o

UNSW

SYDNEY

PECVD Fabrication, Electrical Characterization and Laser
Dopant Activation of Silicon Nanocrystals

Author:
Zhang, Tian

Publication Date:
2016

DOI:
https://doi.org/10.26190/unsworks/19589

License:
https://creativecommons.org/licenses/by-nc-nd/3.0/au/
Link to license to see what you are allowed to do with this resource.

Downloaded from http://hdl.handle.net/1959.4/57648 in https://
unsworks.unsw.edu.au on 2024-05-03


http://dx.doi.org/https://doi.org/10.26190/unsworks/19589
https://creativecommons.org/licenses/by-nc-nd/3.0/au/
http://hdl.handle.net/1959.4/57648
https://unsworks.unsw.edu.au
https://unsworks.unsw.edu.au

PECVD Fabrication, Electrical Characterization and

Laser Dopant Activation of Silicon Nanocrystals

Tian Zhang

A THESIS IN FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

School of Photovoltaic and Renewable Engineering

Faculty of Engineering

May 2016



PLEASE TYPE
THE UNIVERSITY OF NEW SOUTH WALES
Thesis/Dissertation Sheet

Surname or Family name: Zhang

First name: Tian Other name/s:

Abbreviation for degree as given in the University calendar: PHD

School: School of Photovoltaic and Renewable Energy Faculty: Engineering

Title: PECVD Fabrication, Electrical Characterization and Laser Dopant Activation of Silicon Nanocrystals

Abstract 350 words maximum: (PLEASE TYPE)

This thesis presents insights into the electrical properties of doped silicon nanocrystals (ncSi) for 3rd generation photovoltaic solar cells.
While investigating doping of PECVD ncSi-based PV devices (Chapter 3), it has become clear that commonly used techniques to dope and
characterise these ncSi films are not effective. In view of this, specially designed structures for Capacitance-Voltage (CV) measurements
and pulsed laser annealing techniques have been developed to characterise the doping effects and improve doping efficiency, respectively.
Two first-author journal papers have been published based on the work presented in Chapter 4 and Chapter 5 of this thesis. Chapter 4
presents the research about CV measurements and evaluations of electrically active boron doping concentrations in ncSi. The work about
improved dopants (Boron and Phosphorus) activation in ncSi by pulsed KrF laser is mainly included in Chapter 5. The characterization
and fabrication techniques also presented in this thesis have assisted other journal publications on the research of doped ncSi material,
ncSi-based photovoltaic devices and renewable energy applications.

The two most important contributions of this thesis are:

1. The demonstration of an inverted MOS structure to measure doping using CV measurements and

2. The improvement of the conductivity of ncSi films using a pulsed KrF excimer laser after the crystal growth.

This thesis starts with the investigation of plasma-enhanced chemical vapour deposition (PECVD) for fabricating silicon nanocrystals along
with boron (B) and phosphorus (P) doping. The material properties of non-stoichiometric silicon oxide before and after annealing and the
B/P doped ncSi are investigated. After the demonstration of ncSi preparation and doping by PECVD, ncSi-based photovoltaic devices were
eventually fabricated and analysed. The devices showed diode |-V characteristics and an open-circuit voltage of 230 mV was achieved.
However, the parameters extracted from electrical measurements indicated severe limitations due to low carrier transport and strong non-
radiative recombination. These limiting factors can be attributed to the ineffective doping in ncSi, which is a general problem for
nanostructured semiconductor materials.

To investigate the doping in ncSi with high resistivity, we proposed an inverted MOS structure for CV measurements. Numerical CV
modelling is developed to quantify the electrical properties such as doping concentration, doping type and interface trap density
distribution. We investigated highly resistive boron doped ncSi films, which unexpectedly show a high doping concentration. The
saturation of doping and the low doping efficiency, less than 5%, are observed and discussed. The corresponding low effective mobility is
attributed to a strong scattering of excess impurities and defects.

Lastly, as a means to improve the electrical quality of these films, we demonstrated that a pulsed KrF excimer laser (A=248 nm, 1=22 ns)
can be used as a post-furnace annealing method to greatly increase the electrically active doping concentration in ncSi, which potentially
can reduce the extremely high impurity density currently used for doping ncSi. We propose that the increase in free carrier concentration
after the laser treatment is the result of interstitial P/B dopants activation, which is initially inside the ncSi. Evidence of mobility-limited
carrier transport and degenerate doping in the ncSi are measured with temperature-dependent conductivity, which further reveal the
carrier-conduction mechanism in doped ncSi.

Declaration relating to disposition of project thesis/dissertation

| hereby grant to the University of New South Wales or its agents the right to archive and to make available my thesis or dissertation in whole or in
part in the University libraries in all forms of media, now or here after known, subject to the provisions of the Copyright Act 1968. | retain all
property rights, such as patent rights. | also retain the right to use in future works (such as articles or books) all or part of this thesis or dissertation.

| also authorise University Microfilms to use the 350 word abstract of my thesis in Dissertation Abstracts International (this is applicable to doctoral
theses only).

Signature Witness Date
The University recognises that there may be exceptional circumstances requiring restrictions on copying or conditions on use. Requests for
restriction for a period of up to 2 years must be made in writing. Requests for a longer period of restriction may be considered in exceptional
circumstances and require the approval of the Dean of Graduate Research.

FOR OFFICE USE ONLY Date of completion of requirements for Award:

THIS SHEET IS TO BE GLUED TO THE INSIDE FRONT COVER OF THE THESIS




ORIGINALITY STATEMENT

‘| hereby declare that this submission is my own work and to the best of my
knowledge it contains no materials previously published or written by another
person, or substantial proportions of material which have been accepted for the
award of any other degree or diploma at UNSW or any other educational
institution, except where due acknowledgement is made in the thesis. Any
contribution made to the research by others, with whom | have worked at
UNSW or elsewhere, is explicitly acknowledged in the thesis. | also declare that
the intellectual content of this thesis is the product of my own work, except to
the extent that assistance from others in the project's design and conception or
in style, presentation and linguistic expression is acknowledged.’

Signed

Date



COPYRIGHT STATEMENT

‘I hereby grant the University of New South Wales or its agents the right to
archive and to make available my thesis or dissertation in whole or part in the
University libraries in all forms of media, now or here after known, subject to the
provisions of the Copyright Act 1968. | retain all proprietary rights, such as patent
rights. | also retain the right to use in future works (such as articles or books) all
or part of this thesis or dissertation.

| also authorise University Microfilms to use the 350 word abstract of my thesis in
Dissertation Abstract International (this is applicable to doctoral theses only).

| have either used no substantial portions of copyright material in my thesis or |
have obtained permission to use copyright material; where permission has not
been granted | have applied/will apply for a partial restriction of the digital copy of
my thesis or dissertation.'

Signed

Date e

AUTHENTICITY STATEMENT
‘| certify that the Library deposit digital copy is a direct equivalent of the final
officially approved version of my thesis. No emendation of content has occurred

and if there are any minor variations in formatting, they are the result of the
conversion to digital format.’

Signed

Date s



Abstract

This thesis presents insights into the electrical properties of doped silicon nanocrystals
(ncSi) for 3™ generation photovoltaic solar cells. While investigating doping of
PECVD ncSi-based PV devices (Chapter 3), it has become clear that commonly used
techniques to dope and characterise these ncSi films are not effective. In view of this,
specially designed structures for Capacitance-Voltage (CV) measurements and pulsed
laser annealing techniques have been developed to characterise the doping effects and
improve doping efficiency, respectively. Two first-author journal papers have been
published based on the work presented in Chapter 4 and Chapter 5 of this thesis.
Chapter 4 presents the research about CV measurements and evaluations of
electrically active boron doping concentrations in ncSi. The work about improved
dopants (Boron and Phosphorus) activation in ncSi by pulsed KrF laser is mainly
included in Chapter 5. The characterization and fabrication techniques also presented
in this thesis have assisted other journal publications on the research of doped ncSi

material, ncSi-based photovoltaic devices and renewable energy applications.

The two most important contributions of this thesis are:



. The demonstration of an inverted MOS structure to measure doping using CV

measurements and

. The improvement of the conductivity of ncSi films using a pulsed KrF excimer

laser after the crystal growth.

This thesis starts with the investigation of plasma enhanced chemical vapour
deposition (PECVD) for fabricating silicon nanocrystals along with boron (B) and
phosphorus (P) doping. The material properties of non-stoichiometric silicon oxide
before and after annealing and the B/P doped ncSi were investigated. After the
demonstration of ncSi preparation and doping by PECVD, ncSi-based photovoltaic
devices were eventually fabricated and analysed. The devices showed diode I-V
characteristics and an open-circuit voltage of 230 mV was achieved. However, the
parameters extracted from electrical measurements indicated severe limitations due to
low carrier transport and strong non-radiative recombination. These limiting factors
can be attributed to the ineffective doping in ncSi, which is a general problem for

nanostructured semiconductor materials.

To investigate the doping in ncSi with high resistivity, we have proposed an inverted
MOS structure for CV measurements. Numerical CV modelling was developed to
quantify the electrical properties such as doping concentration, doping type and
interface trap density distribution. We investigated highly resistive boron doped ncSi
films, which unexpectedly showed a high doping concentration. The saturation of
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doping and the low doping efficiency, less than 5%, were observed and discussed.
The corresponding low effective mobility can be attributed to a strong scattering of

excess impurities and defects.

Lastly, as a means to improve the electrical quality of these films, we demonstrated
that a pulsed KrF excimer laser (A=248 nm, =22 ns) could be used as a post-furnace
annealing method to greatly increase the electrically active doping concentration in
ncSi. This technique potentially can reduce the extremely high impurity density
currently used for doping ncSi. We propose that the increase in free carrier
concentration after the laser treatment is the result of interstitial P/B dopants activation,
which is initially inside the ncSi. Evidence of mobility-limited carrier transport and
degenerate doping in the ncSi were measured with temperature-dependent

conductivity, which further revealed the carrier-conduction mechanism in doped ncSi.
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Unique Contributions

The most significant contributions and novelties in this thesis are highlighted as below:

e The plasma enhanced chemical vapour deposition process details for silicon
nanocrystal synthesis, doping and device fabrication, including the

characterizations on structural, chemical and electrical properties.

e Demonstration and performance analysis of silicon nanocrystal based

photovoltaic diode device on quartz substrate by PECVD.

e First demonstration of inverted MOS structure application compatible with
capacitance voltage measurement to extract electrically active doping

concentration in boron doped silicon nanocrystals with high resistivity.

e First demonstration of pulsed KrF laser annealing to active B/P dopants in
silicon nanocrystals, including detailed structural and electrical

characterizations.
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Chapter 1

Introduction

Overview: The quantum confinement mechanism in low dimensional silicon crystals and the
theoretical illustration of its application for 3™ generation photovoltaic devices are summarized. The
quantum size-effect model, solar cell energy loss mechanisms, 3™ generation photovoltaic concepts
and ncSi based photovoltaic devices have been reviewed. Additionally, this chapter has also
emphasised on the current research progresses on ncSi doping and challenges, followed by the

summary of carrier transport mechanisms in intrinsic and doped ncSi.

1.1. Basic principles of quantum-confined silicon nanocrystals

Since the discovery of light emission from porous silicon in 1990 by Canham and
Cullis [1, 2], it has been realised that the optical and electrical properties of crystalline

silicon can be further modified by reducing the crystal size in the order of nanometres.

18



In the following decades, various forms of nanostructured silicon with precisely
controlled structures, such as nanosheets, nanowires and nanoparticles, have been
investigated. The observed strong correlation between the nanocrystal structure (size
and density) and the optical emission energy and absorption indicate the possibility
of modifying the fundamental Si energy bandgap, which is attributed to the quantum

confinement effect. [3]
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Figure 1.1: The schematic quantum confinement in 1-D quantum well

The basic physical phenomenon of quantum confinement arises as a result of the
quantization effect in the density of electronic states. This quantization effect can be
illustrated in the simplified one-dimensional quantum well model with one-directional

confinement as shown in Figure 1.1. The carrier energies and the wave functions can
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be solved using Schrodinger’s equation with an effective mass approximation (EMA).
The energy of the confined electron in the quantum well with confining size a and

infinite barrier height can be written as:

thZ thZﬂZ

2m* 2m*a?

AE, (1.1)

where k 1s the wavevector, h=h/2m i1s the reduced Planck constant and m* is the
effective mass of electrons or hole carriers. The relation k.o =n.w is derived from the

boundary condition of total confinement by the infinite barrier height.

From equation 1.1, the collapse of the continuous energy band into discrete energy
levels (n=1,2,3....) can be clearly identified. As shown in Figure 1.1, the first allowed
energy level, corresponding to n=1, is higher than the lowest conduction band edge.
Therefore, the effective energy bandgap of a quantum-confined semiconductor, which
should be more precisely defined as the HOMO-LUMO gap (highest occupied
molecular orbital and lowest unoccupied molecular orbital), becomes larger than the
bandgap of the corresponding bulk semiconductor. The increased energy bandgap
caused by quantum confinement is clearly dependent on confinement size a, which is

known as ‘quantum-size effect’. [4, 5]

Theoretically, this quantum-size effect becomes most important when the

confinement size is similar or smaller than the bulk semiconductor Bohr exciton
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radius. The Bohr radius can be defined as the minimum distance between an electron-
hole pair. For silicon nanocrystals, the Bohr exciton radius is about 5 nm, indicating
that silicon nanocrystals with a size of 5 nm or less will present strong quantum
confinement. [1] Silicon nanocrystals about 2—4 times larger than Bohr radius will

show weaker quantum confinement.

The 2-D quantum well model can be further extended to a 3-D model to illustrate the
more practical cases of quantum dots, quantum wires and quantum wells with
different numbers of confinement directions. Then the Schrédinger equations will

contain x, y and z components. The idealised solutions of energy are in the forms:

252 2 2 2
Quantum dot: Eymi = i (n +5 4+ l—) (1.2)

am* \Ly 15 L%

. m2h? (n?2 = m? h2k2
Quantum wire: Eym(k,) = p—— (E g) p— (1.3)
n?h?n?  R%(k5+k3)
Quantum well: E,(kyk,) = pr—yy) an - (1.4)

where n, m, I = 1, 2, 3 ... are the confinement numbers, and L, Ly and L, are the
confinement size. For a simple comparison, by considering n=m=I ,Lx=L,=L.,=a, and
k=0, it is conceivable that higher energy levels can be achieved in higher confinement

dimensions (quantum dot > quantum wire > quantum well). To be more specific, this

means the diameter requirement of the quantum dot will be v/3 times less than the

quantum well for the same level of quantum confinement. [6]
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Figure 1.2: Joint density of states of bulk semiconductor and quantum-confined semiconductor [7]

The quantization of energy levels results in the quantization of density of electronic
states, which can be identified in the calculated joint density of states, as shown in
Figure 1.2. Compared with bulk semiconductors, quantum-confined semiconductors
clearly show larger bandgap, quantized density of states and stronger selective
transition (absorption/emission) at higher confinement dimensions. These effects
have been experimentally observed as the shift in absorption onset and

photoluminescence emission by reducing the diameter of silicon nanocrystals.

By identifying the tunable energy bandgap as the most striking property of
nanocrystals, a theoretical energy bandgap calculation for semiconductor nanocrystals
was reported by Brus et al. based on “effective mass approximation” (EMA). [8] A

spherical volume of the crystallite with a confined exciton was considered [9]:
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(1.5)

, Where E; is the bandgap, Epulk 1s the bandgap of bulk semiconductor, R is the radius
of nanoparticle, me", my" are the effective mass of excited electron and hole, £, and &
are the vacuum and relative permittivity. The second term having the R"? dependence
represents the quantum confinement by the infinite barrier potential. The third term
showing an R dependence stands for the columbic interaction, which can be
neglected if the high dielectric constant of semiconductor materials is considered.
Specifically, for silicon nanocrystals, Conibeer et al. quantified the effective bandgap

by using m¢" = 0.27 mo and my" = 0.59 my:

4.181 193 1

R2+R2

E == Esi + AEe + AEh == Esi + (16)

, where R is the crystal size (nm) and Eg; is 1.12eV. [6]

In general, the trends in photoluminescence emission spectral shift and various silicon
nanocrystal sizes have corresponded well with the theoretical prediction, which offers
a possibility for bandgap engineering by controlling the size of the silicon
nanocrystals. [ 10] However, it must be noted that the experimental values in the shift
of the PL peak are consistently lower than the theoretical predictions. The inaccuracy

in the prediction increases as the size of the nanocrystals is reduced (Figure 1.3).
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Figure 1.3: Comparison of calculated bandgap by EMA and the PL emission peaks [11-14] in the

function of silicon nanocrystal size [6]
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Figure 1.4: The band offset of crystal silicon confined in high bandgap dielectric material (SiO2,
Si3N4 and SiC) [6]
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This reduced confinement energy can be partly explained by the actual finite barrier
height. The solid-state quantum-confined silicon nanocrystals are generally formed in
a large bandgap dielectric matrix (Si02~9 eV, Si3N4 ~6 eV and SiC ~2.5 eV) by phase
separation and silicon cluttering in non-stoichiometric compounds after high-
temperature annealing. As shown in Figure 1.4, the ideal highest barrier height can
only be achieved from SiO; for 3.2 eV (electron) and 4.7 eV (hole). The energy of the
confined energy level will be diminished as given by:

77.'2 hz 2

2
h
smR2 /[1 + 2R/./2m*Vo] (1.7

AE, = 3-

where V, is the corresponding barrier height, R is the crystal size and m* is the

effective mass. [15]

Additionally, the confinement energy also depends strongly on the non-ideal
confinement factors that occur in practice, such as the presence of complex
nanoparticle surface states, the narrow spacing between nanocrystals and the defect

states in the barrier matrix.

Besides the ability to modify the energy bandgap, quantum confinement in
nanocrystal silicon also exhibits dramatic enhancements in the optical transitions
which can be observed as an improved photoluminescence. In bulk silicon, the
absorption and photoemission is limited by momentum conservation. Because of the

indirect bandgap in bulk silicon, phonons are required to assist radiative transitions.
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However, in silicon nanocrystals, the electron-hole wavefunctions are confined in a
box-like potential. Following Heisenberg’s uncertainty principle, as the position and
energy of excitons become more certain in the nanocrystal, the momentum will be
less well defined. Therefore, a series of transitions requiring different momentums in
the bulk silicon will be compressed by quantum confinement into a single and intense
transition, making silicon nanocrystals behave like a “direct bandgap” semiconductor.
The unique properties arising from quantum confinement, make silicon nanocrystal

attractive for applications in photoelectronic and photovoltaic devices.

1.2. The “all silicon” tandem solar cells

A solar cell is a large area semiconductor photoelectronic device, which can directly
convert electromagnetic radiation energy into electrical energy via the photovoltaic
effect. For this purpose, p-n junctions or build-in electric fields are fabricated in
semiconductor materials to enhance the separation of electron-hole pairs generated by
the absorbed light (photons), so as to generate an electrical current. These type of
electronic devices waste a large portion of sunlight power due to generated heat and
light transparency. In silicon solar cell, the amounts of losses are 23% and 33% of the
incoming solar energies, respectively. [16] The loss mechanisms in such a structure

can be illustrated by analysing a single bandgap p-n junction diode (Figure 1.5).
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Figure 1.5: Loss mechanisms in a standard p-n junction solar cell [6]: (1) Non-absorption of
hv<bandgap photons. (2) Lattice thermalization loss (>50%). (3) Junction loss. (4) Contact voltage

losses. (5) Recombination loss (radiative recombination).

The two most important power-loss mechanisms are the inability to absorb photons
with energy less than the semiconductor bandgap (Figure 1.5 (1)), and the
thermalization of the generated carriers by photons with energy exceeding the
bandgap (Figure 1.5 (2)). These two factors have already theoretically limited the
conversion efficiency to 31% for a general single bandgap solar cell through a detailed
balance calculation, which is known as the “Shockley-Queisser limit”. [16] The other
losses due to the voltage drop across internal resistances and contacts (Figure 1.5 (3)

and (4)) the non-radiative minority carrier recombination (Figure 1.5 (5)) will further

27



reduce conversion efficiency. These losses however are, relatively small compared
with loss mechanisms (1) and (2). Therefore, it is important to concentrate improving

light absorption and reducing thermalization.

Three approaches have been proposed to overcome the Shockley-Queisser limit:

a) Multi-junctions by using semiconductors with different bandgaps to increase
the light absorption and reduce the thermalization

b) Reduction of thermalization loss by capturing hot carriers

c) Excitation by multiple low-energy photons or multiple carrier generation by

one high-energy photon.

Multi-junction solar-cells offer the only effective method to achieve efficiencies over
the 33.7% Shockley-Queisser limit. An astonishing 38.8% from a five-junction solar
cell based on III/V group semiconductor materials has been reported under AM1.5
illumination. [ 17] However, these solar cells are extremely expensive to fabricate, and
are nowadays only used for military or space applications. Additionally, the I1I/V
group semiconductor materials are not earth-abundant elements for commercial

applications.

Quantum-confined silicon nanocrystals embedded in SiO; with a tunable and pseudo-
direct bandgap, as described in the previous section, also fulfil the criteria for the

fabrication of tandem solar cells. Moreover, silicon and its dielectric compounds are
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readily available materials, which can be fabricated with thin film techniques
compatible with large-scale manufacture. In this technology, the “all-silicon” tandem
cell would be realised by using a traditional silicon solar cell as the bottom cell and a
silicon nanocrystal cell with higher bandgap as the top cell in a stack structure.
Theoretically, the conversion efficiency increases to 42.5% for a 2-cell tandem
structure using 1.7 eV-1.8 eV optimal bandgap of the top cell, to 47.5% for a 3-cell
tandem cell structure using 1.5 eV and 2.0 eV optimal bandgaps of the middle and top

cell, respectively. The possible structure of a 3-cell tandem cell is illustrated in Figure

1.6.
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Figure 1.6: The all-silicon solar cell consists of bulk Si solar cell as bottom cell, 1.5eV silicon
nanocrystal middle cell and 2.0eV silicon nanocrystal top cell. [18] The solar spectrum will be split

and absorbed by different cells to achieve high-energy conversion efficiency.
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Figure 1.7: The p-i-n ncSi-based solar cell on quartz substrate [19]

Despite the apparent simplicity of the all-silicon tandem cell, the main barrier for
fabricating such devices is the lack of silicon nanocrystals with the desired electrical
properties. An experimental demonstration of a single junction device based on ncSi
materials was reported by Perez Wurfl et al. at UNSW. [19] In this work, a p-i-n
structure diode was fabricated by sputtering alternating layers of 2 nm silicon dioxide
(Si02) and 4 nm silicon-rich oxide on quartz substrates with in-situ boron (B) and
phosphorous (P) doping. The device structure is shown in Figure 1.7. Although the
best ncSi solar cell achieved an open-circuit voltage of 490 mV, the short-circuit
current measured is only 0.02 mA/cm?, four orders of magnitude This photovoltaic
performance is much lower than what is required for high-efficiency tandem solar
cells. The extremely low short-circuit current can be attributed to the large sheet

resistance. The low material lifetime can also contribute to the low open-circuit
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voltage and low short-circuit current. Further improvements are required in the

material properties and device architecture.

1.3. Challenges of doping silicon nanocrystals

As a p-n junction is the prerequisite for functional ncSi-based photovoltaic devices, it
is important to investigate the doping of silicon nanocrystals. Both electronic p- and
n-type doping in ncSi have been achieved with boron and phosphorus, respectively.
It has been shown that the conductivity of ncSi can be improved by several orders of
magnitude using these dopants. [20, 21] However, the doping of ncSi has shown quite
distinct properties from the corresponding bulk silicon, such as the reduced carrier
concentration due to low doping efficiency and the dependence of dopant

incorporation on the surface morphology and size of the nanocrystals during growth.

