak rising 

from BQ observed, indicating the BQ reaction on Si doesn’t involve electron transfer 

if there is any. 
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Figure 2.26. CV of BQ/ME on Si electrode using Fc/Fc+ as internal standard. CE is 

Pt. RE is Ag/Ag+. Scan rate is 0.05V/s. 

2.6 Conclusions 

This chapter investigated the passivation behavior study of free radicals in BQ, 

HQ, under the impact of external radicals, radiation and electronegative groups 

substitution in quinone molecules, and other radical sources like photoinitiators and 

chloromethane compounds. Quinone radicals and methanol radicals are believed to be 

responsible for the improvement of minority carrier lifetime.  

Comparing the passivation effects of EQ, chloranil, BQ and HQ molecules, the 

molecules containing electronegative groups can abstract H atoms from the solvents 

more easily to form radicals, bond to silicon and show large, nearly instantaneous 

increases in lifetime. 

Photoinitiators I819 and CQ can passivate silicon surfaces when applying light 

with the corresponding activation energy. This is further evidence of a free radical-
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based bonding and passivation mechanism. Weak bonds like C-Cl can also generate 

radicals and passivate silicon. However, irradiation treatment of BQ/ME shows no 

significant improvement of lifetime compare with the room light condition. 

In addition, this section investigated the BQ/ME reaction on silicon surface 

through electrochemical tools. The measurements were carried out using a 

conventional three-electrode configuration using non-aqueous Ag/Ag+ reference 

electrode (0.54V vs. Ag/AgCl). The current enhancement in LSV indicates that the 

electron transfer to the surface is more efficient in BQ/ME than in ME. In addition, no 

redox peak rising from BQ observed, indicating the BQ reaction on Si doesn’t involve 

electron transfer if there is any. 

Work in this chapter confirms the significant role that radicals play in H-Si 

surface passivation reactions. BQ is believed to abstract hydrogen atoms from 

methanol to become QH*, and both QH* and the resulting methanol radical are 

responsible for the nearly instantaneous improvement of minority carrier lifetime 

(𝜏=4500s, with SRV=1.6cm/s on polished surfaces; SRV=6.7cm/s on HNA etched 

surfaces). In HQ/ME solution, HQ loses a hydrogen atom to become QH*. QH*, the 

methanol radical and other radicals can bond to silicon and act as passivants. 
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SURFACE COMPOSITION STUDY 

3.1 Introduction 

X-ray photoelectron spectroscopy (XPS) is a widely used quantitative 

spectroscopic technique that measures the surface elemental composition, and can be 

used to study the silicon surfaces after passivation in this work. XPS spectra are 

obtained by exciting a samples surface with X-rays causing photoelectrons to be 

emitted from the topmost few nm of the sample surfaces. An electron energy analyzer 

is used to measure the kinetic energy and number of the emitted photoelectrons. The 

energies and intensities of the photoelectrons allow identification and quantification of 

the surface elements. In this chapter, I will investigate the bonding of quinones on 

silicon via XPS, the surface monolayer quinone coverage, as well as the time 

evolution of the bonding. 

3.2 Experiment 

Following the same cleaning procedure described in the experimental methods 

section, N-type Si(100) wafers were immersed in BQ/ME for 1, 7 and 24 hours. After 

the surface treatment, the wafers were taken out of the solution, briefly rinsed with 

                                                 

 
 Reprinted with permission from Chen, M.; Hack, J. H.; Iyer, A.; Jones, K. J.; Opila., 

R. L. J. Phys. Chem. C. 2017, 121 (39), 21364. Copyright 2017 American Chemical 

Society. 
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methanol, blown dried with a nitrogen gun, and then loaded immediately into the XPS 

chamber. 

A Physical Electronics model 5600 X-ray photoelectron spectrometer was used 

for the XPS studies. The spectra were collected with a pass energy of 23.5eV in high 

resolution with a monochromatic aluminum Kα X-ray source (hν=1486.6 eV). 

3.3 Results 

3.3.1 Time Evolution of BQ/ME Bonding to Si 

Silicon surfaces treated by 1 hour, 7 hours and 24 hours BQ/ME were 

measured by XPS to study the time evolution of BQ/ME bonding to Si, shown in  

Figure 3.1. 

 
Figure 3.1. Carbon 1s peak evolution of the substrates after 1 hour (bottom), 7 hours 

(middle) and 24 hours (top) BQ/ME treatment. The peaks in blue, black and green are 

assigned to CII bonded to hydrogen, CI bonded to oxygen, and adventitious carbon, 

respectively. The increasing of CI fraction along with time indicates an increasing 

contribution from methanol bonding. 
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For the wafer after one hour BQ/ME treatment, illustrated in Figure 

3.1(bottom), two types of carbon are assigned based on the bonding; CI from the 

benzene complex, as well as in methanol, bond with oxygen, and CII in the benzene 

ring bonded only with carbon and hydrogen. Because the intensity of the component 

from 287 to 288 eV, usually attributed to adventitious carbon, is so small, adventitious 

carbon is assumed to be negligible for analysis on this one hour treatment. Without 

adventitious carbon, peaks at 284.6eV and 286.2eV can be assigned to CI and CII, 

respectively. The fraction of CII to CI is roughly 2:1 for the one hour treated surface, 

indicating that it is mostly BQ bonding after one hour BQ/ME immersion. 

Comparing the one hour treatment with 7 hours and 24 hours treatment, it 

shows that the fraction of CI increases along with time, indicating an increasing 

contribution from methanol bonding. This is consistent with the minority carrier 

lifetime measurement in Figure 2.8, that the highest lifetime in BQ/ME is achieved 

within the first one hour when BQ bonding to the surface is dominant, and then starts 

to decline with time, which might be attributed to the addition of ME on the surface. 

ME competing with, or replacing, BQ decreases the lifetime because ME is less 

effective as a passivant than BQ; BQ tends to repel negative charges that can induce a 

field effect on the Si surface, as discussed in Figure 4.7. The time evolution in Figure 

3.1 also shows an increasing amount of the part attributed to adventitious carbon (in 

green). 

3.3.2 Quantification of Surface Coverage 

More detailed carbon 1s peak fitting of the 24 hours BQ/ME treated sample is 

shown in Figure 3.2. A low intensity peak located at 291.4eV with a 2.9% intensity is 

observed. This is the shake-up satellite caused by the delocalized electrons from the 
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aromatic ring. Based on this satellite signal, one carbon signal from the aromatic ring, 

CII, is fixed 7eV lower at 284.7eV with a intensity 12.5 times stronger.78 The peak at 

286.2 is assigned to CI, and the rest of the peaks are fitted into more oxidized carbon 

peaks. Assuming each BQ has two parts CI and four parts CII, while ME has only one 

part CI, the ratio of CI to CII is 1.1, listed in Table 3.1, gives a ratio of methanol 

bonding to aromatic bonding of roughly 2.4 after 24 hours BQ/ME immersion, 

Equation 3.1. A large amount of methanol bonding on silicon surfaces is also observed 

by Chabal et al. in pure methanol via FTIR.79
 

 

Table 3.1. XPS Data for BQ/ME-24hr Sample 

 Name Position/eV Component con% 

C1s C+3 289.1 4.4 

C+2 287.5 10.5 

CO(CI) 286.2 41.9 

CH(CII) 284.7 37.6 

C-C 284.6 5.5 

O1s SiOSi 532.7 52.4 

SiOC 531.8 47.6 

Si2p SiOx 102.0 7.1 

Si 2p1/2 100.0 31.0 

Si 2p3/2 99.3 61.9 
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Figure 3.2. Carbon 1s spectra of the substrate after 24 hours BQ/ME treatment. Shake-

up satellite peak implies the presence of aromatic groups on the silicon surface. 

 

Si − ME: Si − BQ = 2.4 Equation 3.1 

Si signals in Figure 3.3 show a broad peak of Si in +1, +2 and +3 oxidation 

states (SiOx) around 102.0eV. Using Lewis’ quantification model, one can derive the 

coverage of the oxidized silicon on the surface.80,81 In Lewis’ model, where the system 

is modeled as a flat Si surface terminated with a monolayer of alkoxyl and aryloxy 

groups, the coverage of oxidized Si can be calculated from the relative areas of the 

bulk Si 2p and oxidized Si 2p peaks. If 100% of surface silicon atoms are oxidized, the 

measured atomic concentration ratio of oxidized Si to bulk Si is given by Equation 

3.2, where I is the silicon intensity, n is the atomic number density (6.9x1014 

atoms/cm2 for Si (100)),  is the Si atomic photoionization cross section and  is the 

escape depth. 
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Figure 3.3. Silicon 2p spectra of the substrate after 24 hours BQ/ME treatment. 

