R

o6
i

b
pas
=

a\
-&h\
o
Ft*

\,\

- Ty ‘Pr.— hJ
BB RN Y

Boron Doping Effect on the Super-High Density Si Quantum

Dot Thin Films

VN R Sz

By 2k R



y? . 5 - > 4, B = _‘,_.,. . .
FEB SR ALR B AP LSRR LY

Boron Doping Effect on the Super-High Density Si Quantum

Dot Thin Films
'SR A | ATF i Student : You-Jeng Chen
PR (e E N Advisor ® Prof. Po-Tsung Lee
IR I T .

A Thesis
Submitted to Department of photonics
College of Electrical Engineering and Computer Science
National Chiao Tung University
in partial Fulfillment of the Requirements
for the Degree of Master
in
Electro-Opticals Engineering
September 1997

Hsinchu, Taiwan, Republic of China

PEAR-F R #E4 0



PR BEVREBAPEI BRI

F &

“~

BT 1 5§ i # 7 & %(Gradient Si-rich oxide multilayer, GSRO-ML) % # %
,r»h;t&rg?r.)ig;ﬂ g‘t,hlgg_ol__ g;%l‘éé ,;\‘,ﬂau J +w#$9\{‘ ’E‘—«"%L

Jod

2 RO RIS B AT A 0 g R s

‘ﬁz@%”“k@?ipﬂ+%mwﬁﬂ7ﬁﬁwiﬁ HIFFEFT o &
PR sc T o SEE AR R Rt A PRRIFEL I PR B REs
Peg i R o B AR L0 5 e T 25W£¢ d 3t s i jy“«
R H4e o T RGBT A RN P RS RS R
0W pF > | g £ P32 s M AB R RS W e BRI O R 5 ﬁ&ﬁ;f{%
W A R BTN o R o AP m;ﬁd 3 — Moz sk
B 1 GSRO-ML & <« riﬁe&:éﬁ R G OE R ECTR %\i’" sl A EanE o A
+ B 2T o g H e GSRO-ML chs i g B R o SO Heensk B e fe s &

e I HRGHER G SRR BRE > FEF P B B AT

%*M

\"V

\F‘b

$°ﬂw’a¢%%vﬂ’AW% R R N TR
WEEORFRE ARBLSFETE R B kRE AT EBEETE Y

LR Rl SURINEE (- SRRt S -



Boron Doping Effect on the Super-High Density Si
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Student : You-Jeng Chen

Advisor : Dr. Po-Tsung Lee

Institute of Electro-Optical Engineering

National Chiao Tung University

Abstract

In order to further reduce quantum dot (QD) separation, we had proposed and
successfully developed the gradient Si-rich oxide multilayer (GSRO-ML) structure
for the super-high density Si QD thin films with larger carrier tunneling probability.
In this study, we investigate the B-doping and QD size effects on the super-high
density Si QD thin films by using a GSRO-ML structure. Under B-doping effect, the
preserved high crystallinity of Si QDs and the slightly reduced E4 with increasing Pg
are observed, besides, the electrical and PV properties are enhanced with increasing
Pg from 0 to 25W due to the increased active B-doped atoms but degraded at the
higher Pg than 30 W due to the increased inactive B-doped atoms and the interfacial
over-diffusion of B-doped atoms. The decreased Voc with increasing Pg due to the
interfacial over-diffusion is efficiently improved by inserting the lowly B-doped
GSRO thin films as buffer layers. Under QD size effect, the red-shift effect is clearly
confirmed in the absorption band edge and quantum efficiency response with
increasing NL thickness. Therefore, our results had demonstrated the feasibility and
great potential for the higher efficiency Si-based solar cells integrating Si QDs by
using a GSRO-ML structure.
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CH.1 Introduction

1.1 Background of Solar Cells

Energy shortage, global warming and population growth are the three main
factors that affect people’s goals for sustainable development. In contemporary society,
fossil fuels are the major world’s supply of energy source, and they are also the
primary culprit behind climate change. Beside, the shortage in fossil fuel and increase
of world energy consumption will lead to an energy crisis in the foreseeable future.
These problems mentioned above lead us to find out the substitute energies, which
generating energy from renewable sources are paramount for sustaining future energy
supplies. Solar energy that converts light energy directly into electricity by the
photovoltaic (PV) effect 1S among a number of promising renewable energy
technology that is being pursued.

The solar cells can be classified into three generations as shown in Fig. 1-1. The
first generation solar cells are silicon wafer-based solar cells which perform the high
efficiency but high cost, like crystalline silicon (c-Si) bulk solar cell. For reducing the
cost, second generation solar cells like amorphous silicon (a-Si) and organic cells
have been developed. The cost of second generation solar cells is quiet cheaper than
that of first generation solar cells. On the contrary, the efficiency of second generation
solar cells is less than that of first generation solar cells. For achieving solar cells with
high efficiency which is potential to be larger than efficiency limit of solar cells with
single bandgap (33.7%) and low cost, the third generation solar cells such as polymer
solar cells, nanocrystalline solar cells and multi-junction solar cells are being studied.
Even if the third generation solar cell is superior to the others, they are still in research

phase.
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1.2 Tandem Si-based Solar Cells

1.2.1  Energy Loss in Single Junction Solar Cells

In the standard single junction solar cell, there exist five loss paths of energy,
including junction loss, contact loss, recombination loss, non-absorption loss

(low-energy loss) and thermalization loss (high-energy loss) as shown in Fig. 1-2 [2].

Fig. 1-2 Loss processes in a standard solar cell: ® non-absorption of below bandgap photons; @ lattice
thermalization loss; ® and @ junction and contact voltage losses; ® recombination loss (radiative
recombination is unavoidable).

