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Abstract

The researches of Si quantum dot (QD) thin film solar cell are fabricated by using
nanocrystal silicon (nc-Si) QDs embedded in the Si-based dielectric material.
However the experimental results are still substantially lower than the theoretical
value due to the unfavorable material characteristics of these Si-based matrices, that is,
they are not electrically conductive. In this thesis, we propose to use Zinc oxide (ZnO)
as the substitutable matrix material due to its' many potential applications and unique
features over other conventional wide band gap semiconductors such as high
transparency, nice crystallinity, and easiness to control the electrical properties. Hence,
ZnO is a suitable material to ‘serve as the matrix for nano-crystalline Si quantum dot
thin film solar cell.

We deposited ZnO/Si multilayer thin films by radio-magnetron sputtering. At first
part, the nc-Si QD formed after annealing by rapid thermal annealing thermal process.
We investigated the nc-Si formation and crystalline quality of the ZnO matrix by the
analyses of Raman spectra and XRD patterns. Optical-electrical properties of the
multilayer thin films after annealing are also investigated. We observe that the
sputtered Si atoms have more Kinetic energy to aggregate together as Si nano-clusters
under higher Si sputtering power. An obvious aggregation of the sputtered Si atoms
during deposition is helpful for the formation of nc-Si and the better crystallization of
the ZnO matrix in the nc-Si embedded ZnO thin films during the RTA thermal
process. At second part, we substitute RTA to furnace as our new thermal treatment
equipment to solve some problems cause by RTA. And we observe good rectification
ratio and better photon response after annealing by furnace.

At the last part, we try to solve the film bending problem cause by the high stress
interior the films after annealing. We observe the film bending problem may be
solved with a heated substrate during deposition.
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Chapter 1 Introduction

1.1 Background

Recently, the energy and environment are two of the most important issues around the
world. These included greenhouse effect and energy crisis persecute people for a few decades.
Some scientists predicted that the fossil fuel, the main resources for world energy supply,
would be depleted in the nearly future [1-1]. Also, increasing of environmental pollution
related to the usage of fossil fuel lead us to search the best ways of using the local renewable
resources of energy. The substitute energy such as solar, tides, wind, and geothermal heat are
all renewable and pollution-free. Among them, solar energy is a promising candidate because
of its enormous energy about 1000 \W/m?jand etéernity-against the whole human life. The first
modern photovoltaic cell was developed atBell Laboratories in 1954 [1-2], and the
conversion efficiency is about 6%. But it-was just too low to be applied. So, there are many
researchers involving in efficiency enhancement. But for the applications in practice, not only
the efficiency enhancement but the cost of ‘manufacturing and starting materials is also
something to be considered. In general, solar cells can be classified into three types, or called
three generations. The first generation is wafer-based silicon solar cell, but it would be
eventually replaced by the second generation of lower cost thin film technology (amorphous
silicon, small organic modules, dye-sensitized oxide nanoparticles, etc) [1-3]. However, the
development of second generation solar cell still be constrained by the problems of the low
electro-optical conversion efficiency. As we know from above, in its most mature form of
photovoltaic, high efficiency and low cost is the trend as called third generation solar cell,

observed from Fig. 1.1[1-4].
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Fig. 1.1 : Classification of three generation solar cells and its cost per peak watt ($/Wp)

1.2 Nano-crystalline Si Quantum Dots for Third Generation Solar Cell

1.2.1 Concept of the Third Generation Solar Cell

Today crystalline silicon “wafer-based solar-cells dominate the market. The record
conversion efficiency for the first generation is about 25% [1-5], which nearly approaches the
theoretical limitation (Shockley-Queisser limitation) value of 29%. Meanwhile, the starting
material cost has to be reduced as well. Therefore, the new generation solar cells with higher
efficiency and lower cost are the developmental trends. The third generation is the concept for
the thin film second generation technologies of low cost and with increasing the efficiency of
the photovoltaic devices [1-6]-[1-7]. One of the methods for efficiency enhancement is to
reduce the energy loss paths as light absorbed by the material. As shown in Fig. 1.2, the two
most important power losses are the energy higher than bandgap called high energy photon

loss, and low energy photon loss of below bandgap photons [1-8]. Longer wavelength is not
2



absorbed by the material, and shorter wavelength generates an electron-hole pair but
relaxation to conduction and valance band edge as heat. All of these limit the electro-optical
conversion efficiency. Upon above reasons, there are some kinds of third generation solar
cells tuning bandgap, called bandgap engineering, to reduce the two energy loss paths. For
example, solar cells of CIGS achieve bandgap engineering by adjusting gallium content in the
active layer [1-9]. And in our study, we adjust different size of nano-scale silicon quantum
dots (QDs) to do so [1-8]. By stacking structure, with the highest bandgap cell on the top and
the photons less than its bandgap pass through to lower bandgap underneath, each cell
converts part of the solar spectrum at maximum efficiency. As a result, the efficiency can be
totally enhanced. For instance, the over-all conversion efficiency can be reached for 42.5%

and 47.5% for two-cell and three-cell stacks, respectively [1-10].

Ener
gy 0\_\@

O

Fig. 1.2 : Loss mechanisms in a single bandgap solar cell: (1) high energy photon loss, (2)
junction loss, (3) recombination loss, (4) contact voltage loss (5) low energy photon loss



1.2.2 Principles of Si Quantum Dot Thin Film Solar Cell

As the size of the structure is reduced to a few nanometers, the phenomenon of
quantization occurred. The quantum confinement, achieved by restricting at least one
dimension less than the Bohr radius of the bulk crystalline silicon (about 5nm), cause the
discrete energy level. The strongest quantum confinement effect (QCE) is obtained if the
silicon is constrained in three dimensions, as in quantum dots. By adjusting the size of Si QDs,
the effective bandgap can be controlled. Base on these principles, the Si-QD thin film solar
cells can realize bandgap engineering and reach high electro-optical conversion efficiency by
stacking structure. One of the advantages for Si-QD thin film solar cell is that it can be
fabricated by all silicon-based tandem 'solar’ cells, because of well-developed for silicon
technology in IC industry. And silicon is also one of the most abundant elements on the earth.
So far, many groups for the researches of Si-QD thin film solar cell are fabricated by using
nanocrystal silicon QDs embedded in-the Si-based material such as SiO,, SisNg, and SiC
[1-11]. If these Si-QDs are spaced close enough, there.is a significant overlap of the electron
wavefunction. That means the carriers can transport between spaced Si QDs. However the
experimental results are still substantially lower than the theoretical value. It can be attributed
to the unfavorable material characteristics of these Si-based matrices, that is, they are not
electrically conductive. The carrier transport through the dielectric matrix is by tunneling. It
would complete limit the ability of carrier transportation. For such a terrible drawback
mentioned above, we propose to use Zinc oxide (ZnO) as the substitutable matrix material for
many potential applications and unique features over other conventional wide band gap
semiconductors such as high transparency, nice crystallinity, and easiness to control the

electrical properties [1-12]. Hence, ZnO is a suitable material to serve as the matrix for
4



nano-crystalline Si thin film solar cells.

