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KANNIKA KUNCHANA : STUDY OF NANO-SILICON DOTS THIN
FILMS IN ITS OXIDE MATRIX BY USING SOL-GEL TECHNIQUE FOR
PHOTOVOLTAIC APPLICATIONS. THESIS ADVISOR : ASST. PROF.

THIPWAN FUNGSUWANNARAK, Ph.D., 97 PP.

NANO-SILICON DOTS/ ENERGY BAND GAP/PHOSPHOSILICATE GLASS/

SOL-GEL/SOLAR CELL

In this thesis, the thin film of nano-silicon dots (nc-Si dots) in its silicon
dioxide (SiOy) is synthesized by using a sol-gel spin coating technique to approach the
low-cost emitter layer for solar cell. The prepared films do not rely on a high vacuum
system and the as-deposited films were treated at low annealing temperature. The
microstructural, electrical, and optoelectronic characteristics of the prepared films,
were examined in this study. Fourier transform infrared spectroscopy measurement
provided the results implying the quality of SiO, film as a medium phase of nc-Si
films. FTIR peaks can be implied to Si-O-Si bonding. The nc-Si quality and chemical
composition were verified by a micro-Raman spectroscopy, respectively. It was found
that 511 cm™ peak of Raman spectrum shifted from 521 cm™ that indicated the
formation of Si nanostructure. The incorporation of boron atom in Si structure
associating with B-Si bonding was measured by a photoemission spectroscopy.

In addition, The conductivity of the n-type nc-Si dots film that consists of
nc-Si phase embedded in phosphosilicate glass (PSG) is prepared by using phosphoric
acid in the suspension. The film is higher conductivity by 5.64 times. Photocurrent is
stepped up by 10° times as compared with the dark current. Furthermore, the film with

the different nc-Si densities were fabricated by adding the amount of nc-Si



powder of 0.03g, 0.06g and 0.10g in the sol-gel solution. The film thickness increased
from 0.95 pum to 1.36 um. The spectral of transmittance (T%) and reflectance (R%)
were examined in the range from UV to visible wavelength by a spectrophotometer.
The density of nc-Si dots in the films increased with decreasing T% while the R%
increased with increasing nc-Si density. The optical band gap was estimated from the
T% and R% calculation by using the Tauc’s plot technique. It was found that the value
of optical band gap increased from 1.1 eV as compared with that of a c-Si and it can
be extended to 1.4 eV with nc-Si density of 0.06g.

In this study, the nc-Si dots embedded in its dielectric film exhibited the low
conductivity about 5.60x10° S/cm due to some small cracks in the film surface.
Therefore, it is necessary to have p-n junction underneath the nc-Si dots layer forming
the solar cell structure of Ag-Al/nc-Si dots/n-Si/p-Si substrate/Al. The cell efficiency
is about 2.35% with the cell area of 1 cm? light intensity with AM1.5 standard. The
efficiency of the cell with the layer of nc-Si dots in PSG phase is lower than that of the
cell with single p-n junction because low T% of the nc-Si dots layer results in the low
carrier generation within the p-n junction. However, this attempt has the successful
synthesis for nc-Si dots film under a low-cost preparation technique. It has not only
the good optical properties but also the technical obstacle with the low conductivity of
the film to be revealed in order to sustainably develop nc-Si dots film for a new

generation solar cell.
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1) ﬂauﬁamagdauuﬂﬂa Intel Core 15, 2.19 GHz, 2.5 Gbytes RAM, 220
Gbytes HD
2) Atomic force microscope (AFM) ju SPA 400 USH% SII
3) Digital scale 4 AND GF-300 U3Hn@3n0a dinauazidudiieis $1na
4) DI water § U Water Pro Plus /587 Labconco
5) Ellipsometry U389 J.A. Wollam Company
6) Evaporator machine
7) Fourier transform infrared spectroscopy (FT-IR) ‘; U 6700 UTHN Nicolet
8) Hood 3% FUME HOOD CUPBOARD 131" Genconlab

9) Hot plate 31 C-MAG HS-7 U387 IKA


http://www.nectec.or.th/

10) Ton sputtering device § Y JEC 1100E USH% JEOL

11) micro-Raman Spectroscopy §l U NT-MDT U3H% Ntegra Spectra

12) Optical microscope g'u Axio Imager Alm Cam MRc5 U3HN ZEISS

13) Optical profiler 34 WYKO NT1100 1/3H% Veeco

14) Oven natural air temp up to 250°C g'u UNE400 U3H% Memmert

15) Photoemission spectroscopy (PES)

16) Scanning electron microscope (SEM) § U 1450VP U589 LEO

17) Source meter 31 2400 U3HN Keithley

18) Spectrophotometer (UV-Visible) §' 1% SPECORD 250-222P133 1U/SHN AJUK

19) Spin Coater §' UWS-400B-8NPP/LITE  USHM  Laurell technologies

corporation
20) DC sputtering machine
21) Stereometer microscope §' U SMZ-U ZOOM 1:10 U5H% Nikon
22) Super solar simulator §' U WXS-1555-L2, AM 1.5GMM U5EN WACOM
23) Transmission electron microscope (TEM) §' U JEM 2010 USHN JEOL
24) Tube furnace §' U TMH 15/90/610-2408CP+2216 1SN Elite Thermal
Systems

25) Ultramicrotome ;.i U MTX75500 U3HN Research & Manufacturing
26) Ultrasonic cleaner ’g‘ Y UC-1050 U5H% TPC advanced technology

27) Vecstar furnaces ’g‘ U VF2 U3HN Scientific promotion
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High Purity Si Nanoparticles / Nanopowder
CAS 7440-21-3
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Product Product Order or
Code Specifications
r 0 114
(ZN) 99% Silicon SI-M-02-NP Sortoct
Nanoparticles
. 0 o
(3N) 99.9_/0 Silicon SLM.03.NP Cortact
Nanoparticles
o) ot
(4N) 99.99% Silicon SIM.04.NP cortact
Nanoparticles
R
(5N) 99,9.99A: Silicon ST.M.05.NP Lartact
Nanoparticles
(6N) 99.9999% Silicon ST-M-06-NP Cortact
Nanoparticles
Formul | “AS [PubChem/PubChem| MDL N EC [IUPAC Beilstein| SMILES| InChl (InChl
CHEMICAL M8 No. [ sID CID 220 | No |Name | Re. No. |[identifier|Identifier] Key
IDENTIFIER] . 7440- 231- , ,
S1 440 24882537 N/A  MFCDO00085311 _jl N/A N/A
213 |—— 130-8
. . |Average| . Specific
Mol i True | Bulk Mlelting|Boilin — Size |Crvstalf=— ) |
Wt Ik ensitv|Density| Point | Point Pa‘:itzlsle Range| Phase alf\llf::e S PEDY
PROPERTIES — — p—
2330 | 1414 2 o _ ) _ Safe
28.08|Yellobrown|, 3| . 3| N/A '909 100-150 NA | NA | N/A Spherical | Data
kg/em’| g/em C nm Sheet

Silicon (Si) Nanoparticles. nanowire or Nanopowder are spherical high surface area metal particles.
| Nanoscale Silicon Particles are typically 5-25 nanometers (nm) with specific surface area (SSA) in the 30
¢ - 70 m 2 /g range and also available with an average particle size of 80 -100 nm range with a specific
W) surface area of approximately 5 - 10 m 2 /g. Thin film deposition of Silicon Nanoparticle quantum dots on
the polyerystalline silicon substrate of a photovoltaic (solar) cell increases voltage output as much as 60%
by fluorescing the incoming light prior to capture. Nano Silicon Particles are also available in ultra hich purity and high
purity and carbon coated and dispersed forms. They are also available as a nanofluid through the AE Nanofluid production
group. Nanofluids are generally defined as suspendad nanoparticles in solution either using surfactant or surface charge
technology. Nanoflmd dispersion and coating selection technical guidance 1s also available. Other nanostructures mnclude
nanorods, nanowhiskers, nanohorns, nanopyramids and other nanocomposites. Surface functionalized panoparticles allow
for the particles to be preferentially adsorbed at the surface interface usmng chemically bound polymers.

