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Size-dependent change in parallel band absorption of Al particles
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Optical absorption of Al island films consisting of Al particles smaller than about 1200 A in diameter has
been measured in the energy range of 0.5-6.5 eV. Below about 200 A in diameter, parallel band absorption,
due to transitions between almost parallel bands, weakens and then disappears with decreasing particle size.
Nguyenet al.[Phys. Rev. B47, 3947(1993] have reported that the parallel band absorption of Al particles is
not visible when relaxation times for conduction electrons and the parallel band absorption are much smaller
than those in the bulk. We investigate the relaxation times by simulating the optical plasma-resonance absorp-
tion of the Al island films with a Maxwell-Garnet-type effective medium theory. The very small relaxation
times are pointed out to be a possible cause of the weakening and disappearance.
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[. INTRODUCTION as a result of their modeling that the mean free path of con-
duction electrons is much reduced from its bulk valakout
Optical properties in the transition from the atomic to the200 A) owing to scattering at defects within particles. The
solid state are of fundamental interest. Clusters and smafeduced mean free path was found to be about 8 A.
particles represent a special state of matter intermediate be- Considering the reduction in the mean free path, Nguyen
tween atoms and solids. Interband absorption reflects optic&t al'° regarded relaxation times for both the conduction
properties based on transitions between bankisus the in-  €lectrons and the parallel band absorption to be much smaller
terband absorption of clusters and small particles providethan those in the bulk. Based on very small relaxation times,
information about the optical properties based on the transithey showed that parallel band absorption in the Al particles
tions between the bands in the transition from the atomic tds very broad and not visible.
the solid staté:3 In the present study, the influence of particle size on par-
Metal clusters and particles smaller than the wavelengtt@llel band absorption of Al particles forming island films, in
of incident light show, in addition to the interband absorp-Which the overlap of the parallel band absorption and the
tion, optical plasma-resonance absorption due to plasma ogptical plasma-resonance absorption is small, is investigated.
cillations of conduction electrons in the clusters andltis found that below about 200 A in diameter, parallel band
particles* absorption weakens and then disappears with decreasing par-
Recently, the absorption mentioned above has been stu#icle size. The reduced mean free path and the very small
ied not only for pure-metal clusters and particles, but also forelaxation times, reported by Nguyenal,>'°are discussed,
bimetallic clusters such as A@g,.° and these times are pointed out to be a possible cause of the
Al is known as the ideal material for studying the optical Weakening and disappearance.
properties of simple metals and has been extensively studied.
It has been accepted both experimenfailpd theoreticall Il. TRANSMITTANCE OF METAL ISLAND FILMS
that the optical spectrum of bulk Al is dominated by strong ) ) ]
interband absorption at 1.55 eV and weaker interband ab- The present experimental study is based on transmittance
sorption at 0.5 eV. The former of these has been identified a&P€ctra of Al island films consisting of Al particles. In this
originating from transitions between almost parallel bandssection, the method of analysis of the transmittance of metal
near the pointV in the Brillouin zone®” This interband ab- island films is briefly discussed. _
sorption is called parallel band absorption. We consider here a continuous thm_meFaI film on a trans-
An optical stud§ of Al particles with diameters of 30—40 Parent substrate. The thickne$®f this film is smaller than
A has reported that parallel band absorption is much lesile wavelengthy of light (2wd<X). When the film, sub-
visible in the particles than in the bulk because of the overla$trate, and medium from which light is incident are isotropic,
of the parallel band absorption and the optical p|a5ma1heltransm|ttancé* for normal incidence of light is expressed
resonance absorption broadened by the conduction-electr
scattering at internal particle defects. This report implies that

transitions between bands for parallel band absorption are =14 2 27le ) -t )
unaffected by particle size down to particle diameters of s ni+ng A\ m(e '
30-40 A.