1.3 Paper Review

1.3.1Characteristics of ZnO Thin Film and ZnO/Si Hetrojunction Solar

Cell

ZnO is a I1-VI compound semiconductor with wurtzite structure [1-12]. The wurtzite
structure has a hexagonal unit cell with two lattice parameters a and c in the ratio of c/a =
1.633 (in an ideal case). Recently, ZnO thin films have received much attention in a view
of optoelectronic device applications.. The characteristics included transparency, nice
crystallinity, wide bandgap.semiconductor material,.and direct bandgap also shown in 0.
Highly tunable electrical properties are appealing for the electric-related applications
[1-12]. And most of all, it'is not a rare-element so that the cost for the material is not a big
deal. It makes an economic superiority for its_applications. Because of the native n-type
properties of ZnO, there are some group studied the solar cell with n-type ZnO deposited

on p-type Si wafer, made a hetrojunction solar cell [1.20].

(a) (b)
e ———— —— q a- '
as-grown Zn0 | 3464"(0@2} W %
annealed ZnQ in oxygen | .
aB00T —_~ as-grown |
[ 21 FWHM |
= | 3, o
3 l =] =0226
S | a
& J'I 2 |
| = B B ||
1 Theta (
IlJ-.III
Al
300305390 3.15 320 .25 3.30 335 340 345 350 29 25 30 35 40 45 S0 55 80
hv[eV] 2Theta (deg.)

Fig. 1.3 : (a)a 2vs hv curves for the optical bandgap determination in as-grown ZnO and

annealed ZnO samples, (b)XRD pattern of the as-grown ZnQO thin film
5



1.3.2 Si Quantum Dot Solar Cell

Several techniques have been realized for fabricating the Si-QD thin film solar cells. The
methods included different deposition machines such as molecular beam epitaxy [1-13], Si
implantation [1-14], or phase separation of Si-rich-oxide by a sputtering [1-15] etc. Among
them, the sputtering is a suitable manufacturing machine due to easiness controlling the size
of Si-QD and its distribution. It is also a simple and cheap machine that has extensive been
applied in the semiconductor industry. The nano-crystalline Si (nc-Si) QDs can be realized by
the superlattice structure, deposited silicon rich oxide (or silicon rich nitride, silicon rich
carbide) layer and silicon dioxide (or SizsNg4, SiC) layer alternately. And after high temperature
post-annealing, the excess silicon precipitate.to form nc-Si QDs from silicon-rich oxide (SRO)
layer. By this way, the dots size can be clearly defined. by controlling the thickness of each
SRO layer. There are three different materials to serve as a matrix with Si-QDs embedded,
that is SiO,, Si3Ny4, and SiC. And after a high temperature post annealing, Si QDs formed. It

can be observed as equation (1-1)[1-8].
. X . X\ o
Si(O,N, C)x - (E) Si(0,Nyy3,C) + (1 —2)Si (1-1)

In Fig. 1.4, the Si-QD thin film solar cell for silicon dioxide as the matrix material was
fabricated by sputtering [1-16]. The sample was fabricated by the phosphorous-doped Si-QDs
supperlattice as an active layer on the p-type crystalline Si wafer as shown in Fig. 1.4 (a). By
changing the thickness of the Si rich oxide (SRO) layer, the dots size can be precisely
controlled. First of all, we observed the dot size of the Si-QDs by high-resolution transmission
microscopy (HRTEM). Fig. 1.4 (b) shows the low-magnification and high resolution TEM

image of bright-field mode for the annealed sample at 1100°C with 5nm silicon dot size, and
6



(c) with 8nm dot size. As a result, observed from HRTEM, we can exactly control the size of

Si-QD after high-temperature annealing, and just as our predicted, the thicker SRO layer is,

the larger size of Si-QDs will be.

(b).

(a). —

/ :.
000000000000 .. n-type silicon quantum dots
000000000000 9% in a Si0, matrix
000000000000 °;

4— p-type silicon wafer

+— Al

Fig. 1.4 : (a) Schematic diagram of n-type Si QDs on the p-type c-Si hetrojunction solar cell
and TEM images of Si quantum dots.in-a. SiO, matrix with low-magnification and
high-resolution lattice images-for (b) 5nm and (c¢) 8nm Si QDs.

Second, the optical variation between different dots size can be seen as Fig. 1.5. The
optical band gap ( Eopt ) was extracted from Tauc’s function as a hv = 0, observed from
equation (2), where h is Planck’s constant, v is the frequency of the radiation, and B™* is

the edge width parameter [1-17].

a hv =BT (hv — Egqpt)? (1-2)



From (a hv )Y

versus photon energy shown in Fig. 1.5, there is an evidence that the

effective bandgap shift to higher photon energy with the dots size been smaller.
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Fig. 1.5 : (@ hv )Y2 versus photon energy with different size of Si-QDs

The phenomenon is consistent with QCE. And then we focused on the optical-electrical

properties for photovoltaic, these are, the spectral response and its optical-electrical

conversion efficiency. From Fig. 1.6 (a) and (b), these showed the spectral response and 1-V

characteristic with different thickness of SRO layers, respectively. Finally, we observed the

highest efficiency of 10.58% from the structure of 3nm SRO layer apart from 2nm SiO, layer

as shown in 0. In literatures, the matrix material can also be substituted as SizN4 [1-18] and



SiC [1-19].
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Fig. 1.6 : (a) The spectral response with internal quantum efficiency (IQE), and (b) showed

I-V characteristics of the cell for 3, 4, 5, and-8nm Si-QDs

Table 1-1 : 1-Sun illumination cell of four different n-type Si QDs/ p-type c-Si heteroface

devices measured at 298K

SRO(S10; thickness ( nm), Vo (MV) Jse (mAjem?) FF (%) Eff. (%)
number of bilayers

3/2,15 BL 556 298 6383 10.58
42,15 BL 540.3 25.0 76.8 10.4
5/2, 25 BL 517.9 279 723 10.5
8/1, 25 BL 470.8 18.6 65.1 5.7




1.4 Experimental Motivation

As shown above, the efficiency of Si-QD solar cell is mainly limited by the dielectric
characteristics such as SiOy, SizNg4, and SiC. So far, the record efficiency of the Si-QDs solar
cell was about 10.6% published by the group of M.A. Green [1-16]. However, it’s still not
enough. That is due to the carrier transportation barrier coming from the dielectric
characteristics of the matrix constrained the current conductivity [1-11]. As a result, we
proposed ZnO as a new matrix material because it is a good electrically conductive. The
un-doped ZnO thin film shows a high conductivity due to the electron density as high as
10%*em™ [1-12]. It is naturally an n-type semiconductor. And ZnO is a good crystalline
structure with preferential orientation.along (0002) axis in the ZnO films. It also shows high
transparency characteristics. Sucha lot_of advantage mentioned above, we propose to use
ZnO to serve as the matrix material for nc-Si QD thin film solar cell.