Development research 1s underway i Nano Electronics and Photonics materials. such as MEMS and NEMS, Bio Nano
Materials, such as Biomarkers. Bio Diagnostics & Bio Sensors, and Related Nano Materials, for use in Polymers, Textiles,
Fuel Cell Layers. Composites and Solar Enerey materials. Nanopowders are analvzed for chemical composition by ICP,
particle size distribution (PSD) by laser diffraction, and for Specific Surface Area (SSA) by BET multi-point correlation
techniques. Novel nanotechnology applications also include Quantum Dots. High surface areas can also be achieved using
solutions and using thin film by sputterins targets and evaporation technology using pellets. rod and foil. . Applications for
silicon nanocrystals include in luminescent display devises due to their broader excitation spectra. as buildng blocks for
single-nanoparticle electronic devices, m micro and mtegrated semiconductors, i solar energy cells, for production of
silicon nanotubes and in nanowire, nanofiber and and in certain alloy applications . Further research is being done for their

http://www.americanelements.com/sinp.html 21/5/2556
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potential electrical. optical. imagig, and bioscience properties. Silicon Nano Particles are generally immediately available
m most volumes. Additional technical, research and safety (MSDS) information is available.

Silicon Nanoparticles have been shown to dramatically expand the storage capacity of lithium ion batteries without
degrading the silicon during the expansion/contraction cycle that occurs as power 1s charged and discharged. Silicon has
long been known to have an excellent affinity for storage of positively charged lithium cations making them ideal
candidates for next generation lithiim 1on batteries. However, the quick degradation of silicon storage units has made them
commercially unfeasible for most applications. Silicon Nanowires however, cycle without significant degradation and
present the potential for use 1n batteries with greatly expanded storage tunes. Silicon for solar energy applications ncludes
p-type and n-type silicon thin film layers which can be fabricated by deposition utilizing AE Solar Energv silicon. Silicon-
based photovoltaic cells (PWV Cells) for solar energy are fabricated from a positively charged or p-type silicon layer
underneath a negatively charged or n-type silicon layer. See Safety mformation.

|'_| Silicon 1s & Block P, Group 14, Period 3 element. The number of electrons mn each of Silicon's shells 15 2, 8. 4 and
w=| its electronic configuration is [Ne] 3s° 3p”. In its elemental form silicon's CAS number is 7440-21-3. The silicon
atom has a radius of 117.6.pm and 1ts Van der Waals radws 15 210.pm. Silicon 15 not toxic but can cause chromic
respiratory problems if inhaled as a fine silica or silicate dust. Asbestos silicates are carcinogenic. Silicon is
makes up 25.7% of the earth's crust, by weight, and 1s the second most abundant element. exceeded only by ‘
oxvgen. The Czochralski process 1s commonly used to produce single crystals of silicon used for solid-state or
semiconductor devices. Silica, as sand, 15 a principal ingredient of glass, one of the most inexpensive of materials oty
with excellent mechanical. optical, thermal, and electrical properties. Silicon 1s available as metal and
compounds with purities from 99% to 99.9999% (ACS grade to ultra-high purity); metals in the form of foil. sputtering
target. and rod. and compounds as submicron and nanopowder. Ultra high purity silicon can be doped with boron, gallium,
phosphorus | or arsenic to produce silicon for use in transistors, solar cells rectifiers, and other solid-state
devices which are used extensively in the electronics and space-age industries. Hydrogenated amorphous
e silicon has shown promise in producing economical cells for converting solar energy into electricity: m 2013,
Slieon(S)  silicon nanoparticles created by scientists at the University of Buffalo successfully demonstrated the release of
hvdrogen, furthering the advancement of green energyv technologies. Silcones are important products of
silicon. They range from liquids to hard, glasslike solids with many useful properties. Silicon, first discovered by Jons
Berzelius i 1823, 15 rarely found in pure crystal form and 1s wsually produced from the iron-silicon alloy Ferrosilicon. The
name Silicon originates from the Latin word "silex" which means flint or hard stone. See Silicon research below.

HEALTH, SAFETY & TRANSPORTATION INFORMATION

Material Safetv Data Sheet MSDS
Signal Word Warning
Hazard Statements H228
Hazard Codes F

Risk Codes 11

Safetv Precautions 16-33-36
RTECS Number VW0400000
Transport Information UN 1346 4.1/PG 3
WGK Germanv 2

Globallv Harmonized Svstem of @
Classification and Labelling (GHS)

CUSTOMERS FOR SILICON NANOPARTICLES HAVE ALSO LOOKED AT

Silicon Chloride Silicon Foil  Aluminium Silicon Magnesium Alloy Silicon Nanoparticles Silicon Pellets
Silicon Fluoride Silicon Metal Silicon Acetate Solution Silicon 2 - Ethylhexanoate Silicon Oxide Pellets
Caleium Silicon Alloy Silicon Oxide Silicon Nanoparticles Silicon Sputtering Target Silicon Wire

Show Me MORE Forms of Silicon

PACKAGING SPECIFICATIONS FOR BULK & RESEARCH QUANTITIES

Typical bulk packaging includes palletized plastic 5 gallon/25 ke pails, fiber and steel drums to 1 ton super sacks in full
container (FCL) or truck load (T/L) quantities. Research and sample quantities and hygroscopie, oxidizing or other air
sensifive materials may be packaged under argon or vacuum. Shipping documentation mcludes a Certificate of Analysis
and Material Safety Data Sheet (MSDS). Solutions are packaged 1 polypropylene, plastic or glass jars up to palletized 440
gallon liquid totes.

Have a Question?
& Ask an AE Engineer

http://www.americanelements.com/sinp.html 21/5/2556
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Request an MSD3
or Certificate of Analysis

Catalog Search

*Search by Material, Product Name, Product Code, CAS Number, Formula, Element, Anion, Form, EC Number, MDL Number or PubChem ID.
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Production Catalog Available in 36 Countries & Languages

Recent Research & Development for Silicon

Lorentzian-like image blur of gold nanoparticles on thick amorphous silicon films in ultra-high-voltage transmission
electron microscopy. Oshima Y. Nishi R, Asayama K, Arakawa K, Yoshida K. Sakata T. Taguchi E, Yasuda H.
Microscopy (Oxf). 2013 May 14. [Epub ahead of print]

Nanopore-type black silicon anti-reflection layers fabricated by a one-step silver-assisted chemical etching. Lu YT,
Barron AR. Phys Chem Chem Phys. 2013 May 16. [Epub ahead of print]

Electron-1on couplmg effects on radiation damage m cubic silicon carbide. Zhang C, Mao F. Zhang FS. T Phys
Condens Matter. 2013 May 16:25(23):235402. [Epub ahead of print]

Fluorescence quenching in lunminescent porous silicon nanoparticles for the detection of intracellular cu’ Xia B.
Zhang W, Shi J, Xi1ao S. Analyst. 2013 May 16. [Epub ahead of print]

Realization of high performance silicon nanowire based solar cells with large size. Lin XX. Hua X, Huang ZG, Shen
WZ. Nanotechnology. 2013 May 15:24(23):235402. [Epub ahead of print]

Generation of high photocwrent in three-dimensional silicon quantum dot superlattice fabricated by combining bio-
template and neutral beam etching for quantum dot solar cells. Igarashi M. Hu W. Rahman MM, Usami N, Samukawa
S. Nanoscale Res Lett. 2013 May 15:8(1):228. [Epub ahead of print]

Si 1sotapic structure of the infrared absorption of the fully hydrogenated vacancy in silicon. Clerjaud B, Pajot B. J
Chem Phys. 2013 May 14:138(18):184505. do1: 10.1063/1.4803547.

Direct unaging of 3D atomic-scale dopant-defect clustering processes m 1on-1mplanted silicon. Koellng S, Richard
O, Bender H, Uematsu M, Schulze A, Zschaetzsch G, Gilbert M, Vandervorst W. Nano Lett. 2013 May 15. [Epub
ahead of print]

Precision synthesis of silicon nanowires with erystalline core and amorphous shell. Bogart TD, Lu X, Korgel BA.
Dalton Trans. 2013 May 15. [Epub ahead of print]

Stability and electronic properties of ultrathin films of silicon and germanium. Kaltsas D. Tsetseris L. Phys Chem
Chem Phys. 2013 May 14. [Epub ahead of print]

Casimir forces on a silicon micromechanical chip. Zou J. Marcet Z. Rodriguez AW, Reid MT, McCauley AP,
Kravchenko IL Lu T. Bao Y. Johnson SG. Chan HB. Nat Commun. 2013:4:1845. do1: 10.1038/ncomms2842.
Permanent fine tuning of silicon microring devices by femtosecond laser surface amorphization and ablation.
Bachman D. Chen Z. Fedosejevs R, Tsui YY, Van V. Opt Express. 2013 May 6:21(9):11048-56. do1:
10.1364/0E.21.011048.