Using Equation 3.2, a surface to bulk concentration ratio of 0.18 is calculated 

for 100% oxidized monolayer on Si (100).80 Comparing with our Si signals, where 

oxidized Si intensity is 0.07, yields roughly 40% total oxidized Si surface coverage, 

including contributions from SiOSi bond (including SiOH) and SiOC bond (SiO-

alkoxy/aryloxy). 

 
Isurface
Ibulk

=
Isurface

Itotal − Isurface
=

nsurfaceσ

ntotalσλ − nsurfaceσ
 

Equation 3.2 

 

The SiOSi (and SiOH) bond and SiOC bond can be further separated by 

asistance of the oxygen spectra in Figure 3.4, where SiOSi and SiOC bond are fitted 

into peaks at 532.7eV and 531.8eV respectively.82 Atomic concentration listed in 

Table 3.1 gives a ratio of 1.1 for these two components, Equation 3.3 

SiOSi ∶  SiOC =  1.1 ∶  1 Equation 3.3 
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Figure 3.4. Oxygen 1s spectra of the substrate after 24 hours BQ/ME treatment. 

Therefore, the 40% oxidized Si surface is constituted by 21% SiOSi and 

19%SiOC. Since Si-ME is 2.4 times of Si-BQ, Equation 3.1, the 19% SiOC contains 

13% Si-ME and 6% Si-BQ. Overall, the silicon surfaces after 24 hours BQ/ME 

treatment contains roughly 21% SiOSi, 13% ME and 6% BQ top surface monolayer 

coverage. 

3.4 Conclusions 

The surface study in this section confirms the bonding of aromatic groups to 

the surface. The time evolution study of the BQ/ME bonding mechanism shows that 

BQ bonding dominates for a one hour BQ/ME treated sample, and methanol bonding 

to the surface increases with increasing immersion time. This is consistent with the 

minority carrier lifetime measurement that the highest lifetime in BQ/ME is achieved 

within the first one hour when BQ bonding to the surface is dominant, and then starts 

to decline with time, which might be attributed to the addition of ME on the surface. 
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ME competing with, or replacing, BQ decreases the lifetime because ME is less 

effective as a passivant than BQ, which will be discussed in detail in chapter 4 and 5. 

The time evolution also shows an increasing amount of adventitious carbon and 

silicon oxidation with increasing immersion time. 

In addition, quantitive analysis shows that the 24 hours BQ/ME treatment 

gives roughly 21% SiOSi, 13% ME and 6% BQ top surface monolayer coverage. 
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BONDING THERMODYNAMIC STUDY BY DENSITY FUNCTIONAL 

THEORY 

4.1 Introduction 

Hydrogen terminated silicon surface morphologies have been intensively 

studied in the past. At least three reconstructions exist on Si (100) surface under 

different preparation procedures, as shown in cross section in Figure 4.1. The chemical 

etch method used in our experiment will end up with an atomically rough surface with 

a combination of mono- and di-, or even tri-hydride species.83,84 Here both the 

monohydride and dihydride Si(100) surfaces are modeled to presents the system. 

                    
Figure 4.1. 2x1(monohydride), 1x1(dihydride), and 3x1(mixture of mono and 

dihydride) silicon surface reconstruction. Grey balls denote H atoms, and green balls 

denote silicon atoms. 

                                                 

 
 Reprinted with permission from Chen, M.; Hack, J. H.; Iyer, A.; Jones, K. J.; Opila., 

R. L. J. Phys. Chem. C. 2017, 121 (39), 21364. Copyright 2017 American Chemical 

Society. 
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Thermodynamics calculations of BQ bonding on hydrogen terminated Si(100) 

surfaces are performed using both a monohydride cluster model and a dihydride 

surface slab approach of the Si surface. The cluster calculations employ the B3LYP/6-

31+G(d,p) basis set approach as implemented within the Gaussian program.85 A 

Si35H40 cluster formed by four monohydride dimers represents the system in Gaussian. 

Previous work has shown that B3LYP function is reliable to represent the silicon (100) 

surface, and 6-31+G (d, p) can be performed to give a relatively accurate calculation 

result with less time.86,87 The surface slab approach employs the Vienna Ab Initio 

software package (VASP), along with the generalized gradient approximations (GGA) 

to describe exchange and correlation.88–90 While the cluster model simplifies 

considerably the calculation of ionic states and the construction of full potential 

energy surfaces, the surface slab approach is more reliable. In this chapter, both 

Gaussian and VASP are employed to compare the BQ bonding on H-Si. 

4.2 Experiment 

The 2x1 monohydride structure is modeled using the Gaussian 09 package 

with the B3LYP/6-31+G(d,p) basis set. A Si35H40 cluster formed by 4 dimers 

represents the system, as illustrated in Figure 4.2. All silicon atoms at the edge of the 

cluster are saturated by hydrogen to achieve sp3 hybridization. In the surface 

interaction study, bulk atoms (atoms in shadow) are fixed to mimic reality, while four 

silicon atoms in the first layer, together with four hydrogen atoms bonded to them are 

free to move.  
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Figure 4.2. A Si35H40 monohydride cluster with bulk atoms fixed (atoms in shadow). 

All silicon atoms are saturated by hydrogen. 

Dihydride DFT calculations were performed using the Vienna Ab initio 

Simulation Package (VASP).91 The interaction between ions (nuclei) and electrons 

were described using projector augmented wave pseudopotentials.92 Electron-electron 

exchange and correlation interactions were described using the gradient corrected 

Perdew-Burke-Ernzerhof (PBE) functional.93 The Brillouin-zone (BZ) integrations 

were performed using the Monkhorst-Pack (4x4x1) K-point set. The unit cell was a 

4x4 periodic slab containing eight atomic layers. The coordinates of the Si atoms in 

the bottom six layers Si were kept fixed after silicon slab relaxation. The vacuum 

region was approximately 26Å and the energy cut-off was 300 eV. For the H-

terminated Si, all top and bottom layer silicon atoms were terminated with two 

hydrogen atoms per silicon, as shown in Figure 4.3. This 1x1 canted-row dihydride 

structure is found to be energetically favorable with respect to the symmetric 1x1 

dihydride, in good agreement with literature.83 For the BQ-adsorbed Si, one of the two 

hydrogens adsorbed on Si was replaced by a BQ radical, QH*, per unit cell. The 

coverage of QH* was one QH* per eight surface Si atoms. 
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Figure 4.3. A dihydride-passivated (a) and BQ-adsorbed (b) Si slab with bulk atoms 

fixed (atoms in shadow) modeled using periodical boundary condition in VASP. The 

vacuum region was approximately 26Å. 

4.3 Results  

4.3.1 Thermodynamic Possibility of QH* Bonding 

Based on our hypothesis, the QH* radical is the most likely species that bonds 

to the surface and improves the passivation. So, the first study in Gaussian was the 

thermodynamic possibility of this reaction. The final product is optimized using a 

Gaussian fitting, and the system energy is acquired. Comparing this energy with the 

energy of the starting configuration of the system, which is BQ and H-Si as illustrated 

in Figure 4.4, a negative energy for the reaction, -1.96 eV is obtained. 
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Figure 4.4. Proposed BQ reaction schematic on monohydride Si surfaces. QH* 

bonding can lower the system energy by 1.96 eV. 

The negative free energy supports our previous results in that it is thermally 

possible for QH* to bond to the surface by allowing the system energy of 1.96 eV. 

However, the detailed reaction process is not provided at this point, e.g. the 

mechanism for the removal of hydrogen atoms from the surface, or the possible 

transition states studies. The dihydride Si surfaces were also modeled in VASP, and 

QH* bonding lowers the system energy by 2.23 eV. 

4.3.2 Interface Bonding Structure 

Adsorption energy is strongly associated with the molecular structure. The 

final products with the aromatic groups in different molecular orientations have varied 

adsorption energies. It has been reported by Xu et al. that [6+2]-like cycloaddition, 

across a dimer is the most exothermic over several other structures.94 However, our 

DFT simulation gives different results. 

