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ABSTRACT

SiO,and TiO, thin layers processed by sol-gel technique have been depos-
ited, alternatively, on glass substrates and Si (111) wafer. Dip-coated
multibilayerswere characterized by different experimental techniques: XRD,
SEM, FTIR and UV-VIS-NIR. The obtained X -ray diffraction patternsanaly-
sishave shown that our films crystallize in anatase and rutile phases what-
ever is the number of bilayers and the corresponding grain sizes increase
from5.48 nmto 16.11 nm. The SEM micrograph showsthat our layersare
homogeneous without any visual cracks. The FTIR spectra have shown
that the vibration of Si-O-Ti bonds becomes intense by the increase in the
number of bilayers. Thisincrease, on the on hand, decreases the transmis-
sion coefficient from 4.58% to 0.55% and increases the width of the stop
band shown in UV-VIS-NIR spectra. On the other hand, the band-gap de-
creasesfrom 3.73 eV to 3.59 €V. In addition, a pseudo band-gap islocated
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between 300 nmand 400 increasing from 1.76 eV t0 2.29 eV.
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INTRODUCTION

Becauseof itsperformancein devel opingthinfilms,
facility toinsert large quantitiesof optica transmittersin
amatrix and low cogt, the sol-gel method alowsthe
development of materialsat room temperaturesfrom
molecular precursorsinasolution by seriesof chemica
reactiong™..

Silicon oxide SO, isatransparent diel ectric mate-
rial with arefractiveindex equalsto 1.45 at 600-800
nm, whichisalready used to €l aborate the multilayer
whichleadsto agreat interest in many important opti-
cd gpplicationg?™ nameyintheindustry duetoitsvari-

ous properties: semiconductors, electronicsand opto-
electronicg®. At 800 nm, TiO, possessrefractivein-
dex equalsto about 2.3. Thesignificant uses of TiO,
thinfilmsarein solar cellg'2'4, photo-catalytic sys-
tems*s and electro-chromic systems?e.

Distributed Bragg reflectorsare constituted of al-
ternated high and low index quarter wavelayers. To
increase the reflection coefficient, theindex contrast
between the two materials and the number of layers
have must be ashigh as possibl€”2, It isthus natu-
ral touse SIO, and TiO, for thedistributed Bragg re-
flectorg®.

The purpose of this paper isto study the effect of
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the number of bilayers(theeffectiveannedingtime) on
the optical and structural properties of SIO,/TiO,
multibilayersapplied to Bragg reflector. For this, sev-
era experimenta techniqueswere used to characterize
structura and optical propertiesresulting fromvarious
numbers of bilayers (4, 6 and 8): X-ray diffraction,
Scanning Electron Microscope (SEM), FTIR and UV-
Vis spectroscopy.

EXPERIMENTS

Solutionsprepar ation
SO, sal

The SiO, sol was synthesized with
Tetragthylorthosilicate (TEOS; Si(OC,H,),; 98.0%
(GC), Huka-Chemika). TEOSwas mixed with Etha-
nol (Et; C,H.OH; 96% Reidel-de Han) as solvent,
ultrapurewater (H,0) for hydrolysisand few drops of
hydrochloricacid (HCl; 37%) ascatdyst. Theobtained
solutionisvery stable, homogeneousand clear.
TiO, sol

TheTiO, sol wasobtained after thedissolution of 1
mol of butanol (C,H,OH; 99.5%, Reidel-deHaén), 4
mol of acetic acid (CH,COOH; 99-100%, Biochem-
Chemopharma), 1 mol of distilled water and 1 mol of
TetraButyl OrthoTitanate (TBOT; (C,H,0), Ti; Fluka
Chemika). Thefina solutionisTransparent of yellow-
ish colort929,

Prepar ation of alternated thin layer sprocedure

AsitisshowninFigurel,the SO, sol isdeposited
onaglassand silicon substratesasabottom layer and
after aheating/cooling operation we deposit the TiO,
sol asatop layer forming onebilayer and so ontill ob-
taining multibilayers. It isworth to mention that each
deposited layer wasdried at 100°C for 15 minutes then
treated during one hour.

Prepar ation of samples

For thisstudy, thevariousdepositswereredized at
the speed of dipping 7.69 cm.min'. We have prepared
different number of bilayers (4, 6 and 8) and we have
treated them at 500°C. The effective annealing time in-
creaseswith theincreaseinthe number of layer and, in
thewhole, it variesbetween 8 and 16 hours. Thus, in-
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Figurel: Processof fabrication of SO,/TiO, multibilayers

creasing thenumber of bilayerscorrespondstothein-
creaseintheannedingtime.

