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Photoconductivity studies of gold nanoparticles supported on amorphous and
crystalline TiO, matrix prepared by sol-gel method
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Gold metallic nanoparticles embedded in amorphous and crystalling Mi&@rix as powders and films were synthesized by the sol-gel
process at room temperature. The Ti@atrix was synthesized by using tetrabutyl orthotitanate as the inorganic precursor. The films were
spin-coated on glass wafers. The samples were annealed af & ffd@B0 minutes and sintered at 5ZDfor 1 hour to generated anatase and

rutile phases. The film shows a light blue colour. The amorphous film exhibits an absorption band at 568 nm. The crystalline film exhibit two
absorption peaks located at around 402 (from2Tiatrix) and 651 nm is due to the surface plasmon resonance of the gold nanoparticles.
The films were studied using X-ray diffraction, infrared spectroscopy, scanning electron microscopy, high resolution transmission electronic
microscopy and UV-Vis absorption spectroscopy. Photoconductivity studies were performed on amorphous and crystalindilfinS.

The experimental data were fitted with straight lines at darkness and under illumination at 515 nm and 645 nm. This indicates an ohmic
behavior. Transport parameters were calculated.
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Nanopariculas medlicas de oro insertadas en una matriz desT{@morfa y cristalina) fueron sintetizadas en forma de polvos icplels

por el netodo sol-gel a temperatura ambiente. La matriz de:fli®sintetizada usando el tetrabutil ortotitanato como precursoranamg,

Las pelculas fueron depositadas por spin-coating sobre substratos de vidrio. Las muestras fueron recociti@sparl®® minutos y
sinterizadas a 52@ por 1 hora para generar las fases cristalinas anatasa y rutilo. Estaggsetristalinas muestran un color azul, y su
absorcbn esé en 645 nm, la cual es debido a su plasnde resonancia. Las jpallas fueron caracterizadas por difraotide rayos X,
espectroscopia infrarroja, microscopia de barrido y de alta resolutios estudios de fotoconductividad fueron realizados en las muestras
amorfas y cristalinas de Ti0Au. Los datos experimentales obtenidos en la oscuridad y bajo ilurbima&15 nm y 645 nm fueron ajustados
por minimos cuadrados. Esto indica un comportamiéitmico. Los paametros de transporte fueron calculados.

Descriptores: Titanio; Nanopaitulas meilicas de oro; sol-gel; pelulas delgadas; fotoconductividad; teode Gansindice de refracéin.

PACS: 72.80.-r; 73.61.-r

1. Introduction TiO, are almost impossible to measure in great detail in
powder form, due to the difficulty in manipulating grain sizes
Titanium dioxide (TiQ) is a non-toxic material. Ti@thin  in the range of 1-50 nm [7]. Furthermore, measurements
films exhibit high stability in aqueous solutions and no pho-carried out on powder represent only an average value for
tocorrosion under band gap illumination and special surfacenany grains oriented in all possible directions. This difficulty
properties. TiQ thin films are already widely used in the in working with powder samples, together with the ongoing
study of the photocatalysis and photoelectrocatalysis of orsearch for new applications, has compelled many researchers
ganic pollutants [1,2]. Photoelectrocatalytic system has reto work with TiO, thin films instead.
ceived a great deal of attention due to drastically enhanced In the present work, we described the synthesis, char-
qguantum efficiency [3]. By applying small bias, recombina-acterization and photoconductivity behaviour of amorphous
tion of generated electron—hole pairs is retarded. and crystalline TiQ films doped with gold nanoparticles
TiO; is the subject of intensive research, especially with(NP’s). The films were produced by the sol-gel process at
regard to its end uses in solar cells, chemical sensors, photoeom temperature by using the spin-coating method and de-
electrochemical cells, photocatalysis and electronic devicegosited on glass wafers. The samples were sintered 40520
[4,5]. Due to its wide-ranging chemical and physical prop-for 1 hour. The obtained films were studied by X-ray diffrac-
erties (electrical conductivity, photosensitivity, and aqueougion (XRD), optical absorption (OA), infrared spectroscopy
environments) TiQ has a large variety of potential applica- (IR), scanning electron microscopy (SEM) and transmission
tions. As a wide band gap semiconductor, Ji€hows a di- electron microscopy (TEM) studies. Photoconductivity stud-
verse heterogeneity of crystalline phases, whereby it is poses were performed on these films. Transport parameters
sible to find it in anatase, rutile or brookite form [6]. were calculated.
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2. Experimental - Au ~—Amorphous
i —Crystaliine