We study the single-bonded “edge-on” and the double-bonded “face-

on/cycloaddition Buckle” structure shown in Figure 4.5. The “edge-on” mode shows a 

54.4 angle to the silicon surface, while the “face-on” has a 19.5 angle. In the “face-

on” configuration, the aromatic ring is very close to fitting in the dimer, but still needs 
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to bend 19.5 to lower the geometric strain, which adds extra potential energy to the 

system. 

 
Figure 4.5. The "edge-on" mode (left) is 1.32 eV lower in energy than the "face-on" 

mode (right). 

Data shows that “face-on” mode has an energy 1.32 eV kJ/mol higher than the 

“edge-on” mode. Compared with Xu’s previous work, these contradictory results are 

caused by the fixed structure of atoms in the bulk, which is closer to reality, while in 

Xu’s work, the whole cluster was allowed to relax substantially.94 

Transition states have not been considered at this point. Initial structures are 

very important in transition states study, but as mentioned before, the H-Si surface 

after chemical etching is complex, so a more complete model of the initial structure 

would be needed before a robust kinetic analysis could be addressed. 

The dihydride Si surface modeled in VASP agrees with the results on 

monohydride Si site by showing that the “face-on” mode is 0.45 eV higher in energy 
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than the “edge-on” mode. Thus, the “edge-on” QH* bonding configuration is the 

preferred structure on both monohydride and dihydride silicon sites. 

4.3.3 Competing Process Study 

Previous sections strongly suggest that QH* is an important component of the 

passivation mechanism. On the other hand, research by Cahen et al. and Lewis et al. 

also observed the bonding of methanol to the surface and consumption of H-Si sites 

over time.50,59 Presumably, competing processes exist among BQ, QH* and MEO*. 

Here we calculate the energetic favorability of these three species by comparing their 

adsorption energies. 

Adsorption energy is the energy difference between reactants and products, 

shown in Equation 4.1. 

 

Δ𝐸𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = 𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 − 𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑐𝑙𝑢𝑠𝑡𝑒𝑟 − 𝐸𝑟𝑒𝑎𝑐𝑡 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 Equation 4.1 

 

Three reactions on both monohydride and dihydride Si surfaces are sketched in 

Figure 4.6. Configurations in all reactions are optimized. All six reactions are 

thermodynamically possible, while MEO* is the most favorable species to bind to Si 

monohydride and dihydride defect sites, rather than QH* and BQ, which agrees with 

the XPS data showing a large presence of Si-methoxy groups on the surface. Steric 

effects might be an explanation for this result. From this competing process study, we 

can conclude that MEO* as well as QH* are the active and important species in 

bonding with silicon surfaces. 
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Figure 4.6. Competing processes in the BQ/ME passivation solution on Si 

monohydride and dihydride defect sites. Adsorption energy is calculated using 

Equation 4.1 
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Figure 4.7. Electron distribution of bonded MEO* and QH* molecules. Larger 

numbers indicate greater electronegativity of each atom. 

Additionally, the electron distribution in Figure 4.7 indicates that both QH* 

and MEO* might induce dipole moment on silicon surface, which will be discussed in 

more details in chapter 5. 

4.4 Conclusions 

In this chapter, monohydride and dihydride Si(100) surfaces have been 

modeled with Gaussian and VASP respectively, to study the thermodynamics of BQ 

bonding on Si(100) surfaces. It has been found out that it is thermally possible for 

QH* to bond to the surface by allowing the system energy of 1.96 eV on monohydride 

silicon free sites and 2.23 eV on dihydride sites.  

Moreover, the bonding geometry has been studied, wherein the single-bonded 

“edge-on” configuration is more energetically favorable than double-bonded “face-on” 

configuration on both monohydride and dihydride silicon surfaces.  

The competing processes among BQ, QH* and MEO* show that methanol 

radical MEO* has the most favorable adsorption energy for bonding to free 

monohydride and dihydride silicon sites, followed by QH* and then BQ molecule. 



 

 

 

69 

Dihydride silicon free sites are more reactive than monohydride silicon sites for 

radical bonding. 
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ELECTRONIC STRUCTURE CHATACTERIZATION 

5.1 Introduction 

The previous several chapters have been focused on understanding the 

chemical passivation mechanism by studying the BQ bonding on Si defect sites. In 

this chapter, we will discuss the electronic structure of BQ/ME passivated Si (BQ-Si). 

The work function of the BQ modified Si surface is determined by a combination of 

the surface band bending and electron affinity/ dipole.95,96 The quinone-induced 

silicon band bending will be explored using Scanning Kelvin Probe Microscopy 

(SKPM) and XPS, and surface dipole will be calculated by VASP.  

5.1.1 Band Bending  

The electronic properties of a semiconductor are dominated by the highest 

partially empty valence band (EV), and the lowest partially filled conduction band 

(EC). Fermi level, Ef, is the energy level at which there is a 50% probability that the 

level will be occupied. As demonstrated in Figure 5.1 (left), the more electron-rich 

materials, n-type, will have Ef closer to EC, while the more hole-rich materials, p-type, 

will have Ef closer to EV. An explanation of interfacial band bending was developed 

                                                 

 
 Reprinted with permission from Chen, M.; Hack, J. H.; Iyer, A.; Lin, X.; Opila., R. 

L. In Reference Module in Chemistry, Molecular Sciences and Chemical Engineering; 

Elsevier Inc., 2017. Copyright 2017 Elsevier Inc. 
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by Schottky and Mott to explain the fermi level alignment when metals and 

semiconductors with different work functions contact, shown in Figure 5.1 (right).97–99 

 
Figure 5.1. Plots showing the formation of semiconductor surface band bending when 

a semiconductor contacts a metal (EC: the bottom of conduction band; EV: the top of 

valence band; Ef: the Fermi energy level; SC: semiconductor; M: metal; VS: the 

surface barrier). Copyright 2002 Elsevier Science.99 

In addition to metal/semiconductor contact induced band bending, band 

bending can also be induced by surface states, adsorption and field effect.100 Take 

surface-state-induced band bending for an example. Surface states are electronic states 

found at the surface of materials. The surface states of a clean surface, the dangling 

bonds resulting from the termination of the periodic bulk structure at the surface, are 

called “intrinsic surface states”. These are found only at the atom layers closest to the 

surface. Additionally, ‘‘non-intrinsic surface states’’ can often form due to adsorbed 

impurities at the surface. The existence of these surface states induces electron and 

hole transfer from the bulk to surface, resulting a surface space charge region (SCR) 
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where a built-in electric field, Vs, is established and the valence and conduction band 

are bended, shown in Figure 5.2. Vs is also called surface potential barrier. Generally, 

the width of the SCR is of the order of 1–103 nm, depending on the doping and 

dielectric constant of the material.101 In the case of solution passivation, like BQ/ME 

passivation, band bending may exist on semiconductor surfaces due to the different 

chemical environment between surface and bulk, such as the termination of lattice 

periodicity at the surface, absorption of molecules, or contact with other 

materials.99,100,102  

 

 
Figure 5.2. Upward band bending on n-type semiconductor surface. CB: the bottom of 

conduction band; Ef: the fermi energy level; VB: the top of valence band; Vs: the 

surface potential barrier. 

5.1.2 Band Bending Measurements 

Band bending can be probed with the surface photovoltage (SPV) technique. 

The SPV measurement is a contactless and non-destructive technique to characterize 

band bending by measuring light induced changes on the semiconductor surfaces.99,102 

For passivation samples, it can offer important information about surface and interface 

such as surface band bending, and carrier transport rate. 
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In SPV measurement, when a semiconductor is excited by light with sufficient 

energy, the absorbed photons will generate free charge carriers by creating electron–

hole pairs. Figure 5.3 shows that electrons and holes travel in opposite direction due to 

the built-in potential. When a new equilibrium is established, the degree of band 

bending will also change. The difference in Vs before and after illumination is the 

surface photovoltage signal. When SPV reach saturation, the charge can completely 

flatten the surface band.103 Therefore, band bending can be probed by changing the 

illumination conditions. 

 

 
Figure 5.3. The charge behavior on exposure to light. 

The band bending at solid interfaces is usually estimated from various optical 

and electrochemical measurements. The Kelvin probe is a traditional method for 

measuring relative changes in work functions. This method was first designed by 

Tomas, and later modified by Lord Kelvin.104 Now the Kelvin probe can also work 

with atomic force microscopy and perform high spatial resolution measurements.102 In 

the Kelvin probe measurement, two surfaces of different material are considered as 

two sides of a parallel capacitor. When a metal plate has back contact with a 
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semiconductor, a MIS structure is formed, and the contact potential difference (CPD) 

will be affected by the surface band bending as shown Figure 5.4. The change of CPD 

under illumination can also be used to measure the surface photo voltage. Michael 

Grätzel had used this method to measure the SPV of a metal oxide electrode in dye 

sensitized solar cell, and get the relative energy level configurations for 

semiconductor/dye interfaces.105 This modification also shows that the Kelvin probe 

can measure samples in liquid. 

