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The precurso Au-dopel alumira gd film was prepare by a sol-g¢ methal using HAuCl,-4H,0
ard alumina sd derived from AICI;-6H,0. The precurso gd was hed treatel in aH, gas flow at
300800 °C. Average particle diametes of the Au particle of dopel films were in the range of
4.6-12.7 nm. In the absorptio specta of the film, plasma resonane absorptim was strongly
dependenon the hed treatmemtemperatue of the alumira matrix, showirg more shap spectaand
significart red shift with decreasig particle size It was interpretel by a modified Mie-Drude
equatian by taking into consideratia of a spilling out of electrors from the Au particle to the
alumira matrix. The measurd values of ¥ of the dopal films are in the range of
9.2x10 5-4.0x10 ° ex in the neighborhod of plasma resonane wavelengh of 530-570 nm.
Thes are large than those reporteal for the other dopeal systemsA dominart nonlinea respons on
the 1-3 ps time scak was obtained reflectirg highe thermoconductivit of alumina compare to

tha of conventionh matrx sud as SiO,.
[S0021-897697)01403-3

I. INTRODUCTION

The nanometer-sizit noble metallic particles give rise
nat only to the chang of color but also to opticd enhance-
mens in absorption Raman scatteringand luminescene ef-
fects Much attention has been paid to the study of optical
properties of nanometer-sizparticles dispersd in glas and
polyme matrices from the viewpoirt of scientific interest
and their applicatiors to nonlinea opticd devices:™ Hache
et al. reportal the enhancd third-orde susceptibilitis of
coloral filter glass®> Some repors on nonlinea optical
(NLO) properties of noble metd particles have appeard dur-
ing recen years®™® The metal-particle-dopefilms are gen-
erally prepare by sputtering ion implantation sol-gel and
fusing methods On the othe hand experimers for NLO
properties of Au-particle-dopd alumira film are rarely
found in the literature It seens tha alumira is superio to
silica in thermd conductiviy and transmittanceThe sol-gel
methal has bea actively investigate as anew preparation
methal of glass at lower temperaturehowever mary works
on this preparatio are concernd exclusivey with the sili-
cake glass We hawe reportel a methal to produe alumina
film from inorgant salt’* Alumina film mace from inor-
gani sat is more amorphos than tha derived from alkoxide
and can accommodat more amouns$ of dopans$ than those
from aluminum ard silica alkoxides.

Il. EXPERIMENT

Alumina sd was prepard in a similar way to tha pre-
viously reported* Dropwise addition of aqueos NH; solu-

3 Author to whom correspondereshout! be addressed.
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tion to aqueos AICI;-6H,0 solution brings abou the pre-
cipitation of white polynuclet aluminum hydroxide It was
continual until reachirg to pH 6.7. Then the suspension
solution was allowed to stard for abou 12 h. If the standing
periad is not adequateit becoms difficult to filter the pre-
cipitate after the standirg and also impossibe to peptiz the
precipitation at the nex step after the filtration step After 12
h standing the white precipitage was filtered and washed
with pure water Acetic acid was addel to the filtered-off
precipitae and then the precipitat was heatel at 80 °C for 8
h unde stirring. In this step peptization of the precipitate
occurral ard it was transformeé unto a transparehalumina
sol. The amour of acett acid addel was 0.15 ma per 1 mol
of Al. If the amoun is below this ratio, the peptization does
nat proced easily. If the amoun is beyond white aluminum
sal is producel after gellation Aqueows HAuCl, solution
was mixed with the resultan transparensol. The mixture
was poural on aflat plate sud as polystyrere peti dish It
was then convertel into an alumina gd film dopeal with
HAuUCI, by dehydratim in an atmosphez at room tempera-
ture This dopel alumira film was then heatel in H, gasin a
reaction silica tube until reachirg to the desiral temperature
(300-800 °C). In the proces of raising temperaturgacetic
acid addel for peptization is decomposedThen the film was
heatel for 2 h at the establishd temperatue unde H, flow.
Absorptin specta were recordel by a Shimadz UV-2200
spectrophotometeiX-ray diffraction (XRD) was measured
using Cu K« radiation with a Ni filter(40 kV, 30 mA) by a
JECQL JXD-8D XRL meter The Crystd diamete ard its
distribution were measurd by a Hitach H-8010 transmis-
sion electran microscoe (TEM). For TEM measurement,
sample were prepare by mountirg apiece of doped film on
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FIG. 1. X-ray-diffraction patterrs of Au-particle-dopd alumira films (0.1
mal %) treatel at various temperatures.

