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Abstract

Recently, the silicon quantum dot. (Si- QD) thin films have been extensively
studied and applied to the popular optoelectronics due to the widely tunable bandgap
and unique optical properties. For example, the Si QD thin films have the great
potential for photovoltaic (PV) applications because it can solve the optical loss
problem in the short-wavelength range for the Si-based solar cells (SCs). So far, the
Si-based dielectric materials are used as the matrix material of Si QD, and the PV
properties has been demonstrated. However, the overall PV properties are still limited
by the naturally high resistance of the Si-based dielectric matrix materials. In order to
solve the bottleneck of the Si QD thin films applying to SC application, we propose to
use ZnO as the matrix material of Si QDs since the ZnO thin film is a semiconductor
material with wide bandgap, high transparency, and tunably electrical properties.
These advantages are potential in improving the electro-optical properties of the Si
QD thin films for SC application. In this study, the Si QD embedded ZnO thin films
are fabricated by sputtering method and deposited by a [ZnO/Si] multilayer structure
with 20 pairs. The self-assembled Si nano-clusters are formed in ZnO matrix by high
Si sputtering power and thin Si layer thickness during deposition. The crystalline,
optical, and electrical properties of the samples annealed at different temperatures are
investigated and discussed. Besides, the electro-optical properties of the amorphous-
and crystalline-Si QD thin films are also further improved by tuning the annealing
time and using the H, annealing process. The all Si-based third generation solar cells
with high efficiency and low cost can be highly expected by integrating the Si QD

embedded ZnO thin films and the a- or pc-Si thin films in the future.
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Chapter 1 Introduction

1.1 Background

Recently, the green energy requirements are substantially increased due to the
environment population and the technology development, and solar cell is one kind of
the important green energies. The solar cells can be classified into three types, as
shown in Fig 1. 1. The first generation solar cells are high efficiency and high cost like
the c-Si bulk solar cell. Second generation solar cells are low cost and low efficiency
like the organic solar cell. The present limitation of solar cells is about 40% and their
costs per watt are still surcharge.[1] Therefore, the third generation solar cells with high
efficiency and low cost are needed like the dye-sensitized solar cell and the tandem
solar cell.[2-4]. It has the higher efficiency limitation about 60% and the cost is
expected to be lower than 0.5 $/W. The nano-crystalline Si quantum dot thin films with
tunably effective bandgap and good optical properties are great potential for the third

generation solar cell application.

$0.AV

100 Y —$0.5/W

804 L hermodynamic limit
3 ] R >
g 40 A __Present limit

20 4 “' / =1

o b QAL
0 100 200 300 400 500
Cost (§/m?

Fig 1. 1 Classification of three generation solar cells and its cost per peak watt ($/Wp). [5]



1.2 Limitation of Solar Cell Efficiency

Fig 1. 2 shows the energy loss mechanisms of a single pn junction Si solar cell.
Such as the (1) thermalization loss, (2) junction voltage loss, (3) recombination loss,
and (4) contact voltage loss. The larger energy of incident light than Si bandgap will
lead to the obvious thermalization loss and limit the highest conversion efficiency
<44%, hence, it’s one of the critical energy loss mechanisms. We can cascade different
bandgap materials to decrease thermal loss. Recombination loss is also an important
loss mechanism and we can-choose long life-time photo-excited carrier and perfect
lattice material to decrease it. Shockley and Queisser explore the relation of ideal solar
cell emission and blackbody radiation and the 1.3 eV bandgap of solar cell that has 31%
conversion is derived. [6] The 31% conversion is lower than previous 44% efficiency
because the lower output voltage is limited by junction voltage loss and contact voltage
loss. Output voltage is lower than theoretical energy bandgap. We can decrease
junction voltage loss and contact voltage loss to improve efficiency by condensing

sunlight.

Energy

T _H‘xu
@ @
(o) "_0{ —
O {3 I

Fig 1. 2 Energy loss mechanisms of a single pn junction Si solar cell.

From above discussion, junction voltage loss, contact voltage loss and

recombination loss can be improved by easier methods but the thermalization loss
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improvement is difficult. Table 1. 1 shows energy loss simulation of 1.3eV bandgap.
Thermal loss is a major loss in Table 1. 1 and it needs different bandgaps to decrease
thermalization loss. For Si material, the bandgap of different type Si material is
between 1.12 and 1.7eV. To further decrease thermal loss, the higher bandgap is needed.
So, Si quantum dot (QD) technology is proposed to reach higher bandgap of Si-based

solar cell.

Table 1. 1 Energy loss simulation for 1.3 eV bandgap. [7]

Mechanism Efficiency at £;=131eV
Power out 0.325
Below £, loss 0.250
Thermalisation loss 0.298
Carnot loss 0.022
Boltzmann loss 0.093
Emission loss 0.0m




1.3 Principle of Si QD Thin Film

A narrow definition of quantum dots scales is less than 10 nanometers of the
zero-dimensional dots. The electrons and holes are confined in a tiny three-dimensional
energy barrier when the crystal bulk size reduces below de Broglie wavelength of free
electrons. In addition, quantum dot is formed by a few atoms and its electronic density
of states is between atoms and bulk due to quantum confinement effect. In Fig 1. 3,
quantum confinement leads discontinuous electron energy level that is similar with
atomic structure. Therefore, the physical properties of the quantum dots are different
from the macroscopic nature. [8] The electronic density of state changes with the dot

size, and that will affect its optical, electrical, and magnetic properties.

EQ-Si ¢—¢ Eg,nc-Si EQ,Si t: I Eg,nc-Si

Si Si

42/_/

matrix

Fig 1. 3 Formation of energy levels from quantum confinement effect.

According to the quantum confinement effect, the nc-Si QD thin film can achieve
the larger effective bandgap than a-Si. In addition, it’s highly tunable by tuning the QD
size. Fig 1. 4 shows the effective bandgap increasing with decreasing QD size in SiO;
and SizN4 matrixes. So, it demonstrates the possibility on tunable Si bandgap by Si QD.
The multi-junction Si-based solar cells with optimized light absorption can be reached

by integrating Si QDs for decreasing the thermalization loss.
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Fig 1. 4 Relation between the effective bandgap and QD size by using SiO, and SisN,. [9]




1.4 Si QD Embedded in Dielectric Matrix

Materials

The effective bandgap of Si can be largely tuned by using a QD nano-structure.
Therefore, the Si QD thin film has potential for LED, memory device, photovoltaic
applications and so on. [10, 11] So far, Si QDs are developed by using the Si-based
Si0,, SizN,4 and SiC matrix materials. The Si precipitation mechanism can be expressed
as equation (1-1) [12]:

Si(0,N;O)x = (%) Si(05,Naya, ) (1=)Si (1-1)

The thickness and composition of Si-rich-layers are important parameters to tune

the QD size in a multilayer thin film structure. In figure 1.6, two materials are

repeatedly deposited to form the multilayer structure and the Si-rich atoms are

precipitated to form Si QDs during annealing process.