  

 
Figure 5.4. The basic structure of the Kelvin probe for surface photovoltage by 

measuring the contact potential difference between two surfaces. 

As shown in Figure 5.5, photoelectron spectroscopy (PES) can also measure 

the binding energy of semiconductors. Since PES is a very surface sensitive technique, 

the changing band bending region from surface photovoltage will change surface 

charging, and then change the binding energy of valence band and core level peaks. In 

photoelectron spectroscopy, electrons with a binding energy of EB are excited by 
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incident photons with energy hν, ultraviolet photons or X-ray, and escaped from the 

top 0 to 10nm of the material surface. Detector captures the photoelectrons and 

measures the kinetic energy Ekin and number of the electrons. The binding energy, EB, 

can be calculated with the equation below, 

EB = hν − Ekin – ϕdet, 

 
Equation 5.1 

Where ϕdet is the work function of the detector. SPV can be calculated by 

directly measuring the valence band maximum with ultraviolet photoelectron 

spectroscopy (UPS) where 10−45 eV ultraviolet incident photons are used to excite 

the valence electrons. On the other hand, core electrons on the sample surfaces that 

excited by incident X-ray with energy 200−2000 eV in X-ray photoelectron 

spectroscopy (XPS) can also be used to study SPV. 

Recently, Sezen and Suzer group reported a series of studies on Si106,107 and 

GaN108 surface using XPS as a probe for SPV under ultrahigh vacuum conditions. 

They used element core level peak shifts to detect the charging change from 

illumination.  The binding energy shift is repeatable when turning light on and off. 

They also discovered that a SiO2 layer on a Si surface can increase the band bending 

in P-doped Si and decrease the band bending in N-doped Si. 
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Figure 5.5. Surface photovoltage experiments with PES. The binding energy (BE) of 

the valence band maximum (VBM) can be defined as the energy between the VBM 

and the Fermi level. Illumination can flatten the band bending at the surface. The core-

level binding energy will increase for an N-type semiconductor and decrease for a P-

type semiconductor. 

5.1.3 Surface Dipole 

The second component of the work function is the surface electron affinity . 

A dipole induced by an adsorbed polar molecule can alter the surface electron affinity 

and result in a change in the work function. The dipole contribution can be 

independently determined through density functional theory (DFT) calculations.109 

Since DFT calculations do not include doping and, therefore, the band-bending 

component of the work function is not included, then the difference in the calculated 

work function  can be attributed to the dipole , Equation 5.2. 
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𝐵𝑄−𝑆𝑖 =  𝐵𝑄−𝑆𝑖
𝐷𝐹𝑇 − 𝐻−𝑆𝑖

𝐷𝐹𝑇  Equation 5.2 

 

In this study, the conduction and valence band bending on BQ and methanol 

treated n-type silicon surfaces will be characterized using both Kelvin Probe and X-

ray photoelectron spectroscopy (XPS). The surface dipole will be calculated using 

DFT in the Vienna Ab initio Simulation Package (VASP). The work function of the 

BQ-Si surface relative to the H-Si surface can then be calculated from the band 

bending and dipole behaviors. 

5.2 Experiment 

The wafers used in this work were double side polished n-type silicon (100) FZ 

wafers with a resistivity of 1-5 ohm-cm and 280±20µm thickness. 

The same cleaning procedure described in chapter 2.4 was used for every trial 

to achieve hydrogen termination: The first step was a piranha clean consisting of a 5-

minute bath in a 4:1 solution of sulphuric acid and hydrogen peroxide. Piranha 

solutions were freshly made and cooled at room temperature for 10 minutes before 

use. Subsequently the wafers were given a 5 minute DI water submersion and then 

followed by a 2-minute HF (2%) immersion. These H-Si wafers were then briefly 

rinsed with DI water and blown dry with N2. 

The cleaned H-Si wafers were quickly placed in a sealed plastic bag containing 

a 0.01 mol/L BQ/ME solution or pure methanol solution to achieve BQ or ME 

termination. Samples were kept in BQ/ME for one hour and 24 hours in ME before 

SPV testing for an optimal passivation effect based on the immersion time study in 

Figure 2.8. 
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SPV was measured using a Physical Electronics model 5600 X-ray 

photoelectron spectrometer (XPS) with an overall accuracy of 0.05 eV. A 300W 

Xenon lamp was used for illumination, where the light was focused on the sample 

surface through a quartz window on the XPS chamber. Silicon samples were grounded 

with carbon tape on the stage. The XPS chamber was kept in ultra-high vacuum and 

cooled to around 17˚C. 

Scanning Kelvin Probe Microscopy (SKPM), equipped in an Asylum Research 

MFP-3D AFM was also used to study SPV. The silicon tips coated with Pt were 

calibrated with freshly peeled HOPG. Illumination of the sample carrier excitation was 

done by a 650nm red laser with a power output of 20mW. Measurements were taken 

under nitrogen purge in ambient room condition.  

Dipole calculations were performed for a dihydride-passivated and an BQ-

adsorbed Si (100) surface, Figure 4.3, using VASP with the same settings described in 

chapter 4. Absorption of BQ is chosen to happen only on the front surface of the 

silicon to match the surface measurements in Kelvin Probe and XPS.110 

5.3 Results 

5.3.1 SPV Measurements by XPS 

Band bending on three n-type Si(100) wafers were studied via XPS: H-

terminated Si (H-Si), BQ/ME passivated Si (BQ-Si) and methanol treated Si (ME-Si). 

The hydrogen termination was achieved by using the piranha/HF cleaning procedure 

described in the experimental section. BQ-Si and ME-Si were achieved by immersing 

H-Si in BQ/ME or ME solution for one hour and 24 hours respectively before testing, 
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based on the immersion time study in Figure 2.8 where the BQ/ME is observed 

reaching the highest passivation in one hour and ME passivation takes 24 hours. 

Figure 5.6 shows the shift of Si 2p peak of H terminated Si and BQ treated Si 

with xenon light on and off. Si 2p shifts to lower binding energy on both samples in 

the light condition, while BQ/ME-Si shifts more than the H-Si sample. Repetitive light 

and dark conditions were performed on Si samples with three different treatments, 

recorded in Figure 5.7. It can be seen that a repeatable energy shift to lower binding 

energy in the illumination condition exists on all three samples, which indicates a 

downward band bending.  

 

 

 

Figure 5.6. N type silicon peak shift with light on and off for H-Si (a) and BQ-Si (b). 
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Figure 5.7. Si 2p binding energy (left) and normalized binding energy shift (right) in 

repetitive dark and light conditions. 

In a downward band bending scheme, shown in Figure 5.8, the light generated 

carriers compensate the built-in potential Vs, and the measured EBE decreases. This 

observed downward band bending indicates that BQ/ME bonding to the silicon surface 

introduces an electron accumulation layer on the surface, causing a decrease in 

minority carrier density on the surface and passivation. The SPV is 230±50meV on 

BQ/ME treated n-type Si, and followed by ME-Si and H-Si, which agree with the 

lifetime data where BQ/ME has the highest lifetime in Figure 2.8. 

 
Figure 5.8. Downward band bending on n-Si treated by BQ and the SPV 

measurement. CB: the bottom of conduction band; Ef: the fermi energy level; VB: the 

top of valence band; Vs: the surface potential barrier. 
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5.3.2 SPV Measurements by SKPM 

N-type Si(100) wafers with three different surface treatments, H-Si, BQ-Si and 

ME-Si as described in the previous section, were studied in SKPM. The contact 

potential difference (CPD) between the Kelvin probe tip and the grounded samples’ 

surface were recorded in a scan size of 3µm x 3µm, shown in Figure 5.9. An initial 

scan found high spatial homogeneity of the contact potential difference, with less than 

5mV of variation across the area of the sample.   

