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Mohd Adib Ibrahim
High material cost and poor optical absorption of silicon provides the principal
motivation for researchers looking for alternative solutions to improve photoexcitation of silicon and leading to more efficient and cheaper solar cells. The
present thesis investigates a novel technique of light harvesting (LH) using
molecular layers attached to the surface, combined with improved surface
passivation. Several surface modifications are produced using wet chemical
routes, including hydrogen termination following the covalent attachment of
alkyl monolayers.

The deposition of Langmuir-Blodgett (LB) films on the

passivated silicon surface is used to create LH structures to generate electron
hole pairs in the semiconductor.
The interface properties of the passivated layers were characterised by the
Spectroscopic Ellipsometry, Fourier Transform Infra-red Spectroscopy, Contact
Angle and X-ray Photoelectron Spectroscopy. The passivation surfaces are
characterised via surface photovoltage (SPV) measured by the Kelvin Probe (KP)
method. An alternative of energy conversion model in photosynthesis and
expression of the theory of surface current are derived that follows the
Shockley solar cell equation.
We find that the alkyl passivated Si-decene samples possess a lower small
surface potential than the native oxide samples (21 - 28 mV), a lower surface
charge (approximately 2.6 x 10+10 C/cm2) and a lower surface recombination
velocity (SRV) (1020 cm/s). We make a preliminary determination as to the LH
properties of silicon-decene samples which contain a DiO dye in the LB film. A
different mechanism of charge trapping was observed in the silicon-decene-LB
i

sample. We show conclusively that the charge generated at the interface
charge occurs only by illumination within the absorption band of the DiO dye
at the wavelengths of 450 and 500 nm, and calculated this charge to be about
3.5 x 10+10 C/cm2. The mechanism of charge trapping and detrapping is
described as a slow process with two identical lifetimes where the slower
component differs for the decene and hexane samples. It is significant that this
charge trapping via excitation of a molecular layer occurs only when the
molecules are close to the surface.
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Chapter 1
1.1

Research Review

Introduction

Solar energy has an important function in achieving sustainable and
environmentally friendly resources to fulfil the energy requirements of
humanity. Solar energy has been assimilated by biological organisms over
millions of years; in particular, humans use it for numerous ends, including
health, industry, religious belief and culture, architecture and construction
purposes. The utilization of non-renewable fuel as a primary source of energy
is necessary because fossil fuels have many adverse consequences and are not
sustainable. Combustion products produce pollution, acid rain, and global
warming. As an alternative solution to environmental pollution and future
energy crises, much research is currently devoted to the development of
photovoltaic (PV) solar cells that can work better because of the ever-present
sun.

1.2

Motivation

PV technology is the most promising energy source in terms of clean and safe
utilization of solar energy. In general, a PV system consists of solar cells and
ancillary parts. Solar cells utilize energy from the sun by transforming solar
radiation into electricity, with conversion efficiencies of commercial devices
ranging between 15% and 20%. However, the high cost of solar cell materials
and the low efficiency of PV cells are challenging, which limit the expansion of
this technology. The breakdown of the cost of a solar cell is as follows: silicon
wafer (65%), module assembly (25%), and cell fabrication (10%). The cost of the
silicon wafer is divided into purification of silicon (35%), crystallization (35%),
and sawing (30%).
A key disadvantage of silicon as a photovoltaic material is its low optical
absorption by virtue of its indirect band gap. This means that long optical path
is required, and thicker semiconductor wafers are needed to absorb the
sunlight. This in turn implies that the photo-generated carriers must travel over
1
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longer path lengths to produce the electricity. Thus, more material volume and
a higher quality material are needed which leads to high material cost.
Therefore, research is needed to discover ways of improving photo-excitation
of silicon, leading to lower material usage and lower cost.

1.3

Approaches to the Solution

PV energy conversion has many similarities to photosynthetic systems. In a
solar

cell,

the

incident

light

energy

creates

electron–hole

pairs

in

semiconductors, where the minority carriers are transported to the junction.
The charges are then separated at the junction to produce electrical current
and voltage. By contrast, photo-excited molecules in a photosynthetic system
use the excitation energy transport from the light harvesting (LH) antenna to
the RC. The electrons are then transferred between the molecular species
across the membrane to generate a proton gradient. This gradient is necessary
for adenosine triphosphate (ATP) synthesis in bacteria and for producing redox
species that yield oxygen and sugar in higher plants.
The LH process is another interesting aspect of photosynthetic conversion
mechanism due to its higher collection efficiency and because it transports
energy rather than charge. This thesis explores the idea of specially designed
dye molecules that are used to absorb light efficiently and couple the light
absorption process for charge separation at the junction. The resulting novel
PV structure converts photons into electricity in two natural stages: a molecular
collector absorbs light with a high-optical absorption cross-section and then
transfers energy to a semiconductor converter that separates the photogenerated charges at the junction to produce electricity. This novel PV
structure can lead to efficient light absorption and energy conversion within a
compact device, with low material requirements and low costs [3]. A novel PV
structure has the potential to decrease the cost of PV manufacturing (Figure
1.1).
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Figure 1.1

Schematic diagram of the novel photovoltaic structure. Light
absorbs by the dye molecular layer and transfer the energy by
non radiative resonance transfer process. The energy transfer
occurs by a dipole-dipole resonance interaction between the
energy donor and acceptor [4]. The energy is then collected by
electrons from the base and by holes from the emitter (thick
arrow). Charge separation takes place at the junction (dashed
arrow) [3].

1.4

Aim and Objectives

The overall aim of this study is to develop a technique for charge injection into
silicon by LH energy absorbed in organic dyes attached to the surface to
overcome the poor optical absorption of silicon. This study also aims to
develop novel surface passivation techniques and characterize the passivated
layers by employing the Kelvin Probe (KP) method to assist in the efficient
utilization of the proposed process. The research objectives are further
presented in detail as follows:
1.

To develop a method to attach organic dyes to silicon, enabling energy
transfer between the chromosphere and silicon, as well as surface
passivation.
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2.

To develop a mathematical model to estimate the surface recombination
velocity for surface passivation and to investigate charge generation in
the semiconductor based on the KP method.

3.

To develop a simplified energy model of photosynthesis that parallels
the operation of a solar cell.

1.5

Main Contributions

The main contribution of this study is on the attachment of LH materials
(Figure 1.2).

Energy conversion –
new simplified model
of photosynthesis for
PV application

Attachment of LH
materials to the
silicon

Sensitisation of
silicon by dye
monolayers (LB films)

Solar cell model of
surface recombination
current based on KP
follows ideal diode

Analysis of data
(charge trapping) by
KP

Determination and
analysis of SRV by KP

Determination of
lifetime constant for
charging

Validation of SRV data
with Sinton PCD
measurements

Discussion and conclusion

Figure 1.2

A summary of main contribution and research framework
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An experiment was performed on the sensitization of silicon by dye
monolayers. The formation of dye monolayers via a LB film on the silicon was
analysed in relation to the charge-trapping mechanism through the KP method.
A theoretical study carried out in this thesis shows that the surface
recombination current, as measured by the KP method, follows the ideal diode
equations. The surface recombination velocity (SRV) value was determined
through a linear slope of the graph measured by KP. The SRV data were then
validated with Sinton Photo-conductance Decay (PCD) measurements that show
linkages

between

two

different

measurements.

Aside

from

the

main

contributions, supporting analysis of a simplified model of photosynthetic
energy conversion for PV application was also performed in this study.

1.6

Outline of the Thesis

This thesis is organized into 10 chapters with the following outline:
Chapter 1 provides the introduction, background, and motivation for this
study.
Chapter 2 describes the physical fundamentals of silicon solar cells, including
p-n junction equations, as well as their characteristics. A short review of
recombination in solar cells is also provided.
Chapter 3 examines the characteristics of semiconductor surfaces and surface
state properties. The role of surface charge, effect of charge on the surface,
and band bending near the surface are also discussed.
Chapter 4 develops a simplified model of photosynthetic energy conversion
and identifies the various components of chemical energy (or chemical
potential) that can be described by the Shockley solar cell equation. This study
focuses on the energy conversion process originating in the LH antenna and
finally reaching the RC of photosynthesis. This process has similarities to PV
energy.
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Chapter 5 discusses KP as a tool for measuring the work function by means of
SPV under illumination. KP is applied to determine the surface barrier height
and diffusion length of the sample. A mathematical model is developed for SPV
that follows an ideal diode.
Chapter 6 reviews the chemical routes that modify silicon surfaces, including
hydrogen termination and organic monolayer passivation. An experimental
procedure is described for the treatment of silicon surface and passivation by
reacting with hydrogen and alkene groups. The obtained surfaces are
characterized by X-ray photoelectron spectroscopy (XPS) and Fourier transform
infrared spectroscopy (FTIR). Surface stability is characterized by ellipsometry
and water contact angles.
Chapter 7 describes the experimental procedure used to deposit a dye
monolayer via LB technique on the silicon substrate to form LH structures.
Chapter 8 examines the characterization of silicon surface passivation using
the SPV measurements developed in Chapter 5 through the KP method. This
characterization identifies the surface properties involving diffusion length,
barrier height, and surface current. It then estimates the surface recombination
velocity of the samples prepared by techniques described in Chapters 6 and 7.
Chapter 9 studies the trapping in silicon of charges photo-generated in the
molecular structure on the surface of LB films. SPV, charge trapping, and decay
upon illumination are monitored through KP. A preliminary experiment
identifies several charge-trapping processes on the samples with different
organic passivation layers, including Si-decene-LB and Si-hexane-LB. The results
are compared with those in control samples containing native oxide.
The final chapter presents the conclusions drawn from this study and provides
some recommendations for future research. KP characterization is described in
detail in APPENDIX 1. A list of journal and conference papers is attached in
APPENDIX 2.
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Chapter 2
2.1

Photovoltaic Solar Cell Operation

Introduction

This chapter describes the operation of a solar cell and the general principles
of photovoltaics. It also explains the electrical characteristics and the
performance of silicon solar cells, and introduces a discussion on the p-n
junction. This study shows how depletion region approximation can be applied
on semiconductor surfaces. Depletion approximation is used as a basis for the
formation of a new theoretical framework related to KP operation in Chapter 5
onward. A short review of recombination in solar cells that consists of all the
mechanisms of the recombination processes is also given.

2.2

Optical Absorption in Silicon and Charge Carrier
Generation

Semiconductor materials absorb incoming photons and promote electron
movement toward the conduction band to generate an electron–hole pair. This
process is called photogeneration. The important parameter in this process is
the band gap energy EG of the semiconductor. In an ideal case, no photons are
absorbed for energy hv < EG. In terms of wavelength, the photon energy is
given by

E = hv =

hc

Eq. 2.1

λ

where h is Planck constant, c is the speed of light, v is the frequency, and λ is
the wavelength of light.
Photons with energy hv > EG contribute the energy EG to the photo-generated
electron–hole pair after equilibrium; the excess energy (larger than the EG) is
lost in the process known as thermalisation [5, 6]. This excess energy is lost as
heat and cannot be converted into useful power, which represents one of the
fundamental loss mechanisms in a solar cell.
7
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Absorption attenuates the light intensity inside the semiconductor. With depth
x, the photon flux Φ(x) is given by [7]

Φ ( x) = Φ (0)e −αx

Eq. 2.2

where Φ(0) is the number of photons on the surface x = 0 and α is the
absorption coefficient. The absorption depth α-1 is the inverse of the absorption
coefficient α. The light absorption properties of silicon can be characterized by
a wavelength-dependent absorption coefficient (Figure 2.1).

Figure 2.1

The optical absorption of silicon – absorption coefficient and the
absorption depth [8].

Considering that the absorption coefficient depends on the wavelength,
different wavelengths of light are absorbed at different depths in the
semiconductor. At short wavelengths, high-frequency light (high-energy
photons) has a large absorption coefficient and is strongly absorbed near the
surface. The energy photons are sufficiently energetic to excite electrons
8
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directly from the valence band to the conduction band. Long-wavelength light
with a large absorption coefficient is absorbed much deeper in the silicon.

2.3

Fundamentals of p-n Junctions

The p-n junction is an effective interface between p-type and n-type layers of
the same material. The most common material used in solar cells is crystalline
silicon with indirect energy gap EG of 1.12 eV [1]. Generally, the most essential
part of solar cells is the p-n junction area, where photo-generated electron–
hole pairs are separated by the internal electric field. In this section, the
fundamentals of p-n junction in thermal equilibrium, in the dark, and in
applied bias are explained further.

2.3.1

Semiconductor Statistics

Thermal excitation of electrons moving from the valence band to the
conduction band occurs at a finite temperature, leaving an equal number of
holes in the valence band. An intrinsic semiconductor is also known as an
undoped semiconductor, which contains a number of excited electrons that is
equal to the number of holes at any temperature above absolute zero. This
process is balanced by the recombination of the electrons in the conduction
band and holes in the valence band. At thermal equilibrium, the Boltzmann
relation of n-type and p-type materials with equal Fermi levels is given by the
following:

 E − Ei
n = ni exp F
 k BT





Eq. 2.3

 E − EF
p = ni exp i
 k BT





Eq. 2.4

where n and p represent the electron and hole concentrations; ni is the intrinsic
carrier concentration; and Ei and EF are the energy levels corresponding to the
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intrinsic level and the Fermi level [1], respectively. The value of intrinsic carrier
concentration ni depends on the semiconductor material and the temperature
(for silicon at 300 K, ni is equal to 1.4 x 1010 cm-3) [9].
At thermal equilibrium, the pn product is equal to ni2. A single Fermi level can
thus be employed when no excess carriers or no net recombination exists. The
Fermi level must be constant across the junction once equilibrium is
established.
The pn product is no longer equal to ni2 when away from thermal equilibrium,
where the densities of the minority carrier on both sides of the junction are
changed. Thus, this study defines the quasi-Fermi levels for electrons and
holes as follows:

 E − Ei 
n ≡ ni exp  Fn

 k BT 

Eq. 2.5

 Ei − E Fp 
p ≡ ni exp 

 k BT 

Eq. 2.6

where EFn and EFp are the quasi-Fermi levels for electrons and holes,
respectively. From Eq. 2.5 and 2.6, the equation can be obtained as follows:





Eq. 2.7

 p
E Fp ≡ Ei − k B T ln 
 ni 

Eq. 2.8

n
E Fn ≡ Ei + k B T ln
 ni

The pn product becomes

 E Fn − E Fp 
pn = ni2 exp 

 k BT 

Eq. 2.9
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2.3.2

In Thermal Equilibrium

The combination of the two semiconductor layers creates a built-in potential
and aligns the Fermi levels. Once the junction is formed, the electron flows
from the n-side to the p-side, and the holes in the p-side move to the n-side to
create a double-charged layer until it reaches equilibrium. A depletion region
around this interface is depleted of free carriers; the depletion region is
associated with the electric field acting as an electrical barrier to a further
majority carrier diffusion [1, 10, 11]. The space charge and the potential curve
of the p-n junction can be explained further in the form of a mathematical
equation based on depletion approximation.

i.

Depletion Approximation, Electric Field and Potential

The electric field and potential distributions across the depletion region are
shown in Figure 2.2. The p-type material is on the left of the p-n junction,
whereas the n-type material is on the right. The charge distribution shows the
fixed dopant charge because of dopant ions; the negative charge is on the left
of the junction and the positive charge is on the right. In practice, the charge
gradually drops off into the neutral region over a very short distance because
the total charge must be zero in thermal equilibrium.

N A x p = N D xn

Eq. 2.10

Based on Poisson equation,

d 2Vi ρ ( x) qN A
=
=
εs
εs
dx 2

− xp ≤ x ≤ 0

Eq. 2.11

d 2Vi
qN
ρ ( x)
=−
=− D
2
εs
εs
dx

0 ≤ x ≤ xn

Eq. 2.12

−

The electric field strength, ξ is the function of electrostatic potential given by
the integration in the above equation. Thus,
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ξ ( x) = −

dVi
qN A x
=−
+ C1
dx
εs

Eq. 2.13

where C1 is the integration constant. When x = -xp, and C1 = − qN A x p ε s , the
constant of integration can be determined where ξ ( x) = 0 . Substituting this
constant into Eq. 2.13 results in the following:

ξ p ( x) = −

qN A ( x + x p )

− xp ≤ x ≤ 0

εs

Eq. 2.14

Following the same procedure for n-type of the junction,

ξ n ( x) =

qN D ( x − x n )

0 ≤ x ≤ xn

εs

Eq. 2.15

Integrating the electric field strength ξ leads to the potential as a function of
distance. Thus,

qN A x 2 qN A ( xx p )
+
+ C3
V p ( x) =
εs
2ε s

Eq. 2.16

Following the same procedure for n-type of the junction,

ξ n ( x) =

qN D ( x − x n )

0 ≤ x ≤ xn

εs

Eq. 2.17

Integrating the electric field strength ξ leads to the potential as a function of
distance. Thus,

qN A x 2 qN A ( xx p )
+
+ C3
V p ( x) =
2ε s
εs
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Figure 2.2

Diagram of uniformly doped p-n junction; a) charge density;
b) electric field; c) potential [1] and d) band diagram of p-n
junction in thermal equilibrium where the electric field, qVbi
is the difference of Vp and Vn [2].

A similar approach is applied for the n-type that results in the following:

Vn ( x ) = −

qN D x 2 qN D ( xx n )
+
+ C4
εs
2ε s

Eq. 2.19

At the boundary condition, x = 0. The integrations of Eqs. 2.18 and 2.19
become easier because of the constant C3 = C4 = 0. Thus,
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qN A x 2 qN A ( xx p )
V p ( x) =
+
2ε s
εs

Vn ( x ) = −

Eq. 2.20

qN D x 2 qN D ( xx n )
+
2ε s
εs

Eq. 2.21

Given the value of the potential at x = -xp, the Eq. 2.20 becomes the following:

V p (− x p ) = −

qN A x p

2

Eq. 2.22

2ε s

The potential at x = xn is as follows:

Vn ( x n ) =

qN D x n
2ε s

2

Eq. 2.23

The change in the potential across the junction is the built-in voltage, Vbi where
the area under the triangle in the electric field distribution is also equal to Vbi.
The total potential difference across the junction represents the built-in
voltage. Thus,

Vbi = Vn ( x n ) − V p (− x p )

Vbi =

Eq. 2.24

q
( N A x 2p + N D x n2 )
2ε s

Eq. 2.25

The total charge for both sides must be equal (Eq. 2.10) to calculate the total
depletion layer width W. Thus,

Vbi =

 N + ND
q
N A2 x 2p  A
2ε s
 NAND


 N + ND
q
 =
N D2 x n2  A
 2ε s
 NAND





Eq. 2.26

From Eq. 2.26, the depletion layer width for both sides of the junction is as
follows:
14
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WDp = x p =

1
NA

2ε sVbi N D N A
q (N A + N D )

Eq. 2.27

WDn = x n =

1
ND

2ε sVbi N D N A
q (N A + N D )

Eq. 2.28

WD = WDp + WDn =

2.3.3

2ε sVbi
q

 NA + ND

 NAND





Eq. 2.29

Under Applied Bias

The current density J is zero at equilibrium (i.e., in the dark and without
applied bias). No minority carrier diffusion current exists in the neutral region
and no net recombination is observed in the illustration of the band diagram
(Figure 2.3).
The built-in voltage in equilibrium Vbi is determined by the difference in work
functions of the n- and p-type materials Vn and Vp, respectively. The difference
in work functions is equal to the difference in the shift of the Fermi levels from
the intrinsic potential energy of the semiconductor because Ei is parallel to Evac.
Thus,

Vbi =

1
(Vn − V p )
q

Eq. 2.30

The shift Ei – EF can be expressed in terms of the doping levels using Eqs. 2.3
and 2.4 for n- and p-type materials, respectively. Therefore, Vbi is defined as
follows:

Vbi =

k B T  pn 
ln 2 
q
 ni 

Eq. 2.31
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At low currents (Eq. 2.9), EFn and EFp remain relatively constant inside the
depletion region, and the depletion width is much shorter than the diffusion
length [2]. With this argument, the voltage in depletion region becomes

qV = E Fn − E Fp

Eq. 2.32

The qV equation can be re-arranged from Eq. 2.9 as follows:

 pn 
qV = k B T ln 2 
 ni 

Eq. 2.33

E
Vbi

EFp

EF

E

W

Figure 2.3

D

Band diagram of p-n junction in the dark [11].

If a voltage V is applied to the junction in the dark, the built-in potential barrier
is decreased, and more majority carriers are able to diffuse across the junction.
Therefore, a net current of electrons is observed from n- to p- and holes from
p- to n-. The quasi-Fermi level in the depletion region split by the applied bias,
remains flat across the depletion region, and only undergoes sharp changes at
the interfaces. The quasi-Fermi levels return from the depletion region because
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of a recombination of carriers. A net recombination which is included in the
current occurs in that region.
In a p-n junction under forward bias conditions, the applied electric field Vf
decreases the internal built-in field Vbi. The potential barrier then becomes

Vtotal = Vbi − V f

Eq. 2.34

Besides the decrease in potential difference across the junction, the width of
the depletion layer is also decreased, followed by a decrease in the energy
barrier heights for electrons and holes. Under these forward bias conditions,
the current mainly flows from transport of electrons and holes across the
junctions.
Under a reverse bias, the applied voltage Vr at the junction is increased. Thus,
the diffusion current of the electrons and holes is lowered. The potential
barrier height is as follows:

Vtotal = Vbi + Vr

Eq. 2.35

From Eq. 2.9, the pn product is no longer equal to ni2 when the external bias is
applied. Considering that the densities of the minority carrier on both sides of
the junction are changed, the quasi-Fermi levels EFn and EFp are also modified.
The

quasi-Fermi

levels

describe

non-equilibrium

situations

where

the

separation between the two quasi-Fermi levels gives rise to a recombination
away from thermal equilibrium. This separation is related to the applied
voltage.

2.3.4

Surface Space Charge Region

The interruption of symmetry by the presence of a surface introduces a charge
in the surface states. This condition is compensated by a surface space charge
region (SCR) and generally results in band bending to preserve the overall
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charge neutrality. Only if no region of space charge exists will bands remain
flat. The condition of charge neutrality is as follows [12]:

Qss + Qsc = 0

Eq. 2.36

where Qss and Qsc are the net charge in surface states and the space charge per
unit area in the SCR, respectively. Both Qss and Qsc may change significantly
upon illumination, where the absorbed photons induce the formation of free
carriers; this scenario results from the creation of electron–hole pairs via bandto-band transitions or the release of captured carriers via trap-to-band
transitions [13]. Applying a similar argument to this one-sided junction we
obtain

Qss = −Qsc = qN DWD

Eq. 2.37

where W is the space chare region width and ND is the donor density.

2.3.5

Relation of the Depletion Layer and Space Charge Density

For better understand the band bending effect, there is an equation involved to
relate the depletion region and space charge density. Eq. 2.29 shows that the
depletion layer's width depends on the doping density. Considering the n-side
of a one-sided abrupt junction where the majority of the potential variation and
depletion region are on the lightly doped side (i.e., for NA >> ND), the equation
is reduced to the following:

WD = x n =

2ε sVbi
qN D

Eq. 2.38

The potential across the depletion region is as follows:
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V ( x) =

Vbi x 
x
 2 −
WD 
WD





Eq. 2.39

A more accurate analysis [1] shows that the width of the depletion layer at
thermal equilibrium for a one-sided abrupt junction should be decreased by
“tails” because of thermal voltage. Thus, it transforms to the following:

WD =

2ε s
qN D


2kT 
Vbi −

q 


Eq. 2.40

Based on Eq. 2.37, the above equation can be multiplied with qND to measure
the built-in voltage in the depletion region of the semiconductor. Thus,

Qsc = qN D .WD =

2ε s 
2kT 
Vbi −
 .qN D
qN D 
q 

Eq. 2.41

When a voltage V is applied to the junction, the total electrostatic potential
variation across the junction is given by (Vbi − V ) . Thus,


kT 

Q sc = 2qε s N D Vbi − V −
q 


Eq. 2.42

This equation is valid only if no inversion layer exists in the semiconductor
[14].

2.4

Operation of Solar Cell

Solar cell operation is based on the formation of a junction and depends on the
PV effect to convert sunlight directly into electricity. In the conversion process,
the incident energy of light creates mobile charged particles in the solar cell
that are then separated from the structure of the device to produce electric
current. A solar cell converts light into electricity by exploiting the PV effect
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that exists at the semiconductor junctions. In general, the solar cell performs
two processes: absorption of light and separation of electric charges. These
charges (i.e., electrons and positively charged “holes”) are formed when light
absorption excites electrons to higher energy levels in the semiconductor. The
higher-energy electron then moves from the solar cell into the external circuit.
The electron disperses its energy in the external circuit and returns to the solar
cell.

2.4.1

Solar Cell Structures

Figure 2.4 shows a conventional planar of a solar cell structure where two
neutral regions, emitter (n-type) and base (p-type), are separated by a p-n
junction. The most common crystalline silicon solar cell consists of an
absorber

material

of

moderately

doped

p-type

Si

with

an

acceptor

concentration of 1016 cm-3 and thickness of approximately 300 µm. A thin layer
of absorber with thickness of < 1 µm is a highly doped n-type placed on the
top layer of the cell. Metal contacts are used to extract the electrical current
from the front and rear of the solar cell. The front contact structure that must
allow light to pass through is in the form of widely spaced, thin metal strips
(usually called fingers) that supply current to a larger bus bar. The antireflection coating cell is a thin layer of dielectric material that covers the solar
cell to minimize light reflection from the top surface [10].
Solar cells are essentially semiconductor junctions under illumination. Light
generates electron–hole pairs on both sides of the junction, namely, in the ntype emitter and in the p-type base. The generated minority carriers are
electrons (from the base) and holes (from the emitter) that diffuse to the
junction and are swept away by the electric field. Thus, they produce an
electric current across the device. The p-n junction separates the carriers with
an opposite charge and transforms the generated current between the bands
into an electric current across the p-n junction.
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Figure 2.4

A typical structure of a conventional silicon solar cell. The
minority carriers (electrons) move from the base and holes from
the emitter (thick arrow) across the junction. Charge separation
takes place at the junction by the electric field (dashed line).

2.4.2

Current-Voltage Junction under Illumination

If the junction is illuminated by photon hv > EG, additional electron–hole pairs
are generated in the semiconductors. The concentration of minority carriers at
both sides of the semiconductor increases rapidly and causes a flow of the
minority carriers across the depletion region. The electron flows from the nside to the p-side, and the holes in the p-side that move to the n-side cause the
photo-generated current density JL.
Under an open circuit condition, the junction generates voltage Voc by
decreasing the built-in potential barrier across the junction to become Vbi – Voc.
The width of the depletion region also decreases and changes the
concentration of electrons and holes under non-equilibrium conditions, as
described by the quasi-Fermi levels. The quasi-Fermi level EFn is much higher in
the n-type region than in the p-type region by the amount of qVoc [15]. In a
short circuit condition, both n-type and p-type regions are short circuited under
illumination, where JL flows through the external circuit. Given that the voltage
is zero, the built-in potential barrier is unchanged. When the current flows
inside the semiconductor, large differences of the quasi-Fermi levels are
observed inside the depletion region.
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2.4.3

The Electrical Performance of Solar Cell

PV energy conversion in solar cells is based on the principle of a p-n junction.
In solar cell applications, the I–V characteristic can be obtained by drawing an
equivalent circuit of the device (Figure 2.5). The output current I of the solar
cell is equal to the difference between the light-generated current IL and diode
current ID. When no illumination occurs, the current is allowed to pass under a
forward bias because no generation of IL occurs and is blocked under a reverse
bias. The dark current of a solar cell is as follows:

  qV  
I dark = I D exp
 − 1
  kT  

Eq. 2.43

This equation is known as the Shockley diode equation that neglects a current
component due to recombination in the SCR. When a forward bias is applied, it
injects minority carriers into the neutral regions of the diode. The minority
carriers then diffuse toward the bulk, giving rise to a diode current. With
illumination, the number of free carriers increases. The carriers created within
one diffusion length to the junction without recombining are separated by the
electric field and transported to the external circuit to form a photo-generated
current IL. This photocurrent is directly proportional to the intensity of light
and depends on the incident spectrum and spectral response.
IL is the light-generated current produced inside the solar cell in a short circuit.
The external measured current is denoted as Isc. The cell generates no power (V
= 0) in a short circuit. All of the light-generated current passes through the
diode (Figure 2.5). The overall current voltage at the operating point can be
modelled as the sum of the dark and photocurrents, where the equation of I–V
can be rearranged as follows:

I = I L − I dark

Eq. 2.44

  qV  
I = I L − I D exp
 − 1
  kT  

Eq. 2.45
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Figure 2.5
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V

_

The effect of light on the I-V characteristic of a solar cell
compared to a diode [16].

When a load is connected to the solar cell, the current decreases and a voltage
develops as a charge builds up in the terminals. The resulting current can be
viewed as a superposition of the following: a short circuit current caused by
the absorption of photons and a dark current caused by the potential build up
over the load that flows in the opposite direction. Under an open circuit (at I =
0), the cell generates a voltage (Voc). Thus,

Voc =


kT  I L
ln
+ 1
q  ID


Eq. 2.46

The cell delivers maximum power Pmax when operating at an optimum point on
the I–V products. This condition is shown graphically in Figures 2.6 and 2.7,
where the position of the maximum power point represents the largest area of
the rectangle shown.
The fill factor FF is defined as the ratio of the maximum power from the solar
cell to the product of Voc and Isc by the following:
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FF =

I max .Vmax
Voc .I sc

Eq. 2.47

The energy conversion efficiency η of a solar cell is defined as the ratio of the
maximum power delivered at the maximum power point to the incident light
power. The maximum power can be calculated using the following equation:

Pmax = Vmax .I max = FF .Voc .I sc

Eq. 2.48

η = Pmax / Pinc

Eq. 2.49

where Voc, Isc, FF, and Pinc are the open circuit voltage, short circuit current, fill
factor, and incident light power, respectively.

Isc
Imp

Pmax

Vmp

Figure 2.6

Voc

Measured I-V characteristic of a solar cell, also showing the
maximum power point.
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Pmax

Vmp

Figure 2.7

Voc

P-V characteristic of a solar cell with the maximum power point.

Pinc can be calculated by multiplying the incident power Pin and the surface area
of the solar cell Ac in cm2. The standard conditions used in the characterization
of solar cells are Pin of 100 mW/cm2, with the illumination of air mass AM1.5
(Global) and measured at 25 °C. In this study, the solar cell sample was
calculated using the following electrical characteristics: FF is 0.65; Pmax is
0.0261 W; Ac is 7.49 cm2; and η is 3.48%.