AnLaling. ‘II, ®nc-f§D

- - . /2 N
sio,, SiN,, Si,..C, ¢ g §
Si0,, Si;N,, SiC 5i0,, Si,N,, SiC
Substrate Substrate

Fig 1. 5 Formation of nc-Si QDs embedded in the Si-based dielectric matrix materials by a multilayer

thin film structure.

Fig 1. 6 shows the bulk band diagram between crystalline silicon and its carbide,
nitride, and oxide matrices. The tunneling probability is largely dependent on the

barrier height.[9, 13, 14] Hence, the matrix materials’ properties are critical for the
6



carrier transport efficiency of the QD thin films.

SI02
A
SigNy

sic 32eV

05 eV 19eV
Y Y Y
c-5i 11ev ¢-Si 1iev  ¢Si 11eV
09ev

23eV

e 47eV

Fig 1. 6 Bulk band diagram between crystalline silicon and its carbide, nitride and oxide matrix.

Fig 1. 7 shows the p-i-n'Si QD thin film solar cell fabricated by M. A. Green et
al.. It’s deposited by alternatively sputtering SiO> layer with 2nm and SRO layer 4nm
on quartz substrates within-situ-boron (B) and phosphorous (P) doping.[15] In Fig 1. 8,
it shows the sample has large open circuit voltage about 0.5 V. However, the short
circuit current density of ~0.02 mA/cm? is largely limited due to'the high resistance
property of the SiO, matrix. The similar results can also be observed in other Si-based

dielectric matrix materials such as SizN4 and SiC. [16, 17]

Top Al
contacts used
S also as a )
SRO, 4nm mask during Self aligned
RIE etching bottom Al
contacts
B.d°ped B doped
SiO,, 2nm bilayers bilayers /
' |
P doped bilayers
Quartz substrate

Fig 1. 7 Schemes of the p-i-n Si QD thin film solar cell.
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Fig 1. 8 I-V characteristics of the p-i-n Si QD thin film solar cell under 1-sun illumination.
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1.5 Motivation

The Si QD thin films with tunable bandgap and good optical properties are great
potential in resolving the thermalization loss in the Si-based SC. However, the
Si-based dielectric matrix materials will obviously limit the carrier transport
efficiency and reduce the device’s performance due to their high resistance properties.
In order to efficiently improve those problems, we propose to use ZnO as matrix
material because ZnO has many suitable properties, such as wide bandgap and high
transparency like Si-based dielectric matrices. In addition, it’s also a semiconductor
with tunable electrical properties. Hence, it has great potential in improving the
conductivity than using the Si-based dielectric matrices and efficiently enhancing the

device’s performance.



1.6 Characteristic of ZnO Material

ZnO thin film is a II-VI semiconductor material. The wurtzite structure has a
hexagonal unit cell with two lattice parameters a and c in the ratio of c/a = 1.633. It has
wide bandgap about 3.2~3.4 eV and high transparent, as shown in Fig 1. 9 (a) and (b).
Fig 1. 9 (c)~(e) also shows the good electrical properties of resistivity, mobility, and
carrier concentration.[18] In addition, the n-type ZnO/ p-type Si hetrojunction solar cell

had also been studied by other groups.[19]

.(a) b A
o
Ec ® A O
3 ag
2 o A
(] A . ()0
owfé
3 32 33 34 s 36
hv(eV)
w' 10 10°
(c) (d) - ile)
o a , 2 €
2 o © olj 8 8
%w o _ §-a°°DDDi'°"‘888
o 5 i o §
¥
(o] a B 8 3
) o 10 10

1
150 200 250 300 350 150 200 250 0 %0 150 200 250 300 350
Annealing temperature ( C) Annealing temperature ('C) Annealing temperature ( C)

Fig 1. 9 Optical and electrical properties of ZnO material: (a) absorption coefficient, (b) transmittance, (c)

resistivity, (d) mobility, and (e) carrier concentration:
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Chapter 2 Sample Fabrication and

Equipment

2.1 Sample Fabrication

The sample preparation process is introduced in this chapter, Fig 2. 1 shows a brief
fabrication flow of the Si QD thin films. The process will be clearly introduced in the

next paragraphs.

Metal Electric
deposition e properties

Substrates

clean

Thin film g Post-
deposition annealing

Q Optical and structure

properties

Fig 2. 1 Fabrication flow of the Si-QD thin films.

2.1.1 Substrates Clean

The Si wafer is chemically etched with the solutions of H,SO4:H,0, = 4:1 at 75°C
for 15 minutes and HF:H,0O = 25:1200 at room temperature for 2 minutes in sequence.

The quartzes were ultrasonically cleaned with acetone and alcohol for 10 minutes.

2.1.3 Thin Film Deposition

The radio-frequency (RF) magnetron sputtering method is used to deposit the
11



ZnO/Si multilayer (ML) thin films. ZnO and Si thin-layers are alternately deposited to
form the ML structure, as shown in Fig 2. 2. The base and working pressures are 8*10°~
torr and 5*107 torr. The sputtering powers of ZnO and Si are fixed at 75 W and 110 W,

and the thicknesses are deposited for 5 nm and 3 nm, respectively.

20 pairs —

Si3nm
Zn0O 5nm

substrate

Fig 2. 2.Diagram of ZnQ/Si: ML thin film structure.

2.1.4 Post-Annealing Process

To improve the crystal quality of the ML thin films, the samples are annealed by
furnace in N, atmosphere. In our experiment, the samples are annealed between 300
°C and 1000 °C for 30 minutes to-find the proper annealing temperature. Then, we
change the annealing time between 30 minutes and 2hr when the proper annealing
temperature is selected. Finally, the samples with better electro-optical characteristics

are annealed in H, atmosphere.