For all samples, a reproducible shift of CPD is observed when the 650nm light 

source is switched on and off during the scan. The average CPD values in each 0.5µm 

x 3µm region are reported relative to the HOPG reference in Figure 5.10. It can be 

seen that the shift in potential between the light and dark conditions is consistent 

across the area of each sample with an error bar smaller than 5mV. Comparing the 

10mW (depicted in red) and 20mW (depicted in blue) light irradiation on BQ-Si, both 

reach an illuminated CPD of around 450mV. This suggests that the 20mW 650nm 

laser illumination is close to approach a flat-band condition of around 450mV on this 

sample.  Similar results are found for the H-Si sample.  However, the illuminated CPD 

of the ME-Si surface is observed to be 200mV higher.  This could be explained by a 

change in grounding or differing surface dipoles between the treatments, but would 

not affect the magnitude of the surface photovoltage. 
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Figure 5.9. CPD map of n-type silicon wafers under three surface treatments: H-Si, 

BQ-Si and ME-Si. The Kelvin probe scan size was 3µm*3µm. Tip potential was -

217mV with respect to an HOPG reference. Surface contact potential of all samples 

shift when the 650nm laser (10mW or 20mW) was switched on and off during the 

scan. 

             
Figure 5.10. CPD values measured by Kelvin probe for n-type silicon wafers under 

three surface treatments, H-Si, BQ-Si and ME-Si, with respect to HOPG. A 
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reproducible shift of CPD is observed when the 650nm light was switched on and off 

during scan. 

Surface photovoltage (SPV) is obtained by calculating the difference of CPD 

between light and dark conditions, shown in Figure 5.11. The negative SPV values 

confirm a downward band bending for n-type Si with all three surface treatments. 

However, band bending on ME-Si is observed higher than BQ-Si, in contrast to the 

XPS results, which might be caused by the interference of oxygen oxidization on BQ-

Si caused by inefficient N2 purge.  

 

 

 

Figure 5.11. SPV values measured by Kelvin probe for n-type silicon wafers under 

three surface treatments, H-Si, BQ-Si and ME-Si. 
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Figure 5.12. Energy levels measured in a dark Kelvin probe measurement (a) and light 

Kelvin probe measurement in the flat-band condition (b). 

The energy levels measured in dark and light condition in Kelvin probe are 

illustrated in Figure 5.12. The applied bias voltage VBias is equal to the difference in 

work functions of the probe (WF
Probe) and sample (WF

Light or WF
Dark ). To remove the 

effect of the unknown probe work function, the contact potential difference VCPD is 

reported relative to the bias measured on an HOPG reference sample.  The difference 

in VCPD
Light and VCPD

Dark gives the surface photovoltage, SPV. The work function of 

the BQ passivated n-Si surface is thus found out to be 4.15 eV. 

With SKPM, it further confirms that immersing H terminated Si in BQ and ME 

solutions increases the downward band bending, which agrees with the band bending 
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reported by XPS in Figure 5.7. Additionally, the work function of the BQ passivated 

n-Si surface is calculated to be around 4.15 eV by SKPM. 

 

5.3.3 Surface Dipole and Work Function Calculation 

The second component of the work function is the surface electron affinity 𝜒𝑆, 

which is defined as the energy required to excite a surface electron from the bottom of 

the conduction band to the local vacuum level.111 The surface dipole ( ) equals the 

difference between the surface electron affinity 𝜒𝑆 and the bulk electron affinity 𝜒𝐵 

(4.05 eV for 𝜒𝐵), Equation 5.3.112,113 Depending on the dipole size and direction, the 

molecular dipole can increase or decrease 𝜒𝑆. A negative dipole with respect to 

surface normal decreases 𝜒𝑆 and  because an emitted electron is accelerated within 

this dipole field on its way from the conduction band at the surface into the local 

vacuum, and vice versa. 

 

 = 𝜒𝑆 − 𝜒𝐵 

 
Equation 5.3 

Surface dipole introduced by the bonding of the BQ radical were calculated 

using VASP. The computed electrostatic potential difference is the change in the 

surface dipole component of the work function, since the potential contribution from 

the bulk to the work function remains the same for both H-Si and BQ-Si surfaces. In 

VASP, the work function  is the difference between the vacuum potential 𝐸𝑣𝑎𝑐 and 

fermi level 𝜀𝐹: 

 

 = 𝐸𝑣𝑎𝑐 − 𝜀𝐹 Equation 5.4 

The calculated electrostatic potential profiles for H-Si and BQ-Si surfaces are 

shown in Figure 5.13. A decrease in work function due to a surface dipole  =
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−0.04 𝑒𝑉 upon BQ adsorption is observed. The dipole energy shift observed agrees 

with our previous DFT calculation in Gaussian, shown in Figure 4.7, where the BQ 

bonding group was shown to be an electron-rich system. 

 
Figure 5.13. Cross-section of a unit cell and the corresponding laterally averaged 

electrostatic potential profile for the H-Si (a) and BQ-Si (b) slab. The potential 

difference between the fermi level and the vacuum is denoted. 

The work function of the BQ passivated n-Si surface, shown in Figure 5.14, 

can thus can calculated using the following equations: 

 

𝜒𝑆 = 𝜒𝐵 +  = 4.05 𝑒𝑉 − 0.04 𝑒𝑉 = 4.01 𝑒𝑉 

𝐸𝐶𝐵𝑀 = 𝐶𝐵 − 𝜀𝐹 − 𝐸𝐵𝐵 = 0.27 𝑒𝑉 − 0.17 𝑒𝑉 = 0.10 𝑒𝑉 

 = 𝜒𝑆 + 𝐸𝐶𝐵𝑀 = 4.11 𝑒𝑉 

where 𝐶𝐵 − 𝜀𝐹 = 0.27 𝑒𝑉 is based on the Si doping level of 1015cm-13, and the band 

bending energy 𝐸𝐵𝐵 = 0.17 𝑒𝑉 is obtained from the SKPM results in Figure 5.11. The 

work function of the BQ passivated n-Si surface is thus found out to be 4.11 eV, in 

agreement with the 4.15eV found in SKPM when using HOPG as a reference. It 

should be noted that the coverage of QH* simulated here is larger than experimental 

coverage, and QH* bonding is not the only component of the surface dipole, 
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methanol, oxidation and other surface irregularities contribute to the experimentally 

measured value of the surface dipole as well. The electronic structure of BQ 

passivated n-Si surfaces in Figure 5.14 further explains the BQ passivation 

mechanism, where both the dipole  and the downward band bending 𝐸𝐵𝐵 contribute 

to the decrease of the Si surface work function, resulting in accumulation, a more 

electron-rich surface. With the chemical bonding mechanism found in previous work, 

we conclude that BQ passivation on n-Si decreases the surface defect states, as well as 

forms an electron accumulation layer decreasing the minority carrier density on the 

surface. 

                 
Figure 5.14. Electronic structure of BQ passivated n-Si surfaces. Both the dipole  and 

the downward band bending 𝐸𝐵𝐵 contribute to the decrease of the Si surface work 

function upon bonding of BQ radicals. 

5.4 Conclusions 

Surface photovoltage measurements via both the photoemission and SKPM 

techniques indicate a downward band bending of H-Si and BQ and ME treated 
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samples.  This suggests the creation of an accumulation layer of majority carriers near 

the surface, with a significant field-effect contribution to the observed surface 

passivation. It is seen that subsequent treatment of hydrogen terminated Si with 

solutions of methanol and benzoquinone further increases the magnitude of band 

bending. It is expected that variations between samples in the amount of oxide 

formation at the surface could explain some of the variation in SPV values recorded 

between the two measurement methods. The highest SPV values recorded for the ME-

Si and BQ-Si samples of about -220mV are approaching the fermi level – conduction 

band crossover. The similar magnitudes of surface band bending observed with both 

the BQ-ME and ME treatments is consistent with the expected mechanism of the 

surface modification, in which both BQ radicals and methanol radicals adhering to the 

surface. This work, verified by two measurement techniques, is contrary to the 

suggestion of Cahen et al. that BQ-Si exhibits an upward band-bending, suggesting a 

different method of field-effect passivation.50 

DFT calculations observe a decrease in work function due to formation of the 

dipole upon bonding of BQ radicals on the surface, decreasing the surface electron 

affinity. Considering the 0.04 eV shift due to the dipole  and the 0.17 eV downward 

band bending 𝐸𝐵𝐵, the work function of BQ-Si is found to be 4.11 eV. Both the dipole 

and downward band bending contribute to the formation of electron accumulation on 

n-Si passivated by BQ.  