2.5

Carrier Recombination Processes in Solar Cell

Recombination mechanisms can be considered recovery processes when a
semiconductor is disturbed from the equilibrium state after excess carriers
have been introduced into a semiconductor. The parallel processes between
generation and recombination are nature’s order-restoring mechanisms,
whereby the carrier excess or deficit inside a semiconductor is stabilized or
25

Photovoltaic Solar Cell Operation

removed. Most recombination processes can be reversed to generate carriers.
The generation processes are caused by thermal energy or light introduction
via photon absorption to generate energy. The illumination of a semiconductor
with photons of sufficient energy generates electron hole pairs. Three main
recombination processes exist: (i) radiative recombination; (ii) band-to-band
Auger recombination; and (iii) recombination via defect levels (surface or bulk).

2.5.1

Carrier Transport and Recombination

The carrier density gradient in the semiconductor causes carrier diffusion. The
density gradient can be achieved by varying the doping concentration or by
applying a thermal gradient in the semiconductor [17]. If no electric field
exists, these carriers diffuse throughout the cell until the concentration is
uniformly distributed. When an electric field is present, the movement of
carriers is subjected to a force. The electrons move in the direction opposite
that of the electric field, whereas the holes move in the same direction as the
electric field.
Recombination is defined as a process through which electrons and holes are
annihilated. Generation is the process through which electrons and holes are
created. Recombination and generation affect current flow in semiconductors
by manipulating the carrier concentration involved in the drift and diffusion
process, and by changing the carrier concentration through time-dependent
decay. The net recombination in a semiconductor is the sum of three
recombination processes described below. Under low injection, the net
recombination rate U is proportional to the excess carrier concentration Δn.
The minority carrier lifetime τ can be defined as

τ (∆n, no , p o ) =

∆n
U (∆n, no , p o )

Eq. 2.50

Low and high injection conditions indicate that the excess carrier concentration
is much smaller or larger than the doping concentration, respectively. This
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equation is mainly dependent on the injection density Δn and the doping
concentration of the semiconductor through n0 and p0.

2.5.2

Radiative Recombination

Radiative recombination is a process that is opposite the absorption of light. In
this recombination, an electron in the conduction band “falls” and recombines
with a hole in the valence band, whereby the excess energy is released in the
form of a photon [18]. The emitted photon has energy similar to that of the
band gap, and is usually only weakly absorbed and can exit the semiconductor.
Radiative recombination may be the dominant recombination process in direct
band gap semiconductors (e.g., GaAs) and in some devices (e.g., LEDs). The
carrier lifetime and the rate of radiative recombination are as follows:

τ radiative =

1
B (no + p o + ∆n)

Eq. 2.51

U radiative = B (np − ni2 )

Eq. 2.52

where B is a material constant with a value of 1.8 x 10-15 cm3/s (silicon), 7.2 x
10-10 cm3/s (GaAs), or 6.25 x 10-10 cm3/s (InP); ∆n is the excess carrier
concentrations; no and po are the thermal equilibrium concentrations of
electron and holes, respectively.

2.5.3

Band-to-band Auger Recombination

Band-to-band Auger recombination is a process through which one electron
gives its extra energy to a second electron in the conduction band or valence
band during recombination, subsequently moving it to a higher energy level.
This recombination involves three carriers. The electron recombines with a
hole, and then transmits its excess energy to a third charge carrier (either an
electron in the conduction band or a hole in the valence band) instead of
emitting a photon. This electron then returns to the conduction band edge.
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Thus, the Auger lifetime τAuger is a function of the carrier concentration. The rate
of Auger recombination is as follows:

τ Auger =

1
Cn 2

Eq. 2.53

U Auger = (C p p + Cn n)(np − ni2 )

Eq. 2.54

where C is the Auger recombination coefficient with a typical value of 1.66 x
10-30 cm6/s [19]; Cp and Cn are the Auger recombination coefficients in p-type
and n-type material, respectively; and ni2 is the intrinsic carrier concentration of
the semiconductor. This equation shows that the Auger lifetime is inversely
proportional to the doping concentration and decreases with increasing doping
or injection level.

2.5.4

Recombination through Defect Levels

Recombination through defects is also called Shockley–Read–Hall (SRH)
recombination. In SRH recombination, which was first introduced by Shockley
and Read [20], and by Hall [21], the recombination rate via defects of
concentration, Nt with a level at energy Et within the band gap is described as
follows:

U SRH

np − ni2
=
τ po (n + n1 ) + τ no ( p + p1 )

 E − Ei
n1 = ni exp t
 k BT

 E − Ei

; p1 = pi exp t
 k BT


Eq. 2.55





Eq. 2.56

where τno and τpo are parameters proportional to the carrier lifetime for electrons
and holes in equilibrium, respectively, and Nt is attributed to the particular
defect state density in bulk [18]. Subscript “t” represents the “trap” that is
known as “defect”. The capture lifetime constants of electrons τn0 and holes τp0
of bulk defects in silicon are as follows [18]:
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τ n0 =

1
1
, τ p0 =
σ n vth N t
σ p vth N t

Eq. 2.57

where σn (σp) is the capture cross-section of electrons (holes), vth = 8kT πmth* is
*
the mean thermal carrier velocity, and mth is the thermal velocity effective
*
mass. At T = 300 K, mth represents the value of the conduction band (valence
*
*
band), namely, mth = 0.28m0 ( mth = 0.41m0 ), where the electron rest mass m0 is

m0 = 0.91095 × 10 −30 [22]. Thus, the mean thermal carrier velocities for electrons
and holes are 2.0 x 107 cm/s and 1.7 x 107 cm/s, respectively.
From Eq. 2.50 and by employing ∆n = ∆p , the SRH lifetime τSRH that is
dependent on the injection level can be calculated from Eq. 2.55 as follows:

τ SRH (∆n) =

τ p 0 (n0 + n1 ∆n) + τ n 0 (n0 + n1 ∆n)
n0 + p 0 + ∆n

Eq. 2.58

An energy state in the band gap may act as a recombination centre that
captures both electrons and holes with almost equal probabilities [2]. An
energy close to the conduction band edge or one whose cross-section for
electron capture is much larger than that for hole capture indicates the
presence of electron traps. Similarly, if the state is close to the valence band or
has a higher cross-section for hole capture, it acts as a hole trap. Traps slow
down the transport of carriers, but do not remove them completely. The
mechanisms of electron and hole trapping are shown in Figure 2.8.
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(a)

Figure 2.8

(b)

(c)

Schematic diagram of electron and hole trapping (a) Electron
trapping and detrapping; (b) electron-hole recombination; and (c)
hole trapping and detrapping [11]. A (---) dashed line represent
energy transition of traps state.

2.5.5

Minority Carrier Lifetime

Carrier lifetime can be defined as the average time it takes for a minority
carrier to recombine. Generally, the overall process is known as minority
carrier recombination. Under low injection, the majority carrier concentration is
assumed to be excitation independent. The excess carrier concentration Δn is
much smaller than the doping concentration of the silicon wafer. In this case,
the recombination effect can be discussed in terms of a minority carrier
lifetime. From Eq. 2.50, the minority carrier lifetime can be written as follows:

τn =

1
(n − no )
U

Eq. 2.59

This equation shows the recombination rate for p-type materials, where τn is
the minority carrier (electron) lifetime that can also be written for the hole
lifetime τp in n-type materials. Given that the total net recombination rate U in a
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semiconductor is the sum of three different recombination processes, the
lifetime can be calculated from the following:

1

τ bulk

=

1

τ radiative

+

1

τ Auger

+

1

Eq. 2.60

τ SRH

Different processes of recombination have different temperatures and doping
dependencies, resulting in significant effects in the bulk lifetime. Radiative
recombination is usually insignificant, and Auger recombination has a possible
effect in highly doped silicon or under strong excitation. Bulk lifetime
dependence is mainly affected by SRH lifetime and partially by Auger
recombination. The most effective recombination centres are impurity levels or
defect levels near the middle of the semiconductor band gap.
Diffusion length is the average length a carrier will diffuse before recombining;
it may also be considered as the movement of the carrier between generation
and recombination. For example, the diffusion length of holes as minority
carriers is defined as

L p = D pτ p

Eq. 2.61

where Dp, τp are the diffusion coefficient and minority carrier lifetime for holes,
respectively.
The excess carriers decay exponentially with diffusion distance and time, and
can be written as follows:



x
 Lp

δp( x) = δp(0) exp −






Eq. 2.62
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2.6

Chapter Summary

This chapter summarizes solar cell operation, including the formation of the pn junction and the electrical performance of solar cells. The determination of
SCR width and potential curve using depletion approximation is important to
identify which factor contains the depletion region associated with the electric
field. On the semiconductor surface, the charge in the surface state Qss
affecting the overall charge neutrality is compensated by a surface charge in
the SCR Qsc and results in band-bending. The application of charge neutrality in
different cases is significant, such as on the p-n junction and on the one-sided
abrupt junction.
A review of carrier recombination consisting of all the mechanisms of the
recombination processes in solar cells is also presented. A basis for the
theoretical understanding of various recombination processes has been
presented in this study. The bulk recombination mechanism in the silicon
material includes radiative recombination, band-to-band Auger recombination,
and recombination via defects. The excess energy emitted via photons can be
characterized by the generation rate of electron–hole pairs exactly matching
the recombination rate. Besides the recombination processes, a discussion on
charge carrier trapping in the trap states is presented to identify the
importance of this carrier in determining the carrier recombination lifetime.
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Chapter 3

Surface Semiconductor
Characteristics

3.1

Surface States

Surface states are electronic states caused by imperfect covalent bonds at the
surface of a semiconductor. These states are capable of transferring charges
between the species in the solution and charge carriers in the semiconductor.
For silicon, the atoms of the surface layer have unsaturated bonds (the socalled dangling bonds) because of the lack of periodicity in the crystal lattice at
the surface. These atoms are extremely unstable and react rapidly with oxygen
and water in air. The silicon surfaces have a tendency to react with oxygen to
form a thin oxide film called native oxide. Native oxide grows spontaneously
on a clean silicon surface when exposed to air or a solution at ambient
temperature. Native oxide can be removed chemically or terminated thermally
with fluoride ion, hydrogen ion, and other species under ultraviolet (UV)
conditions. However, native oxide can be re-formed depending on the initial
condition of the surface and the cleanness of the air.
These surface states created by the dangling bonds act as recombination
centres for electrons and holes. The dangling bonds are chemically and
electrically active and tend to attract adsorbate molecules and atoms, so they
can decrease or introduce states simultaneously [23]. Considering that the
surfaces constantly try to minimize surface energy, surface states may be
related to surface reconstruction [24] or relaxation [25]. This mechanism
occurs

through

a

change

in

the

position

and/or

chemical

bonding

configuration of surface atoms. The decrease in surface recombination is
known as surface passivation, which can be achieved by decreasing the
number of dangling bonds by growing a layer on top of the semiconductor
surface that links to most or all of the dangling bonds. Additional processing
can be applied to improve the properties of surface state by passivation
treatment or interface layer, thus preventing minority carriers from reaching
the surface.
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As defined by Kronik & Shapira [13], a surface is a boundary of media with
different physical properties. A surface between a semiconductor and vacuum
or gas is a free surface. The surface between a semiconductor and another
solid is usually referred to as an interface. The termination of the periodic
structure of a semiconductor at its free surface may form surface-localized
electronic states within the semiconductor band gap and/or a double layer of
charge (known as a surface dipole). The appearance of surface-localized states
induces a charge transfer between the bulk and the surface to establish
thermal equilibrium. The result of the charge transfer in a non-neutral region
in the semiconductor bulk is usually referred to as the SCR discussed in
Section 2.3.4. In the case of a semiconductor oxide surface, the presence of
donors and/or acceptors because of unsaturated dangling bonds at the surface
may result in a difference in electron and hole concentrations between the
surface and the bulk. The surface dipole with an electric potential difference is
associated in this process, and is called the surface potential of the layer. The
potential difference at the surface is created by the electronic equilibrium
between the surface and the bulk.
The silicon atom possesses four valence electrons and requires four bonds to
saturate the valence shell. In the bulk structure of a crystal, each silicon atom
requires four bordering atoms. Termination of the bulk structure on the
surface causes broken bonds called unsaturated or dangling bonds. The
traditional Si (111) surface would have one dangling bond on each surface
atom, where each Si surface atom has a non-bonding orbital consisting of two
electrons [26]. However, the dangling bonds of cleaved Si (111) are only
occupied by a single electron and one unoccupied surface state per atom for
the density of states in the band gap.
The number of surface states per area is principally given by the number of
atoms per area on the surface. The silicon crystal atoms and dangling bonds
on the surface are shown in Figure 3.1. When considered in the band diagram,
the surface state density at the interface can also be considered as a per unit
area per electron volt [14]. The Si native oxide thickness of 20 nm consists of a
density of interface states Dit > 1012 cm-2eV-1 [27, 28]. Surface modification or
treatment on the dangling silicon bonds with hydrogen-terminated passivation
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decreases the density of interface states, where Dit < 1.5 x 1010 cm-2eV-1 for Si
(111) and Dit < 5 x 1010 cm-2eV-1 for Si (100) [27, 29].

(a)
Figure 3.1

(b)

Silicon atom structures of cleaved Si (111): a) incomplete silicon
atoms on the surface known as traps (blue colour); b) native
oxide - oxidation occurs with oxygen bonds at Si/SiO2 interface
(red colour).

The ionization energy IE for a semiconductor surface can be defined as the
energy difference between the vacuum reference level Evac and the top of the
valence band at the surface Evs. Thus,

I E = E vac − E vs = E vac − E cs + E g = W + E g

Eq. 3.1

where Ecs is the conduction edge, W is the work function, and Eg is the energy
band gap. This energy can be measured from the photoemission experiments.
The main factor in ionization energy variation is surface stoichiometry and
structure. The addition of metals on the semiconductor surface (e.g., doped on
the silicon) may result in dipole layers because of crystallographic anisotropy.
The adsorbed species/atoms of the substrate create additional dipole layers
that significantly modify the ionization energy of semiconductor surfaces. The
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changes in the surface dipole and ionization energy are ascribed to the space
charge layer affected by the external electric field or internal electric field.
The termination of the periodic structure of a semiconductor at its free surface
may form a “tail” on the surface-localized electronic states and “spill out” into
the vacuum. This condition means that the region outside the surface has a net
negative charge, whereas the region inside the surface is left with a net
positive charge. The separation of positive and negative charges over atomic
distances is known as a microscopic dipole. This dipole creates an effective
surface barrier that opposes further electron transfer (ET) from the conduction
band into a vacuum. The mechanism of a dipole charge occurs when electrons
reaching the surface are deflected by the negative charge outside of the
material and are attracted by the positive charge inside the material. The
relation between the dipole moment and the magnitude of the potential can be
estimated at the surface, as shown in Figure 3.2.
The surface dipole induced by foreign atoms (adsorbates) on semiconductor
surfaces act as acceptors and donors when they are near the conduction band
minimum and the valence band maximum, respectively. Upon surface
treatment, the defect formation and the charge transfer mechanism between
the adsorbate atoms and the substrate surface can be estimated by the work
function measurements.

vacuum
d
θ

semiconductor
Figure 3.2

Schematic diagram of a surface dipole layer [13]. Symbol ‘d’ is the
length of the dipole and ‘ϑ’ represent an ordered dipole layer
oriented at an angle θ with respect to the surface.
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The work function of semiconductors can be written in terms of ionization
energy as follows:

W = I E − qV s − ( E F − E vs )

Eq. 3.2

The changes in surface band bending ΔVs are mainly ascribed to adatoms that
may also change in the ionization energy. The change in adsorbate-induced
work function can be written as follows:

∆W = ∆I E − qV s

Eq. 3.3

Thus, when both work function and surface potential are measured as a
function of SPV measurement, the adsorbate-induced variation of the
ionization energy can be determined. The advantage of KP is that it can
operate in the dark and monitor changes in the work function during
adsorption of adatoms on the semiconductor surfaces.
The surface state has a significant effect on the optical and electronic
properties of the semiconductor surface due to difference in the surface state
density and energy distribution (i.e., polished and cleaned surfaces). Thus,
various surface treatments can be performed through surface passivation to
decrease the SRV. Given that the Si/SiO2 interface layer on silicon becomes
insulating and is considered electrically defective for electronic connection and
charge transfer, monolayers based on silicon–carbon (Si–C) bonds may provide
a solution for surface interface characteristics. Some surface treatment
techniques performed by researchers include the following: nanowires [30];
thermally induced hydrosilylation such as alkenes [31, 32] and alkynes [33,
34]; photochemical hydrosilylation (UV) [35]; and porous silicon through
Grignard reagents [36, 37].
The surfactant refers to a monolayer or a sub-monolayer of adsorbates on the
surface that are usually organic and amphiphilic, such as hydrocarbon-based
surfactants or LB films. Generally, their compounds contain polar groups that
can either be ionic or non-ionic. For LB films, the amphiphilic molecules
generally consist of a hydrophilic head and a hydrophobic tail (see details in
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Section 7.2.1). The surfactant can also be defined as a substance that lowers
surface tension, thereby increasing

spreading

and

wetting properties.

Considering that the surface states consist of dangling bonds, the chemical
reaction of the surface treatment decreases the surface free energy and surface
tension, assisting in the formation of a monolayer structure on the treated
surface. The surface free energy can also be considered a macroscopic dipole
(as explained in an earlier section). In terms of monolayer stability, the Si–C
bond is the most promising given its characteristics of thermodynamic and
kinetic stability. These findings are ascribed to the high bond strength and low
bond polarity. The interface dipole formed by the adsorption of saturated
hydrocarbon and inert gas atoms can be clarified through van der Waals
interaction between surfactants and the surface without any movement of
charge.

3.2

Surface Recombination

The non-saturated “dangling” bonds or partially bonded silicon atoms at the
surface contributes a large density of recombination-active surface states
within the band gap and may have a major effect on the performance of solar
cells. The decrease in surface recombination by decreasing the number of
dangling bonds (or passivation) can be achieved by growing a layer on top of
the semiconductor surface that links to some of these dangling bonds.
Additional processing can be applied to improve the properties of the surface
state by passivation treatment or window layer, thus preventing minority
carriers from reaching the surface.
The properties of surfaces and interfaces are subject to the electronic states
that are localized near the surface or interface. The properties of electronic
states include localized states, delocalized conduction, and valence band
states. The semiconductor surface in three dimensions may be roughly divided
into the surface region and the space charge region underneath it. The surface
region may consist of the first few layers of atoms where oxide is present, and
can be considered as part of the surface region. Underneath this region, an
area of SCR with thickness of less than 0.1 nm to half of the width of the
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crystal usually exists [38]. The parameters involved in the surface state consist
of electron occupation nst, hole occupation pst, and the surface state energy Et.
The surface state density Nts can be defined as a sum of nst and pst, and is
related to standard Fermi Dirac statistics as follows [13]:

n st
1
=
N ts 1 + g t exp[(Et − E F ) / kT ]

Eq. 3.4

where gt is the degeneracy factor of the surface state.
The charge transfer rates to and from the bulk bands can be determined by
SRH statistics [12, 18]. This method has been discussed in Section 2.5.4 for
bulk defects, but will be presented in more detail and applied to surface states
in this section.
The dynamic properties of surface states can be explained through the four
possible electron and hole transitions at the surface state energy Et, as
illustrated in Figure 3.3 [13, 18]. Figure 3.3(a) shows the arrows that indicates
the electron transitions for (1) electron capture by an empty defect level; (2)
electron emission by a filled defect level; (3) hole capture by a filled defect
level; and (4) hole emission by an empty defect level. Given the thermal
excitation, the following conditions may be observed: (i) conduction band
electrons may be captured in the surface state at the rate of rnth; (ii) electron
emission from the surface state into the conduction band at the rate of gnth; (iii)
a hole may be captured from the surface state into the valence band at the rate
of gpth; and (iv) hole emission by surface state at the rate of rpth. If the
semiconductor is illuminated, absorbed photons may excite electrons from the
surface state to the conduction band at the rate of gnopt. Similar analogous
expressions may be written for surface state-valence bands for hole transitions
at the rate of gpopt (Figure 3.3b). All rates are in per unit volume. SRV is an
important parameter that affects the dark saturation current and the quantum
efficiency of solar cells [39].
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Ec
(1)

Ec

(2)

gnth

gnopt

rnth

Et
(3)

(4)

gpth

gpopt

Ev

(a)

Figure 3.3

Et
rpth
Ev

(b)

The four fundamental transitions of a surface state energy level,
Et (a) transitions of electron and holes in a semiconductor (the
arrows indicate the electron transition) [18]; and (b) mixed
electron / hole transition rate of surface state–band transitions
[13].

An SRV, S, at the semiconductor surface can be defined as follows:

U s ≡ S .∆n s

Eq. 3.5

where ∆ns is the excess minority carrier concentration on the surface [18].
Surface

recombination

can

be

determined

from

the

extended

SRH

recombination, as shown in Eq. 2.55. The surface recombination rate Us (rate
per unit area) via a single-level surface state located at energy Et can be
determined by the following:

Us =

n s p s − ni2
n s + n1 p s + p1
+
S p0
S n0

Eq. 3.6
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S n 0 ≡ σ n vth N st

Eq. 3.7

S p 0 ≡ σ p vth N st

Eq. 3.8

where Sn0 and Sp0 are the SRV parameters of electrons and holes; ns and ps are
the electron and hole concentrations at the surface, respectively; σn and σp are
the capture cross-sections for electrons and holes, respectively; vth is the
thermal velocity of the charge carriers (approximately 107 cm/s in Si at 300 K
[17]); Nst is the number of surface states per unit area; and Et is the energy level
of the defect (trap).
From Eqs. 3.5 and 3.6, SRV principally depends on the elementary properties of
the surface defects. As a result of the relationship between the surface
properties and the SRV, the treatment of surface passivation is the most
promising

method

to

decrease

the

surface

recombination

rate

on

semiconductor surfaces.

3.3

Bulk and Surface Recombination Lifetime

The total recombination rate Ueff is the sum of the individual recombination
rates Un which are significantly affected by both bulk and surface of the
semiconductor. Considering that the recombination rates are the inverse of
reciprocal carrier lifetimes, the following equation is derived:

U eff = ∑ U n ⇒
n

1

τ eff

=∑
n

1

Eq. 3.9

τn

The effective lifetime τeff can be written as follows:

1

τ eff

=

1

τb

+

1

Eq. 3.10

τs

where τb and τs are the bulk and surface lifetimes, respectively.
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The bulk and surface contributions can be separated from the total
recombination rate by investigating the individual processes and mechanisms
of recombination. Using a simple kinetic argument, the surface lifetime τs can
be divided into two sub-components of a lifetime. Thus,

τ s = τ os + τ diff

Eq. 3.11

where τos is the effective lifetime of the carriers to recombine on the surface
and τdiff is the hole diffusion lifetime that represents the time taken by the
minority carriers to diffuse on the surface.
The

mechanism

of

carrier

flows

(lifetime)

associated

with

surface

recombination is shown clearly in Figure 3.4. Eq. 3.11 is valid in general and
applicable to any optical absorption depth. τos is equated to H/2S when the
excess carrier density has sufficient time to distribute uniformly. The diffusion
lifetime τdiff is approximated by an expression valid for the complete range of S
and is found by simply adding the expressions of limiting values for both cases
of high and low S [40]. Thus,

τ diff =

H2
Dπ 2

Eq. 3.12

In this study, the illumination is initiated by white light using the AM1.5
spectrum. The generation rate G(λ,x) is given as a function of the distance of x
from the surface as follows:
x

G (λ , x) = ∫ α (λ ).Φ (λ )[1 − R(λ )]e [ −α ( λ ) x ]

Eq. 3.13

0

As shown in Figure 3.5, carrier generation occurs within a distance of 5 µm to
10 µm from the surface. If the recombination lifetime τos is very short, uniform
distribution cannot be established on time. The surface traps will also occur
rapidly while being filled with minority carriers during a time much shorter
than that shown in Eq. 3.12. This study assumes that the time taken is very
short and will be neglected in the analysis of surface recombination data,
which is in agreement with the observed results.
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Depletion

Bulk Neutral Region

Φ (λ )

τ os

τb

0

Figure 3.4

Generation

τ diff

W

x

The mechanism of carrier flows (lifetime) associated with surface
recombination where τos is the effective lifetime related to surface
recombination; τdiff is lifetime related to diffusion to the surface
and τb is bulk lifetime.

Figure 3.5

Generation rate, G vs. distance, x from the silicon surface.
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3.4

Band Bending near the Surface

As discussed in Section 2.3.3, the presence of a charge on the silicon surface
will cause the bands to bend, creating an electric field and an SCR. Thus, the
bands are bent upward if σ > 0 and downward if σ < 0, where σ is the
free charge density. When σ = 0, the condition of the flat bands is met,
provided that no surface states are present. The flat band potential has the
same function as the potential of zero charge for metals. In thermal
equilibrium, surface band bending adjusts to maintain the condition of surface
charge neutrality. As the charge is present on the surface states, it also results
in the formation of an SCR underneath the surface. In turn, the band bending
affects the surface concentration of electrons and holes and the surface
recombination rate.
Upon illumination, the excess carriers are generated in the bulk, causing bandbending changes in the semiconductor. Band bending is possible in
accumulation, depletion, or inversion conditions [41]. A downward band
bending represents an accumulation of electron charges in the depletion
region that makes the surface more conductive. A large amount of positive
charge trapped in the semiconductor-oxide interface/surface region is
illustrated in Figure 3.6(a). Given that the depletion region has negative signs
because of the increased distance between the Fermi level and the conduction
band bottom, the space charge layer is filled with mobile electrons that leave
positively charged bulk donors uncompensated. At the depleted surface, the
minority carrier is slightly higher than the majority carrier where the positive
charge is accumulated in the depletion region. The most negative charge is
trapped in the semiconductor-oxide interface/surface region. The negative
charge on the surface is below the Fermi level EF, which creates an upward
bending of the bands (Figure 3.6b).
The cases of accumulated and depleted regions in capacitance measurements
were used in the study of surface states and Si-SiO2 interface [42]. Under
inversion, a highly negative charge is trapped in the semiconductor-oxide
interface/surface region, whereas a positive charge that accumulated because
of the minority carriers in the depletion region is larger than the majority
carriers. A larger upward band bending of the bands decreases the
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concentration of the majority carriers (electrons) on the surface and increases
the gap between the Fermi level and the conduction band (Figure 3.6c). The
inversion region possibly occurs with high energy photons that are supplied by
a large number of minority carriers to form a larger upward band bending [43].
For example, this inversion region of the SPV is formed with hv > 3.2 eV after
heating the sample porous Si/crystalline Si layer [44].

E

E

E

Ec
EF
Ei
Ev
x

0
a) Accumulation

Figure 3.6

x

0
b) Depletion

0

x
c) Inversion

Band diagrams of surface showing three different mechanisms:
accumulation, depletion and inversion at the surface of n-type
semiconductors [12].

3.5

Chapter Summary

This chapter examines the characteristics of the semiconductor surface. It
defines the surface state and explains the surface state properties. The SRV in
flat band and band bending conditions mainly depends on the properties of
the surface state, charge carrier concentration, capture cross-sections for
electrons and holes, injection level on the surface, and doping level of
semiconductors. The charge effect on the surface, especially fast trap and slow
trap mechanisms, has an important function in the formation of the surface
potential and the barrier height of the semiconductor surface. A mechanism of
charge trapping related to the surface charge on the passivated Si surface will
be demonstrated in Chapter 9.
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Chapter 4

Energy Conversion in
Photosynthesis: A Model for
Solar Cell Application

4.1

Introduction

Today, the artificial systems for solar energy conversion are called solar cells.
Solar cells convert solar energy directly into electricity by utilizing light energy
to produce current and voltage in an external circuit. The principal aim of this
thesis is to study LH as a means of improving solar cell operation. PV energy
conversion has many similarities with photosynthetic systems. In this study, a
detailed review of photosynthetic electron and energy transfer is necessary. In
particular, LH, charge separation, and catalysis that have significant functions
in electron transport in both systems are considered [45]. In the conversion
process, the incident energy of light creates mobile charged particles in
semiconductors that are then separated by the device structure and produce
an electrical current. By contrast, photo-excited molecules in a photosynthetic
system can be used to transfer electrons across a bacterial membrane between
molecular species. The purple bacteria were chosen in this study to
demonstrate the similar principle of natural photosynthesis, where the ET
system in photosynthesis can be applied as a model for solar cells.

4.2

Light Harvesting and Kinetics of Electron Transport

The photosynthetic electron transport chain of the bacterial membrane is a
cyclic pathway of ET. The product of light-driven cyclic electron transport is an
electrochemical potential whose potential can be transformed into ATP that
powers a large number of cellular processes. Photosynthetic organisms are
equipped with an LH antenna system that harvests solar light and absorbs
photons. Photosynthetic organisms contain about 50 to 1000 molecules of LH
antenna, plus other light-gathering pigments for each photochemical RC [46].
Once the excitation energy reaches the RC, the primary photochemical redox
reactions are initiated.
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The elementary photosynthetic reaction in purple bacteria corresponds to the
electron

transportation

across

the

photosynthetic

membrane.

Electron

transport occurs in the RC of bacterial photosynthesis, receiving excitation
energy of light absorbed by the LH centre. As shown in Figure 4.1, the
molecule involved in the electron transport chain consists of a primary electron
donor (a bacteriochlorophyll dimer, P), bacteriochlorophyll molecule B,
bacteriopheophytin molecule J, and quinone Q. Two sets of cofactors involving
B, F, and Q are arranged in two branches (labelled A and B) that span the
membrane. The primary quinone QA and the secondary quinone QB, are linked
by H-bond throughout a His-Fe2+-His complex.

Figure 4.1

Typical energy diagram over charge separation of ET in the
bacterial photosynthesis. In addition to the ET steps in Eq. 4.1,
the electron can decay to the ‘ground state P’. Free energy refers
to the vacuum level [4].

Bacterial photosynthesis begins at the RC where the charge is separated across
the membrane. Absorption of photon or energy transfer from LH complexes in
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the membranes raises the photochemical pigment of the ground state P, with
light emission hv, to its first excited singlet state P*, where g is the rate
constant for light absorption by P and 1/τ is the rate constant for deactivation
of P* back to P. The excitation of P is followed by several intermediate steps
that complete the ET to the primary electron acceptor QA, where the probability
of the charge separation (Figure 4.1) completed is over 90% under
physiological conditions [4]. The RC is a site of ET from the primary electron
donor P to the quinone. Thus,
Eq. 4.1

P ⇒ P * ⇒ P + B A− ⇒ P + FA− ⇒ P + Q A− ⇒ P + Q B−

4.3

The Model of Energy Conversion

The complete process of energy generation and storage in photosynthesis can
be divided into four phases as follows: (i) light absorption and energy delivery
by antenna systems, (ii) primary ET in RCs, (iii) energy stabilization by
secondary processes, and (iv) synthesis and export of stable products [47]. The
main focus of this study is the creation of energy in secondary phases of
primary electron in RCs, where free energy can be produced by the generation
of the following energy sources: chemical potential [48, 49], electrochemical
potential [50], electrostatic potential [51, 52], and the proton gradient, as
described by chemiosmotic theory. Following Bolton [48], this study defines
the chemical potential μ, which exists between the ground state P and the
excited state P* of the dye by

µ = k B T ln( x H x L ) , where x

H

is the mole fraction of

P* in the presence of an external light source; xL, is the mole fraction of P* at
equilibrium in the dark; kB is Boltzmann constant; and T is ambient
temperature.
Archer and Bolton [49] consider the chemical potential in photochemical
conversion process between the ground state R, and the excited state R*, of
molecule chromospheres. This chemical potential μ is equivalent to the Gibbs
o
, where Nu and
energy difference of ΔGRR* since µ = ∆G RR* = ∆G RR
* + k B T ln( N u N l )

Nl are the photo-stationary concentrations of R* and R, respectively [53]. It is
usual [54] to define the electrochemical potential as the sum of the electrical
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and chemical potentials in the free energy changes by

µ ' = µ + ze , where z is

the valence of the charge and e is the sign of the charge (± 1).
Electrostatic potential Ψ is the energy stored where the trans-membrane
electrical potential generates an electric field from the uncompensated transfer
of

electrons

or

protons

across

the

membrane

[54].