Optical bistability 1n a silicon nitride microring resonator with azo dye-doped liquad crystal as cladding material.
Wang CT, Tseng CW, Yu JH. L1 YC. Lee CH. Jau HC, Lee MC. Chen YI. Lin TH. Opt Express. 2013 May 6:21
(9):10989-94. doi: 10.1364/0E.21.010989.

Efficient perfectly vertical fiber-to-chip grating coupler for silicon horizontal multiple slot waveguides. Covey I,
Chen RT. Opt Express. 2013 May 6;21(9):10886-96. do1: 10.1364/0E.21.010886.

Ultra-compact silicon photonic devices reconfigurad by an optically induced semiconductor-to-metal transition.
Ryckman JD, Hallman KA, Marvel RE, Haglund RF, Weiss SM. Opt Express. 2013 May 6:21(9):10753-63. do1:
10.1364/0E.21.010753.

Actively Q-switched. thulivm-holmium-codoped fiber laser incorporating a silicon-based. variable-optical-attenuator-
based Q switch. Jung M. Han Lee J. Appl Opt. 2013 Apr 20:52(12):2706-10. doi: 10.1364/A0.52.002706.

Surface Modification of Silicon Oxide with Trialkoxysilanes toward Close-Packed Monolayer Formation. Tanaka M,
Sawaguchi T, Kuwahara M, Niwa O. Langmuir. 2013 May 13. [Epub ahead of print]

A review on electronic and optical properties of silicon nanowire and its different growth techniques. Hasan M, Huq
MF, Mahmood ZH. Springerplus. 2013 Apr 10:2(1):151. Pnint 2013 Dec.
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* Silicon photomultipliers for improved detection of low light levels in mimature near-infrared spectroscopy
mstruments. Zimmermann R, Braun F. Achtnich T, Lambercy O, Gassert R, Wolf M. Biomed Opt Express. 2013 Apr
3:4(5):659-66. doi: 10.1364/BOE.4.000659. Print 2013 May 1.

* The Stoichiometry of Electroless Silicon Etching m Solutions of V> Os and HF. Kolasinski KW, Barclay WB. Angew
Chem Int Ed Engl. 2013 May 10. doi: 10.1002/anie.201300755. [Epub ahead of print]

Proud Sponsors of the 10th Annual World Congress on Industrial
Biotechnology. Please join us and our customers & co-sponsors
Chevron and DuPont on June 16, 2013 in Montreal, Canada.

[10th Annual

World Congress

on Industrial Biotechnology
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MANUIN A

o g’J o (Y] d
mimu’Jmﬂ%u1mmmzmﬂmamﬁummuﬂauma nc-Si dots 6l‘M!‘I/‘If;T

Si0, #azMAa3114 ne-Si dots liuwla PSG
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mssnanFnamsazmenasadudmuilannna ne-si dots e SiO,
lunsziumsdanneiasazmonassdudmiudanoulaenlad 16196a a0

Tag1311asvedasazaty TEOS : EtOH : H,0 : HCLt A1 11.82 : 6.05 : 1.87 : 0.26 ml
nsazarei et ounanidudmiuFanoulaoenlad Tdai

TEOS —> MW =208.33 g/mol density = 0.933 g/ml ANUAUVY 99% (%v/v)

C,HOH=EOH > MW =46.07 g/mol density=0.79 g/ml AMTUIU 99.9% (%v/v)

H,0 —p> MW =18 g/mol density = 1 g/ml

HCI —> MW =365g/mol density = 1.19 g/ml ANUIUVY 37% (%w/v)

mauIuInaveInsalalasnassn (HCI 37% wiv)

k4
A A

mMIaya1enIa HCl 100 ml WUONIA 37 g
150221903 HC1 100 ml x 1.19 g/ml =119 g HiHonsa 37 ¢

119g-37g=82¢g

g
Antlus i Tuaveaued HCL = 0.26 ml x 1.19 g/ml = 0.3094 g

$ oA R 0.3094 g x37 g
ufo Wilensa HCl —————= =0.0962 g
119 g
~ 03094 g x82g
waz U lunse HOl————= =0.2132 ¢
119 g
I a 1:;.] ° T 0.0962g
agAnud1uIu luaveansa HCl ———— = 0.0026 mol
36.5 g/mol

mannulnavesveniluszuy (H,0)

WU 1usEUY = (1.87 ml x 1 g/ml) +0.2132 g=2.0832 g

a @ o 1 2.0832 g
AaluduIu Tyavedin = ————= = 0.12 mol
18 g/mol

WuIUINave e Muea (EtOH)
4
WMDY UM U

M 1on = Deron % Viros = 0.79 g/ml x 6.05 ml = 4.7795 g

mﬁmauimammmmu@a
Mgeog . 477959
MWEron  46.07 g/mol

TlEtOH == =0.10 mol

maulNaveInnszeNavlsxana (TEOS)

¥ a an
MMUNYeIANATZIONA00 15TaNA
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M_0s = Dopos ¥ Vs = 0.933 g/ml x 11.82 ml = 11.0374 g

TEOS TEOS

NUIU VAV UNATZIONADD 15T AN
Mrgos _ 11.0374 g
MWrgos 20833 g/mol

nTEOS - =(0.05 mol

Y
% o v Aaa 4
MIarasaniaudsusanou laeon laea

TEOS : EtOH : H,0 : HCI

=D

oas1aulsuIag (ml) 11.82 : 6.05 : 1.87:0.26

Fo))

713 20 ml
9A51d8I151105 (ml) 1 :051:0.16:0.02
ons1aulaglua (mol) 0.05 : 0.10 : 0.12: 0.0026

ons1au Iaslua (mol) 1 : 2 : 24:005

o g’J o v Aafd
msmu3mﬂ%mmmiazmﬂmamﬁumﬁi‘uﬂauma nc-Si dots Gh!ﬂ"lﬁ PSG
Tupszurumsdunsizinansdudmiueanedanaoen laa  1d1H6ns1d1u

USasvesansazary TEOS : EtOH : H,PO, : H,0 : HCl 1101 9.98 : 6.07 : 0.27 : 1.67 : 0.005

ml

nrazaei i sunanadudmuloanodanasen e dail
TEOS =—> MW =208.33 g/mol density = 0.933 g/ml ANUINTY 99% (%v/v)
C,HOH=EOH => MW =46.07 g/mol density=0.79 g/ml AMTUIU 99.9% (%v/v)
H,PO, —> MW =98 g/mol density = 1.69 g/ml ANUTTU 85% (Yow/w)
H,0 —> MW =18 g/mol density = 1 g/ml
HCI —> MW =36.5g/mol density =1.19 g/ml ANMTUTU 37% (Y%w/v)

waulnavesnsalalasnasinl (HCI 37% wiv)

¥
S A

a15agngnsa HCI 100 ml wuenNIn 37 g

f1502a10n5a HC1 100 ml x 1.19 ¢/ml =119 ¢ iilonsa 37 ¢

Y

0.00595 g X 37 g

= 0.00185 g
119 g
2 0.00595 g X 82 g
waz U lunsa HCl ——————= =0.0041 g
119 g
o d o 0.00185 g
Tasaanluauu luavesnsa HCl ————=— = 0.000051 mol

36.5 g/mol



wmannuluavesnsanoanosn (H,PO, 85% wiw)

¥
@1582@19n3a H,PO, 100 g Niiionsa 85 g

o H '

WuAeiieg 100 g -85g=15g

ﬁmﬂuﬁmauimmawm H3PO4 =0.27ml x 1.69 g/ml = 0.4563 g
0.4563 gx85¢g

'
@

a o X
Hune Nilensa H,PO,

~0.3879 g
100 g
a3 0.4563 g X 15 g
way  Hihlunse HPO, ——————= =0.0684 g
100 g
Tavaaius 1 038799
agAnlu N TuaveInsa H,PO, ———— = 0.0040 mol
98 g/mol

wmannulnavesveniluszuy (H,0)