Nguyen et al®1° have modeled experimental spectra of wheren; is the refractive index of the medium from which
dielectric functions of Al island films consisting of Al par- light is incident,ng the refractive index of the substrafg,
ticles with a Maxwell-Garnett-type effective medium theory, [ =4n;ns/(n;+ng)?] the transmittance for the bare surface
which is well known to be very useful for the study of the of the substrate, and I the imaginary part of the dielec-
optical absorption of metal island films. These authors foundric constants of the film. As has been done in the present
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study, the ratiol'/ T can directly be measured by the double-  Optical and electron-microscopic investigation were car-
beam spectrophotometer used with a bare substrate as refeled out after exposure of the samples to air. In the photon
ence sample. energy range of 0.5—6.5 eV, transmittance spectra for normal
When the weight thickness,, which is the total volume incidence and their derivatives for a wavelength difference of
of particles per unit substrate surface area, of a metal islangbout 4 nm were measured within experimental accuracy of
film is smaller thank (2wd,,<\), Eq. (1) is applicable to  + 0.1% and+(0.001-0.01 eV at room temperature with a
the metal island filmt>~**That is, such film can be regarded gouble-beam spectrophotometer. The particle size and the
as a continuous film, the thickness of which is assumed hergiectron-diffraction pattern were investigated with an elec-

to bed,. The second term on the right side of &#) gives  on microscope operating at 200 kV.
the absorption spectrum. For metal island films composed of

particles of the same shape and size, the second term is ex-
pressed by#1°

IV. RESULTS
2 2md qe Ag ) Figures 1a)—1(e) show the transmittance spectrum and its
ni+ng N A(F+g)*+(Ag)*’ derivative of the Al island film with particle sizes of about

1200, 480, 320, 220, and 90 A in diameter, respectively.
Figure 1f) shows the transmittance spectrum and its deriva-
tive of the Al island film with weight thickness of 9.0 A. This
film was difficult to investigate using electron microscopy
Eecause of the low contrast due to the S@0ating. Particles
ecome smaller with decreasing weight thicknés$ Since
the film of Fig. 1f) has a thinner weight thickness than the
film of Fig. 1(e), the particle size for the film of Fig.(f) is
g+iAg=(sls,—1)"L. 3) pres_umably smaller than théd0 A in diametey for the film
of Fig. 1(e).
When ¢; is represented by the Drude equation with a N Fig. 1(a), weak absorption and strong broad absorption
plasma frequency, and a relaxation time of conduction ~ are found at about 1.4 and 2.9 eV, respectively. The sloped

whereq (=d,,/dy) is the packing factors 5 the interparticle
dielectric constant, an# the effective depolarization factor
of the metal island films. Equatio2) is based on the
Maxwell-Garnett-type effective medium theory, which takes
into account dipole interactions among particles and thei
mirror images in the substratg.and Ag are related to the
dielectric constant; of the particles by the relatiof®

electronsg; is given by® part, indicated by the arrow, in the derivative corresponds to
the presence of the weak absorpttériReferring to the opti-
ei=1— w,ZJ/(w2+ iwl 7). (4)  cal spectrum of bulk A% we see that the weak absorption is