Mitchell’s

[55]

chemiosmotic theory assumes that electron and hydrogen transfers are
arranged vectorially across bioenergetic membranes. This condition allows
protons (hydrogen ions) to move across the membrane to establish an
electrochemical gradient. The complete expression of the electrochemical
potential of a charged solute is as follows:

µ ' = µ o + k B T ln {c} {c o } + ze.( E − E o )

Eq. 4.2

where μ° and c° are the chemical potential and concentration (1 M) under
standard conditions, respectively, and E° is the electrical potential in the
standard state. In the application of the electrochemical potential to the proton
gradient (H+) translocation driven by a membrane with a protonic charge (ze =
1), the following equation is derived:

∆µ H' + = ∆Ψ − 2.3k B T .∆pH

Eq. 4.3

where ΔΨ = Ψout ˗ Ψin; ΔpH ≡ ˗log {H+} = pHout ˗ pHin and Δμ’H+ = (μH+)out ˗ (μH+)in.
This study discusses how the elementary redox reaction of ET from P to Q is
coupled to the proton transfer. The primary photosynthesis conversion process
describes an ET and a photochemical proton pump in the RC–quinone cycle.
Translating the redox reaction into a spatial arrangement of electron and
proton transport, proton pump models are created across the bacterial
membrane by considering the effect of ΔΨ and ΔpH (Figure 4.2).
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Figure 4.2

A schematic diagram of a simple proton pumps circuit to the
show the elementary physico-chemical processes. It is assumed
that all ETs are 1 electron or 1 H+ events. (modified from Crofts
[56]).

This diagram shows the relative orientation of the molecules of the electron
transport chain, such as between two molecules (donor P and acceptor Cytc2),
sequential between donor QA- and acceptor QB, plus proton H+in, to form semi
Quinone QH in a photochemical reaction. The primary donor must be oxidized
to P+ to keep the RC neutral when an electron is in the latter state. The proton
pump operates against a proton gradient in equilibrium with a driving force
from the overall ETs from P+ to QH2.
The reduction–quinone cycle and proton pump circuit diagram (Figure 4.2)
inspired the outline of the simplified model of photosynthesis for solar cell
application. Figure 4.3 shows a simplified schematic model of bacterial
photosynthesis in two regions of the membrane (negative n and positive p)
where electron and proton transport occurs across the membrane. This model
can be divided into two sides with eight checkpoints. It considers the exciton
transport from the LH antenna to RC and the redox reaction of the primary
electron transport in RC from P to Q, as well as H+.
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This model describes the redox reaction scheme of the primary electron
transport from P to Q and the existence of H+ concentration. Several redox
reactions involved in the photosynthesis model are shown in Figure 4.3. These
reactions are as follows: 1A is the photo-excitation of antenna molecules by
light and 1B corresponds to the excitation of the primary pair P through LH
exciton transfer. R1, R2, R3, and R4 represent redox reactions of molecular
species that involve electron–proton transfer (Figure 4.1). M5 and M6 describe
the diffusion of molecules across the membrane. These reactions contain three
cyclic pathways: C1 represents the overall ET in the quinone reduction cycle;
C2 is the diffusion of Q across the membrane; and C3 is the movement of H+
concentration through the “load” from Hp+ to Hn+. The generation of H+
concentration is considered as the “load”. This process means that the stored
potential energy is used to produce the high energy phosphate bond of ATP as
follows [57]:

ADP + Pi + nH +p → ATP + H 2O + nH n+

Figure 4.3

Eq. 4.4

A schematic depiction of chemical energy flows in the primary
processes of bacterial photosynthesis, forming the basis of the
proposed system of the simplified model of photosynthesis.
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This figure shows the difference in H+ concentrations across the membrane in
the periplasm. As a result, cyclic electron transport occurs, a trans-membrane
proton gradient is generated, and ATP is synthesized. By assuming first-order
rate constants for the energy storage process, the optimum free energy
difference is determined between the ground of P and excited states of P* [58].
The equilibrium on each side of the membrane takes place in the form of
“sequential energy transfer”, where Hn+ protonates into Qn- to form QHn. The
generation of H+ concentration results from the energy stored in the “load”
used for ATP synthesis. As an approximation, this study considers quinone as
a proton carrier in this model. The model makes several assumptions about
the operation conditions by ignoring the existence of a possible intermediate
electron state at B and H. It assumes that the charge separation occurs from P*
directly to Q. This study also notes that the time derivatives of each
concentration involved in the reaction are vanishing in the steady state. The
reactions that comprise the model are illustrated in Table 4.1.

Table 4.1

A summary of reaction and process involved in the proposed
system of the simplified model of photosynthesis.

Checkpoint Reaction

Process Involved

1A.

A + hv ⇔ A*

- Photo excitation

1B.

P + A* ⇔ P* + A

g

- Light harvesting

1τ

R1.

k1

P * + Qn ⇔' P + + Qn−

- Primary charge separation

k1

R2.

k2

Qn− + H n+ ⇔ QH n

- Protonation H+ to Qn-

k2'

R3.

k3

QH p ⇔' Q −p + H +p

- Dissociation of QH

k3

R4.

k4

P + + Q −p ⇔' P + Q p

- Reduction of dimer P

}

Quasi equilibrium
“sequential
energy transfer”

k4

M5.

k5

Q p ⇔ Qn

- Diffusion of Q across the membrane

k5'

M6.

k6

QH n ⇔' QH p

- Diffusion of QH across the membrane

k6
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In Table 4.1, reactions 1A and 1B are the energy conversion processes of a
light absorber with two quantum states, where the absorption of a photon of
light from LH antenna A occurs through exciton transfer and promotes an
electron from the ground state P to an excited state P*, in RC [59]. The rate of
excitation is illumination g and the lifetime of the excited state with respect to
transitions to ground state τ.
Consider redox reaction R1, where k1 and k1’ are the forward and backward rate
constants to introduce the chemical potential. The equilibrium constant is as
follows:

K eq =

*
[ P * ][Qn ] [ Po ][Qno ]
=
[ P + ][Qn− ] [ Po+ ][Qn−o ]

Eq. 4.5

where the bracketed quantities denote the concentrations of P*, P+, Qn, and Qn-,
and “o” denotes the concentration in the standard state. This equation can be
rearranged as follows:
+
−
[ P* ][Qn ] [ P ][Qn ]
=
[ Po* ][Qno ] [ Po+ ][Qn−o ]

Eq. 4.6

Each concentration can be related to a chemical potential.

µ − 
 µ[Qn ]  [Qn− ]
 µ[ P * ]  [ P + ]
 µ[ P + ]  [Qn ]

; − = exp [Qn ] ;




=
exp
exp
;
exp
;
=
=
*
+

 k T  [P ]

kT 
 k T  [Q ]
[ Po ]
no
 B  o
 k BT  [Qno ]
 B 
 B 
[ P* ]

Eq. 4.6 can be rewritten with chemical potentials as follows:

µ[ P ] + µ[Q ] = µ[ P ] + µ[Q
*

+

n

−
n

Eq. 4.7

]

A similar approach is applied to redox reaction R2, R3 and R4. Thus,

µ[Q ] + µ[ H ] = µ[QH
−
n

+
n

n

Eq. 4.8

]
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µ[QH ] = µ[Q ] + µ[ H
−
p

p

+
p

Eq. 4.9

]

µ[ P ] + µ[Q ] = µ[ P ] + µ[Q
+

−
p

p

Eq. 4.10

]

Eqs. 4.8 and 4.9 can be arranged as follows:

µ[ H ] − µ[ H ] = µ[QH ] − µ[QH ] − ( µ[Q ] − µ[Q ] )

Eq. 4.11

δµ[ H ] = δµ[QH ] − δµ[Q

Eq. 4.12

+
p

+
n

n

−
n

p

−
p

Thus,

+

−

]

Eqs. 4.7 and 4.10 can be arranged as follows:

µ[Q ] − µ[Q ] = µ[Q ] − µ[Q ] + µ[ P ] − µ[ P ] + µ[ P ] − µ[ P
−
n

−
p

*

n

p

+

+

]

Eq. 4.13

Utilizing a simple approach, the following equation is derived:

δµ[Q ] = δµ[Q ] − ( µ[ P ] − µ[ P ] )
−

Eq. 4.14

*

Substituting Eq. 4.14 into Eq. 4.12 and rearranging these equations result in
the following:

( µ[ P * ] − µ[ P ] ) = δµ[ H + ] + δµ[Q ] − δµ[QH ]

Eq. 4.15

where ∆µ = ( µ[ P * ] − µ[ P ] ) is the photo-generated chemical potential, which is a
representation

of

the

chemical

potentials

µ[ P* ] and µ[P ] that govern the

occupancy of the excited species of P* and P, respectively.
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A diagram of the excitation of P in reaction 1B is shown in Figure 4.4. Eq. 4.16
governs the time evolution determined by considering direct light absorption
g

hv as P + A* ⇔ P* + A .
1τ

dP *
1
= g[ P][ A* ] − [ P * ][ A] − K = 0
dt
τ

Eq. 4.16

where τ is the lifetime of the excited state of P*, g is the photo-excitation rate
of P*, A*

is the exciton of antenna LH, K is the rate of the photosynthetic

energy conversion, and ΔE is the excitation energy of P.
As assumed in steady-state conditions, g is the rate of energy transfer from the
photo-excited antenna to the RC. This rate was discussed in detail by Markvart
[4, 60], who supposed that g is proportionate to the illumination intensity.
Considering that the antenna system is a purely physical process and does not
involve any chemistry [47], the existence of antenna A, can be ignored and Eq.
4.16 can be simplified by introducing [ Po* ] as the equilibrium occupation of P*.

Figure 4.4

A schematic diagram of excitation of P in Checkpoint 1B of the
simplified model.

56

Energy Conversion in Photosynthesis: A Model for Solar Cell Application

Thus,
K = g[ P ] −

[ Po* ] [ P * ]
.
τ [ Po* ]

Eq. 4.17

Introducing the concentration of [P] and the standard state, the following
equation is derived:

K = g[ P ] −

[ Po* ] [ P ] [ P * ] [ Po ]
.
.
.
τ [ Po ] [ Po* ] [ P]

Eq. 4.18

Substituting of KL and Ko values into Eq. 4.18:

K L = g[P];

Ko =

[ Po* ] [ P]
;
τ [ Po ]

µ * 
 [ P* ] 
 *  = exp [ P ] ;
k T 
 [ Po ] 
 B 

 [ P] 
µ 
 = exp [ P ] ;

 k BT 
 [ Po ] 

The equation can be obtain in the following:

 µ * − µ[ P ] 

K = K L − K o exp [ P ]


k
T
B



Eq. 4.19

From Eq. 4.15, the final result of the equation model is as follows:

  δµH +   δµQ   −δµQH  
 k T  k T   k T 
K = K L − K o e B  e B  e B  − 1





4.4

Eq. 4.20

Results and Discussion

The principal result of the model is contained in Eq. 4.20. It has a similarity to
the I–V characteristic of the solar cell (Eq. 4.21). In the solar cell’s I–V
characteristic, the output current I is equal to the difference between the lightgenerated current IL and the dark diode current IO. In the photosynthesis model,
I is replaced by the equivalent symbol of K that is the rate of the
photosynthetic energy conversion [4, 51]. Eq. 4.20 shows a similar formula of
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the Shockley equation that could be applied to measure the chemical potential
in photosynthesis. As the energy model is developed, the electron transports
can be described by an analogue of the Shockley equation. Thus,

  qV  
I = I L − I O exp
 − 1
  kT  

≡


 ∆µ
K = K L − K o  exp

 k BT




 − 1




Eq. 4.21

where the reaction rates KL and K0 are the photosynthetic equivalents of the
photo-generated and dark saturation current, respectively, and ∆µ is the
electrochemical

potential

that

includes

both

the

chemical

(electron

concentration) and electrostatic (qV) parts, unlike in the solar cell.
The simple model of the energy conversion process shows the detailed balance
between the energy of the absorbed light and the free energy delivered to the
excited state. The simple model for electron transport in photosynthesis
created by Markvart [51, 59] was used as a basis for solar cell application. The
absorption of photon raises the photochemical pigment of the ground state P
with light emission hv to its first excited singlet state P*. The estimated value
of the magnitude order of excitation rate g is 1 s-1 and the natural lifetime of
chlorophyll is 1/τ = 18 ns [61]. The electrochemical potential ∆µ can be
calculated using an analogue of the Shockley equation (Eq. 4.20), where the Δμ
value is calculated as 0.93 eV and KL is 1.55 eV/s. The maximum power point
(MPP) values are plotted in Figure 4.5 as Pmpp at 1.26 J/s, Kmpp at 1.50 eV/s, and
Δμmpp at 0.84 eV, corresponding to the wavelength of bacteria at 800 nm.
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Figure 4.5

Graph of photosynthetic energy conversion that have a similarity
with the I-V characteristic (a) Rate of photosynthetic energy
conversion K vs. Electrochemical potential ∆µ and (b) Power P vs.
Electrochemical potential ∆µ.
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4.5

Chapter Summary

A simplified model for the primary energy conversion step in photosynthesis
has been successfully developed by identifying the most significant chemical
potentials involved in the photosynthetic system. The selection of each value
from the literature was justified with an appropriate explanation to connect to
the simplified model of photosynthesis. The new Shockley solar cell equation
was determined, where the electrochemical ∆µ can be classified into three
chemical potentials. These potentials are as follows: δμQH shows the diffusion of
QH, from negative to positive region of membrane; δμH+ shows the proton
pumping transfer from Hp+ → Hn+, which represents the proton transfer
movement from “in” → “out” of membrane cells; and δμQ shows the diffusion of
oxidized quinone Q, from the positive to the negative membrane. This study
shows that the internal free energy in bacterial photosynthesis bears many
similarities to the voltage of qV (Eq. 4.21) in the Shockley equation, which
describes the operation of a solar cell.
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Chapter 5

Characterization of Surface
Recombination by the Kelvin
Probe

5.1

Introduction

The surface of a semiconductor contains the largest number of non-saturated
“dangling” bonds that become a centre of recombination. Generally, this
surface consists of a large density of defects where a localized charge occupies
the surface states by following Fermi–Dirac statistics. In thermal equilibrium,
the net surface charges in the surface states are balanced by the space charges
in the SCR. The induced SPV is uniformly illuminated by monochromatic light
of energy higher than the band gap. Electron–hole pairs are generated in the
bulk semiconductor and diffuse a minority carrier toward the SCR. Band
bending occurs when a surface charge exists on the surface. This study
focuses on SPV characterization via KP methods that have become significant
tools to determine the minority carrier diffusion length of semiconductors.
This study also considers the surface barrier changes related to the surface
and bulk properties of the semiconductor material.

5.2

Kelvin Probe Applied to Semiconductor Surface
Study

The KP method was established by Lord Kelvin in 1898 to investigate the
charge transport by electrical conduction between two metallic surfaces [62].
When one metal plate is brought close to the other metal plate while it is
connected electrically, it creates contact potential differences (CPD) between
two metal plates because of electron transport. VCPD is defined as the difference
between the work functions of two conductors where the electrons flow from
one conductor to the other until an equilibrium condition is reached. Zisman
developed a vibrating capacitor based on Lord Kelvin’s principle in 1932 [63].
This invention allowed the CPD to be quantified through the vibration of one
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metal plate relative to the other metal plate. The difference of the work
function is as follows:

VCPD =

W probe − W plate

Eq. 5.1

q

KP measurement is normally employed to measure the sample work function. It
also characterizes the surface voltage, surface barrier height, flat band voltage,
oxide thickness, oxide leakage current, interface trap density, mobile charge
density, oxide integrity, generation and recombination lifetime, and doping
density [64]. These characteristics are important tools as they determine a way
to develop a simplified method to measure surface properties of samples. A
contactless method of KP is best adopted to monitor the changes and control
of interface properties of the surface.

5.2.1

Metal-Semiconductor System

A schematic band diagram of metal–semiconductor contact between a metal
and n-type semiconductor of true work functions, namely, qWm and qWs,
respectively, and assuming that Ws < Wm, is shown in Figure 5.1. The potential
barrier exists by means of the electron affinity χ, which is defined as the energy
required releasing an electron from the conduction band to the vacuum (

χ = Evac − Ec ). The various effects of surface dipole ∆φs may create some
potential changes on the surface that preserves the effective electron affinity χ*.
The work function on the semiconductor surface in equilibrium Ws can be
defined as the energy separation between the Fermi level and the local vacuum
level on the surface. The expression of Ws is as follows:

Ws = ( E c − E F ) b − qVs + χ + ∆φ s ≡ ( E c − E F ) b − qVs + χ *

Eq. 5.2

The band diagrams of metal–semiconductors of n-type (Figure 5.1) were drawn
for a semiconductor in thermal equilibrium without an applied external electric
field. In the bulk region, the Fermi level EF, is flat with many electrons on the
conduction band Ec, which represents majority carriers. Few of the holes that
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act as minority carriers still remain in the conduction band Ec. When the surface
state is present, a small charge potential is assumed to exist (V > 0). The
accumulation of excess minority carriers on the conduction band edge Ec also
bends upward near the surface and far from the Fermi level. The Fermi level
transforms from flat to split levels to create two levels of EFn and EFp in the
depletion region, namely, quasi-Fermi levels. The quasi-Fermi levels describe
non-equilibrium situations where the two Fermi levels separate because of the
applied voltage or charge potential. However, the quasi-Fermi levels undergo a
downward split by a small but non-negligible amount. Given that EFn and EFp
remain relatively constant and split inside the depletion region, one Fermi level
remains in the bulk region.

EVac
ΔΦs
Wm
Ws

EVac

χ*
χ
qVs

EFM

EFn

Ec - EF

E
EF

EFp
Ev

n-type Semiconductor

Metal

Figure 5.1

A schematic band diagram of metal-semiconductor (n-type) shows
the barrier height, δVs and splitting of quasi-Fermi levels EFn and
EFp in the depletion region.

Near the surface, the existence of a potential barrier represents the depletion
region where the fixed charges build up values until reaching an equilibrium
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condition. When the semiconductor is in contact, the barrier height δVs is
created because of the difference between the potential barrier on the surface
and in the bulk of the semiconductor. From the figure, the surface dipole ∆φ s
is observed on the surface where the electric potential changes abruptly over
several monolayers. Considering that the semiconductor is n-type, electrons
are accumulated on the surface, giving rise to the negative charge. For
consistency with the sign convention of the surface voltage, this study
assumes that the surface dipole is positive if the local vacuum levels drop
when passing through the semiconductor into a vacuum.

5.2.2

Work Function and Contact Potential Difference

The difference in the work function is determined by the value of external
voltage at a null condition, where the null output result becomes VCPD = Vs . If
the work function of the vibrating plate is known, the work function of the
sample can be determined. Given that KP measures the difference in the work
function of the reference gold probe and the sample, the CPD can be derived
as follows:

VCPD =

1
[χ − qVs + (Ec − E F )b − WM ]
q

Eq. 5.3

where WM is the work function of the reference gold probe. The work function
W can also be defined as the least amount of energy required to remove an
electron from the bulk of a conducting material through the surface by the
following:

W = χ − qVs + (E c − E F )b

Eq. 5.4

The barrier height of a semiconductor surface is given by the following:

δV s = Vbi + Vn

Eq. 5.5
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V n = −(E c − E F ) = −kT ln (N D N C )

Eq. 5.6

where Nc is the effective density of states in the Si conduction band and ND is
the donor impurity concentration.

5.3

Literature Review of Band Bending Measurements by
the Kelvin Probe

The band bending of organic semiconductors in organic light-emitting diodes
was examined by Ishii et al. [65]. They investigated the band bending
behaviour of interfaces between organic semiconductors and various metals
(e.g., Au, Cu, Al, Mg, and Ca) under ultrahigh vacuum. The characteristics of
band bending on organic materials were measured by the KP method, and the
concept of band bending leads to the Fermi level alignment using the Mott–
Schottky model. The band bending of organic material (e.g., C60) on metal
interfaces was observed. However, the flat band condition was observed for
N,N-bis(3-methylphenyl)-N, N-diphenyl-[1,1-biphenyl]-4,4 diamine (TPD)/metal
interfaces because of the high purity of organic materials. A new type of band
bending is observed for tris(8-hydroxyquinolinato)aluminium (Alq3)/metal
interfaces where the energy level shifts proportionately to the distance of the
interface. A large surface potential can be interpreted as characteristics of the
molecular system and the orientation of a molecular dipole.
Okumura et al. [66] demonstrated a sandwich-type electrode configuration for
the contactless characterization of silicon-on-insulator (SOI) wafers using KP
methods. In their study, VCPD was determined by applying the external voltage
to the sandwiched circuit, to the primary charge, and to the air gap. The SPV
was measured using infrared (IR) light at a wavelength of 808 nm and UV light
at 304 nm. Upon illumination, a penetration of light absorption was observed
at ultra-thin SOI (62 nm), thick SOI (1.5 μm), and bulk Si. At 304 nm, the
penetration depth was several tens of nanometres, and all photons were
absorbed by the 62 nm SOI sample. At IR illumination, no SPV was observed for
the 62 nm SOI sample, in which most of the penetrating light was not absorbed
in the SOI surface layer. However, it was absorbed in the substrate-thick SOI
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(1.5 μm) and bulk Si. The authors proposed a technique of contactless I–V
method with an approximation of the SPV Vspv, and increase with the logarithm
of the number of photo-generated carriers JL. However, this contactless I–V
method is only applicable for UV light excitation because all photons are
absorbed. The findings of this paper show that the light intensity dependence
of SPV was applied in the contactless I–V method, but Jo was not determined.
The second study of the same authors [67] reported that the induced SPV was
added to the original ΔVCPD, where SPV is a function of light intensity. For both
studies, the SOI sample was treated with pre-cleaning of RCA method and
removal of the oxide layer by 0.1% HF + 1% H2O2 + H2O. Using the same
contactless I–V method, the authors calculated the effective saturation current
density of Js = 3 x 10-6 A.cm-2 using an ideality factor of n = 1.05–1.2. This
saturation current density was determined using the theory of thermionic
emission for the carrier transport over the surface depletion region, where the
degree of band bending (EFS ˗ Ev = 0.72 eV) is in the downward position. The
determination of Js can be interpreted as Jo [66].
The electronic properties of the HF-treated Si surfaces were characterized via
SPV measurements by KP method [68]. Under the illumination of a 340 nm UV
light source, this study reported a relatively large SPV of –0.45 V with a
photocurrent density of 1 mA/cm2 on the HF-treated p-Si (001) surface. A large
surface band bending was observed toward the surface because of the residual
fluorine on the treated surface. This study also estimated the value of the builtin potential of 0.60 eV from the result of the effective saturation current.
Nakamura et al. [69] investigated the electrical characterization on the
interfaces of SOI and implanted oxygen (SIMOX) wafer by Kelvin–SPV
measurements. In these measurements, a similar approach to Okumura et al.
[67] employing complete contactless I–V method equations was derived with
consideration of the effect of surface recombination current JSR, and interface
recombination current JIR. The wafers of the p-Si sample were cleaned by RCA
method and treated with HF solution before measurements were taken. For the
sample SOI materials, the recombination current was determined using SRH
theory for carrier recombination. Diffusion current through the saturation
current density Jo was derived, where the equation used the Fermi level
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position at the surface (Vp) and temperature dependence from –40 °C to 80 °C.
From the contactless I–V equation, the authors estimated the surface state
density NSS and the SRV (SI = vthσNSI) at 6 x 1011 cm-2 and 6 x 103 cm/s,
respectively. They also assumed the values of the thermal velocity (vth = 107
cms-1) and the capture cross-sections of carriers (σ = 10-15 cm2). For the topSi/BOX interface for the SIMOX wafer, the values of the interface state density
NSI and the interface recombination velocity SI were estimated at approximately
3 x 1012 cm-2 and 3 x 104 cm/s, respectively. The estimation of SRV was based
on SRH theory.

5.4

Methods of Kelvin Probe Measurements – Surface
Photovoltage

SPV is the illumination-induced change in the surface potential [13].
Illuminating the semiconductor may change the population of the local
electron states, provided that the photons have sufficient energy to induce
electron transitions from and/or to the local state (Section 3.2, Figure 3.3).
The changes in population may modify the width of the depletion region W and
the magnitude of the surface potential δVs [70]. δVs can be expressed in terms
of the differences of voltage between the dark Vs and under illumination Vs* as
follows:

δVs = Vs − Vs*

Eq. 5.7

The SPV signal is created by spatial separation of the photo-generated carriers.
It is followed by net charge redistribution that is added to the electric field in
the SCR Qsc or near the surface states Qss (Section 2.3.4). The photo-generated
minority carriers change the CPD between the probe and the sample by
changing the surface band bending. Vspv measures the changes in the surface
potential equal to VCPD. However, an external applied voltage can also
contribute to the SPV signal [13, 41]. The SPV mechanism mainly depends on
the following: (i) the surface potential barrier associated with the surface space
charge layer; (ii) generation and recombination processes of electrons and
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holes; (iii) density and energy distribution of surface and bulk defect states;
and (iv) the mobility of electrons and holes [41].

5.4.1

Intensity Dependence of Surface Photovoltage Saturation

Upon illumination, the SPV signal is generated on the front side of a Si surface
with a monochromatic photon flux, whereas the rear side of the wafer is not
illuminated. The following are the three characteristics of the dependence of
illumination on SPV measurement: (i) linear increase in the SPV at low-level
illumination, (ii) logarithmic dependence for higher intensities, and (iii)
saturation at equilibrium band bending [71-73]. As proposed by Johnson [72],
SPV is a logarithmic function of excess carrier of holes Δp as follows:

Vspv =

kT   ∆p 

ln 1 + 
q
  po 

Eq. 5.8

where po is the excess carrier of holes in the equilibrium.
At low light intensity, the absorbed photons create non-equilibrium carriers
that decrease the surface potential barrier δVs and increase the SPV signal Vspv
(excess carrier density << equilibrium carrier density). An additional increase in
the photon flux intensity decreases the surface barrier until it disappears
(excess carrier density >> equilibrium carrier density) [74]. The SPV signal then
reaches a saturation stage, where the maximum Vspv is represented as the
surface barrier height.

5.4.2

Intensity Dependence of Surface Photovoltage Constant

The dependence of intensity is required to maintain constant small-signal SPVs
to determine the minority carrier diffusion length of semiconductors. The
approximation of the continuity equation is required to obtain the distribution
of the photo-generated electrons and holes in the semiconductor initiated by
Moss [75]. The minority carrier diffusion length is one of the applications in
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SPV measurement that provides information about the low defect densities of
the surface. The SPV technique is non-destructive and a contactless
measurement performed based on the measurement of the open circuit
voltage Voc in an illuminated surface barrier.
At low injection levels, SPV can also be seen as the difference between the
quasi-Fermi levels of electrons and holes under illumination [76]. Upon
illumination, the excess minority carrier ∆p is generated to form the barrier
height in accumulation, depletion, or inversion conditions. From the continuity
equation, ∆p can be determined at the edge of the SCR as follows [64, 75]:

∆p =

ηΦ (1 − R)
(D p L p ) + S

*

.

αL p
αL p + 1

Eq. 5.9

where η is the collection efficiency; Φ is the photon flux density; R is the
number of photons reflected from the surface; Lp is the minority carrier
diffusion length of the holes; Dp is the minority carrier diffusion coefficient of
holes; α is the optical absorption coefficient; and S* is the SRV on the
illuminated surface.
This equation is valid with the assumption of W << Lp; W << 1/α << H; ∆p << n0;
Lp << H; where H is the thickness of the sample and W is the width of space
charge region. This equation also assumes that the SRV at the back contact is
negligible.
Goodman [77] proposed a simplified method to determine the diffusion length
by considering the SPV as a functional dependence of the excess minority
carrier density injected on the surface upon illumination. Thus,

V spv = f [∆p ]

Eq. 5.10

This condition means the excess minority carrier density mainly depends on
the number of photons of incident light intensity that generates carriers in the
SCR Φ, optical absorption coefficient α, and minority diffusion length Lp.
Considering the small variations in collection efficiency η and reflectance R,
69

Characterization of Surface Recombination by the Kelvin Probe

and assuming that the quasi-equilibrium through the SCR and the width of SCR
W can be neglected [76, 78], the incident of photon flux is proportional to the
optical absorption coefficient α and diffusion length Lp. Thus,


1
Φ ( λ ) ∝ 1 +
 αL
p







Eq. 5.11

If the wafer sample is thicker than Lp, W should be smaller than Lp and the
absorption coefficient must be adequately low for αW << 1 and satisfactorily
high for α(H – W) >> 1, as suggested by Schroder [64].
The incident photon flux Φ at a different wavelength is selected with each
wavelength having a different α. Upon illumination, the photon flux density is
adjusted for each wavelength to maintain a constant SPV where a linear
relationship between SPV and excess carrier density is found. From a plot of
1/ηL vs. α-1 (Figure 5.2), Lp can be obtained by extrapolating at the negative α-1
axis. The intensity of illumination must be adjusted for a small SPV signal (1
mV to 3 mV) to satisfy ∆p << n0, where n0 is a majority carrier concentration in
the bulk [41]. Considering that the excess minority carrier Δp is linear with the
exciting photon flux Φ, it can represent the dependence of SPV on Δp by using
a collection efficiency minority carrier ηL in this study.
A past measurement of diffusion length on GaP samples via induced SPV was
performed by KP force microscopy [79, 80]. This study is based on measuring
the SPV between the probe tip of an atomic force microscope (AFM) and the
surface of an illuminated semiconductor junction. The calculation of the
minority carrier diffusion length was based on the edge of ΔnSCR, where the SPV
was measured as a function of the exciting light intensity.
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5.5

Measuring SPV and Surface Recombination by the
Kelvin Probe

The surface potential effect has an important function on the semiconductor
surface and can be measured by KP. The KP method consists of metallic probes
that have a surface potential or work function. Semiconductor samples play the
role of work electrodes of the capacitor, where the sample surface accumulates
charges during KP measurements. Upon illumination, the semiconductor
surface states (possibly including oxide) charge up and alter the threshold
voltage as measured by the probe. The absorption of a photon generates the
carrier’s electrons and holes in the bulk that diffuse to the surface and alter
the charge balance there.
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Any changes in the localized charge in the surface state to maintain the charge
neutrality affects the space charge Qsc. In the n-type semiconductor, the space
charge generally has a value of Qsc > 0. The bands are bent upward by a large
amount of positive charge trapped in the depletion region. This charge
compensates the negative charge trapped in the semiconductor–oxide
interface/surface layers. Considering that the light intensity dependence of SPV
was applied in the KP measurements, Vspv can be determined based on a
position of initial saturation SPV point at equilibrium band bending [72, 73].
The energy band diagram of the surface of a semi-infinite semiconductor and
the various current components under illumination is shown in Figure 5.3. This
study considers steady-state conditions of current balance for n-type silicon.
The doping in the semiconductor is kept constant to be able to discuss the SPV
due to illumination effects. Thus, no electric fields exist outside the depletion
region. Detailed considerations and assumptions of the current balance are as
follows: (i) no generation–recombination current exists in the depletion region,
and (ii) the injected minority carrier densities are small compared with the
majority carrier densities. The conditions imply that the electron and hole
currents are constant throughout the depletion region, and that the quasiFermi levels remain constant in the depletion region. Similar to the bulk region
of the solar cell, the net current outside the depletion region can be divided
into two currents: from the surface toward the bulk semiconductor Jdark and
reverse direction from the bulk semiconductor toward the surface JL. This
photocurrent that is dominated by the hole photocurrent in an n-type
semiconductor is generated by the diffusion of minority carriers photogenerated in the neutral region into the depletion region. The resulting excess
minority carriers on the surface give rise to quasi-Fermi level splitting.
The surface potential difference creates a current Jdark which acts in the
opposite direction of the photo-generated current JL. By analogy with an ideal
diode, the dark current density Jdark (V) is given by the following:

(

J dark (V ) = J o e

qVspv kT

)

−1

Eq. 5.12
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The band diagram of semiconductor (n-type) with surface states
under illumination. Φ is the photon flux, Vspv is the surface
photovoltage, W is the depletion width; EFn and EFp are the quasiFermi levels for electrons and holes, respectively.