Was NV U Y = (1.67 ml x 1 g/ml) +0.0041 g +0.0684 g=1.7425 g
1.7425 g

a g o H
A udIu Tuaveatl = ———= = 0.0968 mol
18 g/mol

wuIuluaveemMuea (EtOH)
4
WIIMUNUDUBNIUBA

M D xV

ETOH _ “~ETOH ETOH

=0.79 g/ml x 8.07ml=6.3753 g

wIuIu luavesenuea
Mgtoy __ 63753 g
MWgion  46.07 g/mol

TlEtOH == =(0.14 mol

maIuluaveunnIeNasalsann (TEOS)
4
NIMINUeUNAILIONaDD I5TaINA

M D XV 0=0933 g/ml x9.98ml=9.3113¢g

TEOS _ ~TEOS TEOS

W1UIU TUav0UAATLIONaDD 15FaLNG

MTE 9.3113 g
TlTEOS = o3 = =(0.045 mol
MWTEQOS 208.33 g/mol

Y Y o o an 4
’G’f'l'iagﬁ']ﬁll%ﬁ@]ﬂﬁuﬁ'lﬂiﬂﬂﬂﬁwﬂcﬂﬁLﬂ@l@@ﬂulcﬁﬂ
TEOS : EtOH : H,PO, : H,0 : HCI

oA51d@I151105 (ml) 9.98 : 8.07 : 027 :1.67:0.005 75 20 ml

o2

oA51d8I151105 (ml) 1 : 0.81 :0.027 :0.167 : 0.0005
ons1aIulaglua (mol)  0.045: 0.14 : 0.004 :0.0968 : 0.000051

ons1aIu laglua (mol) 1 : 3 :009 : 2 : 000l
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MANUIN 3

v
d o Aaa

o d' Y o [V Y ia d
fn5ﬂ1‘H71ﬂ!‘].r%N]ﬂm’1§ﬂ$ﬂ1ﬂ‘7ﬂ‘]fﬁ1‘ﬁiﬂﬁx‘l!ﬂi1$‘ﬁwﬁ?»l‘]ﬂ!@ Fl1IRNB3I NI

= v A ' ~ °
ANNANVIINMIUNIA110D !Eﬂ$ﬂ§11/‘lﬂ1\‘]"| ‘vﬂ‘mumimu’am
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o f?.l o v Aafd aa d
1 mamwnaSnamsazagansdumnsuanleanedanansanlaa
A A(d :’J aa d .
viseNauTHONAADS (n-emitter layer)
TunszuIumMsduaeiasazatsnanidudsuneaedanaoon laa suilu
U A <3 A F Z‘, 1T A g ] aa Aa A Y
UUAETIIDVDIUUUND A WFUTBIADN-1DU VULHUTIUFAADUTUAN 52U (100) Taels
93 19UININTVOIA1TaYa1e TEOS : EtOH : H,0 : H,PO, tM1AU 5: 1.5: 10 : 1.25 ml

Hq Y A Y Y o o & aa s A
ﬁ'"liﬁ%ﬁ18‘1/]1%&15]5f.lllLﬂﬁﬁﬂ@uﬁTﬂiUﬂfu@N@m@iﬂﬂu

TEOS —> MW =208.33 g/mol density = 0.933 g/ml AMAUVY 99% (%v/v)
C,HOH=EOH => MW =46.07 g/mol density =0.79 g/ml ANMTUIU 99.9% (%v/v)
H,PO, —> MW=98g/mol density=1.69 g/ml AMUTNTU 85% (Yow/w)
H,0 —p> MW =18 g/mol density = 1 g/ml

mannulnavesnsanoanesn (H,PO, 85% wiw)

f15aza1enTa H,PO, 100 g Niiionsa 85 g
4

HuAeNeg 100 g —85g=15¢

Aanluiuanluaveaves H,PO, = 1.25 ml x 1.69 g/ml =2.1125 g

4 A ok 2.1125g%x85¢g
ufe Uiliensa H,PO, ——— =1.7956 ¢
100 g
ad 2.1125gx15g
waz  Mhlunsa HPO, ———— =03169 g
100 g
I a ‘]dJ ° T 1.7956 g .
agAAtluT1LIu Iuavednsa H,PO, ———— = 0.0183 mol
98 g/mol

mannulnavesveniluszuy (H,0)

WA NV IUTZUY = (10 ml x 1 g/ml) +0.3169 g=10.3169 g

a & o ¥ 103169 g
AnlusuIulyaveal = ———= = 0.5732 mol
18 g/mol

wNuIUINave oMU (EtOH)
4
MU IMUNYDUBNIUDA

M D xV =0.79gmlx1.5ml=1.185¢

ETOH ~ " ETOH ETOH

wIuIu luavesenuea

MEtoH 1.185 g
Netog = to = =0.0257 mol
MWEtoH 46.07 g/mol
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WMNUIUINAVRANAITZIDNARI 5T AINA (TEOS)
y =) an
nihminveunaszienase Isdana

M D, X V..0= 0.933 g/ml x 5 ml =4.665 g

TEOS _ TEOS TEOS

MU IUAVDUNANTEIDNADD 15T AN
Mrgos _  4665g
MWrgos  208.33 g/mol

Nrgos = =0.0224 mol
nsazaunamsA TS Tianes

TEOS : EtOH : H,0O : H,PO,
993189UTNIAT (ml) 5 15 : 10 :1.25 qNnd 17.75 ml
0519 UUTNIAT (ml) 1 :03: 2 :025
oas1daulagTua (mol)  0.0224: 0.0257 : 0.5732 : 0.0183

ons1au lagTua (mol) 1 : 115 : 2559 : 0.82

o U :’J Y o (% g’J aa '
“r‘i"l‘i]1uluﬂgﬂi’)ﬂﬂli’)\‘i‘I/‘I@)ﬁ‘l/‘li’)5iﬂ‘l—!iﬂia$ﬁ1ﬂmﬁﬂﬂﬂuﬁ1‘ﬂiﬂ‘lﬁui’)3~lﬂm®§

NUIUBLADY = 11a x 6.02 x 10™ atom “@.1)

Y
v o

aauNUINezaauvoIoanesa = 0.0183 x 6.02 x 1023 atom JH1582019 17.75 ml

A 20 3R A ' A Aa X o o
1139 6.2065 x 10 atom/cm” SKIADAITUUUULUUUDIFITLIDNHNIVDIFATITNIAIU

= |
3.2 fﬂTI'ﬂﬂ'J]Nﬁﬂ"ll?]\‘iﬂ1§!!1/‘l§'ﬁ'l‘§ﬁ]ﬂ
a v dy 9Jq 9ax ' ' A To o . . ..
Tuarudseil laleasmsunsanurasansve lusina (Diffusion from an unlimited
source) 1 InHSINmpzABNAITROANNNUNLIUNTEWRINATUTUDNAUMINY N, (solid

13 o a 4 '
SOlubility) Llazﬁ’ﬂjnﬂu constant source ITNNTITATUIUNWNAUAAITATUDINTSUIUNITUNT

a

) Y .. v & dy o A 1 Y
ﬁ1§&%’f]"lll!§lu (pre-dep051t10n) mmwmumauuﬂiwmqmwguz;N uaxﬁtmmmﬂ%iauaau
A =

v v '
NAIVDIFANDU muummmwumuummawanamfiamnmﬂmmmuwugmcﬁaﬂau ‘3?\‘]

9
1 v v

Y H ]
YUOYNUFUAVDIETIVO 11AZQUUYUNTUNT ALUUNYUHANA1 1T N, 9z19D0n D500

U

v X

A Aa o 9 v A
GU’ENﬁ'IiL’i]’EWIN’JlI'Iﬂ’G:f@ ﬂllﬂ'liﬂi“b’cluﬂ'lim/\liélluﬁuuﬂﬂ

N(x) = Nyerfc-z (a.2)
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X

Dt (4.3)

h) Z =

Tagh N, Ao ANUHUIUUUBIA15A0NAIUDIFANOU (atom/cm’)
A 1 1 A Y 1 & 3
N(x) 19 ANUHUMUUUDIUHUFIUTOINTATIWAIUNIUAI) 1T (atom/cm’)
' v
D flo dudsz@nTmsuniansine (cm’/s) v laannsmlzdi a1
a . &
x A9 TEeENNMILNT Ilioa1s (um)