With the chemical bonding mechanism found in chapter 2-4, we can conclude 

BQ passivation on n-Si mechanism, that BQ radicals bonding on n-Si decreases the 

surface defect states, as well as forms an electron accumulation layer, decreasing the 

minority carrier density on the surface. 
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ORGANIC-INORGANIC HYBRID DEVICE 

6.1 Introduction 

The search for low cost photovoltaics has brought up great interests in organic 

materials because of the low costs of organics, easy solution processing, high 

throughput and possible recyclability. Organic photovoltaics (OPV) have been 

fabricated with organic materials that are donor-acceptor blends with both conducting 

and semiconductor properties.  

The most common mechanism of OPV devices consists light absorption, 

exciton diffusion, charge separation and charge transport and collection, Figure 6.1. 

The excitons are formed on absorption of light, and then diffuse towards the donor-

acceptor interface. At the interface, the exciton undergoes a charge transfer reaction, 

forming a hole and electron in the donor and acceptor layers, respectively. In this 

process an electron is transferred from the donor to the acceptor, in an exothermic 

process. After the hole and electron are generated, they are conducted through the 

donor and acceptor materials and extracted by the electrodes and the photocurrent is 

generated. A poor generation and transportation of electrical charges are the common 

limitations of the OPV efficiency. The efficiency record of OPV devices is still low, 

13.2% by Heliatek in Feb 2016, comparing with the efficiency of over 25% for silicon 

                                                 

 
 Reprinted with permission from Hack, J. H.; Iyer, A.; Chen, M.; Opila, R. L.; In 

IEEE Photovoltaic Specialists Conference.; 2017; pp 1–6.. Copyright 2017 IEEE. 
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based solar cells.114 A further problem is lifetime, where photo induced degradation of 

organic materials is still a major downfall of this technology. 

 

 
Figure 6.1. OPV device operating principle. Step 1, light absorption; step2, exciton 

diffusion; step3, charge separation; step4, charge collection. 

One good approach in solving the problems is organic-inorganic hybrid solar 

cells that incorporate both material groups.115,116 Inorganic semiconductor materials 

are generally better light absorbers than organics, and have better electronic properties, 

like a high dielectric constant, a high charge mobility and environmental stability.117–

119 Incorporating semiconductor materials with organics will take advantage of the 

solution-processability of organics and enhanced charge generation and transportation 

in inorganics.  
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Figure 6.2. PEDOT:PSS is a polymer mixture of two ionomers. 

A lot of research have been done in looking for good combinations of organics 

and inorganics.120–124 PEDOT:PSS (Poly(3,4-ethylenedioxy-thiophene):poly-

(styrenesulfonate)) has been widely used as hole-collecting layers in hybrid solar cells 

due to its high light transmission, hole extraction, long-term stability and solution 

processability.125,126 PEDOT:PSS is a mixture of two ionic polymers, PEDOT-rich 

conductive cores and PSS-rich outer shells, Figure 6.2. PEDOT is an insoluble 

polymer, but by adding PSS as the charge balancing counter ion, an aqueous mixture 

is possible. With a deep work function of ∼5.0 eV in PEDOT:PSS film, a well-defined 

Schottky junction with silicon can be formed in the interface.127 PEDOT:PSS/Si based 

heterojunction has been extensively investigated as one of the potential techniques to 

realize low-cost PV application122–124,127, and further improvements in the 

PEDOT:PSS/Si interface are needed in order to reduce the carrier recombination lose 

and increase the efficiency. Here we will apply BQ in the PEDOT:PSS/Si interface to 

confirm the passivation effect in the hybrid device. 

6.2 Experiment 

An n-type silicon wafer with textured surfaces was used as substrate. Texturing 

was achieved by a low concentration (<2%) KOH etch, that etches silicon 

anisotropically in the <100> plane, creating a random pyramidal textured surface 
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(provided by Arizona State University). Back surface field (BSF) were created by 

POCl3 diffusion reaching 100 Ω/□ sheet resistance. This BSF region creates band 

bending which reduce the rear side surface recombination. 

The textured wafer was cleaned using a Piranha etch (H2SO4:H2O2= 4:1) for 

five minutes, followed by a five-minute DI water rise and a two-minute immersion in 

hydrofluoric acid (HF, 2wt%) to obtain hydrogen terminated surfaces. After cleaning, 

the substrates were quickly dried with a nitrogen gun and immediately placed in the 

0.01M BQ/ME passivation solution. Wafers are kept in the solution for one hours to 

achieve the maximum passivation based on the carrier lifetime study in chapter two. 

 

 

PEDOT:PSS is then spin coated onto the front surface, in which 7% dimethyl 

sulfoxide (DMSO) is added to increase the conductivity and 0.25% Triton X-100 

(from Sigma Aldrich) acting as a surfactant. Aluminum back contact and silver front 

contact are then deposited via electron beam vapor deposition. Device structure is 

shown in Figure 6.3. 

6.3 Results 

Several optimizations on the device structure were performed in this work. 

First, we looked at the substrate resistivity, which has been demonstrated having a 

Figure 6.3. Device structure of the PEDOT:PSS-BQ-Si solar cell. Surface 

texturing not depicted. © 2017 IEEE 
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large impact on open circuit voltages. Cahen et al, has reported that diodes made from 

hydroquinone on c-Si display an increase of approximately 70mV in open circuit 

voltages for every order of magnitude decrease in substrate resistivity.38 Kotulak et al, 

has seen decreases in fill factor for device with lower resistivity that potentially caused 

by higher bulk recombination.128 In this work, substrates with resistivity less than 25  

Ω.cm were studied and the best performance was found for wafers with resistivity 

around 1 Ω.cm. 

Different front and rear contacts were studied to achieve the best ohmic contact 

in the device to reduce resistive losses. Ti/Pd/Ag stacks are commonly used for n-type 

contacts, however transmission line measurements yielded higher resistance values for 

these contacts and in some cases showed a non-linear voltage dependence. Aluminum 

was found out being a better back contact for our device comparing with Ti/Pd/Ag, 

which might attribute to the better ohmic contact created by Al and prevention of 

additional junction. Ti/Pd/Ag was also compared to Ag as an alternative front contact.  

Of the metals tested, Ag remained the best choice for the front contact. Results of the 

preliminary hybrid device are shown in Table 6.1 and Figure 6.4, published by Hack, 

et al.129 

Table 6.1. Results of the hero hybrid device. © 2017 IEEE 

 

 

Jsc (mA/cm2) Voc (V) n (%) FF (%) Rs(Ohm cm2) Rsh (Ohm cm2) Area (cm2) 

28.6 .545 9.6 61.6 1.769 425.336 1 
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Figure 6.4. IV curve of hero device. (top) light IV curve, (bottom) dark IV curve.129 © 

2017 IEEE 

As a proof of concept, the first implementation of BQ as a device layer is 

successful. BQ is able to be used as a device layer with carriers able to pass through 

the BQ from the Si to the PEDOT:PSS for collection. A device efficiency of 9.6% has 

been achieved. A high Voc is expected resulting from the high quality BQ passivation, 

however this may require further optimization of the BQ-PEDOT:PSS interface. The 

relatively high series resistance might be attributed to a bad ohmic contact. 

The external quantum efficiency data, Figure 6.5, shows a good absorption at 

short wavelengths, in comparison with a diffused junction silicon cell. This indicates a 

well-passivated front surface since short wavelength light is absorbed near the front of 
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the cell. The relatively low absorption across the middle wavelength is likely caused 

by reflection, which can be potentially improved by optimized PEDOT:PSS layer. 

 

 
Figure 6.5. External quantum efficiency measurements with integrated short circuit 

current of devices. Hybrid device on KOH textured wafer with BSF (blue), 

Conventional diffused junction silicon device for comparison (blue).129 © 2017 IEEE 

 

6.4 Conclusions 

The structure of the proof of concept device combining PEDOT:PSS on Si 

with BQ/ME as a surface passivant was demonstrated. The introduction of the 

benzoquinone passivating layer does not provide a barrier to charge transfer. A hero 

device efficiency of 9.6% was achieved. Quantum efficiency data showed a good light 

absorption near the front of the cell indicating a well-passivated front surface. Further 

optimization of PEDOT:PSS layer is needed in order to lower the series resistance and 

improve fill factor, as well as better understanding of the energy levels and charge 

transport across the Si, BQ and PEDOT:PSS interfaces.  
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INORGANIC PASSIVANTS- SiOC by PLASMA-FREE ALD 

7.1 Introduction 

The conventional passivation layers for silicon solar cells are silicon oxide or 

silicon nitride. Silicon oxide is normally thermally grown, and it requires a high 

thermal budget using temperatures greater than 1000C. Plasma-enhanced chemical 

vapor deposition (PECVD) is widely used for silicon nitride deposition, but one 

disadvantage is plasma induced surface damage, which can cause a strong decrease of 

lifetime due to the defects created on the surface.16,130–133 Hence, passivation materials 

are needed that can be deposited without plasma and at relatively low temperatures. 