a 200 mesh coppe TEM grid. The mountel grids usel the
TEM operatig a 150 kV. Partick size distributiors were
evaluatel by measurig the diametes of particles on apho-
tographicaly enlargel micrograph.

The third-orde nonlinearities were determine using de-
generat four-wawe mixing (DFWM). The main pat of the
experimentasetp has been describe elsewheré® DFWM
was performal at different wavelengtls (530, 550, and 570
nm) using a 10 Hz repetitin rate The pulse duration was
abou 8 nsfor all wavelengthsThe energy relaxation time T,
of plasman absorptioé was measurd by using optical
paramere oscillatad (OPO incohereh spectroscop using
the three-bem boxca configuration:®’ It utilizes nanosec-
ond opticd pulses from an OPO tha has abroad bandwidth
and an ability of 100 fs responsé®

Ill. RESULTS AND DISCUSSION

The resultan film is transparenand shows the color of

red to violet which depend on the treatmen temperature.

Figure 1 shows the XRD patterrs of the dopal films. The
peak which can be clearly attributed to the (111) plare of
the cubic structue of Au, appeas on the diffraction pattern
of amorphos alumira matrix. As increasig treatmen tem-
peraturethe pe& of the Au(111) plane becoms sharpe and
v-Al,05(440) develofs at 700—800 °C. One can prepae the
dopeal alumira film of desirel thicknes (0.1-100 um) and
of desirel dopar concentratia (0-0.5 mad % for aluming.

TABLE I. Mean particle size and physicd properties of Au particle in
alumira films treatel at various temperatures.

Treatel temperatue (°C) 300 400 500 600 700 800
Average partice sizz2R (nm) 46 50 88 100 119 128
Standad deviation 36 28 36 5.6 4.6 4.1
Plasma frequency
w, [(s71) X101 1.70 1.74 178 182 1.85 1.95
Electran density
ne [(cm3)x 107 358 3.76 3.98 411 4.25
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FIG. 2. TEM of Au particle-dopd alumira film treatel at 600 °C.

Here the dopal films usel hawe abou 50 um thickness and
contan 0.1 ma % Au for alumina The amoun of dopant
into thisamorphos alumirais one orde of magnitue larger
than tha of convention&silica glass matrix. Figure 2 illus-
trates typicd TEM image They show the particles to be
approximate} spherich in shag and uniformly dispersed;
however a few large particles up to 2—3 times mean size,
are detected The sizes depemnl on treatmemh temperatug of
dopael film. The mean sizes and standad deviatiors of the
Au particle are shown in Table I. The mean sizes are in the
range of 4.6—128 nm ard increag with increasiig treatment
temperatue of doped gd film, which agres well with those
determine from Scherrers equation for XRD results The
size distributiors evaluaté by measurig the sizes of 300
particles on an enlargel microgra are given in Fig. 3.
Thes distributiors becone broal with increasig treatment
temperaturelt seens that the distributiors refled¢ somewhat
the densificatim of alumina matrix with increasilg tempera-
ture As shown in Fig. 3, the size distribution shifts to larger
ard broade size with increasiny temperatureThe precursor
Au speciesbeing insolubk in alumira itself, are contained
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4.72 FIG. 3. Partick size distributiors of Au particles in films. Dopel films are

the sare as shown in Fig. 1.
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FIG. 4. Observe plasma specta of Au-particle-dopd alumira films
treatel at various temperatures.

