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Growth, morphology, and optical and electrical properties of semicontinuous metallic films
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The growth and optical properties of semicontinuous silver films on insulator substrates were studied ex-
perimentally and theoretically. In the experimental studies, films were synthesized by the pulsed-laser deposi-
tion technique, characterized by electron microscopy iargitu optical and dc electrical resistance measure-
ments and studied using near-field optical microscopy. The percolation threshold of the films was found to be
at ~65% metal filling fraction, higher than the 50%—60% range of values predicted for two-dimeng&@onal
bond or site percolation films and suggesting the importance of grain coalescence and 3D growth in our
system. Local optical properties measured by near-field optical microscopy were compared with theoretical
results obtained using the block-elimination method, with good agreement. Local-field distributions were found
to depend strongly on the metal concentration and wavelength of illumination. The degree of localization was
found to increase at metal concentrations both above and below the percolation threshold. At a very high metal
coverage, very strong local fields were observed in submicron voids of a metal dielectric film. These fields are
likely due to localized surface plasmon polaritons.
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[. INTRODUCTION where electric and magnetic fields are strongly enhanced in
comparison to the incident field. These localized electromag-
Random metal-dielectric composites, such as nanoscaletktic field fluctuations in metal-dielectric systems are espe-
semicontinuous metallic structures, exhibit optical and eleceially prominent at optical and near-infrared wavelengths
trical transport properties that are notably different fromwhere the resulting local fields can exceed the incident field
those of their corresponding bulk counterpaf®. One of by up to 18 for the linear and up to £8 for the nonlinear
the most remarkable properties of such composite systems @ptical responses, such as four-wave mixing This phe-
the localization and enhancement of electric and magnetioomenon was predicted by a scaling théd¥and verified
fields in the visible and infrared spectral ran§e$These by numerical calculations and computer simulations that use
materials show promise in applications such as single moreal-space renormalization group procedtfésand block
lecular spectroscop¥,broadband optical amplifiers, and op- elimination'® as well. The spatial locations of the field
tical limiters?2 maxima depend on the polarization, wavelength, and angle
The synthesis of metal-dielectric composites typically in-of incidence of the applied fietf. The distribution (both
volves the deposition of metal particles onto a dielectricseparation and magnitudef the local field is also expected
substraté>2* At low metal concentrations, mutually sepa- to vary with metal concentration, a phenomenon that has not
rated nanometer-sized grains are formed on the substrateeen experimentally investigated in the past.
Self-similar clusters form as the metal concentrafifiifing The theoretical treatment of high-order local-field en-
fraction) increases. The geometrical properties of these nandiancement in percolation systems was established just
structures, e.g., the scale invariance or fractality of the clusrecently*~8 Theory shows that, for the special case of surface
ters, play an important role in determining the physical propplasmon resonance in individual metal particles sgt=
erties of these systems>®~825At a metal concentration —Re,) (Wheresy ande, are the dielectric functions of the
called the percolation thresholg/) initially separated clus- dielectric and metallic components, respectiyethe prob-
ters interconnect to form an infinite cluster of metal, enablingem of the field potential distribution across the sample can
a continuous current path in the system. The percolatiofve mapped to the Anderson transition problem. The localiza-
threshold marks an insulator-to-metal phase transition and ison and optical properties at the linjit,,,/s4/> 1, which is
accompanied by a sharp drop in dc resist¥iand anoma- valid for the samples studied in this paper, can be found by
lous absorption at visible and near-infrared the scale-renormalization method developed by Sarychev
wavelengths:*2527At even higher metal concentrations, the and Shalae$~8 The predicted localization phenomenon has
sample becomes mostly metallic with dielectric voids, ulti-been verified experimentafff'® and theoretically by using
mately resulting in a uniform metal film. an approximate numerical schefmand later by using an
The unique geometrical properties of semicontinuous meexact block-elimination procedut&t was found that in the
tallic films near the percolation threshold lead to localizationvicinity of the percolation threshold., the local field has a
of surface plasmons, an effect related to Andersorvery wide log-normal distribution which transforms into a
localization!® As a result, electromagnetic energy is alsopower-law distribution away fronp,. Similar power-law
concentrated in nanometer-sized ardaalled hot spots distributions were found theoretically for fractal aggregstes
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where, as in the case of the metal-dielectric composites, the Photo-
exponent was close to the “single-dipole” value of 1.5. Ex- Multiplier
perimental studies of the intensity distribution in nanostruc- r bl
tured surfaces were performed in Ref. 17. However, until

now the intensity distributions in metal-dielectric films at the i‘;‘}r‘

percolation threshold have never been studied.
This paper reports a systematic experimental analysis of