Thermalization loss occurs when the incident energy larger than the bandgap,
and non-absorption loss occurs when the incident energy smaller than the bandgap.
These two losses are the two most important losses in single-junction PV cells. In
order to overcome the two important losses mentioned above, there are some ways
like: (a) increasing the absorption of photon by utilizing multiple bandgap from the
wide-range spectrum; (b) capturing carrier before thermalization; (c) multiple carrier
pair generation per high energy photon or single carrier pair generation with multiple
low energy photons. Among these, tandem solar cells, stacking sub-cells from large to
small bandgap in turn, are the reliable structure to achieve a high efficiency SC. There
are several nanostructured cell proposals that aim at higher efficiency. The

nanocrystalline Si can be made less than 7 nm in diameter and behave as quantum
3



dots (QDs), e.g. bandgap control with nanocrystal size, very fast optical transition,
and multiple carrier generation, owing to the three-dimensional quantum confinement
of carrier [3]. Nanocrystalline Si embedded in dielectric material cascaded with
silicon-based solar cells is one of the proposed solar cell structures to achieve super

high conversion efficiency due to its ability in energy bandgap engineering.




1.2.2  Quantum Confinement Effect

Behavior of particle waves confined in an infinite quantum well can be explained

by three-dimensional (3-D) time-dependence Schrodinger's equation expressed as

h 9 .
— 5=V + V() = B¥ () 1-1)

We can obtain that allowance energy states are discrete and they dependent on the
width of the quantum well. The phenomenon comes from the quantum confinement

effect. For particle-waves confined in nanoparticles covered in materials with finite

barrier height, similar energy states can be obtained, as expressed by Eq. (1-2)

h2m?

2ma?

E, n?, n? = (nZ+nj+n2) (1-2)
Where ny, ny, n are integers and equal to 1 for the ground state square box.

Discrete energy levels depend on the dimension of nanoparticles and barrier
height between nanoparticles and materials which cover around them. Fig. 1-4 shows
the wave functions of different nanoparticles sizes with a fixed barrier height and

those of different barrier with a fixed nanoparticle size. As a result, we can control

effective bandgap by tuning the QD's size and changing the matrix material.

Constant V, , a is varied:

Fig. 1-3 lllustration of 3-D time-independence Schrddinger's equation and boundary condition [4].



1.2.3  Tandem Si-based SCs Integrating Si QD thin films

According to quantum theory, when the QD's size is approached to nanoscale,
the quantum confinement effect will occur. It will relax the K-space conservation
requirement and transform the Si bandgap properties from indirect to quasi-direct and
modify the effect bandgap of Si. Fig. 1-4(a) shows the Si QDs embedding in a wide
bandgap material can lead to a highly-tunable effective bandgap, and Fig. 1-4(b)
shows the effective bandgap of Si QD can be widely modified by tuning the QD's size
in SiO, or SizsN, matrix. This indicated that it's feasible to achieve the wide bandgap
which is larger than c-Si and a-Si material by using Si QD thin films. Hence, we can
integrate Si QDs into Si-based solar cells to reduce energy losses from mismatch

bandgap.
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Fig. 1- 4 (a) Hlustration of Si QD embedded in materials with different QD size. (b) Experimental
bandgaps of Si QDs embedded in SiO, and SiN, from other groups [5].

In order to achieve high efficiency and low cost solar cell, the third generation
solar cells have been studied. One of the promising candidates is the tandem solar cell
using Si QD thin films as shown in Fig. 1-5 [6]. The concept of the tandem solar cell
is stacking different bandgap of solar cells from large to small ones for the absorbing

different energy of photons. The uppermost cell has the largest bandgap and lets the
6



photon which energy less than its bandgap passing through to lower bandgap cells
underneath.

Tandem solar cell using Si QD thin films stacking materials with different energy
bandgap can utilize the wide solar spectrum more effectively. Table 1-1 shows the
best bandgap combinations under different numbers and their theoretical efficiencies

[7]1.

YO Y

Fig. 1-5 Scheme of Si-based tandem solar cell [6].

Table 1-1 Theoretical efficiencies and corresponding bandgap combination depending on the active cell
layers [7].

Cell no. Band gap energy combination (eV) Efficiency
1 1.34 33.54
2 1.60/0.94 45.32
3 1.90/1.36/0.94 51.32
4 1.98/1.46/1.05/0.70 54.70
5 2.12/1.64/1.27/0.99/0.7 57.19




1.3 Paper Review

Recently, the fabrication and study of nanostructure silicon systems have been
largely developed due to the potential for optoelectronic applications. Most of the
studies were devoted to QD structures and to multilayered configurations for the
fabrication of optoelectronic devices. The QD structure consists in the elaboration of
composite materials made of nanocrystalline Si embedded in a transparent and
insulating matrix (SiO,). They are commonly fabricated by-ion implantation of Si* [8,
9], plasma enhanced chemical vapor deposition [10, 11] or by magnetron sputtering
[12, 13, 14], and they have commonly been deposited by a [silicon
dioxide/silicon-rich oxide] multilayer ([SiO,/SRO]-ML) structure.

Since the Si QD thin films integrated in PV devices, it shows the feasibility and
great potential. For example, K. J. Kim et al. proposed integrating Si QD thin films
with Si-based SCs with high efficiency in 2011 [15]. In this study, they achieved the
heavily B-doped Si QD thin films by co-sputtering B with Si and SiO; targets, and
they demonstrated a p-type Si QD solar cell with a high energy conversion efficiency
of 13.4% was realized from a [B-doped SiOio (2nm)/SiO; (2nm)] 25-period

superlattices film (Fig. 1-6 (c)) with a B doping concentration of 4x10?° atoms cm™,

©
<

B doped Si S 60
QD in SiO, 2
Ea
00000000000 “?
2 20t
® :
- E o
n type Si (100) g Dark
32 —— Light
" 5 . g
Al electrode %o 05 0.0 0.5
Voltage (V)
(a) (b) (©) (d)

Fig. 1-6 (a) Illustration of p-Si QDs/n-Si heterojunction solar cell and representative TEM micrographs
of the (b) as-deposited and (c) annealed [B-doped SiO;¢/SiO,],s SL films at 1100°C for 10 min. (d)
Current-voltage (IV) characteristics under air mass 1.5 (AM 1.5G) illumination of 200 mW cm 2.
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In 2012, the all Si QD thin film solar cell had been fabricated on a quartz
substrate by 1. Perez-Wurfl et al. [16]. They fabricated p-i-n diodes (Fig. 1-7) by
sputtering alternating layers of SiO, and SRO with in situ boron for p-type and
phosphorus for n-type doping. The dark and illuminated |-V characteristics of the
fabricated diodes showed a rectifying behavior with an open circuit voltage (Voc) of
492 mV (Fig. 1-8(b)), and this is the largest Voc reported to date for nanocrystalline
Si device on an insulating substrate. However, the short circuit current was clearly
limited by series resistance due to the high resistance property of the Si-based

dielectric materials.