in hydrophilic wate doman distributed throughou the gel
film, just as in the cage of wate inverse microemulsion.
Thes salt-containig domairs ad as centes for nucleaction
ard growth of the particle At the initial periad of hea treat-
ment dehydratio of the matrix occuis and AuCl, is densi-
fied. Then at abou 250 °C AuCl, isreducd by H, gas and
nucleation occurs Furthe heatirg cause dehydratiom and
densificatio of the matrix, and nuclé contad¢ eat othe to
form the Au particle just like pore growing Densificatio of
wet gd to compat gd accompanigthe elimination of H,O
from OH groups on the amorphos gel. This yields the mi-
croporosiy of the gel. On increasily treatmei temperature
the pore size shifts to alarge and broade size by accompa-
nying the decreas of pore volume* Therefore the particle
growth and matrix transformatio progres simultaneously.
Assumirg a proces in which particle growing proceeds
through two-partick conjugation a simple distribution func-
tion called the “log-normal’ distribution function (LNDF)
can be statisticaly derived?® The resultan distribution func-
tion is

; B 1 1 In(rla) 2
LN(r)_(ZW)lzln O N exp _E |n ON
sini(nri—In r)2|
ULN=eXp( i |( E|.n- LN) ) ' (1)
it

— >in;Inr;
r.n=e6ex T .

Here r is the particle size Calculat@ curves are in fair
agreemenwith the observe distributiors as shown in Fig. 3.
It mears tha the particle formation may proced inhomoge-
neousy in microscopt scak just asisthe cas in the cluster-
ion-bean method This sol-gd reaction does not proceel in a
fused stak but does at atemperatue (<800 °C) much lower
than melting point (205 °C) of bulk alumina.

The absorptio specta of doped films are shown in Fig.
4. It shows only a single peak indicating that the particles
are uniformly distributed throudh the film and smal enough
in an application of the electrostat approximation The
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FIG. 5. Full width at half-maximun ard pe& position of plasma spectra
for Au-particle-dopd alumire films.

specta broades ard the pe& shifts to longa wavelength
(red shift) as the particle size decreasesThis behavio is
opposie to tha observe in the cage of Au-particle-doped
silicate glass'®?° This shift is also into the opposie direction
from one predictal by a Mie-Drude equatia describé be-
low. Figure 5shows asize dependeneof pe&k position and
adependenreof full width of half-maximum of pe& on the
inverse particle size which is commony usel in discussing
the specta by Hovel et al.?’ It has been known tha the
slope being unity in an idealized system turns out to be
strongy influencel by the kind of matrix in away tha can-

(a) No interaction between metal particle and
surrounding matrix
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(b) Interaction between metal particle and
surrounding matrix
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Em,free 80(A1203)=>
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FIG. 6. Schemat representatio of the two-regicn mode for Au-particle-
dopa alumira film.
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not be explainel only by the dielectrc propery of the
matrix 12 The size dependeneof pe has been the subject
of a numbe of articles?>* In the ca® of a noble metal
particle both blue and red shifts hawe bee reported The
classich Mie theory, using the Drude expressia for the di-

electrcc function of particle can be well applied to the par-
ticle dispersd systent? In the Mie equatia the absorption
Cross sectian is

/2. €ma(®)
Vo Tem(@) + 2eg(@) Pt empl@)?” 2

O apd ©)=9ke3

where k ard V, are the wave vecta and particle volume, ¢,
and e, (=€, +1¢€,,) are the dielectrc functiors of the ma-
trix and metd particle respectively The Drude expressia is