Dither | «—— Shear-Force

the changes in the local optical properties, morphology, and Feedback
electrical conductivity with metal concentration and corrobo- Probe Laser Beam
rates it with theoretical models. The films are grown using  He-NeLaser (633,543nm)  Fijper
laser ablation and characterized by transmission electron mi- Tip Sample
croscopy, scanning electron microscojy, situ resistance pri

rism

measurements, and situ optical measurements, in addition
to a near-field scanning optical microscaySOM) investi-
gation at two incident wavelengtt{§43 and 633 nm Mirror
The theoretical calculations for the local optical response
are based on an exact numerical method: the block elimi-
nation method. The local field is distributed randomly over o o
the sample surface, and the intensity distributions and er€ large. Similar behavior is expected for gold and other
hancement magnitudes in NSOM images are dependent ¢ifinage metals. S _ _
the microscope resolution and other characteristics of the The films were characterizea situ by their electrical
NSOM configuratior?® It is therefore useful to employ sta- 'esistance using an electrometgteithley 610G and by
tistical treatments of these images as consistent method gfeir optical transmittance and reflectance. In the optical
analyzing the sample properties. The probability distribution™easurements, a diode lagbtelles Griot 06-DAL-103 op-
function (PDP) for the local-field intensities provides a quan- €rating at 650 nm provided the incident beam and power
titative estimate of the intensity changes over the sampléeters(Newport 1830¢ were used to measure the power of
areal’ The theoretical local-field calculations have been av-he transmitted and reflected beams. The absorption profile
eraged to account for the resolution limit of the NSOM usedWas computed from the transmittance and reflectance data,
so that theory and experiment can be more effectively com‘f’}”d this helped to mark the percolation threshold concentra-
pared via the PDF, which was found to transform from ation- ) )
wide log-normal dependence to a power-law dependence Electron microscopy was u_sed to study the microstructure
when the averaging procedure was carried out. of thg sam_ples. A TEMH|tach| H-7000 was used to stut_jy
The rest of this paper is organized as follows: in Sec. jthe silver films deposited on Formvar-coated copper grids, a
details of the experiment are described, while Sec. 11l brieflytyP€ of standard TEM substrate. The glass substrate used for
covers the theoretical calculations and averaging methoddSOM is not suitable for electron microscopy measurements
used in our studies. In Sec. IV both the experimental andPecause of its large thickness and low electrical conductivity.

theoretical results are presented and discussed. ConclusiolfsOrder to investigate possible differences in the morpholo-
are provided in Sec. V. gies of the silver films deposited on glass and Formvar, ad-

ditional studies were carried out using a SEM with a field-
emission gun(Hitachi S-800 for samples of silver films
deposited on substrates of semiconductor silicon and
Formvar-coated copper grids. The surface of silicon has a
The random metal-dielectric films used in our experimen-native SiQ layer, which serves as a good representation of
tal study were synthesized by laser ablation of a solid silvethe SiQ glass substrate used for NSOM. The SEM results
target under argon gas pressure of 0.3 mT6r04 Pa. A indicate qualitatively similar morphologies for the silver
nanosecond Nd:YAG las¢Quanta-Ray DCR-02pprovided  films deposited on Si9and Formvar(for details, see Sec.
pulses with an energy of 100 mJ/pulse, a repetition rate of 10V A).
Hz, and a wavelength of 532 nm. The spot size of the laser The silver-glass samples with different metal concentra-
beam at the target was approximately 1 fiBlass sub- tions were analyzed by a NSOMuesant Q250 which was
strates for NSOM study, Formvar-coated copper grids fomodified from a commercial atomic force microscope
characterization by transmission electron microscopyAFM). Samples were mounted on the hypotenuse face of a
(TEM), and silicon substrates for scanning electron microsBK7 glass prism with index matching fluid and illuminated
copy (SEM) analysis were placed horizontally at a predeter-by the evanescent field in the total internal-reflection geom-
mined distance from the target. etry as shown in Fig. 1. The angle of the incident beam was
Silver was the metal of choice for these experiments be#=47°. The illumination sources were helium-neon lasers
cause it exhibits strong resonances at frequencies in the visperating at wavelengths of 543 and 633 nm. The local op-
ible range. Also, its dielectric constant has a large negativéical signal was collected by a tapered, uncoated optical fiber
real part and a relatively small imaginary part compared towith a tip radius of about 50 nm and fed to a photomultiplier
transition metals so that optical enhancement is expected tobe. A fiber puller(Sutter Instruments P-20DWas used to