~ o Au
5 i . Au Au

Glass substrates were cleaned in boiling acidic solution of & g

sulphuric acid-HO, (4:1) under vigorous stirring for 30 min- %

utes. They were then placed in deionized water and boiled §

for 30 minutes, rinsed three times with deionized water and =

stored in deionized water at room temperature.

Preparation of TiO, solution. All reagents were Aldrich 20 30 40 50 80 70 80
grade. The precursor solutions for Bifms were prepared 20 (deg)
by the following method. Tetrabutyl orthotitanate and di- Figure 1. X-ray diffraction pattern at high angle of the amorphous
ethanolamine (NH(§H4OH).) which prevent the precipita- and crystalline Ti@ films with gold NP’s.
tion of oxides and stabilize the solutions were dissolved in
ethanol. After stirring vigorously for 2 h at room temper- For photoconductivity studies [8] silver electrodes were
ature, a mixed solution of deionized water and ethanol wapainted on the sample. It was maintained in a1 Torr vac-
added dropwise slowly to the above solution with a pipetteuum cryostat at room temperature in order to avoid humidity.
under stirring. Finally, Tetraethyleneglycol (TEG) was addedFor photocurrent measurements, the films were illuminated
to the above solution. This solution is stirred vigorously towith light from an Oriel Xe lamp passed through a 0.25 m
obtain a uniform sol. The resultant alkoxide solution wasSpex monochromator. Currents were measured with a 642
kept standing at room temperature to perform hydrolysis reKeithley electrometer connected in series with the voltage
action for 2h, resulting in the Tig>ol. power supply. The applied electrostatic field E was paral-
lel to the film. Light intensity was measured at the sample

Preparation of Au stock solution0.03 M of Hydrogen position with a Spectra Physics 404 power meter.

Tetrachloroaurate(lll) hydrate (HAughq) was dissolved in
a mixture of deionized water and ethanol. It was stirred for 5 _ )
minutes. 3. Results and discussion