2
: &)

w’—i(wl7)’

w
€m,free™ 1-

wherer is a relaxation time and, is the plasna frequency.
It assumetha the metd contairs free electrors which move
restrictively by the positive lattice The Mie-Drude predic-
tion taking into accoun the dielectrc constang of the bulk
metd and of the matrix has been applied to explain the plas-
mon absorptimm peak A commm way to fit experimental
data with the Mie equatia is by the introductio of a size-
dependenelectrm relaxation time in terms of the scattering
at the surface however it canna explan the large blue shift
or size dependene of pe& width evidert in Fig. 4. The
Mie-Drude expressia yields the following plasmon
frequency!®?!

e (4)
oy = —,
M \/€b+2€0

where ¢, is the dielectrc constamn of bourd electron The
dielectric constam of aluminae, is not change significantly
by treatmen at 300-800 °C. The w, is given as

®

A7nge?\ 12
(J)p: y

Me

wher n, and m, are the densiy and mas of electron re-
spectively The w, and n. obtaine from fitting with the
observe specta are given in Table |. Namely, the free elec-
tron densiy decreasswith decreasig particle size The den-
sity profile is not modela only by the particle size form, or
dielectrc constants but by the detaik of the surfae sur-
roundirg particle That is, physisorption chemisorption or
anothe chemica interfae interaction may induce the change
of the electran densiy profile. In an aqueos sol, surface
interactiors including charge transfe to or from the particle
hawe provel to chang the pe& width strongly!® In metd—
alumira cerame adhesiontwo main interactiors O-M and
Al-M are found to be responsib¢ for the adhesio strength
of the interface?® The former interaction is repulsive while
the latter is attractive To stabilize the adhesio energy the
electrm transfes into a danglirg bord on Al. There are
mary danglirg bonds in the alumira of the metd—alumina
interface tha can accommodat electrors from the metal In
our “amorphous’ alumima (as shown in Fig. 1) mary dan-
gling bonds can exig in matrix. On the othe hand it is
reportal that the direction of shift (red or blue) can be ex-
plained by taking into accoun the spill-out or -in of the free
electron throuch the particle surface affectal by the
matrix?'~>* This gives the microscopt descriptimm for the
two-regin (core-shell modé in which the particle is ap-
proximatel as containirg an inner core regian characterized
by bulklike core dielectrc functiors ard an oute shel region
where the core polarizatio is ineffective?? When the free
electran transfes from the particle to the matrix, the density
of the free electran is reducedthen the dielectric function of
the free electran can be regardé as having been missel in an
oute region nea the particle surface It reduce the electron
densiy ard therely the resonane frequency Equation (2) is
modified to Eq. (6) basel on atwo-regian model similar to
the ca® of Ag particles embeddd in arare gas matrix2?

r

o=9keg NV, Im

whele a is the thicknes of oute region The oute region is
a sott of mixing layer of particle surfae with danglirg bond
of alumina This layer correspond to an adhesio boundary
layer in adhesio of cerame with metal.

The pe& broadenig is due to the spatid spreadig and
scatterig of the electran acros the partick—matrix
interface?® The rane of scatterily (which is a measue of
polarizability) is treatal by addirg or subtractig a spill-out
distane to the particle size In this theory, the free electron
which contributes to plasma absorptiem and is spilled out
into the matrix is relaxatel in its energy by the surrounding

1478 J. Appl. Phys., Vol. 81, No. 3, 1 February 1997
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: (6)

r+a

matrix before being scatterd and returnel into core particle.
Figure 5gives aslope of 0.31 which is comparabg to tha of
the Ag particle dopel in argan which is an inert matrix2° On
the othe hand 14 is given for the Au/SiO, system The
slope 0.3 mears tha the contributirg electra is hardly re-
laxated by the matrix on incidert light, therely electron
dampirg is less ard a narrowe pe& is yielded Figure 6
illustrates the schemat figure of the Au/Al,O5 systen by
two-regian model In the oute region the free electran den-
sity is reducel by transfe into the matrix. The contributing
free electron no longe reachs the surfae ard cannd be

Hosoya et al.
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FIG. 7. Simulatel plasma specta of Au-particle-dopd alumira films by
usirg the two-regian model.

relaxed by the matrix, which cause the smal slope value,
0.3.