FIG. 1. Schematic of experimental NSOM apparatus.

Il. EXPERIMENTAL PROCEDURE
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taper the optical fiber. Tip-sample separation during thdilms at wavelengths of 543 and 633 nm, coinciding with the
NSOM experiments was maintained at a distancehof wavelengths used in our experimental studies, were com-
~10 nm during NSOM experiments by using nonoptical puted numerically by using the method described above. The
shear-force feedbacR All NSOM data presented in this pa- images were then averaged over an area corresponding to the
per were normalized with respect to the intensity of the evaresolution limit of the experimental data (1220 nnf).
nescent field, which was obtained by measuring the averagghis resolution limit was arrived at by accounting for the
intensity value for a clear glass substrate. It was ensured thaffective NSOM probe tip-diametdr-50 nm and the cor-

the evanescent field, when measured at a hdigtiiove the responding acceptance angle of the fiber at a tip-sample
sample surfacétip-sample separation is), does not decay separation of 10 nm. The electric field vectors at the sample
significantly as compared to the evanescent field at theurface have both positive and negative values. The averag-

sample surfaceh(=0) by using the formula ing process leads to significant destructive interference, and
as a result, the average light intensity is substantially reduced

2why/(nsing)°—1 after the averaging process.
| measured | o ex;{ - N , (1) The numerical-simulation process for creating silver-glass

structures involves random incidence of silver particles onto
where\ is the light wavelength in vacuum amd=1.5 is the  a glass substrate. A straightforward probability relation can
index of refraction of the glass substrate. At a heighhof be used to determine metal filling fractipras a function of
=10 nm, the signal loss is only 4.5%. deposition timet. Assuming that the metal particles fall in-
dividually onto the substrate and surface diffusion is negli-
Il THEORY AND NUMERICAL CALCULATIONS gible, one can V\_/rite a simple expone_ntial relation between
metal filling fractionp and deposition time,
In the limit of small particle sizea<<\, where\ is the
wavelength of the incident beam, one can introduce a local p=1-exp—t/7), 2