Top Al
contacts used
S alsoas a )
SRO 4nm mask during Self aligned
RIE etching bottom Al
contacts
B doped B doped
Si0,, 2nm bilayers bilayers /
' 1
P doped bilayers
Quartz substrate

Fig. 1-7 Schematic of diode with self-aligned contacts.

10000 = 2500 100
Rigeries ~4.1 kQCmZ_’:‘ 492mV /
1000 | 2000 0
g -100
__ 100 1500 g _
< E—
LSS Z g -200
10 100 § =
Rieries ~28kQcm?
L 500 -400
= 0.02mA/cm?
H
0.1 I+ 0 -500

- 05 0 05 1 15 0 0.1 0.2 0.3 04 0.5 0.6
Vapplied (V) Vapplled (V)
(a) (b)

Fig. 1-8 Measured (a) dark and (b) under a simulated 1-Sun illumination IV characteristics of a 2.2mm?
diode.



In order to improve the carrier transportation efficiency in Si QD thin films, we
had proposed a new gradient Si-rich oxide multilayer (GSRO-ML) deposition
structure in 2013 [17]. Without using SiO, barrier layer, the Si QD thin film using a
GSRO-ML deposition structure showed excellent capabilities, not only a higher QD
density but also a good QD size control, as shown in Fig. 1-9. Compared with a
[SiO2/SRO]-ML structure, sample GSRO-ML has improved carrier transport
efficiency and a larger optical absorption coefficient resulting from the formation of
QDs with higher density, as shown in Fig. 1-10 and Table 1-2. The enhancements on
electro-optical properties in sample GSRO-ML are also obtained, as shown in Fig.
1-11 and Table 1-3. However, the PV properties in this study are still not high enough
for achieving high-efficiency solar cells. It can be improved by other ways with using

GSRO-ML deposition structure.

25

I [S10,/SRO]-ML
201 |mmm GSRO-ML

Amount
5 @

v

04
GSRO-ML 2 3 4 5 6 7 8 9 10
QD size (nm)

& (b)
Fig. 1-9 (a) High-resolution TEM images of samples [SiO,/SRO]-ML and GSRO-ML. (b) The
corresponding QD size distributions.

10°

(ahv)™ (eVicm)'™?

o GSRO-ML
a Si0,/SRO-ML

10° 1— r : T T
1.0 15 20 25 30 35 4.0

hv (eV)
Fig. 1-10 Absorption spectra of samples GSRO-ML and [SiO,/SRO]-ML. Inset shows the
corresponding Tauc plots for the indirect allowed transition.
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Table 1-2 Optical energy gap calculated by Tauc equation and the corresponding absorption coefficient.

E from aatE
g.opt. g.opt.
Sample ID Tauc eq. (eV) (cm™)
[S10,/SROJ-ML 1.83 3.1x10?
GSRO-ML 1.96 3.4x10°
(b) =
i q
10 g
T 2
e
=< Z
£ - i
— ] — GSRO-ML (Light)
® :
[ 54 O 5 T T T
E 0.0 0.1 0.2 0.3
=4 Bias (V)
O
—— GSRO-ML (Dark)
—[SiO,/SROJ-ML (Dark)
0-
4 2 0 2 4
Bias (V)

Fig. 1-11 Dark |-V curves of samples GSRO-ML and [SiO,/SRO]-ML. Inset shows the corresponding
light 1-V curves under halogen-lamp-illumination.

Table 1-3 Photo-response properties of [SiO,/SRO]-ML and GSRO-ML.

Sample ID Voc(mV) I (mA/cm?)

[SiO,/SROJ-ML 110 2.6x10°

GSRO-ML 302 5.5x10+
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1.4 Motivation

The efficiency of Si QD solar cell is not high enough even using the GSRO-ML
structure. According to studies, higher B doping will move the Fermi level to the
valence band, thereby increasing the potential difference at the p-n heterojunction of
p-type QDs/ n-type Si wafer. Hence, in order to improve the PV characteristic of Si
QD thin film, achieving the heavily doping in Si nanocrystals is necessary.

In this study, we proposed the B doped Si QD thin films with GSRO-ML
structure. Here we expect the built-in electrical field and carrier concentration can be
enhanced effectively by heavily B doping in Si QD. We will discuss the characteristic

about crystalline, optical, electrical and PV properties in this thesis.
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CH.2 Fabrication of B-doped Si QD Thin Films

In this chapter, we introduce the fabrication process of our samples. The process
is shown in Fig. 2-1. In this study, we use two different substrates to analysis the
characterization of Si QD thin films. One is n-type Si(100) wafer for
photoluminescence (PL) analysis, X-ray diffraction, quantum efficiency (QE) and
electrical measurement. The other one is quartz for Raman scattering analysis,

UV/Vis/NIR analysis and Hall effect measurement.

Clean Deposit Post Remove Deposit
o ::> L >|  Anneal >|  Thermal > Metal
Substrate Thin Film Treatment Oxide Contact

Fig.2-1-Fabrication process of Si QD thin films.
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2.1 Substrate Clean

The cleaning procedures for substrate are shown as Fig. 2-2. Si wafers are
cleaned by standard RCA cleaning as shown in Fig. 2-2(a). The main purpose of RCA
cleaning is to remove the particles, organic contaminates and native oxide on the
wafer. And we clean quartz in acetone and ethanol for 10min by ultrasonic cleaner to

remove organic contaminates on the quartz surface. The process is shown in Fig.