parallel band absorption. The positiéabout 1.4 eV of the
Optical plasma-resonance absorption for metal particleparallel band absorption in Fig(d is lower than that1.55
forming island films may be obtained using E@®—(4). In  eV) in the bulk, because the strong broad absorption, which
this absorption, the peak value dependdgrandr, and the does not appear in the bulk, overlaps the parallel band ab-
peak position and the broadening depend PBnand 7, sorption.
respectively:*1° The parallel band absorption in Figsialk-1(c) is large
enough to be measurable, showing that down to about 300 A
lIl. EXPERIMENT in diameter{Fig. 1(c)], there is little difference in the inter-
band transitions between the bulk and particles. We see from
In a vacuum chamber, electron-microscopic meshes cowFigs. 1d)—1(f) that below about 200 A in diameter, the par-
ered with a carbon film and a fused-quartz substrate (18llel band absorption weakens and then disappears with de-
X 18x 0.5 mn?) were placed above an evaporation sourcecreasing particle size.
The meshes and substrate were adjacent, and the distanceOptical plasma-resonance absorption occurring in metal
from the evaporation source was the sa®@.3 cnm) for the  island films is shifted to higher energies with decreasing
meshes and substrate. weight thickness, becaugein Eq. (2) increases due to the
SiO, was first deposited both on the meshes and on thiéncrease in the depolarization factor of the particles and to
fused-quartz substrate by electron-beam heating in an oithe weakening of dipole interactions among the particles and
free vacuum of ~10 8Torr. Next, at pressures of their mirror images in the substrate!® This weight-
~10" " Torr, Al (purity 99.9999% was deposited in order to thickness-dependent shift is characteristic of the optical
obtain island films. The films were then annealed for 1 hplasma-resonance absorption of the metal island films. The
During deposition and annealing, the meshes and substrateirror-image effect does not occur in the present study, be-
were held at about 573 K. After annealing, the films werecause the particles were coated with $iO
coated with SiQ@ (thickness 300—100 o prevent adsorp- As shown in Fig. 1, the strong broad absorption is shifted
tion or chemical reactions on exposure to air and then cooletb higher energies with decreasing weight thickness. Such a
to room temperature at a rate of about 1-2 K/min. Theshift agrees with the characteristic of the optical plasma-
weight thickness and deposition rate were monitored with aesonance absorption of the metal island films, proving the
quartz-crystal oscillator. The transmittance of the evaporatedtrong broad absorption to be the optical plasma-resonance
SiO, film without Al particles was almost constant within the absorption.
spectral range of interest here. The electron micrographs and particle-size distributions in
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FIG. 1. Transmittance spectfaolid curve$ and their deriva-
tives (dotted curvesof six Al island films. The particle size is about
(@) 1200, (b) 480, (c) 320, (d) 220, and(e) 90 A in diameter. The
particle size for the island film off) was difficult to measure. The
full half width T" is (a) 2.06, (b) 2.03,(c) 2.16, and(d) 2.83 eV.T"
was difficult to measure for the island films @) and(f). The half
width 2I"y;,, wherel" 5, is half of I at the low-energy flank, &)
1.66, (b) 1.72,(c) 1.74,(d) 1.92, (e) 2.44, and(f) 2.63 eV. The
weight thickness iga) 119.6,(b) 59.8,(c) 44.9, (d) 29.9, (e) 20.9,
and(f) 9.0 A. The deposition rate wgs) 0.35, (b) 0.43,(c) 0.51,

(d) 0.37,(e) 0.48, and(f) 0.51 A/s.

vol. % of the films of Figs. (a)—1(e) are shown in Figs. 2

and 3, respectively.
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FIG. 2. (a)—(e) are electron micrographs for the island films of
Figs. Aa)—1(e), respectively.

When particles are polycrystalline, they show complex
contrast structuré.e., not uniform contrast structurdue to
the diffraction contrast®'° Such contrast is shown in Fig. 2.
Thus the patrticles in the present study are polycrystalline.

V. DISCUSSION

A. Overlap with optical plasma-resonance absorption,
chemical reactions, and interactions with SiQ

The optical plasma-resonance absorption shifts consider-
ably from about 2.9 e\Figs. 1a)] to about 5.5 eVFig.

1(f)]. Thus the overlap of the parallel band absorption and

by the overlap.
Only the fcc structure could always be identified in the
electron-diffraction patterns of the films of Figsialk-1(e),
which implies that the change into compour{dach as alu-
minum oxidg by chemical reactions occurs rarely. This is

the optical plasma-resonance absorption decreases as the par-
ticles become smaller. This shows that the weakening and
disappearance of the parallel band absorption are not caused

important because if such a change occurs, the optical
plasma-resonance absorption would disappear. The identifi-
cation of the fcc structure and the presence of the optical
plasma-resonance absorption in Fig. 1 thus show that the

165407-3



E. ANNO AND M. TANIMOTO PHYSICAL REVIEW B 64 165407

UARAE SRS RAL RALREAAR completely at the substrate temperature of 25 K, which
m_(a) | ord ] shows that the continuous films consist of the disordered
VOL VOL regions only. In these films, however, residual interband ab-
o [ 1 o sorption, which remarkably increases with decreasing photon
10f . energy, is present below about 3 eV.

10 In the present study, residual interband absorption is not

found when parallel band absorption disappdé&igs. 1(e)

£¢ and Xf)]. If the Al particles consisted of disordered regions,
DIAMETER ) DIAMETER we would not be able to identify the fcc structure in the
electron-diffraction patterns of the Al particles. The fcc struc-
ofm ] © ture was identified in the electron-diffraction pattern of the
ao} ] film of Fig. 1(e). Thus the Al particles, in which the parallel
voLl band absorption disappears, do not consist of disordered re-
%) VOL/ i
@) T 1 gions.
10 We see from this discussion that the mechanism reported
10r ) earlier for the change in parallel band absorption of continu-
0 ous films is inapplicable to the weakening and disappearance
DIAMETER B0 in the present study.
30_'«':;"""""'4 C. Mean free path and relaxation time of conduction electrons

1. Reduction in the mean free path and relaxation time
VOLJ
(%)

As mentioned in Sec. |, based on the reduced mean free
path and the very small relaxation times, Nguyaral®*°
showed parallel band absorption to be very broad and not
visible. In the following, we investigate the mean free path
and relaxation times by simulating the experimental spectra.