A 1 1
t A9 ¥ IUNITUNT (s)

1813904 erfc - z (complementary error function) ¥99 z AIUANVDY

4 2 rz
erfc-z =1 —erf -z i erf-z:;foe—azda (1.4)

= 2 o o A a ) Y =
NI1TIN No GUE]QﬁﬁLi]ﬁ]sluﬁﬁmmumqmwgmmzmm‘wziﬁuuﬁu 1/71“1@1mﬂgﬂ°n 3.2

Y
v A

a Jq 9 J A A a ) I = 1 ~
Llﬁ3Gl‘lNTL!'F[]ﬂuulﬂcl%ﬂ'lﬂleﬁ'ﬁﬁ]@ﬂqmﬂ Nq@ 1000 C Lﬂunmmu60 HUIN LRUITHTOIN

U

1HlumsunsansFedluuriugudaneusiiaf szu1u (100) Tmanudmmu iy 1
Q'cm "lﬁ'fhmmwuuuiuazmamaﬂmaumﬂﬂimgﬂﬁ 43 50 N(x) 10U 1.47x10"
atom/cm’ TaglFWleaodainaeen leailuuvasasdereareda S5msmuiamiadmia
VDITDOADIUTARIT

psdifanNNHNIIUIRIgIganInezaenvleaedaia i (N, = 1.2x10" atom/em’)
N(x)

NGAT =erfc-z

0

16 3
erfc -z = 2A2A0 oM/ _ 4 595 % 1075

1.2x1021atom/cm3

9
%

Ay erf-z =1 — erfc - z=1—1.225x 107°> = 0.99998775
Dinms1egUit 4.4 81 2 1§

z erf -z

3.09 0.99998757

z, 0.99998775

3.10 0.99998835

2, = 3.09 — (0.99998757-0.99998775)(3.09-3.10) _ 3.09230769
0.99998757-0.99998835
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mx = 2zvVDt = 2(3.09230769),/(3 X 10~ #cm?/5)(3600 s)

= 6.4272 x 10 %cm

= 0.0064272 um

=)

oA A A @ =D &L =2 aa
HUND 53331’]1\11’]?)3ﬂ@llﬁ'lﬁléﬂﬂ1’\'aﬁﬂ@ﬁﬁgﬂllWﬁaﬂmﬂUlﬂGlULu@Waﬂ“ﬁaﬂ@uu

] =2 a 1T a g
sz 0.0064 pm WUNATDIADN-1OU

Y v
A A

o A [ d' 1T 9 &1 Aan 1
Li'l?ﬂiﬂif]?i1%11&’31&@3S?“I’é]lléll@Qﬁ?ﬁl%ﬂﬂ@ﬁﬂﬂﬁﬁﬂl!‘lﬁlimﬂulﬂclulu@%aﬂﬂuﬂﬂwu‘ﬂ

é 1 é T W 9
NUIATNHUY HUNINY Q(b) llﬂﬁ]"lﬂ

Q) = [;" N(x,t) dx = 2N, \E (1.5)

(3% 1071cm?/s)(3600 s)
T

Q(t) = 2(1.2 x 10%*atom/cm3)

= 1.4072 x 10%®atom/cm?

9 ]
v v A

= =] 1w = @
ANUUNTTITANINANUDITRIADN-LOUININY 0.0064 pm wldsuuezaoueanesd

malszunal 1.4072x10" atom/em’

=

lunsaifiafanuruuiugegannurasasaooavedamnaoon lad JA1 N, g, =

0,PSG

4 o a g 1 [ Y
6.2065 x 10 atom/cm’ AZOMUIUNITINNDT A9 ud9z ldTzesmaunsansFemiiy

0.0062 pm FeNsumezaeureanesalseuna 7.2780x10" atom/cm’
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ﬂﬁ 3.2 ﬁmwawmﬂ"lmmﬁmm (solid solubility) "U’E]Qﬁ”lil“l]fz)‘]fuﬂﬁ"lﬂ‘] Tuganou tazm

mmnmuuuqﬂqmmmmﬂ (Jarger, R. C., 2002)

10% eng=
:

= 10
£ =3
@ H
£ oron],
2 LLLL
s i
2 _Phosphorus
g !

1072 I

|014 lols |0l6 |0l7 lols lol9

Concentration of dopant (atom/cm®)

51U L3 Bmaanurmuminvesezaeuaisive Tusou uazwoaoialunkuguganon

52U (100) (Schroder, D. K., 2006)
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2.5 matalWinddiavuanlnsalall (Photoemission spectroscopy : PES)
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Thin Film preparation of silicon nanocrystals
embedded 1n silicon oxide by sol-gel method

Kannika Kunchana

'School of Electrical Engineering, Institute of Engineering,
Suranaree University of Technology
Muang District, Nakhon Ratchasima. Thailand 30000

Abstract- In this paper, nano silicon powders were prepared by
grinding technique and subsequently mixed in sol-gel of
Tetraethylorthosilicate and ethanol solution. The silicon dioxide
films synthesized from sol-gel solution were preliminary studied
in the term of optical property as refractive index (n) under
varving aging and annealing conditions. We have also
determined x-composition of gel-prepared 5i0; films with
varying annealing temperature by Fourier transform infrared
spectroscopy measurement.  The results show that the -
compasition increases from 1.26 to 1.49 with a decrease in
annealing temperature from 60 °C to 500 °C. The prepared films
from precursor of nano-silicon powder suspension were
characterized by photoemission spectroscopy, and Raman
spectroscopy in order to obtain more understanding of chemical
compaosition and silicon nano-crystallite quality, respectively.
The Raman scattering spectra presented in this study suggest a
size effect from occwrring spectra broadening and frequency
peak which shifts downward from 321 cm™,

Kevwords-silicon; nanocrystals; thin film; sol-gel; silicon oxide

I. INTRODUCTION

Photonic devices such as light emitting diodes (LEDs) and
lasers seem to be impossible to exploit silicon (S1) matenal as
an optically active layer due to ifs indirect band gap.
Nowadays, there are many breakthroughs in the utilization of
more photonic functions based on nano-crystalline S1i (ne-S1)
material [1-2]. The main reason for forming Si low-
dimensional system 15 its compatibility with Si-based
integrated circuit technology.

The quantum confinement effect i Si nanostructures
constitutes another approach to engineermg a quasi-direct
transition and the visible light emission at room temperature.
In particular confinement systems, where the larger band gap
15 due to shifting down of the valence states and shifting vp of
the conduction states in energy since the nanometric size is
smaller. Confinement 1n a small size has other effects on the
recombination mechamsms even at room temperature [3]:
Shockley-Read-Hall recombination is suppressed because
carriers become localized and are not able to diffuse to
defects. Auger recombination 15 not present until two excitons
are generated within the same nanocrystals. Furthermore,
radiative frecombination becomes more efficient since
electron-hole wavefunctions overlap overwhelmingly in space
causing faster recombination. In the last few years. zero
dimensional (0D) Si quantum dots have been widely
mvestigated i the structural electrome, and optical
properties. Especially, systems composed of nc-51 embedded

*Comesponding author: Tel +66 44224382
e-mail : thipwan/@g sut.ac.th (T. Fangsuwannarak)

978-1-4673-2025-2/12/$31.00 ©2012 IEEE
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into its dielectric materials such as its oxides, nitrides. and
carbides. They present a promising alternative to tunable band
gap from 1.2- 2.0 €V [4].

A variety of different fabrication techniques have been
used to produce S1 quantum dot matertal which are compatible
with standard Si technology. The techniques include ion
implantation [5]. plasma enhanced chemical vapor deposition
(PECVD) [6]. and RF magnetron sputtermg and followed by
lugh temperature annealing [7]. The problem here is the
difficulty m achieving concentrations high enough to obtain
efficient optical properties. Many techniques have been
expensive and time consuming because of the production
under high vacuum and/or annealing processes. Sol-gel
method 15 quite mexpensive and easy to fabricate a sequence
of nanostructure material on 1ts dielectric layer. The Sol-gel
method by centrifugal processing has been suggested as a
technique to achieve this objective [8]. Sol-gel was used as a
viscous medium through St crystallites settle. Nonetheless,
centrifugal processing might produce bulk quantum dot
materials which have such a functional limitation for thin film
optoelectronic devices.