This chapter discusses about SiOC films using carbosilane compound 

precursors with plasma-free ultra-low-temperature ALD. This work is collaborated 

with K.K. Air Liquide Laboratories, Japan. The elimination of plasma and high 

temperature ensures the high quality of the substrate surface and also greatly decreases 

the thermal budget. Composition and bonding of the SiOC films are studied using 

XPS and FTIR. The surface passivation by the SiOC film, as well as its in-air and 

thermal stability are also studied and compared with the quinone passivation. 

                                                 

 
 Reprinted with permission from Chen, M.; Noda, N.; Rochat, R.; Iyer, A.; Hack, J.; 

Ko, C.; Dussarrat, C.; Opila., R. L. In IEEE Photovoltaic Specialists Conference.; 

2017; pp 1–6. Copyright 2017 IEEE. 
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7.2 Experiment 

Substrates used in this work are p-type Silicon (100) Cz wafers, with a 

resistivity of 1-100 cm, and thickness of 700-750 m. Two types of surface 

treatments were performed prior to ALD: Hydrogen termination is obtained by 1 wt% 

HF, and OH termination by SPFM solution (details described in reference 134). 

Samples were then loaded into the reactor immediately for the SiOC deposition. Three 

precursors (PRECs) were deposited in ULT-ALD in this work: BTCSM and BDCSM 

(Gelest 95% and Aldrich 97%, respectively) and R#2 shown in  

Figure 7.1, among which R#2 is a novel, proprietary compound synthesized in Air 

Liquide Laboratories. 

 

 
 

Figure 7.1. PREC structures © 2017 IEEE 

 

The home-built ALD system and the gas supply sequences are shown in  

Figure 7.2. The silicon precursors and water are introduced into the reactor in 

sequence with a precursor to water ratio around 1:15. Amines (pyridine or 

trimethylamine), introduced with the precursor serve as the catalyst for both precursor 

and water steps. The reactants are supplied through bubblers where the flow rates of 

each gas supply line are controlled separately by the flow rate and temperature of the 

nitrogen bubbling gas. Deposition rate of R#2, BTCSM and BDCSM were found to be 

around 0.7 Å/min, 1.5 Å/min and 3 Å/min respectively, under these conditions. 
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Figure 7.2. The home-built ALD reaction system and gas delivery sequences. © 2017 

IEEE 

After deposition, samples were loaded into an X-ray photoelectron 

spectrometer (XPS, Thermo scientific K-alpha) or FTIR spectrometer (Thermo Fisher 

Nicolet) immediately. Lifetime data was acquired with a Sinton WCT-120 Lifetime 

tester at MCD=1*1014 cm-3 using quasi-steady-state conductance decay (QSSCD). The 

thickness of the SiOC film is measured by an ellipsometer (Semilab, SE-2000). 

7.3 Results 

7.3.1 Influence of Surface Treatment Prior to ALD  

It is essential to study different surface features since both ALD and 

passivation are surface sensitive processes.135 Three surfaces are studied here, 

hydrogen terminated Si (HSi), hydroxyl terminated Si (OH-Si) and silicon with native 

oxide surfaces. 
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Figure 7.3. ALD mechanism. © 2017 IEEE 

BTCSM was deposited on these three types of wafers using the same ALD 

conditions. It was found that the deposition rate for H-Si substrates is 15% lower than 

for OH-Si and Si-native oxide substrates. This can be explained by the proposed 

mechanism in  

Figure 7.3. The oxygen on the substrate surfaces is the active site that bonds with 

silicon precursors to deposit the first monolayer, with amine as the catalyst; as water 

exposure follows, more chlorine is substituted by oxygen creating reaction sites for the 

next layer deposition. BDCSM and R#2 presumably follow a similar mechanism 

based on the precursor structures. For the rest of this work, the OH-Si surface is used, 

unless otherwise specified. The activity of Si-native oxide surfaces in this ULT-ALD 

method indicates that, in production, wafers can be loaded directly into the fabrication 

line without a surface precleaning, which will greatly shorten the processing time. 

Lifetime tests show that the films deposited on both OH-Si and Si native oxide 

substrates can passivate the surface with an increase in lifetime from less than 20 s to 

around 120 s, while BTCSM films deposited on H-Si do not passivate the surface. It 

needs to be noted that the SiOC depositions here have not been optimized for 

passivation, and it will be shown in the following sections that the longest carrier 

lifetime observed was 349 s. 
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7.3.2 Lifetime Performances 

The deposition conditions for R#2 and BTCSM are optimized, while BDCSM 

is more of a CVD-like process, and is still under study. It can be seen from Figure 7.4 

that, comparing with bare silicon, which has a lifetime under 20 s, the SiOC film 

deposited by both R#2 and BTCSM can passivate the p- Si substrates; the film 

deposited by R#2 with a thickness of 26.2nm, noted as sample R#2_1, gives the 

highest lifetime of 349 s. The lifetime has a weak dependence on thickness for all 

samples. 

 
Figure 7.4. Lifetime performance of the films deposited by three PRECs as a function 

of film thickness (nm). © 2017 IEEE 

BDCSM might be expected to give a higher lifetime than BTCSM because of a 

higher hydrogen incorporation in the PREC molecules. However, the opposite results 

are shown here, and it may be because the deposition conditions for BDCSM are not 

yet optimized. In this process the PREC vapors are mixed in the gas phase and then 

deposited without further reaction on the silicon substrates; as a result, the reactive 
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surface defects sites are less likely to be saturated by PREC molecules. FTIR of the 

deposited film shows the presence of unreacted precursor. (data not shown here) As a 

comparison, BQ/ME passivation was applied on the same substrate wafer following 

the procedure described in Chapter 2.4, and a lifetime of 1172 s was observed.  

The study of the composition as a function of depth in Figure 7.5 shows that 

the best passivation sample R#2_1, has around 10%C, 40%O and 50%Si. Si-O, C-O 

and Si-C bonding are observed in all films from XPS and FTIR. 

 
Figure 7.5. XPS depth profiles of R#2_1. © 2017 IEEE 
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7.3.3 Stability – In-air Degradation 

The in-air stability of SiOC was examined. R#2 samples were kept in ambient 

room condition for up to three weeks after deposition. The change in lifetime is 

recorded in Figure 7.6.  

 
Figure 7.6. Lifetime as a function of time in air of R#2 samples. © 2017 IEEE 

Figure 7.6 indicates that most films’ lifetime follows an exponential decay 

when the films are exposed to air. Some samples degrade much slower than others; 

R#2_4(220 s initially), can maintain 80% performance for 2 days. The degradation 

rate slows in samples with relatively thin SiOC layers. One hypothesis is that among 

the thinner samples, oxygen diffuses to the interface more easily, which introduces 

negative charges and decreases the number of interface state defects.136–138 It can be 

seen that even though the SiOC passivation lifetime is lower than BQ/ME passivation, 

SiOC is more stable in air than the BQ/ME layer on Si. 



 

 

 

103 

7.3.4 Stability – Heating Effect 

To characterize the temperature dependence of the degradation, BTSCM 

samples were heated up to 100ºC on a Sinton tester (WC-120 TS) equipped with a 

thermal probe in ambient room condition, and then cooled down. The heating takes 

place in a period of a few minutes, and the cooling requires several hours. The 

corresponding lifetimes are shown in Figure 7.7. 

 
Figure 7.7. Lifetime performances of BTCSM samples in high temperature. © 2017 

IEEE 

It can be seen here that the lifetime of four samples increased when heating the 

films to 100ºC, and decreased when cooled down. One hypothesis is that heating 

facilitates hydrogen diffusion from dielectric films to the interface, and terminates Si 

dangling bonds, which decreases the interface state density and thus gives a higher 

lifetime.136–138 Figure 7.7 also indicates that the impact of hydrogen or oxygen is more 

significant on relatively low lifetime samples; for samples with a lifetime longer than 

80 s, the improvement is not strong enough to compensate the oxidation of the 
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passivation layer, and the overall lifetime degrades dramatically at an elevated 

temperature, like for samples BTSCM_1,6,7. 