The current Jo can be calculated by solving the diffusion equation for hole
concentration

in

the

quasi-neutral

regions.

For

dark

conditions,

the

homogeneous differential equations where G(x) = 0 are as follows:

Dp

d 2 pn ( x) pn ( x) − pno ( x)
+
=0
dx 2
τp

Eq. 5.13

With the boundary condition on the rear surface and pn = pno at the junction,
the following equation is derived:

d 
S p ( pn − pno ) = − D p  ( pn − pno )
 dx 

Eq. 5.14

where Dp is the diffusion coefficient for holes. The assumption was made by
considering that the doping level on the n-sides is constant in the depletion
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region. The electric fields outside the depletion region are also negligible.
Thus, the equation can be derived using a homogeneous linear equation with
constant coefficients as follows:

 x
p n − p no = A cosh
L
 p



 + B sinh  x

L

 p


 (x > H)



Eq. 5.15

where H is the thickness of the wafer. The solution is as follows:

  S p Lp 
 
 

 cosh W  + sinh  W  

L 
L 
D p ni2   D p 
p 

 p 
Jo = q

Lp N D  S p Lp 
 
 

 sinh  W  + cosh W  
L 
 L 
  D p 
 p
 p 

The

foregoing

can

be

reduced

to

the

following

Eq. 5.16

for

a

semi-infinite

semiconductor:

Jo =

5.5.1

qD p p no
Lp

≡

qD p ni2

Eq. 5.17

Lp N D

Photo-generated Current

The study derives the photo-generated current JL under the assumptions that
the thermal generation current can be neglected, and that the surface layer is
much thinner than the absorption depth 1/α. The generation rate G(x) is given
as a function of the distance of x from the surface. Thus,

G (λ , x ) = α (λ ).Φ (λ )[1 − R(λ )]e[−α ( λ ) x ]

Eq. 5.18

where Ф(λ) is the number of incident photons per cm2 per second per unit
bandwidth; α(λ) is the absorption coefficient of the semiconductor [81]; and R(λ)
is the fraction of the photons reflected from the illuminated surface. For x >
W, the minority carrier density (holes) in the quasi-neutral region of the
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semiconductor is determined by the following one-dimensional diffusion
equation:

Dp

d 2 pn ( x ) pn ( x ) − pno ( x )
= G( x)
+
dx 2
τp

Eq. 5.19

where τp is the lifetime of minority carriers. The solution of Eq. 5.19 with
boundary condition Eq. 5.14 results in the following:

 qΦ (1 − R)αL p  −αW
JL = 
e
2 2
 α L p − 1 

 S p Lp


 Dp

× αL p − 








 −α ( H −W )
 H − W 

 + αL p e −α ( H −W ) − sinh  H − W
− cosh
e
 L

 L

p
p




 S p Lp
 H −W 



 − cosh H − W  
sinh 
 L

 L

 Dp
p
p






 
 
  Eq. 5.20







with Lp = D pτ p . The collection efficiency is introduced by the following:

J L = qΦ (1 − R )ηL

Eq. 5.21

The equation can be obtained from Eq. 5.20 as follows:

ηL =

(α

αL p
2

)e

−αW

L2p − 1


 U p Lp


 Dp

× αL p − 










 H −W 

 − e −α ( H −W )  + αL p e −α ( H −W ) + sinh  H − W
cosh
 L



p
 Lp 

 U p Lp
 H −W 



 + cosh H − W  
sinh 
 L

 L

 Dp
p
p






 
 
  Eq. 5.22







This equation introduces the correction factor for the collection efficiency as
follows:

ηL =

αL p
× C.F .
αL p + 1
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where


 U p Lp


 Dp

e
C .F . =
× αL p − 
αL p − 1 






−αW


 H −W
 H − W  −α ( H −W ) 
−α ( H −W )
−e
+ sinh 
cosh
 + αL p e
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Eq. 5.23

If Up is equal to zero, the correction factor can be simplified as follows:


 H −W
e

× αL − tanh
C .F . =

αL p − 1  p
 Lp



−αW

5.5.2



 αL p e

−




 cosh H − W  
 L 
p


−α ( H −W )

Eq. 5.24

Surface Current Derivation

Upon illumination, the SRV may be measured as a function of surface potential.
The changes in surface potential are directly proportional to the increase in
excess carrier concentration on the surface. The relationship of effective SRV
on the front surface Sfs of n-type and carrier concentration is given by the
following [82, 83]:

S fs =

J os N D
q ni2

Eq. 5.25

where Jos is the effective saturation current density; and ND and ni are the
concentration of donor density (1.12 x 1012 cm-3) and intrinsic carrier
concentration in the semiconductor (1.02 x 1010 cm-3), respectively.
Carrier loss on a surface because of surface recombination is described by Sfs,
where the minority carrier current density is given by the following:

J s = qS fs ( p n − p no )

Eq. 5.26
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On the surface recombination current, Js is equal to the interface surface
current density because of the accumulation of charges trapped in the surface
state/interface. Thus,

p n

J s = const. p s n s − ni2 = J os  s 2 s − 1
 ni


(

)

Eq. 5.27

where ps and ns are the densities of holes and electrons near the surface,
respectively. The electron and hole concentrations are related to the quasiFermi levels as follows:

ns = N C e ( EFn − EC ) kT

(

)

Eq. 5.28

((

)

Eq. 5.29

p s = NV e

)

EV − EFp kT

From the above equation, the psns product is equal to ni2 at thermal equilibrium
of the surface. When the sample is illuminated, the minority carrier densities
on the surface and neutral regions are changed. The psns product is no longer
equal to ni2, and is determined by the quasi-Fermi level splitting. Thus,

((

p s ns = N V N C e

)

EFn − EFp kT

)

Eq. 5.30

Given that the difference in quasi-Fermi levels is equal to Vspv, the surface

(e

current is proportionate to

qVspv /kT

)

- 1 . Using a similar approach of ideal

current–voltage characteristics, the equation becomes the following:

(

ps ns − ni2 = ni2 e

qVspv kT

)

−1

Eq. 5.31

Thus, Js increases exponentially with the surface potential Vspv. Combining Eq.
5.27 and Eq. 5.31 results in the following:

(

J s = J os e

qVspv /kT

)

Eq. 5.32

-1

Utilizing the expression of balance between the three currents, the following
equation is derived:
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J s = J L − J dark

Eq. 5.33

From Eq. 5.12 and Eq. 5.32, the following equation is obtained:

(

J os e qV

kT

)

(

− 1 = J L − J o e qV

kT

)

−1

Eq. 5.34

Rearrange the above equation yields the following:

(

J L = ( J os + J o ) e qV

kT

)

−1

Eq. 5.35

Substituting from Eq. 5.21 results in following equations:

(

)

qΦ =

( J os + J o ) qVspv /kT
e
-1
(1 − R)η L

Eq. 5.36

CL =

(J os + J o )
(1 − R )η L

Eq. 5.37

where CL is a gradient slope of the Fermi level between the exponent of Vspv and
the photon flux intensity of the sample.
The CL slope is very small but cannot be flat. Eq. 5.37 represents the principal
result of this chapter, and its general shape is shown in Figure 5.4. This
equation will be applied in the analysis of the surface recombination of the
fabricated samples described in Section 8.3.4.
Eq. 5.36 can be rearranged to determine Vspv,

Vspv =

kT   qΦ (1 − R)η L  
 +1
ln 
q   J os + J o  
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Figure 5.4

Typical graph of (exp qV/kT – 1) vs. photon flux, Φ – a linear
slope represents CL in Eq. 5.37 that used to estimate the SRV.

5.6

Chapter Summary

A current voltage characteristic applied to the KP method can be used to
determine the electrical properties of the near-surface region of the
semiconductor, as proven by Okumura et al. [66, 67], Watanabe et al. [68], and
Nakamura et al. [69]. However, this equation was not used to estimate the SRV
value of the samples.
In this study, surface current derivation via the KP method was presented
based on the formulation of the reverse direction currents JL and Jdark on the
bulk of the semiconductors. The surface current was derived with the effect of
the surface state by introducing the surface recombination current Js into the
equation. Charge accumulation in the depletion region can be interpreted as
band bending that measures the SPV using the KP method. The determination
of effective saturation current density Jos from the CL slope made estimating the
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accumulation of charge trapped in the surface state/interface of the sample
possible. Indirectly, the Jos value is useful to evaluate the effective Sfs of a
silicon surface. Surface current derivation through the KP method using SPV
measurement is a novel approach in the way of quantitative analysis. It is also
useful to determine SRV values for native and treated semiconductor samples.
SPV

determination

also

provides

valuable

information

about

surface

characteristics and modifications, such as by depositing monolayers on the
surface.
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Chapter 6

Surface Passivation of Alkyl
Monolayers on Silicon

6.1

Introduction

The surface has an important function in thin silicon solar cells, where the
diffusion lengths of the minority charge carriers can substantially exceed the
thickness of the device. The surface and interface electronic properties of
silicon are important for the efficiency of the device. To a large extent, these
properties are defined by the density and nature of the surface and interface
states resulting from unsaturated dangling bonds [5]. These surface states
created by the dangling bonds act as recombination centres for electrons and
holes that may influence the surface properties.
Two passivation experiments were performed, namely, hydrogen termination
and organic monolayer passivation on a silicon surface. At the initial stage, the
surface is passivated to form a monolayer by removing the oxide layer. This
treatment provides all surface atoms with a nearly ideal coordination and
saturates all surface bonds. Hydrogen-terminated (H-terminated) surfaces of
silicon are a common form of passivation at low temperatures and provide very
low densities of mid-gap surface electronic states by treating the surface with
NH4F and HF solutions [84]. This study fabricated thin passivation layers that
are a few monolayers thick using wet chemistry to prepare H-terminated silicon
interfaces. The saturation of free bonds by hydrogen eliminates surface states,
giving rise to excellent electronic properties. The interface properties of the
passivated layers are characterized by the non-destructive and surfacesensitive method of spectroscopic ellipsometry to assess the effectiveness of
the preparation methods.
The aim of this experiment is to investigate the effect of alkene monolayer
formation as interface bonding for the platform environment of nanostructure
molecular deposition. The formation of high alkene monolayers is important as
they are bound to the substrate via covalent Si-C bonds and are capable of
eliminating additional oxide components on the surface. The surrounding
effects of air oxidation toward surface treatment are extremely challenging.
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The 1-decene monolayer in the Lewis acid catalyst is used to preserve the
interface layer for the long term in the air and to overcome this problem. This
study considers the stability study on surface modification as significant
alongside the formation of high-quality alkene monolayers on the silicon
surface.

6.2

Preparation and Treatment for Surface Passivation

The surface has a major function in thin-film Si solar cells because the
diffusion lengths of the minority charge carriers can substantially exceed the
thickness of the device. In particular, surface states and interface defects are
important to the efficiency of a device. The surface and interface electronic
properties of silicon are mainly defined by the density and nature of the
surface and interface states resulting from non-saturated (dangling) bonds
[85]. The interface layer also has a major function in device operation, where
the energy conversion efficiency can be severely decreased because of large
interface recombination losses. This study monitors and controls interface
properties after pre-cleaning treatments by minimizing the preparation of
defect- and contamination-free solar cell structures.
Cleaning the silicon surface is required before any attachment of covalent
monolayers to semiconductor surfaces. Cleaning processes have a major role
in device performance, product yield, and reliability because the electronic
properties of silicon interfaces are strongly influenced by the chemical integrity
and

morphological

structure

of

the

surface

prior

to

heterostructure

preparation. Cleaning steps are applied repeatedly within the semiconductor
process flow and occupy 30% to 40% of all the process steps. In the
manufacturing line of semiconductor devices, the surfaces of silicon wafers are
influenced by contact with various chemical solutions, water, gases, and
surrounding environment, such as clean room atmosphere and equipment.
Passivation is the process of making a surface layer chemically reactive in
relation to another material to generate a passivated interface layer.
Passivation can also be used to cover a surface layer, thus preventing the
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dissolution of the underlying material. Passivation compounds must block the
diffusion of charges, atoms, and ions into the material. As alternative methods
are cheaper and require low-temperature passivation, wet chemical silicon
passivation methods have been developed and optimized to provide silicon
interfaces with excellent electronic properties [86]. Ultra-thin silicon oxide
tunnel layers or covalently bound organic passivation layers employing long
chain alkenes molecules can be prepared through wet chemical oxidation
methods with different thicknesses and interface charges [87]. The advantage
of these methods is that they can be performed under room temperature
conditions.
The main significance of this study is the preparation of highly stable, organic
monolayers by attaching covalent alkene molecules onto H-terminated silicon
surfaces. The mechanism of an organic monolayer passivation on the silicon
surface is shown in Figure 6.1. A clean silicon surface with native oxide is
passivated in a diluted NH4F and HF solution to obtain an H-terminated silicon
surface. Next, an organic monolayer is created on the surface by a reaction
with an organic solution at a temperature range of 100 °C to 120 °C.

R R R R R RR

SiO2
n-Si (111)

Figure 6.1

6.2.1

40% NH4F

H H H H H H H

100-120 °C
n-Si (111)

Δ

n-Si (111)

Schematic of alkene monolayer passivation process.

Silicon Oxide Terminated Surfaces

A thin layer of SiO2 can be grown on silicon surface through a cleaning process
formed by a combination of acidic and mixed basic solution. The famous
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standard Radio Corporation of America (RCA) cleaning process was developed
by Werner Kern in 1965 at RCA laboratories; this experiment resulted in a
procedure for removing organic residue and films from silicon wafers [88]. The
cleaning techniques consist of RCA-I, RCA-II, and sulphuric acid–hydrogen
peroxide mixture (SPM).
RCA-I is a solution mixture of NH4OH:H2O2:H2O with a ratio of 1:1:5 and heated
at 75 °C to 80 °C for 10 min. In a 1:1:6 ratio, a solution of HCl:H2O2:H2O for
RCA-II was also heated at 75 °C to 80 °C for 10 min [89]. The temperature
control in this range is necessary to minimize excessive thermal decomposition
of H2O2. The solution compositions are based on ultra-filtered deionized (DI)
water, electronic-grade NH4OH (29 wt. %), electronic-grade HCl (37 wt. %), and
high-purity unstabilized H2O2 (30%).
SPM etching consists of immersion in H2SO4:H2O2 (1:1) (noted as SPM1:1) for 10
min, as described by Chabal [90]. This cleaning process leaves about 0.6 nm to
1.5 nm of hydroxylated oxide on the silicon surface that prevents the
recontamination of the surface. At this stage, the surface is hydrophilic and
easily wetted by an aqueous solution. The selection of SPM solution is the best
practice for the intermediate process in silicon wafer cleaning. The exposure of
the silicon surface to inorganic bases or acids is able to modify the silicon
surface potential that results principally in chemisorption of OH- and H+ ions
[91, 92].
In principle, the SPM solution works to remove organic contamination that
involves two distinct processes: i) removal of hydrogen and oxygen as units of
water by the concentrated sulphuric acid, and ii) enhancement of sulphuric
acid of the conversion of hydrogen peroxide from mild oxidizing agent into
rigorous reaction. Mixing both solutions is an exothermic reaction that cleans
organic compounds off the substrate and oxide on the silicon surface. The
surface potential modification of the samples usually takes place within the
first 10 seconds to 20 seconds of chemical exposure before reaching the
steady states of the chemical solutions [93]. Later, the etched sample was
washed with deionized water, resulting in the surface chemistry of the sample
being etched with –OH termination group to form silanol groups (≡ Si − OH ) .
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The formation of a hydrophilic surface through the RCA standard cleaning
process is mainly based on H2O2, which contains solutions that increase the
micro-roughness of the silicon interface as a side effect of H2O2 decomposition
[27]. Angermann et al. [27, 86, 94] combined both methods in a series of
experiments to perform a cleaning treatment before the hydrogen termination
process. In summary, the four different methods of cleaning process are as
follows: (i) boiling of H2SO4:H2O2 (1:1) solution for 10 min; (ii) boiling of RCA-I
solution at 80 °C for 10 min; (iii) boiling of RCA II solution at 80 °C for 10 min;
and (iv) boiling of deionized water at 80 °C for 120 min.

6.2.2

Hydrogen Terminated Surfaces

In general, H-termination on silicon surface has four main characteristics [95]:
i.

It is complete after an immersion time of 1 min.

ii.

It is formed by chemical adsorption that yields a covalent bond.

iii.

Each surface silicon atom can be terminated by one hydrogen atom (Si-H)
on Si (111) and two hydrogen atoms (SiH2) on Si (100) (Figure 6.2).

iv.

It results in surface passivation.

In the case of Si (111), an atomically flat surface is formed with terraces on the
scale of ~102 nm2 by ~104 nm2, but the H-terminated Si (100) surface is not
atomically flat [96]. However, the degree of termination and type of hydrides
depend on the surface condition, solution composition, and preparation
procedure. The silicon surface is predominantly terminated by hydrogen in HF
solutions. Si (111) surface tends to be terminated by Si-H or Si-H3 because of
the difference in the number of dangling bonds between the two surfaces. The
H-terminated areas on silicon are hydrophobic surfaces that are not wetted by
water or aqueous solution. SiO2 dissolves by forming highly stable complex
fluorosilicates according to the following:

SiO2 + 4 HF ⇔ SiF4 + 2 H 2 O

Eq. 6.1
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a) Si (100)

b) Si (111)
Figure 6.2

Schematic of the hydrogen terminated Si (100) and Si (111)
surface [85].

Mixtures of HF and NH4F solutions are also commonly used to prepare buffered
solutions for the passivation of silicon and its oxides. Buffering results in a
more stable etch rate and prevents loss of photo-resistant polymer films that
cannot withstand strongly acidic un-buffered HF solutions [97]. According to
Chabal et al. [90], Si–O bonds of the oxide layer are then removed
preferentially in the existence of HF, which forms the hydrogen-terminated Si
(111) on the surface. The effect of pH can be attributed to the dependence of
the concentrations of HF, F–, and HF2– species on pH. However, increasing the
pH concentration results in more reactivity and a rapid attack of the atoms on
the (111) plane, yielding a large scale of roughness. The most stable region for
SiF62– in HF is confined between pH 2 to pH 3.75 to control roughness, where
two different boundaries occur. Thus,
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SiO2 + 6 HF ⇔ H 2 SiF6 + 2 H 2 O

Eq. 6.2

Fluorine may exist in different forms depending on the composition of the
solution. In aqueous solutions of concentrations up to that of fluorine, at least
1 M fluoride is required to have significant fluorine species of F–, HF, and HF2–.
In moderately high concentrations, HF has a tendency to polymerize. However,
the addition of NH4F increases the pH to 3 to 4, maintains the concentration F–,
stabilizes the etching rate, and produces the highly reactive HF2–. A
combination of NH4F (40 wt. %) and HF (49 wt. %) at a volume ratio of 7:1
results in pH of up to 4.5 and appears to contain only F– and HF2–, with very
little free HF acid [97].

6.2.3

Organic Monolayer Passivation

The formation of organic monolayers on the silicon surface can be considered
as a new insulating material apart from the SiO2 insulator in the semiconductor
usage. Nevertheless, the research on the covalently bound organic monolayer
has

expanded

significantly;

these

studies

were

conducted

for

many

applications, i.e., alternative gate insulators [98]; biosensor applications on
field-effect transistors (FETs) [99]; and attachment of bioactive materials such
as DNA fragments [100, 101].
The formation of alkyl chains on the silicon surface may create a hydrophobic
environment because of the strong covalent Si–C bond. This environment is not
readily penetrated by water and oxygen molecules. Unfortunately, the stability
of the monolayer could not last long term. One reason may be related to the
passivation quality, where remaining Si–H sites (45% – 50%) [102-104] create
small oxide patches after the completion of an alkyl monolayer. Generally, the
organic monolayers of Si–C bonds can be prepared by various methods,
including high temperatures, UV irradiation, electrochemical treatment,
hydrosilylation catalysis and chemo-mechanical scribing [85]. The reactions of
Si–H

bonds

on

terminal unsaturated

the

surface

bonds are

with organic

molecules

called hydrosilylation

that
or

have

catalytic

hydrosilylation. Many kinds of organic compounds (e.g., acids or esters,
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amines, alcohols, and aromatic rings groups [105]) with various functions and
applications

can

be

introduced

onto

the

silicon

surface

by

the hydrosilylation of an H-terminated surface.
Passivation technique with organic monolayers is stable in hot solvents, acids,
and bases [106]. Organic monolayers on silicon can be thermally resistant and
stable

up

to

615

K

under

vacuum.

Specifically,

the

Si–C

bond

is

thermodynamically and kinetically stable because of the high bond strength
and low polarity of the bond [91]. The attachment of the organic monolayer of
the Si–C bond on the silicon surface consists of the following:
i.

Preliminary cleaning of the surface and removal of the native oxide.

ii.

Passivation of the surface with hydrogen.

iii.

Substitution of hydrogen by the alkenes or alkynes molecule, either
stimulated by illumination in the UV range or by heating at the
temperatures of 100–180 °C [91]

In the alkene monolayer compounds of (CH2=CH-(CH2)n-3CH3 with 10 < n < 22),
the most promising organic monolayer formation on H-terminated Si (111) is 1octadecene (n = 18), employing a UV illumination method and producing a
monolayer thickness of 0.2 nm to 0.4 nm [19]. These organic monolayers
deposited on the Si surface show electrical properties that mainly depend on
the passivation method (either hydrogen or iodine passivation) and on the
intensity of illumination [107]. They display lower electrical performance on
high doping of the substrate [108].
In this study, the same approach of using alkene monolayers to form
covalently bonded alkyl chains on the silicon surface is employed to create a
surface environment for the development of new solar cell concepts, such as
LH structures in the form of LB films [109]. Therefore, this study investigates
the chemical properties and stability purposes by using 1-decene (n = 10). The
experiment used mild thermal hydrosilylation of 1-alkenes in the presence of
C2H5AlCl2 as Lewis acid catalyst. The overall reaction can be written as follows:
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≡ Si − H + H 2 C = CH − (CH 2 ) 7 − CH 3 →≡ Si − (CH 2 ) 9 − CH 3

Eq. 6.3

AlCl3 is an effective catalyst for the hydrosilylation of alkene monolayers. Given
that C2H5AlCl2 is soluble in non-polar solvents, the presence of a Lewis acid
catalyst avoids multiphasic reactions on the porous silicon surface [110].
Although the sample is impermeable, the stability for long-term passivation
over oxidation as proved by Gorostiza et al. [111] is the main focus of this
study.

i.

Literature Review on Decene and Alkene Groups Monolayer

Organic monolayers are directly anchored onto silicon substrates via thermal
reactions in a liquid phase that show strong covalent bonding and stability
purposes. Kinser et al. [112] performed a stability study on alkyl monolayer
with 1-decene and 10-bromodecene on Si (111). The samples were heated to
induce free radical formation because of the high volatility of the solutions.
The samples were monitored for 21 days by X-ray reflectivity measurements,
during which the 1-decene sample showed no significant increases in surface
roughness compared with others.
The doubly distilled methyl 10-undecenoate in vacuum was proposed by Sieval
et al. [113]. Si (100) wafers with a guaranteed bulk lifetime of τb > 1000 µs were
passivated with 1-alkene solutions, resulting in τeff= 132 µs maximum lifetime
of the minority carrier. The effective lifetime was improved by more than 50%
with double distillation, in which a small amount of impurities in the organic
reagent could adsorb onto the silicon surface. Some defects still remain on the
surface, and act as sites for charge carrier recombination, although the surface
is a well-passivated, densely packed monolayer of 1-alkene.
The influence of silicon surface modification through Si-CnH2n+1 (n = 10, 12, 16,
22) monolayer on p-type (100) and n-type (100) was studied by Faber et al.
[98]. The formation of covalently bound organic monolayers as an alternative
insulator of SiO2 is one of the main focuses of this study. It has a similar
thickness as the current state of the art gate oxides, has good electrical
properties, and can work as an MIS diode. The behaviour of different chain
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alkyl monolayers serves as a better insulator compared with that of the SiO2
sample. From the current–voltage measurement, the order of the current
density J magnitude for the different monolayers on n-type silicon is C10 > C22 >
C16 > C12. Although Si–C10 is the lowest order of J magnitude, the thickness of
monolayer C10 (1.21 nm) is better than that of the SiO2 samples. Similar studies
by Ishizaki et al. [114] on different alkyl molecular chain lengths (n = 10, 12,
14, 16, 18) directly attached to silicon were performed at 160 °C. The
formation of alkyl monolayers on C10 (1-decene) was a less dense packing
structure because the value was less than 110° by water contact angle
measurement.

A measurement by grazing incidence X-ray diffraction also

revealed that the amorphous structure of the alkyl monolayers directly
attached to the Si formed despite their alkyl chain length.
Gorostiza et al. [111] investigated the neat 1-alkenes on Si (111)-H surfaces for
the conditions of long-term passivation of the interface silicon. The formation
of an alkyl layer interface was examined through XPS data and capacitance–
voltage plots that have lower density electronic traps (< 1010 traps/cm2). These
plots demonstrate and control the chemical state of the interface and the
molecular density of the organic monolayer. Based on AFM imaging, 1-decene
and the Lewis acid catalyst of ethylaluminumdichloride (C2H5AlCl2) on a
modified silicon surface (Si-C10) have the same staircase structures as the Si–H
surface (either passivated by NH4F or HF solutions). Considering that the Si–Hterminated surface depends on aging time, the result shows a similar structure
for several weeks in the air for the alkyl monolayer sample.

ii.

Chemical Bonding of 1-Decene on the Silicon Surface

The configuration of bond length and angles in the van der Waals interaction is
considered in the structural molecular of a silicon surface with decene chain as
illustrated in Figure 6.3. The configuration of alkyl chain (C10, n = 10) with tilt
angle of Ɵ = 35.5° and the projection dchain of its length on the normal surface is
given by

n 
d chain (nm) = 0.189 +  − 10.254 cos θ + 0.156 sin 19° + 0.11
2 
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0.156sin19°+0.11
35.5°

dchain

0.254

0.189nm

Figure 6.3

Structural molecular of a silicon cluster with decene chain. The tilt
angle is 35.5° from the surface normal and dchain is the chain
length projected on the surface normal [111].

6.3

Methodology

Wet-chemical silicon passivation methods can be classified into two groups
according to the underlying chemical mechanisms: (i) surface coverage by
hydrogen (H) termination [94] and (ii) by thin chemical oxide layers prepared
under carefully optimized conditions. The two different wet-chemical methods
for the preparation of organic monolayer to form covalent Si–C bond are as
follows: (i) alkylation of halogen-terminated silicon surfaces with organometallic substances (e.g., organo-magnesium, organo-lithium, and Grignard
reagents) [91] and (ii) reaction between a hydrogen-terminated silicon surface
and 1-alkene compounds [31]. Hydrogen is commonly introduced into Si solar
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cells to decrease the deleterious effects of defects and increase the minority
carrier lifetime. Nonetheless, the methods through which hydrogen is
introduced during processing and its subsequent interactions with defects
remain poorly understood. The goal of this experiment is to increase
understanding of hydrogenation processes and passivation mechanisms for
crystalline–Si PVs at a microscopic level.

6.3.1

Experimental Procedure of Hydrogen Terminated Surface

H-terminated silicon surfaces were prepared following a procedure reported by
Angermann et al. [86]. The silicon sample strips were chemically re-oxidized.
The oxide was stripped off with NH4F solution (40%) and HF (1% in water) to
prepare for H termination on the surface. The hydrogen termination
experiment was performed as follows:
1.

The sample was cleaned using RCA and SPM1:1 cleaning solutions.

2.

Approximately 80 ml DI water was prepared and heated to 80 °C. The
sample was placed in water for 10 min, and then rinsed in overflowing
DI water for 10 min.

3.

After rinsing in DI water, the Si (111) and Si (100) samples were
immersed in NH4F solution (40%) for 6.5 and 4 min, respectively.
Nitrogen was bubbled through the solution to minimize any dissolved
oxygen.

4.

Finally, the sample was constantly immersed in HF solution (1%).
Nitrogen was bubbled through the solution to minimize any dissolved
oxygen. The samples were dried under dried nitrogen flow and used
immediately for measurements.
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6.3.2

Experimental Procedure of 1-Decene on the Silicon Surface

Samples

of

double-sided,

n-type

crystalline

silicon

wafers

with

(111)

orientations and 525 µm thickness were used for all experiments. The
resistivity of the wafers was in the range of 20 Ω-cm to 50 Ω-cm, and each
sample was cut into 1.0 cm2. In this study, the alkyl monolayer was
experimented on utilizing a mild thermal hydrosilylation of 1-alkenes, in
addition to the Lewis acid catalyst of ethylaluminumdichloride (C2H5AlCl2). 1decene solution was purchased from Sigma–Aldrich and later distilled twice
under decreased pressure prior to use. The procedures of the experiment are
as follows:
1.