Nguyenet al®!° have pointed out for Al island films that

FIG. 3. (8)—(e) are particle-size distributions in vol. % for the there is practically no influence of the particle shape distri-
island films of Figs. la)—1(e), respectively. bution on the peak position and broadening of the optical
plasma-resonance absorption and that the particle size and its

disappearance of the parallel band absorption at smaller siz&éstribution have practically no influence on the broadening
is not due to a chemical change in the particles. of this absorption. . . '

If electrons of the Si@matrix occupy final states for the ~ Equation(1), the second term of the right side of which
interband transitions of the Al particles, the transitions woulddives the absorption spectrum, was applied to the spectra in
not occur and thus the parallel band absorption would disaphe present study, and the full half widih of the optical
pear. The valence band maximum of $i® about 6.3 ev  Plasma-resonance absorption was evaluated based on the
lower than the Fermi energy of A§.The Fermi energy of Al Photon energyfiw) at which absorption is half of the peak
is about 6.2 eV higher than that of £y The difference be- value of the optical plasma-resonance absorption. If no influ-
tween the valence band maximum of the $#dd the Fermi  €Nnce mentioned above is valill,should be almost constant
energy of Al is thus largéabout 12.5 eV, so that the valence irres_pective of the pqrticle size_apd the distributions of the
band of the Si@does not overlap the final states as these ligParticle shape and sizé& was difficult to measure for the
at higher than the Fermi ener§ylhus the electrons of the |s_land fllms_, with particle sizes smaller than about 200 A in
SiO, matrix can not occupy the final states, showing that théliameter{Figs. X(e) and Xf)]. Although the spectrum for the

occupation of the final states is not the cause of the disagsland film with particle size of about 880 A in diameter is
pearance of the parallel band absorption. not given in the present papdf,was evaluated also for this

film. Figure 4 showd".
In Fig. 4, I' is almost constant above about 300 A in
diameter. This shows that no influence holds for the island
In an optical study of continuous Al films evaporated onfilms with particle sizes larger than about 300 A in diameter
cold substratesT(<200K),? it has been reported that the [Figs. Xa)—1(c)].
parallel band absorption is progressively reduced in intensity Our Al island films, for which no influence holds, can be
with lowering substrate temperature. This reduction has beeregarded as consisting of Al particles having the same shape,
explained as follows: disordered regidesg., grain bound- size, and relaxation time of conduction electréfigt® Thus
arie9, where the energy bands based on the concept of tran&qgs. (2)—(4) are applicable to the Al island films with par-
lational symmetry do not hold, increase when the substratéicle sizes larger than about 300 A in diameter.
temperature is lowered. It is seen from Eqs(2)—(4) that when the relaxation time
In another study of continuous Al films on cold 7 of the conduction electrons satisfies the conditi@f
substrate$? parallel band absorption was found to disappears 72 the full half width (here denoted by) of the optical

10

DIAMETER (&)

B. Continuous Al films reported previously
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FIG. 4. Change in the half width of the optical plasma-
resonance absorption with particle size, full half width I"; [T,
half width 2I"y»; < the particle size range forl2, of the film of
Fig. 1(f). HereI" and 2", for the island film with particle size of -
about 880 A in diameter are added, though the spectrum is not [
given in this paper. The solid curve is the full half width based on L
the Maxwell-Garnett-type effective medium theory and on the clas- 50
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sical size-effect theory of conduction-electron scattering.
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plasma-resonance absorption depends through the rela- ) . .
tion y=7"1.1° Referring to this relation, we estimated 100 press——————— :
from T" for the island films with particle sizes larger than

about 300 A in diameter. The estimateds shown in Table
l.