potentialé(r) to describe the local electric field properties of \where parameter= B/SR HereSis the area covered by an
metal-dielectric films. In the quasistatic approximation we individual metal particleR is the deposition rate, i.e., the
have the current conservation laW-[a(r)(=V&(r)  number of particles added to a unit area of the film per unit
+E)]=0, whereE, is the incident electric field. The spa- time, andg is a numerical factor that depends on the shape
tially dependent conductivity(r) alternately takes the value of the metal particles. For a circular metal partighes 1. A
oq for the dielectric voids andr, for the metal particles. To  film reaches the percolation threshold at a deposition time
solve the current conservation law we discretize the differ-ztc, when the metal filling fractiop is equal to the value at
ential equation over a square lattice of sizavhere each site he percolation threshold,. We found(see belowthat the
is connected to the neighboring sites through four bondsyajye p.=0.65 best fits our experimental data. The percola-
Each bond in the square lattice takes a value for conductivittion threshold is not unique, but in general depends on the
om Or ogq, With corresponding probabilitiep and (1-p) deposition process.
respectively, where is the surface coverage of the metal  The effective electric resistance of a metal-dielectric film,
grains. Under the constraints mentioned above, the problery decreases as metal filling fraction or deposition time in-
of Obtalnlng the local field is reduced to the solution of Acreases. The |argest Changes occur in the V|C|n|ty of the per-
linear system of Kirchhoff's equations. Written in a matrix colation thresholg,, i.e.,|p—pc/<Ap, where the effective
form this is given by the equatidd ¢=F, where the Kirch-  gl|ectric resistance, obeys the power laws
hoff Hamiltonian HK)H is a symmetrical matrix with diag-
onal and off-diagonal elements and the curiertepends on pa(Pp—po)®  for Ap<p.—p<l1,
the incident field. To find the site potentidlg;} we apply p= T n =
the block-elimination procedur@where Weei{lmp}ose periodic Pm(Pe=P) for Ap<p—pe<i,
boundary conditions on the lattice sites. The block-where the critical exponents are setrass=1.3. Assuming
elimination  procedure operates with  vectorsp, that one can treat the film as two dimensionagl, is metal
={}j1.¥j2,...,¢; } representing potentials in then row of  resistance whereapy is called the tunneling resistance,
the square lattice. Being written in terms ¢f, the Kirch-  which is associated with the tunneling of electrons between
hoff Hamiltonian assumes the form of the tridiagonal blockmetal components across the dielectric area of the film.
matrix, where each block is ahXL matrix. The blocks, In the vicinity of the percolation threshold there is a metal
which are on the diagonal, represent connections inside eoverage rangé p=(pn/pq) Y, where the Ohmic and
row of the square lattice, which we use to describe the filmfunneling resistance should be considered on equal térms.
and therefore have a tridiagonal form. The off-diagonalThe mechanisms of tunneling, resulting in resistapge
blocks in the Kirchhoff Hamiltonian represent connectionscould include(i) tunneling of electrons through defects such
between neighboring rows and have a diagonal form. Usings impurities in the dielectric area afid) direct quantum
this block structure of the matrikl, we solve the Kirchhoff tunneling of electrons between the metal components, with-
equations inL* elementary operationd. is the lattice size  out any help from defect€. The tunneling resistancg, is
which is considerably smaller when compared with tffe  obviously much greater than the metal resistgmge In fact,
operations needed if Gauss elimination is used. they are related by an exponential expressipp

The local-field distributions for silver-glass composite ~p,, exp@N\;) for tunneling through distancae, which can

()
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be either the average distance between two neighboring im-
purities, for mechanisnfi), or the average width of the di-
electric gap for the direct tunneling mechanidin. The
characteristic tunneling lengtky is given approximately by
N~ hl2mEg, whereEr is the Fermi energy of the metal
andm is electron mass.

It can be inferred that the tunneling resistapgds not a
constant, but varies with metal filling fractiop Electron
tunneling through metal clusters is a much more effective
process for conducting electricity than the repeated tunneling (2) (b)
of electrons through isolated metal particles. Bel@ut o i
neay the percolation threshold, there exist a large number of 'f‘: ";::‘,':f-..:
metal clusters and their sizes increase quickly with increas- y :"-;' ‘..l:.'._.‘.’o:

OO .
oAl

N7 o

*

ing p. As a result,py decreases with increasing®® This

Ly
o.:,‘

. - N »
dependence g4 on p is ignored for simplicity in our fitting P R L LN
of experimental data with Ed3) (see Fig. 7 and discussion l@%“:}!é .“
thereof. 2, "l,“\’-" ..‘.)f'ﬁ
.;.‘ - '-' .i*.\‘.":gi.;'
IV. RESULTS AND DISCUSSION Bk R
A. Morphology and electrical resistance (c) (d)