2-2(b).
DI water rinse (5 min)
—_ Acetone (10 min)
3:1 proportion H,SO,/H,0, (15 min) —
~ DIwaterrinse
DI water rinse (5 min) —_
—_ Ethanol (10 min)
100:1 portion H,O/HF (60~90 sec) —_—
~— DIwaterrinse
DI water rinse (5 min)

(a) (b)

Fig. 2-2 Clean process chart of (a) Si wafer and (b) quartz substrates.
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2.2 Deposition of Gradient Si-rich Oxide Multilayer
(GSRO-ML) Thin Films

2.2.1 Principle of Radio Frequency (RF) Magnetron Sputtering

The basic principle of sputtering is to accelerate the ion to bombard the target
surface, after ion and atomic in solid surface exchange the momentum, atoms will
spill from the solid surface, this phenomenon called sputtering.

Sputtering mainly depends on the state of the plasma ions and free radicals.
Plasma is also known as the fourth state of matter. Plasma's creation is similar to
phase change in matter. By applying enough energy (like RF power or microwave),
gas can be broken down-into-plasma. In this state the plasma contain charged atoms,
particles, ions and free radicals. Plasma is very chemically reactive due to its high
energy state, making it very useful for changing the properties of material. To ignite
the plasma of the sputtering gas, cathode should be added to hundreds of volts. The
bias added on cathode relative to the anode iIs negative, it shows when Ar atoms
become Ar" ions, and they will be accelerated and impacted target; after collision, the

atoms on the target surface flight and deposited on the substrates(Fig. 2-3).

Holder & Substrate
Anode
_

- Art

“\ .7 \. I

s\02
~|r_' Cathode 2
Sputtering Target

Cathode 1

Fig. 2-3 lllustration of operation of magnetron sputtering deposition method.
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2.2.2 B-doped GSRO-ML Thin Film

To deposit B-doped GSRO-ML thin films, we use the sputtering system which is
co-sputtering lowly B-doped Si, B and SiO; targets alternatively. During deposition,
we modulate Si sputtering power from 30 to 110 W and back to 30 W with rate of 1W
per second for 20 periods while the SiO, sputtering power are fixed at 30 W. In each
center region, we replace the SiO, by injecting the oxygen gas, and co-sputter the Si
and B target with the Si sputtering power are held at 110 W and fixed B sputtering
power at 0, 10, 20, 30, 40 and 50W respectively to form 1nm B-doped highly Si-rich
oxide layer as nucleation layer. The schematic diagram is shown in Fig. 2-4(a). By

this method, we obtain a periodical GSRO distribution (Fig. 2-4(b)).

Sputtering

Power (W) Nucleation Layer
A (with O, gas) i
A A 20 periods
110 —
= Si O
— 0 I
.................... B
""""""" ) SROlayver
30____ ....... —— —— —pammaaE —-—— }GSRO]E‘}E]
.............. p-Si wafer Nucleation Layer
> Time
(@ (b)

Fig. 2-4 (a) Schematic diagram of varied sputtering power and (b) as-deposited GSRO-ML.
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2.3 Post-annealing Process

After deposition, the GSRO-ML thin films were treated with high temperature
annealing process to precipitate Si atoms due to phase separation of Si and SiO,

according to the following equation:
. annealing X 1 X . 2
$i0, ——— =510, + ( —E)SI 2)
Here we annealed all samples in a nitrogen atmosphere at 1100°C for lhour in a

quartz-tube furnace to form Si QDs.

20 periods

annealing

nc-SiQD
formation
Siwafer

Fig. 2-5 Scheme of as-deposited and annealed Si QD thin films with GSRO-ML structure.

2.4 Thermal Oxide Layer Remove

After annealing process, a thin thermal oxide layer was formed on the top and
bottom of samples due to residual oxygen in the furnace. The thermal oxide layers
make an influence on the collection efficiency of photo-generated carriers. In order to
reduce the influence of the thermal oxide layers, we remove top side oxide layer by
CHF3:0, reactive ion etching (RIE) and bottom oxide layer by buffered oxide etch

(BOE).

17



2.5 Deposition of Electrode Layer

To measure the electrical properties, the contact electrodes were deposited on
sample by thermal evaporation coater at the final process. We deposited Al layers on
both top and bottom sides to form ohmic contact. The top electrodes are designed to
square for the current-voltage measurement and finger for the efficiency measurement
by solar simulator, as shown in Fig. 2-6 (a) and (b). The sample for Hall measurement
was deposited only on top side, as shown in Fig. 2-6 (c). After the growth of Al
electrode, the devices were heated at 200°C for 20 minutes to improve the contact

properties at the interface of QD layers/electrodes.

spacing 0.8mm  0.8mm X 0.8mm

@ (b) (©

Fig. 2-6 Schemes of top electrodes of (a) square, (b) finger and (c) top electrode for Hall measurement.

18



CH.3 Experimental Measurement

3.1 Raman Scattering Spectrum

Confocal-Raman microscope is a powerful characterization technique to study
materials vibration modes in a material. It is based on the Raman Effect [18], 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 shift in frequency is
designated as a Stokes shift. If the vibration 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 Antie-Stokes shift. Raman scattering is an example of inelastic scattering because
of the energy transfers between the photons and the molecules during their interaction.

Fig. 3-1 shows the diagram of Raman energy transition.

Virtual
energy A

states A

Vibrational
energy states

¥ :

—1¥ Y

0

Infrared Rayleigh Stokes Anti-Stokes

absorption scattering Raman Raman
scattering scattering

Fig. 3-1 Diagram of Raman energy transition.
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We analyzed the samples by high-resolution confocal-Raman microscope
(HORIBA LabRAM HR Raman Microscope), and used a 488-nm diode-pumped
solid-state laser. The illuminated spot size is about 10um in diameter and the power of
laser is about 7mW. Si substrate was used to calibrate the crystalline Si signal at
520cm™ before measuring our samples.