12



nc-Si QD formation or

Furnace annealing )
. a-Si nano-cluster
in N, atmosphere

-

20 pairs

. L
a-Si nano-cluster | §

O]

Fig 2. 3 lllustration of the as-deposited and annealed [ZnO/Si] ML thin films.

2.1.5 Electrode Deposition

The Ni film is deposited on the back of sample by thermal coater and 0.8%0.8 cm?

Al square electrode is deposited on the front of sample by square mask, as shown in
Fig 2. 4 (a). Finally, a 200°C annealing for 20minutes is performed for the ohmic

contact formation. Fig 2. 4 (b) shows the diagram of the device structure.

(a) (b)

0.8mm*0.8mm

Al electrode

Spacing
0.8mm

Ni electrode

Fig 2. 4 Diagrams of (a) the square mask for the front electrode and (b) the device structure.
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2.2 Equipment

2.2.1 AFM Image

The surface morphologies are analyzed by a Digital Instrument D3100 atomic
force microscopy (AFM) since it can scan the nano-scaled surface. Generally, there
are three scanning modes by using AFM including contact mode, non-contact mode
and tapping mode. The contact mode is a high resolution but damaged detection. The
non-contact mode is an un-damaged detection but lower resolution. The tapping mode
has the advantages of contact and non-contact modes such as the good resolution and
nearly un-damaged detection. Hence, the tapping mode is used to scan the sample

surface morphologies in our experiment.

Photodiode

La57

: Cantilever & Tip

———
Sample Surface T

. PZT Scanner

Fig 2. 5 lustration of scanning method by AFM.

Fig 2. 6 Image of the cantilever tip for AFM measurement. [20]
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2.2.2 SEM Image

The scanning electron microscope (SEM) is one of electron microscopes, it uses a
focused high-energy electron beam to produce varied signals at the sample surface. The
signals produced by the interacting electrons containing the useful information such as
the shape, atomic structure, and conductivity. Fig 2. 7 shows the interaction between
incident electron beam and sample. When an electron hits the surface, it may be
reflected (backscattered), absorbed, or conducted away. The atoms become unstable,
give off another electron (a secondary electron), or to give off light in order to stabilize
when the atoms absorhb electrons. Backscattered electrons and secondary electrons are
produced at the surface of sample and SEM can collect these electrons to gain the
surface morphology of samples. [20] In the lower conductive samples, the electron
beam possibly causes the accumulating charges on the surface to decrease the image
resolution, hence, the ultra-thin Au layer is coated to eliminate the accumulating

charges in our experiment.

incident electron beam

auger electron
backscattered electrons
X ra
Y \'\ > secondary electrons
diffraction electron l

transmitted electron

Fig 2. 7 Diagram of interaction between incident electron beam and sample.
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2.2.3 TEM Image

The transmission electron microscopy (TEM) is a microscopy technique using a
tunneling electron beam through an ultra-thin specimen and interacting with the sample.
An image is formed from the interaction of the electrons transmitted through the sample.
The image is magnified and focused onto an imaging device, such as a fluorescent
screen, on a layer of photographic film, or to be detected by a sensor such as a CCD
camera. There are two ways of TEM images including phase contrast and diffraction
contrast. Fig 2. 8 shows the imaging principle of phase contrast. [20] Direction electron
beam and diffraction electron beam are combined by lens to form phase contrast image.
Phase contrast image is different with crystal structure of sample. Fig 2. 9 shows the

diffraction pattern of face-centered-cubic (fcc) structure.

Fig 2. 8 Imaging principle of phase contrast.

Fig 2. 9 Diffraction pattern of face-centered cubic (fcc) crystal.
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Diffraction contrast can be classified to bright field image and dark field image.
Fig 2. 10 shows the imaging principle of diffraction contrast. In Fig 2. 10 (a),
diffraction electron beam is screened by object aperture, the bright field image is
formed by direct electron beam. Fig 2. 10 (b) shows the principle of dark field image,
the dark field image is formed by diffraction electron beam. The name of bright and
dark field images originate from the high contrast of images. Fig 2. 11 shows the
bright and dark field images of BF" ion implantation.

TEM is capable of imaging at a significantly higher resolution than optical
microscopes owing to the smaller de Broglie wavelength of electrons. This enables the
instrument's user to examine fine detail-—even as small as a single column of atoms,
which is tens of thousands times smaller than the smallest resolvable object in a light

microscope.

(a) (b)

sample

lens

/
y 5 object aperture ] [

(hki) / \

(ki)

v
direct electron beam diffraction electron beam

Fig 2. 10 Imaging methods of diffraction contrast: (a) bright field image and (b) dark field image.

Fig 2. 11 (a) Bright field image and (b) dark field image of a BF* ion implantation sample.
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2.2.4 Raman Spectrum

The Raman effect occurs when light impinges upon a molecule and interacts with
the electron cloud and the bonds of that molecule. The momentum and energy maybe
change when photon collide molecule. The former changes light propagation direction
also called Rayleigh scattering. The latter is called Raman scattering when light energy
changes after collision. Fig 2. 12 shows the principle of Raman Effect. [20] The relation

between Raman shift (Ac) and energy change (AE) is shown as equation (2-1):

Ac = ¢ (laser enegy) — o’ (scattered light energy)
= AE/hc (2-1),

where h is Planck constant and c is light velocity.

%;ttered light (hv')

Molecule energy change
AE = h(v-v')
= he(Ao)

incident light (hv)
_—

Fig 2. 12 Energy transfer of Raman effect.

For the spontaneous Raman effect, which is a form of light scattering, a photon
excites the molecule from the ground state to a virtual energy state. When the molecule
relaxes it to emit a photon, it returns to a different rotation or vibration state. The energy
difference between the original state and the new state leads to a shift in the emitted
photon's frequency away from the excitation wavelength. If the final vibrational state of
the molecule is more energetic than the initial state, then the emitted photon will be

shifted to a lower frequency in order to remain the balanced energy of the system. This
18



shift in frequency is designated as a Stokes shift. If the final vibrational state is less
energetic than the initial state, then the emitted photon will be shifted to a higher
frequency, and this is designated as an Anti-Stokes shift. Raman scattering is an
example of inelastic scattering because of the energy transfer between the photons and
the molecules during their interaction. Fig 2. 13 shows the diagram of Raman energy

transition.