Characterization techniques

X-ray diffraction wasperformed by “Bruker Axs
Advanced” diffractometer using CuKa, radiation
(A=1.5406 A). The patterns were scanned at room
temperature, over the angular range 0°< 26 <95°
with astep length of 0.05°/sec. The scanning Elec-
tron Microscopy (SEM) observationswere obtained
by using “JEOL JSM- 6360LV”. Infrared spectra
were performed using a spectrometer “Thermo-
Nicolet Nexus 670”, over the middle infra range
(4000 - 400 cm?). The number of scanning is 32
with an estimated resol ution of 4 cm using adetec-
tor “DTGS KBr” and a splitter KBr. UV absorption
studies were carried out using UV-VIS double-
beam spectrophotometer.
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RESULTSAND DISCUSSION

Sructural properties
X-ray diffraction

Figure 2 displaysthe XRD patternsof SO,/TiO,
multibilayers obtained at 500°C for 4 and 6 bilayers
during 8 and 12 hours respectively. These diagrams
show thevariation of thecrystal structureunder the ef-
fect of the number of bilayers. The results show the
presenceof anatase and rutile phasesof titanium oxide
whatever isthenumber of bilayers.

Ontheonehand, Figure2 (a) and 2 (b) show that
thefilmscrystalizein anatase phase corresponding to
(101), (004), (200), (211)) and (204) plans respec-
tively. Ontheother hand, Figure 2 (a) showsthepres-
ence of (211) plan corresponding to rutile phase. The
last becomesimportant in the case of 6 bilayerswhich
can beattributed to anneding timeeffect (Figure 2 (b)).
Thismeansthat increasing the number of bilayers, or
theannedingtime, improvesthecryddlization phases?.

A1)y

(b) 6 bilayers : 12 hours
{a) 4 bilayers :

5 hours

Intensité (a.u.)

2e ()
Figure2: Evolution of diffraction patternsof SO,and TiO,
multibilayer sobtained at 500°C for: (a) 4 bilayers and (b) 6
bilayersduring 8 and 12 hour srespectively

Surfacemor phology and grain size

ThecrystallitesizeL of TiO, beinginSIO,/TIO,
multibilayers can be deduced from X RD line broaden-
ing using Scherrer equation’?:
D = 0-94xA

BcosO

Where isthewavel ength of X-ray beam (CuKa with
A=1.5406 A), B is the full width at half maximum
(FWHM) of (hkl) diffraction peak, and 6 isthe Bragg
ange,

= Fyl] Peper

Usingtheszeof thecrysdlites, thedid ocation den-
sity ()2, the number of crystallites/unit surface area
(N) and straininthefilms () has been determined:

5o
D 2
d
D?
¢ = A(20).cos0
4
Wheredisthefilm thickness.

Thecdculated structura parametersare presented
inTABLE 1. Thecomputed valuesof grain Szes, given
inTABLE 1, were cal culated for different number of
bilayerswith different annealing time. Thus, the ob-
tained grain sizesof anatase and rutileincreasefrom
5.48 nm to 16.11 nm and from 06.59 nm to 07.10
nm, respectively. Infact, asthe number of bilayers
increasesthe annealing timeincreasesand thegrain
size also increases. It isinteresting to note that the
grain sizeimproves and the defectslike dislocation
dengity and strainin thefilmsdecreasewith film thick-
ness. Thismay be dueto theimprovement in crystal-
linity inthefilmswithfilm thickness.

Scanning electron microscope (SEM)

Figure 3 displaysthe SEM micrographs obtained
for 8 bilayerstresated at 500°C during 16 hours. It was
observed that the coating was homogeneous without
any visud cracks. So, theincreaseintheannedingtime

N =

TABLE 1: Sructural parametersof SO,/TiO, multibilayers

Number ]
B”;);ers Phase (n[r)n) (k) 4tr:it(sllgm2) g'n(é% (10
Anatase 1156 (101) 7483  84.88 16.61
Anatase 09.89 (004) 10224 13556 14.74
, Anase 1185 (200) 7121 8064 1225
Rutle 0659 (211) 23027  458.20 10,75
Anatase 05.48 (211) 333.00 796,85 10,51
Anatase 06.65 (204) 22613 44591 08,40
Anatase 12.35 (101) 6556 125,35 15.54
Anatase 1611 (004) 3853 56,47 1355
. Anaese 1208 (200 6853 13394 1147
Rutle 07.10 (211) 19837 659,71 10.04
Anatase 06.73 (211) 22078 774,62 09.82
Anatase 0959 (204) 10873 267,73 07,85
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did not affect the uniformity of thefilms,
Infrared spectrometry