In the calculatian of the absorptim specta using Eq. (6)
the pe& shift dependd on the thicknes of the oute region.
The thicker the oute region becomesthe large the blue
shift obtained We hawe taken amean value as arepresenta-
tive diamete for calculation The calculatel specta using
a=—0.5 nm for the thicknes of the oute region are shown
in Fig. 7, which isin fair agreemenwith Fig. 4.

In 198 Hache ard co-workes reportel the third-order
susceptibilitiss of colored filter glass which exhibited an en-
hancemenby locd field effects compare to bulk Au.® The
susceptibilitis of the Au/Al,O systen were investigate by
DFWM in the plasman resonane region The experimental
resuls are given in Table II. The enhancemerof locd field
inside the particle can take place at the plasma resonanceA
resonane enhancemenis observe in the vicinity of the
plasma as illustrated typically in Fig. 8. The electric field
inside the particle E; is relatal to the applia field E by

TABLE II. Photopropertig of Au-particle-dopd alumire films.

Treated Wavelengh of measurement
temperature
(°C) 530 nm 5% nm 570 nm
X2 (esy 300 1.3x10°®  2.0x10®  3.0x10°°
700 1.7x10%  25x10%  2.7x10°8
800 1.3x10%  1.3x10®  1.3x10°®
f, 300 1.23 1.27 1.22
700 1.78 1.82 1.65
800 1.83 1.86 1.68
A (esy 300 1.7%10°°  2.3x10°°  4.0x107°
700 5.0<10°® 6.7x10°° 1.1x10°°
800 9.2<10°®  1.1x10°°  2.8x10°°
X (esucm 300 51x10°%  59x107%  7.0x10°
700 3.210°%  35x107  3.4x101
800 6.3x1011  6.7x107%  9.7x107
T, (ps) 300 2.5
700 1.1
800 1.9
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FIG. 8. X® values at nea plasma specta of Au-particle-dope alumina
film treatel at 700 °C.

360

El EO:flEO' (7)

- €nt2€g
f, is the locd field factar given by the resonance
enhancement.The appareh nonlinea susceptibility x' is
written by using the susceptibility {2 which describs the
nonlinea respons to the locd field E,

X3 =p|f P XY, (8)

whetre p is the volume fraction of particle In Table Il f; and
A2) obtainel from Eqs (7) ard (8) are listed The observed
A isin the range of 05-2.3x10°° esu Thes values are
abou two ordess of magnitue large than the reportel val-

ues of 10 8-10"7 ew for the aqueos Au colloid,” 1078 esu
for the Au glas systent, ard 10/ esu for the Au/BaTiO;
system?>**and polymer?>260On the othe hand it is reported
that Au/SiO, glass prepard from sol-gé methal gives a
value of 2.6x10 ¢ esu?’ It is thougtt tha the large x5 is
due to the nonequilibriun state of the sol-gel-derivel Au-

dopal SiO,, sinae equilibrium is obtaina by treatirg the
dopal SiO, at abou 1000 °C.2" In this dopel alumina film

the simultaneos formation of the alumina netwok and Au

particle prevens the doped alumina from reachirg the ther-

100 [I T T I T T T T T T T I T T T T I ]
. Au(0.1mol%)ALO;
L prepared at 700C
£
G,
©
c
2 4
w 107 =7
s ]
= L ]
L
a i
1072 L

0
Delay[ps]

FIG. 9. Signd deca curwe for the incoherem spectroscoyp for Au-particle-
dopa alumira film treatel at 700 °C.
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TABLE IlIl. Comparisa of efficiengy indicata for Au-dopel system.