Two fundamental challenges have been identified when doping ncSi: (a) the self-
purification mechanism during silicon nanocrystal growth; and (b) the increased

dopant ionisation energy in quantum-confined silicon.
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Figure 1.8: The APT proxigram of the phosphorus distribution across the ncSi interface [22]

Self-purification in silicon nanocrystals will make the dopants aggregate at the ncSi
interface rather than stay inside the nanocrystal. This results in low doping efficiency
[23] and large amounts of electrically inactive dopants and defects formed at the ncSi
interface. [24] The effect has been experimentally confirmed by observation of the
effective removal of dopants aggregated at the nanocrystal interface by etching ncSi
surface oxide in hydrofluoric acid (HF). [25, 26] More direct evidence of P
aggregation at the ncSi interface can be identified from phosphorus concentration
peak at the ncSi interface by 3D atom probe tomography (APT), as shown in Figure

1.8.
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Successful doping requires the incorporation of electrically active impurity atoms
inside silicon nanocrystals by substitutionally occupying the silicon lattice sites. As
the impurity atom size is usually different from the host lattice, the substitutional
dopants inevitably cause local stress or strain in nanocrystals. Therefore, the doped
ncSi can relive the stress or strain by expelling the impurity atoms to the ncSi surface.
From a kinetic perspective, the heat treatment at high temperature enhances the
diffusion of impurities, defects and dislocations to the nearby nanocrystal surface. [27]
Moreover, this self-purification size effect can be further interpreted from an energetic
perspective considering the substitutional dopant formation energy in ncSi increases
as the nanocrystal size is reduced. From the theoretical calculation by Cantele et al.
[28] and Xuan Luo et al. [29], the formation energy of substitutional boron and
phosphorus dopants in relaxed bulk silicon are approximately 0.8eV and 0.2eV,
respectively. However, the formation energy will increase to 1 eV-2 eV depending
on the reduced size and the local constrained environment of ncSi. [30] Using first-
principles total-energy calculations of the doped silicon nanocrystal with single
phosphorous atom positioned from centre to surface, it has been identified that P at

the surface of silicon nanocrystal is more energetically stable. [31]
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Figure 1.9: Schematic representation of donor in bulk silicon (a) and nanocrystal silicon (b).

The increased ionization energy of dopants in ncSi depends on the higher energy states
(larger bandgap) owing to the quantum confinement by the dielectric potential barriers.
As shown in Figure 1.9 (b), the ionization energy is the difference between the first
miniband and the donor state energy level, leading to localised wavefunctions and
constrained electrons. Therefore, in the spatially isolated nanocrystals, the electrons
or holes are highly localised at the donor or acceptor ions. Hence, the room
temperature dopant ionization should be highly unlikely. In contrast, in bulk silicon
(Figure 1.9 (a)), the shallow donor levels lead to the electrons being loosely bound to
the donor ions and a delocalised electron wavefunction |y|*. This effect in ncSi has
been experimentally identified for low phosphorus doped isolated nanocrystals
showing that the conductivity (which is also very low) is independent of the doping

0! cm™. Beyond this

concentration until a critical concentration is reached around 1
concentration, the conductivity shows a steep increase proportional to the doping

concentration. [25] Hybrid density function theory (h-DFT) calculations of single

phosphorus dopant in the ncSi/SiO; system also theoretically illustrate that the P

34



dopants should work as deep-level defects but still contributing to an improved

conductivity and to photoluminescence (PL) quenching in doped ncSi. [32]

Owing to the low-doping efficiency caused by the self-purification mechanism and
the high-dopant-ionization-energy, no effective doping in ncSi has been observed at
low- or medium-doping density (<10"'® cm™) or in small and isolated ncSi in SiO».
[23-25] The successful doping of ncSi is generally achieved by using very high atomic
doping density in the range of 0.13 at.% to 5 at.% (~ 10™° to 10™! cm™). [26, 33-35]
This high level of dopant density will not only influence the silicon nanocrystal
growth process in terms of shape and size, but the carrier transport mechanism can
also be altered. Additionally, the unavoidable generated defects caused by the high
density of impurities will deteriorate the material. Therefore, the improvement of
doping efficiency in ncSi is of great research interest for the improvement of ncSi-
based photovoltaic device performance, which is also a general challenge for doping

in semiconductor nanocrystal materials.

1.4. Carrier transport in intrinsic and doped ncSi

The carrier transport of ncSi embedded in SiO2 is much more complex than that of
bulk silicon because of the inherent complexity in structural and chemical properties.

It is conceivable that the way carriers transport across the high-potential barrier from
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the dielectric matrix and the crystal boundary mainly determines the carrier

conduction.

For intrinsic ncSi embedded in a SiO; matrix, the carrier transport is commonly
attributed to direct tunnelling because of the large band offset between Si and SiO:
that would preclude any other path (assuming a perfect SiO; barrier) The tunnelling
probability strongly depends on the barrier height and ncSi spacing (barrier width).
From a consideration of transmission/reflection probability, the tunnelling probability

(Te ) through a square potential well can be expressed as:

T, ~ 16 exp {—d 8;1’;* AE} (1.8)

, Where d is the barrier width, AE is barrier height and m* is the effective mass of

carriers.
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Figure 1.10: HRTEM images of three Si phase contents: isolated, touching and percolation silicon

nanocrystals. The carrier transport is determined by the ncSi configurations in dielectric matrix. [36]

It is important to note that the conductivity of ncSi embedded in SiO> strongly depends
on the degree of connectivity between silicon nanocrystals. Although the ideal
isolated ncSi with well-defined size exhibits strong quantum confinement, the
extremely low free carrier conduction caused by large ncSi spacing prohibits its
applications in functional photoelectronic and photovoltaic devices. The charge
transport in the ncSi/SiO; system is only achievable by increasing the quantum
mechanical transparency through the potential barrier, hence, a stronger ncSi coupling
is needed. This coupling can be achieved if silicon nanocrystals are closely packed or
in intimate contact with each other. This kind of ncSi is described as touching or
percolation ncSi as shown in Figure 1.10. [36] For the ncSi formed by solid-state
crystallization in dielectric matrix, it has been shown that a percolation threshold for
carrier conduction is about 40% excess silicon. This high excess silicon content tends
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to form larger ncSi with reduced quantum confinement effects and also cause
difficulties in the control of the ncSi size and shape. Therefore, the approach of a
superlattice structure for ncSi fabrication providing extra control on ncSi size

becomes necessary.

In fact, this simple tunnelling model cannot fully describe the generally observed
current-voltage (I-V) characteristics of the intrinsic ncSi/Si0; system, such as the
temperature-dependent [-V characteristics and the high electric field I-V
characteristics. Therefore, other transport mechanisms need to be considered to

explain the complicated carrier transport in ncSi.

Based on the temperature-dependent characteristics of the conductivity, the activated
hopping conduction mechanism is proposed as a dominant effect when the
nanocrystal separation is larger and at temperatures above 100K. However, the
hopping conduction usually requires an ohmic I-V behaviour, which can only be
observed in low electric field conditions. Owing to the absence of a suitable model
for high electric field behaviour, the Poole-Frenkel emission model is often employed
showing current density behaviour as follows:

q a\/E)
KT &4

J < E exp( (1.9)

However, the disagreements in fitting parameters and trends in J ~ V/E as a function

of different silicon excess concentration (different &;) cast into question the suitability
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of this model. [37] Alternatively, the space-charge-limited current model can better
interpret the 1-V characteristics of ncSi in the presence of high electric fields.
Considering the low-carrier concentration, it is reasonable that the strong carrier
injection at high electric fields causes the formation of space charge to dominate the
current density. The current density behaves as ] «« V™ and the exponent m is a
parameter that describes an exponential trap distribution below the mobility edge. [38]
Gutsch et al. propose the transport mechanism underlying the space charge limited
current in intrinsic ncSi as a two-step defect-assisted band-to-band transition where
the silicon surface dangling bonds are involved in carrier transition. The defect-
assisted transport is evident from the reduced current density after hydrogen
passivation, which is well known to reduce the density of dangling bonds (DB) at ncSi

surface. [37]

When dopants are introduced in ncSi, the carrier transport mechanisms are changed,
resulting in dramatically improved conductivity. The dopants localised in SiO», at
ncSi interface and inside ncSi will all be critical for electrical conduction in doped

ncSi.

Rather than working as donors or acceptors, the dopants in SiO> work as deep-level
defect states that reduce the transport barrier height, enhancing the tunnelling
transport through the oxide. Theoretical h-DFT calculation show that P in SiO;

reduces the transport barrier height for electrons and holes by 97% and 85%,
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respectively. [32] The dopants at ncSi interface tend to show dangling bond
passivation effect before saturation. However, the excess dopant aggregation at
interface will generate additional defects, which will cause stronger scattering to
reduce the carrier mobility. [23, 39] The dopants inside ncSi will introduce majority
carriers at high-doping level, which further enhances the electrical conduction. The
band-conduction model is generally assumed for highly doped ncSi. However, the
changes in the activation energy extracted from the Arrhenius fitting is a strong
function of doping concentration and the reduced activation energy at lower
temperature disagree with the band conduction assumption. Therefore, the carrier

transport of doped ncSi is still in debate and requires further investigations.

1.5. Thesis aims and outlines

This thesis has three main aspects:

1. The investigation of plasma enhanced chemical vapour deposition (PECVD)
for the silicon nanocrystals fabrication and photovoltaic devices fabrication.

2. The development of capacitance-voltage technique to characterise doping
effects in highly resistive boron-doped ncSi embedded in SiO;.

3. Pulsed KrF excimer laser dopant activation in ncSi to improve doping

efficiency.
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Chapter 1 reviews the basic principles of quantum confinement, the energy
conversion efficiency limits and the all-silicon tandem solar-cell concepts.
Experimental and theoretical research on the doping and carrier transport in ncSi
embedded in Si0O: is summarised and discussed. A summary of complex theoretical
and technological challenges in ncSi doping and functional ncSi based photovoltaic

devices is presented.

Chapter 2 describes the relevant material synthesis techniques as well as the

characterisation methods used in this thesis.

Chapter 3 begins with the optical, structural and chemical characterisations of the
silicon-rich oxide (SRO) fabricated by PECVD, followed by an investigation of boron
(B) and phosphorus (P) doping effects. After the demonstration of ncSi preparation
by PECVD, ncSi-based single-junction photovoltaic devices are eventually fabricated
and analysed. The device fabrication processes and possible improvements are
presented. Diode I-V characteristics are shown and the best open-circuit voltage of
230mV is achieved. However, the parameters extracted from electrical measurements
on this material indicate that the photovoltaic performance is still limited by the low-
current transport and the strong non-radiative recombination. The expected superior
material quality produced by PECVD (compared to sputtered material) does not

exhibit improved photovoltaic performance. These limiting factors are attributed to

41



the ineffective doping in ncSi, which is a general problem for nano-semiconductor

materials.

Chapter 4 reviews the development of capacitance-voltage (C-V) measurement to
investigate the boron-doped ncSi with high resistivity by using an inverted metal-
oxide-semiconductor structure. It is demonstrated with the vertical current flow in
these structures, is possible to avoid the complications that arise from the effects of
lateral current flow and high-sheet resistance from standard MOS structures. The
unique characteristic MOS CV results of doped ncSi are analysed and discussed. CV
modelling is adapted to these structures to quantify electrical properties such as
doping concentration, doping type and interface trap density distribution. Coupling
these results with more detailed structural and electrical characterisations, the doping
limitations of ncSi using Boron are identified and potential improvements are
discussed. This C-V technique is potentially applicable to other doped nanocrystal

materials to investigate doping.

Chapter 5 presents developments in the annealing process to improve ncSi doping.
It demonstrates that a pulsed KrF excimer laser (A=248 nm, 1=22 ns) can be used as a
post-furnace annealing method to greatly increase the electrically active doping
concentration in nanocrystal silicon (ncSi) embedded in SiO. The application of a
single laser pulse of 202 mJ/cm? improves the electrically active doping concentration

by more than one order of magnitude, while also improving the conductivity. Using
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AFM and micro-Raman spectroscopy, it is also confirmed that there is no film
ablation or significant change in ncSi structure. We propose and discuss interstitial
P/B dopant activation to explain the improved electrical properties. Evidence of
mobility-limited carrier transport and degenerate doping in the ncSi are measured with
temperature-dependent conductivity, which further reveal the carrier-conduction

mechanism in doped ncSi.

Chapter 6 concludes the thesis by discussing the significance of the obtained results
and developed techniques for research on silicon nanocrystals for photo-electronic

applications. Directions for future research are suggested as well.
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Chapter 2

Experimental Details

Overview: This chapter serves as the overview of fabrication and characterization techniques used
in this thesis. In the first part, we specified the superlattice approach, RF-sputtering and plasma
enhance chemical vapour deposition (PECVD) techniques and thermal/laser annealing methods for
preparation of doped nanocrystal silicon in SiO, matrix. The advantages and limitations of fabrication
processes are summarized and discussed. The second part in this chapter focuses on the experimental
details of the key characterization methods for the investigations of ncSi structural, electrical and

optoelectronic properties.

2.1. Fabrication of Silicon Nanocrystals

With decades of research of silicon nanocrystals (ncSi), the preparation of ncSi mainly
involves low-dimensional structure, thin film deposition and annealing for Si
crystallization. The superlattice (multilayer geometry) structure has become the main

stream approach to fabricate ncSi embedded in SiO- for the advantage of independent
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control on the ncSi size and density, The superlattice structure can be achieved by
both radio-frequency (RF) magnetron co-sputtering disposition and plasma enhance
chemical vapour deposition (PECVD), provided with accurate control of ultra-thin
film thickness (normally 2-4 nm), SiOx stoichiometry and dopant involvement.
However, the deposition process details of these two thin-film deposition methods are
different. Additionally, the difference in terms of chemical composition of SiOx
materials fabricated is also realized and discussed. Finally, the thermal annealing,
including tube furnace and rapid thermal annealing, are illustrated with process details.
The pulsed laser annealing method is also presented and discussed in terms of

applications on ncSi fabrication.

2.1.1. Superlattice approach for size-controlled silicon nanocrystals

The silicon nanocrystals embedded in SiO: are usually fabricated in non-
stoichiometric silicon oxide or silicon rich oxide (SRO) by phase separation, silicon
clustering and crystallization during high temperature annealing. [6, 40, 41] However,
the broad size distribution [42] and the shape distortion [43] shown in ncSi formed in
a single layer of SRO complicate the control of quantum confinement effects, which

is undesirable for application to photovoltaic and photoelectronic devices.

In order to improve the control on the size and shape of ncSi, the superlattice (SL)

approach proposed by Zacharias et al. (2002) has been verified and widely accepted.
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[44] The schematic of the superlattice structure is shown in Figure 2.1. The
superlattice consists of alternating thin film SiO2 and SRO layers deposited on silicon
or quartz substrates so that the growth of silicon crystals in SRO layers can be
constrained by Si0O; barrier layer. Therefore, the ncSi size becomes controllable by
precisely tuning the SRO thickness. However, the ncSi density, the connectivity and
the in-plane size are mainly determined by the excess silicon content in the SRO. The
superlattice approach has been widely adopted to fabricate size controllable ncSi in
Si0,, which can be clearly identified by high resolution transmission electron

microscopy (HRTEM), X-ray diffraction (XRD) and atom probe tomography (APT).

[22]
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Figure 2.1: Schematic of as-deposited a-SiOx/SiO2 superlattice film and structure of Si nanocrystals

embedded in SiO,.

Although the SiO> layer thickness larger than 4nm is favoured to constrain the ncSi
growth to form well isolated sphere-like ncSi, the vertical electrical conduction will

be totally eliminated due to the nature of insulating SiO», even with impurity doping.

46



[36,45] A SiO; thickness of 1.5nm - 2 nm has been used in this thesis as a compromise

between acceptable electrical conductivity and ncSi size distribution.

2.1.2. Radio-Frequency magnetron co-sputtering deposition

The RF magnetron sputtering is a physical vapour deposition (PVD) technique widely
used for thin film deposition in the microelectronics and display industries for good
film uniformity, precise rate control and various available materials. [41] In this work,
a computer controlled AJA ATC 2200 sputtering system has been used for silicon rich
oxide and SiO; depositions. (Figure 2.2) The capability of the precise control on
silicon content (stoichiometry of SRO) and thin film thickness (1nm - 4nm) makes

this deposition technique ideal for the ncSi superlattice fabrication.

As shown in Figure.2.2, the Ar" ions from the magnetron confined gaseous Ar plasma
is generated by13.56 MHz RF or DC power, in order to bombard the source material
target in a high vacuum chamber (~3 x 1077 Torr). The target material particles ejected
due to the high energy Ar+ bombardment will evaporate and finally reach the substrate
placed in the path of the ejected ions. Then the evaporated target material solidifies
on the substrate surface as a thin film coating. By controlling the RF/DC power, target
tilting angle, substrate heating and precursor gas sources, the magnetron RF sputtering

deposition provides a versatile tool to achieve variable thin film material properties.
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Figure 2.2: Schematic diagram of the RF magnetron sputtering system used for sample fabrication.

[46]

To be more specific on the deposition process, the Si0; is deposited by using the pure

Si0; target and the silicon rich oxide is deposited by co-sputtering Si and SiO» targets

simultaneously. The SRO silicon content (stoichiometry) can be controlled by the

ratio of Si and SiO; deposition rates. The superlattice structure is achieved by
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controlling the shutters on the targets with programmable process control software.
Before superlattice deposition, the Si and SiO; deposition rate are calibrated in order
to achieve repeatable Si%. The calibrated deposition rates of SiOz and Si are 8~10
A/min and 15~20 A /min. The very low deposition rates make the precise control on

1-2 nm thin film deposition possible.

For doping ncSi, dopants of boron (B) and phosphorous (P) are introduced during
SRO deposition, by sputtering from Boron and P>Os targets respectively. The doping

concentration is proportional to the power applied on the dopant targets.

The main advantages of magnetron sputtering are the precise control on the deposition
rate and the SRO stoichiometry, the achievable high doping concentration (> 102
cm?) and the excellent film uniformity. However, with respect to the film quality,
more voids and defects usually appear compared to Chemical Vapour Deposition
(CVD), and it is also rare to get epitaxial growth by PVD unless using very high

substrate temperature. [47]

2.1.3. Plasma enhanced chemical vapour deposition (PECVD)

The chemical vapour deposition (CVD) involves gas-phase chemical reaction directly
on the substrate surface which is able to achieve dense and more adhesive thin films
with fewer defects. [48] However, the temperature for chemical reaction is generally

over 800 °C. By using a plasma the necessary energy for chemical reaction can be
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supplied at a much lower temperature, making fast chemical deposition possible at
low temperature around 400 °C. The superior SRO and SiO> film quality fabricated
by PECVD, compared to magnetron RF-sputtering, could be beneficial for ncSi based

photovoltaic device performance improvement.

Rf source

st |- IR
Blocking
capacitor

Vacuum
pump

Figure 2.3: (a) The plasma enhance chemical vapour deposition system used for ncSi fabrication. (b)

The schematic diagram of the capacitively coupled RF plasma deposition system.

The PECVD system utilized for the ncSi superlattice deposition in this thesis is a
manually operated RF-PECVD cluster tool system manufactured by MV Systems,
USA. The deposition is achieved by introducing reactant gas precursors between the
parallel capacitively coupled electrodes with one grounded and the other one RF-
energized, as shown in Figure 2.3 (b). The reactant gas precursors will be excited into
plasma containing high energy ions and metastable molecules, which induces
chemical reactions resulting in thin films being deposited on the substrates placed on

the grounded electrode.
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The pure SiHs and the N>O reactant gases have been used for the deposition of silicon
dioxide (SiO2) and silicon rich oxide (SRO) films. The silicon content is mainly
controlled by the gas ratio of SiHs and N>O. However, as the chemical reaction in
plasma can also be dramatically influenced by other deposition parameters such as
deposition pressure, RF power density, substrate temperature and total gas flow rate,
it is important to optimize these parameters in order to control deposition rates and
material stoichiometry. More details will be discussed in Chapter 3. Basically, the
Si0; deposition rate is controlled at about 6 nm/min and SRO deposition rate is 10
nm/min. The doping gas sources used for boron and phosphorus doping were the 0.6
mol% Trimethylborane [TMB, B(CH3);] diluted in H> and the 0.6 mol% PH4 diluted

in SiH4 respectively.

Due to the nature of the gas reaction under vacuum conditions, the gas precursor
environment in the vacuum chamber cannot change fast enough for the deposition
transition between SiOz and SRO to form a distinct interface. Therefore, it is necessary
to utilize a venting-refilling process between layer depositions in order to achieve the
superlattice structure with sharp interfaces between SiO; and SRO layers. After each
layer deposition, the chamber is vented for 5-7 mins until the base pressure 5 x 1077
Torr is reached again. Then the chamber will be refilled with the gas precursors for
the next layer and the deposition starts when then process pressure is stable again.
The sharp interface can be clearly identified in the Bragg peaks shown in the X-ray

reflectivity (XRR) results (Figure 2.4).
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Figure 2.4: The XRR result for a superlattice structure consisting of 20 bilayers (4 nm SRO/2 nm
Si02). The bilayer thickness evaluated from the Bragg peaks is 5.7 nm.

2.1.4. Thermal annealing process

The formation of ncSi in Si02/SRO superlattice can be generally achieved by high
temperature thermal annealing at or above 1100 °C. During the annealing process,
precipitation, clustering and crystallization of excess silicon occur in the SRO layer
due to phase separation of Si and SiO». [40, 41] As a consequence, the homogeneous
SRO material becomes a mixture of silicon nanocrystals embedded in stoichiometric

Si0; with thin SiOy interface regions. [36]

The quartz tube furnace annealing using N> purging gas is the primary annealing

method in this thesis. The N2 ambient can prevent the oxidation of excess silicon in
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SRO during long time high temperature annealing. Before loading the as-deposited
samples in the tube furnace at 600 °C standby temperature, the sample surface is
cleaned by a standard RCA and HF dip process to remove all possible contaminants.
The annealing process consists of 30 mins ramping up to 1100 °C, 1-2 hour annealing
at 1100 °C or 1150 °C and then 1 hour ramping down to 600 °C before unloading

samples from the tube furnace.

Rapid thermal annealing (RTP) is another thermal annealing method applied in this
thesis. The main advantage of RTP over furnace annealing is the low dopant diffusion
due to the fast heating and cooling rates and the total annealing time merely in minutes
rather than hours. The prevention of dopant redistribution is significant for junction
device fabrication. The RTP system utilizes a halogen lamp array for heating and
Argon gas for purging. The temperature of the substrate is measured using a
thermocouple. The temperature is ramped up at 7 °C/sec to the maximum temperature
at 1100 °C. The annealing duration is 40 sec at 1100°C, followed by ramping down

at the rate at 4 °C/sec. The total process time is approximately 8 mins.

2.1.5. Pulsed laser annealing process

Pulsed laser annealing (PLA) has been widely applied in microelectronic fabrication.
[49-52] The unique properties of pulsed laser in material processing are the very high

achievable temperature (over 1450 K) and the extremely fast heating and cooling rate
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(~10*1% K/s), making its annealing effect very different from thermal annealing
methods. [53] However, the investigation of pulsed laser annealed SRO has revealed
that film ablation and low crystallinity mean that PLA is not a suitable annealing

process for silicon nanocrystal fabrication. [51]

Although the pulsed laser may not be suitable for ncSi formation due to the strong
film ablation of as-deposited Si02/SRO superlattice, it still has potential for the
modification of ncSi doping. For example, one of the PLA applications is to achieve
the high doping density exceeding the dopant solubility limit in ion-implanted silicon,
which cannot be achieved by traditional thermal annealing methods. [53, 54] Rather
than suppressing the self-purification effect during furnace annealing, the results
shown in Chapter.5 will demonstrate that a post annealing process using pulsed laser
is able to trap and activate more dopants in ncSi, so as to improve the doping

efficiency.
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2.2. Characterization Methods

Chemical, structural, electrical and optoelectronic characterization methods,
including Fourier transform infrared spectroscopy, photoluminescence, X-ray
diffraction, Raman spectroscopy, Hall effect, current-voltage and capacitance-voltage
tests and atom probe tomography, have been used to investigate the properties of ncSi

and ncSi based devices in this thesis.