7.4 Conclusions 

SiOC thin films have been successfully deposited by carbosilane precursors 

using ULT-ALD at 50 ºC to 70 ºC. The plasma-free ultra-low temperature process 

eliminates the damage of silicon surfaces due to plasma and high temperature 

processing. This ALD can be performed on both OH terminated Si and Si-native oxide 

surfaces. This demonstrates another advantage of the SiOC film: wafers can be loaded 

directly into the deposition chamber without a surface cleaning, which will greatly 

shorten the processing time. 

Lifetime tests show that the SiOC film deposited by R#2 and BTCSM can 

passivate the p-Si substrates; the film deposited by R#2 with a thickness of 26nm 

gives the highest lifetime of 349 s. Surface analysis shows that the film has around 

10%C, 40%O and 50%Si with trace amounts of N and Cl. 

Most of the films lifetime performances follow an exponential decay when 

exposed to air. Some of the relatively thinner samples degrade much slower than other 

thicker films. This can be explained by the diffusion of oxygen to the interface more 

easily in thinner samples, which introduces negative charges and lowers the interface 

state defect density. Even though the SiOC passivation lifetime is lower than BQ/ME 

passivation, SiOC is more stable in air than the BQ/ME layer on Si. 

Moreover, an increase in lifetime is observed with an elevated storage 

temperature up to 100ºC, which may be related to hydrogen migration. 
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Overall, SiOC has been found to be a good alternative in passivating silicon 

solar cells. This SiOC plasma-free ULTALD process can also be used in thin film 

fabrication where plasma and high temperature are critical factors. 
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CONCLUSIONS AND FUTURE WORK 

Throughout this work, experimental and theoretical investigations were carried 

out for the passivation of Si surfaces with organic molecules and the implementation 

of those molecules in a hybrid organic/silicon solar cell device. While these findings 

have led to some conclusions, they have also presented paths forward for future work. 

These conclusions and improvement opportunities are presented in the following 

sections. 

8.1 Conclusions 

 

This work consists of three main components: chemical passivation 

mechanism studies, electrical passivation mechanism studies and device fabrication. 

Beginning with a study of the passivation behavior of free radicals in BQ, HQ, 

under the impact of external radicals and radiation, a radical-driven passivation 

mechanism was proposed: BQ is believed to abstract hydrogen atoms from methanol 

to become QH*, and both QH* and the resulting methanol radical are responsible for 

the nearly instantaneous improvement of minority carrier lifetime (𝜏=4500s, with 

SRV=1.6cm/s on polished surfaces; SRV=6.7cm/s on HNA etched surfaces). In 

HQ/ME solution, HQ loses a hydrogen atom to become QH*. QH*, the methanol 

radical and other radicals can bond to silicon and act as passivants.  

Other radical sources like photoinitiators can passivate silicon surfaces when 

applying light with the corresponding activation energy. This is further evidence of a 

Chapter 8 
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free radical-based bonding and passivation mechanism. Weak bonds like C-Cl can 

also generate radicals and passivate silicon. The radical-driven mechanism also got 

confirmed via electrochemistry where no redox peak rising from BQ is observed, 

indicating the BQ reaction on Si doesn’t involve electron transfer. 

The chemical passivation mechanism was further investigated by XPS, which 

confirmed the bonding of aromatic groups to the surface. The time evolution study of 

the BQ/ME bonding mechanism showed that BQ bonding dominates for a one hour 

BQ/ME treated sample, and methanol bonding to the surface increases with increasing 

immersion time. In addition, quantitative analysis showed that the 24 hours BQ/ME 

treatment gives roughly 21% SiOSi, 13% ME and 6% BQ top surface monolayer 

coverage. 

DFT results further support the possibility of QH* bonding from a 

thermodynamic perspective. The methanol radical has the most favorable adsorption 

energy for bonding, followed by QH* and then BQ molecule. Electron distribution 

results, specifically the large negative charge on the adsorbed moiety, indicate a field-

effect passivation effect by methanol. Moreover, the bonding geometry has been 

studied, wherein the single-bonded “edge-on” configuration is more energetically 

favorable than double-bonded “face-on” configuration. 

Surface photovoltage measurements via both the photoemission and SKPM 

techniques indicate a downward band bending of H-Si and BQ and ME treated 

samples. This suggests the creation of an accumulation layer of majority carriers near 

the surface, with a significant field-effect contribution to the observed surface 

passivation. The highest SPV values recorded for the ME-Si and BQ-Si samples of 

about -220mV are approaching the fermi level – conduction band crossover. The 
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similar magnitudes of surface band bending observed with both the BQ-ME and ME 

treatments is consistent with the expected mechanism of the surface modification, in 

which both BQ radicals and methanol radicals adhering to the surface. DFT 

calculation shows that a dipole is formed upon bonding of BQ radicals on the surface, 

decreasing the surface electron affinity and work function. The work function of BQ-

Si is found to be 4.11 eV. Both the dipole and downward band bending contribute to 

the formation of electron accumulation on n-Si passivated by BQ.  

After investigations on the passivation mechanism, hybrid organic/silicon 

devices using quinones were fabricated. The structure of the proof of concept device 

combining PEDOT:PSS on Si with BQ/ME as a surface passivant. The introduction of 

the benzoquinone passivating layer does not provide a barrier to charge transfer. A 

device efficiency of 9.6% was achieved. Quantum efficiency data showed a good light 

absorption near the front of the cell indicating a well-passivated front surface. Further 

optimization of PEDOT:PSS layer is needed in order to lower the series resistance and 

improve fill factor, as well as better understanding of the energy levels and charge 

transport across the Si, BQ and PEDOT:PSS interfaces.  

At last, another alternative passivation method -- SiOC passivation was 

studied, where the SiOC films were deposited with plasma-free ultra-low-temperature 

ALD. Composition and bonding of the SiOC films were studied using XPS and FTIR. 

The surface passivation effect and stability of the SiOC films are studied and 

compared with the quinone passivation. 
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8.2 Future Work 

Future work for the organic passivation will focus on examining the 

passivation degradation mechanism, improved understanding on the energy band 

bending, and optimizing the hybrid solar cell structure. 

The first topic to look at is the passivation degradation mechanism. It has been 

observed in Figure 2.8, that the lifetime of wafers in BQ/ME solution starts to degrade 

after couple hours, while HQ/ME can maintain the passivation results for days even 

though it takes longer for HQ/ME to reach a maximum passivation. One hypothesis is 

that oxidation still happens in the closed passivation bag, since the zip bags containing 

the solution and wafers are not high air proof. Another hypothesis is that the decline of 

Si lifetime in BQ/ME might be attributed to the addition of ME on the surface. 

Methanol bonding to the surface increases with increasing immersion time has been 

observed in Figure 3.1. ME competing with, or replacing, BQ decreases the lifetime 

because ME is less effective as a passivant than BQ. Further analysis on the 

degradation mechanism will assist the understanding of the organic passivation. 

In addition to the chemical passivation mechanism, a better explanation of the 

energy band structure on the silicon-organic interface is needed. Surface photovoltage 

on BQ and ME treated n-type Si samples was measured in Chapter 5, however, it is 

still not clear why BQ/ME passivation works on p-type as well, and if there are ways 

to further bend the band introducing an even higher lifetime.  

The next step would be optimization of the hybrid solar cell structure. The 

current champion device has a relatively high series resistance of 1.7 Ohm cm2, which 

might be attributed to a bad ohmic contact, and needs further optimization of the BQ-

PEDOT:PSS interface. In addition, from the quantum efficiency data that a relatively 

low absorption across the middle wavelength is observed, which is likely caused by 
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PEDOT:PSS layer reflection. Thus, more work on improving the PEDOT:PSS layer 

light absorption and conductivity critical in bringing up the device performances. 

Ultimately, utilizing this low-cost organic passivation with optimized hybrid 

device structure will result in a low-cost high-efficiency next generation PV 

technology. 

8.3 Disseminations 

This material is based upon work primarily supported by the Engineering 

Research Center Program of the National Science Foundation and the Office of 

Energy Efficiency and Renewable Energy of the Department of Energy under NSF 

Cooperative Agreement No. EEC‐1041895. Any opinions, findings and conclusions 

or recommendations expressed in this material are those of the author(s) and do not 

necessarily reflect those of the National Science Foundation or Department of Energy. 

The radical-driven organic passivation mechanism study was published in 

Journal of Physical Chemistry, C.139 The study of lifetime QSST measurement of 
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