In this paper., by sol-gel spin coating techmique, we
prepared ne-Si thin films in the formation of nanocomposite
materials. Prepared silicon nanostructure conststs of nano-S1
powders which were dispersed m a continuous silicon dioxide
phase. P-type (100) Si wafer as nano-Si powders precursor
was appropriately grinded for our work. Furthermore,
mvestigation step of boron doped m nc-S1 dots/S10, film 15 a
very important towards realization of a nano-scaled P-N
junction device. For compositional analysis. the chemical
bondmng environment of boron was investigated by
photoemission  spectroscopy (PES). Crystal structure of
nanometer S1 dots embedded into oxide was studied by the
measurement of Raman spectra.

II. EXPERIMENTAL PROCEDUE

A. Synthesis of silicon nanocrystallites thin films by sol-gel
technigue

Under long time of grinding process, nano-Si powders
were produced from a monocrystalline p-type S1 wafer (1-20
Q-cm. <100 in a mixture of ethanol absolute. The biggest Si
particles were properly eliminated by filtering through a sieve
with pore radius of 45 ym. Tetraethylorthosilicate, S1(OC,H;),
(TEQS. 98% Fluka) and ethanol absolute, (C,HsOH. (99%
BDH) (EtOH)) were used as a silicon oxide precursor. In
fabrication of Si oxide buffer layer, dielectric sol-gel was first
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prepared as follows: 1 mole of TEOS and 2 moles of EtOH
were mixed and then stirred for 15 mun at room temperature.
Cetyl Tomethyl Ammonium Bromuide, CjHy,BfN (CTAB,
99% Sigma Aldrich) was used as surfactant. In addition,
0.0013M CTAB and 0.1M HCI catalysts in water were
subsequently added dropwise to the solution until a water to
TEOS molar ratio of R = 2. The condensation of TEOS at
about pH 2 was controlled by adding HC! catalyst. The proper
solutions were then stired at room temperature for 60
minutes.

In order to obtam the suspension uniformity, sol-
suspension was prepared from muxture of nano-scaled Si
powders (0.05 g) with TEOS solution (5ml) under ultrasonic
for 30 min. The preparing process of sol-suspension 1s shown
n Figure 1.

{ TEOQS : EtOH = 1:2 with stimring for 13 min ]

[ Added CHy(CH,),N(Br)(CH3); = 0.001 3M with stirring for 15 min J

[ Added 0.1M HCI catalyst, molar ratio of R = 2 with stiming for60 mm ]

{ Fabrication of 510, buffer layer }

: ! 5105 precusor + ne-Si powders
Spin-coatng onto substrate

|

[ Mixing suspension under ultrasonic for 30 min ]

I

‘ Fabrication of ne-Si dots/510; film on Si0, buffer layer J

Spin-coating onto Si0; buffer layer/substrate

Dried film for 120 min

Figure 1 Sol-gel processing schematic for preparing particulate Si suspension

The S1 wafers and quartz substrates were cleaned by RCA
process. Particular Si wafers were dipped in dilute 5%
hydrofluoric solution and rinsed in deionized water in order to
remove the native oxide on the surface. After aging of the gel
for 1 day, the aged TEOS gel as a S1 oxide precursor was spun
at 2000 tpm for 20 s. on the substrate for production of Si
oxide buffer layer. To prevent the crack of the gel structure,
then the first $1 oxide film was sustably dried for 2 hours m
oven. Subsequently, sol-suspension deposition by spin-coating
on a dried oxide buffer layer was released. Under properly
sequence process, B-doped Si nanocrystallites embedded in a
continmous oxide dielectric phase were expected to obtamn
this work.

B. Characterizations of the thin films

Optical and structural characterizations of the $10, layer
deposited on a polished Si substrate were determined under
various annealing temperatures by using an ellipsometer
(L117, Gaertner Corp.) with a laser wavelength of 638 nm for
refractive index and film thickness measurements. The
storchiometry of as-deposited S10x, with varymg annealing
temperature in the range of 60 C-300 C . was estimated from
shifts of the asymmetric S1-0-S1 stretching peak with adjacent
Q-atoms in the IR absorption spectra. The change in chemical
bonding state of Si oxide film was also analyzed by using
Fourier transform infrared spectroscopy. FT-IR (Nicolet. 6700
ATR mode) with a wavenumber resolution of 2 cm’.
Photoemission spectroscopy with syachrotron light source was
performed on the surface after Ar ions sputter etching, with
a monochromatic Al, Ka (16384 V) radiation Annealed
films on quartz substrate, which have a composite of nc-51
dots embedded i 510, phase were identified the chemical
compositions by PES  measurement. The spectra
corresponding to the $1(2p) peak were analyzed to confirm B-
S1 bonding resulting from surface modification. The ne-Si
embedded m S10; under annealing temperature. Structural
properties in nano-scale of the film on quartz were identified
by Raman spectroscopy, which was obtamed using the 638.2
nm line of an Ar™ laser. The laser power incident on the
samples was reduced to minimum 1n order to avoid artifacts.
Cross-sectional images of the film were further verified by
Scanning electron microscopy (SEM, 1450VP, LEO).

II. RESULTS AND DISCUSSION

Refractive index of the prepared dielectric film is an
important parameter to provide its optical mformation for
further photonic design. These results in Figure 2 show the
fluence of annealing temperature on thickness and refractive
index values of film As the temperature increases. the
refractive index exhibits a slightly increase from 1.46 — 1.50.
whereas the film thickness gradually shrinks from 150 nm to
90 nm. Shnnkage of the gels during drying 1s forced by
capillary pressure of the small pore higquid [9]. By annealing
temperature, the surface tension between liqud and vapor
cannot be avoided. Therefore, less shrinkage of as-prepared
film and also film annealed at 60°C can lead to the less crack
ot crack free.

In Figure 3, at low temperature drying (60°C), the
influence of the aging time of the gel on average thickness and
refractive mdex of 510; film with crack free gives a same
tendency. With the longer aging time, the thickness increases
as a consequence of a more gel viscosity. For 4-day gelation
time, thuckness and refractive mdex reversible drop possibly
due to that EtOH as a solvent evaporates, causing shrinkage of
the gel network. This behavior in our result is consistent with
Dai et al. study [10]. The reflective index of prepared film by
sol-gel technique presents in the range of 1.45-1.50.
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Figure 3. Change of average thickness and refractive mdex of the 510, film
with aging time of sol-gel precursor

The $10, films on polished $i wafer which annealed at
60°C for agmg time dependence were prepared for FTIR
measurement. It was found that the system of low temperature
annealmg at 60°C has a similar tendency as shown in Figure4.
The main features of IR absorption of $10; are observed at Si-
0 rocking mode (460 cm™). the $i-O bending mode (800 cnr
1, the $1-0-Si siretch mode with adjacent O-atoms in phase
(1000-1100 cm™) and with adjacent O-atom out of phase
(1150-1200 em™) [11]. The weak frequency band at 800 em™
can be indicated ethanol skeletal vibration.

X-composition of the 510, films was experimentally
derived by elastic recoil detection (ERD) measurement of J. U
Schmudt [12] as presented in the relationship of the equation
(1). From the plot m Figure 5. it was found that the x-
composition of the prepared $10, (1=x=2) has a reverse
tendency with refractive index and thickness of the S10; film.

v=978.72+30.63x (1)

where v is position of peak frequency (cm™) and x is
composition of $10; film.

In Figure 6, the PES spectra reveal the appearance of the
B2s energy broad band around 185-190 €V and the 510, peak
around 103 eV for Si2p energy. The peak around 99 eV
attributed to S1 crystallites 1s hardly seen possibly due to very
low photo-emission responsibility of nano-crystallites.

Absorbance (a. u.)