2.2.1. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) is a fast and versatile
characterization tool widely applied to identify the chemical compositions in solid,
liquid or gaseous materials. The application of the Michelson interferometer
combined with the Fourier transform calculation enables the extraction of high
resolution absorbance results from interferograms much faster than for dispersive
spectrometers. [55] By identifying the specific infrared absorbance peaks due to
characteristic molecular vibrations, the information of specific chemical bonds or
molecular groups can be revealed. For example, the silicon oxide materials exhibit
three main vibration peaks, representing Si=0 stretching, bending and rocking modes,
which can be found in the regions of 1050-1080 cm!, 800-815 cm! and 460-465 cm
I respectively. [56] As SiHs and N>O are used in PECVD deposition, the Si-H and Si-

N bonds are inevitably present and are identified in SRO materials by FTIR. [57]
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More detailed compositional properties reflecting the local chemical changes due to

SRO stoichiometry and thermal annealing are presented in Chapter 3.

In this thesis, the FTIR measurement has been carried out using a Nicolet 6700 FTIR
from Thermo Scientific in transmission mode. In FTIR measurement, the sample is
placed normal to the IR light beam in a N> purged chamber. A detection range of 400-
2000 cm™! and a resolution of 4 cm™ are used. For each sample, the absorbance data
are the average result of 20 measurements to reduce the noise. Before FTIR
measurement, 10 minutes N> purging time was carried out to minimize the absorbance

in the range between 1400 cm™'— 1800 ¢cm™! from CO> and H>O.

It is important to use a substrate with minimal IR absorption, especially in the SRO
fingerprint region between 400 cm™ -2500 cm™!. Although Potassium bromide (KBr)
is the ideal substrate for its low IR absorption, the low melting point of KBr substrate
at 750 °C make it undesirable for ncSi materials because of the high temperature
annealing. Si wafer is a good alternative substrate for its acceptable low IR absorption
in the fingerprint region, and stability at high temperature. The characteristic
absorbance from the thin film layer can be achieved by subtracting the silicon
substrate absorbance from the measured sample absorbance data. For each sample,
the silicon substrate is prepared and measured by FTIR to obtain the specific silicon

substrate absorbance for subtraction.
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In order to reduce the non-ideal features from the silicon substrates, double-sided
polished Si wafer is necessary to avoid surface scattering, which will cause significant
signal loss. Additionally, it is important to use low doped Si wafer (resistivity >10
Q.cm) to prevent free carrier absorption. However, a baseline correction is still
necessary to remove the offset usually shown in the FTIR absorbance spectrum. There
are several factors that determine the baseline shift, such as scattering, reflection and
apparatus configuration. The scattering happens when the wavelength of the IR light
1s comparable to the scale of surface roughness, which usually produces a stronger
absorbance result with higher wavenumbers. In contrast, reflectivity is stronger for IR
light with lower wavenumbers, which will be measured as stronger IR absorbance at

lower wavenumbers. [58]

2.2.2. Photoluminescence

Photoluminescence (PL) is the most commonly used non-destructive technique to
investigate the optical transitions in semiconductor nanocrystal materials. [10, 59-61]
Although the exact mechanism of PL from ncSi is still under debate, PL results are
generally used to evaluate the bandgap of ncSi materials. [10] Under excitation with
photon energy higher than the material’s bandgap, electron hole pairs are generated.
After carrier thermalization to the conduction (electrons) and valence (holes) band
edges, the electron and hole pairs undergoes radiative recombination. As the result of
photoexcitation and radiative recombination, the photon emission energy reflects the
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bandgap energy distribution of nanocrystals. The blue shift in PL spectrum with
reduced nanocrystal size is regarded as being the result of quantum confinement

increasing their effective bandgap.

In this thesis, the photoluminescence (PL) has been measured at room temperature by
a % meter monochromator (CornerstoneTM 2601) equipped with a silicon CCD
camera at -30 °C using a 10 seconds integration time. The excitation source is a S0mW
solid state 405nm (blue) CW laser source with a spot size of 0.5mm diameter. The PL
spectra are corrected for the spectral response of the system and the PL data intensity

directly describes the sample’s emission intensity per wavelength interval.

2.2.3. X-Ray Diffraction

X-ray Diffraction (XRD) is a non-destructive technique to characterize the structural
properties of crystalline materials. For silicon nanocrystals, XRD can not only identify
the existence of silicon crystallites, but it also reveals other useful information such

as crystal orientation and average nanocrystal size.

The XRD measurement on ncSi has been carried out on a PANalytical Xpert Material
Research Diffractometer (MRD) system using Cu K-alpha X-ray (A=0.15418 nm).
The incident beam is defined by a 74 divergent slit and a parabolic X-ray mirror. The
receiving optics consist of a parallel plate collimator of 0.27° (0.0047 radian)

acceptance angle and a Soller slit of 2.29° (0.04 radian) aperture. The diffracted X-
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ray is measured by a single channel proportional detector. Due to the low diffracted
X-ray intensity from the thin film ncSi with low atomic numbers, the XRD has been
configured in the grazing incidence angle mode. After the sample alignment, the 1-3
degree Omega scan at 26=28.4° has been used to find the optimal incident angle. With
this incident angle then fixed, a full range 20 scan is carried out. The existence of ncSi
can be confirmed by the broad diffraction peaks at 28.4°, 47.4° and 56.3°, representing

the Si crystal planes (111), (220) and (113) respectively.

The ncSi size can be estimated by the Debye-Scherrer equation. [62, 63] It has been
found that the XRD diffraction peak is broader when the crystal size decreases to
100nm or lower because the acceptance angle for X-rays that satisfy the Bragg

condition is larger.

L= @2.1)

- Bcos6Op

, where, L is the crystal size, B is the integral breath or FWHM and A is the X-ray
wavelength. K is the Scherrer constant to be varied according to different shapes of
crystals. The selection of K was amply discussed by Langford in 1978. [62] The

K=0.89 is generally applied assuming a spherical ncSi shape.

In the case of ncSi with size lower than 5-6 nm, the ncSi size calculated by the Debye-
Scherrer formula is quite consistent with the size observed under TEM. [64] But the

Debye-Scherrer method will underestimate the size if the crystal size increases to
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10nm or larger. This is because of the micro-strain representing the inhomogeneous
lattice distortion. The least square relationships can be used to fit the broadening as a

function of diffraction angle [65]:

KA
L cos@

B%(26) = ( )2 + (4e4tand)? + (B;)? (2.2)

The parameter € in the second term represents the degree of micro-strain and B; in
the third term represents the instrumental broadening. The instrumental broadening
can be calibrated for each angle and eliminated from the calculation. However, for the
XRD measurement of ncSi in nm scale, this contribution from the diffraction

instrument has been generally ignored.

2.2.4. Raman spectroscopy

Raman Spectroscopy is another vibrational spectroscopic technique for the
characterization of the crystalline quality of materials. The basic idea is to measure
the energy difference between the incident and the re-emitted photons, which is the
Raman shift in cm™!, due to the inelastic photon scattering with crystalline lattice
standing wave vibrations, quantised as optical phonons. As the crystalline phonon
lattice vibration energy shifts with the local crystal atomic arrangements, the Raman
spectroscopy is widely used to investigate the details of crystallinity, residual stress

and nanocrystal size of silicon nanocrystals. [66, 67]
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The Raman shift results in this thesis have been obtained by using a Renishaw
RM2000 micro-Raman spectrometer in a backscattering configuration. The laser
source is a 25mW green laser (Ar laser) with wavelength A=514.4nm. Before each
measurement, the laser beam is carefully focused on the sample surface with an x50
objective lens. The laser beam size is confined to an area of 2 um? and the power
arriving at the sample surface is approximately 10mW at 100% laser power. In order
to minimize the heating effect from laser illumination, the system has been configured
at 1% laser power, 1s exposure time and 20 scans. Raman calibration has been
performed using a crystalline silicon reference wafer exhibiting a narrow optical-

phonon band peaked at ~520 ¢cm™!

The most significant application of Raman spectroscopy for silicon nanocrystal
characterization is the evaluation of the degree of crystallinity, which is indicated by
the average percentage of the crystalline part in the silicon nanocrystals. [68] The
Raman spectrum of annealed ncSi embedded in SiO; consists of a strong cSi related
peak slightly red shifted from 520 cm™!, an asymmetric broadening of the peak on the
low energy side due to a wider range of low energy phonons which are optically active
in Si ncs and a broad shoulder extending to 400 cm! from disordered interfaces and

aSi.

The main peak around 520 cm™! is related to the Si crystalline longitudinal optical (LO)

phonon mode. The asymmetric lineshape broadening and a peak shift to low
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wavenumber (high frequency) are regarded as the consequences of phonon

confinement, residual compressive stress and ncSi size distribution.

The disorder band ranging from 350 cm™ to 500 cm™! mainly relates to the amorphous
Si phase. The characteristic peak at around 480 cm™! has been identified in amorphous
silicon. Theoretically, three kinds of phonons may contribute this broad band: one is
from disorder activated longitudinal acoustic modes (DALA) and the other two are
from the disorder activated transverse optical (DATO) and longitudinal optical modes
(DALO). Generally, one or two Gaussian-like distributions can fit this disorder band

well. [68]

By fitting the Raman spectra using one asymmetric lineshape (crystalline) and two
Gaussian-like peaks (amorphous), the crystallinity of annealed ncSi can be evaluated

from

_ _Ic
fc = e 2.3)

, Where Ic and I, are the integrated intensities of the crystalline and amorphous silicon
phases, respectively. y is the relative Raman cross-section of ¢Si with respect to
amorphous Si due to the different Raman scattering efficiencies of both phases. For
large or interconnected ncSi, y=0.1 is generally used. [68] For the isolated ncSi with
size about 2-4nm, the cross-section can be determined from the Raman spectra of low
temperature annealed (amorphous) and high temperature annealed (crystalline)
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samples by considering the amount of amorphous phase transformed to crystalline
phase. The cross-section of nanocrystallite silicon higher than 0.1 is generally

reported. [69]

2.2.5. Electrical characterization

Static I-V measurement has been carried out on a probe stage equipped with an
Agilent B2902a Source/Measure Unit (SMU) with excellent precision of 10fA/100nV
sourcing and measuring resolution. The scanning DC voltage bias is from -1 V to +1
V with 0.1 V intervals. The current value is sampled after 100ms delay for each
voltage bias for 500ms integration time. To minimize transient effects from charging
and dielectric relaxation, the sweep rate of 0.1 V/s is used to ensure the steady state

for each measurement.

The dynamic measurement is realized by the complex impedance measurement with
the HP4234A impedance analyser. A sweeping DC gate voltage (Vg) has been applied
to modulate the surface space charge region of the ncSi layer and a small AC signal
has been used to measure the device impedance. As the space charge changes with
the carrier redistribution by DC/AC electrical bias, the semiconductor capacitance
changes and reflects the carrier dynamic properties. By analysing the capacitance of

doped ncSi measured by capacitance voltage measurement (C-V), the doping type,
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electrical concentration, interface traps, flat band voltage and carrier dynamic

properties in the doped ncSi can all be evaluated.

Thin film MOS devices have been fabricated by depositing electrically insulating SiO-
and an aluminium contact on top of the doped ncSi in SiO2. The MOS structure under
voltage bias is equivalent to a series connection of the oxide capacitance and the
semiconductor capacitance. Then the semiconductor capacitance can be evaluated
from the capacitance measured under accumulation and inversion conditions,
depending on the electrode connection polarity and the sign of the DC bias. The
voltage bias applied on MOS devices is from +30 V to -30 V with 0.1 V step size in
order to show the full transition from accumulation to strong inversion. The sweep
direction from +30 V to -30 V prevents influence from the undesirable discharging
effects. For each measurement, 500ms delay time and a long integration time were
used in order to make sure the measurement was carried out in equilibrium. The
frequency characteristic can be evaluated by varying the AC frequency from 10 kHz

to 1 MHz. And all the measurements have been performed in the dark.

2.2.6. Hall effect measurement

The Hall Effect allows a relatively simple, low cost and fast electrical characterization
tool to directly evaluate free carrier concentration, resistivity and carrier mobility. The

physical principle of the Hall Effect is that the Lorentz force on moving carriers in a
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magnetic field makes charge accumulate on the side wall perpendicular to the current
direction and the magnetic field direction. The charge accumulation stops when the

electric force from the space charge induced electric field balances the Lorentz force:

—q(E+vxB)=0 (2.4)

Where v is the carrier velocity, E is the transverse electric field and B is the magnetic
field. The transverse voltage drop across the side walls is the Hall voltage (Vu). The
sign of the Hall voltage denotes the carrier type. If the current, magnetic field intensity

and Hall voltage are known, the carrier density (n) can be evaluated from:

n=1B/q|Vy| (2.5)

Then the Hall mobility can be evaluated when the resistivity (p) is measured.

u=1/(qnp) = |Vyl|/pIB (2.6)

Generally, the Van der Pauw resistivity measurement technique is used for thin film

Hall measurement. (Figure 2.5)

It notes that the inhomogeneous film due to thickness, doping concentration and
excess Si content will cause anomaly sign reversal and over-estimation of carrier

concentration. In this thesis, the assumption of homogeneous film is used for Hall
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analysis so the measured carrier concentration can be regarded as the average upper

limit.
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Figure 2.5: The principle of Hall Effect for carrier concentration evaluation and the Van-der-Pauw

contact for resistivity and thin film Hall measurement.

The Hall measurement in this thesis has been carried out by using the variable
temperature HMS-5000 Hall system. Four gold probes are used with the sample
measurable size from 3mm x 3mm to 15mm x 15mm. The magnetic field strength is
0.52 T. The temperature can be varied from 80K to 330K by using liquid N2 cooling
and up to 350K using a resistive heating stage. For each sample, I-V tests have been
performed before Hall measurement to check that contacts are Ohmic with linear [-V
curves. Multiple Hall measurements are carried out at different currents to confirm

consistent resistivity and carrier concentration results.

2.2.7. Atom probe tomography

Atom probe tomography (APT) is a powerful technique to show the three dimensional
atomic arrangement of a small sample with an extremely high spatial resolution of
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several Angstroms. In this thesis, the atomic probe tomography data acquisition and
image reproduction were carried out by Keita Nomoto. For doped silicon nanocrystals,
APT can not only reveal the detailed silicon nanocrystal structure in a 3-D model, but
can also identify the locations of dopant atoms, which determine the electrical and
optical properties. [22] The correlation of the dopant local distribution results to the
measured optical and electrical characteristics significantly help to further understand

the mechanisms of optoelectronic transitions and carrier transport.

The principle of APT that atoms ejected from a needle-shaped specimen by
application of an ablating voltage or laser, are detected by a position sensitive mass
spectrometer together with their time of flight and positional information. The original
elemental atomic arrangement can then be reconstructed by a geometrically based
algorithms and models. In order to achieve the Angstrom spatial resolution, the
monolayers of atoms are ionized and evaporated from a needle tip with a radius of
less than 100 nm. The evaporation can be achieved by biasing the specimen with a
high voltage with respect to the local ion collecting electrode. However, this approach
only works well for conductive materials rather than semiconductors or insulators.
Therefore, a UV pulse laser applied on the sample tip is generally used to replace the

high voltage bias to supply sufficient energy for atom ionization and evaporation.

The APT measurements are performed on a LEAP 4000XSi (CAMECA) with a

pulsed UV laser (A=355 nm) for monolayer evaporation in a high vacuum chamber at
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10! Torr. The needle specimens are prepared using an Auriga FIB-SEM (Zeiss) by
the typical lift-out method. [ 70] For the atomic monolayer evaporation by pulsed laser,
the specimen holder is cooled to around 40 K with the laser pulse energy set at 100 pJ
with a repetition rate at 250 kHz. The emitted atoms are accelerated and identified by
the time of flight method. The position information is recorded by a Position Sensitive
Detector (PSD) with a receiving efficiency of about 57%. With the data of position
and atom type, the APT 3-D image can be reconstructed using the commercially
available IVASTM software (version 3.6.6). The key parameters for the
reconstruction are the field factor and the image compression factor (ICF), which have
been carefully calibrated to ensure that the size and shape of features are consistent

with TEM image results.

2.3. Conclusion

This chapter outlines the key fabrication and characterisation techniques used in this
thesis, including magnetron RF sputtering, PECVD, annealing, FTIR, XRD, Raman
spectroscopy, PL, IV/CV tests and APT measurement. Not only the basic principles
of these techniques have been presented, but the process details and measurement
parameters are also included. The measurement results, analyses and discussions are

described in the following chapters.
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Chapter 3

PECVD Silicon Nanocrystal Fabrication
and Tentative ncSi Based Photovoltaic

Device

Overview: This chapter studies silicon nanocrystal materials fabricated by plasma enhance vapour
deposition (PECVD) and its application on ncSi based photovoltaic devices. For the investigation of
ncSi materials, not only the detailed experimental processes of PECVD deposition, annealing and
doping are illustrated, but the chemical, optical and electrical properties of intrinsic/doped ncSi are
presented and discussed. Compared with ncSi commonly fabricated by magnetron RF sputtering
technique, some unique effects are investigated, including nitrogen and hydrogen involvements,
chemical changes after thermal/RTP annealing and in-situ/ex-situ doping. To investigate the PECVD
ncSi for photovoltaic application, the p-n and p-i-n diode devices have been fabricated and tested.
Comparatively low solar cell performance is presented with the best open-circuit voltage of 230mV
but no short-circuit current. These can be mainly attributed to low carrier transport, strong non-
radiative recombination and low doping efficiency, which give rise to further investigations on doped

ncSi in following chapters.
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3.1. Introduction

In recent years, a variety of fabrication techniques have been reported for preparing
silicon nanocrystals embedded in SiO», including ion-implantation [71], radio-
frequency (RF) magnetron co-sputtering [72, 73] and plasma enhanced chemical
vapour deposition (PECVD) [68, 74]. Generally, these deposition techniques are used
for deposition of non-stoichiometric silicon oxide (silicon rich oxide or SRO) thin
films covering composition ranges from silicon to silicon dioxide. The Si nanocrystals
(ncSi) are formed by solid phase separation and crystallization in SRO during high
temperature annealing. Compared to ion-implantation and RF-magnetron co-
sputtering in terms of material quality, PECVD is favoured for the high quality SiO;
[75], dense film with fewer voids/defects [ 76, 77] and good hydrogen passivation [ 78],
which are potentially beneficial for better ncSi-based photovoltaic device
performance. Additionally, to the best of the author’s knowledge, no other ncSi based

photovoltaic devices have been fabricated by PECVD.

In this chapter, plasma enhanced chemical vapour deposition (PECVD) is used to
fabricate silicon nanocrystals embedded in SiO». In addition to the demonstrations of
the ultrathin SiO2/SRO film deposition and the excess silicon (stoichiometry) control
in SRO, the material characterization results of SRO before and after annealing are
presented with particular emphasis on the optical and chemical properties. To

fabricate single junction photovoltaic devices, dopant impurities such as phosphorus
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(P) and boron (B) have been used to form n-type and p-type ncSi, respectively. The
ncSi in situ doped and the diffusion doping methods are investigated respectively, in
terms of the electrical conduction and chemical composition. With the knowledge of
ncSi fabrication and B/P doping by PECVD, initial prototype ncSi based photovoltaic
diode devices are fabricated. The electrical characteristics and the photovoltaic
performances of these diode devices are summarized and discussed. At finally, a lift-
off device fabrication method without using RIE etching is proposed to avoid the over

etching problem.

3.2. Basic stoichiometry control and chemical characterization of as-deposited

SRO

The advantage of using the superlattice structure for ncSi fabrication, consisting of
alternating silicon rich oxide (SRO) and SiO: bilayers, is the ease of control on ncSi
size by simply tuning the SRO thickness. This can generally be achieved by accurately
controlling the thin film deposition at a low growth rate. However, the in-plane ncSi
structural features, such as nanocrystal lateral size, density and spacing, are
determined by the stoichiometry of the as-deposited SRO layers. Therefore, it is more

important to know how to control the stoichiometry by tuning the PECVD parameters.

It is found that the ratio of the SiH4 and N2O flow rates is the most important PECVD

parameter in controlling the stoichiometry. This directly relates to the material
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refractive index. The refractive index can be accurately measured by Ellipsometry,
being as a rapid optical characterization technique to evaluate the SRO film

composition. As shown in Figure 3.1, the refractive index changes from 1.47 to 4.60

SiH4 flow rate
SiH4+N20 gas flow rate

as a strong function of SiH4% ( ), indicating the transition from

Si02 to amorphous silicon. Additionally, an almost linear trend can be observed above
50% SiH4%. For comparison, the refractive index results of as-deposited SRO with
relatively high silicon richness (Si%=50%, 60% and 70%) fabricated by RF-
sputtering are marked by the red dots in Figure 3.1. The similar results for refractive
index mean that relatively high silicon content in SRO can be achieved by PECVD.
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Figure 3.1: Refractive index of SRO fabricated at various SiH4% level. (The lines are a guide to the
eye only) The Si% is calculated from the ratio of Si deposition rate and total Si+SiO, deposition rate

during film preparation.
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The other PECVD parameters, such as process pressure, RF power density and
substrate temperature, are found to be mainly related to the deposition rate, material
density and film uniformity, but still have some small effect on the stoichiometry [79].
To minimize these effects to the stoichiometry and keep the process repeatable, the
process pressure, RF power density and substrate temperature are fixed after
optimization for the purpose of low deposition rate and good film uniformity. The
optimized process parameters are listed in Table 3.1. In this case, the stoichiometry
can be solely controlled by SiH4% from 5% to 75%. The total flow rate is maintained
in the low range of 10 sccm to 25 sccm (Standard Cubic Centimetre per Minute)
(Table 3.2), which helps to keep a relatively low deposition rate. As also indicated in
Figure 3.1, the deposition rates are stable at a low level about 9-11 nm/min for SiH4%
from 20% to 75%, which makes it possible to accurately control SRO thickness for
superlattice structure fabrication. The ultra-low Si0O; deposition rate (SiH4+%=5%) at
about 5.6nm/min is achieved by using a low SiHs flow rate at 1 sccm and

oversupplying N>O at 20 sccm.
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Table 3.1: PECVD process parameters for low deposition rate and film uniformity.

PECVD parameters Value
Substrate temperature 400 °C
Base pressure 7x1077 Torr
Process pressure 0.08 Torr
RF power density 35 mW/cm?