A series of TEM micrographs of silver-Formvar films
with different laser-ablation time durations of 5, 10, 20, 30,
40, and 60 min is shown in Fig. 2. The six images, each
1000x 1000 nn? in size, were recorded and presented at the
same magnification. The dark features in these images rep-
resent silver. The filling fractiorisurface coveragep, de-
fined as the percentage of area covered by the silver grains, is
calculated from each image. The method is explained further
on in the text, and the results are summarized in Table | in
the row entitled “Filling fractionp (from TEM image$.” © )
The transition from individual metal grains to isolated metal
clusters and then to interconnected clusters with an increase riG. 2. Transmission electron microscopy images< (1um?)
in laser-ablation time and the filling fraction can be seenys silver films at various metal concentratiopscorresponding to
clearly in Fig. 2. Individually separated metal grains are seefjfferent deposition times show a transition from individual metal
in Fig. 2(a) with an average grain size of7 nm. The aver-  grains to interconnected clustexs) t=5 min, (b) t=10 min, (c)
age grain size increasestdl5 nm in Fig. Zb). The fact that  t=20 min, (d) t=30 min, (e) t=40 min, and(f) t=60 min. Filling
the filling fraction values(from Table ) corresponding to fractions are given in Table I.

Figs. 2a) and 2Zh) are very closg0.30 and 0.36, respec-

tively) even though the deposition time is doubled indicatesndicate that the maximumvalues perpendicular to the sub-
that there are some coalescence effects and threstrate plane during AFM scanning vary from about 10 to 100
dimensional growth effects due to substrate-metal interacam form deposition times of 5—60 min.

tion. For the sample corresponding to Fidc)2the filling Figure 3 depicts SEM micrographs showing the morphol-
fraction increases to abopt=0.45 and the initiation of clus- ogy of the silver films with the purpose of comparing SEM
ter formation is evident with individual grain sizes f25  images of silver films on Si©and Formvar substrates. The
nm. With further increase ip, Fig. 2d) shows an increase in figure shows a series of 48100 nnt images of silver film
grain sizes and more interconnected clusters of silver at deposited on both substrates at a deposition time of 60 min.
value of p=0.62. Figure %), at a filling fraction of 0.74, Figure 3a) is a SEM image on a SiOsurface: Fig. &) is a
again shows further increase in grain size and cluster intetSEM image on a Formvar substrate. Figuréa) Z&nd 3b)
connectivity, and the sample is clearly beyond the percolashow a very close correspondence in terms of particle size,
tion threshold. Figure @) is mostly metal with small dielec- filling fraction (see Table), and surface morphology, which
tric voids and, at a value qf=0.8, is beyond the percolation is evidence of the fact that the difference in substrate chem-
threshold. Previous studies of the growth of silver and goldstry has a limited effect on the film morphology in our case.
films on glass and rocksalt substrates by thermal evaporatiofhe filling fraction values at this deposition time are also
clearly show a dependence of the film morphologies orcomparable, as indicated in Table I.

deposition parameters, and it is reported that for semicon- The uncertainty in SEM measurements due to errors in
tinuous films, an oblique angle of the incident particlesedge identification and other factors has been reported to be
causes the formation of a smaller number of large-sized isseveral nanometets® for images of calibration sources
lands(agglomeration®* AFM data in the present experiment with metallic features having sizes of the order of 500 nm.
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TABLE |. Metal filling fraction and electrical resistance of the films deposited at different deposition
times.

Deposition timet

(min) 5 10 20 30 40 60
Filling fraction p 0.30 0.36 0.45 0.65 0.74 0.83
(from TEM image$
Filling fraction p 0.50 0.63 0.85

(from SEM image}p
Electrical resistance 6.0x10*®  6.0x10%  1.5x10¥ 5.0x10° 3.0x10° 1.0x10°
Q)