Virtual

ene
et # A A
Vibrational
energy states
4
3
Y 2
'__v 1
1]

Infrared Rayleigh Stokes  Anti-Stokes
absorption scattering Raman Raman
scattering | scattering

Fig 2. 13 Diagram of Raman energy transition.

In our experiment, the crystalline properties of Si QDs are confirmed by the
Raman spectrum examined by a 488 nm diode-pumped solid-state (DPSS) laser
(HOROBA, Lab RAM HR).. The focused spot size is about 2 .um in diameter, and the

pumping power density is ~5 mW.
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2.2.5 XRD Pattern

X-ray diffraction (XRD) is a non-destructively analytical techniques which can
reveal the crystal structure, chemical composition, and physical properties of materials.
These techniques are based on observing the diffraction intensity of an X-ray beam
hitting a sample as a function of incident and diffracted angle, polarization, and
wavelength or energy.

Crystals are regular arrays of atoms, and X-rays can be considered waves of
electromagnetic radiation. Atoms scatter X-ray waves, primarily through the atoms'
electrons. Just as an acean wave striking a lighthouse produces secondary circular
waves emanating from the lighthouse, so an X-ray striking an electron produces
secondary spherical waves emanating from the electron. This phenomenon is known as
elastic scattering, and the electron (or lighthouse) is known as the scatter. [20] A regular
array of scatters produces a regular array of spherical waves. Although these waves
cancel one another out in most directions through destructive interference, they add

constructively in a few specific directions, determined by Bragg's law:

2dsin® = nA (2-2),

Here d is the spacing between diffracting planes, 6 is the incident angle, n is any
integer, and A is the wavelength of the beam. Fig 2. 14 shows the diagram of Bragg's
law. These specific directions appear as spots on the diffraction pattern called
reflections. Thus, X-ray diffraction results from an electromagnetic wave (the X-ray)
impinging on a regular array of scatters (the repeating arrangement of atoms within the

crystal).
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Fig 2. 14 Diagram of Bragg's diffraction.

Generally, grain size increases with decreasing FWHM. The larger grain size, the

better electrical property is. The equation of calculating the grain size is shown as:

A
dxsine

Grain size = 0.94 * (2-3),

here d is spacing between crystal plane.

For XRD measurement, the common methods are phase analysis (6-26 analysis)
and grazing incident X-ray diffraction (GIXRD). Fig 2. 15 shows the diagram of 6-26
analysis. The phase of bulk materials, thin films and powder samples is identified by
the light source generates and receiver movement at different angles. For thin film
samples, if the skin depth of X-ray was thicker than thin film, the signal of sample
would be mainly from substrate. So, GIXD is used to measure thin film samples. Fig 2.
16 shows the diagram of grazing incident X-ray diffraction. The incident X-ray angle
with thin film is fixed at very small degree and detector collects signal at different
angles. This way can increase the interaction area between thin film and X-ray to
enhance the signal of thin film. In our experiment, the X-ray diffraction patterns of ML
sample is measured by GIXD with 2° incident angle and the system is Bede-D1 X-ray

diffractometer (XRD) with Cu Ka radiation (A = 1.5418 A).
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2.2.6 UV-Vis-NIR Spectrum

Ultraviolet-visible-near infrared spectroscopy (UV-Vis-NIR) refers to absorption
spectroscopy or reflectance spectroscopy in the UV-Vis-NIR region. The absorption or
reflectance in the visible range directly affects the perceived color of the chemicals
involved. The absorbance and reflectance are measured by UV-Vis-NIR and then
absorption coefficient could be derived from a=A/d, here A is the absorbance of
materials and d is the film thickness. The optical characteristic of materials can be
classified to direct and indirect bandgap. The equation of effective optical bandgap is

shown below:
(ahv)" = B(hv = Egopt) (2-4),

where h is Planck’s constant, v is the frequency of the radiation, and B is the edge width
parameter. The value of y is dependent on the Egopt behavior, such as y=2 for direct
Egopt and y=1/2 for indirect Eqopr. IN OUr experiment, indirect bandgap is used to
calculate optical bandgap. The reflection and transmittance spectra are measured by a

Hitachi U-4100.

2.2.71-V Curve

The electrical properties of p-n junction between thin film and Si wafer can be
understood by I-V characteristics. In addition, we can use |-V characteristics to
estimate the vertical resistivity from the linear trend line in the high bias region. We

can calculate the resistivity by combining the resistance as equation (2-5):

R=p> =p (2-5),



where p is the resistivity, A is the cross-sectional area, and L is the length. The
cross-sectional area can be split into the width W and the thickness t. In our experiment,
the 1-V curves are measured by using a E5270B 8-slot precision measurement
mainframe (Agilent Technologies), and a halogen lamp with power density of ~20

mW/cm? is used for photo-response measurements.
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Chapter 3 Results and Discussions

3.1 [ZnO/Si] Multilayer Thin Films

The annealing temperature is important for the crystallization of Si QDs and ZnO
matrix, therefore, the [ZnO/Si] ML thin films were annealed from 300 to 1000 °C for
30 minutes. The crystalline, electrical, and optical properties of the [ZnO/Si] ML thin

films under different annealing temperature are discussed here.

3.1.1 Structural Properties

The surface ‘morphologic-images of the as-deposited ZnO (5 nm) and ZnO(5
nm)/Si(3 nm) thin films by AFM are shown in Fig 3. 1, the self-assemble Si
nano-clusters are clearly formed on ZnO thin-layer. To further confirm the formation
of Si nano-clusters, the high resolution transmission electron microscopy (HRTEM)
images are also examined, as shown in Fig 3. 2. It indicates the clear ML structure and
the self-assembled a-Si. nano-clusters with size range from 2 to 5 nm. Hence, we
demonstrate that the self-assembled a-Si nano-clusters can be formed by a [ZnO/Si]

ML deposition structure with a high Si sputtering power.

Snm

0 lpm
Fig 3. 1 Surface morphologic images of the as-deposited ZnO (5 nm) and ZnO(5 nm)/Si(3 nm) thin

films by AFM.
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(b)

Fig 3. 2 (a) Low magnification and (b) high magnification HRTEM images of the as-deposited [ZnO/Si]

ML thin films.