Approximately 10 ml acetone and isopropyl alcohol were prepared. The
sample was degreased for about 15 min.

2.

A reactive solution of 30 ml each for H2SO4 and H2O2 (ratio 3:1) (denoted
as SPM3:1) were prepared and mixed. The solution reacted immediately,
and the sample was placed in the solution for 20 min.

3.

The NH4F solution was purified by bubbling nitrogen through it at room
temperature for 30 min. The sample was immersed in NH4F solution
(40%) for 15 min with continuous bubbling of nitrogen.

4.

Given that the Lewis acid catalyst has high flammable risks with the
existence of oxygen, the best solution for this experiment was to use a
glove box. Alkyl monolayer passivation was performed in a globe box
purchased from Saffron Scientific Equipment, Ltd. The doubly distilled 1decene and Lewis acid catalyst mixed well in the round flask vessel at a
ratio of 10:1.

5.

The freshly prepared Si–H sample was dried under N2, and the flask was
closed tightly. The reaction was performed at 110 °C and heated under
pressure in the sealed flask. The reaction was left overnight and ran for
about 20 h.
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6.

At the end of the passivation, the flask was cooled and the alkyl sample
was removed from the glove box.

7.

The sample was immediately rinsed with 1,1,1-trifluoroacetone (TFA) to
neutralize the residual C2H5AlCl2. The sample was then washed with
methanol and cleaned ultrasonically with hexane.

6.3.3

Characterization Procedure

This section describes the relevant characteristics of any experiment executed
that serves as a quantitative measure and indicator of the sample performance.
The processes were ellipsometry, FTIR, contact angle measurement, and XPS.

i.

Ellipsometry

Ellipsometry is the measurement of the polarization state of a polarized vector
wave [115]. It is an optical instrument that can be used to study thin films by
monitoring the reflection of polarized light. Ellipsometry measurements are
used to measure the thickness and other properties of thin layers of dielectrics
and semiconductors. It is also preferable for measuring very thin layers,
especially for monolayer coverage of several tens of atoms deep.
Monochromatic light is supplied by a laser where the light beam passes
through a polarizer to produce polarized light. In ellipsometry, p- and spolarized light waves are irradiated onto a sample, and the changes in the
polarization state are controlled by light reflection or transmission. The
analyser can be used to determine the state of polarized light by locating the
null point. The compensator is usually held at a fixed angle. A quarter-wave
plate is used to convert linearly polarized light to elliptically polarized light.
The component of the wave aligned to the fast axis passes through the faster
plate than the wave aligned with the slow axis, resulting in the wave becoming
out of phase with a phase shift between 0° and 360°.
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Ellipsometry measures the two values of ψ and Δ that express the amplitude
ratio and phase difference between p- and s-polarizations, respectively. When a
sample structure is simple, the amplitude ratio ψ is characterized by the
refractive index n, whereas Δ represents light absorption in the sample [116].
The silicon sample placed on the sample stage and values of Δ (change in
phase difference that occurs upon reflection, 0° to 360°) and psi (angle ψ of the
tangent ratio of the total reflection coefficient magnitudes, ψ = 0°–90°) were
measured along the length of the sample, including a length of uncoated
silicon. Thus, the instrument determines the state of the polarization. A
detector measures the light intensity and passes this data to a computer for
analysis. Finally, these values are inputted to a computer program to calculate
the thickness of the sample layers over the length of the sample.
Ellipsometry is also a powerful technique to measure the optical constants of
materials. However, it is very sensitive to surface roughness, naturally formed
oxide layers, contamination, and surface damage [117]. The effects of surface
roughness on ellipsometric parameters can be considered as a single layer or
as multiple thin layers that characterize the anisotropic behaviour at different
depths below the surfaces [118]. The effective thickness is determined by
selecting an appropriate model where the roughness data fit with the
theoretical framework.
The chemical stability of the samples was investigated when exposed to air
(normal laboratory conditions), and ellipsometric spectroscopy was used to
monitor oxide growth. A variable angle, spectroscopic phase-modulated
ellipsometer (UVISEL, HORIBA Jobin Yvon) was used to record all ellipsometric
measurements. The ellipsometric angles (Ψ, Δ) were collected over the spectral
range of 260 nm to 800 nm at an angle of incidence of 70°. The measured
angles (Ψ, Δ) were transformed into complex pseudo-dielectric functions (ε).
Using appropriate models, the native oxide thickness and the surface condition
were calculated. The model for the surface condition of the H-terminated
surface was obtained with a two-layer model consisting of a bulk c-Si and a
Bruggeman EMA layer with 50% c-Si and 50% air. The surface condition (microroughness) was given by the thickness values (dm). Native oxide wafers were
modelled after a bulk c-Si with a SiO2 layer on top.
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ii.

Fourier Transform Infra-red Spectroscopy (FTIR)

IR spectroscopy is a measurement of IR radiation where the sample is
subjected through the mechanisms of absorption, emission, or reflection.
When IR electromagnetic radiation is absorbed, it increases the energy of the
molecule and is only energetic enough to cause changes in the vibrational and
rotational energy of molecules [119]. For a molecule to absorb IR, the
vibrations or rotations within a molecule must cause a net change in the dipole
moment of the molecule, where the energy of the radiation must be equal to
the difference between allowed energy transitions of the molecules. The
frequency at which a molecule absorbs IR radiation is determined by the types
of atoms composing the molecule, the types of bonds forming the molecule,
the location of the bonds and atoms in the molecule, and their interaction
within the molecule. If the frequency of the radiation matches the vibrational
frequency of the molecule, then radiation will be absorbed that causes a
change in the amplitude of molecular vibration. The interaction of all the
vibrations of the molecule can determine the energy of a vibration. Most of the
interaction may be extremely weak, and definite vibrational modes can be
strongly coupled. Vibrational coupling can cause the frequency of an
absorption band from the same type of chemical bond and atoms in one
molecule to be shifted to a higher or lower frequency. The exact position of an
absorption band is determined by the combination of the different types of
possible vibrational modes, overtones, difference bands, combination bands,
and coupling.
FTIR spectroscopy is an extremely powerful technique to identify the molecular
composition of many organic and inorganic materials. When a sample is
analysed by IR spectroscopy, the equipment produces a spectrum range of
4000 cm-1 to 650 cm-1. The sample of 1-decene monolayers was characterized
by a variable angle reflection accessory of PIKE Technology VEEMAX II, which
was fitted to a Tensor 27 spectrometer (Bruker Instruments). The sample was
placed on a glass plate where the angle of incidence was set at 37° and Spolarization. This FTIR had a variety of crystal plates with a mercury–cadmium
telluride (MCT) detector and selective control of the penetration depth of the IR
beam in the samples. A total of 500 scans were taken, with the background
scans of native oxide sample subtracted from each spectrum.
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iii. Contact Angle Measurement
The contact angle measurement can be performed by employing droplet shape
analysis to determine the surface energy of the solid materials. Contact angles
are measured by fitting a mathematical expression to the shape of the drop.
The slope of the tangent to the droplet shape is then calculated on the liquid–
solid–vapour interface line. The contact angle Ɵ is a quantitative measurement
of the wetting of a solid by a liquid (Figure 6.4). This figure shows that the low
tangent value Ɵ is less than 90°, resulting in better wettability, adhesiveness,
and cleanliness of a solid surface. When the solid surface consists of organic
monolayer materials, water droplets form a larger contact angle where a high
tangent value Ɵ is more than 90°. These solid surfaces with organic
monolayers

have

low

surface

energy,

worse

wettability,

and

inferior

adhesiveness. For a tangent value equal to 90°, the surface free energy is
equivalent to the equilibrium contact angle where the solid–liquid and the
solid–vapour interfacial tensions are equal.

Ɵ < 90°

Ɵ = 90°

Ɵ
Si Substrate
Figure 6.4

Ɵ > 90°

Ɵ
Si Substrate

Ɵ
Si Substrate

Measuring of water contact angle, Ɵ on the solid surface e.g.
silicon substrate.

The static water contact angles were measured with a Kruss DSA 100 using a
computer-controlled contact angle calculation program supplied by the
manufacturer. The measurements were performed with water droplets of a
fixed size of approximately 1.0 µL in volume. They represented an average of
at least five points at room temperature under ambient humidity. The drop was
produced before the measurement, and exhibited a constant volume during
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the measurement. The contact angle data were taken on an average of three
time measurements at different positions of the silicon surface.

iv. X-ray Photoelectron Spectroscopy (XPS)
The sample was characterized and analysed by Midlands Surface Analysis at
Aston University, UK. The XPS spectra were recorded by Thermo Fisher
ESCALAB 250 with a monochromatic Al X-ray source, which allowed an energy
resolution of 0.45 eV FWHM. This setup made the identification of chemical
states much more precise. The spatial resolution was 15 microns in
spectroscopy mode and 3 microns in chemical imaging mode. It also had an
Al/Mg dual anode X-ray source that allowed analysis areas of up to 8 mm in
diameter. The base pressure in the instrument was < 3 x 10

-10

mbar. Spectra

were fitted with Gaussian profiles using standard procedures. The positions of
all peaks were normalized to C1s at 285.0 eV.

6.4
6.4.1

Result and Discussion
Characterization of 1-Decene Monolayer Samples

Characterization of the alkene monolayer surface was performed by employing
a variable angle reflection accessory of PIKE Technology VEEMAX II fitted to a
Tensor 27 spectrometer (Bruker Instruments) (Figure 6.5). The figure displays
the presence of alkyl groups taken after 24 h of exposure to air. The bottom
slope of the graph indicates the C-H stretching region of the IR spectra that
consist of symmetric and anti-symmetric CH2 and anti-symmetric CH3 stretch
vibrations. The IR spectra of the measured peaks are in good agreement to
those in the literature. The peaks observed are 2854 cm−1 to 2858 cm−1 [120]
for symmetric CH2 mode, 2917 cm−1 to 2923 cm−1 [121] for asymmetric CH2
modes, and 2963 cm−1 to 2967 cm−1 [120] for asymmetric CH3 modes of alkyl
organic monolayers.
Three different IR spectra were placed in the glove box with different
experimental temperature setups. The aim of this experiment is to form an
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interface layer that consists of hydrophobic molecular bonding and longer
surface stability in open air. The usage of a Lewis acid catalyst for the alkene
monolayer has proven its surface stability against oxidation in open air [111,
122]. Similar to that approach, the same catalyst for alkene monolayer was
heated at two different temperatures (90 and 110 °C) and left overnight. The
Bruker FTIR recorded three broad peaks of the C–H stretching region, where
the peak areas were approximately 0.136 unit2 (90 °C) and 0.217 unit2 (110 °C).
Meanwhile, the experiment without catalyst for hydrosilylation of doubledistilled 1-decene heated to 160 °C for the same period of time produced
approximately 0.248 unit2. Although the peak area of 1-decene without catalyst
was higher than that of the catalysed sample, the grafted silicon samples still
protected the surface properties from oxidation in open air [111, 122].

vs(CH2)

vas(CH2)
vas(CH3)

(a)

(b)

(c)

Figure 6.5

FTIR spectra of 1-decene (double distilled) monolayer directly
attached to Si surface (a) hydrosilylation at 160 °C, τ = 12 µs; (b)
hydrosilylation with Lewis acid catalyst at 90 °C, τ = 10 µs; and (c)
hydrosilylation with Lewis acid catalyst at 110 °C, τ = 11 µs.

The X-ray photoelectron survey spectrum of this surface (Figure 6.6) shows the
binding energy of the 1-decene monolayer on the Si (111) sample. It has a
significant peak in the Si, C, and O signals, which is in good agreement with
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previous studies of Boukherroub et al. [34]. The alkyl chains of 1-decene yield
a clear C 1s signal that is higher than the oxygen signal but smaller and closer
to the Si signal. A small amount of fluorine was observed after exposure to
NH4F and HF. A small amount of chloride in the sample was also observed
because of the residual C2H5AlCl2 on the surface.

Figure 6.6

XP survey spectrum of Si (111)-C10H21 in the presence of C2H5AlCl2
prepared by mild thermal hydrosilylation reaction of 1-decene.

Figure 6.7 and Table 6.1 show the high-resolution XP spectra of the C 1s that
consists of three components: C-C/C-H (85.6%), C-O (8.9%), and Si-C (5.5%).
The XPS C 1s spectra showed a peak located at 285.0 eV, which is assigned to
C–C/C–H bonding. An inflection point at 283.8 eV was observed in the spectra,
indicating a peak at this binding energy. The inflection points at 286.5 and
283.8 eV in the spectra corresponded to a chemical bonding state originating
from C–O and Si–C bonds, respectively.
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Figure 6.7

High-resolution XP spectra of surfaces (C 1s region) in the
presence of C2H5AlCl2 prepared by mild thermal hydrosilylation
reaction of 1-decene.

Table 6.1

A summary of Percentage Component of XP spectra.

Component

Peak BE

Wt. %

C-C\C-H

285.0

85.6

C-O

286.5

8.9

C-Si

283.9

5.5

The Si 2p peak shown in Figure 6.8 has two components of Si 2p3 (Si1) and
2p1 (Si2), estimated at 100.1 and 99.6 eV, respectively. These results have
three arguments by previous researchers. They used 1-decene as a precursor
for the organic monolayer on a silicon surface. The existence of two
component peaks of Si 2p is similar to the results obtained by Boukherroub et
al. [34] and Rosso et al. [123]. Boukherroub et al. [34] saw peaks of Si 2p at
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100.1 and 99.4 eV. This experiment was performed using the UV irradiation
method. Rosso et al. [123] acquired their results from a demonstration of the
peaks of Si 2p at exactly 101.1 and 100.4 eV employing H termination by HF
and heated neat alkenes at 130 °C for 6 h. One component peak of Si 2p was
achieved by Ishizaki et al. [114]. They utilized H-termination by NH4F and
thermal method (for 5 h at 160 °C). The energy of the primary Si 2p3 peak was
at 99.4 eV, whereas the native Si 2p3 peak was at 99.0 eV. This result indicates
that a portion of Si on the surface of this sample is H terminated. The peak
shift is the only indication of H termination, indicating a possible method of
completely removing the hydrogen bonding from the surface by minimizing
pre-treatment of H-termination by employing either NH4F or HF only. The Si 2p
and C 1s spectra of the 1-decene monolayer were nearly identical to that of the
H-terminated Si (111) surface. High-resolution XP spectra of the Si 2p and C 1s
regions were consistent with the Si–CH2 bond. The O 1s peak in the survey
spectrum also did not appear to be associated with the formation of SiO2,
which appears at about 102 eV [27] to 104 eV [34, 114]. These conditions
indicate that the silicon dioxide layer on the Si substrate had been removed; it
also proves that the alkylation of the H-terminated silicon substrate was
accomplished.

Figure 6.8

High-resolution XP spectra of surfaces (Si 2p region) prepared by
the thermal reaction of 1-decene.
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Hydrosilylation of alkenes using the Lewis acid catalyst [34] is well known in
chemical literature and has been applied to modify porous silicon [110].
Although Lewis acid catalyst has been used in alkene monolayers, the presence
of residual aluminium on the modified surface could be below the detection
limit. Moreover, it could have resulted from the decomposition of the catalyst
upon its neutralization. As evidence, the spectral of C 1s and Si 2p peak
remain unchanged (same board and high binding energy) after 25 days in open
air by applying the Lewis acid catalyst in the alkene monolayer [111]. The
result of the quantitative XPS analysis of the sample is summarized in Table
6.2. The surface oxygen concentration sharply decreases from 28.9% to 5.7%
because of the H termination and organic passivation processes. The surface
oxide layer was removed earlier during the H-termination process. This oxygen
concentration value of 5.7% was due to contamination, which is mostly due to
adsorbed water molecules during exposure in air. The carbon amounts on the
1-decene monolayer samples increased to 27.7% compared with those on the
native sample (9.4%), which was due to contamination during sample handling
in open air.
This increase in surface carbon concentration supports our findings that 1decene molecules have been passivated on the samples. Our results provide
strong support for other characterization methods used for covalent-bound
alkyl monolayers experiments on silicon surface.

Table 6.2

The relative atomic concentration (%) of the elements
present in the samples by XPS

Element

Relative atomic concentration (%)
Native

1-decene

Si

61.0

65.8

C

9.4

27.7

O

28.9

5.7

F

0.8

6.8
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6.4.2

The Stability Study of 1-Decene Monolayer Passivation

Spectroscopic ellipsometry measurement is a sensitive tool to examine the
relationship between surface morphology and chemical structure of treated
substrates of Si (111) surface and Si/SiO2 interfaces [27]. One of the objectives
of this study is to investigate the degree of stability (oxidation resistance) of
the alkene monolayer on silicon surfaces in air. The value of the imaginary
portion of the pseudo-dielectric function ε2, is a measure of the degree of
covalent termination with alkene bonding.
Figure 6.9 shows the typical spectra of the imaginary part of the effective
dielectric function, ε2, for Si (111) after alkene monolayer passivation of n-type
surfaces. The magnitude of ε2 (367 nm) at the E2 silicon bulk critical point
energy (~4.25 eV) is the highest in terms of sensitivity to surface modification
and over layers [27, 86, 94]. Ellipsometry measurement can be used to monitor
the smoothness of the surface based on the duration of time after the alkenepassivated sample is exposed to air. The ε2 value for n-type Si (111) after the
alkene monolayer-terminated surface is 32.3. The ε2 value is consistent at
~31.9 and 32.6 after exposure in air for the next 24 and 144 h, respectively. A
small change in ε2 values occurs after exposure in air. The surface is stable,
and the formation of alkenes is possibly terminated on the silicon surface.
A slight re-oxidation of the Si surface is observed after a few days of storage at
room temperature in air. In this study, the term “micro-roughness” was used to
describe changes of atomic scale irregularities on the silicon surface or in the
Si/SiO2 interfaces upon chemical treatment, reflecting a similar definition by
Angermann et al. [27]. The ε2 values slightly increased after exposure in air for
24 h. Figure 6.10 shows an indication of oxide and micro-roughness growth of
the alkene monolayer on n-type Si surface. The growth is ~2.824 ± 0.080 nm,
which was measured immediately after the experiment. The micro-roughness
growth increased to 2.883 ± 0.016 nm (24 h) and decreased to 2.663 ±
0.020 nm (144 h) after exposure in air. The change in ε2 values is similar to the
growth trend of micro-roughness of the surfaces. Any change in peak height in
ε2 reflects either an increase in surface roughness or an increasingly thick
surface layer [27, 86, 94].
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Figure 6.9

Spectra of the imaginary part of the pseudo dielectric function ε2
measured by ellipsometry measurement on sample Si after
organic passivation of n-type surfaces. The spectra of the same
samples are shown after 24 hours and 144 hours exposure to air.
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Figure 6.10 The estimation of surface micro roughness growth as a function
of time, before and after alkene monolayer passivation from
ellipsometry measurement. The apparent roughness over time for
Si (111) n-type is shown after 24 hours and 144 hours exposure
to air.
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(a)

(b)

(c)

(d)

Figure 6.11 Images of water contact angles of the samples a) Native oxide;
and 1-decene monolayers b) 24 hours; c) 192 hours and d) 624
hours.

The formation of water droplets on the flat surface mainly depends on the
cleanliness of the surface or contamination by the organic layer on the surface.
The hydrophilic molecules attract water molecules and disperse on the surface
because of polar and ionic molecules that have positive and negative charges;
thus, these hydrophilic molecules attract water molecules. By contrast,
hydrophobic molecules are nonpolar molecules that are repelled by water
because of the latter’s neutral charge (no charge). The native oxide surface has
a tendency to interact with water and has better wettability and adhesiveness
[Figure 6.11(a)], indicating a hydrophilic surface where the contact angle is
normally <90°. The water droplet is more firm and undispersed on the surface;
thus, a hydrophobic layer was formed on the silicon surface [Figures 6.11(b),
(c), and (d)]. The changes of the contact angle in Figures 6.11(c) and (d)
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indicate that the Si-C layer was oxidized after exposure to air for a certain
period of time.
The H-Si (111) surface shows a water contact angle of ~84° (Table 6.3), which is
consistent with reported values [124]. The surface wetting properties of Hterminated surface that reacted with 1-decene achieved maximum value (104°)
within 24 h of exposure to air. These values correspond to the 1-decene
monolayer, which consists of closely packed alkyl-terminated surfaces and
correlate well with reported literature values of 102° [125], 107° [98], and 108°
[114]. Ishizaki et al. [114] reported that the water contact angle strongly
depends on the molecular structure of the monolayer, with C10 (1-decene) value
of <110°. Furthermore, the sample maintained hydrophobic surfaces (>101°)
within 192 h before the contact angle decreased to 93°. The minimal difference
(~11°) after the sample was exposed to air for ~624 h suggests very low
inherent reactivity of the oxide surface toward 1-decene.

Table 6.3

Water contact angles of the samples.

Samples

6.5
This

(°)

Native oxide

58

Si-H

84

1-decene (24 hours)

104

1-decene (192 hours)

101

1-decene (624 hours)
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Chapter Summary
study

describes

the

preparation

and

characterization

of

alkene

monolayers on Si surface through a hydrosilylation reaction. The results of XPS,
ellipsometry, and water contact angle showed the stability of the whole
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monolayer surface and the very low inherent reactivity of the oxide surface
toward 1-decene. Alkene formation was also very stable because of the Si-C
bonds that created dense monolayers, as proven by FTIR spectroscopy and
wetting experiments. The IR spectra recorded three broad peaks of the C-H
stretching region, with peak areas at ~0.217 unit2 and low temperature
reaction at 110 °C. The significant results of IR spectra show that the covalently
bound alkyl monolayers were well passivated by the presence of carbonyl
groups on the monolayer surface. High-resolution XPS spectra of the Si 2p and
C 1s regions were consistent with Si-CH2 bond and increased carbon amounts
of up to 27.7%. These results support our findings that 1-decene molecules
have been passivated on the samples. Finally, the presence of the Lewis acid
catalyst in the 1-decene monolayer rendered the grafted silicon samples
resistant to oxidation in air. Moreover, the surface passivation for long-term
stability conditions increased.
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Chapter 7

Deposition of Langmuir- Blodgett
Films on Silicon

7.1

Introduction

LB technique is one of the most promising for preparing thin-film layers on
semiconductor surfaces. LH materials via LB films can transfer photon energy
through photo-excitation from excited dye layers to the semiconductor to
improve the low absorption coefficient of silicon. This study shows that a
similar energy transfer process may occur to sensitize silicon via a dipoleinduced dipole mechanism, which is similar to Förster energy transfer between
two molecules or a molecule and a metal [126]. This approach to enhance the
photo-generation carrier rates in solar cells was proposed by Dexter [127],
wherein silicon sensitization is possible via non-radiative electronic energy
from dye molecules on the surface. A significant technique to deposit an LB
film

monolayer

requires

control

of

the

molecular

organization

and

intermolecular distances for high efficiency of excitation energy transfer within
dye molecules [126, 128]. In this chapter, the experimental steps of dye
monolayers deposited on n-type silicon surface using LB technique are studied.
Two different types of hydrophobic layers on the Si substrate are used, which
later become the interface layers of LB films and Si substrate. This study
reports and discusses electrical properties via contactless KP measurements in
Chapter 8.

7.2

Background Study of LB Films

Traditionally, the term “LB films” refers to monolayer structures that are
deposited from monolayers floating on the water surface onto a solid
substrate. Normally, the substrate can be glass, mica, silicon, or quartz. Two
common methods have been developed to deposit LB films. One technique is
vertical deposition, which is the most common method of LB transfer [128].
The other strategy is horizontal deposition involving horizontal lifting of
Langmuir monolayers onto a solid substrate; it is also called Langmuir–
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Schaeffer deposition [129]. LB films can be formed as single layers or
multilayers of various thicknesses, which contain one or more monolayers of
an organic material. A monolayer is adsorbed homogeneously with each
immersion or emersion step, where films with precise thickness can be formed.
Multilayer structures can be created and added to determine the total thickness
of an LB film because the thickness of each monolayer is identified. The
advantages of the LB technique for the preparation of highly organized thin
films are the following [129]:
(i)

Precise control of monolayer thickness and phase state.

(ii)

Homogeneous deposition of a monolayer over large areas.

(iii)

Possibility to prepare multilayer films.

(iv)

Structure

with varying

layer

composition, e.g., two

different

surfactants or different orientation.
(v)

Deposition of a large variety of surfactants on different kinds of solid
substrates.

7.2.1

Mechanisms of LB Films Formation

LB films are assembled vertically and are usually composed of amphiphilic
molecules with a hydrophilic head and a hydrophobic tail. The orientation of
surfactants may form when they interact with air at the air–water interface.
This orientation allows surfactants to spread in the air–water interface to form
insoluble monomolecular layers. The amphiphilic nature of surfactants on an
air–water interface results in an orientation wherein the hydrophilic head group
is immersed in water and the hydrophobic tail points toward the air. The
surfactant molecules arrange themselves as shown in Figure 7.1. This tendency
can

be

explained

by

surface–energy

considerations.

In

addition,

the

thermodynamic variables of surfactants, such as surface pressure, surface area
and number of surfactant molecules, are also significant for LB film formation.
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Hydrophobic

Air

Tail Group

Surfactant
Hydrophilic
Head Group
Water

Figure 7.1

The surfactant orientation at an air-water interface.

The floating monolayers can be transferred from the air–water interface onto
solid substrates by vertical deposition through an established method by
Blodgett and Langmuir [127]. Initially, the solid substrate is immersed vertically
through the sub-phase monolayers in the trough area. The barrier presses the
floating monolayers to move toward the solid substrate and simultaneously
move the substrate upward. The function of a moving barrier is to control the
surface

pressure

constantly at

a

range

of

1 mm/min to 5 mm/min.

Subsequently, the floating monolayer is transferred onto the solid substrates,
which depend on the wettability of the substrate and the hydrophilicity of the
monolayer materials. The mechanism of monolayer deposition on a solid
substrate is shown in Figure 7.2.
Deposition of LB films can involve highly organized multilayers of an
amphiphilic compound. The continuous dipping and pulling process is
required until the desired number of layers is achieved for a second layer or
multilayer deposition. LB films can be deposited in a symmetrical mode in a
multilayer deposition where the molecule layers form a head-to-head and tailto-tail orientation. This arrangement is called Y-type films, wherein the
monolayer is not deposited during the first dipping of the substrate (down
strokes) but in subsequent upstrokes. Two other deposition types are X-type
(deposition in down strokes) and Z-type (deposition in upstrokes) [130]. The
different types of LB deposition are shown in Figure 7.3.

111

Deposition of Langmuir-Blodgett Films on Silicon

Figure 7.2

Deposition of a floating monolayer onto a solid substrate.

(a)

Figure 7.3

(b)

(c)

Different type of LB deposition a) Y-type; b) X-type and Ztype [130].
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The surface pressure should be controlled to ensure sufficient cohesion in the
monolayer, where the attraction between the molecules in the monolayer is
sufficiently high and does not weaken during transfer to the solid substrate.
The surface pressure is controlled by the Wilhelmy plate method (usually with
filter paper), as shown in Figure 7.4. The Wilhelmy plate is a small piece of
extremely thin hydrophilic material that is controlled by the air–water
interfaces and intercepts support from the arm of an electronic electrobalance. The force acting on the plate is proportional to the surface tension.
The container of the trough that consists of the sub-phase is typically made of
Teflon to prevent any outflow of the sub-phase over the edges. The circulating
water in channels that are placed underneath the Teflon trough is controlled by
the thermostat trough. The movable barriers are used to compress the subphase toward the Langmuir balance, and the surface pressure is maintained
constant during compression.

Figure 7.4

Schematic diagram of a Langmuir film balance with a Wilhelmy
plate electro-balance and barrier function for measuring the
surface pressure.
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7.2.2

Methods and Parameter Control of LB Films Formation

A certain degree of equilibrium between hydrophilic and hydrophobic
molecules is required to spread monolayers on the water surface. The
properties of LB films mainly depend on the different electrical, optical,
thermodynamic, and rheological characteristics of monolayers. The most
significant aspects to be considered are related to the effect of sub-phase
conditions on the monolayer properties and uniformity of the water surface.
The formation of a monolayer structure via LB technique onto a substrate can
be controlled with appropriate conditions.

i.

Surface Tension

The degree of molecule attraction in a liquid is called cohesion, which is
dependent on the substance properties. The interaction of a molecule in the
bulk of a liquid is balanced by an equally attractive force in all directions.
However, molecules on the surface of a liquid under imbalanced forces
because of a molecule at the air–water interface exhibit greater attraction
toward the liquid phase rather than the gaseous phase. The net effect of
attractive force toward the bulk and the air–water interface is due to the
presence of free energy at the surface. The existence of excess free energy at
the surface is mainly attributed to the difference in environments between
surface and bulk molecules. The resultant of the surface tension γ is given by
partial derivative as follows [131]:

γ = (∂G ∂s )T ,P , y

Eq. 7.1

i

where G is the Gibbs free energy of the system, s is the surface area, T is the
temperature, P is the pressure, and yi is the composition. T, P, and yi are
constant.
Polar liquids normally have strong intermolecular interaction and high surface
tension. Thus, a lower surface tension exists because of the weakness of the
interaction strength or by increasing the temperature of the system. Any
contamination or additional surfactants will lower the surface tension.
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ii.

Surface Pressure

Surface pressure is defined as the decrease in the surface tension of the liquid
because of the presence of the monolayer [130]. This interfacial free energy in
monolayer experiments is normally measured by the surface pressure Π. The
excess free energy exists on the air–water interface; thus, water (Π = 72.8
mN/m at 20 °C) is a very good sub-phase for monolayer experiments. The
surface pressure Π is equal to the reduction of the pure liquid surface tension
by the monolayer films, which is expressed as follows:

Π =γ −γ0
where γ

Eq. 7.2

is the surface tension with the presence of monolayer on the

interface or the monolayer film-covered surface and

γ0

is the surface tension

of the sub-phase in the absence of a monolayer (i.e., pure liquid).

iii. Surfactants
Surfactants are a larger class of molecules that consist of hydrophilic and
hydrophobic groups. The surfactants accumulate at the interface and must be
water insoluble but soluble in a volatile solvent, such as chloroform or
benzene, to form a Langmuir monolayer. The hydrophobic group is typically a
tail group that consists of long chains like a hydrocarbon. By contrast, the
hydrophilic group is typically a polar group that consists of strong dipole
moment and hydrogen bonding, such as -OH, -COOH, -NH2, -NH3+ and -PO4(CH2)2NH3+ [132]. The amphiphilic molecules are LB-compatible compounds that
consist of both hydrophilic and hydrophobic groups, such as long-chain fatty
acids (stearic acid, arachidonic acid, and so on). The most significant
properties and behaviour of surfactants in the solution are the size and shape
of the hydrocarbon chain, as well as the size, charge, and hydration of the
hydrophilic head group.
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iv. The Influence of Surfactants Concentration
Stable monolayers and organization of LB films on the substrate can be
controlled by pH. The surfactant concentration of LB monolayer is usually
prepared at pH 6.5 [133] and 7 [134]. In some situations, the surfactant
concentration can be prepared to be more acidic because of the chemical
properties of the mixing solutions. Danos et al. [135, 136] prepared dye
monolayers in chloroform with the addition of water sub-phase and 10–4 M
CdCl2 concentration at pH 5.6. A stable LB film organization must not exceed
pH 8.5, as suggested by Takamoto et al. [134]. Generally, the behaviour of
surfactants in the solution and their associated interface layers are determined
by the physical and chemical properties of the hydrophobic and hydrophilic
groups, respectively.