The Au stock solution was added to 20 ml of Bi€olu- 3.1, X-ray diffraction patterns
tion. This final solution was stirred for 17 hours at room tem-
perature to obtain a purple colour. The final chemical com-The X-ray diffraction patterns of the amorphous and crys-
position of this solution was Ti(OHy), : NH(CoH4OH), talline TiO, films with gold NP’s is presented in Fig. 1.
: CoH50H : DI HyO : TEG: nitric acid: HauCJ] = 1:1: From amorphous film, its spectrum reveals the presence
14.1:1:1.028:0.136:0.024. The Tj@vith gold NP’s solution  of gold NP’s by the diffraction peaks located dt 2 38.24,
has a pH = 6.0. The TiQfilms were deposited by the spin- 44.39, 64.62 and 77.60 which can be indexed as (111), (200),
coating technique. The precursor solution was placed on th€220) and (311) respectively. The position of the diffraction
glass wafers (2.62.5 cn¥) using a dropper and spun at a rate peaks is in good agreement with those given in ASTM data
of 3000 rpm for 20 s. card (#04-0784).
. . . o The crystalline film sintered at 52Q for 1 hour exhibits
a mﬁffﬁz g\?:rt]”;% dtr;?n?(larrr;(\;v:ts gg ]% rai 1heﬁ ];):n?l’fzﬂr:'gvzn very good crystallization that correspc_mds f[c_> anatase ar_1d ru-
in order to remove organic components. The procedure w tile phases. The anatase phase was identified by the diffrac-
repeated two times to achieve thFe)z fiImthi.cknest) with two Iaya-t?on peakg located atf2= 25.33, 47.97, 54.00, 55.16 and
ers. The crystalline films show a light blue colour 62.71 which can be indexed as (101), (200), (105), (211)
’ ' and (204) respectively. The rutile phase was identified by
UV-vis absorption spectra were obtained on a Thermdhe diffraction peaks located a# 2 27.47, 36.14 and 41.32
Spectronic Genesys 2 spectrophotometer with an accurasyhich can be indexed as (110), (101) and (111) respectively.
of &1 nm over the wavelength range of 300-900 nm. TheThe position of the diffraction peaks in the film is in good
structure of the final films was characterized by XRD pat-agreement with those given in ASTM data card (#21-1272)
terns. These patterns were recorded on a Bruker AXS D$r anatase and ASTM data card (#21-1276) for rutile. The
Advance diffractometer using Ni-filtered Cukradiation. A presence of gold NP’s was detected by the same diffraction
step-scanning mode with a step of (20R the range from peaks identified in the amorphous film.
1.5 to 60 in 20 and an integration time of 2 s was used. = The average crystalline size (D) was calculated from
IR spectra were obtained from a KBr pellet using a BrukerScherrer’s formula [9] by using the diffraction peak (101) for
Tensor 27 FT-IR spectrometer. Pellets were made from anatase phase and the peak (110) for rutile phase:

finely ground mixture of the sample and KBr at a ratio 0.9)

of KBr:sample = 1:0.019. The thickness of the films was D=— Q)
measured using a SEM microscopy Model STEREOSCAN B cosd

at 20 kV. with A=1.54056<10~'"m.
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— 0.2 7 diameter =3 nm
TABLE |. Summary of nanoscopic characteristics of amorphous £ 1 BElalmtion= 0.39
and crystalline TiQ/Au films. = s ] refractive index = 2.6
S 0.
Phase B Radian D Crystal phase é
(hm)  (wi%) 2 5
Anatase (101) 0.44 0.00768 185 5924 s — it
Rutile (110) 0.31 0.00543 26.3 3743 % — —exp
w -
Au - - - 2.9+4 ) 00
—~10 —— Amorphous 0 ' ‘ ' ' ' '
3 LA — Crystalline 300 400 500 600 700 800 900
« 08 L = Wavelength (nm)
Q
2 0I5 FIGURE 3. Experimental optical absorption spectrum (black dot-
g 0.4 . ted line) of the crystalline TigYAu film. The calculated optical
§ 02—+ T M absorption spectrum (grey solid line) obtained by Gans theory.
{ 0-0 “““““““
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FIGURE 2. Absorption spectra of the amorphous (black solid line)
and crystalline (grey solid line) Ti©film with gold NP’s.

The percentage of anatase, rutile and gold phases was ca|
culated by means of a Rietvield refinement. These calcula-
tions are shown in Table I.

LCM TFUMAM

3.2. Optical absorption

Figure 2 shows the optical absorption spectra of the amor-

phous and crystalline Ti§3Au films taken at room tempera-

ture in the range of 300-900 nm. The spectrum of the film

calcined at 459C for 15 min shows an absorption band A lo-

cated at 402 (3.08 eV) corresponding to the Ji@atrix, and

a second band B located 651 nm (1.93 eV) corresponding to ‘ )

the surface plasmon resonance (SPR) of the gold NP’s. 25kV X508 SOmum LCM IFUNAM
The spectrum of the amorphous film shows a peak shoul- ;

der C at 568 nm (2.68 eV) which is the SPR band of spherical

Au nanoparticles [10,11]. FIGURE 4. Cross-sectional SEM image of (a) amorphous and (b)
To clarify the XRD and optical absorption experimental crystalline TiG films with gold NP’s.