Since the average sizes of our silver grains are of the order allusters at the initial stages of their formation. Figu¢k)bat
20 nm, the uncertainty in this case is expected to be some filling fraction of 0.5, is near the percolation threshold and
what less, perhaps-1 nm. This uncertainty should account shows the existence of large interconnected clusters with
for some of the differences between the TEM and SEM im-very few individual grains. Figure(b), at a filling factor of
ages obtained in our studies. 0.7, is well above the percolation threshold and shows the
Figure 4 shows TEM and SEM imagesX1 um?) at a  existence of dielectric voids in a primarily metallic film. Fig-
deposition time of 30 min, before and after image processtres 2 and 5 indicate a fairly good correspondence between
ing. On the left side are the raw gray scale TEMg. 4(a), experimentally synthesized samples and theoretically simu-
on a Formvar substratand SEM[Fig. 4(c), on a SiQ sub-  lated images. The variation in metal particle size in the actual
stratd images before converting to the respective binaryexperiment was found to follow a wide log-normal
black-and-white images obtained after some image processlistribution®* The effect of this on the local-field intensities
ing, shown, respectively, in Figs.(® and 4d). The raw and other phenomena is expected to be limited.
TEM images in gray scale were processed, and a threshold Figure 6 is a graph showing the dependence of filling
value for brightness was selected. Above this threshold, &action on deposition time. The experimental data are rep-
pixel would record as a bright spowith a value of 2 and, resented by circles. The fact that some amount of image
below it, as a dark spofwith a value of 0. The general processing is required while calculating the filling fractions
morphology of the films is preserved in the binary images,n order to obtain a contrast large enough to distinguish be-
although some minor distortions are assumed. The blackween dark and bright pixels in the images contributes to the
and-white images corresponding to each TEM micrograph
were then used to compute the filling fraction. The numbers y 325
of 1's and O’'s were counted to measure the area covered by \LS*) .
silver and the area left bare, respectively. ‘g;. b
Figure 5 shows theoretically simulated images of the mor- oA «
phology of silver particles on a dielectric substrate at filling
fractions of 0.3, 0.5, and 0.7, respectively. The images are
1x1um? in size. As in the experimental TEM and SEM
images in Fig. 3, silver is indicated by dark features in Fig. 5.
The average grain size in all three images-i80 nm. This
experimentally determined average grain size was chosen as
the uniform grain size for numerical simulations. Figufa)5
at a filling fraction of 0.3, is below the percolation threshold
and shows individually separated grains as well as some

(c) (d)

FIG. 4. TEM and SEM images (21 um?) of silver films be-
fore and after image processing at a deposition time of 20 min.
TEM image on Formvar substrat@) before processing antb)

FIG. 3. SEM images (400400 nn¥) of silver films on(a) SiO, after processing. SEM image on SiGubstratgc) before process-
and (b) Formvar substrates at a deposition time of 60 min. ing and(d) after processing.

(@) (b)
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FIG. 5. Theoretically simulated images X1 um?) of silver 10° f —— Theory (p; = 0.5)
films at various metal concentratiops(a) p=0.3, (b) p=0.5, and 108 f ® Experiment = TNSTesl
(c) p=0.7. N Theory (p = 0.65)
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error bars in the experimental data. The difference in sub-
strate properties between glaéfer optical and electrical
measurementsand Formvar(for the TEM measurements
also contributes to the uncertainty in experimental filling
fraction estimates. The contribution to the uncertainty in fill-
ing fraction from different substrates is a few percent for
films with a deposition time of 10 min or longésee Table sharply between filling fraction values of 0.45 and 0.75 with
). The data for the films with a deposition time of 5 min, the midpoint of the drop being at abopit=0.65, which cor-
which exhibit a large difference in the filling fraction be- responds to a deposition time of 30 min. The resistance drops
tween TEM and SEM images, are not used in Fig. 6. Thisrom approximately 18 to 1 Q between filling fraction
large difference is possibly due to increased effects of thevalues of 0.45 and 0.75. The numerically calculated curves in
differences in SiQ and Formvar substrate energies at lowthe figure were obtained from the parametric equati®n
metal concentrations. For deposition times greater than @ith the fitting parameterpy=10'* Q (the experimentally
min, the metal concentration is probably large enough so thaneasured value for pure glass filand p,,= 10" Q (the ex-
the silver-silver interaction becomes significant as comparegerimentally measured value for a mostly metal filemd
to the silver-substrate interaction. The filling fraction valuessettingp.= 0.5 (solid line) and p.=0.65 (dashed ling The
from SEM and TEM for these deposition timé¢s5 min) dashed line follows our experimental data most closely and
agree well, and optical studies are restricted to such samplethus sets the percolation threshold @i=0.65, which is
The three numerically calculated curves are obtained fronsomewhat larger than the theoretically predicted value of
Eq. (2) at three different values of the parameterWithin ~ p.=0.5-0.6>°3*Similar studies of resistance with coverage
the error margins, the experimental data match best with then samples of indium oxide deposited on glass by reactive
numerical curve withr set at a deposition time of 30 min. evaporation show an increase in conductance of about the
The curves withr set at 25 and 35 min are further from the same order of magnitude as the present sti@tudies of
experimental data. However, all three numerically obtainedieposition via laser ablation of semicontinuous copper films
curves follow the same trend and agree reasonably well witon Pyrex substratésshow larger drops in electrical resis-
the experiment. tance compared to the present data. There have also been
Figure 7 which exhibits the resistance versus filling frac-studies of gold films of thickness values between 5 and 35
tion data, shows that the experimental d@talid circleg dip  nm on mica substrates which also display a sharp drop in
resistancé’ However, the present data do mark the percola-