Table 3.2 SiHs and N,O flow rate and SiH4%

SiH4% SiH4 (sccm) N20 (sccm) Total (sccm)

5 1 20 21
20 5 20 25
33 5 10 15
50 5 5 10
58 7 5 12
67 10 5 15
71 12 5 17
75 15 5 20

In terms of chemical composition, an undesirable side-effect from PECVD deposition
is the non-negligible nitrogen incorporation into the SRO film. The X-ray
photoelectron spectroscopy (XPS) is applied on the as-deposited SRO film with
refractive index of about 2.2 prepared using SiH4:N>O=5:8. The XPS system is Fisons
ESCALAB220i-XL using a monochromatic Al Ka x-ray radiation (1486.5 eV) and a

hemispherical energy analyser. The chemical component of nitrogen can be clearly
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identified with a N-1s peak at a binding energy of 398.18 eV, as shown in Figure 3.2
(a). Further deconvolution of the Si-2p peak in Figure 3.2 (b) also reveals the strong
Si** peak at 102.4 eV from Si-N, together with the Si-Si peak (Si’, 99.7eV) and Si-O-
Si peak (Si*", 103eV). [80] The integrated intensity peak areas of O 1s, Si 2p and N
Is peaks are used to estimate the relative elemental compositions after correction with
core level atomic sensitivity factors. The more detailed material compositional results
are summarized in Table.3.3. It shows that the nitrogen atomic concentration reaches
21.71 at. %, which is significant compared to oxygen (32.27 at. %). The silicon atomic
concentration is around 41 at%, which is surprisingly consistent with SiH4%=38.5%
calculated from the SiH4:N>O=5:8 ratio. Although the Si, O, N contents in SRO can
be evaluated, XPS is not capable of detecting the element hydrogen, which should

exist abundantly throughout the film.
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Figure 3.2: XPS N1s and Si2p level results
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Table 3.3: SRO compositional details by XPS

Binding ' _
Composition Element cnergy FEZ\}/I)M Atomic c(c:)z;entratlon
(eV)

Cls 285.00 1.41 6.46

Nls 398.18 1.41 21.71

Ols 532.89 1.76 31.27

Si-nitride Si2p A 102.40 1.44 20.68
Si Si2p B 99.65 1.29 5.76
Si-oxide Si2p C 103.09 1.44 14.11

The further evaluation of chemical composition of as-deposited SRO with various
stoichiometries has been carried out by FTIR. The variation of chemical composition
as a function of the SiH4:N>O ratio is shown in Figure 3.3. Compared to the SRO
fabricated by RF sputtering, which only contains the elements silicon and oxygen, the
SRO fabricated by PECVD exhibits more complex chemical compositions because of
the additional involvement of the elements nitrogen and hydrogen. In Figure 3.3, the
Si0; FTIR spectra from SiH4:N2O=1:20 is displayed as a reference only consisting of

Si-O stretching (~1074 cm™) and bending (~800-820 cm™) modes.

In addition to the main absorbance peaks associated with Si-O stretching (1075¢cm™)

and bending (800-820cm-" vibration modes, the Si-N stretching (850-890cm™), Si-H
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stretching (2200-2300 cm™') and N-H stretching (3300-3400 ¢cm™!) vibration modes
are also clearly identified. However, no O-H bonds were detected around the 3600cm™

'range [81]. The more detailed chemical vibration modes are summarized in Table

3.4.
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Figure 3.3: FTIR spectra of as-deposited SRO fabricated by PECVD
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Table 3.4: Assignments of the FTIR vibration modes

EZ;Ylez)number Assignment of the infrared mode Ref.

450 Out-of-plain Si-O rocking mode in SiO> [82-84]
800-820 Si-O bending mode [56, 83, 84]
850-890 Si-N stitching mode [82, 85]
1050-1080 Si-O-Si TO stretching mode [56, 83, 84]
1100-1200 A broaden shoulder band from TO asymmetric 83, 84]

Si-O stretching mode
2000-2160 Si-H stretching mode in Si-Si neighbouring [82, 85-87]
2200-2300 Si-H stretching mode with N neighbouring [85]

3400 N-H stretching mode [82, 85]

It is also found that the integrated absorbance peak area of Si-H is generally larger
than that of N-H, even considering that the absorptivity of Si-H bonds is 1.4 times
greater than the absorptivity of N-H. [88] As the chemical bond concentration is
proportional to the approximate absorbance peak areas, the larger Si-H peak area

indicates that hydrogen may be more preferentially bond to silicon than to nitrogen.

78



As the silicon richness increases with higher SiH4:N>Oratio, there will be more silicon
available to be linked to nitrogen, so that the Si-N stretching mode peak (850-890 cm’
1) dramatically increases with the Si-O bending mode (800-820 ¢cm™') smeared out
(Figure 3.3). However, since the bond energy of Si-O (799.5 kJ/mol) is higher than
that of Si-N (470 kJ/mol), [89] Si-O bonds will be more likely to form than Si-N bonds,
which is indicated by the generally stronger Si-O-Si peak at 1075¢cm™ for various
SiH4:N>O ratios. Meanwhile, the stronger peak intensity of hydrogen related vibration

modes (Si-H and N-H) can also be observed with increasing SiH4:N>O up to 5:5.
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Figure 3.4: Si-H stretching mode peak shifts with SiH4:N>O ratio
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Further increasing the excess Si will reduce the N content as the obvious decrease of
Si-N and N-H vibration modes in the FTIR spectra from SiH4:N>O=12:5 and 15:5.
This effect can be further confirmed by the detailed analysis on the Si-H stretching

modes in Figure 3.4.

Generally considering the Si-H bonding of H to a Si site which is connected to the Si-
Si bond network, the Si-H vibration (absorbance) peaks can be found in the regime of
2050- 2160 cm! depending on whether one, two or three H atoms are at the Si site.
[86] However, the frequency of the Si-H vibration modes will shift to higher
wavenumbers due to the decrease in the Si-H bond length induced by replacing Si
with a neighbouring N. [85] Therefore, as nitrogen content decreases, the clear Si-H
stretching vibration mode shifts from 2250 cm™ to 2100 cm™!. The nitrogen related
bond reduction is reasonable since the over-supply of silane (SiH4) will compete with

the nitride molecular group to form a highly silicon rich local atomic structure.

3.3. Structural and chemical properties of the annealed SRO

3.3.1. Identification of Silicon Nanocrystals

Silicon nanocrystals (ncSi) are generated by high temperature phase separation and Si
crystallization in the SRO layer. The tube furnace annealing at 1100 °C in a N>
ambient for 1 hour has been applied to obtain highly crystalline and interfacially

relaxed ncSi with reduced non-radiative recombination. [66, 90] This is desirable for
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photovoltaic and photonic applications. The successful formation of Si nanocrystals
in annealed SRO by PECVD can be directly confirmed by X-ray diffraction by
identifying the characteristic Si Bragg diffraction peaks at 28.4°, 47.4° and 56.3° in
Figure 3.5, for (111), (220) and (310) planes respectively. Higher excess silicon
content achieved by using higher SiH4% results in the formation of a higher density
of silicon crystallites, which contributes to a stronger diffraction peak intensity. The
SiH4% 1s calculated from the SiH4:N>O ratio as SiH4 flow rate /total flow rate.
Additionally, the average feature size of ncSi also varies with silicon content. An
empirical method using the Scherrer equation is applied to approximately quantify the

average size of crystals by analysing the diffraction peaks.

__ Kr 31
9= A(26)cos(6) (3.1)
, Where A=0.154 nm, 0 is the Bragg diffraction angle at the peak position, K=0.89 is a
correction factor for integral breadth of spherical crystals with cubic symmetry [62]
and A(20) is the full-width at half maximum (FWHM) of the corresponding peak at

26.

By assuming a spherical ncSi shape, the calculated average ncSi feature size for SiH4%
at 62%, 50% and 38% are 5.7+0.6 nm, 5.5+0.5 nm and 4.1+£0.5 nm respectively. As
expected, larger evaluated average size of ncSi is found in SRO with higher Si% due

to higher excess Si content.
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Figure 3.5: The X-ray diffraction results of silicon rich oxide by PECVD after 1100 °C furnace
annealing in a N, ambient for 1 hour. The SRO materials fabricated with various SiH4% were

investigated.

3.3.2. Nitrogen and hydrogen in annealed SRO

After high temperature furnace annealing, Si nanocrystals, formed through phase
separation and silicon clustering, are affected greatly by the dramatic change in the
chemical bond configuration. As shown in Figure 3.6, the most remarkable change
after annealing is the reduction in the Si-N stretching mode peak around 850-890 cm-
!, Additionally, a stronger Si-O-Si stretching mode peak (at 1070 cm™) can be clearly

identified to dominate the chemical composition of the annealed SRO films. These
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results may indicate the formation of more N-O bonds in the dielectrics as SiNxOy and
ncSi interfaces after phase separation and silicon clustering. The presence of nitrogen
in the dielectric matrix, especially at the ncSi interface, will lead to significant
structural, optical and electrical properties as compared to nitrogen free SRO materials

prepared by RF-sputtering. [91]
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Figure 3.6: FTIR spectra of PECVD SRO before and after 1100 °C furnace annealing

Firstly, the presence of nitrogen in SRO material will affect the phase separation
during high temperature annealing. It has been reported that nitrogen will hinder the
ncSi growth to form smaller ncSi size by either suppressing the silicon atom diffusion

to form the ncSi during annealing [92] or consuming silicon by nitridation at the
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nanocrystal interface. [80] Di et al. have systematically investigated the ncSi structure
by XRD and have shown that the silicon nanocrystal sizes formed by using SiNx
barrier layer are smaller than using SiO; barrier layers. [93] Therefore, higher
annealing temperature at 1150 or 1200 °C can be used not only for complete phase
separation and crystallization of ncSi from nitrogen-incorporated SRO by PECVD,

but also for enhancing nucleation and achieving higher ncSi density. [94, 95]

Furthermore, when the ncSi is formed in nitrogen-incorporated SRO by phase
separation at high temperature, it is conceivable that the surrounding dielectric
environment will contain nitrogen surface terminating groups, which changes the
interface dielectric polarity. Therefore, the electronic structure is determined by both
the quantum confinement (ncSi size) and the N incorporation. The N coverage at the
ncSi interface can be beneficial to form higher ncSi bandgap, which is more prevalent
for smaller ncSi where the interface generally dominates. [96] A comparison of
experimental PL bandgaps of ncSi embedded in Si3N4 showed increased bandgap with
reduced size, significantly greater than that for ncSi of the same size in SiO». [93, 97,
98] The DFT calculation on the highest occupied molecular orbital-lowest unoccupied
molecular orbital (HOMO-LOMO) energy gap of Si3s(OH)x(NH>)y nanoclusters as a
function of OH- and NH»- coverage also theoretically illustrates the increased
E¢ap(DFT) with increasing N interface coverage.[96, 99] However, it should be noted

that this effect is insignificant for bigger nanocrystals (>4 nm).
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Another significant change in SRO chemical composition after thermal annealing is
the disappearance of Si-H and N-H vibration modes as a consequence of hydrogen
effusion. Hydrogen effusion can be described as the breaking of Si-H and N-H bonds,

the formation of more Si-O and Si-N bonds and the liberation of H ions.
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Figure 3.7: The optical refractive index (a) and absorption coefficient (b). The increased absorption
coefficients after furnace annealing (dashed lines) and RTP (dotted lines) are clearly indicated by the

arrows shown in (b).

The presence of large amounts of hydrogen in as-deposited SRO is believed to be the
most significant feature of PECVD because the defects/dangling bonds can be
passivated very effectively by hydrogen. However, the inevitable high temperature
annealing process, which is necessary for phase separation and silicon nanocrystal
formation, causes strong hydrogen effusion. A significant fraction of liberated

hydrogen is lost and in turn it can in itself produce large amounts of defects and
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dangling bonds as stronger absorption. As shown in Figure 3.7, it is found that the
material refractive index and the absorption coefficient increase after high
temperature annealing, which is totally opposite to the annealing effect shown in the
thermally annealed SRO material prepared by RF-sputtering or ion-implantation that

the refractive index and the absorption coefficient decrease.

Generally, the as-deposited SRO materials fabricated by physical vapour deposition
(RF-sputtering or ion implantation) contain a high density of voids, [79] defects and
dangling bonds. The high temperature thermal annealing of SiOx or SiOxNy in N»
ambient will densify the materials to form silicon crystallites and remove dangling
bonds. Therefore, reduced refractive index and lower absorption results are widely

observed after annealing. [100]

In contrast, the higher refractive index and increased optical absorption observed in
annealed PECVD SRO (Figure 3.7) indicate the transition from dangling bonds free
to dangling bonds rich after thermal annealing. This can possibly be explained by the
formation of more Si- or N- dangling bonds from the breaking of Si-H and N-H bonds
after higher temperature annealing. However, there should be still a net defect

passivation effect compared to ncSi by sputtering or ion-implantation.

It is noteworthy that the hydrogen in as-deposited SRO film by PECVD will not
guarantee the improved material quality after annealing, but can generate more
defects/dangling bonds due to H» effusion, compared to as-deposited samples. Hence

86



whether there is a beneficial effect of the H in PECVD depends sensitively on the
conditions. An additional hydrogen passivation process after high temperature
annealing, such as forming gas annealing or hydrogen plasma treatment,[101] may
well be more beneficial to actually improve the material quality. Using longer thermal

annealing time at higher temperature such as 1150 °C to 1250 °C may also help.

3.3.3. Rapid Thermal Annealing for Crystallization

Rapid thermal process has also been applied for silicon crystallization in PECVD SRO.
The halogen lamp based RTP has been configured to anneal SRO samples in Ar
ambient at 1100 °C for only 40s. There is no significant difference in refractive index
observed between RTP and furnace annealing. As shown in Figure 3.7, the SRO
materials annealed by RTP also exhibit increased refractive index and larger
absorption coefficient which can be attributed to hydrogen effusion. This result also
indicates the hydrogen effusion is a fast solid phase chemical reaction process at high

temperature.
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Figure 3.8: Raman spectroscopy results of PECVD SRO materials annealed by furnace annealing (a)
and RTP (b)

In terms of ncSi formation, this 40s RTP annealing shows a similar degree of solid
state crystallization compared to long time furnace annealing. As shown in Figure 3.8,
the asymmetric Raman spectra of RTP annealed ncSi is consist of one strong Raman
peak at 509 cm™! from silicon crystallites and a broad shoulder background (490 cm'!
to 360 cm!). Compared to the sharp ¢-Si Raman peak at 521 cm’!, the broad
asymmetric peak at 509 cm™! and the 12 cm'! downshift can be due to the mixed
contributions from local phonon quantum confinement, stress and smaller nanocrystal
sizes. [68, 102] However, it should be noted that the samples annealed by RTP show
relatively broader peak shoulder from 490 cm™! to 360 cm™ for the main peak at 509
cm!. One possibility for this obvious shoulder can be the larger amorphous shells and
highly disordered interfaces. [66] The wider distribution of small ncSi can also

contribute to this shoulder background. [66, 103]
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The ncSi formation during thermal annealing involves three solid phase reactions,
including 1) phase separation of SiOx by precipitation of Si in dielectric matrix, 2) Si
atoms clustering/coagulation as size growth and 3) Si nucleation (crystallization).

These processes are all thermally activated and probably happen simultaneously. [104]

In principle, higher temperature annealing (over 1000 °C) is essential for phase
separation of SiOx and high density of ncSi nucleation sites, especially for smaller
sized ncSi formation [102]. There are several kinetic models can possibly explain the
crystal nucleation mechanism, such as the homogeneous nucleation with a

supercooling process [105] or the heterogeneous growth on nucleation seeds [106].

In terms of Si precipitation and coagulation, a diffusion-limited Si incorporation
model is generally accepted. [107] However, this model cannot describe the fast
phase separation in 1 s at 1200 °C and 20 ps at 1350 °C as demonstrated by Kachurin
et al. [52]. Additionally, the Si diffusivity in SiO» required to model the fast process
has to be several orders of magnitude larger than the experimentally determined

values. [108]

Sarikov et al. has proposed another new mechanism of local oxygen out-diffusion
leaving Si atoms clustering and surrounded by a more SiO»-like matrix. [40] This
mechanism describes the fast phase separation in a short time interval in seconds (<
1s) rather than in hours. If solely considering Si diffusion at 1200 °C, a prediction of
complete separation of SiOx annealing time over 3 hours is illustrated. [40]
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Indeed, the rapid thermal annealing (RTP in seconds) [109] and the 20ms flash lamp
annealing (FLA) [52] have been also experimentally demonstrated to form ncSi with
comparable structural properties to long term furnace annealed ncSi. [110] The
application of a fast annealing techniques can dramatically reduce the thermal budget
in ncSi fabrication, reduce dopant diffusion in ncSi based devices and make it possible
to use substrates that are not stable over long time high temperature annealing.
However, one problem that arises from RTP or FLA is the high density of dangling
bond/defects after annealing, which makes the ncSi inappropriate for photovoltaic or
optoelectronics application. This can also be confirmed by the stronger disorder
background shown in Figure 3.8 (b). Hiller et al. have compared furnace annealing,
RTP and flash lamp annealing of PECVD ncSi in Si0O2 in terms of photoluminescence
and experimentally summarized that the medium temperature post-annealing inert gas
(Ar or N2) and forming gas (containing H») passivation annealing remarkably remove
defects/dangling bonds and regain the ncSi luminescence. [104] The regained PL
luminescence intensity after forming gas annealing is comparable with traditionally

furnace annealed ncSi.

3.4. Boron and Phosphorus Doping in Silicon Nanocrystals

Doping ncSi to modify its electrical properties is essential in order to realize the ncSi

based junction photovoltaics devices. In this sub-section, both boron and phosphorus

90



doping of PECVD ncSi are investigated. Besides in-situ doping as the general method

foe ncSi, the diffusion doping is also presented as another possible doping method.

3.4.1. In-Situ Doping

The in-situ doping in ncSi is achieved by including gas sources containing group I11
or group V impurity atoms in the silicon rich oxide during material deposition process.
When the silicon nanocrystallites are formed during high temperature thermal
annealing, the principle is that any impurity atoms which remain in the ncSi on

annealing are simultaneously activated to generate majority carriers.

The boron (group III) and phosphorus (group V) impurities were used to form p-type
and n-type ncSi respectively. The doping gas sources used in PECVD deposition were
0.6 mol% Trimethylborane [TMB, B(CH3)3] diluted in H> for boron doping and the
0.6 mol% PH4 diluted in SiHs for phosphorus doping. Due to the equipment
limitations on the doping sources concentration, the minimum stable flow rates (10
sccm of TMB and 6 scem of SiH4 (PH4)) were used in order to achieve the lowest
resistivity testable by IV measurement. For SRO deposition, the maximum doping
source (TMB or PH4) and N>O gas flow rates were fixed. Different SiH4 flow rates
were used to vary the SiH4:N>O ratio to control the excess silicon to form various ncSi
feature size and interconnectivity. It is conceivable that dopant concentration will be

diluted in PECVD precursor gases by using higher SiHs flow rates. Therefore, higher
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SiH4% will not only increase excess silicon content, but also reduce the doping

concentration.
) —— SiH4:N20: TMB=6:5:10 —— SiH4:N20:TMB=6:5:10
— SiH4:N20:TMB=8:5:10 =y — SiH4:N20:TMB=8:5:10
- r Si — SiH4:N20:TMB=12:5:10 :, = — SiH4:N20:TMB=12:5:10
3 [ O Undoped SH4N20=55 g ~ — Undoped SiH4:N20=55
] -ty - . N\
by ] =
e ] e T __—
g g : r
o (3]
g £
° o
@ 17
2 P!
© = h/\’\_w
|_
L » -
1 1 1 1 ]
1600 1800 2000 2200 2400 2600

600 800 1000 1200 1400
i -1
Wavenumber (cm’™) Wavenumber (cm™)

(a) (b)

) SIS (BF NOOS 0 —— SiH4:SiH4 (P):N20=0:6:5

—SiH4:5iH4 (P):N20=2:6:5 r —— SiH4'SiH4 (PYN20=2:6:5
3 =SS (Y NPO-8/6:3 - — SiH4:SiH4 (PEN20=6:6:5
Undaped (SIHANZ0=5:0 i — — Undoped SiH4:N20=5:5

o
F -~ \

FTIR absorbance (a.u.)
Si-H absorbance (a.u.)

) ! |

i L L | L L
600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600

Wavenumber (cm™) Wavenumber (cm™)
(c) (d)

Figure 3.9: FTIR results of B and P doped SRO by PECVD. No chemical composition change due

to doping can be observed.

In terms of chemical composition, there is no notable change observed in as-deposited
SRO due to incorporation of boron or phosphorus impurities. As the FTIR results
show in Figure 3.9, the characteristic Si-O, Si-N and Si-H vibration modes are

identical with the intrinsic as-deposited SRO materials fabricated by similar SiH4:N>O
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ratio (Figure 3.3). The refractive index values are in the range of 2.5 - 2.9 (Table 3.5),
which are also consistent with intrinsic SRO fabricated by the same SiH4:N>O ratio

(Figure 3.1).

The Circular-Transmission Line measurement (TLM) was applied to evaluate the
resistivity of doped ncSi thin film after annealing. The schematic TLM pattern is

shown in Figure 3.10.

d=5 pum, 10 pm, 20 um and 40 um

Figure 3.10: Circular-TLM structure pattern.

The total resistance measured between the inner and outer contacts consist of the

resistance of the ncSi material (Rncsi) and the contact (Rc).

Rtotal ~ RncSi + 2Rc (3-3)
Tou dr P Tou
Rucsi = frin tpsheet X o %IH(TJ} (3.4)
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Therefore, by plotting Riotal as a function of In(rou/rin), the sheet resistivity and Rc can

be calculated from the slope of the plot (psheer/27) and the intercept (2R¢) respectively.

The more detailed IV measurement results are illustrated in Figure 3.11 for P doping
and Figure 3.12 for B doping. The linear IV curve and TLM plots confirm the
formation of ohmic contacts after the forming gas anneal, except for the Sum in P#3

which is hence eliminated from further TLM evaluation.
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Figure 3.11: Detailed TLM results of phosphorus doped SRO after 1100°C annealing
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Figure 3.12: Detailed TLM results of boron doped SRO after 1100°C annealing
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Figure 3.13: The resistivity of B and P doped SRO after annealing as the function of SiH4%
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The best B and P doped SRO samples showing remarkably reduced resistivity are
listed in Table 3.5, which also includes the sheet resistance and contact resistivity.
The successful doping can be confirmed by the reduced resistivity, compared with
reported over MQ.cm for intrinsic PECVD ncSi. [25] The lowest resistivity values
achieved are 65.1 Q-cm at SiHs% = 54.5% for P doped ncSi and 188 Q-cm at SiH4%
= 70.6% for B doped ncSi. It is obvious that the P doped ncSi generally show lower
resistivity than B doped ncSi. However, the B and P doping in ncSi exhibit very
different resistivity trends as a function of SiH4%. As shown in Figure 3.13, when the
SiH4% increases from 54.5% to 70.6%, the B doped samples have shown remarkable
reduction in resistivity from 5.36x10° to 1.89x10% Q-cm, but the P doped samples

show doubled resistivity increasing from 65 to 155 Q-cm.

The electrical conductivity (c=1/p) in ncSi is much more complicated than bulk
silicon due to the complex structural and chemical properties of this cSi/dielectric
hybrid system. To simplify the analysis, the conductivity can be generally described
as o=qn-y, which is determined by the free carrier concentration (n) and the carrier
mobility (i). The increase of SiH4% in the SRO PECVD deposition (Table 3.5) has

two different effects on the electrical properties (n and p) of doped ncSi:

(1) The higher SiH4% induces larger ncSi formation, narrower spacing between ncSi
and even the possibility of interconnected ncSi networks, which will improve carrier

mobility (). [36]
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(2) The higher SiH4 gas flow ratio will dilute the doping gas precursor concentration

so as to reduce the dopant density (n) in SRO, which will increase the resistivity.

Table 3.5: Optical and electrical properties of B and P doped SRO by PECVD

R Resistivity” o
: Sheet contact
Gas ratio SiH4% Riﬁgf@ ®)
. -2

(Q/o) (Q-cm) (Q-cm™)
SiH4:SiH4(PH4):N20=0:6:5 54.5% 2.56 4.15x10° 65.1 2.8x107
SiH4:SiHa(PH4):N20=2:6:5 61.5% 2.71 7.51x10° 74.0 4.8x107
SiH4:SiH4(PH4):N>O0=6:6:5 70.6% 2.80 1.48x107 155.4 1.88x10°
SiH4:N>O:TMB(H»)=6:5:10 54.5% 2.35 4.63x101° 5.36x10° 2'37:(10
SiH4:N>O:TMB(H,)=8:5:10 61.5% 2.60 8.68x10® 1.07x10* 6'592)(10
SiH4:N>,O:TMB(H,)=12:5:10 70.6% 2.94 1.34x107 188.0 3.55x10!