To get thetransmittance spectraby infrared spec-
trophotometry, we haverealized the various deposits
on Si (111) wafer. The FTIR spectra of SIO,/TiO,
multibilayersare presented in Figure4. Thelast shows
theinfrared spectrabetween 2500 cmrt and 400 cm't
obtained for filmssustained to 500°C during 8, 12 and
16 hours (Figure 4 (a), 4 (b) and 4 (c) respectively).
These spectrashow the presence of bands|ocated be-
tween 443cm* and 1216 cm™. Aswe can see, asig-
nificant decrease of bonds|ocated between 1093-1085
cnt, 813-809 cm?, 740- 736 cm'?, 611-609 cn?, and
445-443 cm that are assigned to thevibrations of Si-
O-Si asymmetric stretching, Ti-OH, S-O-Si symmet-
ric stretching, Ti-O-Ti and O-Ti-O bonds respec-
tively!?*2, However, the band characteristic of Si-O-

8 bilayers

1k

Figure3: SEM micrographsobtained at 500°C for 8 bilayers
during 16 hours

(c) 8 bilayers - 16 hours | i-
(b) 6 bilayers : 12 hours
(a) 4 bilayers : 8 hours

Transmittance (a. u.)

- ¥ ik ¥
1000 500

2500 2000 1500
Wavenumber (l:m'l)

Figure4: IR Spectraof SIO,/TiO, multibilayersfor: (a) 4
bilayers, (b) 6 bilayer sand (c) 8 bilayer sduring: 8,12 and 16

hour srespectively
Woatevialy Science mm—

Ti bonds at around 960-950 crt gppears highly more
intense aswell asweincrease the number of bilayers,
indicating that thefilmswith 8 bilayerspresent more S--
O-Ti bondg?2", It isinteresting to note, A so, that bands
observed around 445 cm* and 601 cn are closeto
anatase and rutile phases, respectively®.

Optical properties
UV absor ption analysis

Figure5displaysdiffused scattering UV-VISNIR
transmittance spectraof 4, 6 and 8 bilayerstreated at
500°C in the spectral range 300-1200 nm. For more
than 4 bilayers, thetransmittance coefficient was of less
than 1% in the spectra range (360-600nm) of the stop
band. On the one hand, asthe number of bilayersin-
creases the transmission coefficient decreasesfrom
4.58% to 0.55% and the stop band width increases
from 157 nmto 168 nm (see TABLE 2). Ontheother
hand, thewavy structure of the spectraat wavelengths
exceeding 600 nmisduetointerferencesof wavesthat
are not in the Bragg condition. The occurrence of
suchwavesmeansthat our filmsare sufficiently thick™,
A regular increase of thethicknesswith the number of
bilayersisnoticed (TABLE 2). Asthisnumber increases,
adight shift of tranamiss on curvesto higher wavd engths
isobserved. Thisshift isascribed to the decreasein
band-gap energy.

uncoated substrat

100, == - = s s s e e = ]

80 - (2)

60 ~

40 4

Transmittance %

(a) 4 bilayers : 8 hours
(b} 6 bilayers : 12 hours
(c) 8 hilayers : 16 hours

W o s 1000

Wavelenght (nm)
Figure5: UV-VISspectraof SO,/TiO, multibilayersfor: (a)
4 bilayers, (b) 6 bilayersand (c) 8 bilayersduring: 8, 12 and
16 hour srespectively

1200

Refractiveindex and por osity

Therefractiveindex of SO,/TIO, multibilayerswas
ca culated from themeasured UV-VIS-NIR transmit-
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tance spectrum. Theused evd uation methodinthiswork
isbased onthe UV-VIS-NIR transmittance spectrum
anaysisof aweakly absorbing film deposited onanon-
absorbing substrate. Therefractiveindex n(A) over the
spectral rangeis calculated by using the envel opesfit-
ted to the measured extreme®®!:

n(x)=\/5+ [ _n2@a)ni@)