In the studies, the substitution for ZnO as a new matrix material is an appealing idea to
enhance the ability of carrier transportation. We proposed the structure as the ZnO thin layer
and Si thin layer deposited alternately, by the RF magnetron sputtering. The Si atoms will
self-assemble as clusters beyond the finite thickness of the Si layer. And after
high-temperature post annealing, the Si-QDs formed. We analyzed the structural, optical and
electrical properties of the ZnO thin film with silicon quantum dots embedded. The schematic

diagram is shown in Fig 1.7.
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Fig 1.7 : Schematic diagram of the propose
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Chapter 2 Sample Preparation and Analyses

2.1 Sample Preparation

In this chapter, we exhibit every process of our sample preparation and then introduce
different analytical instruments and its principle. The schematic shown in Fig. 2.1
demonstrated the process from the beginning for the substrates clean to the end for the
electrode deposition. After sample preparation, the different analysis methods had been done

to show the characteristics of nc-Si quantum dots embedded ZnO thin films.
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deposition
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>

Optical and structural
properties

Fig. 2.1 : Sample fabrication process

2.1.1 Substrates Clean

There are two different substrates being used, p-type Si wafer and Quartzes. Upon
different analyses, the substrates should be chosen differently. The quartzes were
ultrasonically cleaned with acetone and alcohol for 10 minutes and the Si wafers were cleaned

by H,SO,4 and HF solutions to remove the particles and the native oxide layer.
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2.1.2 Thin Film Deposition

A variety of fabrication techniques can be observed to fabricate the Si-QDs
nanostructures that are compatible with the standard IC industry: ion-implantation,
molecular-beam exitaxy (MBE), radio-frequency (RF) magnetron sputtering, plasma
enhanced chemical vapor deposition (PECVD), and pulsed laser ablation supersonic
expansion. In our studies, we deposited the thin films by Rf magnetron sputtering. The
sputtering is the physical vapor deposition technique that used Ar* ion bombarded the target.
And after the moment transformation, the vapor atoms from the target can be deposited onto
the substrates. With magnetron techniques the ionization rate can be enhanced and also the
chamber pressure can be reduced as_100 times below. The sputtering is a promising machine
that can precisely control the thickness of the films and also has less containment in the films.

In this study, ZnO/Si single=bilayer and 20-bilayers (ML) thin films were deposited on
p-type Si(100) wafers and quartzes at a working pressure of 5 mTorr by radio-frequency (RF)
magnetron sputtering method. The Si sputtering power (Ps;j) was varied from 25 to 110 W
while that of ZnO was fixed at 75 W, and'the thickness of each ZnO and Si layers were fixed

at 5 and 3 nm, respectively. The deposition parameter is listed as Table 2.1.

Table 2.1: Sputtering parameters of ZnO/Si single bilayer and 20-bilayers (ML) thin films

Si layer ZnO layer
Sample ID
Sputtering power(W) = Thickness(nm)  Sputtering power(W)  Thickness(nm)
S25 25 3 75 5
S75 75 3 75 5
S90 90 3 75 5
S110 110 3 75 5
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2.1.3 Post-Annealing Method

There are two post-annealing instruments we used, rapid thermal annealing (RTA) and
Furnace. RTA refers to a manufacturing process which supplies a high temperature to the
substrates on a timescale of several seconds or less. Compare to the RTA thermal process, the
furnace is a slow heat process. The ramp rate is about tens of degree per minute. The
significant difference between RTA and furnace make them on each purpose. But all of them
can active the carriers or crystallize the material.

In our studies, the post annealing parameters can be classified into two parts, RTA
process and furnace process. Each of them can further separate to some annealing conditions
under different annealing temperature or. different annealing time. Here shows the post

annealing parameters as Table 2.2.

Table 2.2: Post annealing parameters after deposition

Temperature Time ambient
RTA 1000°C 20,50(seconds)
700°C
Furnace 800°C 5(mins) N,
900°C
1000°C
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2.1.4 Electrode Deposition

In the last step, metals are deposited for the electrical measurement. The ZnO thin film
with Si-QDs embedded is regarded as an n-type film. As a result, we deposited Al as the top
electrode. And the film is deposited onto the p-Si wafer, so the Ni is a better chosen for the
back electrode. The different metal deposition is for the better contact when considering to the
working function difference. The top electrodes are designed to the two patterns, the square
and finger patterns. The finger is composed of a 5 mm x 0.1 mm rectangle, the bar is a 0.2
mm X 4 mm rectangle, the pad is a 1.2 mm x 0.7 mm rectangle and the spacing is 0.29 mm.

The details of top electrode patterns are shown below in Fig. 2.2.

square finger
8mm

Fig. 2.2 : Top electrodes of square and finger patterns deposited by thermal coater
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2.2 Sample Analyses

The analytical equipments included transmission electron microscopy (TEM), atomic
force microscopy (AFM), Raman spectroscopy, X-ray diffraction (XRD), UV-visible, and
4156 are shown in this section. The ZnO thin films with nc-Si QDs embedded are investigated

on the structural, optical, electrical properties by above analytical equipments.

2.2.1 Surface Morphology

In the thesis, the analyses for surface morphologies are investigated by a Digital
Instrument D3100 atomic force microscopy (AFM) and a JEOL NPGS scanning electron
microscopy (SEM). It can scan the difference of height precisely to the scale of nanometers
by the AFM measurement [2-1]. There are three different modes when the probe scanning.
One of them taps on the surface when the probescans, called tapping mode. Our AFM images
are obtained under tapping mode. The schematic is shown in the Fig. 2.3. By detecting the

probe amplitude variation while'scanning, we can identify the surface morphology precisely.

Fig. 2.3 Taping mode of AFM equipment
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SEM is the equipment that images the sample surface by scanning it with a high energy
beam of electrons raster scan pattern [2-2]. The image is observed by collecting the secondary
electrons when the high energy electron beams bombard on the surface. Different numbers of
the secondary electrons are generated at different surface morphologies which cause image
contrast. The illustration is shown in Fig. 2.4. If a certain region on the sample more

secondary electrons are produced, a brighter image will appear there.

Many
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electrons Faraday
escape cage

Some
secondary
electrons

escape
Some

secondary
electrons
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A B C

Fig. 2.4 : Diagram for the secondary electrons generation
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2.2.2 Structural properties

In this section, the transmission electron microscopy (TEM) will be introduced. One of
the critical proofs for the nc-Si QDs formation is the atomic arrangement structure images.
TEM is a suitable instrument for the analyses with its fine structure. It is a microscopy
technique whereby a beam of electrons is transmitted through an ultra thin specimen. These
electrons interact with the atoms and showing the atoms arrangement images by the high

resolution TEM [2-3]. The schematic of a typical TEM is shown in Fig. 2.5.
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Fig. 2.5 : Schematic for TEM equipment
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2.2.3 Crystalline property

In this section, X-ray diffraction (XRD) will be introduced. In our studies, the X-ray
diffraction patterns were measured by a Bede-D1 X-ray diffractometer (XRD) with Cu Ka
radiation (A = 1.5418 A). It is a non-destructive instrument for the structural characteristic
analyses. It included the information of lattice constants, geometry, orientation of single
crystals, prefer orientation of poly crystals, and stresses, etc [2-4]. The X-ray, produced by a
high energy electrons beam bombarded on the metal sheet, is incident on the specimen and

producing the diffraction pattern by the plane of the atoms in the specimen. The schematic is

shown in Fig. 2.6 [2-5].