* Refractive index at 600nm wavelength before annealing.

~ For comparison, intrinsic PECVD ncSi has resistivity over 1 MQ.cm. [25]

The total resistivity vs. SiH4% and doping levels shown in Figure 3.13 could be the
result of the combination of these two effects. For B doped ncSi the carrier transport
() is the major limiting factor because the resistivity dramatically deceases with
higher SiH4% as indicated in (1). But for P doped ncSi, the doping concentration (n)
reduction overweighs the increased carrier transport (W) since the resistivity increases

in a narrow range from 60 Q-cm to 160 Q-cm with higher SiH4% as described in (2).
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One possible explanation of the observed result is that phosphorus enhances silicon
crystallization in SRO so that larger or interconnected ncSi are formed in P doped
SRO even at low SiH4%, so that carrier transport is improved and P doping is more
effective. But B doped ncSi are in smaller size with large spacing so that carrier

transport is the main limiting factor.

Similar results have been well reported for P and B doped SRO materials fabricated
by RF magnetron sputtering, that P doped ncSi size tends to be larger and B doped
ncSi size to be smaller, comparing to their intrinsic counterparts. [34, 35] The larger
ncSi and interconnected ncSi network [22] can dramatically increase carrier transport,
which fundamentally increases the conductivity in ncSi material. This also explains
the much lower resistivity of P doped ncSi observed even at low SiH4% shown in

Figure 3.13.

It is important to note that the ncSi crystallization process is inherently entangled with
the dopant activation process in the in situ doping method, which makes it difficult to

control the ncSi structural properties in terms of ncSi size and crystallinity.

3.4.2. Diffusion Doping Method

Compared to in-situ doping, the main advantage of diffusion doping is the separation
of ncSi crystallization and the dopant diffusion/activation. As discussed in Section

3.3.3, the phase separation and crystallization of ncSi is a fast process which can be
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completed in less than 1s if high temperature over 1100 °C is reached. However, the
dopant diffusivity in dielectric material is extremely low so that the dopant diffusion
will take a much longer time than ncSi formation. Therefore, the dopant diffusion and
activation is expected to happen after ncSi formation, and so will have much less

influence on Si phase separation and crystallization.

1.5nm Si0, 1.5nm Si0; '
1.5nm Si0,
\ 5 Bilayers ~ 5 Bilayers
DGR | s - -0
1.5nm Si0, || Bilayars 1.5nm Si0, 1.5nm Si0,

(a) {b) fe)

Figure 3.14: The sample structures for the diffusion doping method

The sample structures to investigate the diffusion doping method are shown in Figure
3.14. Rather than using N>O, a pure Oz source has been used for SiO; and the SRO
PECVD deposition, and SiH4:0,=2:1 was used to control the excess Si content in
SRO. The external doping source is a 50nm SiO» layer containing an extremely high
density of boron (B: p-type) or phosphorus (P: n-type). These doping layers were
prepared by the RF-sputtering system before PECVD deposition, using a high
Boron/P>0Os sputtering rate during SiO2 deposition. Then the thin film superlattice
structures were fabricated by PECVD on top of the doping source layer. Besides the

traditional Si02/SRO superlattice structure, thin amorphous silicon layers less than
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0.5nm were applied next to the SRO layer in order to increase the silicon richness for

large ncSi to give better conductivity (Figure 3.14 (b), (¢)).

The sheet resistance of undoped and boron/phosphorus doped ncSi have been
measured by TLM as illustrated in Figure 3.15. The B/P doped ncSi both exhibit much
lower sheet resistance than intrinsic ncSi, which confirms the feasibility of B and P
doping by the diffusion method. However, the various superlattice structures do not
show the expected trend in the sheet resistance. The boron doped ncSi generally shows
lower sheet resistance than phosphorus doped ncSi, which can be explained by faster

boron diffusion than phosphorus because it is a smaller atom. [111]
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Figure 3.15: Sheet resistance of B/P doped ncSi by the diffusion doping method
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3.5. Tentative ncSi-Based Photovoltaic Devices by PECVD

3.5.1. Device Fabrication Process

The p-n and p-i-n diode devices were fabricated by PECVD deposition on quartz
substrates. The schematic device structure is shown in Figure 3.16. The phosphorus
doped region (n) and the intrinsic region (i) are in the superlattice structure consisting
of alternating Si102/SRO bilayers. The p-type region is a 25nm highly boron doped
SRO monolayer. Two groups of devices were prepared with two SRO thicknesses of
3.5 nm and 4 nm in order to have different ncSi feature sizes. For each group, the
number of intrinsic bilayers varies from 0, 10 20 and 30. The intrinsic bilayers were
expected to have longer lifetime than doped bilayers. The sample parameters are listed

in Table 3.6

Intrinsic bilayers Intrinsic bilayers

Figure 3.16: The PECVD ncSi based p-i-n diode device structure.
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Table 3.6: The sample parameters of ncSi based diode devices.

n-type region

Intrinsic region

p-type region

Group#1
(P doped) (SRO:Si0,=3.5nm :1.5nm ) (B doped)
PIN1_0i 40 bilayers 0 bilayer
PIN1_10i SRO=3.5 nm 10 bilayers 25nm highly
boron doped
PIN1 20i Si02=1.5nm 20 bilayers SRO
PINI_40i Total 200nm 30 bilayers
n-type region Intrinsic region p-type region
Group#2
(P doped) (SRO:Si0>=4.0nm :1.5nm ) (B doped)
PIN2 0i 40 bilayers 0 bilayers
PIN2 10i SRO=4 nm 10 bilayers 25nm highly
boron doped
PIN2_20i Si02=1.5nm 20 bilayers SRO
PIN2_40i Total 220nm 30 bilayers

The device fabrication starts from the PECVD thin film deposition of n-type and
intrinsic bilayers and then the 25nm boron doped SRO monolayer. The boron and the
phosphorus impurities were in-situ doped during SRO deposition by using 0.6 mol%
Trimethylborane [TMB, B(CH3)3] diluted in H> and the 0.6 mol% PH4 diluted in SiHy
respectively. The Si richness in SRO was controlled by the SiH4 to N2O gas flow ratio
with the consideration of maximum doping concentrations and low resistivity.

Therefore, SiHs4 (PH4):N2O=6:5 was used for the P doped SRO and
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SiH4:N>O:TMB=12:5:10 was used for B doped SRO. SiH4:N,O0=6:5 was used for
intrinsic SRO, which is consistent with P doped SRO. To protect the films in thermal
annealing, a 20nm SiO; capping layer was deposited on top. After deposition, the
samples were thermally annealed in a furnace at 1100 °C in a N> ambient for 1 hour
to form ncSi, followed by etching of the capping SiO; in a 1:10 HF solution for 45s.
Immediately after the removal of the capping oxide, 100nm Al was thermally
evaporated. The Al film was patterned using photolithography and wet etching using
H3POg4 at 65 °C. With the Al pattern as the etching mask to protect the diode mesa,
the top B doped layer and the intrinsic layers were selectively etched using CF4:0,=9
sccm: 4 scecm reactive ion etching (RIE) to reach the buried P doped n-type layer.
Then the Al contacts were deposited on the exposed P doped bilayers by Al
evaporation with the patterning and lift-off process. In order to form ohmic metal
contacts, the samples were annealed in forming gas (4%H2/96%Ar) at 400 °C for
30mins. The final diode front contact structure consisted of eleven mesas (0.125mm
x 1.0 mm? per mesa) and the contact pad (0.6 x 1.7 mm?) with a total area of 0.024
cm?. The distance (W, in Figure 3.16) between the interdigitated contacts on the
exposed P doped layer and edge of the diode mesa was defined as 10um. However,
only the devices of PIN1 01, PIN1 20i and PIN2 0i were successfully fabricated and
the other devices with intrinsic bilayers failed due to over-etching in the RIE process,

which will be discussed later.
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3.5.2. Measured I-V Characteristics

The measured dark I-V results of PIN1 0i, PIN1 20i and PIN2 0i are shown in
Figure 3.17 (a), (c) and (e). Diode behaviour in all the devices can be clearly observed.
These devices have high series resistance as shown in Table.7, which can be
calculated from dV/dI at voltage 0.8V - 1.0V. The large value of series resistance is
primarily due to the lateral current flow in the highly resistive P-doped bottom layer.
The low shunt resistance can be related to the relatively high non-linear leakage
currents under reverse bias. The value of shunt resistance can be estimated from the

slope of the I-V curves in the range of 0 Vto 0.1 V.

One possible reason for the shunt conduction path is microscopic pinholes formed in
the device layer during HF etching of the oxide capping layer. Therefore, these
shunting paths in the structure of Al/ncSi(1)/ncSi(n)/Al or Al/ncSi(n) /Al will induce
a non-linear leakage current originating from the space charge limited current. [112,
113] Similar shunting behaviour has already been reported in aSi:H p-i-n solar cell
devices. The large amount of defects in the ncSi material can also contribute to the

formation of conduction paths across the junction causing the shunting problem. [114]
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Table 3.7: The shunt resistance and series resistance extracted from the slope of IV curves. The V.

and Iy are from the illuminated IV curves.

Sample PIN1_0i PIN1_20i PIN2_0i

R series (Q-cm?) 2.40 x10™ 3.12x10"3 2.64 X10™

R shunt (Q-cm?) 6.72 x 107 7.20 x 107 1.70 x10%
Ve (mV) 230 205 210
Lse (LA/cm?) 1.5 0.7 50

The illuminated I-V results of the same devices are shown in Figure 3.17 (b), (d) and
(f). These ncSi based devices exhibit poor photovoltaic performances similar to the
other PV devices using nano-materials reported previously. [19, 115, 116] The open
circuit voltage (Vo) at 205mV, 230mV and 210mV are achieved at 25 °C under 1-
Sun illumination (100 mW/cm?), but the short circuit currents (Isc) are extremely low,
with the best result of 0.043 mA/cm? for the device using 4nm SRO and no intrinsic
bilayers. The non-steep slopes of 1-V curves seen in the illuminated I-V results,
indicate that the short circuit current (Isc) is strongly limited by the large series
resistance. The estimated fill factors are only 24% -32%, which further confirm the

inferior series resistance and shunt resistance in the devices.
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Figure 3.17: Dark IV and Light IV results of ncSi based photovoltaic devices fabricated by PECVD
deposition. (a) and (b) PIN1_20i with 3.5nm SRO and 20 intrinsic bilayers. (c¢) and (d) PIN1_0i with
3.5nm SRO and no intrinsic bilayers. (¢) and (f) PIN2_0i with 4nm SRO and no intrinsic bilayers
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It is clear that the extremely low short circuit current (Is¢) totally prevent the devices
working as good solar cells. Although the high series resistance limits the extractable
current, it notes that the poor material quality such as the low minority carrier lifetime
and the low carrier mobility might be the more detrimental factors limiting the
photovoltaic performance. This can be confirmed by the extraction of low
photogenerated current (Ipn), which represents the maximum current extractable
regardless Rs and Rsu. It should be noted that the measured short circuit current (Is)
at V=0V bias can be much less than the real photogenerated current (I,n) if there is a
considerable high series resistance as shown in Equation 3.5 and 3.6. This can be

simply described by the single junction solar cell equivalent circuit in Figure 3.18.

|
i o Rs

RSH -

Figure 3.18: The typical single junction solar cell equivalent circuit

1=1,(exp [‘Y(V -1 Rs)/nkT] ~1)- 1 RS)/RSH - (3.5)

At V=0V external bias, the photocurrent (Ipn) can be expressed as
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Ly =1+ 1T

(3.6)

e = 1, e [0 ] 1)+ O

From Equation 3.5, in order to extract Iyn directly from the illuminated I-V curve with

high series resistance, a large enough negative bias would work. However, it is still

impossible in practice to extract In at negative voltage due to the leakage current from

the poor shunt resistance as shown in Figure 3.17 (a, c, €).

Therefore, a rough estimation of Iy, calculated from Equation 3.6, if I' =

1, (exp [q (ISCRS)/nkT] - 1) + USCRS)/RSH can be evaluated.

10°- = Dark IV
* DarkiV(noR)

—_— '6-
< 10
5 107, e

10°] :

10° - |

0.0 0.5
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1.0

Figure 3.19: The series resistance effect on the I-V characteristics of PIN1_0i device. The red dot

line is the IV results after series resistance removal.

108



By knowing the series resistance from Table 3.7, the series resistance (Rs) in the dark
[-V of PIN1 01 can be removed to get Equation 3.7 and the corrected IV is shown in

Figure 3.19.

=1, (exp [q(V)/nkT] - 1) - V/RSH (3.7)

Therefore, I’ can be estimated in Figure 3.19 by finding V=R in the non-Rs-

corrected curve in Figure 3.19.

It is noticeable that the I-V diode characteristic will not be limited by Rs up to 0.5-0.6
V. The products of Isc and Rs shown in Table 3.7 are only 36mV, 3mV and 12mV,
which are much lower than 0.5 V (500 mV). Therefore, the calculated photogenerated
currents (Ipx=Isc + I’) are extremely low and there only has a very small effect in
reducing the short circuit currents (Isc). This result suggests that the high series
resistance may not the only major reason for poor photovoltaic performance. Other
factors likely to cause this poor performance could be the very low effective minority

carrier lifetime and the low carrier mobility of the ncSi material.

The low open circuit voltage results are also consistent with low effective minority
carrier lifetime. The open circuit voltage (Vo) reflects the degree of splitting of
electron and hole quasi-fermi levels, which is determined by the material bandgap and
the excess minority carrier density generated under illumination. The ncSi materials

with larger bandgap, as indicated by the high PL peak (1.3 eV -1.4 V) in Figure 3.20,
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are expected to show higher Vo.. However, this quasi-fermi level splitting can be
more strongly suppressed by the recombination due to defects that limit the excess
minority carrier generation. The suppression effects due to defects and recombination

outweigh the increased bandgap in ncSi based diode devices in determining the Voc.

1.2 9
1 90meV —s—PIN1_0i
104 e —e—PIN1_10i
’ X —&— PIN1_20i
I —v— PIN1_30i
0.8 '

0.61

0.4

0.21

0.01

Normalized PL intensity (a.u.)

1.2 . 1?4 . 116 . 1?8 . 2.0
Photon energy (eV)

Figure 3.20: Photoluminescence results of PIN1 devices.

One very possible reason for the extremely low lifetime could be the high doping
density generally used to form p-type and n-type ncSi. Although it has been reported
that phosphorus and boron dopants can passivate the ncSi interface defects at low
doping density, [23, 39] much higher doping density is generally used in order to
achieve the acceptable conductivity. This can be mainly attributed to the low B/P
doping efficiency in ncSi from the self-purification mechanism. [117] Therefore, a

large number of excess dopant atoms aggregate at ncSi interfaces and act as
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recombination defects rather than effective doping. Further study should be done to

increase the effective doping in ncSi.

3.5.3. Further Device Process Development

As shown in Figure 3.17, only the devices of PIN1 01, PIN1 20i and PIN2 01 were
successfully fabricated but the other devices with intrinsic bilayers all failed because
they were open circuit. This could be due to the failure to form a good Al contact on
the phosphorous doped bottom layer after reactive ion etching (RIE). The failed
samples were investigated by Scanning Electron Microscopy (SEM). As the cross-
sectional SEM in Figure 3.21 indicates, there is an 80-100nm rough surface clearly
identifiable. One possible explanation for the contact failure is that CF4:0, RIE
selectively etches Si faster than Si0O2 in annealed SRO layers, leaving a thick and more
S10;-like rough surface above the remaining P-doped bottom layer. As a result, this
insulating layer can completely block current conduction. This selective etching effect
becomes more detrimental while etching thicker SRO layers, as the intrinsic bilayers

are present.
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Figure 3.21: The cross-section SEM image of the RIE etched annealed ncSi thin film.

The O; addition in RIE helps to maintain a stable etching rate by suppressing polymer
formation. However, it should be noted that the addition of O> can strongly increase
the Si etching rate compared to the SiO; etching rate, due to the formation of SiO»
during the etching process. [118] Furthermore, the complex local environment
depending on excess Si (S1%) in the annealed SRO material may further complicate
the RIE Si/Si0: selectivity, which is very different from etching bulk Si and SiO,.
Therefore, it is difficult to control RIE to uniformly etch the annealed SRO layer by
using CF4:0,. Adding H> and CHF3 or etching at low pressure may help to achieve

anisotropic and less chemically selective RIE etching. [119]

Rather than tediously calibrating the RIE etching parameters for uniform SRO etching
and suffering unstable SRO etching, a lift-off device fabrication method is proposed
to potentially bypass the RIE process for thin film ncSi based junction device

fabrication. The process is illustrated in Figure 3.22. Negative nLOF2020 photoresist
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was used to make a diode device pattern on n-type bilayers followed by the deposition
of the intrinsic and p-type layers. Before the deposition process, the surface of the n-
type layer was cleaned using a O; plasma for 15mins and an HF dip carried out to
remove the protective SiO> capping. The bottom n-type layer was exposed by lifting
off the nLOF2020, i-layer and p-type layer in NMP (1-Methyl-2-Pyrrolidone) as
shown in Figure.21 (c¢) and (d). In order to avoid Al contact flagging after
metallization, the bi-layer lift-off resist process (LOR [120] and S1818) was
developed in Figure.21 (e-1). The undercut depth in LOR resist depends on the soft-
baking time, temperature and developing time and a 2 um -5 um undercut can be
controlled. This lift-off process has been successfully applied for p-i-n ncSi based

photovoltaic devices fabrication. [116]
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Figure 3.22: Lift-off process using double layer PR to avoid reactive ion etching.
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3.6. Conclusion

In the first section of this chapter, plasma enhanced chemical vapour deposition
(PECVD) has been investigated for the fabrication of ncSi embedded in SiO2 and
boron/phosphorus doping in ncSi. By optimizing the PECVD process parameters,
the stoichiometry of SRO can be controlled. Low SiO2 and SRO deposition rate
can be achieved at about 6nm/min and 10nm/min, respectively, which is low

enough for superlattice structure fabrication.

The detailed chemical composition of SRO before and after thermal annealing has
been investigated by XPS and FTIR. The incorporation of large amounts of
nitrogen and hydrogen in SRO has been identified. The nitrogen will not only
change the ncSi crystal formation process during annealing, but it will also
influence the electrical properties of ncSi. Although the hydrogen in SRO by
PECVD benefits the material quality for defect passivation, the high temperature
annealing causes strong hydrogen effusion. The ncSi materials after annealing
exhibit more defects, which have been identified from the increased refractive

index and optical absorption due to hydrogen effusion.

The boron and phosphorus doping in ncSi can dramatically reduce the resistivity
by in-situ doping and diffusion doping methods. For in-situ doping in ncSi, the
phosphorous doped ncSi show much lower resistivity than boron doped ncSi. By
analysing the effects of silicon content and doping concentration on resistivity, it

is evident that phosphorous can enhance the silicon crystallization but not boron.
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After the demonstration of ncSi preparation and doping by PECVD, the ncSi based
single junction photovoltaic devices are fabricated and analysed. The detailed
fabrication process and device characterization results are presented in the second

part of this chapter.

The diode I-V characteristics and the best open-circuit voltage of 230mV have
been achieved. However, the diode devices exhibit extremely low short-circuit
current preventing the devices working as proper solar cells. The parameters
extracted from electrical measurements indicate that the photovoltaic performance
is limited by the low current transport from high sheet resistance and the strong
non-radiative recombination from high doping concentration. These limiting
factors can be attributed to the ineffective doping (low doping efficiency) in ncSi,
which is a general problem for nano-semiconductor materials. Further research of
ncSi doping and carrier transport is of great significance for improving the
electrical properties of ncSi and achieving the 3™ generation all silicon tandem

solar cell.
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Chapter 4

Electrically Active Boron Doping in
Nanocrystal Silicon by Capacitance-

Voltage Characterization

This chapter is based on the publication: Zhang, T., Puthen-Veettil, B., Wu, L., Jia, X., Lin, Z.,
Yang, T.C.-J., Conibeer, G., and Perez-Wurfl, I.: ‘Determination of active doping in highly
resistive boron doped silicon nanocrystals embedded in SiO: by capacitance voltage measurement
on inverted metal oxide semiconductor structure’, J. Appl. Phys., 2015, 118, (15), pp. 154305

Overview: In this chapter, we mainly address the challenge of electrical characterization of active
boron doping in nanocrystal silicon by using capacitance-voltage (CV) measurement. The
inverted metal-oxide-semiconductor (MOS) devices in vertical structure circumvent parasitic
parameters of large sheet resistance and edge effects, making accurate CV measurements and
curve fittings possible to investigate the electorally active doping concentration, carrier transport
dynamics and defects effect in nanocrystal silicon. By studying capacitance-voltage
characteristics as well as resistivity, XRD and photoluminescence (PL) spectra, we elucidate the
role of heavily doping to the electrical properties of boron doped ncSi and realize the importance
of improving doping efficiency.
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4.1. Introduction

Doping nanocrystal silicon (ncSi) is of great interest for the development of ncSi
based photovoltaic and photonic devices. In the previous decades, many
investigations have been undertaken to understand the boron and phosphorus
doping in ncS and the corresponding carrier transport mechanisms in this
nanostructured materials. The dopant atomic concentration can be accurately
measured by secondary ion mass spectrometry (SIMS) and three-dimensional
atom probe tomography (APT) provides an atomic scale picture of their spatial
distribution. However accurate this techniques can be to quantify dopant density
and distribution, the results cannot determine the electrically active dopants. The
difficulty arises from the large amount of dopant atoms that exist in the dielectric
matrix and the interface regions, where the dopant atoms may be electrically
inactive. Also, the activation of a dopant is not guaranteed even if it is found insider
the nanocrystal. Although phosphorous doping inside ncSi has been clearly
identified from the hyperfine splitting doublet centred at g=1.998 by electron
paramagnetic resonance, [23, 121] in fact, there is still a lack of direct electrical
characterization methods to quantitatively evaluate the electrical properties of
doped ncSi thin films due to the high resistivity, especially for boron. The high
resistivity results in an extremely high sheet resistance that complicates the
electrical measurements so the most commonly used techniques such as four point

probe and Hall measurements are generally not applicable. Therefore,
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modifications and development of new electrical measurement techniques as well

as novel device designs are necessary.

Capacitance-Voltage (CV) characterization is a quick and accurate method to
investigate the electrical properties of semiconductor materials and devices. For
ncSi, this technique is more generally used to explore the charging/discharging
hysteresis behaviour in single-/multi-layer or ultra-thin ncSi material, [122-124]
but rarely used for the evaluation of ncSi doping. The only reported attempt of
using CV measurement to determine the electrical properties of B/P doped ncSi,
such as doping concentration, doping type and interface traps density, was carried
out by Lin et al. using a lateral metal oxide semiconductor (MOS) structure on
quartz substrates as shown in Figure 4.1 (a). [125] However, in that study, only
high Si content ncSi films with a resistivity of about 0.72 Q-cm were measured.
Samples with low Si content or lower doping (with a resistivity of 100 Q-cm or

more) were not measurable due to the corresponding M€Y/ [ sheet resistance. This

large sheet resistance complicated the device analysis due to the distributed
parasitic resistance and capacitance network that needed to be taken into account
(Figure 4.1 (a)). This in turn made it difficult to interpret the measured CV results.
Additionally, in lateral MOS structure, the gate capacitance is proportional to the
gate radius rather than the gate area due to the current crowding effect. This effect
causes frequency dispersion in the CV results, which complicated evaluating the

carrier dynamic characteristics in ncSi. Here we demonstrate that using an MOS

119



device in a vertical structure circumvents problems accompanying the large sheet

resistance and permits the characterisation of doped ncSi with high resistivity.