Generally, three peaks can be detected in Si QD thin films, including amorphous
phase (~480cm™), intermediate phase (500~510cm™) and crystalline phase
(510~520cm™), as shown in Fig. 3-2 [13]. The crystallinity (x.) can be estimated by

the following equation:

I+

= — x 1009 3—-1
| g § o s ( )

Xc
where lg, lj and 1, are the intensity of crystalline, intermediate and amorphous phases

respectively.

Intermediate phase

Intensity (a.u.)

Amorphous phase

400 440 480 520 560
Wavenumber (cm’)

Fig. 3-2 Three components decomposd from Raman spectra of Si QD thin films [19].
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3.2 Ultraviolet/Visible/Near-infrared (UV/VIS/NIR)
Spectrum

We used UV/VIS/NIR spectrophotometer (Hitachi U-4100, Japan) to measure
the transmittance (T) and reflectance (R) of Si QD thin films, and calculate the
absorbance (A) by

A (%) = 100 — T — R (%) (3-2)
Thus, we can understand the optical properties of the thin films. And, the
absorption coefficient (a) can be obtained by the following relation:
a(cm )= A/t (3-13)
where t represents the thickness of thin films. The optical bandgap (Eg,op) Of the thin
films are determined by the intercept of linear part of the absorption edge to ahv=0
in the relationship as tauc's equation :
(ahv)Y = B(hv — Eg gpt) (3 —4)
where A is Plank's constant, v is the frequency of the radiation, and B is the edge
width parameter [20]. The value of -y is dependent on the E, . behavior, y=1/2 for

indirect Egopc and y=2 for direct Eggpt.
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3.3 Photoluminescence (PL) Spectrum

PL spectroscopy is a contactless, nondestructive method of probing the electrical
structure of materials. Light is incident directly onto samples where it is absorbed and
imparts excess energy into the material in a process called photo-excitation as shown

in Fig. 3-3.

e
AL

Conduction band ‘*—H

hv hvg,
Valence band _,—ﬂ
A
+

h

Fig. 3-3 Scheme of electronic transition.

The samples were analyzed by micro-PL measured on high-resolution Raman
microscope (HORIBA LabRAM HR Raman Microscope). We used a laser on
diode-pumped solid-state (DPSS) with a 488nm wavelength. The illuminated spot
size is about 10um in diameter and the power of laser is about 7mW. Si substrate is
used to calibrate the laser signal at 488nm before PL spectroscopy measurement. All

PL spectra were measured at room temperature.
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3.4 Current-Voltage (1-V) Curve and Hall Measurement

The electrical properties of Si QD thin films can be understood by I-V
characteristics and Hall measurement. In addition, we can use the I-V characteristics
to estimate the vertical resistivity from the linear trend in the high bias region. We can

calculate the resistivity by combining the resistance as equation:

R = b 3-5
=P IR ( )

where p is the resistivity, A is the cross-sectional area and L is the length. The
cross-sectional area can be decomposed into the width W and the thickness t. The 1-V
curves in this study were measured by the E5270B 8 slot precision measurement
mainframe  (Agilent Technologies) and a halogen lamp illumination with power
density of 3mW/cm? was applied to photo-response measurements. The carrier
concentration, mobility and resistivity were measured by the Hall effect measurement

system (Swin HALLS8800).

3.5 Quantum Efficiency (QE) Spectrum

QE measurement is a Standard method to observe the percentage of incident
photon converted to electron. We measured the external quantum efficiency (EQE)
and reflectance (R), and calculated the internal quantum efficiency (IQE) by EQE and
R. The samples in this study were measured by the solar cell quantum efficiency

measurement system (Titan Electro-Optics, Hitachi QE-3000).
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3.6 Photoelectric Conversion Efficiency

To confirm the PV properties, the standard measurement of sample under
illumination is necessary. In this study, the samples with finger electrode for PV
properties were measured by the solar simulator measurement system (Newport, Solar
Simulator 91192A). To define the illuminated area, we measured the samples with

covering a mask which have a 0.2cm? empty area equal to the finger electrode area.




CH.4 Result and Discussion

4.1 High Density Si QD Thin Films under Different B
Sputtering Powers

In section 4-1, we discuss the high density Si QD thin films under different B
sputtering powers (Pg) from 0 to 50W by using a GSRO-ML deposition structure. The
parameters of the B-doped Si QD thin films under different Pg are listed in Table 4-1.
The nano-structural, optical, electrical, and PV properties are investigated to

understand the characteristics of the B-doped high density Si QD thin films.

Table 4-1 Parameters of the B-doped Si QD thin films under different Pg.

Sample

D BO B10 | B15 | B20 | B25 | B30 | B40 | B50

Ps(W) 0 10 15 20 25 30 40 50

4.1.1 _Nano-crystalline Properties

Raman spectra, a well-known technique for the examinations of nano-crystalline
properties of Si QDs, are performed. Generally, the signals can be decomposed into
three components, including amorphous- (a-), intermediate- (i-) and crystalline- (c-)

Si phases and the crystallinity of Si (fc.si) is obtained by the following equation [19]:

Ine + 1
= x100% (4-1)

foo=—0c_ 1
ST L+

where I, li and I, are the integrated intensity of nc-, i- and a-Si phases respectively.
The higher f.s; means the better crystal quality of Si QDs formed. Hence, to
investigate the nano-crystalline properties of Si QDs affected by the B-doped

concentration, Raman spectra of the Si QD thin films under different Pg are measured,
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as shown in Fig. 4-1, and its inset shows the corresponding f..si. The close and high
(~75%) f.si of Si QDs under different Pg means the B-doped concentration has no
significant influence on the crystal quality. Therefore, the high crystallinity for the Si
QD thin films can be well maintained under the heavily B-doped concentration by

using a GSRO-ML structure.

1.0- 100 af\ﬂ E [ ] BO
S gz gyt _.w_‘e': + B10
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£ 0.3 !
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] v
£ 0.6- 40010203[}4050:“,’. { B40
E ) P, (W T ¥ < BS50
— '.‘.Ol
= 0.4+ S
£ S
o 1 |
= 0.2

0.0

T . T . ' . — e
480 500 520 540
Raman Shift (cm )

Fig. 4-1 Raman spectra of the B-doped Si QD thin films under different Pg. Inset shows the
corresponding crystallinity of Si QDs.