FIG. 7. Electrical resistance vs filling fraction. The theoretical
curves are plotted in accordance with E8).

11 ¢ , , , . , , : . tion threshold at a value consistent with filling fraction esti-

10k E mates of 0.65 as found in this study and oth&rSome of

09 F Rt LR the differences between theoretical and experimental data in
c 08EF P 3 this study can be attributed to uncertainties in the filling frac-
o7k P E tion calculations and errors in the resistance measurements.
& o6k E Three-dimensional growth effects in the silver film, which
'; 05E } E are not considered in our theoretical model of the metal-
£ 04t * e 1= 25 N, dielectric film, are very likely an important factor in these
T o3f .4 —mmez=30min. 3 differences.

02EF — r=35min. A It is expected that surface diffusion, which results in the

01k ® Experiment ] migration of particles between grains and promotes the for-

00 B mation of larger islands at the cost of smaller oftealso

0 10 20 30 40 50 60 70 80 90 helps in the formation of elevated islands instead of purely

two-dimensional ones. This would mean that for the same
deposition time, the actual contact area of metal with glass in
FIG. 6. Filling fractionp vs deposition time. The theoretical ~such films would be less than that obtained from the model
curves are calculated using E() with p. set at three different for silver deposition described in the theoretical discussion.
deposition times of 25, 30, and 35 min. Surface diffusion in thin films and its effect on island forma-

Deposition Time (minutes)
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§ 1.0 cient was calculated numerically as the difference between
g 0.9 ks, A= 650 nm - the transmission and reflection data. The transmission coef-
% 08F e, veseses Transmission - ficient shows a relatively sharper drop after a deposition time
< o7k == Reflection 1 of 25 min, dropping to 50% of its original value at 30 min.
5 o5k = Absorption There is also an indication of a slight increase in transmis-
g T F sion at deposition times greater than 90 min. The reflection
E 0.5F o coefficient, which holds steady up to a deposition time of 20
E 04F P e . min, then shows a steady increase with deposition time. The
:A 03¢ "-.,_u_,—' 7 plot shows a strong absorption peak with a maximum value
g o2 PUTL A NP greater than 50%—the value previously measured at the per-
é 0.1 p== A E colation threshold by othef<” In our samples the percola-
AN Y1) < N B S P B I tion threshold is expected to correspond to a deposition time
0 10 20 30 40 50 60 70 80 90 100 of 30 min. However, at this value, the absorption coefficient,
Deposition Time (min) which is ~40% atp., then slowly rises to its peak value of

~55% at a deposition time of 55 min. This may be due to the
~ FIG. 8. Transmission, reflection, and absorption vs depositioract that scattering losses, which would be particularly strong
time at a wavelength of 650 nm. T situ data reveal an absorp- s the film gets thicker and has a more irregular surface, are
tion peak. neither included in the theoretical model nor corrected for in

tion and growth is a well investigated topic and has beesrgur experiments. Absorption peaks in silver and gold have

studied experimentally and modeled numerically a een experimentally observed i_n the p"ésand the peal_<
well 3942 The nucleation growth kinetics such as island for_wavelength is known to be an increasing function of film

mation and coalescence, etc., in thin films has been studidicCkness up to values of 10 nm for silVéThe high absorp-

in detail in the past® The diffusion coefficient is dependent fuon predicted in previous theoretical and experimental work