This chapter describes the work done to achieve reliable CV measurements for
characterising doped ncSi. In particular, we characterize boron doped ncSi samples,
which could not be measured using the lateral MOS CV or Hall techniques. We
show that an inverted ncSi MOS device can be used to avoid the complications
arising from lateral current flow. The schematic MOS device in an inverted
structure by using a p++ Si substrate as the conductive contact is shown in Figure
4.1 (b). We will demonstrate that ncSi films with higher resistivity (200-400 Q-cm)
can be measured. The ncSi thin films with various boron doping densities have
been prepared and characterised to study the applicability of this CV structure. To
analyse the measured data, high frequency CV modelling has been undertaken to
include the effects of doping concentration, interface trap density and flat band
voltage. Materials with high Si% and low B doping have been also tested by CV

for further understanding of ncSi doping and carrier transport.
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4.2. The Inverted MOS Devices

4.2.1. Sample preparation

(a) e+ (b) —
Al contact Al contact
[ ] | L ]
S07 i
s Tow | g
(-
Rnh R‘.
‘ $i02/5R0 Ry s Thermal Si0, 0
superiattice

p++ silicon wafer
(0.001-0.005 €2:cm)

Figure 4.1: (a) The lateral MOS device. (b) The inverted MOS device

The fabrication of the inverted MOS in a vertical structure started with a dry
thermal oxidation of a p++ Si wafer (Boron, 0.001-0.005 Q-cm) at a temperature
of 1000°C to form an SiO; layer of about 50nm. The relatively thick oxide was
used to avoid high leakage current which could occur from boron diffusion from
the highly doped ncSi layers deposited on top of this oxide. Before loading in the
sputtering chamber for the next step in the fabrication, the actual thickness of the
thermal SiO, thickness was confirmed by ellipsometer to be 43-46 nm. On top of
the oxide, we deposited a superlattice structure consisting of 30 bilayers of 1.8nm
Si0; and 4nm silicon rich oxide (SRO) in an AJA ATC-2200 sputtering system.
Before sputtering deposition, Piranha cleaning (H>SO4:DI Water=1:1 for 10mins)
was used to remove surface contaminants followed by 1% highly diluted HF dip

with very low etching rate for 5 seconds to further clean the surface. This 1% HF
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solution was diluted from 1:10 HF solution to 1:100 to only remove 1-3 nm of the

oxide surface without causing pin holes that could shunt the capacitor.

The intended SRO composition was SiOo.¢6, corresponding to a Si/SiO2 volume
ratio of 11:9. Boron (B) dopants were co-sputtered during the SRO film deposition.
Three different power levels (5 W, 10 W and 15 W) were applied to the boron
target to obtain different boron concentrations. The Si/SiO> ratio and the thickness
were kept constant for the various B concentrations. Finally, a 25 nm SiO; capping
oxide was deposited to protect the superlattice in the subsequent high temperature
annealing. To maintain the quality of the thermal SiO; between the superlattice
and the Si substrate, the samples were annealed at a temperature of 1050 °C for 2

hours, only 50°C higher than the thermal oxidation temperature.

Aluminium (Al) was selected for the front and back metal contacts. The front Si0>
capping and the native oxide on the backside of the Si substrate were carefully
removed using 7:1 BOE etching respectively before Al deposition. The front
200nm Al gate contact was patterned by photolithography and wet etching using
H3POy4: deionized water=1:1 at 65 °C. As shown in Figure 4.2, the round CV gate
contacts were patterned in three different diameter sizes of 1000 pm, 500 pm and
250 um. The TLM contact patterns were formed to evaluate resistivity. There were
8-10 groups of MOS and TLM devise fabricated for each boron doping level.
Reactive ion etching using CF4:02 was applied to isolate the MOS device with Al
as the etching mask. To reserve devices and protect TLM patterns, 4-5 groups of
devices and TLM patterns were masked during RIE etching. The etching depth

122



was controlled between 190-220 nm to ensure the removal of the superlattice

(170nm - 180nm).

500um +
®.
. 250um

1000um

Figure 4.2: The photolithography mask for Al metallization patterning. The right pattern is the
circular TLM next to the MOS devices on the left.

Finally, in order to promote the formation of Al ohmic contacts and hydrogen
passivation, the devices were annealed at 450°C for 30 mins in a forming gas (4%
H2/96% Ar) ambient. The final device structure is schematically shown in Figure

4.1 (b).
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4.2.2. Advantages of The Inverted MOS Structure

The main advantage of using the inverted MOS in a vertical device structure is to
circumvent the large sheet resistance. In order to achive the vertical structure, a
highly doped p-type Si substrate has been used to work as the conductive gate. The
most significant reason of using p++ wafer is that the wafer maintains its high
conductivity even after the high temperature annealing process. The doping
concentration of p++ wafer is over 5x10" cm™ with a resistivity of 0.001 Q.cm.
Therefore, the capacitance due to the p++ substrate is much larger than that of the
thick oxide and the space charge region in the doped ncSi superlattice layer. As
the capacitors are connected in series, the large capacitance due to the substrate

can be neglected.

In the lateral structure as shown in Figure 4.1 (a), the large sheet resistance and the
distributed circuit elements cause edge effects so that the measured capacitance is
proportional to the perimeter rather than the gate area. For the inverted MOS
device (Figure 4.1 (b)), the linear relationship between the capacitance and the gate
area can be confirmed as shown in Figure 4.3. It is a good indication that the edge
effect is negligible. By comparing the capacitance before and after forming gas
annealing in Figure 4.3, the lower capacitance before forming gas annealing (FGA)
can possibly be due to the capacitance resulting from Schottky contacts. This also

gives rise to frequency dispersion effects that will be discussed later in this chapter.
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Figure 4.3: The capacitance is only linearly proportional to the gate area, which indicates that

there is no edge effect in the inverted MOS device. The frequency and the gate bias voltage (V)

also do not change the linear relationship. FGA means forming gas annealing.
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Figure 4.4: (a) The I-V results by TLM measurement showing the contact is ohmic. (b) The TLM
plot (resistance vs. In(Rout/Rin)) for the calculation of sheet resistivity and the contact resistance.

The sample shown here is boron doped ncSi with SW sputtering power.

The Al contact can be another critical parasitic element, which can contribute to
an additional capacitance in the CV measurement if a Schottky contact is formed

rather than an ohmic one. However, the forming gas annealing ensures that a
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Schottky contact is not formed. From the I-V results of Circular-TLM
measurements as shown in Figure 4.4, the linear I-V results (a) and TLM plot (b)
confirm the formation of ohmic contacts after forming gas annealing. Therefore,
there is no need to consider the parasitic capacitance from the contact in the CV

modelling.

4.3. Structural characterization using XRD
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Figure 4.5: The GIXRD results show the characteristic Si XRD peaks, which confirm the
existence of ncSi. The calculated ncSi feature sizes are 3.2 nm, 4.5 nm and 4.8 nm for boron
sputtering power of 5 W, 10 W and 15 W respectively. It shows that boron impurity can enhance
the Si crystallization.

Figure 4.5 shows the GIXRD results of SiOoes with various boron doping. The

three broad peaks are evident at 28.4°, 47.4°, 56.3°, representing the formation of
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Si nanocrystals. The average ncSi size can be estimated by Scherrer’s equation.
The approximated average ncSi crystal sizes are 3.2 nm, 4.5 nm and 4.8 nm. It is
identified that higher boron impurity concentration enhances the ncSi formation in
hight temperature annealing, which is different from the results reported by Hao et
al.. [34] The mechanism of impurity induced enhancement or supression on the
nanocrystal growth is still not well understood, especially for boron. As the doped
ncSi samples with different doping concentrations have the identical silicon
content (Si%), the smaller crystal size indicates the larger amorphous shell, which

should cause lower carrier transport (mobility) .

4.4. Photoluminescence characterization

Figure 4.6 shows the photoluminescence (PL) results of the B doped ncSi after
forming gas annealing. The photoemission peaks shown in the photoluminescence
(PL) spectra of boron doped ncSi confirm the existance of PL active nanocrystals
and the higher emission energy indicate the persistence of silicon quantum
confinement effects. The photoluminescence (PL) was measured at room
temperature by a ¥4 meter monochromator (CornerstoneTM 2601) equipped with a
silicon CCD camera at -30 °C using a 10 seconds integration time. The excitation
source is a 50 mW solid state 405 nm (blue) CW laser source with a spot size of
0.5 mm diameter. The PL spectra were corrected for the spectral response of the

system.
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Figure 4.6: (a) PL spectra measured from the intrinsic ncSi and boron doped ncSi. (b) The
normalized PL results. The normalized PL spectra of ncSi doped with boron power 10W and 15W

are identical.

In Figure 4.6 (b), an asymmetric broad PL peak can be clarely observed with
maxima within the range 1.35 eV - 1.4 eV. The PL intensity quenches with
increasing boron doping concentration, in agreement with previous reports

indicating successful boron doping. [126, 127] This PL quenching with increased

boron concentration can be mainly attributed to two reasons:

1) An increase in the non-radiative Auger recombination by successful B doping

in ncSi. [128]

2) An increase in the non-radiative recombination from defects at ncSi interfaces.

[20, 39]

Because of the effect of dopants in quenching the PL signal, the PL signal observed

is due to emission originating in the undoped ncSi with well passivated surfaces.
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We propose that larger ncSi tend to incorporate dopants and become PL inactive.
However, there are still smaller ncSi [42] remaining intrinsic and PL active, even
at high doping concentration. The PL spectra should be mainly from these undoped
small ncSi. From Figure 4.6 (b), this can be further confirmed by the 50 meV PL

peak blue-shift and the broader PL spectra at higher emission energy.

The self-purification effect describes the difficulty in doping small ncSi due to the
high doping formation energy. [129] The formation energy is inversely
proportional to ncSi size [28] so that the stronger self-purification in smaller ncSi
tends to keep them undoped and luminescent. Experimentally, the XPS results by
Hao et al. also concluded the low possibility of boron incorporation from the
absence of B-B/B-Si bonding in small ncSi from SRO with very high O/Si ratio.
[127] From Figure 4.6, by further increasing the boron doping density using 10 W
and 15 W on the Boron target, there is no PL peak shift but only a decrease in the
intensity. This is further consistent with the excess boron causing an increase in

non-radiative defects which further quenches the PL signal.
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4.5. CV Measurement Results and Discussions

4.5.1. CV characteristics of boron doped ncSi MOS

Capacitance-Voltage (CV) measurements were carried out using an HP4284A
impedance analyser. A sweeping DC gate voltage (V) was applied to modulate
the surface space charge region of the ncSi layer and a small (0.5 V pp) AC signal
was used to measure the device impedance. It is important to note that, due to the
inverted MOS structure, the positive electrode is connected to the p++ substrate
rather than the top Al contact (Figure 4.1 (b)) during CV measurement. The
measured impedance Z was interpreted as a series connection of a capacitor and a
resistor (Cs-Rs) such that Z=Rs-j(wCs)!. The gate voltage range was £25 V with a
0.2 V step size. The sweep delay time was set between 500 ms and 1 s in order to
ensure the measurement was in an equilibrium condition at each gate bias voltage.
The CV results of boron doped ncSi (SiOoss) at different doping levels are

summarized in Figure 4.8 (a), (b) and (c).

The characteristic CV curves exhibit the transition from accumulation under
negative DC bias to inversion under positive DC bias, which is consistent with a
characteristic MOS CV curve on a p-type silicon. [130] Therefore, it directly
confirms that the ncSi are p-type doped. The slight capacitance decrease at
negative bias (in accumulation) is due to the depletion of the p++ Si substrate
(Cp++). At positive DC bias, the measured capacitance only consists of the oxide

capacitance (Cox) and the depletion or inversion capacitance from the ncSi layer
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(Cucsi) because the p++ wafer only contributes a negligible large accumulation

capacitance connected in series.

(a) (b) (c)
R,
R, R,
—— — Cocsi _:1 Cie
—— CD++ CI'ICSI — * c“
clossv
—— —— or Rlcssv
I Cox I Cox Con cnn_eﬂ
cD’G
Ideal MOS accumulation Ideal MOS inversion I

Inversion with parasitic
frequency dependent C,..,
causing reduced capacitance

Figure 4.7: Equivalent circuit of MOS in accumulation and inversion conditions

The rising capacitance curves in the 10 V to 25 V gate bias range is akin to what
would be observed in the case of strong inversion. This is probably a false strong
inversion due to the strong carrier generation/recombination by defects/traps at the
Si0: interface. The false inversion has also been observed in HfO, gate or ALLOs

gate MOS devices with high interface traps/defects. [131, 132]

Another important feature shown in Figure 4.8 (a-c) is the frequency dispersion.
The CV curves shifts to lower values at higher AC frequency, which is similar to
the results from the lateral MOS devices. [125] In the lower frequency regime, the

accumulation capacitance at negative bias approaches that expected for the
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measured 45 nm oxide capacitance (about 602 pF). To model this frequency
dispersion, a frequency dependent effective oxide capacitance is introduced in the
model, (Cox eff (), in series with the ideal MOS structure, as shown in Figure 4.7
(c) and Figure 4.8. With this model, one can remove the dispersive element from
the measured capacitance data (Cgaa) With a simple equation. The corrected

capacitance (Cnorm) can be calculated by

1
Crorm = —7 T 4.1

Cdata Cox_eff €o€ox ° A

, where A is the Al front contact area. The SiO» thickness (dox) can be measured
by Ellipsometry before the ncSi deposition. Cox efiif) has been determined from the
maximum value in the accumulation regime because at this bias condition no
depletion capacitance forms in the ncSi layer and only the oxide capacitance

dominates the total device impedance.
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Figure 4.8: CV results of boron doped ncSi with various doping power (a) BSW, (b) BIOW, (¢)
B15W. The CV curves shift down with higher frequency. The corrected CV results (d, e, f)

without frequency dispersion.
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After removing the frequency dependent Cox eff(r) from the measured capacitance,
the corrected results are shown in Figure 4.8 (d-f). It can be seen that the CV curves
at different frequency coincide well with each other in both the accumulation and
the depletion bias regimes. The coincidence of corrected CV curves demonstrates

that the effective Cox efir) should be the only frequency dependent element.

4.5.2. CV frequency dispersion

The typical reasons causing the additional parasitic capacitance (like Ciossy or Cim)
in the MOS device, such as edge effect and oxide leakage, can be ruled out for our
samples. As discussed in 4.2.2, the vertical device structure can effectively avoid
the effect of the large sheet resistance responsible for the edge effects (Figure 4.1
(a)). Additionally, from a direct [-V measurement, the low current density of about
100 nA/cm? at 1V bias for 43 nm~46 nm oxide means the oxide resistivity is in the

order of 10'? Q.cm, which confirms that the oxide is not particularly leaky.

By comparing the CV curves of 5W boron doped sample before (Figure 4.8 (a))
and after (Figure 4.9(a)) forming gas annealing, the frequency dispersion at
maximum capacitance in the accumulation regime reduces from 16% /decade to
5% /decade over the frequency range from 10 kHz to 1 MHz. The disappearance
of the CV curve stretch, as compared between Figure 4.8 (d) and Figure 4.9 (b),
can be mainly attributed to the passivation of interface traps and improved contacts
after FGA. These results suggest that the frequency dispersion effect in our MOS

device is related to the defects/traps at the gate interface region or in ncSi.
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Figure 4.9: (a) The CV results of boron power SW before forming gas annealing. (b) The
corrected CV results. The stronger frequency dispersion and the CV curve stretch are obvious,

comparing to samples after forming gas annealing (Figure 4.8 (a)).

Firstly, it has been reported that carrier tunnelling into near-interface defects and
border traps in the dielectric layer will cause CV frequency dispersion in
AlO3/AlGaAs MOS devices and a more abrupt interface could reduce the CV
frequency dispersion effect, [133] which is similar to our case. In the case of our
samples, besides the typical interface traps at the ncSi film surface, a thin lossy
SiOx:B dielectric layer is formed between the thermal SiO; and the ncSi film
during high temperature annealing. The carrier transfer between the ncSi film and
defects/traps in the lossy dielectric layer is represented by the additional parasitic
capacitance in series with the ideal MOS structure as shown in Figure 4.7 (c). By
forming gas annealing, hydrogen (H) is able to passivate the defects/traps in the

lossy dielectric layer so as to reduce the frequency dispersion.
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Figure 4.10: The schematic of displaced charges causing the frequency dispersion.

The second possible reason of the frequency dispersion could be the extremely low
carrier mobility in ncSi. [134] In CV measurement, the small signal capacitance is
defined as C=AQ/AV, where AQ is the charge increment by the voltage increase
AV. At higher frequency, the majority carriers with low mobility cannot follow the
AC signal to contribute to the space charge increment (AQ) near the ncSi surface
region, thus part of the space charge increment comes from displaced free carriers
from more distanced locations (d’) [135] as shown in Figure 4.10. The displaced
charges increase the effective space charge region width, and hence the measured
capacitance Cuue Will be smaller (C=e/d). The passivation of defects/carrier traps
will increase the carrier mobility and also reduce the d’. Therefore, the carrier

dynamic response to the AC signal increases and shows weaker dispersion.
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4.5.3. Capacitance Voltage Modelling

Similar to the classical Si MOS, the capacitance from the doped ncSi can be

modelled by numerically solving Poisson’s equation and the corresponding charge

and the potential balance equations. [136] The model starts from numerically

solving Poisson’s equation with the boundary condition of surface potential ®s.
P alpe + N —ne —N;]

= 4.2
0x? €0Es (42)

, where, N4 and N, are donor and acceptor concentrations. The electron and the
hole carrier concentrations are n) and p) and & is the permittivity. For each given
surface potential (®s), the spatial profiles of the carrier density and potential in the
space charge region can be obtained. The net space charge (Qncsi) in the ncSi layer

can be calculated by

Quesi (@3 = f A(Pes.o0) + NI = N sy — N7 )dx 43)

Using a small surface potential fluctuation A®ds as the AC signal, the

semiconductor capacitance Cucsi can be written as

_ AanSi(q)s) _ q(Ap(x Ads) T An(x ,Aq)s))

CncSi - A(I)s Ad)s (4-4)
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, Where AQncsi is the change of net charge (Quesi) with the corresponding surface
potential fluctuation Ads. By using Equation 4.2 - 4.4, the low frequency
capacitance can be calculated. The deep depletion situation can be modelled by
eliminating the minority carrier charge term (p() for n-type and n(y, for p-type) in
the Poisson’s equation (Equation 4.2) because no inversion layer is generated. For
high frequency situations (generally about 1 MHz or over), we modify the model
by removing the minority carrier charge response to the AC signal (the terms of
Ang, aos) for p-type) in Equation 4.4 and it is assumed that no inversion charge

redistribution effect occurs for the highly doped materials.

The measured capacitance (Ciot) and the gate voltage (V) can be calculated from

N S (4.5)
Ctot Cit + Cnc:Si CP++ Cox .

V, = b — Vs + Vi — Qit(Ps) "(; Qncsi (Ps) 4.6)

where Cox is the oxide capacitance, Ci; is the capacitance due to the charged
interface states. Vp++ and Cp++ are the voltage drop and capacitance from the p*™* Si
wafer. Vi, is the flatband voltage. Qi(®s) is the charge from the charged interface
traps. By knowing the oxide thickness from ellipsometry measurment, the oxide

capacitance can be calculated by
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_ EEox " A

Cox = d (4.7)

With the charge balance equation, the voltage drop (Vp++) on the P++ wafer is

estimated by

anSi + Qp++ + Qit + be =0 (48)
Q%’++

Voo, = — — <P+t 4.9

rr 2qgsNp 49

The CV results at high frequency (1 MHz or higher) have been used for fitting the
measured data without considering the frequency dependent Ciyr due to interface
traps because the carrier transitions in interface traps cannot follow the AC signal
at such high frequency. However, it should be noted that the charge Qi due to
interface traps under DC gate bias still contributes to an additional voltage drop
(V=Qi/Cox) across the dielectric gate, which is the reason for the stretched CV
curves at high frequency. The shift and stretch of CV curves can be modelled by
taking into account the acceptor-type and donor-type interface states [136, 137]

described as,

Ec
Qitvy) = —1a f [Ditacety * Fsa(Et — Ef) — Ditacge) * Fsp (B — Ep)]
B (4.10)

* d E;
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1
1+ gpexp[(Eg — E)/KT]

Fsp(Ep) = [1 (4.11)

1
1 + gaexp[(E; — Eg)/KT]

Fsa(Ep) = (4.12)

where DiwEy and DiwEy are the acceptor-type and donor-type trap states
distribution in the band gap respectively. The ground-state degeneracy is adopted

from silicon as g,=2 and g, =4 and Er is the Fermi level.

In this model, we used a permittivity of 5.56, which was measured from the
intrinsic SiOo66. A sample made into a structure of Al/SROo.¢6/ SiO2/pt+ Si was
used for extracting this permittivity. As there are no carriers in intrinsic SiOo .66, the
Si0o.66 layer works as a capacitor in series with the SiO; layer. This was confirmed
by the observation of a constant capacitance (Cm) value for a DC sweep between
+3V for frequency from 50 kHz to 1MHz. The measured capacitance (Cim) can be
represented by 1/Cm=1/Csio.c6+1/Csio2. Therefore, the permittivity of intrinsic

Si00.66 (€si00.66) can be calculated from

__ Gsioo.ss
€5i00.66 = TA  dgog) (4.13)
(q - 35102)

, where dsio.66 and dsioz are the layer thickness measured by ellipsometry and A is

the gate area (cm?).
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4.6. Electrical Properties of Boron Doped Si Nanocrystals

By using the numerical simulation model, the CV results at high frequency (1 MHz)
have been fitted to evaluate doping concentration, doping type, interface trap
density and flat band voltage. No strong inversion or deep depletion effects were
considered. The fitting results are shown in Figure 4.11 and Table 4.1. The ideal
CV curves (green dashed lines) without fitting the interface traps are presented in
order to show the strong effects from interface traps. Although it has been widely
reported that the doping of ncSi is difficult, [23, 24, 32, 33, 129, 138] our results

show that in-situ boron doping at high temperature is possible.
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Figure 4.11: Fitting results of IMHz high frequency CV curves for various boron densities. The
green dashed lines represent the ideal CV curves without considering the interface traps (Dit).

The red solid lines are the fitting results of the measured CV data (dot lines) with Dit considered.
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The most significant effect observed is the high electrically active boron doping
concentration, in the order of 10'8-10'° cm™. By referring to our previous XPS and
SIMS results, [19, 34] the atomic boron concentration should be in the range of
5x10" - 5x10?° cm™ for the boron sputtering power used in this work. This leads
to a low doping efficiency, approximately less than 5%. The majority of boron
dopants should be still electrically inactive, which may behave as defects and

carrier traps to further reduce the carrier mobility.

Although the doping efficiency seems relatively high compared to that of
phosphorous doping in free standing ncSi [23] and ncSi fabricated by PECVD, [33]
it does not mean that boron 1s a more effective dopant than phosphorous for doping
ncSi. It is worth noting that we used relatively high silicon content in SRO (SiOo.66),
so that the ncSi material should contain large ncSi, interconnected in a Si network
and with smaller spacing between isolated ncSi [139]. The existence of this Si

network will increase the dopant incorporation in “ncSi”.

Table 4.1: Fitting results for boron doped ncSi

Si02 Doping

. Resistivi v Mobility*

thl(;krﬁfss (TLT\S&l)St(gl.gn) () W) (cr(r)lz/l\;t/}sl)
BSW  45.5:2 3.88x102 2.5x1018 2 6.44x10"
BIOW 43743 2.19x10° 14x10° 13 2.04x10°
BISW 42945 3.34x102 1L0x10° =07  1.87x10°

*The mobility is calculated from c=1/(qpn)
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Additionally, by increasing the boron atomic density with higher boron sputtering
power, the electrically active doping concentration increases from 2.5x10%'% cm™
to 1.4x10" cm?. However, this concentration tends to saturate in the range of
1x10'" - 2x10" ¢m™ when the boron sputtering power is between 10 W and 15 W.
We note that the atomic concentration achieved by this high boron sputtering
power should be over 5x10"% ¢m™, [19, 34]. This concentration has already
reached the boron solubility limit in silicon of around 2.5x10%° ¢cm after 1050 °C

annealing, [ 140] the saturated electrically active doping density is at least one order

of magnitude lower.