7.2.3

Literature Review on the LB Films

Pioneering studies related to the energy transfer in molecular engineering were
conducted by Kuhn [126]. Robert [137] initiated important studies on
molecular energy transfer via LB film applications in semiconductors. Kuhn
proposed that the direct excitation energy transfer (DET) is a very efficient
method related to the average structure of monolayer assemblies on scales ≤
10 nm. However, the molecular diffusion in LB films is much slower compared
with DET; thus, the Förster mechanism is dominant for excited singlet states
[138]. A mixed LB film on different conducting polymers create molecular
electronics in both optical and electrical reversible switching, where ET can
occur upon excitation by visible laser light [130].
The transition from homogeneous to striped bilayers of LB films on the
oxidized

silicon

substrate

was

studied

by

Howland

et

al.

[139].

Octadecysiloxane Langmuir monolayers were prepared on the Si surface of an
acidic sub-phase (pH 2) at room temperature. The morphological structures of
striped bilayers are linear, periodic, micrometre-scale in width, and nano-scale
in height, which can be controlled in an air–water interface by withdrawing and
re-immersing the Si substrate. The proper control and stable order of LB films
were studied by Takamoto et al. [134]. LB films were deposited from the
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hexagonal phase of cadmium arachidate (CdA2) at pH 7 and the monolayer
viscosity was 0.98 ± 0.04 dyne-s/cm. Multilayer deposition of LB films can be
performed by controlling the organization of LB structure at pH < 8.5. The
monolayer phase with high pH has a lower energy lattice structure and is more
condensed than the monolayer at pH 7.
Danos et al. [136] observed the excitation energy transfer of monomers and
dimers in mixed LB oxacarbocyanine monolayers with stearic acid (1:100) on
glass and silicon. Their study also confirmed that quenching occurs in a short
distance at <10.0 nm and that the Förster radius is ~5.5 ± 0.5 nm. The
monomer and dimer energy transfer rates to the silicon surface are measured
at a close distance of ~5.0 nm. Specifically, two significant factors are present
for efficient energy transfer in the molecular system, which consists of the
following: (i) sufficient energy to be transferred from one molecule to another
by excitation energy and (ii) a closer distance between the molecules that is
related to the uniform distribution of molecules.

7.3

Methodology

The nanostructure-molecule is a dye compound fabricated on silicon substrate
via LB technique. The LB method produces highly uniform monolayers and
precise control of the space thickness at 2.5 nm. The molecular–semiconductor
separation is controlled by means of stepped structure deposited on the
treated silicon surface.

7.3.1

Experimental Procedure

A sample of double-sided, 525 μm-thick, n-type crystalline Si (111) was used
for all experiments. The resistivity of all the wafers was in the range of
20 Ω.cm to 25 Ω.cm, and each sample was cut to 1.0 cm2. The following types
of silicon substrate were prepared: (i) silicon native oxide and (ii) silicon
passivated by 1-decene. Stearic acid (SA), hexamethyldisilazane (HMDS) (99%),
cadmium chloride (CdCl2) (99.999%), and chloroform (99.9%, A.C.S. HPLC
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grades) were purchased from Sigma Aldrich. 3,3’-Dioctadecyloxacarbocyanine
perchlorate (DiO) was purchased from Molecular Probes (Invitrogen, Ltd). LB
deposition was prepared using mixed layers of SA (99%, grade I) and
fluorescent cyanine dye molecule (DiO). Chloroform was used to prepare all
spreading solutions, and all chemicals were used directly upon acquisition. The
deposition of LB films followed a similar technique by Danos et al. [128, 129].
For the preparation of the sample, the silicon native oxide was rendered
hydrophobic by overnight exposure to the HMDS vapour. For silicon passivated
by 1-decene, a detailed experiment is presented in Section 6.3.2. The LB
monolayers and multilayers were fabricated using a Langmuir Blodgett trough
(Nima Technology, UK) equipped with three dipping wells and barriers. The
experimental procedure is as follows:
1.

The mixed DiO:SA solution was prepared at 1:5 ratio in chloroform.

2.

The mixed DiO:SA solution was added into a water sub-phase with 10–
4

3.

M CdCl2 on the trough at pH 5.6.

A silicon sample was placed on the trough holder at the vertical position
toward the solutions.

4.

The monolayers were deposited as a cadmium salt at a constant
pressure of 28 mN/m and at a rate of 15 mm/min.

5.

The water used for the sub-phase was ultra-pure from Sartorius Reverse
Osmosis System (ARIUM-UV) with a resistivity of 18.2 M Ω.cm and a total
organic content (TOC) of < 2 ppb.

6.

The automatic barrier with the sample slowed down to sub-phase
solutions using the computer software by Nima Technology.

7.

A number of layers formed a stepped monolayer structure on the silicon
substrate. For example, four steps represent eight monolayers on the
silicon substrate. A similar procedure was applied for the sample silicon
passivated by 1-decene with a new sub-phase solution.
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7.3.2

Substrate and LB Films Preparation

The structure of dye monolayers deposited on the silicon surface, along with
experimental steps, is shown in Figure 7.5. The first step for creating LB films
is the formation of a hydrophobic layer by exposing the deposition overnight
to HMDS vapour on the native silicon oxide. Another sample was prepared by
organic passivation of 1-decene on the hydrogen-terminated Si surface. This
experiment was explained in detail in Section 6.3.2. The second step is the
formation of a stepped LB film structure consisting of four steps from eight
monolayers of SA on the treated silicon surface. The stepped structure was
created by depositing SA monolayers at cadmium stearate monolayers, wherein
each step consisted of two SA layers. Then, a mixed DiO:SA (1.5 %) monolayer
was deposited on top to cover the whole stepped LB film structure.

c) Mixed of DiO:SA

b) Stearic acid
a) Hydrophobic group – HMDS
or 1-Decene
Stearic acid

Figure 7.5

3,3’-dioctadecyloxacarbocyanine (DiO)

Schematic cross section of the structure of a dye monolayer
deposited on silicon surface – a) formation of hydrophobic group
by HMDS or 1-decene; b) two layers of cadmium stearate were
initially deposited followed by; c) a monolayer of DiO with stearic
acid.
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The stepped LB film structure on the silicon surface is illustrated in Figure 7.6.
Step 0 corresponds to the hydrophobic native oxide covered with HMDS with
thickness of ~2.5 nm [136]. The thickness of the 1-decene monolayer is
estimated at the range of 1.2 nm {projection structural modelling by Gorostiza
et al. [111]} and 1.3 ± 0.2 nm based on a fit model for the decane SAM at
160 °C [140]. For steps 1 to 4, LB films consist of two SA layer depositions for
each step, with a top layer of mixed DiO:SA. The whole stepped structure
consists of a variation for two SA layers equal to a distance of ~7.5 nm and
eight SA layers corresponding to ~30 nm. A similar thickness was previously
reported by Danos et al. [109, 135, 136]. The distance of the monolayer to the
silicon was accurately checked with spectroscopic ellipsometry on each SA
step.

Figure 7.6

Schematic illustration of the stepped LB film structure on the
sample: a) Hydrophobic group; b) Stearic acid; and c) DiO.

7.3.3

Samples Identification

The formation of the LB films on the silicon surface is described by detailed
identification, as shown in Table 7.1. For example, Si-dec-LB is noted as Si-dec2L 1.5 DiO:SA and Si-hex-LB is noted as Si-hex-2L 1.5 DiO:SA. Two other
samples indicate Si-hex-2L SA and Si-hex-8L 1.5 DiO:SA, which are used for
comparison and evaluation of the distance from the silicon surface.
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Table 7.1

Samples structure, description and identification with LB films
Sample Structure and Description

Identification
Name
Si-dec-2L 1.5
DiO:SA or
Si-dec-LB

This sample consists of mixed monolayer of DiO:SA
(1.5 %) on the top of 2 SA layers as LB films with an
interface layer of decene monolayers on the silicon
substrate.

Si-hex-2L 1.5
DiO:SA or
Si-hex-LB
This sample consists of mixed monolayer of DiO:SA
(1.5 %) on the top of 2 SA layers as LB films with an
interface layer of hexane monolayers on the silicon
substrate.

Si-hex-2L SA

This sample consists of 2 SA layers with an interface
layer of hexane monolayers on the silicon substrate.

Si-hex-8L 1.5
DiO:SA

This sample consists of mixed monolayer of DiO:SA
(1.5 %) on the top of 8 SA layers as LB films with an
interface layer of hexane monolayers on the silicon
substrate.
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7.4

Chapter Summary

This chapter highlighted the importance of controlled experimental parameters
to perform the deposition of LB films on Si substrate. The preparation and
experimental

procedures

for

LB

films

were

also

demonstrated.

The

hydrophobic 1-decene monolayer and HDMS on the silicon surface were used
as interface layers for deposition of dye (DiO) monolayers via the LB technique.
The formation of LB films on the Si substrate is a novel approach for functional
groups

of

LH

materials

for

solar

photovoltaic

systems.

Further

functionalization and patterning of Si-C surface provide 90% full coverage [37]
and effectively inhibit the oxidation of Si (111) surfaces in air [141]. These
results prove the diffusion of oxygen atoms into the monolayer/Si interface,
and prolong stability against oxidation in air [111, 122]. The characteristics of
LH materials (LB films) on the Si surface can be identified and linked to the
measurement of barrier height and estimation of SRV by KP (Section 8.3.4).
This experimental procedure is also linked to Section 9.3.2, which is related to
the study on charge trapping of the dye monolayer in LB films that function as
LH materials. Furthermore, a fundamental study is necessary to achieve proper
understanding of the mechanism of trapped charges on the silicon surface.
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Chapter 8

Electrical Characterisation of
Silicon Surfaces

8.1

Introduction

This chapter describes the electrical characterization of silicon surfaces via KP
and quasi-steady-state photo-conductance technique (QSSPC). This chapter
focuses on the measurement of surface recombination in samples passivated
by alkyl monolayers on the surface, as described in Section 5.5.2. The
measurement of diffusion length is described, which is needed for an in-depth
characterization of the surface by the KP method. This study demonstrates KP
surface characterization for surface recombination, which is consistent with the
results of the QSSPC technique. QSSPC is the industry standard in this field. We
also demonstrate that alkyl deposition on silicon produces a reasonably wellpassivated surface and may be considered as a low-temperature surface
passivation technique for industrial applications.

8.2

Methodology

Samples of double-sided polished n-type silicon with (111) crystal orientations
were purchased from Siltronix. Wafer thickness of 525 μm, sheet resistivity of
20 to 25 Ω.cm, and size of 1 cm2 were used in this study. A solution
comprising isopropyl alcohol (99.5%), H2SO4 (30%), and H2O2 (30%) was used
without treatment and purchased from Fisher Scientific. The substrates were
degreased in acetone and isopropyl alcohol solution and placed in an
ultrasonicator for 15 min. Then, the substrate was treated in an SPM solution
at a ratio of 3:1 for 15 min. This cleaning process leaves ~0.6 nm to 1.5 nm of
hydroxylated

oxide

on

the

silicon

surface,

which

prevents

surface

recontamination.
The samples were uniformly illuminated by a low-response monochromic light
source (Bentham CL2 universal spectral irradiance standard lamp; Bentham,
Inc.) with a wavelength of 250 nm to 3000 nm. The optical fiber source was
123

Electrical Characterisation of Silicon Surfaces

placed ~5 cm away and at 45° from the sample base of KP, which was covered
by a black, square box. The light emitted by the IL1 lamp was filtered by
TMc300 in 5 nm steps. Light escaping from the monochromator was guided to
the solar cell by a 1 mm UV/visible optical fibre. The cell response was
measured in Amperes at each rotation of the monochromator where the
spectral response of the cell (in AW–1 nm–1) was determined. The illumination
system was composed of an IL1 lamp, TMc300 monochromator, and optical
fibre calibrated against a reference (1 cm2 calibrated DH-Si silicon low-noise
photodiode) prior to any measurement.

8.2.1

Kelvin Probe Method

SPV measurement via KP method is a suitable technique to continuously
monitor passivated layers of silicon surfaces under light and dark conditions.
Furthermore, the KP method is very sensitive to small changes in surface
passivation which are measured in a small area (under probe tip). Thus, a
simultaneous monitoring of SRV and observing the charge injected into the
passivated layers appears to provide a promising technique. SPV and barrier
height were measured using the Ambient KP System (KPSP) with SKP 4.5
software (KP Technology, Ltd.).
The SPV measurements were obtained at a wavelength of 900 nm by setting a
maximum slit opening of monochromator at 8.00 mm (Appendix 1). The work
function of the semiconductor can be measured at high resolution (< 50 μeV)
with a characteristic voice-coil actuator [142]. KP consists of a flat circular
electrode (reference tip, Wm) placed on the top and parallel to a stationary
electrode (sample, Ws). The KP reference tip (φ = 2.5mm) is created from gold
that functions accurately, vibrates, and does not go in contact with the sample.
The difference of the work functions is determined by the value of the external
voltage at a null condition, which produces a CPD between the metals

(VCPD = Wm − Ws ) . The electric field created charges of opposite sign by VCPD on
the capacitor electrodes. These induced charges were detected by the gold tip
as transient current flows in an external circuit by changing the spacing
between electrodes [41]. The current generated by the vibrating capacitor can
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be converted into a measurable voltage using high resistance, which is
connected across the vibrating capacitor.

8.2.2

Photo-conductance Decay Method

Lifetime measurement procedures with transient photo-conductance decay and
quasi-steady-state photo-conductance techniques are commonly applied to
characterise the passivation of silicon wafers. Inductively coupled photoconductance decay (PCD) and quasi-steady-state photo-conductance techniques
are inexpensive and can easily determine the effective lifetime. Both
techniques are the only extensively used methods to determine lifetimes under
low-, mid-, and high-injection conditions [143]. However, the surface
recombination effect that limits the actual lifetime is sometimes neglected and
used to determine the bulk recombination properties of the wafer [144].
Photo-conductance measurements are based on the voltage output of an
impedance bridge, which contains an inductively coupled Si wafer in one
branch. The bridge is first balanced and the wafer is subsequently illuminated
by a flash of light. The change in wafer conductivity causes the bridge to be
unbalanced. The generated voltage is then recorded. In the PCD technique, a
short flash of light or a stroboscopic lamp is used and the generated voltage is
monitored after switching off the light. In the QSSPC technique, a slow flash is
used and the voltage is recorded while the light is still on [145].
WCT-120 Photo-conductance (PC) Lifetime Tester instrument was used to
characterize the surface recombination lifetime. The effective carrier lifetime
(τeff) of the samples was measured using a contactless photo conductance
decay system supplied from Sinton Consulting, Inc. (USA). In this system, the
sample is inductively coupled to a calibrated RF circuit whose output voltage is
directly correlated to the sample’s conductance. The sample is exposed to a
short light pulse generated by means of a flash lamp during each
measurement. The time-dependent output signal of the RF circuit is recorded
with an oscilloscope after termination of the light pulse and converted into
photo-conductance. The minority carrier recombination lifetime and SRV of the
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samples were compared between KP and PC to determine the correlation and
bias in the results.

8.3

Result and Discussion

8.3.1

Estimation of Diffusion Length

The work function is defined as the minimum energy needed to remove an
electron from the Fermi level EF to a point immediately outside the solid
surface [1]. SPV can be defined as a change in the surface potential

(δV

s

= Vs − Vso ) , where Vso is the equilibrium surface band bending and Vs is

band bending under illumination [41]. The relationship of δVs can be used to
estimate the total space charge and excess carrier density (Δp) at the surface
using Poisson’s equation via collection efficiency (ηL) of the minority carrier (Eq.
5.22).
Diffusion length was measured within the wavelength interval of 800 nm < λ <
1100 nm to minimize the uncertainty in diffusion length values obtained by
the SPV method. SPV measurement was conducted using KP method to
determine the minority diffusion length of the silicon surface. The surface of
the sample is illuminated by monochromatic light at long wavelengths with a
large absorption coefficient. A photovoltage is generated between the surface
and bulk because of the diffusion of electron–hole pairs to the depletion region
and the subsequent charge separation in this region. Diffusion of minority
carriers will determine the actual distance the carrier moves between
generation and recombination.
SPV measurement was performed at low incident illumination and constant SPV
to monitor photon flux density (Φ), whereas light absorption coefficient (α–1)
varied. Diffusion length (Lp) was determined based on a linear relationship
between SPV and Δp with low SPV signal. The Φ vs. α–1 plot in Figure 8.1 shows
that diffusion length is equal to the negative intercept along the α–1 axis. These
graphs also show the ηL–1 vs. α–1 plot of the collection efficiency, which were
determined in Eq. 5.22 (Section 5.5.1; pg. 77).
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Figure 8.1

The theoretical value according to Eq. 5.22 for diffusion length
determination by plotting the collection efficiency, (1/ηL) against
absorption depth (1/α).

The diffusion length was determined through a straight line at the wavelength
interval of 860 nm < λ < 1020 nm. The optical absorption coefficient of Si
measured the diffusion length in the narrow wavelength interval compared
with the studies of Saritas and McKell [146, 147]. The validation of diffusion
length measurement satisfies the following conditions: thickness of the sample
(H), depletion region width (W), and excess minority carrier (Δp) with H < α– 1 <
Lp; Lp << H and no >> Δp. The sample is assumed to be illuminated
homogeneously with homogenous photo-generation G(x) to fulfil Lp<< H [148].
The parameters of this study were as follows: H = 525 µm, W = 2.034 µm, and
α–1 range = 5 µm to 391 µm. Figure 8.2 shows five graphs to determine the
diffusion length by plotting photon flux vs. absorption depth. The average
value of Lp was 191 mV and the average lifetime of the minority carriers (τp) of
each sample can be estimated as 27 μs using the following equation:

L p = D pτ p .
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Figure 8.2

The experimental data for sample silicon native oxide by plotting
photon flux, Φ against α-1. The average diffusion length is
estimated based several values of SPV – a) 38.5 mV; b) 44.7 mV;
c) 52.5 mV; d) 58.6 mV and e) 83.4 mV.

Lp inconsistency is mainly ascribed to the surface effect that contributes to the
slow states and the surface recombination on the sample [41]. The sample was
possibly exposed to surface recombination throughout the experiment
because of a native oxide on the surface. Another possible error may result
from CPD fluctuation between the work function of the tip (Wm) and the sample
(Ws). The charges accumulate on the sample surface because the sample is
under illumination. The slow trap and fast trap of charges may have also
contributed to this error. Some of these problems can be avoided using
chopped light. However, the equipment was not available in our setup, which
was conducted under constant illumination (direct current SPV). Tousek et al.
[148] suggested using thicker samples to obtain more accurate diffusion
length. However, Lp does not depend on thickness. Shikler et al. [80] also
proposed that the KP method is useful in measuring very short diffusion
lengths (< 2 µm) but is less sensitive to narrow or medium band gap
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semiconductors (< 1 eV) because the SPV is exponential to the band gap
energy.

8.3.2

Measurement of Barrier Height
i.

Sample Silicon with H2SO4/H2O2 solution

The SPV technique monitors semiconductor surface potential changes
introduced by illumination; thus, this technique can be used to investigate the
surface states on the silicon surface [73]. The surface potential can be
measured via the SPV signal, which corresponds to the electrical charges
residing on the silicon or in its vicinity. A modification of the surface potential
by electrical charge transfer can be treated using many chemical treatments
and biological species. Chemisorption allows the chemisorbed species a
binding energy of >0.1 eV to form chemical bonds with the silicon surface.
Moreover, the physisorption requires a binding energy <0.1 eV via electrostatic
interaction with the silicon surface states [12]. In this study, the samples were
dipped in aqueous solutions of mixed inorganic bases and acids to investigate
the effect of chemical species on the silicon surface potential.
An initial stage of the cut Si (111) sample was cleaned by sequential rinsing in
acetone, IPA, and deionized water. Then, the sample was placed in a hot SPM
solution by mixing concentrated H2SO4 and H2O2 at a ratio of 3:1 for 20 min.
This treatment removes organic contaminants from the Si surface while
forming a thin layer of chemical oxide [102]. Figure 8.3 shows the intensity
dependence of the SPV for sample Si etched by SPM solution and fresh Si native
oxide at a wavelength of 900 nm. When light intensity was increased, SPV
growth was exponential until saturation was reached. SPV saturation indicates
the barrier height of the sample. The highest SPV of sample S8 etched at Day 1
with SPM solution was recorded at ~233 mV. The SPV value of this sample is
much higher than that before treatment (174 mV); thus, the surface potential is
greater than that of Si native oxide. The sample still maintains high SPV (>
224 mV) even after 14 d of sample exposure to air. As mentioned in Section
6.2.1, the etched sample was washed with deionized water after SPM
treatment. The resulting surface chemistry of the sample etched with –OH
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termination

group

formed

silanol

groups (≡ Si − OH ) .

Subsequently,

accumulation of electrons occurred on the n-type silicon interface, as reported
by Angerman et al. [86]. This mechanism created higher SPV signal and surface
potential on the etched samples.

Figure 8.3

The barrier height measurement on silicon samples by plotting
Photon Flux vs. SPV. A different SPV values for (i) Si etched with
SPM solution at various days after exposed to air; (ii) Si native
oxide (Measured at wavelength of 900 nm).

ii.

Sample Silicon with Decene as Interface Layer

The 1-decene monolayer of sample S2 was passivated on the silicon surface
and compared with the silicon etched with SPM solution (Figure 8.4). The SPV
of Si decene sample recorded lower values of 21 mV (1st day) and 28 mV (3rd
day) compared with Si etched with SPM solution. By contrast, Si treated with
SPM demonstrated higher SPV value [~229 mV (1st day) and 241 mV (3rd day)].
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Difference in SPV value indicates a variance of surface potential because of the
surface modification on the samples.

Figure 8.4

The barrier height measurement on samples Si-decene and Si
etched with SPM solution by plotting Photon Flux vs. SPV.
Different SPV values are observed on 1st and 3rd days for both
samples (Measured at wavelength of 900 nm).

High SPV of silicon with treated SPM reflects electron accumulation on the
silicon interface and distribution of carrier density in the surface states, which
are caused by surface recombination of excess holes and electrons. Surface
passivation of 1-decene monolayers allows the sample to minimize the surface
recombination by replacing the silicon–oxygen bonding with Si-C bonding on
the dangling bonds. The surface potential of Si decene is small because the
centre of recombination of surface states is removed. The results show that the
sample completely covered the silicon surface, which was consistent with the
XPS data (Section 6.4.1).
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Figure 8.5

The barrier height measurement on samples Si-dec-LB and Si
etched with SPM solution by plotting Photon Flux vs. SPV.
Different SPV values are observed on 1st and 3rd days for both
samples (Measured at wavelength of 900 nm).

Figure 8.5 demonstrates the SPV of silicon sample deposited with LB films on
the interface layer of 1-decene. For sample S3 Si-decene-LB, the SPV was
recorded lower at ~63 mV (Day 1) and 64 mV (Day 3), indicating that the
sample is stable and resists oxidation in air. The SPV of Si treated with SPM was
recorded to be higher at ~221 mV (Day 1) and 222 mV (Day 3). The surface
was resistant against oxidation and was depleted after surface modification by
the interface decene/LB films. Surface potential that is slightly higher than Si
decene (Figure 8.4) can be ascribed to the blockage of the residual oxidation
current, which trapped the electron in the LB/decene interface. Thus, the holes
diffuse toward the surface and accumulate in the surface charge region.
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iii. Sample Silicon with Hexane as Interface Layer
For sample S5 Si–hexane–LB, the SPV value was recorded lower at 32 mV on the
1st day but increased to 83 mV after Day 3 (Figure 8.6). The observed slow
surface oxidation indicates that the interface layers are not stable against
oxidation in air after 3 days. This change indicates that water or oxygen
molecules are capable of penetrating through non-branched monolayers or
defects.

Figure 8.6

The barrier height measurement on samples Si-hex-LB and Si
etched with SPM solution by plotting Photon Flux vs. SPV.
Different SPV values are observed on 1st and 3rd days for both
samples (Measured at wavelength of 900 nm).

Thus, the Si surface was oxidized and allowed an accumulation of electron
traps on the interface. Therefore, the barrier height measurement is generally
sensitive to pre-deposition during surface preparation [1], wherein the surface
potentials of samples Si–decene (21 mV), Si–decene–LB (63 mV), and Si–hex–LB
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(32 mV) are much smaller than the native Si samples (222 mV to 241 mV). The
barrier height measurements show good representative values for contactless
KP on passivation treatments of chemically cleaned semiconductor surfaces.

8.3.3

Estimation of Surface Current

The measurement of surface potential also allows making a parallel with
the current through a diode as a function of SPV. The expression for the

(

surface current from Eq. 5.32 (Section 5.5.2; pg. 79) as J s = J os e

qVspv /kT

)

-1

indicates that Js increases exponentially with the surface potential (Vspv).
Experimental data shown in Figure 8.3 were used to confirm this dependence
by plotting the photon flux Φ against SPV Vspv (Figure 8.7). The samples were
monitored continuously at different days upon treatment with SPM solutions.
This result shows the electrical characteristics for sample S8 Si treated by SPM
solution compared with fresh Si native oxide at a wavelength of 900 nm. The
highest VSPV of the sample S8 after SPM treatment was recorded at ~233 mV.
The average voltage after the sample S8 was treated with SPM solution
(235 mV) remained higher than that of fresh Si native oxide (174 mV).
Derivation of Eq. 5.36 allows the experimental data to be fitted through
calculation, as determined in Eq. 5.38. Eq. 5.38 shows that the contribution of
surface current is mainly through the collection efficiency of minority carriers
(ηL), number of incident photons per cm2 per second per unit bandwidth (Φ),
and the fraction of these photons reflected 30° from the illuminated surface (1–
R). This study identifies the effective saturation current (Jos) as a variable
parameter that can influence the surface recombination current (Js) and SRV. Jos
is obtained as 9.2 nA/cm2 (Si treated SPM Day 1), 11.5 nA/cm2 (Day 3),
15.3 nA/cm2 (Day 14), and 92.1 nA/cm2 (Si native) using the values of ηL = 0.8,
kT/q = 25.9 mV, and fixed Jo value = 63 pA/cm2 Different sample voltages
reflect Jos values. This study also showed that the theoretical values of Eq. 5.38
are consistent with the experimental values. A higher voltage of the samples
will contribute a higher Jos value.
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Figure 8.7

The graph of photon flux, Φ vs. Vspv for sample S8 Si etched SPM
at different days. Points are experimental data and line is
obtained from calculation.

The comparison between the photon flux–voltage curves quantitatively shows
that the existence of alkyl monolayers at the interfaces dramatically changes
sample performance. Experimental data shown in Figures 8.4 to 8.6 were used
to demonstrate the expression of surface current of passivated samples by
plotting the photon flux (Φ) against SPV Vspv (Figure 8.8). The decrease in the
voltage of passivated samples is due to the limitation of SPV to penetrate the
monolayers and limit the barrier height of the samples. A lower SPV voltage
indicates a variance of surface potential because of the surface modification on
the samples. Furthermore, the Jos values of passivated samples for Si–decene
and Si–hex–LB were both 0.1 nA/cm2, whereas the Jos value for Si–dec–LB was
~0.2 nA/cm2. This study shows that a small voltage is proportional to low Jos
value. Moreover, the theoretical data of Eq. 5.38 were not consistent with the
experimental values for passivated samples. This theory may not apply to
samples with low barrier height of the order of kT.
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Figure 8.8

The graph of photon flux, Φ vs. Vspv for several of passivated
samples on Si and typical of etched SPM at day 1. Points are
experimental data and line is obtained from calculation.

8.3.4

Estimation of Surface Recombination Velocity

Generally, the silicon/native oxide interface shows a high SRV rate that reflects
a significant density of electrically active trap sites [149]. Understanding the Si–
SiO2 interface is important, and the surface electronic properties should be
controlled through chemical methods by protecting the surface from unwanted
activity. The formation of Si-C bonds is a promising solution to control Si
surface from oxidation. By contrast, the treatment of hydrogen-terminated
silicon (Si-H) exhibits a very low surface recombination but these surfaces
degrade rapidly and are unstable upon exposure to ambient air, as reported by
various researchers [29, 37, 150]. Therefore, the Si-H bond surface was not
used to evaluate passivation with organic monolayers.
SRV determination is directly related to the number of electronic defects that
are present on the surface. The treatment on the crystalline silicon surface with
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the organic passivation through the use of alkenes [33, 113, 149] and alkynes
[110] exhibit low surface recombination velocities. Yablonovitch et al. [150]
proposed the following reasons for an extremely low SRV: 1) the presence of a
net surface charge, which bends the bands from the surface and reduces the
recombination velocity or 2) very few recombination centres on the surface.
This study considers a similar approach for surface states on the n-type
semiconductor, wherein the quality of the surface is characterized by the
effective saturation current density (Jos), as shown in Eq. 5.36 (Section 5.5.2).
The voltage dependence of the minority carrier concentration at the edges
(located at x = W) of the depletion region is as follows:

  qV  
∆p (W ) = p no (W ) exp
 − 1
  kT  

Eq. 8.1

If p no ≈ ni2 N D and with the combination of Eq. 5.32 and Eq. 5.36, the
recombination current into the surface (at low injection) is as follows:

J s (∆p ) x =W =

J os N D
∆p
ni2

Eq. 8.2

The effective SRV on the front surface of n-type silicon compared with the
boundary condition for a non-diffused surface [ J s = qS p = qS p ∆p ] is as follows
[82, 83]:

S fs =

J os N D
q ni2

Eq. 8.3

The inverse CL value can be determined from Figure 8.9 by measuring Jos and
interpreting the effective SRV Sfs value.
The surface recombination current (Js) is used to estimate SRV at the surface by
measuring the intensity dependence of the SPV. The determination of diode
current is directly proportional to SRV at the Si–SiO2 interface. The contactless
diode equation consists of the combination of interface dark current at the
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surface and bulk plus collection efficiency that is used to predict the SRV at the
front surface using KP method. The comparison of SRV characteristic of sample
S8 before and after SPM treatment is shown in Figure 8.9. The slope of the CL
linear curve (Eq. 5.37) is shown in the figure of the photon flux (Φ) over the
exponential qV

kT . The inverse value of C

L

is used to estimate the Jos and SRV

values (Table 8.1). The determined range of SRV value consists of 97,866 cm/s
(for Day 1), 122,635 cm/s (for Day 3), and 163,672 cm/s (for Day 14).
Moreover, 982,799 cm/s was obtained for S8 Si native oxide. The increase in
SRV values is proportional to the days of air exposure after the samples are
treated with SPM solution. A sample with higher recombination will reduce Vspv
from the sample, which is considered as recombination losses (Table 8.1). The
Jos values also showed a similar increasing trend, which is proportional to the
SRV values. Determination of these SRV values via quantitative analysis
indicates the changes of the surface properties after surface treatment.