. . : 50 —

We simulated the experimental optical plasma-resonance L ]

absorption of the island films with particle sizes larger than r .

about 300 A in diameter, by applying dielectric constant of [ @ ]
Al, which takes into account in Table I, toe; [Eq. (3)] in 0— 5 ' L 3 %

the formula of Eq(1). If 7in Table | is nearly the actualfor

3 4
hoeVv)

the Al particles, the simulated absorption should fit the ex-

perimental absorption. S . . )
. . . . pectra(dotted curvesfor the island films of Figs. (B—1(d), re-
The dielectric constant of Al, which takes accountrah spectively. In the simulation, the weight thicknesgas 299.5, (b)

Table I, was obt._’;\ined as fOIIOW%.l In bulk Al, the dielectric 102.9, (c) 64.3, and(d) 4.21 A, and the effective depolarization
constante 5 consists of two terms; factor is(a) 0.056,(b) 0.074,(c) 0.082, andd) 0.086.

FIG. 5. (a)—(d) are experimenta(solid curve$ and simulated

ea=¢est ey, 5 szl_w’%/((l)2+i(1)/7).

whereeg; is the Drude term contributed by conduction elec-¢,, was modified based onin Table I; i.e., firstly, we sepa-

trons andde, the bound-electron contribution arising from rated e, from e, (Refs. 26—28 by subtractings;, which

interband transitions. The expression foris the same as has the bulkw, (2.32¥ 10'%s, Ref. 29 and the bulk

that forg; in Eq. (4),24% 7 (10.2x10 s, Ref. 22, from g4, and then adding the

separatedbsy, to & having the bulkm, and 7 in Table I, we

TABLE |. The particle diameteD for the island films of Figs. modified £, . The modifiede, was used as the above-

1(a)-1(c), the full half width T" of the optical plasma-resonance mentioned dielectric constant of Al.

absorption of these island films, the relaxation timef the con- In the simulation, the approximation based on the relation

duction electrons estimated frol) and the mean free pathcor- w?>772 was not done, because ! is comparable tow.

responding tor. Bulk relaxation time and mean free path are also Considering the fused-quartz substrate and the, Siating

shown. in the present studyy; andng in Eqg. (1) were taken to be
constant at 1.47 of SiQand e, in Eq. (2) was taken to be
D (A) 1200 480 320 Bulk constant at 2.17 of SiQ Hered,, and F in Eq. (2) were
T (eV) 2.06 2.03 2.16 chosen to match the peak and its position of the experimental
7(X10716s) 3.20 3.5 3.05 162 optical plasma-resonance absorption, respectively, as is often
N (A) 6.67 6.77 6.35 206 done in earlier studies.

8Reference 22.

bBulk 7 (Ref. 22 Xvg (Fermi velocity, Ref. 21

The simulated spectra are shown in Fig&)55(c), in
which the experimental spectra are also shown. The simu-
lated optical plasma-resonance absorption fits the experimen-
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tal optical plasma-resonance absorption rather well. Thisvas evaluated from a classical size-effect thébrpf

shows thatr in Table | is correct. conduction-electron scattering and E¢—(4). In this case,
From the good fit, the contribution of the overlap of the the full half width is given by

parallel band absorption and the optical plasma-resonance .

absorption td” is seen to be small. The parallel band absorp- Toak P UE/R, (7)

tion is stronger in the experimental spectra than in the SIMUZ L ere R s the particle radius. The termg/R originates

lated spectra. This s presumably because the parallel baq m conduction-electron scattering at the particle surface.
absorption of our samples is stronger than .that of the samples The solid curve in Fig. 4 shows the full half width by Eq.
Er?eefsslmzu?;ti)% the optical constants of which were used in (7). Thg fl.!|| half width appreciably increases_below about
Ina classicz.il model of electron scatterifig; is related to 2.00 Ain diameter. This shows that the scattering at the par
the mean free path as follows: ' tlple surface becomes more effectlve_ below about 200 A in
' diameter. Such more effective scattering may be a factor con-
tributing to the size-dependent increases Iy 2 andT" be-
low about 200 A in diameter.
From the size-dependent increase ih;,2 and T, it is