There are two possible reasons for the lower saturation of boron doping

concentration:

(1) Smaller ncSi cannot be boron doped even at higher doping levels, which is
similar to what is observed with phosphorous doping in small ncSi. [23] This can
be further confirmed by the PL emission and the PL blue shift at very high doping,

as discussed in section 4.3.

(2) At higher boron doping level, a large amount of excess boron atoms may stay
in the dielectric matrix and aggregate at the ncSi interface, rather than working as
active dopants. The excess boron may only induce more defects at the interfaces

[28] deteriorating the PL emission [39] and the carrier transport in ncSi films.

It is also important to note that the doping concentrations estimated by CV

measurements does not necessarily represent the free carrier concentration.[130]
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By considering the high ionization energy in boron doped ncSi and the large
amount of deep level defects and traps. [141] the free carrier concentration should
be lower in the absence of the large external voltage bias. Therefore, the doping
concentration evaluated by CV measurement only represents the electrically active

doping in turn causing an under-estimation of the actual carrier mobility.

To properly fit the measured CV curves as shown in Figure 4.11, the density and
distribution of interface traps (D) has to be taken into account by Equation 4.10 -
4.12. We find that it is possible to fit the CV stretch only by using a U-shaped

interface trap density distribution as described for a-Si. [142]
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Figure 4.12: Interface traps distribution results. Dy, means the acceptor-like traps density and Dy

means the donor-like traps density.

According to the extracted distribution of Dj; as shown in Figure 4.12, there are

more deep level interface traps in the relatively low doped ncSi (B5W) than in the
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highly doped ncSi (BI0W and B15W). For highly doped ncSi, the Di: density near
the band edge increases dramatically and the donor-type traps (Diw) near valence
band edge (Ev) dominate. The high Di value not only confirms a poor SiO; and
ncSi interface, but also indicates that the ncSi layer may contain a large amount of

defects after high temperature annealing and forming gas passivation.

In terms of the carrier mobility, as long as the linear relationship between the
doping concentration (n) and conductivity (o) is applicable, 6=qun, we are able to
calculate the effective mobility using u=c/(qn). From the high electrically active
doping concentration and effective mobility results shown in Table 4.1, it is clear
that the electrical conduction in B doped ncSi is limited by carrier transport. The
calculated effective mobility is about 4 to 5 orders of magnitude lower than the
mobility of crystalline Si at a similar doping level. [137] It should be noted that the
factors determining the carrier transport in hybrid ncSi/SiO; low dimensional

materials are totally different from those of crystalline silicon.

In the lower dimensional ncSi materials, there are many possible factors limiting
the mobility, such as (1) low tunnelling probability through SiO; barrier, (2) carrier
trapping during hopping through the defects in SiO> and ncSi/SiO; interface, and
(3) strong scattering from the defects induced by the excess boron. [28] The strong
scattering from excess dopants and defects can be confirmed from the effective
mobility decreasing with higher boron density. It is also conceivable that the
defects induced by the high excess boron density can further deteriorate the
material lifetime so as to dramatically reduce the photovoltaic device Voc. [116]
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In order to increase the carrier transport, ncSi in SiO2 with high interconnectivity
and intimate contacts with each other can be used by increasing the Si content in
the SRO layer. This effectively reduces SiO2 barrier width and forms conduction
paths. However, the quantum confinement effect will be relaxed compared to the

well isolated ncSi.

It is more important to increase the doping efficiency in ncSi in order to
fundamentally reduce the dopant density generally used to achieve acceptable
conductivity, so as to reduce the excess dopant density. The reduced excess dopant
density not only can reduce the dopants aggregation at ncSi interface, but will also
reduce the defects/traps formation and carrier scattering effects. Doping ncSi by
thermal diffusion [143] could be a promising doping method because the reported
effective mobility of 2.2 cm?/V/s is almost three orders of magnitude higher than

the mobility of the in-situ doping method described in this chapter.

4.7. Conclusion

In this chapter, we have studied the CV characterization on boron doped ncSi
materials by developing an inverted MOS structure device. The use of an inverted
MOS structure device overcomes the parasitic effects, such as the large sheet
resistance and the edge effects, so that it is possible to perform CV measurement

on the highly resistive ncSi (SiOo.66) thin film materials (200-400 Q-cm).

Although some frequency dispersion is observed, this can be eliminated by

considering a lossy dielectric layer between the ncSi and the gate oxide. By fitting
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the high frequency CV results using the numerical model presented, we have

evaluated the doping type, doping concentration, interface traps.

It is found that the in-situ boron doped ncSi showed high electrically active doping
concentration ranging from 2.5x10'® to 1.4x10" cm™ with increasing boron
density. However, the doping efficiency is still below 5%. The relatively high Si
content we used may bring about the formation of a Si network and narrow spacing
between ncSi, which could be the reason for the relatively higher doping
concentration and doping efficiency compared to the observations in phosphorus

doped material.

Further increasing the boron density will not increase the electrically active boron
doping but only introduces more defects resulting in PL quenching and lower
effective mobility results. The saturation of doping at around 1x10'° - 2x10" cmr
3 has also been observed. The reasons for this observed saturation can be the
extremely low possibility of doping of small ncSi and the aggregation of large

amounts of inactive boron dopants at the dielectric matrix (SiO2) and ncSi interface.

The calculated effective carrier mobility has been found to be 4 to 5 orders of
magnitude lower than that of crystalline Si. The low possibility of carrier
tunnelling through SiO; barrier, the stronger scattering effect from high excess
impurity density and the deep level defects/traps at ncSi interface could be the

main reasons to hinder the carrier transport in ncSi films. Therefore, it is of utmost
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importance to improve the doping efficiency in order to reduce the excess dopant

density and defects/traps in ncSi.

The CV characterization method presented in this chapter offers a reliable way to
evaluate the electrical properties of doped ncSi. Further applying the CV method
on doped ncSi and comparing the different doping methods will help to understand
and improve the ncSi electrical properties for photovoltaic and photonic

applications.
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Chapter 5

Pulsed KrF Excimer Laser Dopant
Activation in Nanocrystal Silicon in a
Silicon Dioxide Matrix

This chapter is based on the publication: Zhang, T., Simonds, B., Nomoto, K., Puthen Veettil,
B., Lin, Z., Perez Wurfl, 1., and Conibeer, G.: ‘Pulsed KrF excimer laser dopant activation in
nanocrystal silicon in a silicon dioxide matrix’, Appl. Phys. Lett., 2016, 108, (8), pp. 083103

Overview: In this chapter, we show that the free carrier concentration in ncSi can be improved
by more than one order of magnitude using a single excimer laser pulse. The pulsed laser
annealing (PLA) shows promising results, increasing the carrier concentration without the need
to increase the dopant concentration. Hall Effect and temperature dependent Hall characterization
are used to elucidate details on carrier transport and doping effects in ncSi. We propose that the
improved electrical properties are a result of interstitial phosphorus/boron dopant activation,
impurities that can be found inside the ncSi. Additionally, structural characterization using Raman
spectroscopy and AFM also confirm no film ablation or ncSi melting. By improving doping
efficiency, PLA is a potential process to reduce the detrimental effects of doping in ncSi as it
provides a means to achieve a higher doping with less dopant atoms compared to other doping

methods.
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5.1. Introduction

As discussed in previous chapters, although the doping in ncSi is possible, the low
doping efficiency of ncSi in SiO2 causes low conductivity and detrimental effects
to the material quality. The incorporation of electrically active p- and n-type
impurities is necessary in order to realize ncSi-based junction photovoltaic devices.
[144, 145] Therefore, low doping efficiency is an issue that needs to be solved for

further ncSi based solar cell development.

Low doping efficiency in ncSi has already been generally identified as one of the
most important limiting factors hindering the development of practical ncSi
devices, [23, 33, 116] but there is no effective method so far reported to possibly
tackle this problem. In addition to the most generally used doping method of in-
situ dopant incorporation in SRO, intensive research efforts have also been made
to investigate and develop other doping methods for improved the doping of ncSi,
including ion implantation, [ 146] thermal diffusion, [ 143] modulation doping [96,
147] and using other doping atoms besides B and P. [148]. Although it is difficult
to quantitatively compare the doping properties from different doping methods due
to variations in ncSi structure, impurity configuration, and characterization
techniques, the ineffectiveness of doping is clear based on the commonly observed
low conductivities at high impurity atomic concentrations as well as the reduction

of the photoluminescence due to doping effects. [20, 21, 126, 146]

A self-purification mechanism has become the most widely accepted explanation

for the low doping efficiency in quantum confined silicon structures, [32, 117, 149]
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which comes about due to the extremely high dopant bond formation energy,
coupled with an increase in the carrier activation energy for common silicon
dopants (boron and phosphorus). As predicted by many theoretical calculations,
[26, 28, 32, 141] this effect has been experimentally confirmed in recent years by
atom probe tomography (APT). Gnaser et. al have clearly identified the
aggregation of large amount of phosphorus dopants at the ncSi/matrix interface
regions. [22] Coupled with electron paramagnetic resonance (EPR) information
showing low electrically active doping concentration [23, 24], it can be inferred
that these dopants at the interface are electrically inactive, which results in a low

doping efficiency.

However, an important observation of APT results is the remarkable amount of
dopants that exist inside the crystallite Si region of ncSi. [22, 32] Both B and P
atoms are found inside ncSi in a notable quantity, although the majority of the
dopants are found to reside in the dielectric matrix. These results can be clearly
seen in Figure 5.1 from the test of a p-i-n ncSi based solar cell (TEM cross-section
structure as shown in Figure 5.1 (a)) by APT measurement. This finding, together
with the realization of the existing electrically inactive dopants inside ncSi, [32,

33] leads to the utilization of pulsed laser annealing for dopant activation.
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Figure 5.1: (a) The cross section TEM of p-i-n ncSi solar cell. (b) The proxigram results of B/P
doped ncSi interface. Each point is the average concentration value of 1 nm spatial depth. The

results are from Keita Nomoto (UNSW) with permission for presentation.

In the microelectronic industry, pulsed laser annealing (PLA) has been regarded
as an effective approach to re-activate the large amount of electrically inactive
dopants introduced by ion-implantation and diffusion in very shallow, highly
doped junctions. [150-152] In nanotechnology, PLA has also been used on free-
standing Si nanowires for the activation of ion-implanted [153] and spun-on
dopants [154]. In both of these works, dopant activation has been inferred from
resistivity measurements, which shows an improvement in electrical conduction

after PLA treatment.

Improved doping efficiency in ncSi would be marked by an increase in free-carrier
concentration without excessive impurity concentration, leading to an increase of

electrical conductivity. In this chapter, we report an increase of more than one
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order of magnitude in conductivity and free-carrier concentration due to PLA

applied to a quantum confined Si system.

5.2. Sample Preparation and Pulsed Laser Annealing

The boron and phosphorus doped ncSi samples are fabricated by a radio-frequency
magnetron sputtering method whereby 40 alternating bilayers of 3.5 nm silicon
rich oxide (SRO) and 1.5 nm stoichiometric SiO: are deposited on a quartz
substrate. [19, 72] The doping impurities, either phosphorus (P) or boron (B), are
co-sputtered into the SRO layer by using P>Os and Boron targets. The RF-power
applied on P>Os and Boron targets are 4W and 5W respectively. Then, through
high-temperature furnace annealing at 1150 °C for 1 hour in pure N2 ambient, Si
nanocrystals are formed as identified in Figure 5.2. From the TEM Plasmon image
of Figure 5.2 (a), the ncSi size varies over a wide range (4 to 40 nm) and no multi-
layer structure can be identified. This can be attributed to the enhanced silicon
agglomeration due to high temperature annealing and relatively high silicon

content in the SRO.

In order to avoid the low conductivity due to carrier transport blockage by the large
dielectric barrier spacing between ncSi, a relatively high silicon content in the SRO

(Si00.47) has been used to form a closely packed and interconnected ncSi network.
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Figure 5.2: (a) The cross section TEM Plasmon image of the P doped ncSi after furnace annealing
(no pulsed laser). The white regions are Si clusters in various sizes. (b) The HRTEM image

directly showing the existence of interconnected silicon nanocrystals (the lattice fringes).
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Figure 5.3: Atomic probe tomography results of the (a) 3D structural details of ncSi, (b)
Identification of isolated ncSi, (c) identification of connected ncSi, and (d) the proxigram of the

boron distribution across the ncSi interface.
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The 3-dimensional structure of a B-doped sample before PLA (after thermal
annealing) has been characterized by atom probe tomography (APT). From Figure
5.3 (a), it is clear that our ncSi is of the interconnected type. By further analysing
the 3-D model, the isolated ncSi and interconnected ncSi can be both identified in
Figure 5.3 (b-c). The shape of the isolated ncSi is not that of a sphere but rather a

sponge like structure.

The APT proxigram in Figure 5.3 (d) shows the atomic concentration (at. %) of
boron decreasing upon entering the crystalline region, but there is still a significant
concentration within the crystallite as well as in the approximately 1 nm thick
interface region (SiOx). The interface (X-axis=0) is defined by a silicon density of
28.44 atoms/nm? considering a detector efficiency of 0.57, which is equivalent to
a bulk silicon density of 49.9 atom/nm?. This APT analysis is qualitatively similar
to that on phosphorus doping previous reported by Gnaser, ef al, with the main
difference being that P atoms aggregates more at the interface than our results show
for B [22]. With the ncSi regions defined, the boron atomic concentration in ncSi
can be estimated by dividing the integral of the boron atoms within all the ncSi by
the total volume of ncSi. From the APT data measured, the boron concentration in

ncSi is approximately 3x10%2° cm™ or more.
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Figure 5.4: (a) the laser beam uniformity tested by CCD sensor array. (b) The schematic pulsed

laser annealing system.

The pulsed laser treatments on the doped ncSi thin film was performed in ambient
air conditions with an excimer KrF laser (248 nm) with 22 ns pulse duration (full
width at half maximum). Single and multiple laser pulses have been used for each
annealing process. The pulsed laser is configured at 1 Hz repetition rate. At this
low frequency, the annealing process using multiple pulses is easily done by
replacing the power sink with the sample, counting the number of pulses and then
removing the sample out of the laser beam when the desired number of pulses has
been reached. A fly’s eye homogenizer has been used to create a flattop beam that
was 2.9 x 2.9 mm? when focused on the sample with a single planoconvex lens of

focal length 100 mm. The beam dimension is defined at 50% of the peak value at
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the beam edge and the intensity of the flattop portion of the beam varies by less
than 10%. Four standard levels of laser fluence (mJ/cm?) have been defined and
measured. These are 202 + 5 mJ/cm?, 156 £ 4 mJ/cm?, 101 + 2 mJ/cm? and 70 + 3
mJ/cm?. For this experiment, four samples have been annealed at these specific
laser fluence, plus one without laser treatment labelled as 0 mJ/cm? (only furnace

annealed).

5.3. Structural Characterization after Pulsed Laser Annealing

For pulsed laser thin film material processing, it is important to prevent film
ablation due to the transient strong local radiation. [51] Atom force microscopy
(AFM) has been used to investigate the surface roughens to assess whether film
ablation happened. As shown in Figure 5.5 and 5.6, the surface morphology after
a high laser fluence of 202+ 5 mJ/cm?, the average surface roughness of B/P doped
ncSi are only 1.29nm and 0.9nm, respectively. For comparison, the ncSi sample
only annealed by furnace show average surface roughness as 2.36 nm as presented
in Figure 5.7. The low surface roughness from AFM measurement confirms
neither ablation nor surface melting occurred. This result is important to
demonstrate the feasibility of PLA as a potential annealing tool to modify ncSi
electrical and optical properties without causing an undesirable surface

morphology change.

157



—14.7 nm
—14.0

—13.0
—12.0
—11.0
—10.0
9.0
8.0
7.0
-6.0
5.0
4.0
3.0
2.0
1.0
0.0

Figure 5.5: The AFM results of boron doped ncSi after 202+ 5 mJ/cm? annealing. The average

roughness is about 1.29nm
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Figure 5.6: The AFM results of phosphorus doped ncSi after 202+ 5 mJ/cm? annealing. The

average roughness is about 0.9nm.
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Figure 5.7: The AFM results of phosphorus doped ncSi after only furnace annealing. The average

roughness is about 2.36nm.

The crystallinity of ncSi before and after PLA has been investigated by micro-
Raman spectroscopy. The Raman spectra in Figure 5.8 shows the typical features
of ncSi, consisting of a main peak (509 — 510 cm™) and a slight increase in the
disorder band (350 cm™ — 500 cm™) from a PLA-induced amorphous phase. After
PLA treatment, a slight increase of the disorder band is noticeable being more

obvious for higher laser influence.

By fitting the Raman spectra with one asymmetrically broadened lineshape for the
phonon-confined TO-LO mode from cSi near 520 cm™ and two Gaussian-like
disordered bands from amorphous/disorder contributions, [68] the degree of

crystallinity shown in the inset can be calculated by

fo=—25 (5.1)
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where /. and I, are the integrated intensities of the crystalline and amorphous
silicon (aSi) phases, respectively. The relative Raman cross-section (y) of the ¢Si

phase with respect to the aSi phase is 0.1 due to the high Si content used. [69]

From the quantified crystallinity results shown in the inserted charts in Figure 5.8
(a) and (b), the phosphorus doped ncSi f: only decrease from 85% to 79% with
increased laser power density. The boron doped ncSi shows merely a 5% decrease
from 89% to 84%. By considering the relative Raman cross-section (y) of ¢Si with
respect to the aSi phase to be 0.1, a relatively small generation of aSi by PLA ought
to cause a much stronger increase of the disorder band (350 cm™ — 500 cm!),
resulting in a notable drop in crystallinity. This is not observed in our samples as
shown in Figure 5.8, and it indicates that at the laser fluences used, the ncSi
material is still very much crystalline albeit with a smaller increase in disorder,
presumably at the ncSi interface region. Since this change is gradual, it also
suggests that the material is unlikely to melt or undergo rapid recrystallization by
PLA, which would causes an abrupt change in crystallinity at some threshold

fluence.
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Figure 5.8: Experimental Raman spectra of phosphorus (a) and boron (b) doped ncSi. The
calculated crystallinity results (inset) are obtained by fitting the Raman spectra using the
asymmetric lineshape of phonon-confined TO-LO mode for crystalline silicon (dashed line) and

Gaussian functions accounting for the amorphous contributions (dotted lines). [155]

However, our result cannot exclude the possibility that using higher laser fluence

will turn silicon crystals to amorphous silicon. The appearance of amorphous
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silicon would considerably change the electrical properties of ncSi. In such a case,
a reduced electrical conductivity is expected due to stronger scattering effects and
reduced carrier concentration by deep level traps/dangling bonds/defects [156]. In
order to improve the doping effects in ncSi, the formation of amorphous silicon by

pulsed laser should be avoided.

5.4. Identification of Dopant Activation by PLA

The direct identification of improved doping is shown in Figure 5.9 as an increased
conductivity and free carrier concentration values for both B and P doped ncSi
after PLA, which has been obtained from Hall Effect measurements using the Van
der Pauw technique. With the application of just a single 22 ns laser pulse, the
electrically-active P/B dopant concentration has been improved by more than one
order of magnitude. To be more specific, the increase is largest for phosphorous
doped ncSi after 202 mJ/cm?, which becomes 25 times higher than furnace

annealing alone.

Although the doping concentration reaches a degenerate level (~10%° cm™), the
conductivity is still limited by a low effective mobility (Figure 5.9 (b)) which
varies between 0.1 and 0.6 cm?*V-'s”!. The slight reduction of effective mobility
with laser fluence is consistent with increased scattering from an increase in
electrically active dopants. We should point out that, the increase in disordered as
shown in the Raman results can also contribute to the lower mobility. Although

the carrier concentration and the effective mobility show opposite trends with laser
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fluence, there is no doubt that the conductivity (Figure 5.9 (c)) is a strong function
of the laser fluence. As no extra impurities are added, the increased carrier

concentration and conductivity indicates a higher doping efficiency.

Multiple pulse irradiation (1, 3 and 5) has also been applied for dopants activation.
Preliminary results of this process are shown in Table 5.1 and Table 5.2. The
reduction in resistivity and the increase in doping concentration can be more
obviously discerned for the 155mJ/cm? case rather than the 70 mJ/cm? and 101
mJ/cm? cases. However, it is clear that the improvement in electrical properties
strongly depends on the laser fluence rather than the pulse numbers. One possible
reason is that the highest temperature achievable is proportional to the laser fluence
and the peak temperature determines the degree of dopant activation. As the
temperature measurement in the nanosecond timescale in practice is very difficult,
establishing a material heat transfer/thermal model to extract thermal process will

help to further understand the pulsed laser annealing mechanisms [157, 158].
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Table 5.1: Boron doped ncSi

Laser fluence Pulse number ;};z.sci;tli)vity ]c)o(;lpcl:ngtration
#/em?)

1 0.54 7.30x10™"°
156 mJ/cm2 3 0.41 8.00 x10*"?

5 0.38 9.00 x10™"°

1 0.83 4.50 x10™°
70 mJ/cm2 3 0.71 5.00 x10*"?

5 0.70 6.20 x10™"°

* NOTE: The results are averaged values.
Table 5.2: Phosphorus doped ncSi.
Laser fluence Pulse number :};e.sci;ti)vity gg)cl:;:gtration
(#/cm°)

1 8.10 x10%2 3.0 x10%°
156 mJ/cm? 3 7.13 x1072 2.7 x10%°

5 7.03 x107 2.7 x10%

1 2.40 x10°! 8.8 x10"
101 mJ/cm? 3 2.08 x107! 9.2 x10"

5 1.99 x10°! 1.1 x10%°

1 3.70 x10°! 4.3 x10"
70 mJ/cm? 3 4.22 x10! 2.2 x10"

5 3.75 x107! 3.0 x10%

* NOTE: The results are averaged values.
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5.5. Discussion on ncSi Doping and Carrier Conduction

A very unique feature of the pulsed laser annealing on doped ncSi is that the
electrically activated doping concentration is increased without varying the atomic
dopant concentration or ncSi structure. Therefore, the changes in electrical
properties should be only related to the reconfiguration of dopants in the ncSi

material.