Fig. 2.6 :

mcident
X-ray

Atomie planes

diffracting

crystalline

incident _
K-ray

Schematic of the typical XRD equipment
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Diffraction angle 2@ is the angle with the diffracted X-rays comparing to the incident
X-rays. When there is a constructive interference, which follows the Bragg’s law, the

diffraction peak is observed. The Bragg’s law is shown in equation (2-1)

A =2d,sinB,, (2-1)
Where the dny is the spacing between the atoms planes, A is the incident X-ray wavelength.
© nw is the angle between the atomic planes and the incident X-ray beam.
The XRD pattern can also estimate the size of crystals by Scherrer formula, shown in
equation (2-2)

KA

Do _
BCOSH, (2-2)

Where D is diameter of the crystals, K-is a-numerical constant, B is the full width at half
maximum, A is the wave-length.of the incident X-ray, and 0 is the Bragg angle.
As a result, we observe the information of the crystalline orientation and the structural

properties by the diffraction patterns as above-mentioned.
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2.2.4 Optical Property

And then, we discuss the optical properties. The optical properties were measured by the
Raman spectra which were examined using a 488 nm diode-pumped solid-state (DPSS) laser
(HOROBA, Lab RAM HR). The illuminated spot size is about 1 um in diameter and the
power of laser is about 50mW. Raman spectroscopy is based on the Raman effect, which is
the inelastic scattering of photons by molecules. Here shows the Fig 2.7 for the three different
signal produced by the incident light interaction with the specimen. The Releigh scatter is the
elastic scattering. However the Raman scatter and Brillouin scattering are the inelastic. The
incident light which interact with optical phonon is called Raman scattering, and interact with
acoustic phonon is called Brillouin scatter. Raman measurement is a technique that can detect
local atomic arrangements through bond frequencies and lattice-vibration (phonon) frequency
[2-6]. In our studies, the Raman signal is a crucial analysis to examine if there is nc-Si QDs

formation or not.
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Fig 2.7 : Photon energy distribution of scattered light
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2.2.5 Electrical Property

The electrical property is measured by the 4156 equipment. The dark forward/reverse
I-V curves can exhibit rectification ratio and obtain the properties of carrier transportation.
And for the illumination analyses, the equipment is installed in the halogen light source with
1500 lux. As a result, we can investigate the photon response for our samples, and

measurement the light current and its open voltage circuit, and short circuit current also.
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Chapter 3 Experimental Results and Discussions

In our proposal, we replace the dielectric matrix material such as SiO,, SizNa4, and SiC to
ZnO for electrical properties enhancement in the silicon quantum dot solar cells. The
schematic is shown in Fig. 3.1. This chapter investigates the characteristic of the nc-Si

embedded ZnO thin films.
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Fig. 3.1 : Schematic of ZnO thin films with nano-crystalline Si embedded

With different analytic equipments such as transmission electron microscopy (TEM),
atomic force microscopy (AFM), Raman spectroscopy, X-ray diffraction (XRD), UV-visible,
and 4156, we can know the properties of our device clearly. First of all, the characteristics of
ZnO single layer must be investigated. These results are showed in section 3.1. Second, RTA
annealing treatment has been used to form nc-Si. And after that, a series analyses will be
demonstrated in section 3.2. Third, we substituted RTA to furnace as our post annealing
equipment for some reasons. And the same analyses have been done in section 3.3. In the last

section, we try to find out the solutions for film bending problem.
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3.1 ZnO Thin Films

The crystalline quality of ZnO is one of our concern issues because it has strong
influences on the optical and electrical characteristics [3-1]. Fig. 3.2 shows the XRD 26
scan pattern for the ZnO film deposited on the quartz substrate. There are two lines under
different thermal treatments, as-deposited process and annealed process by furnace at 1000°C
for 5min, respectively. These results illustrate that there is a good crystalline structure with
preferred orientation along (0002) axis in the ZnO films, both on as-deposited and annealed
samples. The crystalline properties of ZnO thin film can be enhanced under a high

temperature post annealing.

800 .
—o— As-deposited
002) d —— F1000°C-5min
600/
Py
‘s 400
c
©
c
= 200

26{°)
Fig. 3.2 : XRD pattern of the as-deposited and annealed ZnO thin films, respectively
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Then, we discuss its optical characteristics by Raman spectrum and UV-visible
spectroscopy. The optical energy bandgap (Egop) Was estimated by assuming a direct
transition between valance and conduction bands from equation (3-1) [3-2], where A is a

constant, hv is the energy of incident light, a is the absorption coefficient
a hv =A(hv — Egop)'/? (3-1)

As a result, we observed the optical bandgap of the ZnO thin film after annealing by
furnace at 1000°C for 5min is about 3.29 eV shown in Fig. 3.3 (a). And this result is matched
with the literatures [3-2]. As a result, ZnO is a wide bandgap material which is suitable to
serve as matrix for nc-Si QD solar cell. At Raman spectroscopy, there is a peak at about 435

cm™ shown in Fig. 3.3 (b). It is contributéd from oxygen-related mode (E2-high mode) of

Zno [1-13].
b
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Fig. 3.3 : (a) Plots of (a hv)? versus hv and (b) Raman spectrum of the ZnO film after
annealing
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At the electrical properties, the sheet resistance (©2-cm) is calculated by the 4-point probe
measurement. The calculated values are reported in Table 3.1. We observe that the sheet
resistance will be reduced with raising the post annealing temperature. It may be attributed to
the high temperature annealing which can improve crystalline quality of the ZnO thin film
and increase the defect density such as oxygen vacancies V, and zinc interstitial atoms Zn;.
Therefore, it reveals that the conduction characteristics of the ZnO thin film can be enhanced

by post annealing process.

Table 3.1 : Four-point probe measurement of ZnO film under different annealing conditions

As-deposited | F300-5min F600-5min F1000-5min
Zn0O ERROR RROR 1.6E 1.3E-1
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3.2 ZnO/Si Multilayer Thin Films with Rapid Thermal Annealing

Process

In this section, the ZnO/Si multilayer thin films were annealed by rapid thermal
annealing (RTA) at 1000°C for 20 and 50 seconds, respectively, in a N, environment. The

series analyses are demonstrated below.