System Au/HO? Au/SiOP AU/ALO;,

*(an) (esucm §Y) 0.01-0.2 ~2 ~50

&Calculation from dat in Ref. 7. It depend on particle size.
bCalculation from dat in Ref. 28. It depend on respone time in the range
of <50 ps.

modynamé equilibrium It can be considerd tha the elec-
tron transfe of the Au particle to the surroundirg alumina
matrix affects the electronc properties of the dope film and
can contribue to an enhancemenof &) becausey!® is
calculatel by using locd field f. However the errois from
uncertaintie of dielectrc mode| size distribution etc, are
incorporate in calculation of x{&). The susceptibiliy divided
by a, ¥¥/a (a: absorption coefficientis shown in Table I1.
Three mechanisr hawe bee proposéd to interpre the ori-
gins of x{2) for noble metd particles hot electra ard inter-
bard and intrabard transitions’ The former two effect have
bee shown to be size independentOnly the intrabard tran-
sition can explai the size dependeneof y3). The theoreti-
cd modéd predictsy!> to be proportion& to arevere of the
third powe of particle size Hacle et al. hawe reportel that
the x{>) of Au/SiO, glasse with size rangirg from 2.8 to 30
nm were roughly independenof particle size and that the
value was equd to 5x10 8 esy however the size depen-
dene of x{) was nat clearly observe in this experimental
range If ther is ary size effect it may be only a we& one.
The susceptibiliy is proportiona to the fourth powe of the
locd field factar determineé by Eq. (8), however as can be
sea from Table I, f; is nat so significart throudh the reso-
nan@ enhancemeniVe treatal the resonane enhancement
tha is due to alocd field effed which was simply derived
from the modified Mie equation The origind theoretical
modé is basel on an idealizad dielectric system but these
Au/Al O3 films are not so ided as describe before A more
sophisticatd modd may be needd to evaluaé the enhance-
ment.

The photodynamis of nonlinea optics is often under-
stodl throuch the measuremerof energy relaxationtime T, .
Here an incoheremnlight soure is utilized in forward DFWM
with the three-bem boxca configuration’ The deca curve
for the DFWM signd of the Au/Al,O; film during asucces-
sive change of probe without backgroun shows the relax-
ation time constam T,.}" In Fig. 9 the backgroud is sub-
tractal already The relaxation time is obtaina from the
fitted straight line on the logarithm curve The obtaina T,
1-3 ps are shown in the lag column of Table Ill. Thisvalue
is lower than the reportel value of 5 ps for the Au/SiO,
systent®?° There was no slowa T, componehin our ex-
perimert at all. The higha thermoconductivi matrix tends
to show the faste responseThe dynamt efficiengy indicator
xlar is roughly compared in Table Ill. Au/AD; gives a
significant efficieng indicator. It is not clea why the doped
film gives highe efficiencies Some reasos may be consid-
ered The electront stak of the Au particle in alumira may
be significantly differert from that of bulk as describe in
plasmam absorptim spectra Alumina has one orde larger

1480 J. Appl. Phys., Vol. 81, No. 3, 1 February 1997

thermoconductivit which affecs dynamc respons than
conventionhmatrices sudh as SiO,. In mary experimens on
noble-metal-particle-doplematrices one observe adramatic
increag of the pe& width and smal shift of the plasmon
pe as particke size decreases! The Au/Al,O, films, how-
ever, give anarrov pe& width and large red shift with de-
creasily size This behavio is the opposie trerd to what
would be predictel from the origind Mie equation This dif-

ferert behavio may be reveale in the differert NLO prop-
erties of dopeal systems.

IV. CONCLUSION

Au-particle-dopd alumira film has been prepard by a
sol-gd methal using inorgant sat as a startig material.
The plasmam absorptio pe& showel broade pe& width
and shifts to highe wavelengh with decreasig size This
was treatel by a modified Mie equatia in terms of a two-
region modd for the distribution of the dielectrc constant
throuch the particle The large NLO susceptibiliy and short
relaxation time of the film was achieved.
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