Figure 8.9

Estimation of SRV at the front surface for samples (i) Si etched
with SPM solution at day 1, 3 and 14; (ii) Si native oxide at 900
nm (Up = 1000 cm/s).
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Table 8.1

Summary results of Vspv, Qsc, Jos and SRV values for Si samples
with SPM treatment

Samples S8

Qsc

Vspv

Jos

Sfs

(10+10 C/cm2)

(mV)

(nA/cm2)

(cm/s)

Si SPM Etched day 1

3.4

233

9.2

97,866

Si SPM Etched day 3

3.4

220

11.5

122,635

Si SPM Etched day 14

3.4

224

15.3

163,672

Si Native Oxide

3.2

174

92.1

982,799

i.

Surface Recombination Velocity on Different Passivated Layers

Long bulk lifetime (> 1000 µs) Si–Fz wafers were used to evaluate the effects of
various surface treatments on the electrical properties of the Si surface. Table
8.2 shows several results of surface passivation of Si (111) oriented in contact
with different hydrophobic layers. Each sample exhibits different surface
properties as explained in Section 8.3.2. The SRV on Si surfaces (S2)
terminated with C10 were measured and determined as the lowest SRV value
after the sample was exposed for 24 h to air. The surface was depleted with a
small band bending for samples S2 Si–decene. Some charges filled the
interface trap and recorded a low Qsc (determined from Eq. 2.42; pg. 20) of
~2.6 x 10+10 C/cm2 with an effective saturation current density (Jos) of
0.1 nA/cm2. However, a more complex behaviour was observed on sample S3
(Si surface terminated with decene and LB films). This S3 Si–dec–LB behaved
similarly, with a slightly higher SRV of ~1,903 cm/s.
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Table 8.2

Summary results of Vspv, Qsc, Jos and SRV values for Si samples
with several passivated surfaces

Samples

Qsc

Vspv

Jos

Sfs

(day 1)

(10+10 C/cm2)

(mV)

(nA/cm2)

(cm/s)

S2 Si-decene

2.6

21

0.1

1,020

S2 Si SPM Etched

3.4

229

13.2

140,963

S3 Si-dec-LB

2.8

63

0.2

1,903

S3 Si SPM Etched

3.4

221

13.2

140,425

S5 Si-hex-LB

2.7

32

0.1

1,056

S5 Si SPM Etched

3.4

222

8.1

85,912

By contrast, sample S5 (Si–hex–LB) also recorded low Qsc, indicating a low SRV
(1,056 cm/s) on the 1st day. Although this sample recorded low SRV on Day 1,
the passivation layer of hexane with LB films is not stable (rapidly changes in
band bending) as previously reported in Section 8.3.2(c). A high Jos value
indicates high SRV as previously reported for the Si sample treated with SPM
solution and Si native oxide. SRV estimation via contactless KP method has
generated important information about the surface properties after treatments.
Table 8.2 also shows that the SRV value determined from the surface
recombination current (Js) indicates a significant relationship between the
surface properties and SRV, wherein SRV is principally dependent on the
elementary properties of the surface defects.

ii.

Comparison Measurements of Surface Recombination Velocity

The steady-state photo-conductance decay creates an excess electron–hole pair
concentration by an optical flash lamp illumination. The PC signal is
proportional to the number of excess electron–hole pairs integrated to the
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entire surface of the sample. QSSPC that was used in this study functions
accurately and is suitable for short lifetimes (< 200 µs) [151]. In the QSSPC
technique, the effective lifetime is determined by exposing a multiple light
intensity until a saturation value of a lifetime is achieved. Table 8.3 shows a
summary of the different passivated samples on the Si surface, which is
measured as the recombination lifetime by the PCD method. The calculation of
the lifetime is based on the SRV, with the assumption that both sides of the
surface are equally the same (Srs = Sfs = Ss). This table shows that the highest
effective lifetime was recorded by sample S2 (Si–decene) with 11.24 µs,
followed by sample S3 (Si–dec–LB) with 8.61 µs, and sample S5 (Si–hex–LB) with
10.51 µs. Good agreement was observed between the SRV calculated from the
PCD lifetime tester and KP data for all passivated samples. Higher SRV was
measured by the PCD, which resulted in a lower calculated value by the KP
method. The change in recombination with different surface terminations is
due to the surface coverage, as suggested by Nemanick et al. [152].

Table 8.3

A summary of the different passivated sample on the Si surface
with the effective recombination lifetime and implied SRV as
measured by the PCD and KP method

PCD Method
Samples

KP Method

Measured

Implied

Implied

Sfs

τeff

τos

Sfs

Measured

(µs)

(µs)

(cm/s)

(cm/s)

S2 Si-decene

11.24

19.44

1,350

1,020

S3 Si-dec-LB

8.61

12.72

2,064

1,903

S5 Si-hex-LB

10.51

17.35

1,513

1,056
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The recombination lifetime results of passivated samples were slightly higher
(Table 8.3) compared with those of several samples of etched Si SPM (Table
8.4), which are expected to have a low SRV on the passivated surfaces. A
slightly higher recombination lifetime indicated better surface coverage
because of the formation of a straight chain of alkyl monolayer groups as
interface layers on the Si surface. Thus, a lower recombination lifetime resulted
in higher SRV values for several Si samples treated with SPM solution and
native oxide (Table 8.4). Although the treatments of the SPM etched on the Si
surfaces are the same for all samples, the SRV value samples S2 and S3 are >
140,000 cm/s compared with samples S5 and S8 (etched Si SPM). Both S2 and
S3 samples recorded higher SRV values via the KP method, which was further
validated by the PCD method. Both samples also showed higher calculated SRV
values in the PCD method (Sfs column, Table 8.4). By contrast, both S5 and S8
samples generated lower SRV values in both measurements. Thus, consistent
results were obtained for all the samples tested using both methods.

Table 8.4

A summary of several sample of Si treated with SPM etched and
native oxide with the effective recombination lifetime and implied
SRV as measured by the PCD and KP method

PCD Method
Samples

KP Method

Measured

Implied

Implied

Sfs

τeff

τos

Sfs

Measured

(µs)

(µs)

(cm/s)

(cm/s)

S2 Si SPM Etched

3.52

4.06

6,472

140,963

S3 Si SPM Etched

3.47

3.99

6,580

140,425

S5 Si SPM Etched

3.62

4.19

6,266

85,912

S8 Si SPM Etched

3.55

4.10

6,409

105,257

S8 Si Native

3.32

3.79

6,922

982,799
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iii. Relationship of Kelvin Probe Measurement and Sinton PhotoConductance Lifetime Measurement
The experiments

were

conducted

using the same

samples

for both

measurements. An experimental procedure was performed for each Si surface
treatment, wherein the first characterization step was examined using Sinton
measurement before proceeding with KP measurement. The difference
between the two measurements is most probably due to the effective lifetime
and measured full area of the sample that is attributed to the Sinton
measurements. The KP method was measured at a smaller area (under the
probe tip) and was more sensitive to minor changes in the passivation layer,
which can affect the recombination lifetime [153].
Figure 8.10 shows a graph of 1000/S (KP) vs. 1000/S (Sinton) of the inverse
SRV data determined from KP and Sinton measurements. A linear line
corresponds to equal values obtained by the two measurement techniques and
is marked with a dashed line. Although KP measures SPV and Sinton measures
the photo-conductance lifetime, the inverse SRV data between the two
measurements are correlated. The SRV values for Si–decene and Si–hex–LB
samples, determined via the KP method, are more accurate (above a dashed
line). By contrast, the SRV values below the dashed line show better accuracy
with the Sinton method for samples Si native oxide, etched Si with SPM, and Si–
dec–LB). The surface lifetime was estimated and compared with the measured
SRV data by considering the Sfs = Srs = Ss inline as the “double-sided” wafer used
in this experiment. This study showed linear correlations in the presence of
surface recombination effects for all samples, i.e., Si native oxide and etched
SPM. The illumination method is different (i.e., continuous illumination on the
samples), namely, trapped charges in the surface states release slow
detrapping upon deactivation of light. Thus, the surface recombination effect
in the surface states of the silicon is a main contributing factor for the
differences in SPV and PCD measurements. Earlier studies by Buczkowski et al.
[154] show that both techniques can result in an agreement within 15% if the
influence of surface recombination effects is neglected.
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Figure 8.10 A measurement comparison of SRV - summary of inverse SRV
data of graph of 1000/S (KP) vs. 1000/S (Sinton).

The photo-generated minority carrier in the KP method is generated by SPV
upon illumination. The absorbed photons generate electron–hole pairs that
diffuse toward the illuminated surface and are separated by the electric field in
the depletion region. The carrier changes the VCPD between the tip and the
sample by changing the surface band bending. The induced SPV is a function
of the excess minority carrier concentration. In this study, the collection
efficiency of minority carrier (ηL) was used to represent the dependence of
excess minority carrier concentration.
The SPV diffusion length was estimated by obtaining the experimental effective
diffusion length and assuming that SRV was ~1000 cm/s. The intensity
dependence on the SPV constant mode of operation was applied. The diffusion
length was obtained from the intercept point of 1/α of the straight line. The
minority diffusion length (Lp) for the experiments in the KP method was
determined in the wavelength interval between 920 nm < λ < 1020 nm at
159 μm (SPV = 83.4 mV), 152 μm (SPV = 58.6 mV), 188 μm (SPV = 52.5 mV),
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207 μm (SPV = 44.7 mV), and 174 μm (SPV = 38.5 mV). These results were
compared with the inverse collection efficiency (ηL-1), wherein the average
minority diffusion length was ~191 μm. The estimation of the average lifetime
minority carrier (τp) of each sample was 27 µs using the following equation:

Lp =

D pτ p .

SRV determinations were performed using a contactless KP method through
SPV measurements. SRV was estimated from the slope of a linear curve of the
photon flux (Φ) over the exponential qV

kT . A range of the SRV value

determined for several Si samples treated with SPM solutions was 85,912 cm/s
to 140,963 cm/s. The SRV value was estimated to be much lower than that of
Si native oxide (982,799 cm/s) because of the chemical treatment of the
surfaces. The SRV for samples with the Si passivated layer was much lower for
S2 (Si–decene; 1,020 cm/s), S3 (Si–dec–LB; 1,903 cm/s), and S5 (Si–hex–LB;
1,056 cm/s).
An excess electron–hole pair concentration is created in the PCD technique
using a short light pulse from a flash lamp, and the effective lifetime (τeff) is
obtained from the slope of decay curve. The breakdown of effective lifetime
(τeff) is the sum of two recombination lifetime components, i.e., bulk and
surface lifetime. The PC signal is proportional to the excess carrier
concentration. 𝜏eff mainly depends on the bulk defects and impurities in the

bulk lifetime (τb) and the surface quality, i.e., sample thickness and carrier
mobility through the surface lifetime (τs) component. This τeff value is applicable
for any optical absorption depth, if the excess carrier density has sufficient
time to distribute uniformly.
The τs value can be determined using the lifetime value from KP measurement
as a bulk lifetime. τs consists of two sub-components of a lifetime based on the
standard kinetic argument, i.e., the effective lifetime of the surface
recombination (τos) and hole-diffusion lifetime (τdiff). The generation rate G(λ,x)

(Eq. 3.13 in Section 3.3) is a function of distance of x from the surface where
the carrier generation occurs within a distance 5 µm to 10 µm of the surface. If
the recombination lifetime (τos) is very short, the time is insufficient to establish
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uniform distribution and the surface traps will react rapidly while being filled
with minority carriers during a period that is much shorter than τdiff.
Furthermore, a non-uniform distribution of carriers can be assumed on the
passivated surface layer because excess carriers may reach the surface and
diffuse at lengths shorter than the thickness of the samples. Thus, τdiff is
neglected. The Si wafer is double-sided and the surface recombination is
assumed to occur in both surfaces because Sfs = Srs = Ss. Furthermore, the
sample was completely immersed in the solution during chemical passivation
stages. Thus, the SRV can be estimated by the following equation: S s = H 2τ os .

8.4

Chapter Summary

This study derived the surface current in Eq. 5.36 and was fitted to the KP
method. The SPV measurement demonstrated a novel approach in quantitative
analysis and a new technique to determine the SRV value for passivated
semiconductor samples. The collection efficiency of minority carriers (ηL), a
component of the surface current, is an important tool to estimate the
diffusion length and SRV for n-type silicon. The barrier height and SPV
measurement using KP were able to predict the effective saturation current
(Jos), an important parameter to measure the surface recombination of the
sample.
In summary, alkyl passivated with Si–decene as an interface layer showed
promising results and displayed strong stability against oxidation in air. This
material possesses smaller surface potential (21 mV to 28 mV), lower surface
charge (2.6 x 10+10 eV/cm2), and lower SRV (1,020 cm/s) compared with Si SPM
etched on naturally oxidized silicon. The deposition of LB with a stable
foundation of Si-C bond, i.e. sample Si–dec–LB, shows better reproducibility,
moderate SRV (1,903 cm/s), and effective saturation current density (Jos) of
0.2 nA/cm2. The calculated surface state density (Qsc) of all passivated
monolayer interface is lower than the SiO2/Si interface. KP was shown to be an
alternative instrument that can be used to monitor changes or modifications
on the semiconductor surface. SRV determination via the KP method was
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validated by comparing the lifetime measurement using Sinton. The inverse of
SRV data is correlated between the two measurements, where KP measures SPV
and Sinton measures photo-conductance lifetime.

147

Electrical Characterisation of Silicon Surfaces

148

Charge Trapping on Passivated Silicon Surface via Illumination of Dye
Monolayers

Chapter 9

Charge Trapping Passivated
Silicon Surface via Illumination of
Dye Monolayers

9.1

Introduction

A passivation treatment on the silicon surface will improve the surface
properties and directly reduce the number of unsaturated dangling bonds.
These passivation treatments, such as RCA cleaning, SPM solutions, and
terminated hydrogen application, create a new surface environment for the
deposition of the organic monolayer and the LH structures on the
semiconductor surfaces. LH materials consist of a large number of pigment
molecules that absorb the energy of the incident light and transfer it to the RC
where chemical reactions occur. The principle of LH that enhances the optical
absorption cross-section can be found in many organisms with photochemical
apparatus. The deposition of LH materials is an alternative way to minimize the
amount of silicon required in the manufacture of solar cells [4]. LH materials
are organic thin films that can be deposited on a solid substrate by several
techniques, such as thermal evaporation, sputtering, electrodeposition,
molecular beam epitaxy, adsorption from solution, LB technique and selfassembly molecules (SAM).
This chapter describes the charge-trapping mechanism and the detrapping in
several passivated samples by alkyl monolayers and dye monolayers of the LB
films deposited on the silicon surface. The focus of this chapter is on the
amount of charge injected into the passivated layers that result in LH
properties, which are measured via contactless KP.
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9.2
9.2.1

Understanding of Fast and Slow Charge Trapping
Literature Review on the Charge Trapping

To our knowledge, only a few studies have been published on the charge
trapping processes that are discussed in this chapter. The closest publications
may be on the charge trapping processes that were discussed in early modern
semiconductor literature.
For example, Garrett and Brattain [155] assumed that the surface states are
associated through trapping with the recombination of minority carriers at the
surface. They also proposed that the charge trapping centres were either donor
type lying high in the band or acceptor type lying low or both. The current flow
between the conduction band and the traps in low-lying acceptors as trapping
centres will be proportional to the number of electrons in the conduction band
on the surface. The current flow for the number of empty traps will be much
less than that between the traps and the valence band, which is proportional to
the number of holes and occupied traps. Surface potential variations affects
the electron densities near the surface; but surface recombination should be
unaffected by changes in surface potential that do not affect the number of
traps.
Bardeen and Brattain [156] demonstrated that the surface region of the etched
germanium surface contains a density of states and capture cross-sections of
~10+11 per cm2 and 10–14 cm2, respectively [38]. The formation of states can be
divided into fast states and slow states. The fast states were rapidly formed at
equilibrium with the region space charge, wherein the decay time is in
microseconds or less at room temperature. By contrast, the slow states occur
much longer in terms of the relaxation time from seconds to hours and have a
larger density of states compared with fast states. Similar states are found on
an etched silicon surface [157].
Horng-Sen and Chih-Tang [158] also divided the charge trapping mechanism
on the MOS transistor structure into fast and slow surface states. They
described the surface states on the surface (x = 0) as fast surface states or
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interface states, which can readily exchange charges with the conduction and
valence bands. States that are located at a certain distance away from the
interface states (x = –x) are known as slow surface states or oxide traps
because they cannot readily exchange charges directly with the conduction or
valence bands. A fast surface state with an energy level on the surface will act
as an SRH recombination centre. This state will thermally capture electrons
from the conduction band and trap them. Similarly, holes generate transitions
between the surface states and the valence band states. A trapped electron in
the fast interface surface state can also tunnel into an empty oxide trap located
in the oxide at some distance away from the interface and vice versa.

9.2.2

Calculating Lifetime Decay for Charge Trapping

The interpretation of charge trapping and detrapping mechanism on the
semiconductor surface can be related to the lifetime in an exponential decay
functions as follows:

V
dV
=−
τ
dt

Eq. 9.1

 t
V (t ) = Vo exp − 
 τ

Eq. 9.2

where V(t) is time dependence of the work function; Vo is the initial value of
work function and τ is the lifetime constant.
Several values of the work function, i.e., V0, V1, and V2, were introduced to fit
the actual experimental data. Thus, the specific equation with two lifetimes is
identified as follows:

 t − to
V (t ) = V0  [(V1 − V0 ) − V2 ]exp −
τ1
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where V0, V1, and V2 are different values of the work function, t0 is the decay
time in seconds, τ1 and τ2 are the two lifetime constants applied for both charge
trapping and detrapping processes, and ”  ” represents the light and dark
switching mode.

9.3
9.3.1

Results and Discussion
Absorption Spectrum Measurements

Carbocyanine dyes were deposited on hydrophobic glass slides using the LB
monolayer deposition technique to represent the fluorescent layer and the
silicon layer of the light trapping scheme, respectively. The absorption spectra
of the dye were obtained using Avantes spectrometer AvaSpec-2048, wherein
the solution was diluted to a point where absorption intensity was < 0.1. The
spectra were measured in the solution because of the difficulty in measuring
dye monolayer absorbance on the silicon. The absorption spectra of 1-decene
in hexane solution were measured using a UV–Vis spectrometer (UV-1601,
Shimadzu). The absorption spectra of single materials, i.e., decene and DiO,
were used as references to identify the absorption region. Several dyes were
shown on the absorption spectra, including mixed DiO:SA, DiO, SA, and decene
(Figure 9.1).
Figure 9.1 shows that the absorption region of mixed DiO:SA is ~400 nm to
550 nm, wherein the peak absorbance is at the wavelength of 440 nm to
450 nm. A shift in peak absorbance for sample DiO mixed with SA occurs
compared with the single DiO peak absorbance at 482 nm. Two distinct peaks
are present in the absorption spectrum at 440 nm to 450 nm and 480 nm to
500 nm. Similar evidence of two distinct peaks was also reported by Danos et
al. [135], which was attributed to the presence of monomers and dimers in the
layers. The strong maximum peak of the dimer shifted relative to the
maximum of the monomer from 500 nm to the region of 440 nm to 450 nm.
No absorption peak was observed in the SA sample; thus, the SA compound
does not absorb in this region.
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Figure 9.1

Absorption spectrum of several dyes including mixed of DiO:SA,
SA, DiO and 1-decene in hexane using Avantes and UV-Vis
Spectrometer.

9.3.2

Charge Trapping by Illumination of Dye Monolayers

The interface layer of alkene monolayers has an important function in the
formation of LB films on a silicon surface. The following silicon n-type
substrates are prepared to form a hydrophobic surface: (i) silicon with organic
passivation of the 1-decene monolayer and (ii) silicon native oxide with HMDS
vapours. The Si-C bond structure possesses a functional group (LB films) that
has strong affinity to the substrate and anchors the molecules to it. Thus, the
investigation of stability of the interface layers is crucial because the LB films
were physically formed with physisorbed bond.
The method has two advantages in monitoring surface modification. Surface
charging can be measured by continuously monitoring the position of the
Fermi level of the illuminated semiconductor. The samples can also be
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measured in the dark, which provides information about the decay process
upon deactivation of light. Thus, the samples of passivated organic monolayer
and Si native oxide on the silicon surface were subjected to treatment, and
their resulting surface properties were monitored by KP method. The minus
sign indicates that the work function of the the tip is larger than for the silicon
surface, which is due to the n-type silicon material used in this study.

i.

Silicon Native Oxide as Control

An investigation on charge trapping and detrapping mechanism was conducted
on the sample silicon native oxide. This measurement is important for
comparison and reference purposes.
Figure 9.2 shows the initial time for the work function of this sample in the
dark. A rapid decrease in the signal was observed upon illumination because of
the excess electrons and holes produced by the light in the conduction and
valence band, which flatten the semiconductor band. The flattening of the
bands upon irradiation is considered as a fast process of trapping the electron
in the surface states of the silicon native oxide. The band flattening disappears
when the light is extinguished, and the signal rapidly increases to a level
similar to the case before illumination. This mechanism reflects the decrease in
carrier density, which was caused by recombination of excess holes and
electrons in the valence and conduction bands. Upon repetition of the
switching on and off of the light, the mechanism of band flattening occurs
again even during the relaxation time between measurements for 200 s. A
similar phenomenon in the SPV plot was observed, which indicates that charge
trapping and detrapping are fast processes. The signal returns almost to the
previously recorded baseline after 500 s. A similar charge-trapping mechanism
was described by Haynes and Hornbeck [159].
This sample was measured at 900 nm where the absorbed photon induces the
formation of free carriers by creating electron–hole pairs in the bulk. The
minority hole carrier diffused and was swept toward the surface from the bulk
and/or redistributed within the surface. The potential decreased across the
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surface SCR and the surface potential changed [13] because the electric
potential and charge distribution are interrelated through Poisson and
continuity equations. The illumination-induced SPV value was ~182 mV, which
indicates that the surface potential of the sample was changed. A similar
surface potential response has been reported in Section 8.3.2(a).

ON

Figure 9.2

OFF

ON

OFF

SPV measurements on silicon n-type Si native oxide at 900 nm
wavelength.

ii.

Silicon with Decene as Interface Layer

A sample of 1-decene monolayer on the silicon surface was characterized after
48 and 504 h of exposure to air (Figure 9.3). The SPV measurements were
conducted at a wavelength of 900 nm with the same intensity as Si native
oxide. A change from the baseline work function for both samples indicates a
different distribution of carrier concentration before it reaches equilibrium in
KP measurements.
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Figure 9.3

ON

SPV measurements on 1-decene monolayers of silicon surface
(after 48 and 504 hours exposed in air) at wavelength 900 nm.

The initial time for the signal was designated in dark conditions. Upon
illumination, a rapid decrease in signal is due to the light-induced flattening of
the bands of the samples. The subsequent slow exponential increase in work
function is due to slow extra charging of the carriers. The resulting Qsc and Qss
changes are due to both carrier injection and change in surface potential. The
illumination-induced SPV value is much smaller, i.e., 25 and 31 mV for samples
on 48 and 504 h, respectively. The induced SPV depleted the surface. The
minority photo-carriers were swept toward the surface where the majority
carrier density was lower and the chances for recombination were minimal.
Some excess electrons but no excess holes were captured in the alkene/silicon
interface layer. Qss became more negative and Qsc become more positive.
Trapping of charges at the illuminated sample surface shifts the Fermi level of
the 1-decene monolayer sample. The signal increases in the first few seconds
and increases exponentially with slow charging until saturation.
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When the shutter was closed, the signal suddenly increased and reached the
optimum point of the work function before decay over time. The mechanism of
the extinguished light is reflected to a normal recombination process because
of the recombination of the excess holes and electrons in the valence and
conduction bands. This study identified two lifetimes which were fitted to the
actual experimental data shown in Figure 9.4. The lifetime decay occurs much
slower with lifetime constant at 107 and 301 s for 48 h. These lifetimes were
applied for both generation of charge trapping and lifetime decay of the charge
detrapping. The changes of the occurrences of the charge detrapping depend
on the Qsc on the edge of the SCR. The low Qsc is recorded in the range of 2.6 x
10+10 C/cm2 to 2.7 x 10+10 C/cm2 for two different sampling times. Although the
alkene monolayer samples were measured at two dissimilar times, the
mechanism of the charge trapping and detrapping still occurred with minor
changes in the surface potential. The lifetime decay was a slow process with
lifetime constant of 61 and 105 s for 504 h (Figure 9.5). Approximately 45% to
65% reduction of the lifetime decay was observed, which shows the least
amount of oxidation that occurred after a longer exposure of 21 d. A similar
finding by Honeyman et al. [160] for the decene monolayer showed that the
least amount of oxidation occurred after 19 d. The relative increase in carbon
amounts on the surface partially blocked the penetration of oxygen molecules
into the alkene monolayer/Si interface. The changes in the relative amount of
carbon in the samples were monitored by XPS measurements.
This result showed that the SPV of the 1-decene monolayer is much lower
compared with that of the silicon native oxide. A low SPV obtained for 1decene monolayers is due to the reduced number of states by surface
passivation and replaces the silicon–oxygen bonding with Si-C bonding on the
dangling bonds. A low SPV indicated a small band bending for alkyl
monolayers. A similar surface potential was obtained as previously reported in
Section 8.3.2(b). A difference in SPV value indicates a variation of the surface
potential because of the surface modification on the samples. Indirectly, this
phenomenon may reduce surface recombination and surface potential of the
samples. A high surface potential of the silicon native oxide reflects the
distribution of carrier density in the surface states, which is caused by surface
recombination of excess holes and electrons. Thus, the alkene monolayer is
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stable, has strong affinity to silicon, and anchors the molecules to it. A similar
slow degree of electron trapping on 1-alkenes on H-terminated Si surfaces was
observed but the lifetime values were not clearly indicated, as observed by
Sieval et al. [113].

Figure 9.4

Two lifetimes fitted to the experimental data for generation
charge trapping and lifetime charge detrapping for sample Sidecene (48 hours) at wavelength 900 nm.

The SPV of the 1-decene monolayer sample that was exposed to air for 504 h
was slightly higher but still below the SPV value obtained by Bin et al. [105].
This study reported that Si–decene (C10) was prepared without catalyst and SPV
rapidly changed from 80 mV to 160 mV, as characterized by KP. Thus, the
surface potential increases because the water or oxygen molecules are capable
of penetrating through the shorter non-branched monolayers and oxidizing the
Si surface. A low barrier height with Lewis catalyst is present in the formed
158

Charge Trapping on Passivated Silicon Surface via Illumination of Dye
Monolayers

alkene monolayer on the silicon surface, which prolongs the stability against
oxidation in air [111, 122]. These results were consistent with the IR spectra
and contact angle results reported earlier in Sections 6.4.1 and 6.4.2.
Furthermore, these monolayers maintain low inherent reactivity of the oxide
surface toward the Si-C bond.

Figure 9.5

Two lifetimes fitted to the experimental data for generation
charge trapping and lifetime charge detrapping for sample Sidecene (504 hours) at wavelength 900 nm.

iii. Silicon-Decene with Deposited LB Films of Dye
The charge trapping mechanism of the Si-dec-2L 1.5 DiO:SA sample was
measured at 450, 500, and 600 nm (Figure 9.6). The SPV signal upon
illumination shows upward growth where it increases rapidly in the first few
seconds and grows exponentially over time. A slow exponential increase in SPV
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signal resulted in higher band bending than the baseline. The surface potential
in the LB films/silicon interfaces indicated a positive sign for the CPD VCPD,
which is equal to Vspv.

OFF
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OFF

ON

Figure 9.6

Changes of work function upon illumination of sample Si-dec-2L
1.5 DiO:SA for wavelength 450, 500 and 600 nm. Sign of ‘on’ and
‘off’

light

indicated

mechanism

of

charge

trapping

and

detrapping, respectively.

This study suggests that some of the excess holes were captured in the dye
monolayers of LB films/decene layers and accumulated electrons on the
surface. The changes of the surface charge under illumination are due to the
alteration in the surface free carrier densities, wherein the calculated Qsc is
quite high at ~3.6 x 1010 C/cm2 (for 450 nm) and 3.4 x 1010 C/cm2 (for 500 nm).
The positive sign on the n-type silicon indicated that Qss should be more
positive; thus, Qsc became more negative on the SCR edge. Both wavelengths
160

Charge Trapping on Passivated Silicon Surface via Illumination of Dye
Monolayers

also show a similar trend of SPV signal during illumination and deactivation of
light, wherein the SPVs obtained are ~121 and 101 mV, respectively. A long
period of the illumination mode with much slower charge trapping was filled in
the LB films/silicon interface layer, which was also observed for 500 nm
wavelength in a similar study.
After the bias light was switched off, the signal was stimulated to the optimum
point before it decayed with initial lifetime constant of 60 s for both
wavelengths. This result can be considered the optimum point of work function
(SPVmax) if the illumination period is much longer. Thus, the estimated SPVmax for
wavelengths of 450 and 500 nm are 153 and 122 mV, respectively. Figures 9.7
and 9.8 show two lifetimes that fit with the actual experimental data. The
lifetime decay occurs as a slow process with lifetime constants of 550 (for
450 nm) and 750 s (for 550 nm), respectively. The same lifetimes were applied
for both generation charge trapping and lifetime decay of charge detrapping.
These values were similar to the slow states of the lifetime constants of 300 s
to 500 s in the oxide film of germanium [161]. A reason for this result is the
light trapping inside the LB films/silicon interface with a slow process of ~
550 s to 750 s to establish equilibrium between the surface states and the
space charge region. A small band bending was lifted upon irradiation with a
fast process of charge trapping and detrapping for the 600 nm wavelength.
Unusual charge trapping and time dependence of the lifetime decay is
observed for the sample dye of LB films on the alkyl monolayers of the Si
surface. The photon energy charge increased and generated excess carriers
that were trapped in the dye monolayers of LB films/decene layers. This result
demonstrates the effect of light passing through/transmitted through a charge
layer because the illumination was visible in the absorption region of the DiO
compound.
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Figure 9.7

Two lifetime fitted to the experimental data for generation charge
trapping and lifetime charge detrapping for sample Si-dec-2L 1.5
DiO:SA at wavelength 450 nm.