3.2.1 Structural Properties

First of all, we investigate the atomic arrangement structure images by high resolution
transmission electron microscopy (HRTEM). The HRTEM images of sample S110 are shown
in Fig. 3.4. In Fig. 3.4 (a), it ‘exhibits obviously layer by layer structures in the as-deposited
sample. For the high-magnification image shown in Fig. 3.4 (b), the ZnO thin layer and
amorphous silicon nano-clusters can.be seen clearly. The multilayer structure of sample S110
is still available after annealing at 1000°C for 50 seconds shown in Fig. 3.4 (c). From Fig. 3.4
(d), the high density of nano-crystalline clusters with size range from 2 to 5 nm is in evidence,
observed in high magnification cross section image of HRTEM. It is a good result for our

devices.
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Fig. 3.4 : Overall and zoom-in cross-sectional HRTEM images of ZnO/Si multilayer thin
films. (a) and (b) are as-deposited, and-(c) and (d) are after annealing for sample S110

3.2.2 Crystalline Properties of Nano-crystalline Si Quantum Dot

From above results, we observe a high crystalline density inside the ML thin films. In
this section, we want to investigate the nc-Si formation in our structures. Raman is a simple,
fast, and easy instrument to detect the presence of nc-Si QDs. The Raman spectra of the
ZnO/Si multilayer thin films on quartzes under different Si sputtering power (Ps) are
exhibited in Figs. 3.5. In Figs. 3.5 (a) and (b), there are two different annealing conditions:
RTA at 1000°C for 20 (R1000-20s) and 50 seconds (R1000C-50s), respectively. We observed
that there are two main peaks at ~435 cm™ and ~518 cm™. From literatures, we know that the
peak at ~435 cm™ is contributed from oxygen-related mode of ZnO [1.13], and the one at
~518 cm™ comes from the formation of nc-Si [3.3]. It is clear that the peak at ~518 cm™ is not
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observed in sample S25 and significantly increases from samples S75 and S90 to S110, both
in different annealing conditions. Therefore, a high enough Ps; is necessary for the formation

of nc-Si embedded in the ZnO matrix.
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Fig. 3.5 : Raman spectra of ZnO/Si multilayer thin films under different Si sputtering powers
annealed by RTA (a) at 1000°C for 20 seconds; (b) at 1000°C for 50 seconds

Then, after knowing that P IS @ critical condition for nc-Si formation, we further
analyze the variation of nc-Si signal under different annealing conditions. The curve-fitting
results for the peak at ~518 cm™ contributed from nc-Si are listed in Table 3.2. We observed
that the nc-Si signal can be enhanced with respect to a narrower FWHM, larger peak intensity
area, and higher crystallinity by a longer post annealing time. All of these results shown above
represent a better crystallization of nc-Si [3-3]. The crystallinity is estimated by equation (3-1),
where |, is the signal of nc-Si, and I; and I, are represented signal of intermediate Si and
amorphous Si, respectively.

+1.

. I
crystallinity = I”Cﬁ (3-1)
nc+ i+ a
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For nc-Si formation, a better annealing condition is RTA at 1000°C for 50 seconds.

Therefore, the following analyses are according to this annealing condition.

Table 3.2 : Parameters of multilayer thin films under different annealed conditions

S90 S110
Sample ID FWHM Intensity area | Crystallinity FWHM Intensity area | Crystallinity
(nc-Si) (nc-si) (%) (nc-Si) (nc-Si) (%)
R1000-20s 5.7 223 66 10.6 173.3 55
R1000-50s 4.9 129.8 93 6.4 182.9 82

3.2.3 Crystalline Properties of ZnO Matrix

In our proposal, ZnO is regarded as a matrix, which provides good conductive properties.
The better crystal quality of the ZnO thin film is, the better conductive property it will be. As
a result, how to obtain a good quality of ZnO _thin films is something what we want to figure
out. The crystalline properties of the ZnO matrix for the multilayer thin films deposited on
different substrates after annealing at 1000°C for 50 seconds are analyzed from XRD patterns,
as shown in Fig. 3.6. In Fig. 3.6 (a) the multilayer thin films deposited on quartz exhibit
narrower FWHM with increasing Ps;. In Fig. 3.6 (b), although there is a substrate effect [3-4]
for the multilayer thin films deposited on Si wafer, the same tendency as for quartz is
observed. This means for better crystallization of the ZnO matrix, a high enough Pg; is

necessary regardless of quartz or Si substrate.
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Fig. 3.6 : XRD patterns of the ZnO/Si multilayer thin films deposited on (a) quartz, (b) Si
(100) wafer under different Si sputtering powers after annealing

3.2.4 Influence of Surface Morphalogy

Fig. 3.7 shows the AFM images for the single. ZnO-layer with a 5 nm thickness and the
single bi-layer thin films under different Psi on Si wafer after deposition. Significant
variations on the surface morphologies-are observed. The surface roughness of samples S75,
S90, and S110 are larger than that of the single-ZnO layer and increase with increasing Ps;.
More obvious formation of nano-clusters can be found for larger Psi. However, the AFM
image of sample S25 shows a smaller surface roughness than that of the single ZnO layer, and
the deposited Si layer can be seen as a thin layer-like. Since a Si nano thin film with a 3 nm
thickness needs a higher crystallization temperature of 1100°C than that for Si nano-clusters
[3-5], the nc-Si is harder to efficiently form in sample S25 during the RTA process than
samples S75, S90, and S110 and compounds are possibly produced [3-6]. From these results,
an obvious aggregation of the sputtered Si atoms during deposition is helpful for the

formation of nc-Si and the better crystallization of the ZnO matrix in the nc-Si embedded ZnO
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thin films during the RTA process.

(a) ZnO(5nm) (b) S25 (c) s75 (d) S90 (e) 5110

' -
. . ‘ |

0 Rms=0388nm lum 0 Rms=0.335nm lum 0 Rms=0.581nm lum 0 Rms=0763nm lum 0 Rms=1684nm lum

Fig. 3.7 : AFM images of (a) the single ZnO layer with a 5 nm thickness and the single
ZnO/Si bilayer thin films under Pg; of (b) 25 W, (c) 75 W, (d) 90 W, and (e) 110 W on Si wafer
after deposition.

In order to obtain more evidence for these results we observed from Fig. 3.7. A series
experiments included deposition the single ZnO layer, ZnO/Si single bi-layer, single tri-layer,
and single quadric-layer as P under 25 W and 75 W, respectively, are demonstrated by AFM
images as shown in Fig. 3.8 (a) to Fig. 3.8 (g). We observed that when P is 25W, after
depositing the Si thin layer, the surface become smoother compared to that of single ZnO
layer. However after depositing Si layer.under Si sputtering power of 75W, the surface gets
rougher. And then the rougher surface become smoother as ZnO thin film with a 5nm
thickness was re-deposited. The tendency is consistent in bi-layer, and quadri-layer under Si
sputtering power of 75W shown in Fig. 3.8 (e) and Fig. 3.8 (g). It can’t be seen as Py under
25W. As a result, it shows that the deposited Si layer which can be seen as a thin layer-like
under Pg equal to 25W. And when the Pg is higher than 75W, the sputtered Si atoms have
more Kinetic energy to aggregate together as Si nano-clusters. The surface become rougher

after depositing.
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Fig. 3.8 : AFM images of (a) ZnO single layer with a 5nm thickness and (b) after deposited Si
layer under P of 25 W for 3nm thickness, (c): re-deposited ZnO thin layer on (b) with a 5nm
thickness, and (d): re-deposited Si layer.under Pg of 25 W for 3nm thickness on (c), the
deposition steps of (e), (f), and (g)-are similar to (b), (c), and (d) just adjusting Psj from 25 W
to 75 W