As shown in Figure 5.10 (a), the doping concentration (n-type) for each laser
fluence is largely temperature-independent from 150 K to 350 K, which confirms
degenerate doping [144] as also indicated by APT and CV results (Chapter 3).
Specifically, the doped ncSi by PLA at 202 mJ/cm? and 156 mJ/cm? shows a
metallic behaviour. However, at lower laser fluence, the conductivity (o) weakly
increases with temperature (Figure 5.10 (b)). This weaker temperature dependence
is best fit by a log (c) ~ T-"# behaviour indicating hopping transport via localized
states. This has been identified as the predominant conduction mechanism in

disordered semiconductors. [159-161]

166



Temperature (K)

54 350 300 250 200 150
r‘,;-\ 10 1 L 1 i 1 2 1 L
g Ill.l-.-l.l-l-.-l-.-I--.-.--....-...l
=4 °
g .'..........f.on;. ,,,,, .,,’,,!,,,‘,,j ,,,,, oy
= °
~
£ 20 .t A A
= 107 i""""‘AA‘___A____ 3
g A A AT B ey A
= w ¥ A
8 Y‘;---'----.-..v.‘.'.A..'A.Y.,__A_V_,_,
z ) :
= L 2 PO PO B BT Gt cEL JEE LT
=}
Q 1019 PR U (U RSN (N T N S
25 3.0 35 40 45 50 55 6.0

1000/T (1/K)
(a)

-
o

Conductivity (S/cm)

-

| —=— 202 mJ/cm? |
—e— 156 mJ/cm® :
—— 101 mJ/cm?
—— 70 mJ/cm?
oqL—=—0mem* .,

023 024 025 026 027 028
T-1f4 (K-1I4)

(b)

Figure 5.10: (a) Temperature-dependent Hall measurement results of phosphorus doping
concentration over the temperature range from 150 K to 350 K. The flat solid line is an aid to
show that there is little to no temperature dependence in doping concentration. (b) A T-1/4 fitting
plot of conductivity of phosphorus-doped ncSi annealed by different laser fluences from 0 mJ/cm2
to 202 mJ/em?2. [155]
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Hopping transport can be described in a simplified thermally activated hopping

law originally proposed by Mott:

o(T) = ogexp [(%) _p] (5.2)

where o0,, To, and p are constants depending on temperature, degree of disorder,
details of Coulomb interactions, and the dimensionality of system. [ 160] Following
Mott’s approach, [162, 163] o, is a power function of the density of states at Fermi
level (N(EF)) and temperature (7), and 7, is inversely proportional to N(Er) as a

measure of the degree of disorder in the film:

o,~ N(Ep)3/4T~1/4 (5.3)
a3
o~ ligneen 64

where k3 is the Boltzmann constant and o is the decay rate of the wavefunction.
This means an increase in N(Er) will directly increase the conductivity, and reduce
the temperature dependence as 7, decreases. Therefore, the results of the higher
doping concentration and the disappearance of the temperature dependence in the
conductivity with increasing laser fluence can be explained by the increased N(Er)
as the Fermi level approaches the mobility edge. [164] Here we proposes that more
electrically active donor states have been generated by PLA. Therefore, it is likely
that a donor impurity band [164] is formed, especially after PLA at 202 mJ/cm?

and 156 mJ/cm?, which explains metallic conduction behaviour.
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However, the hopping transport, even though it shows metallic behaviour, is
fundamentally determined by degree of disorder, Coulomb interactions and
hopping distance and energy, which has much lower carrier mobility. This is

consistent with most experimental results of doped ncSi.

=
o
)

(@)

Phosphorus

o
®

o
D
1

o
»

— 202mJ/cm2

— 202mJicm?2

Normalized PL intensity (a.u)

Cher — 156mJ/cm2 0.2 —— 156mJfcm2

—101mJiecm2 — 101mJdfem2

—— 70mJicm2 —— 70mJfem2

—— OmJiem2 _
0.0 mI cm : : 0.04 ) ?mJIc.:mE | . ‘

1.2 1.4 16 1.8 1.2 1.4 16 1.8
eV eV
3 (c)
®© 188 i I —m— Phosphorus
~ 80 " oy —e— Boron
2 704 .
@ 60 ] §
£ 503 .
(0] ] PO -
"E' 40 b I ) \\\
== 30 M i |
— 20 e
o T T T T T T T T T
0 50 100 150 200
2
E_ . (MJ/cm’)

Figure 5.11: Photoluminescence (PL) results of highly phosphorus (a) and boron (b) doped ncSi
by PLA process, which show red-shift by higher laser fluence. (c) The PL intensity as a function
of laser power density. [155]

In addition to the electrical characterizations, photoluminescence (PL)
measurements were also undertaken and are shown in Figure 5.11. The B and P

doped ncSi show a PL red-shift as PLA laser fluence increases. As there should be
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no nanocrystal size change or dopant impurity redistribution in ncSi after PLA, the
PL red-shift can be attributed to the reduction of the effective bandgap as band tails
extend towards mid-gap or to impurity band formation when more localized states
exist near the mobility edge. This corroborates the activation of interstitial dopants
to substitutional dopants as more localized donor/acceptor states are generated. In
Figure 5.11 (c), the integrated PL intensity decreases with laser power density,
which can be due to the Auger recombination from the higher doping concentration
achieved. However, it is also possible that more defects are generated by PLA.
Therefore, the investigation of passivation after PLA, like forming gas annealing

(H>), is still critical for the material quality.

5.6. Mechanisms of Dopant Activation by PLA

To explain the increase in electrically active doping in ncSi by PLA, two other

possible mechanisms are included:

1) The very high temperatures created by PLA causes dopants to diffuse into the

ncSi region where they are simultaneously activated.

2) The PLA acts to activate interstitial dopants already within the ncSi crystallite

region.

Although we have not experimentally determined if diffusion or dopant
redistribution happens while pulsed laser annealing, the diffusion lengths of the

dopants in ncSi embedded in SiO2 should be extremely short, which will not be
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effective to improve doping. We will then assume that diffusion only happens in
the solid state as no sign of the material melting has been observed. By using
1600 °C as the melting point of pure SiO2 as an upper temperature bound, and
using literature values for diffusivity and activation energy of P [165] and B [166]
in SiO2, we can calculate a diffusion length of 2 x 102 nm for P and 3 x 10 nm
for B during 10 ns annealing process. Therefore, it appears very unlikely that, in
the absence of melting, dopants within the SiO; matrix or even interface will

diffuse into the nanocrystals during PLA.

Therefore, it is more likely that the activated dopants originate from interstitial
sites within the crystallite region. For most of the doped ncSi after furnace
annealing, the a) existence of dopant inside ncSi, as shown in APT measurements
in Figure 5.1 and 5.3 as well those of others, [22] and b) EPR results showing that
the majority of them are electrically inactive, [24] together indicate a substantial
number of these dopants should be at the interstitial sites. This has furthermore
been confirmed by density functional theory calculations [32] and implied from

the transient current measurement of P doped ncSi. [33]

This interstitial dopant model explanation does not actually contradict the self-
purification mechanism. [117, 149] It is because self-purification models only
considers a substitutional configuration and not interstitial. [31, 117] As bond
breaking is not required for interstitial dopants, the formation energy should be
less than substitutional dopants. [32] Therefore, the high temperature and strong
heat fluence created by PLA can possibly promote such transitions. Then, owing
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to the fast cooling rates (~107'° K/s) inherent to the PLA process, the activated
dopants are trapped and do not revert to interstitial sites. Another possibility for
dopant activation is that the 5 eV high photon energy of the excimer laser are able
to cause solid phase chemical reaction for transferring interstitial dopants to
substitutional sites. [28] This could be simply verified by using a pulsed green laser,

some of the future work to come after this thesis.

5.7. Conclusion

We have demonstrated that a pulsed excimer laser treatment is a viable post-
furnace-annealing process to improve doping efficiency of B and P doped ncSi in
Si0,. This has been experimentally evidenced by the improved conductivity and
electrically activated dopant concentrations for boron and phosphorus. Specifically,
at 202 mJ/cm?, the activated dopant concentrations for boron and phosphorous
show more than one order of magnitude increase. Additionally, at this laser energy
density and below, there is no significant film ablation or ncSi structure change by
melting. The increased doping concentration produced by PLA dominates the
measured improved conductivity. Although a degenerate doping level (~10"° cm
3) is achievable by PLA, the relatively low conductivity is limited by the low
effective mobility, which is consistent with the capacitance-voltage measurement
of B doped ncSi results reported in Chapter 3. Temperature-dependent
conductivity measurements suggest a hopping transport mechanism in our narrow-
spaced and interconnected ncSi. The metallic behaviour shown at higher laser

fluence can be attributed to a donor impurity band formed from the increase in
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electrically active dopants. We argue that the activated dopants initially reside
within the ncSi crystallite as interstitial impurities, which are excited to
substitutional dopants during pulsed high temperature or by the high energy
photons. In addition to ncSi, pulsed laser annealing has also potentially provided
an alternative way to modify the impurity atomic configuration in other low

dimensional semiconductor materials.
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Chapter 6

Further Discussions, Conclusions and

Future Work

Overview: In this final chapter, the electrical properties of doped ncSi material are further
discussed, including carrier lifetime and carrier mobility, which also significantly limit the ncSi
based photovoltaic device performance. The conclusion part summarizes each chapter’s results.
Finally, three interesting ncSi related research directions are presented: colloidal ncSi, pulsed
laser process and ncSi based LED.

6.1. Further Discussions

Compared to silicon nanocrystals in SiNx and SiC, silicon nanocrystals embedded
in SiO2 matrix have shown good size, shape and density control and very strong
quantum confinement related photoluminescence, but very poor electrical
conductivity. [167] The ability to dope ncSi embedded in SiO: is an important

challenge to overcome if this material is to be used in efficient photovoltaic devices.
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The most significant issues regarding the doping of ncSi have been addressed in
the previous chapters of this thesis, namely an effective way to characterise doping
using capacitance-voltage measurements (Chapter 4) and a method to improve the
activation of dopants in ncSi using a pulsed KrF excimer laser (Chapter 5). The
motivation for the research presented in this thesis has come about from the
realization that ineffective doping and low carrier mobility are the most important
factors limiting the photovoltaic performance of ncSi. (Chapter 3). Further
discussions on the electrical properties of doped (B/P) ncSi for photovoltaic

performance are presented in this section.

6.1.1. Importance of carrier lifetime

The inferior photovoltaic performances of most ncSi based solar cells to date,
based on the low Vo and extremely low Isc achieved thus far, have been generally
attributed to the very high series resistance (Rs) arising from the low conductivity
of ncSi. [19, 168] in particular because of the lateral current flow present in these

devices.

However, it should be noted that the large series resistance is only one of the
limiting factors. Low minority carrier lifetime can be even more detrimental,
resulting in an extremely low photogenerated current (Ipn). An example of this is
illustrated by the low Vo and negligible Isc achieved on a substrate-free ncSi based

photovoltaic device fabricated as a floating membrane (ncSi active layer < 500 nm)
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with electrodes on both sides as reported by Philipp et al. [169] This ultra-thin
device utilised a vertical structure to avoid the large series resistance that results
from lateral current flow. In this case, due to the low series resistance, it is safe to
say to that measured short circuit current must be comparable to the
photogenerated current (Isc = Ipn). Such a structure confirms that Isc is indeed
limited by the material quality rather than the device architecture. The high defect
density in ncSi material is the main reason for low Vo and Isc. Additionally, the
low lifetime in doped ncSi is due to the high deep defects/traps density. A clear
indication of the deep defects in these materials is evidenced by the lower
electronic bandgap extracted from temperature dependent V,. compared to the
optical bandgap extracted from PL and optical absorption measurements. [116] To
the best of our knowledge, no photovoltaic devices made with ncSi have
successfully demonstrated an efficient conversion of photon to current. This is

consistent with the results reported in Chapter 3.

One important reason for the poor lifetime of doped ncSi is the low doping
efficiency, which causes a large amount of excess impurities that aggregate in the
Si0; matrix and at the ncSi surface. These excess impurities are believed to be
electrically inactive, working as deep level defects/carrier traps. The low doping
efficiency in ncSi has also been discussed in Chapter 4 and 5. To address the issue
of low doping efficiency, we have studied a method to improve conductivity and
carrier concentration of both B and P doped ncSi using a KrF pulsed laser as

discussed in Chapter 5. We propose that with this approach, a lower doping density
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can be used. This in turn potently improves the lifetime and could reduce dopant
diffusion to the intrinsic active layer in a p-i-n structure during the usual high

temperature annealing process.

6.1.2. Importance of carrier mobility

In bulk silicon solar cells, minority carrier mobility is rarely considered because it
is high enough not to be the factor that limits photogenerated current. In contrast,
the carrier lifetime can vary by orders of magnitude becoming then dominant
limiting factor. However, for thin film solar cells, where the active material/layer
may have a much lower minority carrier lifetime, the carrier mobility becomes an

important factor if photogenerated carrier collection is to be improved.

In the case of ncSi, its low conductivity can be attributed to the lack of free carriers
or/and low carrier mobility. The lack of free carriers can be due to a self-
purification effect, high dopant ionization energy, and deep level traps. Improving
the conductivity in ncSi is not necessarily achieved by using higher doping
concentration in the SRO layer to obtain more free carriers (which may be further
detrimental to minority carrier mobility). In the case of this material, the silicon
content is an important parameter as well that may limit the conductivity even more
than the doping. For example, in Chapter 4, a high electrically active doping
concentration (~107!” cm™) has been found in degenerate boron doped ncSi in SiO:

as determined by CV measurements. In Chapter 5, an enhanced dopant activation

177



by pulsed laser annealing has been also achieved, reaching a carrier concentration
of up to ~10%2° cm™. However, the conductivity of these two cases is very different.
The degenerately boron doped ncSi in Chapter 4 is severely limited by carrier
mobility, which is more than two order of magnitude lower than that of the laser
annealed sample. This low mobility is mainly attributed to lower Si content used
in SRO causing larger ncSi spacing, so that low carrier transport is dominated by
tunnelling and activated hopping (Chapter 1.4). If the minority carrier mobility is

to be improved, both, the doping and the silicon content must be optimised.

Given the fact that low carrier mobility is inherent to ncSi embedded in SiO,, there
are several aspects that maybe worth considering in the device design of ncSi solar

cells:

1) Using thin active layers (intrinsic ncSi layer) for collecting minority carriers
before they recombine (with the assumption that ncSi can be made strongly
absorbing due to it pseudo-direct bandgap).

2) Using p'-i-n" diode structure with controlled dopant diffusion to avoid
degradation of intrinsic layer.

3) Defects passivation with forming gas (Ar : Hz) or gentle hydrogen plasma

treatment.

Furthermore, the mobility itself can be improved by lowering the doping density
but improving conductivity by using pulsed laser annealing, to reduce impurity

scattering and defects formation.
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6.1.3. Summary of factors limiting PV performance

This section has further discussed the importance of carrier lifetime and carrier
mobility as the limiting factors in the photovoltaic performance of ncSi based
device. In addition to reducing series resistance, the improvement of carrier
lifetime and mobility must be considered as well in order to improve the
photogenerated current and Voc. Lower doping density, higher doping efficiency,
relatively higher Si content and hydrogen defects passivation are recommended for

further improving of ncSi solar cell fabrication.

6.2. Conclusions

This thesis focuses on the experimental investigations of silicon nanocrystals
embedded in SiO; for photovoltaic applications. For the realization of all-Si
tandem solar cells, a detailed study of ncSi synthesis by PECVD and photovoltaic
device fabrication and characterizations have been presented. Although the basic
principles of quantum confined silicon nanocrystal solar cells are simple (Chapter
1 and Chapter 2), the actual device design, the doping of ncSi and the electronic
transport properties show complex technological and theoretical challenges. The
main reasons are the insulating nature of the SiO», the low doping efficiency and
the complex structural and local atomic arrangement of silicon nanocrystals. By

knowing the importance of electrical properties of ncSi, particular research
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emphasises has been placed on the development of Capacitance-Voltage

characterization of doped ncSi and on pulsed laser annealing for dopant activations.

In Chapter 3, plasmas enhanced chemical vapour deposition (PECVD) has been
demonstrated as a feasible technique for silicon nanocrystal fabrication. Detailed
PECVD process parameters have been summarized and discussed for controlling
the SRO stoichiometry and achieving a low deposition rate, which are essential to
achieve superlattice ncSi structure. The most significant material feature of SRO
fabricated by PECVD is the large amounts of nitrogen and hydrogen related
compounds identified by XPS and FTIR, which is different to that of SRO
fabricated by RF-sputtering. The nitrogen (N) incorporation in SRO not only
hinders the ncSi crystal formation process during thermal annealing, but it also
influences the electrical properties of ncSi. Although it is generally believed that
the hydrogen (H) in SRO benefits the material quality by defects passivation, the
ncSi materials after high temperature thermal annealing exhibit more defects,
which can be due to the strong hydrogen effusion. This effect has been identified
based on the increased refractive index and optical absorption of PECDV films. In
addition to the material characterization, a rapid thermal annealing limited to 40
seconds has been investigated to show that the silicon crystallization in SRO is a

fast process once high peak temperature over 1100 °C can be reached.

The boron and phosphorus doping in ncSi can dramatically reduce the resistivity
by in-situ doping and diffusion doping methods. For in-situ doping in ncSi, the
phosphorous doped ncSi shows much lower resistivity than boron doped ncSi. By
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analysing the effects of silicon content and doping concentration on the resistivity,
it is evident that phosphorous can enhance the silicon crystallization but not boron.
The doping of ncSi by diffusion using B and P was also investigated purely based

on studying resistivity.

After demonstrating the ability to produce doped ncSi by PECVD, single junction
ncSi photovoltaic devices have been fabricated and analysed as this represented an
important step to the all-Si tandem solar cell. The detailed fabrication process and
device characterization results are presented. The working devices exhibit diode I-
V characteristics. An open circuit voltage of 230mV has been achieved. However,
the devices exhibit extremely low short circuit current severely limiting the
performance of these devices as efficient solar cells. The parameters extracted
from electrical measurements indicate the photovoltaic performance is limited by
the low current transport resulting from the high sheet resistance and the strong
non-radiative recombination arising from the high doping concentration. These
limiting factors can be attributed to the ineffective doping (low doping efficiency)
in ncS1, which is a general problem for semiconductor nano-materials. Although
the ncSi fabricated by PECVD is expected to have improved quality due to the
expected lower defect density. The results however, indicate the problematic
properties detrimentally challenging the photovoltaic application are similar to

those found in ncSi fabricated by the more common RF-sputtering method.

By identifying the lack of reliable electrical characterization methods applicable
to ncSi for the evaluation of electrically active dopants, a CV characterization
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method has been established by developing an inverted MOS structure device as
discussed in Chapter 4. It has been demonstrated that the inverted MOS structured
device is able to overcome the parasitic effects, such as the large sheet resistance
and the edge effects, so that it becomes possible to perform CV measurement on

the highly resistive ncSi (SiOo.66) thin film materials (200-400 Q-cm).

In the discussion of the results of CV measurements, the observed frequency
dispersion effects are discussed. These effects are attributed to the lossy dielectric
layer between ncSi and the gate oxide or the extremely low majority carrier
mobility. By fitting the high frequency CV results using the numerical model
discussed, we have evaluated the doping type, doping concentration, interface
traps and other characteristic electrical properties of the highly boron doped ncSi.
Very high electrically active doping concentration ranging from 2.5x107'® to
1.4x107! cm™ with increasing boron density have been observed. However, the
doping efficiency is still below 5%. The relatively high Si content used may induce
the formation of Si network and narrow spacing between ncSi, which could be the
reason for the relatively higher doping concentration and doping efficiency
compared with the phosphorus doping. However, further increasing the boron
density does not increase the electrically active boron doping but only introduces
more defects resulted in PL quenching and lower effective mobility results. This
doping saturation at around 1x10"" - 2x10*'° cm™ can be attributed to a) the
extremely low possibility of doping in small ncSi and b) the aggregation of large

amount of inactive boron dopants at the dielectric matrix (Si02) and ncSi interface.
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The calculated effective carrier mobility is 4 to 5 orders of magnitude lower than
that of crystalline Si. Besides the low possibility of carrier tunnelling through SiO>
barrier, the stronger scattering effect from high excess impurity density and the
deep level defects/traps at ncSi interface have been proposed to be responsible for
hindering the carrier transport in ncSi films. Having identified this problem we
then focus our attention on improving the doping efficiency in order to reduce the

excess dopant density and defects/traps in ncSi.

Chapter 5 shows the effectiveness of pulsed KrF excimer laser for dopant
activation in nanocrystal silicon embedded in SiO2. A pulsed excimer laser
treatment has been demonstrated as a viable post-furnace-annealing process that
improves the conductivity and increases the electrically activated dopant
concentration in both boron and phosphorus doped ncSi. The improvement
increases with higher pulsed laser power. Specifically, at 202 mJ/cm?, the activated
dopant concentrations for boron and phosphorous show more than one order of
magnitude increase. We argue that the activated dopants initially reside within the
ncSi crystallite as interstitial impurities, and are excited to substitutional dopants
by the high energy photons. With careful structural characterization by AFM and
Raman spectroscopy, it is further confirmed that there is no film ablation or ncSi
structure change (amorphorization) due to melting of the silicon nanocrystals.
Therefore, pulsed laser annealing potentially provides a new and effective way to
modify the impurity atomic configuration in ncSi even other low dimensional

semiconductor materials.

183



Furthermore, by using the pulsed laser annealing technique, the electrically
activated doping concentration can be changed without varying the atomic dopant
concentration or ncSi structure, so it helps to study the carrier transport
mechanisms in doped ncSi. The temperature-dependent conductivity
measurements suggest a hopping transport mechanism in our narrow-spaced and
interconnected ncSi. The metallic behaviour shown at higher laser fluence can be
attributed to a donor impurity band formed from the increase in electrically active
dopants. However, in intrinsic ncSi or low doped ncSi generally, the conduction
shows space charge limited behaviour, and is attributed to defect assisted
tunnelling. As the carrier transport mechanisms in ncSi depends on the complex
ncSi structure, dopant impurity involvements and external excitation, simply
applying band conduction model and Arrhenius analysis cannot correctly explain

the conduction behaviour of ncSi.

Finally, in the view of the results of this thesis, the importance of carrier lifetime
and carrier mobility, and suggestions of device deign have been further discussed
in term of the photovoltaic performance of ncSi based device. To further improve
ncSi solar cell fabrication, reducing doping density by promoting higher doping
efficiency, using relatively higher Si content and hydrogen defects passivation are

recommended.
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6.3. Future Work

In this section we will present other areas where the knowledge acquired in this

thesis could be applied to improve the performance of ncSi based devices.

1) Colloidal silicon nanocrystal.

The silicon nanocrystal fabrication by high temperature solid state crystallization
in silicon rich oxide show strong ncSi structural disorder, poor morphology control
and requires a very high thermal budget. However, colloidal silicon nanocrystals
fabricated by wet chemical synthesis methods have exhibited remarkable size
selection, silicon nanocrystal morphology uniformity, low density of surface
defects and extremely low thermal budget. [3] Colloidal quantum dots can be
easily applied in a sensitized solar cell structure by replacing dye with quantum
dots, which have attracted tremendous attention for the potential as a low-cost solar
cells. [170, 171] Using layer-by-layer assembly methods, solid thin films of ncSi
can be fabricated using functionalised colloidal silicon nanocrystals that will self-
assemble with a spacing precisely controlled by the ligand length. [172] Although
the doping in colloidal silicon nanocrystals is still a challenge, similar to ncSi
formed by solid state crystallization, several doping methods such as modifying
ligands and chemical modulation doping by solvent materials have shown the
possibility of the electrical properties tuning. [173, 174] The development and
understanding of colloidal based films could be further improved by applying the

CV measurement technique and laser treatment discussed in this thesis.
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2) Further investigation on the pulsed laser annealing on doped

nanocrystals.

As discussed in the Chapter 1 and Chapter 5, pulsed laser annealing is markedly
different from thermal annealing, rapid thermal annealing or flash lamp annealing.
Considering the rapid rise of the use of lasers in industrial applications, it seems
relevant to investigate the mechanisms of dopant activation by pulsed laser
annealing. Advanced characterization techniques like APT [22] and ESR [23] as
presented in this thesis, will help to achieve a detailed understanding of the local
dopant redistribution and the electrically active states that could be achieved by
pulsed laser annealing. In light of the preliminary diffusion doped ncSi results
shown in Chapter 4, it is interesting to investigate if pulsed laser annealing works
well with diffusion method because diffusion doping method will not change the

ncSi morphology due to dopants during annealing (Figure 5.1).

The doping of nanostructured semiconductor materials is a general challenge,
hindering the fabrication of electronic and optoelectronic devices. Therefore, in
additional to silicon nanocrystal, we believe it would be worthwhile to apply this

technique to both I1I/V nanocrystals as well as colloidal nanocrystals.

3) The silicon nanocrystal based light emitting diode.

The colour tuneable silicon nanocrystal based light emitting diode opens another
research direction for the application of silicon nanocrystals. The direct bang gap

characteristics of quantum confined ncSi makes the ncSi based LED feasible.
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Several preliminary ncSi based LED demonstrations have been reported. [175-177]
However, the optimisation of the material electrical properties and the device

design require further development.
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