3.1.2 Crystalline Properties of Si QDs

From literatures, Raman spectrum of the Si QD thin films can be decomposed
into three components with peaks located at ~480, 500~510, and 510~520 cm™, which
are contributed from the transverse optical (TO) modes of Si-Si vibrations in the
amorphous (a-Si), Intermediate (i-Si), and nano-crystalline (nc-Si) phases of Si
respectively. [21] Hence, the Raman spectra of the annealed samples under different
annealing temperature are performed to understand the variation of the crystalline
properties of Si QDs, as shown.in Fig 3. 3, the nc-Si signals are clearly observed in
samples annealed at higher than 600 °C. The curve-fitting result of sample F1000 is
also confirmed, as shown in Fig 3. 4, it shows the well matched result with the

measured data.

26



400 as dep
—F300

300 F500
_ ——F600
3
g —m
=
g (00 F1000
e .
= n‘\\

-100 4 T T T

300 400 500 600 700

Raman shift (cm™)
Fig 3. 3 Raman spectra of the annealed ML thin films under different annealing temperature for 30

minutes.
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Fig 3. 4 The curve-fitting result of Raman spectrum for sample F1000.

The parameters of the curve-fitting results from Raman spectra are shown in
Table 3. 1, the corresponding plots are shown in Fig 3. 5. Here the Si crystallinity (Cs;)

is estimated by equation (3-1) as below:

Ihet+];
Inctli+I,

Si Crystallinity (%) = x 100% (3-1),

where Iy, I; and I, are the integrated intensities of a-Si, i-Si, and nc-Si peaks. With
increasing the annealing temperature, the increased Cs; and integrated intensity and

the reduced FWHM values for the nc-Si signals represent the formation of the better
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crystalline quality of Si QDs.

Table 3. 1 Parameters for the crystalline properties of Si QDs under different annealing temperature.

Peak Position Integrated Crvstallinit
of nc-Si FWHM Intensity ¥ W}I ¥
Sample ID (cm1) (cm1) (a.u.) ’
As-dep / / 0 0
F300 / / 0 0
F500 / / 0 0
F600 514 14.2 522.3 7.4%
F700 518 10.3 849.8 40.5%
F800 517 9.3 1928.1 50.3%
F1000 517 9.7 2522.8 60.6%
(a) 16 (b) 520
m— Crystallinity ‘ B 12500 ‘ ®— FWHM of nc-Si
60+ B Integrated Intensity of nc-Si e > —m— Peak Position of nc-Si L 518
L 2000 14 LS T
s - \/_... | | . 3
£ 404 2 516 =
£ - / P 20 § 12 SN g
= = L1000 = = 7\ 514 &
8 i /m ™ I L) AN =
g 20 /, — 2 E \.\ =
S w/ 500 = 104 ~ 3
V. g —— % 512 =
0{ m —n L0
- . . . , . 8+— T T T ‘ 510
0 200 400 600 . 800 _ 1000 600 700 . /800 900 1000

temperature ("C)

Fig 3. 5 (a) Crystallinity and integrated intensity and (b) FWHM and peak position for the nc-Si QDs

from Raman spectra.

3.1.3 Crystalline Properties of ZnO Matrix

temperature ('C)

The crystalline property of ZnO matrix has strong influences on the optical and
electrical properties of the ZnO thin films. [22] Fig 3. 6 shows the XRD patterns of the
annealed ML thin films, the c-axis (002) preferred orientation of ZnO matrix is clearly
observed. Inset of Fig 3. 6 shows the large range XRD scan from 20 to 60° for sample
F300, there are no other crystallization signals observed. All annealed samples show

the same results.
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Fig 3. 6 XRD patterns of the annealed ML samples. Inset shows the XRD pattern from 20 to 60° for

sample F300.

The XRD pattern of ZnO bulk locates at ~34.4° and the d-spacing value is about
2.60 A . [23] Thesstress in ZnO thin film will affect characteristic of ZnO thin film.[24]
In our experiment, the crystalline signals of ZnO(002) have to be decomposed into
two components contributed from the normal and stressed ZnQO crystals with peaks
located at ~34.4° and 35.5~36.7° individually. The curve-fitting results from XRD
patterns are shown in Table 3.2, and Fig 3. 7 shows the integrated intensity of the
normal, stressed, and total ZnO(002) crystals.-Sample F500 has the largest residual
film stress since it shows the highest stressed intensity, it may be caused by the
increased amounts of ZnO(002) or a-Si from the phase separation of the silicon-rich
oxide (SiOx— Si + Si0Oy). In addition, the total ZnO(002) intensities of the samples
annealed over 500°C decrease with annealing temperature possibly due to the

restriction from the phase transformation of Si QDs from a- to c-Si phases.
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Table 3. 2 Crystalline properties of ZnO(002) for the annealed samples.

peak FWHM integrate area d(hkl) (A)
(%)
as-dep 345 2.0 83.2 2.60
36.5 1.2 16.8 2.46
F300 345 2.0 82.4 2.60
36.6 1.6 17.6 2.45
FS00 34.5 2.1 63.9 2.60
36.7 23 36.1 2.45
F600 34.4 18 74.6 2.61
36.3 1.6 25.4 2.47
F700 34.3 2.3 79.6 2.61
36.3 1.7 20.4 2.47
F800 34.4 2.8 96.5 2.61
35.9 1.6 3.5 2.50
F1000 35.0 0.6 27.7 2.56
36.3 1.5 72.3 2.47
—m— normal ZnO
—#— stressed Zn0O
12.0K A| —Afotal
o 8.0k ‘/ \
m | -
2| | Al
‘® 1 | | u ““x. _.\
< L J
)
T 4.0k - \ ~a
| / Y \=
P B ¥ & T ““.\\
0.0~ L

0 200 400 600 800 1000
temperature ("C)

Fig 3. 7 Integrated intensities of the normal, stressed, and total ZnO(002) for the annealed samples.

3.1.4 Film Stress

Fig 3. 8 shows the SEM images of samples F500 and F1000 for 30 minutes, the
bended film is observed in sample F1000. Fig 3. 9 also shows the bending area ratio
and bending density of the annealed samples. It indicates the film bending problem

will occur while the annealing temperature is >500°C, and the bending density and
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ratio clearly increase with increasing the annealing temperature. Comparing with the
crystalline properties of the Si QDs from Raman spectra, nc-Si signals are observed
from 600°C and also increased with increasing the annealing temperature. The crystal
structure of ZnO is wurtzite and the crystal structure of Si is face-centered cubic
crystal structure. [25] Hence, it means the film bending problem comes from the
over-large film stress mainly due to the phase transformation of Si QDs from a- to

c-Si phases during annealing.