3.2.5 Electrical Properties

For the solar cell applications,” the: electrical properties are one of the most important
characteristics we concerned. In Fig. 3.9, ZnO/Si multilayer films under different Ps; of (a) 25
W, (b) 75 W, (c) 90 W, and (d) 110 W, are studied on I-V characteristics. The sample S75, S90,
and S110 show significant rectification ratio and good photo-response characteristics, but S25
doesn’t. It concludes that P higher than 75 W is necessary of ZnO/Si multilayer films for
good electrical characteristic after annealing. The results are consistent with what we
observed from Raman spectra, and XRD patterns. It reveals that the good electrical
characteristics are contributed from the formation of nc-Si and the high crystal quality of ZnO
matrix. As a result, a high enough Ps; is necessary for the high-quality nc-Si embedded ZnO
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thin films.
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Fig. 3.9 : Dark forward/reverse I-V curves-of ZnO/Si multilayer thin films under different Pg;
of (a) 25W, (b) 75W, (c) 90W, and (d) 110W after annealing. The inset figures show the
photo-response characteristics of the ZnO/Si multilayer thin films.
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Table 3.3 is the quantitative analysis for the electrical characteristic obtained from Fig.
3.9 The rectification ratio at 3V are enhanced on the order of 10% and the ratio after
illumination at OV are reached the order of 10%in sample S90. It concluded that the better

rectification and good photo-response are observed with a higher Pg;.

Table 3.3 : Electrical properties of ZnO/Si multilayer thin films under different Pg;

R1000-50s
Sample ID
Rectification ratio at £3V (Dark) The ratio after illumination at 0 V
$25 none none
S75 102 10!
S90 104 102
$110 103 102

It shows the formation of ne=Si and the better crystallization of the ZnO matrix under
higher Psi than 75W, and result in good-photo-response and significant rectification in the
nc-Si embedded ZnO thin films during the RTA process. However, there are some problems
existing during RTA thermal treatment. There is no open circuit voltage (\Voc) observed in one

of them.
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3.2.6 Problems during Rapid Thermal Annealing Process

The multilayer of sample S110 is shown in Fig. 3.10. As mentioned above, we confront
the problems which is no Voc observed in one of them. In Fig. 3.10 (a), the TEM image with
low magnification exhibit some problems caused by RTA thermal process. First of all, at the
top of the deposited film, there is a thick layer with about a 100 nm thickness. The extra thick
layer is also observed after annealing, it shows in Fig. 3.10 (b). The thick layer is composed of
Zinc and Oxygen, and each element is almost accounted for 50%, with the composition
analysis by energy-dispersive X-ray (EDX). A slight Si content can also be measured in the
thick layer. Second, there is approximate 5nm thickness of silicon oxide layer between the Si
wafer and the deposited thin films. Third, there is a large bending degree at the interface after

annealing. All of these may leadto no Voc observed in thess case.

Si subs.

Si subs.

Fig. 3.10 : The ZnO/Si multilayer films after annealing shown in (a) TEM image, (b) SEM
image, (c) and (d) the interface between deposited films and Si substrate with high
magnification TEM images
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3.3 ZnO/Si Multilayer Thin Films with Furnace Annealing Process

Furnace

Heater

Sample

Fig. 3.11 : Schematic of the furnace

Because of the problems.caused by RTA thermal-treatment, we look for a new post
annealing equipment to substitute. We use furnace as our-new thermal treatment equipment,
and its schematic is shown in Fig. 3.11: It is one side open, and at the other side purging the
N, gas to maintain the positive pressure.inside-the quartz tube. The sample was pushed into
the center of the tube with a rate at about 60 cm/min. After a period of thermal treatment at
the center, the sample was pulled out at the same rate. In order to be similar to RTA thermal
treatment, not only pushing and pulling out the sample at a high rate (60 cm/min), but also
holding a short time (5min) during high temperature annealing. A series analyses are exhibited
at following sections, and we investigate the characteristics for the ZnO thin films with nc-Si

embedded after annealing by furnace.
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3.3.1 Different Annealing Temperature

50

—{+ F700-5min

| =C—F800-5min

| =~ F900-5min
—/~ F1000-5min

-3
=]

w
=]

Intensity
N
(=

wavenumber {cm-1)

-
=
T

0
300 400 500 600 700 800 900 1000
wavenumber (cm-1)

Fig. 3.12 : Raman spectrum of sample-S110 with different annealing temperature from 700°C
to 1000°C for Smin

The annealing temperature at 1000°C is-a-good condition for nc-Si formation upon
thermal process by RTA. But as the -new post-annealing equipment being used, the best
annealing condition may be changed. As a result, the sample S110 annealed by furnace with
different annealing temperatures for 5min are investigated in Fig. 3.12. We observed that the
peak at about 480 cm-1 decreasing and the one at ~518 get more obvious with increased
temperature from 700°C (F700) to 1000°C (F1000). From literatures, the peak at 480 cm™ is
contributed to amorphous Si, and the one at ~518 cm™ comes from the formation of nc-Si
[3.3]. It obtained that with increasing the annealing temperature from 700°C to 1000°C, the

amorphous Si will translate to nc-Si.
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In Table 3.4, it shows a clearly comparison for nc-Si signal between different post
annealing temperature both on its FWHM, intensity area, and crystallinity. We observed that
the nc-Si signal can be enhanced by a higher temperature annealing with respect to a narrower
peak FWHM, larger peak intensity area, and higher crystallinity. As a result, a high

temperature post annealing at 1000°C is necessary for nc-Si formation by furnace thermal

treatment.

Table 3.4 : Parameters of sample S110 under different annealing conditions

$110
SampleID
Peak FWHM Intensity area Crystallinity

(nc-Si) (ne-si) (nc-si) (%)
F700-5min none none none none
F800-5min 511.9 11.5 95.3 29
F900-5min 512.5 11.6 313.2 73
F1000-5min 513.2 9.3 443.8 76

After Raman analyses, the electrical properties are investigated as shown in Fig. 3.13.
We observed the good electrical properties of sample S110 for annealing temperature at
1000°C by furnace. The quantitative analyses are listed in Table 3.5. We observed that with
increasing the post annealing temperature, the Voc can be larger simultaneously. It may be
attributed to the nc-Si formation obtained from Raman spectrum. As sample S110 annealed at
800°C for 5 min (F800-5min), there is a bad rectification ratio and no Voc observed. It might
be attributed to the intermediate region from amorphous Si to nc-Si with annealing at 800°C

for 5 min.
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Fig. 3.13 : Dark forward/reverse. I-\V curves .of sample S110 with different annealing
temperature at (a) 700°C, (b)"800°C, (c) 900°C, and (d) 2000°C for 5 min, respectively. The
inset figures show the photo-response characteristics of sample S110.

Table 3.5 : Electrical properties comparison of sample S110 between different post annealing

temperatures
S110
SampleID
Vo Rectification ratio at The ratio after illumination at 0V
(mV) T3V (Dark)
F700-5min 50 10! 102
F800-5min 0 0 0
F900-5min 200 104 102
F1000-5min 240 104 102
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3.3.2 Structural Properties

Fig. 3.14 : Cross-sectional TEM images with (a) low-magnification, (b) high-magnification of
ZnO/Si multilayer thin films annealing by furnace at 1000°C for 5min

The multilayer structure in sample S110 after annealing at 1000°C for 5min by furnace
is observed in Fig. 3.14 (a). And a high-magnification TEM image exhibit nc-Si formation, as

shown in Fig. 3.14 (b). The dot size is-about 3-or 4 nm shown in TEM images.