4.1.2 Optical Absorption Properties

To investigate the optical absorption properties of the B-doped Si QD thin films,
the absorption coefficient (o) spectra and the corresponding optical bandgaps (Eg opt)
obtained from Tauc plot for the Si QD thin films under different Pg are examined, as
shown in Fig. 4-2. The red-shift effect on the absorption edge and the corresponding
Eg.opt IS 0bserved while increasing the Pg, which may be contributed from the effective
doping state due to the B-doped effect [21]. The o values at Eg oy for the Si QD thin
films under different Pg can be kept at ~2x10% cm™, which is significantly larger a
than those using not only a traditional [SiO,/SRO]-ML structure but also the pc-Si
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material, as shown in Table 4-2. Hence, our results indicate that the higher B-doped
concentration in the Si QD thin films using a GSRO-ML structure can lead to the

slightly lower Eg ot While the large o values are maintained.

40000 1
1.85; .
Sy
- =
Szoooo- -9; 1.80 = .
o] g =~ -
“1.75] *
O T 1 1.70 T T T T T T
500 600 0 10 20 30 40 50
Wavelength (nm) B power (W)
(@ (b)

Fig. 4-2 (a) Absorption coefficient spectra of the B-doped Si QD thin films under different Pg and (b)
the corresponding optical bandgaps.

Table 4-2 Absorption coefficients of different structures for Si materials [22].

-1
Sistructure a(cm)
near kg
Bulk Si ~10?!
uc-Sithin film ~102
SiQD thin film ~102
([SiO,/SRO]-ML)
SiQD thin film ~103
(GSRO-ML)
a-Sithin film ~103
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4.1.3 Photoluminescence (PL) Properties

In addition to optical absorption, the PL emission properties are also a
commonly-used method to understand the characteristics of the Si QD thin films.
According to literatures, the main PL emission of the Si QD thin films can be
attributed to three recombination mechanisms, including the yellow emission from the
defect states inside SiO, matrix (PLpsio2) [23, 24], the near-infrared emission from
the interface states at the interfacial region between QDs and matrix (PLp.interface) [25,
26], the tunable visible emission from the quantum confinement (PLqc) effect inside
QDs [3, 27]. Fig. 4-3 shows the PL spectra of the Si QD thin films under different Pg
and the curve-fitting result-for sample BO.. In our previous work, it had been
demonstrated that more photo-generated carriers can transport through QDs rather
than recombine inside QDs and matrix by using a GSRO-ML [17], hence, a lower PL
intensity from QC effect Is a reasonable result. In Fig. 4-3(a), the significantly
decreased PL intensity by increasing Pg from 0 to 20W is observed, which may due to
more nonradiative Auger recombination processes via three-holes interaction
contributed from more efficient B-doped atoms [28-31]. However, the overall PL
intensity is clearly increased by the higher PLp.sio2 intensity with increasing Pg when
Pg is higher than 20W, it means the higher Pg than 20W will produce more excess B
atoms and lead to more defects form in SiO, matrix, and the over-high defect density
will degrade the carrier transport efficiency in the Si QD thin films. Fig. 4-4 also
shows the corresponding Eq from QC effect for the Si QD thin films under different
Pg, the decreased E4 with increasing Pg clearly agrees with the results from optical
absorption properties, which may due to the effective doping state due to the B-doped
effect [21]. Therefore, it represents the B-doped concentration can significantly

influence the Eg of the Si QD thin films.
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4.1.4 Electrical Properties

In order to understand the electrical properties, the Si QD thin films deposited on
quartz substrates under different Pg were measured by Hall effect measurement, the
hole concentration, mobility, and conductivity were obtained and shown as Fig. 4-5.
From Fig. 4-5 (a), the hole concentration is increased with increasing Pg from 10 to
25 W and saturated at the higher Pg, and the mobility is increased with increasing Pg
from 10 to 15 W and saturated at 15 to 25 W then but obviously decreased at the
higher Pg. According to literatures, there are two possibilities for the B-doped atoms
in the Si QD thin films; one is the electrically active B atoms located inside Si QDs,
the other one Is the electrically-inactive. B atoms located at SiO,/Si QDs interface and
SiO, matrix, as shown in Fig. 4-6 [15]. The excess B-doped atoms will diffuse into
SiO,/Si QDs interface and SiO, matrix and cause the inactive B atoms, which are the
ineffective doping result for the holes contribution. Besides, the inactive B atoms will
also induce more defects at the interface and inside the matrix and decrease the
mobility due to the larger scattering effect. Hence, the variation of hole concentration,
observed in Fig. 4-5(a), indicates that the amount of active B atoms is increased with
increasing Pg from 10 to 25 W and saturated at the higher Pg, and the decreased

mobility when Pg higher than 25 W means the excess inactive B atoms produced.

Fig. 4-5(b) also shows the conductivity of the Si QD thin films under different Pg.
The conductivity for samples with Pg of from 10 to 50W were obtained from Hall
effect measurements, and that for sample BO is calculated from the slope of the lateral
I-V curve due to the larger resistance. The conductivity is largely increased from 0 to
15 W and saturated from 15 to 25 W, then decreased at the higher Pg, which well

agrees with the results in the hole concentration and mobility. It indicates the active B
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atoms are increased with increasing Pg and saturated at 25 W, and the inactive B
atoms will be largely increased when Pg is higher than 25 W. Therefore, the results
represent the B-doped concentration has the great effect on the electrical properties of
the Si QD thin films, and a suitable doping concentration is required for the better

electrical properties.
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Fig. 4-5 (a) Hole concentration, mobility, and (b) conductivity of the Si QD thin films under different
Pg.
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Fig. 4-6 (a) lllustration of the distribution of B-doped atoms in Si QD and the atomic bond structure for
the (b) active and (c) inactive B atoms [15].
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4.1.5 Photovoltaic (PV) Properties