Trnax (M) = Troin (A)

Trax M) X Ty (A)

Wheren, istherefractiveindex of air, nsistherefrac-
tiveindex of thefilm, T__ and T . arethe maximum
and minimum envel opesrespectively. Thethickness of
the filmswas adjusted to provide the best fitsto the
measured spectra. In thisstudy, all the deposed films
are assumed to be homogeneous. The porosity of the
thinfilmsisca culated using thefollowing express on®2:

S= %(ng(x)+n§(x))+ 2n,ng

2
n ﬂxloO(%)

q—

Porosite=(1—

Wheren istherefractiveindex of pore-free anatase
(n,=2.52)1¥, and nisrefractiveindex of porousthin
films

Theresults of the computed refractiveindex (n),
porosity (p) and thickness (d) areshownin TABLE 2.
Itisnoted, onthe onehand, that porosity and thickness
increasewith theincreaseinthenumber of bilayersfrom
0.283 to 0.491 and from 262.17 nm to 689.21 nm
respectively. Onthe other hand, refractiveindex de-
creases from 2.20 to 1.93 since the thicknessisin-
versely proportiond to theindex?,

Energy band-gap

The band gap isthen found astheintercept of the
linear portion of the plot. For adirect band-gap semi-
conductor, the absorption near the band edgeisgiven
by Wang!®#:

TABLE 2: Variation of refractiveindex (n), porosity (p), cal-

culated filmthicknessand the stop band par ametersof SO,/
TiO,multibilayer sobtained at 500°C

Effective Réfractive

Stop

Nun}ber annealing I ndex Porosity Thickness band
. time FWHM
0,
bilayers (hours) n P d(nm) T% (nm)
4 8 2.20 0.283 262.17 458 157
6 12 2.06 0.397 47224 098 161
8 16 1.93 0.491 689.21 055 168

= Fyl] Peper

(ahv)® =C(hv-E,)

Where C is a constant, E the optical band, o isthe
optical absorption coefficient, (hv) isthe photon en-
ergy gap and hthe Plank’s constant.

The direct band-gap (E) of the films can be esti-
mated by plotting (ahv) versus (hv) (Figure6: (), (b)
and (c)), then extrapolating the straight-line part of the
plot to the photon energy axis. Theband-gap decreases
owingtoanincreaseinthenumber of bilayers. Thevd-
uesare3.73¢€V, 3.68eV and 3.59 eV correspondingto
4, 6 and 8 bilayersrespectively (Figure6 (d)). Thisde-
crease can becorrelated with grainssizeincreaseswith
effectiveannedingtime, whenthelatter increasesthede-
fectsandimpuritiestend to disgppear causing areorge-
nization of the structure®. Moreover, asecond band-
gapisidentified (pseudo band-gap) increasngfrom 1.76
eV t02.29 eV with theincreasein the number of bilay-
ers(Figure6 (d)). Thispseudo band-gap isgenerated
by theabsorption band inthewavel ength region located
between 300 nm and 400 nm (see Figure5b).

B.C. : Band Gap and P.B.G.: Pseudo Band Gap
300E+D15

1B
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0NOE«D0D =
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Figure6: Plot of (ahv) versus(hv) for deter mination of band
gap of SIO/TiO, multibilayers for: (a) 4 bilayers, (b) 6
bilayers and (c) 8 bilayers during: 8, 12 and 16 hours
respectively
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CONCLUSION

Inthisstudy, optica and structurd propertiesof SO,/
TiO, multibilayerswerestudied using sol—gel technique.
X-ray diffraction analysesshow that theincreaseinthe
number of bilayersallow theformation of anataseand
rutile phases. Cdculation of grain sizesby Scherrer’s
formula, givesszesrangingfrom5.48t016.11 nmfor dl
structures. The FTIR spectrashow that Si-O-Ti bond
vibration increaseswith theincreasein the number of
bilayers. UV-VIS-NIR transmission spectrashow that
increasing the number of bilayersthewidth of the stop
band from 157 nm to 168 nm increases and the
transmission coefficient decreasesfrom 4.58%1t0 0.55%
which canleadto agood Bragg reflector. Therefractive
index decreaseswith increasing number of bilayers, but
the porosity decreases. The band-gap decreasesfrom
3.73eV t03.59 eV and the pseudo band-gap increases
from 1.76 eV t0 2.29 eV owing to an increasein the
number of bilayers.
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