Figure 9.8

Two lifetime fitted to the experimental data for generation charge
trapping and lifetime charge detrapping for sample Si-dec-2L 1.5
DiO:SA at wavelength 500 nm.
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iv. Silicon-Hexane with Deposited LB Films of Dye
Figure 9.9 shows a different SPV of the Si–hex–2L 1.5 DiO:SA sample, which
was measured at 450, 500, and 600 nm wavelengths. The work function was
initially measured in the dark. A rapid decrease in SPV signal was observed
upon illumination, which increased gradually. This pattern is due to the slow
extra charging on the surface. The sign of the slow increase of the work
function indicates that a negative charge can be formed on the Si/LB film
interface, and the positive charges are present on the surface depletion region.
This mechanism suggested that some excess electrons were trapped in the
Si/LB film interface layer.
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Figure 9.9

Changes of work function upon illumination of sample Si-hex-2L
1.5 DiO:SA for wavelength 450, 500 and 600 nm. Sign of ‘on’ and
‘off’

light

indicated

mechanism

detrapping, respectively.
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The signal suddenly increased while the shutter was closed, wherein SPV
gained an optimum point of the work function before it decayed. Therefore,
charge detrapping gradually decreased and required longer time to reach the
initial value. Figures 9.10 and 9.11 show that lifetime decay occurred much
slower than that in sample Si–dec–2L 1.5 DiO:SA with lifetime constants of
1450 (1200 s) and 1900 s (1330 s) for 450 nm (500 nm) wavelength,
respectively. Low band bending was observed for this sample, which obtained
the SPV at ~66 mV (450 nm) and 44 mV (500 nm) with calculated Qsc of
3.4 x 10+10 C/cm2 and 3.2 x 10+10 C/cm2, respectively. The injected Qsc is much
smaller in this sample compared with sample Si–dec–2L 1.5 DiO:SA, indicating
that the decene monolayer interface layer has significantly greater LH
mechanism. The band is flattened upon irradiation for the 600 nm wavelength,
which is considered as a rapid process of electron trapping in the interface
layers of the silicon/LB film.

Figure 9.10 Two lifetimes fitted to the experimental data for generation
charge trapping and lifetime charge detrapping for sample Si-hex2L 1.5 DiO:SA at wavelength 450 nm.
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Figure 9.11 Two lifetimes fitted to the experimental data for generation
charge trapping and lifetime charge detrapping for sample Si-hex2L 1.5 DiO:SA at wavelength 500 nm.

Figure 9.12 shows the change in work function for a sample 8L with a wider
spacer layer compared to sample 2L (Figure 9.9). The measurement of the SPV
of sample Si-hex-8L 1.5 DiO:SA was recorded at different wavelength about 42
mV (450 nm); 68 mV (500 nm) and 77 mV (600 nm), respectively. This
indicates the band bending is slightly higher than sample

2L. The

measurement of SPV on wavelength dependence was done in-sequence with
one measurement per day started from experimental day. The change of SPV
indicates a modification occurs on the surface and interface layer because of
oxidation process takes place after sample exposure to air.
The sample Si-hex-8L 1.5 DiO:SA shows a stable VCPD in the dark and under
illumination. A fast drop of SPV signal is observed which shows a similar trend
as Si native oxide. A fast drop of signal is observed due to the excess electrons
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and holes produced by the light in the conduction and valence band. This
mechanism flattens the bands of the semiconductor. This situation represents
a fast trapping process where the band bending under illumination is shifted.
When the shutter is closed, the SPV signal gains an optimum point of work
function before it decay over time for wavelength 450 nm. It is possibly due to
the charge trapping and detrapping because of a strong energy photon and the
sample decay takes much longer time compared to the 500 nm wavelengths.
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Figure 9.12 Changes of work function upon illumination of sample Si-hex-8L
1.5 DiO:SA for wavelength 450, 500 and 600 nm. Sign of ‘on’ and
‘off’

light

indicated

mechanism

of

charge

trapping

and

detrapping, respectively.

A close observation reveals the irradiance effect for sample Si–hex–2L SA
(Figure 9.13). The SPV signal rapidly decreases under illumination and the
bands flatten, indicating that charge trapping is a fast process. When the light
is removed, the SPV signal increases immediately by an amount equal in
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magnitude as under illumination. This mechanism reflects the normal
recombination process because of the recombination of excess holes and
electrons in the valence and conduction bands. The decay even after removal
of light remains almost the same as that during illumination. Similar trends can
be observed for Si native oxide and Si–hex–8L 1.5 DiO:SA, as explained in
previous sections.
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Figure 9.13 Changes of work function upon illumination of sample Si-hex-2L
SA for wavelength 450, 500 and 600 nm. Sign of ‘on’ and ‘off’
light indicated mechanism of charge trapping and detrapping,
respectively.

9.3.3

Effect of Light Absorption through Dye Monolayers

As mentioned in Section 2.2, high-energy photons have a high absorption
coefficient and are strongly absorbed near the surface at short wavelengths.
The longer wavelength (500 nm) is absorbed slightly deeper compared with
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450 nm in the silicon because the absorption depth is the inverse of
absorption coefficient. Penetration of light through the dye monolayers
resulted in trapped charges in the interface layers, as observed on samples Si–
dec–2L 1.5 DiO:SA and Si–hex-2L 1.5 DiO:SA. Although the charge trapping
experiment was performed on different wavelengths 450, 500, and 600 nm,
penetration of light can be concluded because of the absorption region of the
dye monolayer (Figure 9.1). Slow charge trapping and detrapping processes
were observed at 450 and 500 nm wavelengths for both samples. Furthermore,
a slow charge carrier trapping process in the LB films/silicon interface reduces
electron hole recombination before it reaches equilibrium state. The 2-lifetime
fit of charge trapping and detrapping is summarized in Table 9.1. The charge
carrier trapping and detrapping can be categorized as a fast process for
600 nm wavelength. A similar result was obtained for Si native oxide (Figure
9.2, pg. 159).

Table 9.1

A summary of 2-lifetimes fit of charge trapping and detrapping
on the different samples

Samples

Measured at
wavelength

2 - Lifetimes Fit (s)
τ1

τ2

Si-decene at 48 hours

900 nm

107

301

Si-decene at 504 hours

900 nm

61

105

Si-dec-2L 1.5 DiO:SA

450 nm

60

550

Si-dec-2L 1.5 DiO:SA

550 nm

60

750

Si-hex-2L 1.5 DiO:SA

450 nm

1450

1900

Si-hex-2L 1.5 DiO:SA

550 nm

1200

1330
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A different trend of lifetimes at 450 and 500 nm indicates that the effect of the
interface layers has a significant function in LH mechanism. The calculated
lifetimes on sample Si–hex–2L 1.5 DiO:SA were much slower compared with
those on sample Si–dec–1.5 DiO:SA. The formation of LB films on the samples
creates a certain thickness of interface layers. As explained in Section 7.3.2,
the estimated thickness of sample Si–Hex–2L 1.5 DiO:SA and Si–Dec–1.5
DiO:SA were 10.0 and 8.8 nm. Thicker layers will create excitation further from
the surface. However, a thicker layer results in the loss of excitation energy
transfer, as observed in sample Si–hex–8L 1.5 DiO:SA. Therefore, this study
proposed that charge trapping via excitation of a molecular layer occurs only
when the molecules are close to the surface. Previous studies also confirm that
energy transfer occurs in much closer distances (< 5.0 nm) to the silicon
surface [136].

9.4

Chapter Summary

This study evaluated the trapping and detrapping of surface charge induced by
the illumination of LB films containing an organic DiO dye using KP. The
samples include surfaces passivated with 1-decene and hexane, which were
compared with samples covered with native oxide. Although the mechanisms
have yet to be explained in detail, this study demonstrated different
mechanisms of charge trapping in samples passivated with decene compared
with samples treated with hexane. Thus, charge trapping in the surface states
probably occurs through a similar mechanism as photosynthetic LH. The
calculated Qsc is quite high at ~3.4 x 10+10 C/cm2 to 3.6 x 10+10 C/cm2 for 450 or
500 nm illumination wavelengths. The charge trapping and detrapping could
be fitted with two lifetimes, which are identically slow processes. This charge
trapping via excitation of a molecular layer occurs only when the molecules are
close to the surface (2L layers). By contrast, surface charging occurs during
large separation (8L layers) by bulk carrier generation in the bulk, which is
similar to the samples without any dye.
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Chapter 10 Conclusion and Future Work
10.1 Introduction
The overall aim of this thesis was to develop a technique for charge injection
into silicon by light energy absorbed in organic dyes attached to the surface to
overcome the poor optical absorption of silicon. Molecular 1-decene and
hexane monolayers were deposited on the surface and formed a covalent bond
with silicon. Light-harvesting structures were deposited on the surface to form
LB films. Furthermore, experimental and theoretical studies were conducted to
apply photosynthetic light harvesting to generate electron–hole pairs in silicon,
aiming to improve the performance of crystalline silicon solar cells. This
research also focused on the development of a novel technique to evaluate
surface recombination and monitor any modification of a passivated silicon
surface using the contactless KP method.
This chapter presents a summary of this study and recommendations for
future studies. This chapter consists of the following sections: (1) conclusions
and key contributions and (2) recommendations for future work.

10.2 Conclusions and Key Contributions
The research objective of this thesis was clearly stated in Chapter 1 as follows:
“The methodologies are created to develop a technique for attachment of
organic dyes to silicon and to enhance energy transfers between the dyes and
the silicon surface. Furthermore, a new mathematical model is developed to
estimate surface recombination velocity for surface passivation and to
investigate charge generation in the semiconductor based on the KP method.
Alongside the main contributions, supporting analysis on the development of a
new simplified energy model of photosynthesis, which works parallel to solar
cell operation, is also carried out.”
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A comprehensive discussion on solar cell operation was initially introduced,
including the formation of the p–n junction and the electrical performance of
the solar cell. The associated depletion approximation for space charge region
width and potential curve determination were also discussed. The author
examined the important principle of charge generation in the semiconductor
surface to achieve the thesis objective. The effects of charge neutrality on the
surface states (Qss) and surface charge in the space charge region (Qsc) were
highlighted in the further investigation of surface passivation in Chapters 8
and 9. Moreover, an explanation on carrier recombination and the mechanisms
of bulk recombination processes was presented.
Chapter 3 gave a detailed account of the characteristics of the semiconductor
surface. The concept of surface state was defined, and its properties were
explained. The SRV at the conditions of flat band and band bending mainly
depended on the properties of the surface state, charge carrier concentration,
capture cross-sections for electrons and holes, injection level at the surface,
and doping level of semiconductors. At the end of the chapter, the effect of
charge on the surface, especially fast trap and slow trap mechanisms, was
shown to be an important factor in the formation of surface potential and
barrier height of the semiconductor surface.
A review on energy conversion mechanisms was presented in Chapter 4, and it
was shown that the photovoltaic energy conversion had many similarities to
the photosynthetic system at the fundamental level [4]. A novel simplified
model for the primary energy conversion step in photosynthesis was
successfully developed by identifying the most significant chemical potentials
involved in the photosynthetic system. This mathematical model was derived
from

the

elementary

redox

reaction

of

electron

transfer

across

the

photosynthetic membrane in purple bacteria. The electrochemical potential
(∆µ) can be detailed into three components: concentration gradients across the
semi-Quinone membrane (QH), proton gradient H+ movement across the
membrane cells, and gradient δμQ of the oxidized quinone (Q). The internal
free energy in bacterial photosynthesis had many similarities to the voltage of
qV, which followed the Shockley solar cell equation and described the
operation of a solar cell. From this model, the electrochemical potential ∆µ and
the photo-generation rate KL were calculated based on the wavelength of
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bacteria at 800 nm using an analogue of the Shockley equations as 0.93 eV
and 1.55 eV/s, respectively.
The new theoretical model of surface current via a mathematical model using
KP method was established in Chapter 5. The surface current through surface
states was derived by introducing the surface recombination current (Js) in the
equation. The accumulation of charge in the depletion region can be
interpreted as band bending, which measures the surface photovoltage using
the KP method. The determination of interface saturation current density (Jos)
from the CL slope was used to estimate the accumulation of charge trapped in
the surface state/interface of the sample. Indirectly, the Jos value was shown to
be useful in evaluating the surface recombination velocity (Sfs) of a silicon
surface. The determination of surface recombination velocity and barrier
height measurement via KP method can be considered a novel technique, and
used to further examine the passivated samples in Chapter 8.
The objective of this thesis was discussed further in the succeeding chapters
(Chapters 6, 7, 8, and 9), particularly the development of a new method for
chemical passivation of silicon using organic dyes.
The author examined the properties of interface layers before any deposition
of LB films on the silicon surface in Chapter 6. A series of passivation
treatments, including RCA Clean, sulphuric acid–hydrogen peroxide mixture
solution, and hydrogen termination, was conducted. Initial treatment/cleaning
was important in preparing high-purity materials without residue before further
surface modification. The author prepared the 1-decene monolayers on Si
surface using hydrosilylation reaction at low temperature (110 °C) with a Lewis
acid catalyst. The results of XPS, ellipsometry, and water contact angle and
lifetime measurements demonstrated the stability of the monolayer structure
and the very low inherent reactivity of the oxide surface toward 1-decene. The
results also showed that alkene formation had very stable Si–C bonds that
yielded dense monolayers, as proven from the FTIR and wetting experiments.
The IR spectra recorded three broad peaks of the C-H stretching region, with
peak areas at ~0.217 unit2 and low temperature reaction at 110 °C. The
significant IR spectral results showed that the covalently bound alkyl
monolayers were well passivated by the presence of carbonyl groups on the
173

Conclusion and Future Work

monolayer surface. High-resolution XPS spectra of the Si 2p and C 1s regions
were consistent with the Si-CH2 bond and increased carbon amounts up to
27.7%. Thus, the 1-decene molecules were passivated on the samples. Finally,
the presence of a Lewis acid catalyst in 1-decene monolayer rendered the
grafted silicon samples resistant to oxidation in air and maintained the surface
passivation for long-term stability conditions.
Chapter 7 discussed a novel approach to deposit LB films on the silicon
substrate as functional groups of light-harvesting materials for a solar
photovoltaic system. The preparation and experimental procedures for LB films
were also discussed. The hydrophobic layers of 1-decene and the hexane
monolayers on the silicon surface were used as interface layers for deposition
of dye (DiO) monolayers through the LB technique. A review of recent literature
of LB film on silicon was also described, which emphasized the stability control
and surfactant concentration effect for LB deposition.
The results of the characterization on different passivated samples using KP
were demonstrated in Chapter 8. The formulation of the surface current
equation from Chapter 5 was used to determine the surface recombination
velocity for passivated semiconductor samples. The recombination velocity
obtained from surface photovoltage measurement is a novel approach for
quantitative analysis in KP methods and an alternative measurement to Sinton
PCD lifetime technique. As the surface current equation was derived, the
collection efficiency of minority carriers (ηL) was used to estimate the average
diffusion length (191 mV) and to determine the bulk lifetime (27 μs) for native
silicon. Moreover, the measurement of barrier height is important to estimate
the effective saturation current (Jos) and predict the surface recombination of
the sample. Jos was determined using the same equation as the surface current
because Jos variation depends on different voltages applied on the samples.
These results indicated the effect of surface treatment (Chapter 6) on silicon.
As results of Figures 8.7 and 8.8, the theoretical data Js (Eq. 5.38) were
consistent with the experimental value for treated SPM Si and native Si.
However, the findings do not fit the passivated samples because this theory is
not applicable to samples with low barrier heights (order of kT).
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The second part of the chapter discussed the estimation of surface
recombination velocity on the passivated samples. The alkyl passivated Si–
decene as an interface layer shows promising results and display strong
stability against oxidation in air. The deposition of LB with a stable foundation
of Si-C bond, i.e. sample Si–dec–LB, shows better reproducibility, consistently
moderate SRV (1,903 cm/s), and effective saturation current density (Jos,
0.2 nA/cm2). The calculated surface state density (Qsc) of all passivated
monolayer interfaces is lower than the silicon oxide/silicon interface. The
determination of surface recombination velocity by KP method was validated by
comparing the lifetime measurement with the Sinton PCD method. The results
of the surface recombination velocity are correlated and comparable with the
different method of measurement (Section 8.3.4 (iii)). The KPs were shown to
be new alternative instruments for monitoring any changes or modification of
the semiconductor surface. The determination of surface recombination
velocity using the derived surface current (Chapter 5) generated valuable
information on surface modification, which will facilitate further deposition of
nanostructure monolayers on silicon surface.
This study also discussed the effect of organic dyes and demonstrated related
optical absorption and charge carrier trapping. Chapter 9 demonstrated the
trapping and detrapping of surface charge induced by the illumination of LB
films containing organic DiO dye using KP method. The samples under study
included surfaces passivated with 1-decene and hexane, which were compared
with the results obtained from samples covered with native oxide. Charge
excitation in silicon via light-harvesting materials was demonstrated on the Si–
dec-2L 1.5 DiO:SA sample, which contained DiO compound in the dye
monolayer of LB films. A different charge trapping mechanism was observed by
Si–dec–2L 1.5 DiO:SA sample, wherein some of the excess holes were captured
in the dye monolayers of LB films/decene layers. The charge trapping and
detrapping mechanisms are described as slow processes with two identical
lifetimes, where the slower component is different between the decene and
hexane samples. Charge trapping was also studied as a function of distance
between the dye molecules and silicon surface using different 2L and 8L layers
with LB spacers made from SA. This charge trapping process via excitation of a
molecular layer occurs only when the molecules are close to the surface (2L
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layer). For large distance from the surface (8L layer), the carrier generation
possibly occurs in the bulk, which is similar to the samples without any dye.
In summary, this thesis described a novel method for passivation of silicon
using organic dyes through LB techniques (Chapters 6, 7, 8, 9), development of
a theory of passivated semiconductor surface through mathematical modelling
(Chapter 5), and determining chemical potential in the energy conversion of
photosynthesis (Chapter 4). A new method was developed using the KP
technique to demonstrate and characterize the passivation and enhancement
of properties. Surface photovoltage measurement via a contactless KP method
demonstrated a novel approach in quantitative analysis and a useful technique
to determine surface recombination velocity data for passivated semiconductor
samples.
The key contributions of this study can be summarized as follows:
•

A novel method is developed in depositing organic dyes as lightharvesting materials on silicon with different interface layers of alkene
and hexane monolayers. Moreover, the formation of alkene monolayer
as an interface layer shows the significance of the light-harvesting
mechanism.

•

A novel approach is adopted to estimate the surface recombination
velocity via KP method for the passivated monolayers and native silicon.
A close correlation is found between KP and PCD methods for passivated
monolayers compared with native silicon.

•

The variation in charge generation on different passivated monolayers
through charge trapping and detrapping is characterized by the KP
method. Charge excitation in silicon is proposed to only occur in
samples containing organic dyes (DiO compound) when the dye
molecules are close to the surface.

•

A novel energy model is used to calculate the electrochemical potential
in the energy conversion of bacterial photosynthesis that is comparable
to the performance of a solar cell. This model provides deeper
understanding on how the structure and function of the molecular
machinery can work almost perfectly to convert light energy into useful
chemical energy in the primary reactions of the photosynthetic system.
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10.3 Future Work
The results of novel methods for charge trapping and detrapping for the Si–
dec–LB sample should be investigated further. The addition of an 8L spacer on
the interface layer of the decene monolayer should be considered and
compared with hexane interface layer. The distance to the surface is
significant; thus, the effect of the spacer should be investigated and the
characteristics and surface properties compared with the Si–hex–LB sample.
The formation of alkene monolayer as interface layer is becoming popular as
an alternative replacement for the SiO2 insulator layer. A similar approach to
form a diode (a mercury–molecule–silicon junction) has been conducted using
Hg-C10H21-Si [162]. Another approach is to fabricate an electrolyte–molecule–
semiconductor structure, wherein ET is distance dependent through an organic
chain with n-alkyl monolayers (CnH2n+1) on Si (111) [163]. However, the most
crucial issue is the stability of alkyl monolayers against oxidation in air. The
alkene monolayers are proven as suitable interface layers; thus, the deposition
of a top layer of the functionalization of LB films is a novel approach that
requires further investigation.
Low temperatures of wet chemical routes for formation of SAMs have exhibited
possible application in solar cells. A different approach of texturing the silicon
surface can be extended to porous silicon [164] by applying hydrosilylation of
olefins and alkynes [110] on the porous silicon surface. A different organic
bonding of alkynes with Lewis acid catalyst also shows strong stability against
oxidation in air.
The ultimate aim of this research is to fabricate a novel photovoltaic structure
that consists of the deposition of compact dye molecules that integrate with
solar cells structure as complete devices. A molecular layer near the
semiconductor with emission energy that exceeds the band gap can transfer
non-radiative excitation energy to excite an electron from the valence band to
the conduction band of the semiconductor. The possibility of silicon
sensitization via non-radiative electronic energy transfer from dye molecules
on the surface has been suggested by Dexter [127]. In this study, energy
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transfer from contact formation and electrical properties is investigated
between the dye molecules and a potential photovoltaic device.
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Appendix 1 Characterization Procedure of
Kelvin Probe Measurements

A.

Introduction

The KP from KP Technology Ltd was used to determine work function of the
silicon sample using vibrating gold probe which is perpendicular to a
stationary sample surface. Since the KP is a contactless and non-destructive
technique, this characterization is most suitable to monitor any changes of the
charge on the treated surface. Once the samples are in contact and assume
Wprobe > Wsample, the charge transfer takes place where charges flows from the
smaller work function sample to larger work function probe. This process will
continue until the work function of the samples and probe are equal. The work
function of probe becomes more negative than sample by an amount equal to
the difference in the work function between the sample and probe which is
known as CPD.

B.

Light Source of Bentham Spectrometer

The optical fibre source was placed at a distance of 10 cm at an angle of 30°
angles from the sample base of KP which is covered by square black box. A
Xenon light source (75W, 5.4A) was used in this experiment which is supplied
with associated of 605 constant current system. The light emitted by the IL1
lamp is filtered by the TMc300V Bentham-300mm focal length single
monochromator in 5 nm steps and light escaping have two fibre optical outlet
from the monochromator. The small optical fibre is terminated by a silicon
detector that used as a reference measurement of the light, which is
transmitted through the medium fibre optical into the KP equipment. The cell
response is measured in Amperes at each rotation of the monochromator
where the spectral response of the cell (in AW-1nm-1) is determined. Prior to any
measurements, the illumination system composed of the IL1 lamp, TMc300
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monochromator and optical fibre was calibrated against a reference (1 cm2
calibrated DH-Si silicon low-noise photodiode).

C.

Solar Cells Calibration

The photon flux was estimated using a 6.637 mm x 6.317 mm c-Si solar cell.
Prior to the KP measurements, the solar cell was placed at the same position as
the silicon sample on the KP base. The light source of spectrometer was
positioning to the sample base of KP at the angle of 30° with distance of 10
cm. Upon illumination, photon absorption was detected by solar cell and then
the output signal was connected to the Spectrometer Current Pre-amplifier as
signal current in unit nA. The photon flux is determined on the spectral
response of the calibrated solar cell which is carried out at the end of each
measurement.

D.

Light Intensity Distribution Test

The distribution of light intensity is measured in order to determine the
uniformity of the light on the illumination area of the sample. The distribution
test of light is carried out using halogen lamp at direction of y and z as shown
in Figure A1.1. Since direction x is fixed, the direction y is changes from front
to backside of KP base. Meanwhile, the direction z is changes from upper to
lower down the KP base.
The movement of the sample base is about ± 1.4mm for the y direction
measurements as shown in Figure A1.2 (a). The percentage variation of the
photon flux is about 1.13%. It shows that the light distribution is uniform to a
sufficient degree throughout the distance. For the z direction measurements,
the movement of sample base was varies from upper to lower the KP base is
about ± 1.0mm as shown in Figure A1.2 (b).
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y direction
Light
Source
30°

x direction
z direction

KP

Figure A1.1 Schematic of characterization setup of KP measurement
and light source angle for light intensity distribution test.
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Figure A1.2

Distribution of light intensity through calculated photon flux
on a) y direction; and b) z direction.

E.

Photon Flux Determination

The measurement method and calculation of photon flux is determined after
fixing the optimum position of light distribution. The light escaping from the
monochromator is guided to the solar cell by a 1 mm UV/visible optical fibre
which are used in as a source for SPV in KP Measurements. Since the
monochromator is not chopping type, the light intensity can be varies of
opening slits width from 0 to 15 mm. By changing the slit opening much wider,
it will give much higher the intensity of light. In this study, the slit was
measured from 0 to 10 mm in order to investigate the how much varies of the
light intensity. The step of measurements as follows:
(i)

In order to determine the right photon flux, the calibrated silicon
detector of 1 cm x 1 cm size was used in this study.

(ii)

The optical fibre was placing directly 90º to the calibrated silicon
detector at 1 mm distance.
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(iii)

Measuring the signal current of light intensity by changing the slit
width within 1 mm interval from 0 to 10 mm.

(iv)

Upon completed, replace the calibrated silicon detector with
calibrated solar cell at the same position and measure the signal
current by following a same slit opening as before.

(v)

The ratio of gap intensity between calibrated silicon detector (SD)
and solar cell (SC) for each slit width is defined as

G (λ ) =

(vi)

SiliconDetector (λ )
SolarCell (λ )

Eq. A.1

The spectral response, SR(λ) was determined using the same
optical fibre which is measuring the calibrated solar cell as a
reference.

Since the photon flux, Φ(λ) is known as number of photons per second per unit
meter square, the formulation of photon flux can be simplified as

 I (λ )  λ 
 
Φ (λ ) = 
 A.SR(λ )  hc 

Eq. A.2

From Figure A1.3, it can be seen the gap ratio of slit 1mm is much lower
compare to the others slits. Meanwhile the gap ratio of slit 2mm to 10mm is
almost similar which is representing the accurate of the measurements. Based
on photon flux calculation, the percentage difference of gap ratio between slit
width of 1mm and 10mm is about 23-24 %. This percentage value is varies due
to the opening slit width which is characterize of the intensity of light. It means
when the intensity is high, the probability to obtain photon flux is also higher.
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Figure A1.3

The gap ratio of intensity of light, G(λ) is measured at different
slit width from 1mm to 10 mm.

F.

Measurement Procedure

The work function was measured using KP Measurement System version DELTA
5+ software which is purchased from Technology Ltd as follows:
A. For Measuring Work Function using Kelvin Probe Measurement
1) Click and open ‘SKP ver. 5.05 icon’ application on the computer
desktop.
2) 1Choose File command and select ‘Open parameter file’.
3) Choose directory ‘Backup (D:)’, select subdirectory under ‘Results/Sep
07’ and choose ‘Southampton 130807’ file.
4) Choose sub-menu ‘Setup Probe & Data Acquisition’ and click ‘Enable’
to permit the KP system is running and that command change to
‘Enabled’.
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5) Click ‘Start’ and choose show ‘Gradient’ under Oscilloscope sub-menu.
After placing the sample on the KP base, adjust the KP base by
changing the height of ‘▲’ and ‘▼’ until it reach the ‘GD (au)’ about
280 and click ‘Stop’ as shown in Figure A1.4.
6) For measuring work function, choose sub-menu ‘Work Function
Measurement’ and set Measurement Parameters to 5000 points and
then click ‘Start’ to activate the measurement is running as shown in
Figure A1.5.
7) When the measuring the work function is completed or click ‘Stop’,
automatic menu to save a file is appear.

Figure A1.4

Sub-menu of ‘Setup Probe and Data Acquisition’ for KP
Measurements.
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Figure A1.5

Sub-menu

of

‘Work

Function

Measurement’

for

KP

Measurements.

B. Measuring Surface Photovoltage, Barrier Height and Diffusion Length
using Bentham Spectrometer
1) Click and open ‘BenWin+ icon’ application on the computer desktop.
2) Switch on the TMc300 monochromator, 605 power supply for halogen
beam or xenon beam, current amplifier/detectors power supply and
PMC-Mac power supply.
3) Choose ‘Tools’ command and select ‘configuration’ directory. Choose
‘spectra_response_low.xml file’ specifically for low signal use 487 for
signal recovery. Click ‘use’ for system initialising.
4) Choose ‘Scan’ command, select ‘Scan Setup’ for measuring full scan of
wavelength from range 350-1100nm. Set ‘step size’ to 5nm and click
‘new scan’.
5) Under ‘Scan’ command, select ‘Stationary Scan Setup’ for specific
wavelength to test. Set ‘scan length’ to 40 s, ‘scan interval’ to 1 s,
choose specific wavelength to test e.g. 450, 475, or 900 nm and then
click ‘new scan’ to start the measurements.
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6) Upon completing the measurement, the results can be interpreted by
converting data into excel spread sheet.

C. For Measuring Surface Photovoltage, Barrier Height and Diffusion
Length using Kelvin Probe Measurement
1) Follows similar setup as work function measurement from step 1-5.
2) In sub-menu ‘Setup Probe and Data Acquisition’, choose show ‘Work
Function’ under Oscilloscope sub-menu and click ‘Start’.
3) The work function of the sample need to be stabilising before any
measurement of SPV is done.
4) In order to measure SPV, the difference of work function in the dark
and illumination was recorded based on average of 20 point in excel
spread sheet.
5) The relaxation time is needed about 90-100 point between two
wavelength tests for barrier height and diffusion length measurements.
6) For diffusion length measurement, the constant of SPV will be
considered in the range of ± 5.0 mV.
7) By remote desktop connection of KP computer, interface two software’s
is required for easy access and fast measurement as shown in Figure
A1.6.
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Figure A1.6

Interface of BenWin+ software of Bentham Spectrometer and KP
software of KP Measurements.
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Glossary

Light Harvesting

A complex compound of sub-unit protein which is part of a
larger super complex of a photosystem in a photosynthesis
system. It is found and used by plants, alga and bacteria.

Surface

A thin films of materials as passivating surface such as silicon

passivation

nitride, silicon dioxide or an organic monolayers that can
reduce a surface recombination

Alkyl monolayer

A self-assembled monolayer of organic molecules that are
molecular assemblies formed spontaneously on the surface by
the chemisorption process

Langmuir Blodgett A technique of deposition of an organic material that creates
monolayers (films) on the surface. A film was deposited from
the surface of a liquid onto a substrate surface by immersing
the substrate into the liquid (vertical deposition).
Energy conversion The process of changing one form of energy into another e.g.
solar energy into electrical energy.
Kelvin probe

A contactless and non-destructive method to measure a work
function of the surfaces.

Charge trapping

A process of charge carrier trapped at irregularities in the
crystal lattice of the semiconductor (defects) which have
different energy level.

Charge detrapping A process of charge carrier relaxation (detrapping) or decay
time to initial states.
Contact
Difference

Potential The difference of the work functions of two conductors which
are connected electrically through a circuit.
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Photo-conductance A

measurement

to

determine

the

bulk

lifetime

of

decay

semiconductors.

Surface

Any defects or impurities on the semiconductor surface

recombination

contribute to recombination.

Surface

A parameter that used to identify the recombination on a

recombination

surface and measured in unit of cm/s.

velocity
Surface

A measurement to determine the minority carrier diffusion

photovoltage

length of semiconductors.
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