3.3.3 Crystalline Properties of Nano-crystalline Si Quantum Dot

The Raman spectra of the multilayer thin films on quartzes under different Si sputtering
powers (Ps) annealed by furnace at 1000°C for 5min are exhibited in Fig. 3.15. The similar
result obtained from RTA thermal treatment is also from furnace. There is no nc-Si signal
observed in sample S25. And the signal of nc-Si significant increased from sample S75 to
S110. Therefore, a high enough Ps; is necessary for the formation of nc-Si embedded in the

ZnO matrix with furnace annealing process.
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Fig. 3.15 : Raman spectra of multilayer thin films under different Si sputtering powers after

annealing

We further analyze the signal of nc-Si obtained in Fig. 3.15. In Table 3.6, we observe the

narrower peak FWHM, and larger peak intensity area with. increasing Pg;. It represents a better

crystallization of nc-Si.

Table 3.6 : Parameters of ZnO/Si multilayerthin films under different P

nc-Si
Sample ID Peak FWHM Intensity area | Crystallinity (%)
575 514.1 | 10.7 | 172 | 77 |
5110 515.1 | 7.2 | 242 .4 | 71
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3.3.4 Crystalline Properties of ZnO Matrix

The crystalline properties of the ZnO matrix for the multilayer thin films deposited under

different P after annealing at 1000°C for 5min by furnace are analyzed from XRD patterns,

as shown in Fig. 3.16. Both in Fig. 3.16 (a) and (b), the crystalline signal of ZnO (002) with 2

0 equal to 34.4 are observed. This means there is also a good crystallization of the ZnO

matrix with furnace annealing process.
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Fig. 3.16 : XRD patterns of sample‘(a) S75;,-and (b) S110
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3.3.5 Electrical Properties

In this section, we analyze the influence with different patterned electrodes in sample
S75 and S110, respectively. 1-V curves showed in Fig. 3.17 (a) and (b) exhibit the two
electrode patterns with square and finger, respectively, in sample S75. And the other two
curves, shown in Fig. 3.17 (c) and (d) exhibit the electrode patterns with square and finger in
sample S110, respectively. There are obviously tendencies that the larger Voc and better
photo-response at OV is observed as the electrode patterns substituted from square to finger
shown in Table 3.7. It is attributed to the more light absorption, and then the more
electron-hole pairs are generated. Therefore, larger carriers were collected at the two

electrodes.
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Fig. 3.17 : Photo-response properties of multilayer thin films annealing by furnace at 1000°C
for 5mins with different patterned electrodes and Pg (a) S75 (square), (b) S75 (finger), (c)
S110 (square) (d) S110 (finger).
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Table 3.7 : Electrical properties comparison between different electron patterns in sample S75

and S110 after annealing

F1000-5min
Sample ID Voc (mV) The ratio after illumination at0 V
S75 (square) 108 10!
S75 (finger) 229 102
$110 (square) 126 10}
$110 (finger) 230 102
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3.3.6 Problems during Furnace Annealing Process

In this section, first we figure out the difference in electrical properties between RTA and
furnace annealing process. We observed V. both in sample S75 and S110 with furnace
annealing process, but not with RTA. The reason might be the unexpected films on the surface
of multilayer thin films generated by RTA annealing process. It can be regarded as the
ambient effect. In Fig. 3.18 there are four SEM images of sample S110 with different
annealing conditions (a) as-deposited, (b) annealed by RTA process at1000°C for 50seconds (c)
annealed by furnace process under the low N, flow at 1000°C for 5mins and (d) annealed by
furnace process under high N flow at 1000°C for 5mins. We observe when substituting RTA
to furnace as our post-annealing instrument and.annealing under high N, flow, the surface
unexpected thin film disappear. ‘gradually. The further investigations of the unexpected film
from the composition analysis were obtained in-section 3.2.6. The residual O, environment in
RTA chamber is too high that after high temperature annealing the evaporable Zn element will
interact with the residual O, in the chamber, and re-deposited on the surface of multilayer thin

films. The unexpected film has a bad crystal quality and with a lot of impurity.

AN |
A

Q

250KV X37.000 100nm WD 13.2mm 100nm

Fig. 3.18 : SEM Images of the ZnO/Si multilayer thin films after different annealing
conditions (a) as-deposition, (b) after annealing by RTA, (c) and (d) after annealing by furnace
under low N, flow and high N, flow, respectively
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Although the unexpected thin film disappear as we substitute the annealed instrument
from RTA to furnace and annealing under a high N, flow. After that, the surface of annealed
sample can be similar to the as-deposited sample as shown in Fig. 3.18 (a) and (d). But there
still exist two problems must be solved. The problems are shown in Fig. 3.19 (a) and (b). Both
of bending problem and interface oxide between Si substrate and the deposited films will
constrain the carrier transportation. The oxide problem will be solved by insertion the Zn
layer [3-7], and it will be our future work. And the bending problem is discussed in the next

section.

Fig. 3.19 : (a) SEM image and (b) TEM image of ZnO/Si multilayer thin films in sample S110
after annealing. The inset picture in (a) is the SEM image of sample S75 after annealing
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3.4 Solutions for Film Bending Problem

There are three concepts trying to solve the film bending problem. First, decrease the
pairs of multilayer. Second, decrease the interior stress density of multilayer. Third, deposit
with a heated substrate. For every concept, there are one or three methods to achieve. Fig.
3.20 shows the hierarchy chart. In the following, we implement the method solving film

bending problem in detail.

Filmbending
problem
|
[ I L
Decreasing the pairs Decreasing the interior stress Deposition with a
of multilayer density of multilayer heated substrate
|_‘ : | ] —
E)
(a) (8) (0) i
Spairs Increasing ZnO Decreasing Si Dep?rs:lzlggo;c:emp.
S, thickness _ thickness = '
' - -
(©)
Decreasing the
pairs

Fig. 3.20 Different methods trying to solve film bending problem
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3.4.1 Decreasing the Pairs of Multilayer

First of all, we reduce the pairs of multilayer in sample S110 from 20 pairs to 5 pairs.
And insert a ZnO thin film with a thickness of 20nm between Si substrate and the multilayer
thin films to relax the high stress inside the multilayer thin films. As we can see, there still
exist bending problem although the signal of nc-si is observed shown in Fig. 3.21 (a) and (b).

As a result, decreasing the pairs of multilayer seems not to be a good method.

(a) | (b)

Intensity

2500V X7000 1 m - WD 129mm 400 500 600 700
wavenumber (cm-1)

Fig. 3.21 : (a) SEM image and (b) Raman spectrum of ZnO/Si multilayer films for sample
S110
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3.4.2 Decreasing the Interior Stress Density of Multilayer

Second, we try to increase the thickness of each ZnO thin film layer to decrease the
interior stress density of the multilayer thin films. As increasing the thickness of each ZnO
layer, we reduce the ZnO sputtering power from 75W to 50W. The bending problem is shown

in Fig. 3.22 (a), and the signal of nc-Si can be seen in Raman spectrum shown in Fig. 3.22 (b).