results, the formation mechanism of Au nanoparticles is dis-

cussed below. It is known that the photolysis of HAu@  The dependence of this shift on the embedding medium indi-

the Au atom, Ad, is a multiphoton event [12,13], and it pro- cates the high sensitivity of surface plasmon band to cluster-

ceeds by irradiation. Therefore, for amorphousJ7iu film, matrix interface properties. This fact is originated to the in-

the Au nucleation was slow and random because the HAuClcrease in the diameter of Au nanoparticles and an increment

ions were reduced by daylight (containing a little UV light) of the refractive index of Ti@ matrix with increasing the

and this mostly happened after the gelation. The nuclei werbeat-treatment temperature [15,16].

thus distributed randomly within the TiGskeleton and con- It is well known that the refractive index of Tilfilms is
sequently led to the growth of the Au particles that were in-related to the crystal phase (anatase or rutile), the crystalline
homogeneous, and their size distribution very wide. size and the densities of the films [17]. For these reasons, the

Literature [8,14] reports an absorption peak for surfaceoptical absorption spectrum (Fig. 2) was fitted very well us-
plasmon resonance (SPR) of gold nanoparticles around 50@ig Gans theory [18] with a local refractive index s, = 2.6
550 nm. A red-shift in the maximum in absorbance towardgFig. 3). This index has a value close to the refractive index
larger wavelength (from 568 to 651 nm) with respect to thereported for the anatase phasg,(.s.= 2.54) [19]. This is
amorphous TiO2 film is evident as well as a broadening ofconsistent with the fact we have anatase phase in a propor-
the peak absorption width compared to the amorphous film.tion of 59.7 wt% according to the X-ray diffraction pattern
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FIGURE 6. Size-distribution histograms obtained by HRTEM anal-
ysis of gold metallic NP’s.

Figure 5 shows the HRTEM image of the crystalline
TiO2/Au film. Figure 5a shows gold NP’s which were iden-
tified as brilliant particles.

Figure 4a shows a superposition of these populations.
The reflection (101) corresponds to the anatase phase; and
the reflection (111) corresponds to gold nanoparticle. The
diffraction patterns (in the insert of the figure) show these re-

0.348nm- |

Au,0,(111) - flections.

3 From HRTEM studies taking into account a population
of gold NP’s, the corresponding size-distribution histograms
were obtained (Fig. 6). The distributions from the major axis
A and minor length axis B and their respective standard de-
viations are A =9.8- 7.8 nm (Fig. 5a), B=6.6-3.9 nm.

3.4. Photoconductivity studies

Usually [8] Ohm'’s law under light illumination is given by

FIGURE 5. (a) HRTEM image of the crystalline TidAu film ex-

hibits several gold NP’s. (b) The reflections correspond to anatase
nanocrystals and gold metallic nanoparticles were identified with

J= 7ph+(0’d+0ph);j 2

white arrows. The inset shows the diffraction pattern showing these

reflections.

(Fig. 3), while the rutile phase {p.z. = 2.75) [20] has a TABLE Il. Linear fittings of amorphous and crystalline Tifims.

proportion of 37.4 wt%.

A (nm) TiO,/ Au film A1 J
3.3. SEM and HRTEM measurements 645 Crystalline 314107 140103
The thickness of the films was measured by SEM technique. Amorphous 5.36107"°  2.89x10°°
Figure 4 shows the SEM image for amorphous and crystalline 515 Crystalline 3.6410°7 1.07x107?
TiO, films with gold NP’s. The thickness and the standard Amorphous 4.9%10°1° 2271076

deviation for both kinds of films were calculated. The aver-
age thickness for amorphous and crystallinesf&u films is
equal to 7.0+ 1.2 ym and 3.8+ 1.1 um, respectively.