40 6o 0 100 100 40 1600 150 2000
Veverumber (om')

Figure 4 FTIR. spectra of the Si0j film annealed at 60°C on different stage of
aging time of TEOS solution
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Figure 3. Plot of frequency peak position and x-composition of the 510, film
with different aging time of sol-gel precursor
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Figure 6. PES Si2p and B2s spectra of the films consisting of ne-Si dots m
510, phase with temperature annealing at 60 C. 100 C. and 400 C. The inset
showing the spactmm with hizgher resolution step

The presence of B-O bonding at 193 eV obviously
occurred upon high temperature annealing due to such boron
out diffusion from B-B and/or B-Si environments at high
temperature annealing. Additionally, the inset showmg the
PES spectrum with higher resolution step of 0.20 eV was
examined the B-O bonding.

The thickness of as-deposited film layer was venfied by
cross-section SEM with dark field mode. It shows the clear
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monolayer structure deposited with a sol-gel coating, where
thickness of the nc-Si dots and 510, buffer layers are 1.5 ym
and 0.15 um_ respectively.

The quality of Si crystaliimity and also crystal in nano-
scale was typical investigated by micro-Raman spectroscopy.
The Raman spectra in Figure 7 show the main 1TO peak at
511, 517, and 521 cm™ of as-synthesized Si powders, Si dots
film_ and bulk silicon as a reference sample. respectively Tt
was found that the spectral of Si nanostructure material
become asymmetric broadening and the peak shifts downward
from 521 em™. G. H. Loechelt e al.[13] suggested that the
frequency shift and spectrum broademng are caused by stress
and stramm m the film. Nonetheless. the size confinement
model of Richter er al[14] noted about uncertainty in the
phonon momentum. thus leading to a downsluft and
asymmetric broadening of the first-order Raman spectrum.

Figure 7 SEM cross-section view of nano Si dots/Si0, film

Mormalized intensity (a.u.)

460 480 500 520 540 560 580

Wavenumber [cm":

Figure 8 Change of Raman frequency peak spectra of Si nanostructure
with a 5i bulk comp

For size approximation, we used the analytic equation (2)
of Zi et al. [15] as followings

M,=_A(£]’: @

where A = 47.41 cm* .Y = 144, a is the silicon lattice
parameter (2 = 0.543 nm). L 1s silicon dot diameter. and Awis
the shift frequency. Average size of the synthesized Si powder
and the nc-Si dots in S10; is of ~3 nm and ~1.6 nm,
respectively.

IV. CONCLUSION

In this work, nc-51i dots film produced was based on the
preparation of sol-gel solution. Several characterization

techniques was applied to the study of nanomatenial structures
consisting of ne-Si dots embedded in a Si10, phase. The nc-Si
powder was fabricated by grinding p-type Si1 wafer
Furthermore, the results from refractive index and FTIR
measurement suggested the aging optimization of 1 day for
suitable S10; precursor. PES analysis revealed possible boron
incorporation in nc-51 films. We expect to have the presence
of B-51 bonding for further conductivity improvement. Thus, a
very low temperature annealing of nc-Si dots can lead to the
weak of undesired B-O bonding. Raman measurement also
revealed crystallite quality of the gel-prepared films and can
be examune the size approximation of S1 dots 1n 510, phase.
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Abstract

In this study. silicon nanocrystal (Si-nc) films were synthesized by compositing of Si-ne
powder embedded in silicon oxide phase. The Si-ne film produced by the spin-coating methode
using Tetracthylorthosilicate. ethanol. phosphoric acid, and Si-nc powder as suspension precursors.
The variation in struetural and optical properties of Si-ne sol films with the amounts of Si-ne
powder have been characterized. Atomic force microscopy (AFM) shows that low density level of
Si-nc power can result in the amount of porosity in the Si-ne films. It is found that when the Si-ne
films have the higher Si-nc density, the small pores in the Si0; phase were removed. In addition.
optical energy gap (E,) of Si-nc samples was evaluated by the Tauc plot method. It is a crucial
attribute for a promising photonie device. The obtained optical bang gap values were extended from
1.10 eV to 1.40 eV as compared with the typical Si bulk. In addition. density of Si-nc clusters has a
considerable effect on the electrical conductance of the Si-ne films measured at room temperature.

Introduction

Technologies of silicon nanoecrystal (Si-ne) fabrication have advanced rapidly following
Canham’s pioneering work on porous Si, which exhibits the bright visible luminescence at room
temperature [1]. However, porous Si with its coral-like structure causes uncontrollable performance
with time [2]. Studies on the nanoerystal structures of Si material became popular due to their
promising applications in optoclectronies. Moreover, different techniques used to fabricate S1 QDs
are compatible with standard Si technology: 1on implantation [3]. radio-frequency (RF) reactive
magnetron sputtering [4]. plasma enhanced chemical vapour deposition (PECVD) [5], and pulse
laser ablation supersonic expansion [6]. The most widely used technique to produce silicon
nanocrystals is based on the formation of excess amorphous silicon (a-Si) in sub-stoichiometric
oxide, followed by annealing at a high temperature (usually at 1100°C) [7.8]. The annealing process
leads to a phase-separation of nanocrystalline silicon dots and SiO> materials.

Recently. zero dimensional (0D) Si quantum dots have been widely investigated in the structural,
electronie, and optical properties. The discovery of efficient luminescence at room temperature
from Si-ne has provided significant interest i the silicon nanostructure because of its potential
applications in electronics, optoelectronics and new generation of photovoltaic devices [9.10].
Especially. the band gap of nanostructure system to compose of Si-ne dots embedded into its
dielectric materials can be tuned by adjusting the nanocrystal size. Previous experimental results
showed that the band gap of Si nanostructure is adjustable from 1.2- 2.0 eV [11.12]. However, the
results showed the nonuniform Si-dot size and low Si-dot concentration. The low density of the
nanocrystals results in the decrease of the film conductivity.

Sol-gel method 1s a simple technique at low temperature by using nanocomposite materials, used
as a viscous medium through crystallites settle, It is a challenge to control Si-ne density in the thin
films by varying the Si-nc contents in the Si-ne suspension. In this paper, Si-nc powder to suspend
in a silica gel solution was prepared as a precursor. The Si-ne suspension was spun on the quartz
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and Si substrates by a spin-coating method. By varying the amount of Si powder. the surface
morphology and optical properties of the Si-ne films were studies. In this structure, the wider band
gap energy and high photon absorption coefficient could be obtained at room temperature by
controlling the Si-nc density

Experiments
A. Synthesis of Si-nc suspension

The starting silica-based dielectric was prepared by two sol-gel solutions at room temperature.
The first solution is the mixture of 0.95M of Tetracthylorthosilicate (TEOS, 98% Fluka) with 3M of
ethanol absolute (EtOH, 99% BDH) stirred for 30 min to ensure homogeneity. Meanwhile, the
second solution is the mixture of 2M of HyO with 0.05M of phosphoric acid (85%H;POy) stirred for
15 min. 0.001M of HCI catalysts in water was subsequently added dropwise to the second solution
which was stirred for 15 min at room temperature. The two solutions were then mixed and stirred
for 60 min until the silica sol-gel obtained the 2.8 pH with a volume (ml) ratio of
TEOS:EtOH:H,0:H;PO:HCI of 9.97:8.06:1.66:0.31:0.005 ml.

In this study. Si-nc powder was bought from American Elements Company. Before achieving
the sediments, the Si-nc suspension was prepared by mixing the Si-ne powder in 2 ml of the silica
sol-gel. The Si-ne density was varied by changing the amounts of Si-nc powder in the range of
0.03- 0.10 g. The Si-nc suspension was blended by an ultrasonic stirrer for 60 min at ambient
temperature in order to minimize agglomeration of the substances, remove the air bubbles, and
improve Si powder distribution in the silica sol-gel.

The quartz substrates were carefully cleaned by the Radio Corporation of America (RCA)
process. By varying the Si-ne contents, the prepared Si-nc films on the quartz substrates were
denoted as Sample xxg (xxg =0.03g-0.10g).

B. Characterization procedures of Si-ne film

The nanostrueture and erystallite quality of Si powder are essential to be verified before forming
a Si-nc film. The diameter size of Si powder was identified by a JEOL model JEM-2010
transmission electron microscopy (TEM). The nanocrystal quality of Si powder was investigated by
a micro-Raman spectroscopy (NT-MDT model Ntegra Spectra) with a 2.0 em™ spectral resolution.
After the prepared Si-nc suspension was spun, the thickness of Si-ne films was measured by an
optical profiler (Veeco WYKO NTI1100). Atomic force microscopy (AFM, SII SPA 400)
measurements have been performed to assess the morphology of the films. A double-beam UV-
Visible spectrophotometer (ATUK SPECORD) with an integrating sphere mode was used to
measure transmission and reflection of the samples in the wavelength range of 300-1100 nm.
Current-voltage measurement of the Si-nc films was performed by using a Keithley 2400
electrometer. The electrical experiment was conducted under dark-condition in a shielded metal box
to ensure elimination of noise and to obtain stability.