6!
2
£ 2|
0
250KV X7.000 14m 400 500 600 700

wavenumber (cm-1)

Fig. 3.22 : ZnO/Si multilayer films under Ps; of 110W and ZnO sputtering power of 50W for

thickness of 3 and 7 nm, respectively in (a) SEM image and (b) Raman spectrum after
annealing
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Because of the bending problem not be solved with thicker thickness of each ZnO thin
layer. We continuously increase the thickness of each ZnO layer from 7 to 12 nm while fixed
the sputtering power of ZnO at 50W. In Fig. 3.23, it exhibits a flat surface that there is no
bending can be seen. However, the signal of nc-Si disappears at the same time. No matter
what post annealing temperature or how long post annealing time is, the signal of nc-Si can’t
be seen in Raman spectra shown in Fig. 3.24 (a) and (b). This means increasing thickness of

each ZnO layer to decrease the interior stress density of multilayer seems not a good solution.

25.0kY  X7,000 14m WD 13.5mm

Fig. 3.23 : SEM image of ZnO/Si-multilayer films under Ps of 110W and ZnO sputtering
power of 50W for thickness of 3 and.12 nm, respectively.
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Fig. 3.24 : Raman spectra of ZnO/Si multilayer films under P of 110W and ZnO sputtering
power of 50W for thickness of 3 and 12 nm, respectively, with (a) different annealing time by
furnace at 1000°C and (b) different annealing temperatures
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In the next method, we deposited the each ZnO thin layers with slight Si doping under Py
of 20W for thickness of 12 nm. The sputtering power of ZnO is fixed at 50 W, and Si is fixed
at 10 W. It is the concept for saturation the each ZnO film layers so that the Si atoms hard to
diffused in during annealing process. And then the pure Si layer is deposited at 110 W for
thickness of 3nm. The ZnO layer with slight Si doped and pure Si layer were alternatively
deposited on the substrate for 20 pairs. The results of multilayer thin films are showed in Fig.
3.25 (a) and (b), the SEM image and Raman spectrum, respectively. We successfully observed

the signal of nc-Si in Raman spectrum, but the bending is also observed in SEM image.

(a) (b)

20

-
o

250KV X7000 17m WD 129mm 400 500 600 700
wavenumber {cm-1)
Fig. 3.25 : (a) SEM image and (b) Raman spectrum spectra of the multilayer thin films with
co-sputtering ZnO 50W and Si 10W after annealing
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Third, we reduce the effective thickness of Si layer with increasing the thickness of each
ZnO layer to reduce the interior stress density of multilayer. The ZnO/Si multilayer is showed
in Fig. 3.26 (a) SEM image and (b) Raman spectrum. The Psi was fixed at 110W while ZnO
sputtering power was fixed at 50W, and the thicknesses of each ZnO and Si layers were fixed
at 7 and 2.5nm, respectively. The bending problem is solved by increasing the ZnO thickness
and reducing the effective thickness of Si layer. However, the signal of nc-Si disappears in

Raman spectrum as well.

(a) | (b)

o F900°C-5min
o F1000°C-2min
4 F1000°C-5min

250KV  X7,000 14m WD 129mm 700

Fig. 3.26 : ZnO/Si multilayer films under-Psi-of 25W and ZnO sputtering power of 50W for
2.5 and 7 nm, respectively, in (a) SEM images and (b) Raman spectrum after annealing
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3.4.3 Deposition with a Heated Substrate

The last method in this thesis is that we deposited the films of sample S110 with a heated
substrate up to 200°C. The results are shown in Fig. 3.27. In Fig. 3.27 (a), there isn’t any
bending can be observed, it seems we solved the bending problem. And then, at the Raman
spectrum there is a sharp peak located at 498 cm™. Although the signal of nc-Si is located
between 510 and 520 cm™, it shows a high intensity and a sharp peak at 498 cm™ that is
similar to the signal come from nc-Si. It might be consider as a signal contributed from nc-Si.
The shift of the sharp peak in Raman spectrum might be regarded as the high unreleased
stress inside the multilayer structure. As a result, we reach our phased goal. And the next step

is how to shift the peak located from ~498¢m™to 51X.

(a) (b)

Intensity

25.0kVY  X7,000 14m WD 13.4mm
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Fig. 3.27 : (a) SEM image and (b) Raman spectrum for sample S110 deposited at a 200°C
substrate after furnace annealing at 1000°C for 5mins
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Chapter 4 Conclusion and Future Work

4.1 Conclusion

The nanocrystalline  Si quantum dot solar cell is a promising structure for the third
generation solar cell to reduce high energy photon loss by the stack structure with different
bandgap. In the past, research of Si-QD thin film solar cell is fabricated by using nanocrystal
silicon QD embedded in the Si-based material such as SiO,, SizN4, and SiC [1-11]. However
the experimental results are still substantially lower than the theoretical value. That can be
attributed to the unfavorable material characteristics of these Si-based matrices, that is, they
are not electrically conductive. In our proposal structure, we substitute the dielectric matrix
material to a conductive material, ZnO, for electrical properties enhancement. In the thesis,
the nc-Si Thin Films with ZnO-matrix-have been successfully demonstrated. The high enough
Psi is necessary for the formation of nc-Si and also for the better crystallization of the ZnO
matrix. From surface morphology. ‘obtained in“AFM images, the sputtered Si atoms with
higher Ps; have more Kkinetic energy to aggregate together as nano-clusters and are easier to
form nc-Si during annealing, and the crystal characteristics of ZnO matrix can also be
improved as well. By substituting the annealing method from RTA to furnace, the Voc can be
observed. Good photo-response and significant rectification characteristics are attributed from
the formation of nc-Si and better crystallization of ZnO matrix under Pg; higher than 75 W
after annealing. However, there are some problems, which need solution in the proposal
structure. One of them is film bending problem. We solve film bending problem with a heated
substrate during deposition. It seems that it is a potential solution for solving bending problem,
though the peak is located at a position of intermediate phase of Si in Raman spectrum. By
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adjusting different temperature during deposition, the nc-Si can be formed while no bending
observed. Another problem is the SiOy formation at the interface. The possible solution is

discussed in our future work.
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4.2 Future work

Deposition with a heated substrate seems to be a good solution solving film bending
problem. We will test different deposition temperature and observing its bending degree, and
then trying to find out a suitable deposition temperature with no bending observed, meanwhile
the nc-Si QD form in the ZnO matrix.

Second, the oxide is generated at the interface of the deposited film and Si substrate.
With insertion a thin Zn layer, the thickness of the interface oxide will be reduced [3-7]. It is
regarded as a buffer layer that Zn atoms interact with oxygen atoms to form ZnO, so that less

O atoms will diffuse into the Si substrate and forming SiOy.

62



	封面(wei)
	Outline(wei)
	thesis.pdf