T_1=Tgu}k+v,:/)\, (6)

where 7y, is the bulk relaxation tinf& and v¢ the Fermi ; gl
velocity (2.02¢ 168 cm/s) 2* Nguyenet al > also used this evident that ¥, and I' below about 200 A in diameter

equation in their studies. Fromin Table | and Eq(6), A\ was include the contribution from the particle size distribution.
evaluated to be 6.35-6.77 Alable ). These vaiues are Figure 8d) shows the experimental spectrum for the island

comparable with\ (about 8 A reported by Nguyeet al>*° film with particle size of about 220 A in diametfFig. 1(d)]
From Eq.(6), this A of about 8 A corresponds to of 3.82 and the simulated spectrum obtained by the same procedure

X 10~ %8s which is comparable with in Table I. as that for Figs. & —-5(c). Here r estimated fron1'(2.83 eV}

. _16 . .
The good fit of the simulated spectra to the experimentalS 2-33<10 ®s. The fit of the simulated spectrum to the

spectra_andr and A comparable with those by Nguyen experimental spectrum is not goo_d. Wg spe_cul_ate_this to be
et al®1° show that, as reported by Nguyest al.®° the due to the contribution of the particle size distributionlto

mean free path and the relaxation time of the conduction
electrons of the Al particles larger than about 300 A in di- VI. SUMMARY
ameter are much reduced by the scattering at internal particle

defects. However, contrary to the case of Ngugral 20 Optical absorption of Al island films consisting of Al par-

ticles has been measured. It was found that below about 200

(Sec. ), the parallel band absorption is appreciably visibIeA in di .
. . . ameter parallel band absorption weakens and then
for these particle$Figs. 1@—1(c)]. This shows that the re- disappears withp decreasing particlepsize.

laxation time for the parallel band absorption does not be- Nguyenet al®° have reported that the mean free path of

gosn;e g’%y/fma” when the mean free path is reduced t%onduction electrons of Al particles is much reduced owing
' The .relaxelltion time for the parallel band absorption wa to sca.ttering at defects within the particle_s. Based on this
e . . . . .Sreduct|on, they have regarded relaxation times for both the

difficult to investigate directly in the present study. There IS .onduction electrons and the parallel band absorption to be

thus the possibility that the weakening and disappearance uch smaller than those in bulk, and shown that the parallel

the parallel band absorption are because the relaxation tin}?and absorption is very broad a|'1d not visible because of the

for this absorption becomes very small below about 200 A i ery small relaxation times

diameter. Thus the very small relaxation times are pointe :

out here to be a possible cause of the weakening and disan- We investigated the mean free path and the relaxation
u pOss! u - W ng 'S8fe of the conduction electrons by simulating the optical
pearance of the parallel band absorption.

plasma-resonance absorption with a Maxwell-Garnett-type
effective medium theory.

From the good fit of the simulated absorption to the ex-

Similar to the case dfF, the half width 4", wherel';,,  perimental absorption, the mean free paths for particles
is half of I' at the low-energy flank, was evaluated: ;% is  larger than about 300 A in diameter were found to be 6.35—
shown in Fig. 4. The double-ended horizontal arrow in Fig. 46.77 A, which correspond to the relaxation times of
indicates the particle size range fof 2, of the island film of ~ 3.05-3.25 10 '®s, respectively. These values are compa-
Fig. 1(f). The particle size for this film is smaller than about rable with the valuegabout 8 A and 3.82 10 16s) obtained

2. Size-dependent increase in conduction-electron scattering

90 A in diameter as mentioned in Sec. IV. by Nguyenet al®°Thus the reduced mean free path and the
In Fig. 4, 2I'y, increases with decreasing particle sizevery small relaxation time of the conduction electrons were
below about 200 A in diameter arid for the film with di-  confirmed for the particles larger than about 300 A in diam-

ameter of about 220 A is appreciably larger than that for theeter. However, the parallel band absorption of these particles

films with diameters larger than 300 A. Thus, similar to was appreciably visible contrary to the result by Nguyen

2Ty, T presumably increases with decreasing particle sizet al®° This shows that the relaxation time for the parallel

below about 200 A in diameter. band absorption does not become very small even when the
For the optical plasma-resonance absorption of islandonduction-electron mean free path becomes as small as to

films assumed to consist of spherical Al particles without6.35—6.77 A.

size distribution, the full half width, defined as in Sec. VC1, Nguyenet al®!° have shown that the disappearance of
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