(a)

X4000 12m

Fig 3. 8 SEM images of the samples annealed at (a) 500°C and (b) 1000 °C for 30min.
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Fig 3. 9 Ratio of bending area and bending density of the annealed samples.

3.1.5 Optical Properties

Fig 3. 10 shows the absorbance (A) and transmittance (T) of the annealed
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samples. In the long-wavelength range, the samples annealed at <500 °C show the
low T and high A due to more deficiencies from a-Si QDs, the samples annealed at
>600 °C show the low A and high T owing to the reduced deficiencies from the
obvious nc-Si QDs formation. In addition, the highest absorbance of the sample
annealed at 500 °C is observed, it means that the stressed ZnO(002) leads to a larger
defects formation than normal ZnO(002). The low A and high T observed in samples
annealed at >600 °C are the good results for tandem solar cell application because the
upper cell of tandem solar cells needs to avoid the obvious light absorption in the

long-wavelength.

(a) (b)
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Fig 3. 10 (a) Absorbance-and (b) transmittance of the annealed samples.

3.1.6 Electrical Properties

The band diagrams of p-type Si wafer and n-type ZnO thin films and the
corresponding I-V curve are shown in Fig 3. 11. Here the Fermi level of Si wafer
(Exsiy) from its conduction band is ~0.76 eV due to the doping concentration of ~10"
cm used. Besides, according to literatures, we know the conduction band of Si is

close to that of ZnO. [26] Hence, the combination of these two materials can form the
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hetero-junction as a diode, and the turn-on voltage (V) is mainly influenced by the
Fermi level difference between both materials. In addition, since the Si QDs are
embedded in the ZnO matrix, it can be expected that the crystalline quality of Si QDs

may affect the effective Fermi level of thin films.

(a) (b) (c)

p-Si wafer Zn0 |
p-Si wafer Zn0

Fig 3. 11 Band diagrams of p-type Si wafer and n-type ZnO material (a) before and (b) after

combination and (c) the I-V curve of the hetero-junction cell.

The dark I-V curves of the annealed samples are shown in Fig 3. 12. The samples
annealed at <500 °C shows the good |-V properties, however, the current orders are
decreased in the samples annealed at >500 °C because of the film bending problem.
The film bending regions will lead to the formations of open-circuit and interface
defect and limit the electrical transportation properties. Fig 3. 13 (a) shows the V; of
the annealed samples from the dark 1-V/ curves. To compare with the above results, the
increased V; (a larger build-in electric field) from 600 °C is possibly resulted from the
improved crystalline quality of Si QDs or the film bending problem with increasing
the annealing temperature. Fig 3. 13 (b) shows the vertical resistivity from the dark
I-V curves, the samples annealed at =700 °C has the good resistivity with <10°
Q-cm, which are obviously lower than that of un-doped Si QDs using SiO, matrix for
~10% Q-cm. [27] The resistivity of samples annealed at =800 °C is largely increased

due to the serious film bending problem.
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Fig 3. 13 (a) Turn-on voltage and (b) vertical resistivity of the annealed samples.

Fig 3. 14 shows the light 1-\V/ curves of the annealed samples, here the result for
sample annealed at 1000 °C couldn’t be shown due to a charging effect. The
corresponding open circuit voltage (Voc) and short circuit current (Isc) are also shown
in Fig 3. 15. In Fig 3. 15 (a), the trend of Voc is similar with V; while increasing the
annealing temperature, hence, it means the increased V; with increasing the annealing
temperature from 600 to 800 °C is mainly contributed from the increased crystallinity
of Si QDs. The improved crystalline quality of Si QDs will lead to a higher effective
Etzno) and form a larger build-in electric field. In Fig 3. 15 (b), the Isc of samples

annealed at <500 °C is slightly decreased with increasing the annealing temperature,
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it may be caused by the increased residual film stress. When the annealing
temperature is higher than 500 °C, the Isc obviously increases with increasing the
annealing temperature and achieve the highest value at 700 °C due to the c-Si QDs
formation. The Isc of sample annealed at 800 °C largely reduced by the high resistivity

owing to the serious film bending problem. Hence, the sample annealed at 700 °C has

the better electro-optical properties for PV application.
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Fig 3. 14 Light 1-V curves of the annealed samples.
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Fig 3. 15 (a) Open circuit voltage and (b) short circuit current of the annealed samples
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3.2 a-Si QDs embedded ZnO thin films

As the discussions in section 3.1, 500 °C is a critical annealing temperature
without film bending problem observed. Although the Isc and V¢ are reduced from
the high residual film stress, but it has the highest crystalline intensity of ZnO(002)
and low resistivity. Therefore, the sample annealed at 500 °C has the potential for
further improvement on PV properties for the a-Si QD embedded ZnO thin films by
optimizing the annealing conditions. In this section, the properties of a-Si QD thin

films with and without H, annealing will be discussed here.

3.2.1 Crystalline Properties

Fig 3. 16 (a) shows the Raman spectra of samples annealed at 500 °C for 30
minutes, 1 hour;and 2 hours. Similar a-Si signals are observed in these three samples.
The XRD patterns for the crystalline properties of ZnO matrix are shown in Fig 3. 16
(b), the ZnO(002) peaks can be well-fitted by -the normal and stressed ZnO
components. Table 3. 3 show the curve-fitting results for the normalized integrated
intensity. The total ZnO(002) intensity IS increased by increasing the annealing time,
and the stressed ZnO(002) intensity is reduced while the annealing time is longer than
1 hour. Hence, the sample annealed at 500 °C for 2 hours has the better crystalline
properties of ZnO(002), and it indicates that the crystalline quality of ZnO matrix can

be improved by increasing the annealing time at 500 °C.
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Fig 3. 16 (a) Raman spectra and (b) XRD patterns of the samples annealed at 500 °C under different

annealing time.

Table 3. 3 Curve-fitting results for the crystalline properties of ZnO matrix of the samples annealed at

500 °C under different annealing time.