Darkness Crystalline 3.3310°" 6.66x10"*
Amorphous 3.3210°1°  1.89x10°C
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4x10° —
iy TABLE Ill. ¢lg and¢ur parameters of amorphous and crystalline
< TiO,/Au films.
22 i
% o B4E o Amophous Crystalline
S 4 4 515nm A (nm) Parameters Tid Au TiO2/ Au
5 B Darkness — —
= Linear fit 515 olo (cm) 1.23<10 1.41x10
O —
0T \ I I \ \ \ \ I ot (cm?iV) 5.42x1071° 3.42x1078
200 400 600 800 1000 1200 1400 1600 1800 6 4
Electric field (V/cm) 645 ¢lo (cm) 1.91x10 9.71x10
2.0x10° - our (cn?lV)  3.91x10°'°  7.87x10°®
£ 15 i . .
$ With the Eq. (3), by measuring I, the dark conductivity
Z 104 and the conductivity under illumination at 645 and 355 nm,
é ® 645nm and fitting the experimental data by the least squares method,
£ 057 : ggfkf;gss as it is shown in Fig. 7, the photoconductive.f) and pho-
= wl e Linear fit tovoltaic (¢ly) parameters were obtained by using the next
© BT | \ \ | \ expressions.
200 400 600 800 1000 1200

Electric field (V/cm) he
_ _ L dlo = (Jo, = Jou) =7
FIGURE 7. Experimental data of current density vs. electric field i eall
spectra from (a) amorphous and (b) crystalline J/i&u films. Lin- he
ear fits correspond to the dotted lines. put = (A1, — Ayy) ca NI

Wherejph is the photovoltaic current density, ang, is the th_e subscript$= illumination andd= darkness. Table Il con-
photoconductivity. When the current densities are assumet®ins theglo andéur values.

to be parallel to the electric fielff Eq. (2) becomes into the  @lo and¢ur parameter values are bigger for crystalline
next one: films than those from amorphous ones. This indicates a
strong photoconductive effect in the crystalline JiBu
loa 1 .
J= ‘”5%0‘ + (crd + W’;LTO‘> E @) films.
v 14

with ¢ as the quantum yield of charge carrier photogenera- .
tion, [y as the charge carrier mean free pathas the sam- 4. Conclusions

ple absorption coefficient, as the light intensity at the fre- High optical quality crystalline Ti@ films with gold NP's

quencyv of illumination, 7 as the Planck’s constant, angs were obtained by sol-gel process. XRD measurements reveal
the charge carriers mean lifetime. The first term is the pho{he resence oft);1e angatage and r.utile hases. which were pro-
tovoltaic transport effect, the second one is the dark conducs P o P ! P
- _ . . ... duced after sintering treatment of 5ZDfor 1h. The anatase
tivity o4 =erpu, and the third one is the photoconductivity

itself phase has a bigger proportion (59.75 wt%) than the rutile

. hase (37.4 wt%).
Eq. (3) can be written as: P ) . .
a. (3) can be written as The optical absorption spectrum was fitted very good us-
J=A1F+ Jy (4)  ing Gans theory by using a local refractive index.y = 2.6.

. — . This index is related to the major crystal phase, anatase.
From the absorption spectrum of crystalline film (Fig. 2), The experimental data J vs E were fitted by straight lines
the illumination wavelength for photoconductivity studies P . . y stralg
corresponding to an ohmic behaviour. Crystalline J/ifu

were chosen: 645 nm that corresponds to the maximum ak%.- - .

. . . ilms exhibit a strong photoconductive effect. Anatase phase
sorption band and 515 nm were there is no absorption. Phot?- .

L . , eads a better conduct on the electron/hole pair than the amor-
conductivity results of amorphous and crystalline Jidms hous phase
with gold NP’s are shown in Fig. 7. Current density as func-P P '
tion of electric applied field on the film was plotted. The
experimental data were fitted by least-squares with straigh\cknowledgments
lines at darkness and under illumination. This indicates an
ohmic behaviour. The linear fits are shown in Table II. The authors acknowledge the financial supports of CONA-
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