To understand the B-doping effect on PV properties, the light I-V curves of the
Si QD thin films on n-Si substrates under different Pg were measured under air-mass
1.5 global (AM 1.5G) illumination, as shown in Fig. 4-7, and Fig. 4-8 summarizes the
corresponding parameters of open-circuit voltage (Voc), short-circuit current density
(Jsc), fill factor (F.F.), and conversion efficiency (n). The Voc values are slightly
reduced with increasing Pg from 10 to 25 W and further decreased at higher Pg than
25 W. The Jsc and F.F. values are obviously increased with increasing Pg from 10 to
25 W but decreased at higher Pg. Based on the variations on Voc, Jsc, and F.F,, the n
reveals the optimized value of 4.37 % at 25W of Pg. According to references, the
doped atoms over-diffusing.into Si substrates have been observed in the heavily
doped Si QD thin films after annealing [32]. Hence, the decreased Voc while
increasing Pg is considered as the degraded built-in electric field due to the
over-diffusion production of the excess B-doped atoms. The variations of Jsc and F.F.
under different Pg well agree with the films’ conductivity, which are increased with
increasing Pg from 10 to 25W and decreased at higher Pg, it means a suitable B-doped
concentration can efficiently improve the conductivity of the Si QD thin films, and
then, lead to the enhanced Jsc and F.F.. From these results, it represents that the
optimized B-doped concentration for the Si QD thin films can be obtained at 25 W of
Pg, and a higher Pg than 25 W will cause the degraded PV properties due to the

serious over-diffusion and more inactive B-doped atoms production.
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Fig. 4-7 Light I-V curves of samples under different Pg.
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Fig. 4-8 Parameters of Voc, Jsc, F.F., and n for samples under different Pg.
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4.1.6 Internal Quantum Efficiency (IQE) Spectra

To confirm the photoresponse properties, samples under different Pg were
characterized by internal quantum efficiency (IQE) spectra, as shown in Fig. 4-9. The
IQE is largely increased from 10 to 20W but decreased from 20 to 30W. From our
above results, it indicates the increased IQE from 10 to 20 W is contributed from the
improved film’s electrical properties, and the decreased IQE from 20 to 30 W is due
to the interfacial over-diffusion and excess inactive B atoms. Hence, we demonstrate
the obviously B-doping effect on the super-high density Si QD thin films by using a

GSRO-ML structure and tuning the B-doped concentration.

200 460 6[.][] 8[.]0 10.0[] 1200
Wavelength (nm)

Fig. 4-9 IQE spectra of samples under different Pg.
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4.2 Si QD Thin Films under Different Nucleation Layer
(NL) Thickness

In order to investigate the QD size effect, we fabricated the Si QD thin films with
different QD size by tuning the nucleation layer (NL) thickness for 1, 2, and 3 nmin a
GSRO-ML structure, shown as Fig. 4-10. The Pg was fixed at 20 W in these three

samples. After deposition, these samples were also annealed at 1100°C for 1hour.

s N
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Fig. 4-10 Scheme of fabrication process for the Si QD thin films under different NL thicknesses.
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4.2.1 Optical Absorption Properties

To confirm the QD size effect on optical absorption properties, the absorption
coefficient spectra of the Si QD thin films under different NL thickness were
examined, as shown in Fig. 4-11(a). From Fig. 4-11(a), we observe the red-shift effect
of absorption band edge as increasing the NL thickness, and the reduced Egopt
obtained from Tauc plot with increasing NL thickness is also examined shown as Fig.
4-11(b). Hence, it represents the E4 of the Si QD thin films can be efficiently modified

by tuning the NL thickness.
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Fig. 4-11 (a) Absorption coefficient spectra of the Si QD thin films under different NL thickness and (b)
the corresponding optical bandgap from Tauc plot.
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4.2.2 Internal Quantum Efficiency (IQE) Spectra

To understand the QD size effect on photoresponse properties, the Si QD thin
films under different NL thickness were characterized by IQE spectra measurements,
as shown in Fig. 4-11. The red-shift IQE response in the short-wavelength range is
clearly observed by increasing the NL thickness, which agrees with the results from
optical absorption properties. It means the red-shift IQE response is caused by the
reduced Eg due to the increased QD size from the increased NL thickness. Therefore,
we demonstrate the Eq can be efficiently modified by tuning the NL thickness in a
GSRO-ML structure, and the corresponding photoresponse from QD size effect can

also be well achieved.
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Fig. 4-11 (a) Full and (b) short-wavelength ranged IQE spectra of samples under different NL

thickness.
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4.3 Si QD Thin Films under Different B-doped
Distribution

In section 4.1, we clearly observe the decreased Voc may due to the degraded
built-in electric field caused by the interfacial over-diffusion of B-doped atoms.
According to references, the excess doped atoms diffusing into Si substrates had been
observed in the heavily doped Si QD thin films by using a [SiO,/SRO]-ML structure
after annealing by Eun-Chel Cho et al., as shown in Fig. 4-12 [32]. Since the SiO,
barrier layer in a [SiO,/SRO]-ML structure can efficiently prevent the over-diffusion
from the doped atoms, more obvious diffusion from the heavily doped atoms in the Si
QD thin films may occur by using a GSRO-ML structure. However, it could be
efficiently resolved by inserting the lowly doped Si QD thin films as the buffer layers.
Hence, in order to improve the.cell’s performances, we propose to insert the lowly
B-doped GSRO-ML thin films between the heavily B-doped GSRO-ML thin films

and Si-substrates to resolve the interfacial over-diffusion from B-doped atoms.
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Fig. 4-12 Comparison of SIMS profiles for the as-deposited and annealed Si QD thin films fabricated
by Eun-Chel Cho et al..[32]
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4.3.1 PV Properties with and without Lowly B-doped
GSRO-ML Thin Films Inserted

In section 4.3.1, in order to investigate the influences from the interfacial
over-diffusion of B-doped atoms, we fabricated the heavily (40 pairs) and heavily
(20 pairs) / lowly (20 pairs) B-doped GSRO-ML thin films on n-type Si substrates
shown as Fig. 4-13. The Voc values of samples with and without the lowly
GSRO-ML thin films inserted under 20 and 30 W of Pg are shown in Table 4-3. The
Voc values of samples with BO layers inserted are significantly higher than those of
samples without BO layers inserted, besides, the increased Voc in sample B30 with
higher B-doped concentration is larger than that in sample B20 with lower B-doped
concentration. Therefore,-it-represents. the Epiiin €an be efficiently enhanced by
inserting the lowly B-doped GSRO-ML thin films owing to the improved interfacial

over-diffusion.