Normalized Integrated Intensity (a. u.)
SamplelD
Normal Zn0O(002) Stressed Zn0(002) Total
F500-30m 5.8E+3 5.8E+3 11.6E+3
F500-1hr 7.2E+3 4,1E+3 11.3E+3
F500-2hr 8.1E+3 4,6E+3 12.7E+3

3.2.2 Electrical Properties

Fig 3. 17 shows the dark and light 1-V curves of the samples annealed at 500 °C
for 30 minutes, 1 hour and 2 hours, and the corresponding electrical parameters are
shown in Table 3. 4. The V,, rectification, Voc, and Isc are improved by increasing the
annealing time, which are matched with the result of the total crystalline intensity of
Zn0(002). However, the ideal factors seems to be affected by the stressed ZnO(002)
intensity. The ideal factor larger than 2 is also observed in the Si QD thin films by
other group’s work, the cause had been demonstrated due to the trapping effect from

defects. [28] Hence, the defect density in the a-Si QD embedded ZnO thin film is
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dominated by the stressed ZnO(002) intensity.

a b
1 (a) 0.01 (b)
= F500-30m
0.01 + F500-1hr
13 4 F500-2hr | .
~ 1E-4 . et LI
< < e
= ! *  F500-30m = 1E4{ . .. el
s « F500-1hr 5 . e
£ 1E-6 A £ “ e . . ¢ a
3 A F500-2hr 3 %, .
saaign A
1E-5 Lot
1E-8 ¢ - a,
s .
1E-10 r T T T T 186 . ' .
-3 2 - 0 1 2 3 0.1 0.0 0.1 0.2 0.3
voltage (V) voltage (V)

Fig 3. 17 (a) Dark and (b) light I-V curves of the samples annealed at 500 °C under different annealing

time.

Table 3. 4 Parametersfrom 1-V curves of the samples annealed at 500 °C under different annealing

time.
Dark I-V Light I-V

Sample D Vertical
resistivity Rectification vt (V) |ldeal factor] Voc(mV) Isc {A)

(O*cm)
F500-30m 4.1E+4 8.6E0 0.26 53 8 6.9E-06
F500-1hr 4.1E+4 4.1E+1 0.28 3.3 45 1.1E-05
F500-2hr 4 3E+4 9.8E+2 0.32 3.7 109 1.4E-05
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3.3 a-Si QDs embedded ZnO thin films with H,

annealing

In the Si QDs thin film references, the defects at the interface of Si QDs and
SRO can be eliminated by H, annealing. [29] In the ZnO thin film references, the
defects can be eliminated by H, annealing and H atom can be a better donor. [30, 31]
Therefore, we expect defects and quality of thin film can be improved after H,
annealing.

The sample annealed at 500 °C for 2 hours is chosen to be annealed in H,
environment for 1 hour and the annealing temperature is tried from 300 to 500 °C.
The sample annealed at 500 °C-in-H, shows the better PV properties; hence, here it is

compared with the reference sample annealed in N, at 500 °C for 1-hour more.

3.3.1 Crystalline and Optical Properties

Fig 3. 18 (a) shows the Raman spectra of the annealed samples after N, and H,
annealing, both samples show the similar a-Si signals. Fig 3. 18 (b) shows the XRD
patterns. The normalized integrated intensity of stressed ZnO(002) is clearly reduced
in H, annealing (~3.4x107 a. u.) than that in N, annealing (~2.7x10° a. u.). It means
the crystalline quality of ZnO matrix can be efficiently improved by using a H,
annealing process.

The absorbance and transmittance of the annealed samples after N, and H;
annealing are shown in Fig 3. 19. The absorbance and transmittance are obviously
improved in the long-wavelength range by H, annealing due to the better crystalline

quality of ZnO matrix.
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Fig 3. 18 (a) Raman spectra and (b) XRD patterns of the annealed samples after N, and H, annealing.
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Fig 3. 19 (a) Absorbance and (b) transmittance of the annealed samples after N, and H, annealing.

3.3.2 Electrical Properties

Fig 3. 20 shows the dark and light I-VV curves of the annealed samples after N,
and H; annealing, and the corresponding parameters are shown in Table 3. 5. The ideal
factor of the sample annealed in H, (~3.0) is lower than that in N, (~4.5), which is
meaning the decreased defect density. From XRD results, it indicates that the
decreased defect density is contributed from the reduced intensity of stressed
Zn0(002) by H, annealing. In addition, the photo-response properties including the
Voc and Isc are also clearly enhanced by H, annealing. Therefore, we demonstrate

that the optical properties and photo-response properties of the a-Si QD embedded
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ZnO thin films can be efficiently improved by H, annealing, and more enhancements

can be expected by optimizing the H, annealing conditions.
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Fig 3. 20 (a) Dark and (b) light I-V curves of the annealed samples after N, and H, annealing.

Table 3. 5 Parameters from-1-V-curves of the annealed samples after N, and H, annealing.

Vertical
Sample ID Resistivity Rectification | Vt(V) |ldeal factor| Voc (mV) | Isc(A)
(Q*cm)
F500-2hr + F500—1hr{N2) 2.3E+4 1.7E+1 0.31 4.5 12 1.0E-5
F500-2hr + F500-1hr{Hz) 2.1E+4 2.AE+1 0.24 3.0 47 3.9E-5
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3.4 ¢-Si QDs embedded ZnO thin films

In section 3.1, the better PV properties of the c-Si QD embedded ZnO thin films
is observed at 700 °C. Hence, in this section, the properties of the c-Si QD embedded

ZnO thin films are discussed and optimized by tuning the annealing time.

3.4.1 Crystalline Properties

Fig 3. 21 shows the Raman spectra and XRD patterns of the samples annealed at
700 oC for 30 minutes, 1 hour, and 2 hours, the corresponding parameters are shown
in Table 3. 6. The nc-Si signal is clearly observed in these three samples, and it shows
the higher Si crystallinity as increasing the annealing time. The stressed ZnO(002)
intensity is reduced when the-annealing time is longer than 30 minutes, however, the
total ZnO(002) intensity is also decreased at the same time. It indicates that the longer
annealing time at 700 °C possibly decrease the crystalline quality of ZnO matrix for
the c-Si QDs embedded ZnO thin films. Fig 3. 22 shows the film bending density of
the samples annealed at 700.°C under different annealing time, it indicates the film

bending density doesn’t increase while increasing the annealing time at 700 °C.
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Fig 3. 21 (a) Raman spectra and (b) XRD patterns of the samples annealed at 700 °C under different

annealing time.
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Table 3. 6 Curve-fitting results from XRD patterns of the samples annealed at 700 °C under different

annealing time.