Results and Discussion

The TEM image of the Si powder in Fig. 1 shows that the diameter size of S1i powder is about
50-100nm. In Fig 2, the Raman results confirmed the crystalline quality of Si powder because the
main spectrum corresponds to the main first-order of transverse optical mode (1TO mode) of
erystalline structure. Fig. 2 shows the main Raman peak at 511 em™ with the broader spectrum as
compared with a monoerystalline Si bulk (at 521 em™). The result shows that the Raman peak shifts
towards lower wave number for the Si-nc powder. It is mainly due to that the first-order Raman
spectrum is very sensitive at the atomic scale to the structural modification caused by the formation
of nanocrystalline Si and defects on the Si surface [12-14]. Furthermore, the spectrum with the
observed strong peak at 511 em™ without any asymmetric band at 480 e implied to the absence
of amorphous phase in the Si powder. It is possibly due to that the size confinement results in
uncertainty in the phonon momentum as followed by the model of Richter er al.[14].
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Fig. 1 TEM image of nano-Si powder Fig. 2 Comparison of Raman frequency peak

spectra of Si-nc powder and monocrystalline-Si

Fig. 3. AFM images of the Si-nc films by varying the amounts Si-nc powder : (a) 0.03g. (b) 0.06g.
and 0.10g of nano Si powder

The various thicknesses of Si-nc films were 0.95;m. 1.24 ym and 1.36 gm by varying the
amounts of Si-nc powder of 0.03g. 0.06g and 0.1g. respectively. However. small cracks with groove
size around 1zm on the film surface were observed in the Veeco image with x2500 magnification.

The AFM images show the surface morphology of the Si-ne films on quartz substates as
illustrated in Fig.3. A large number of small pores in SiO> phase of Sample0.03g were observed in
Fig. 3(a). The existence of small pores (50-70 nm size) in SiO, phase is in agreement with Fadad er
al.work [15] due to the acid catalysts as HCl and H3PO, resulting in the hydrolysis rate faster. In
this preparation process. Sample0.06g and Sample0.10g to have the high Si cluster density show
removal of the small porosity as illustrated in Fig. 3(b) and (). respectively. In addition, it was
found that the spherical parks (~50nm) were formed at the surface as shown in the inset.

In Fig.4. the transmittance and reflectance spectra of ~1 gm thick films with strong dependence
on Si-ne density are presented. The lowest reflectance (%R gray line) and the highest transmittance
values (%T black line) were found in the Sample0.03g because of the effect of a large number of
small pores at the surface. For Sample0.06g. the result of the higher reflectance value was obtained
because of the presence of the small spheres at the film surface. The Sample0.10g exhibits the
highest %R and the lowest %T values when the density of Si-nc particles embedded in the oxide
dielectric increases. It would be noted that the film of Sample0.10g becomes more opaque to near
blue wavelength.
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The optical absorption of the Si-nc films can be derived by the transmittance and reflectance
spectra with the use of equation (1) [16]. Meanwhile. the absorption coefficient (&) as a significant
factor for the optoelectronic applications can be ascribed as a function of incident of photon energy
(hv) as presented in equation (2). Since the photon absorption considered as indirect band-to-band
transition the equation (2) is referred to a Tauc’s formula [17].

[ | 4 1pr 1)
1-R 4T-R- -(1-R
a:—l]n il ) + : I‘ ) (1)
ro| 2TR"
where T 1s the transmittance. 7 1s the film thickness. and R 1s the reflectance
ahv=hv-E_f (2)

where E, is the optical band gap. & is Planck’s constant. and v is the frequency of the radiation

Fig.5 shows the results of a photon absorption coefficient of the nanostructured films as a
function of the Si-ne density at room temperature. It was found that the photon absorption spectra
strongly depend on the Si-nc density and the absorption edge is blue shifted with a decreasing Si-nc
density of the films possibly quantum size effect. Additionally. in the wisible spectrum range.
absorption coefficient is also high about at 10* em™. as can be seen in Fig.5. and thus it is possible
to obtain high sufficient absorption for a window layer in solar eell application. In Fig.5. it seems
that the absorption range at around 3.0-3.2 eV is related to the main peak of the transition energy at
3.4 eV for the complex dielectric function of the ne-Si., which was studied by Ding et al. [18]. This
relation was explained from dielectric functions of a crystalline material were closely associated
with its electronic band structure which was described by the joint of density of states (DOS) [19].
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Fig. 4 Transmittance and reflectance Fig. 5 Absorption spectra of Si-ne films with
spectra of Si-ne films with different different amounts of nano-Si powder as
amounts of nano-Si powder compared with a silicon [20-21]

Fig. 6 shows the plot of (ah1)!” versus photon energy (hv) of the Si-nc films with the different

nano-Si density. Eg is determined by extrapolation of a linear part of the curve to intercept the
energy axis (ghv=0). Although the results show that there is no clear dependence on Si-ne density
due 1o the effect of Si-nc agglomeration in the silica sol-gel. the bang gap extension of the Si-ne

film is found in this study as compared with a Si bulk (1.1eV). The average optical values in the
visible wavelength range were summarized in Table 1.
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Table 1. Optical property values of Si-ne/Si0 films for samples of 3 different amounts of Si-ne

powder

Film for Si-nc Si-nc Thickness T (%) R (%) Eg G
embedded 1n powder (£am) 1 visible in vistble (eV) (S/em)
$10, matrx (g) wavelengh | wavelengh x10¢
Sample03g 0.03g 0.95 60.3 1.30 5.89
Sample06g 0.06g 1.24 458 1.40 5.60
Samplel0g 0.10g 1.36 230 1.28 6.71
Siliea film - 0.28 932 53 345 | 834

TEOS-H;POy

The plot of the measured current as a function of various applied voltages is presented in Fig. 7
The plot of current density versus voltage was illustrated as an Ohmie behavior for Ag/Si-ne film
contact. The conductance values of the samples and silica film are related to the slope of the -V
curve, which show an increasing value with a rise in Si-nc content. In term of the conductivity (o).
the ne-Si films were provided the values in the range of 5.60x 10° - 6.71%10° S/em which are
unrelated to Si-ne density possibly due to an effect of Si-nc distribution.

Meanwhile, conductivity of the silica sol film with H3PO, content is about 8. 34x10° S/em. This
is evidence that phosphorus compound in H3POy results in an increasing conductivity of the silica
film as compared with the typical silica film without any H:;POs content. This is because of the
formation of phosphosilicate glass (PSG) [22-23]. The results show the conduetivity of Si-ne films
by sol-gel deposition is still low due to the presence of the eracks (~1 wm width) at the film surface.
However, the conductivity of Si-ne films deposited by spin-coating technique is higher about 2-
order than that of the ne-Si dots embedded in its oxide film prepared by high energy source as RF
sputtering method [22]. Furthermore, the improvement of conductivity value and carrier quantity of
Si-ne films prepared from sol-gel precursors is possible,
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Conclusion

Si nanoerystals embedded in a siliea-based matrix were formed via sol-gel method. The prepared
Si-nc films on quartz substrates were studied by change of the density of Si-ne suspension from
0.03g to 0.10g. The AFM reveals that the higher Si-ne density resulted in the presence of small
spheres at the film surface which ralated to the optical properties of the films. The influence of Si-
nc density on photon absoption of Si-nc films was examined. The bandgap extension (>1.10 &V)
of the films with high absorption value (~10* em™) in the visible wavelenght range was illustrated
as compared with band gap of Si bulk (1.10 €V). The preliminary I-V results show Si nanostructure
based on sol-gel method can be a promising way to enhance the conductivity by doping phosphorus
in silica matrix. In this work, these results suggest that Si-ne film prepared from Si-ne suspension
and subsequently depostied by a spin-coating technique at room temperature would be a probable
window and emitter layers for the application in photovoltaic devices.
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