B20, B30 (20p)

B0 (20p)

B20, B30 (40p)

n-Si wafer n-Si wafer

Fig. 4-13 Schematic diagram of the heavily and lowly B-doped GSRO-ML thin films on n-type Si
substrate.

Table 4-3 Vo values of the heavily and heavily/lowly GSRO-ML thin films on n-Si substrates under
20 and 30 W of Pg.

Voc (mV)

Structure

40p 390 250
? +73 —? +95
20p+20p 463 345
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4.3.2 PV Properties under Different Inserted Pairs of
Lowly B-doped GSRO-ML Thin Films

To further confirm the interfacial over-diffusion, sample B30 with BO layers
inserted from O to 20 pairs were fabricated and examined, as shown in Fig. 4-14. The
PV properties of sample B30 under different inserted pairs of BO are shown in Fig.
4-15. The Voc and F.F. of samples reveal the same tendency and the optimized values
at 10 pairs inserted. From the corresponding shunt resistances (Rs,), as shown in Fig.
4-16, it clearly indicates the increased Voe and F.F. are mainly contributed from the
better quality in the junction region owing to the improved interfacial over-diffusion.
The lower cell’s performances of sample B30 inserted by 20 pairs of BO may be
caused by more undiffused-BO- layers, which have poor film’s conductivity, after
annealing. Fig 4-15(d) shows the same tendency of n with those of Voc and F.F.
under different BO layers inserted, and the n is obviously enhanced from 1.7 to 3.9 %
by inserting the BO layers from 0 to 10 pairs. The significant enhancements.on cell’s
performances also demonstrate the interfacial over-diffusion can be efficiently

improved by inserting the lowly B-doped GSRO-ML thin films with suitable

thickness.
B30 (20p)
B30 (20p)
BSU UD
B30 (20p) B0 (20p)
RO B O (10p)
n-Si wafer n-Si wafer n-Si wafer n-Si wafer

Fig. 4-14 Schematic diagram of sample B30 inserted by different pairs of BO layers.
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Fig. 4-16 Shunt resistance (R,) for sample B30 inserted by different pairs of BO layers.
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4.4 Summary

In chapter 4, we had successfully fabricated the heavily B-doped Si QD thin
films by co-sputtering Si, SiO,, and B targets. In our results, the high crystallinity of
Si QD is maintained in the super-high density Si QD thin films under different Pg,
and the slightly reduced Egy with increasing Pg is observed from optical absorption
and PLgp emission. The electrical properties of the B-doped Si QD thin films are
largely improved from 0 to 25 W of Pg due to the increased active B-doped atoms,
but significantly degraded at the higher Pg than 30 W due to the increased inactive
B-doped atoms and/or the induced defects in SiO, matrix. The better electrical
properties of the B-doped Si-QD thin films can obviously enhance the Js¢ and F.F. of
cell’s perfarmances, but the Voc decreased with increasing Pg is observed due to the
degraded Epii-in caused by the interfacial over-diffusion of B-doped atoms after
annealing. However, we also demonstrate the Voc and n can be efficiently enhanced
by inserting the lowly B-doped Si QD thin films with suitable pairs as buffer layers
during annealing. Therefore, the better cell’s performances can be expected by
optimizing the concentration and distribution of B-doped atoms by using a

GSRO-ML structure.
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CH.5 Conclusion and Future Work

5.1 Conclusion

In this study, in order to obtain the better PV properties, the heavily B-doped
super-high density Si QD thin films using a GSRO-ML structure have been proposed
and fabricated by co-sputtering Si, SiO,, and B targets. Firstly, we focus on tuning
the Pg to optimize the B-doped concentration. Under the B-doping effect, we observe
the preserved high crystallinity of Si QDs and the slightly reduced Eg with increasing
Pg in the super-high density Si QD thin films. Besides, the electrical and PV
properties of the B-doped Si QD thin films are enhanced with increasing Pg from 0 to
25W due to the increased active B-doped atoms but degraded at the higher Pg than
30 W due to the increased inactive B-doped atoms and the interfacial over-diffusion.
The optimized electrical properties under different Pg is observed at 25 W for 1.5x
10" cm® of hole concentration, 4.3 cm?Vs of mobility, and 10.6 S/cm of
conductivity, which also lead to the best cell’s performances for 432 mV of Vo,
26.2mAlem? of Jsc, 37.5% of E.F. and 4.37% of n. In addition, the decreased Voc due
to the interfacial over-diffusion of B-doped atoms is also efficiently. improved by
inserting the lowly B-doped GSRO layers between the heavily B-doped GSRO-ML
thin films and Si substrates. On the other hand, the red-shift effect is also observed in
the absorption band edge and IQE response with increasing NL thickness. Therefore,
we have successfully demonstrated the B-doping effect and the QD size effect in the
Si QD thin films by using a GSRO-ML structure and also shown the feasibility and

great potential for solar cells integrating Si QDs.
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5.2 Future Work

To further enhance the PV properties of the B-doped Si QD thin films, the
increased GSRO periods for more light absorption of high energy photons, the
optimized B-doped concentration and distribution for better Epyiiin formation, and
the combined anti-reflection structure for less optical loss will be developed in our
future work. Next, the P-doped Si QD thin films will also be developed by using a

POCI; thermal diffusion process for:the high efficiency p-i-n Si QD thin film solar

cells development [
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