Raman for nc-Si XRD for ZnO(002)
sample ID P()P:i'?ilén F(\ch:l\)ﬂ Crystallinity Normal Stressed Total
a (%) Zn0(002) Zn0(002)
(em™)
F700-30m 518.1 10.5 19.9 5.6E+3 1.4E+3 7.0E+43
F700-1hr 517.9 7.4 23.9 4.7E+3 0.6E+3 5.3E+3
F700-2hr 517.5 7.8 25.4 5.1E+3 0.8E+3 5.9E+3
10

-

£ : —u— bending density

o

S

AT . ———n

o e

o

-

=

w 4

=

@

[m]

2 T T T T
00 05 10 15 20 25

Annealing Time (hour)

Fig 3. 22 Film bending density of the samples annealed at 700 °C under different annealing time.

3.4.2 Electrical Properties

Fig 3. 23 shows the dark and light I-V curves of the samples annealed at 700 °C
under different annealing time, and the corresponding parameters are shown in Table
3. 7. Here the ideal factors are larger than those of a-Si QD thin films because of the
film bending problem in the c-Si QD thin films, however, it’s also clearly affected by
the stressed ZnO intensity. As increasing the annealing time, the V; and Voc
simultaneously increase may due to the higher Si crystallinity formation, however, it
also lead to the higher resistivity. Hence, it indicates the longer annealing time could

lead to the negative result such as the decreased Isc from 1 to 2 hours.
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Fig 3. 23 (a) Dark and (b) light I-V curves of the samples annealed at 700 °C under different annealing

time.

Table 3. 7 Parameters from I-V curves of the annealed samples at 700 °C under different annealing

time.

Vertical
resistivity | Rectification | Vt(V) | Ideal factor | Voc (mV) Isc (A)

{Q*cm)
F700-30m 9.1E+4 1.2E+3 0.54 123 204 6.9E-06
F700-1hr 5.5E45 2.4E43 0.61 10.6 223 1.0E-05
F700-2hr 5.9E+5 1.8E+3 0.65 10.8 244 2.9E-06
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3.5 ¢-Si QDs embedded ZnO thin films with H,

annealing

In this section, the crystalline, optical, and electrical properties of the c-Si QDs

embedded ZnO thin films after H, annealing are discussed.
3.5.1 Crystalline and Optical Properties

Fig 3. 24 shows the Raman spectra and XRD patterns of the annealed samples
after N, and H; annealing, and the corresponding curve-fitting results are shown in
Table 3. 8. The crystalline properties of Si QDs are similar. by N, and H, annealing
such as the crystallinity and FWHM values. However, the total intensity of ZnO(002)
is increased by Hz annealing, it means the H2 annealing process can also improve the
crystalline properties of ZnO matrix for the c-Si QDs embedded ZnO thin films.
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Fig 3. 24 (a) Raman spectra and (b) XRD patterns of the annealed samples after N, and H, annealing.
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Table 3. 8 Curve-fitting results from Raman spectra and XRD patterns of the annealed samples after N,

and H, annealing.

Raman for nc-Si XRD for ZnO(002)
Sample ID Peak 1 cwhm | Crystallinity Stressed
Posﬁfn (cm) (%) Normal Zn0(002) n0(002) Total
(cm™)
F700-30m +
179 10.2 18.2 .6E AE .
F300-1hr(N,) 5 8 5.6E+3 0.4E+3 6.0E+3
F700-30m +
F300-1hr(H,) 517.9 10.6 18.0 8.8E+3 0.8E+3 9.6E+3

3.5.2 Electrical Properties

Fig 3. 25 shows the dark and light I-V curves. of the samples after N, and H,
annealing, and the. corresponding. parameters are shown in Table 3. 9. The Vi,
resistivity, and rectification are obviously enhanced because of the improved quality
of ZnO matrix after H, annealing. Besides, the ideal factor is also clearly reduced
after H, annealing, which is meaning the decreased defect density. Hence, the Si QD
thin films after Hp annealing show the better photo-response properties due to the

improvement of crystalline properties of ZnO matrix.
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Fig 3. 25 (a) Dark and (b) light I-V curves of the samples after N, and H, annealing.
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Table 3. 9 Parameters from 1-V curves of the annealed samples after N, and H, annealing.

Sample ID Vt (V) Resistivity n Rectification | Voc (mV) Isc (A)
(Q*cm)

F700-30m + F300(N2) 0.54 1.4E+5 |12.8 3.6E+3 249 9.0E-6

F700-30m + F300(Hz) 0.64 5.6E+4 9.0 1.1E+5 289 1.9E-5
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Chapter 4 Conclusion

The Si QD embedded ZnO thin films had been successfully fabricated by using a
[ZnO/Si] ML structure. The resistivity of the Si QD embedded ZnO thin films
annealed at <700 °C is obviously lower than that using a SiO, matrix. When the
annealing temperature is <500 °C, no crystalline Si signals are observed. The a-Si QD
embedded ZnO thin films annealed for 30 minutes show the good lIsc but low Voc.
When the annealing temperature is >600 °C, the crystalline Si signals can be observed.
The ¢-Si QD embedded ZnQ thin films show the good optical properties with the
high-T and low-A in the long-wavelength range. At the annealing temperature of 700
°C for 30 minutes, the good Isc-and Voc are simultaneously observed. However, the
film bending problem is also examined in the ¢-Si QD embedded ZnO thin films due
to the phase transformation of a- to ¢-Si QDs embedded in ¢-ZnO matrix.

For the a-Si QD embedded ZnO thin film, the residual film stress is reduced by
increasing the annealing temperature or using a H,-annealing process. The reduced
film stress can lead to the better optical properties and the lower defect density and
improve the PV properties. For the ¢-Si QD embedded ZnO thin films, the increased
annealing temperature reduces the residual film stress and slightly increases the Si
crystallinity, however, it also decreases the crystalline intensity of ZnO matrix. That
result makes the optimal annealing time for better PV properties is at 1 hour not 2
hours. More improvements of PV properties are also observed by using a H;
annealing process due to the enhanced crystalline intensity of ZnO matrix.

In the future, more enhancements on the PV properties of the Si QD thin films
can be expected by using the ZnO matrix material after resolving the largely residual

film stress.
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