on the adatom coverage of the substrate, and at low covelS Verified by these data.
age, adatom-substrate interactions play a strong role,
whereas at higher coverage adatom-adatom interactions mus
be considered as wéff. Studies of gold deposited on crys-
talline and amorphous polymer substrates show that the ada- The following is a discussion of the local optical proper-
tom surface diffusion coefficients have the same order ofies of the silver-glass film at the percolation threshold.
magnitude for both crystalline and amorphous substrate Near-field intensity profiles experimentally recorded over
phases at room temperatdfelso, the diffusion coefficients a 4x4 um? area for a sample near the percolation threshold
for gold on high-density polyethylene substrates have vergt=30 min andp=0.65) are shown, respectively, in Figs.
close values both above the glass transition temperature afia), 9(b), and 9c) at an illumination wavelength of 543 nm
below it, with a steep slope near the transitf8herefore, and in Figs. &), 9(e), and 9f) at an illumination wavelength
in our experiments with amorphous substrates, the diffusio@f 633 nm. The images exhibit a very nonuniform distribu-
coefficient may be considered comparable to that obtainetion of near-field optical intensity. The role of localized sur-
from studies on crystalline substrates. In that connection, itace plasmons in such nonuniform intensity distributions is a
was shown in more recent experimental studies of silver dewell-studied phenomenon and explained in detail in previous
posited on copper substrates that surface diffusion effectwork 234723
play a strong role at temperatures above 285 K.is there- Figure 9a) shows the experimentally observed near-field
fore safe to assume that surface diffusion has a tangible efatensity profile with peak intensities reaching values as high
fect in our samples, which are analyzed at temperaturegs 20 times the intensity of the incident evanescent wave.
above 275 K. From TEM and SEM studies, it is clear that theFigures 9b) and 9c) show theoretically calculated near-field
films are not purely two dimensional in that elevated islandgptical intensity profiles of a film at the percolation threshold
are formed in the silver-glass films, but the formation of awith filling fraction p=p.=0.5, with and without averaging,
well-developed three-dimensional network of metallic con-respectively. The value gi=0.5 was chosen since it corre-
ducting channels is still not completed. Therefore, it is be-sponds with the exact value of the percolation threshold for
lieved this situation does not pertain to three-dimensionathe bond percolation lattice that is used in the theoretical
percolation theory since the effective electrical elementsnodel. The averaging process was carried out in order to
(conducting silver channels or insulating dielectric channelseffectively compare theory with experiment, the latter being
in the silver-glass composites are still on the two-limited by the resolution of the NSONL20 nm). The result-
dimensional plane where the silver and glass are in contacing averaged theoretical distribution is shown in Figb)9
It is inferred that the formation of elevated islands and con-The experimental datdig. 9a)] and the theoretically com-
sequent decrease in silver-glass contact area results in a pguted result after the averaging procgbsy. 9b)] closely
colation threshold corresponding to a higher metal concenresemble each other. They have similar general features and
tration as compared to bond percolation estimates. consistent peak enhancement factors of 20—30. It should be
Figure 8 is a plot of reflection and transmission data withemphasized, however, that the exact distributions of the near-
a diode laser operating at 650 nm as the incident beam arfield optical intensity, such as the exact peak positions and
obtainedin situ during laser ablation. The absorption coeffi- exact peak heights, in these two images should not be com-

E. Near-field optical properties at the percolation threshold
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FIG. 9. Experimental, aver-
aged theoretical, and raw theoret-
ical optical intensity images over
a 4x4 um? area atp~p.. Im-
ages in the column on the Idffa),
(b), and(c)] are at an illumination
wavelength of A\=543 nm, and
those in the column on the right
[(d), (e), and(f)] are at an illumi-
nation wavelength ok =633 nm.
The first row[(a) and(d)] displays
experimental NSOM data. The
I second row[(b) and (e)] shows

theoretical data after the averaging
(b) Theory (averaged) I (e) Theory (averaged) T process. The third rowi(c) and
(f)] show raw theoretical data.

pared because the films used for the experimental studies amtensity local field featureggroups of peaks which are in
theoretical calculations have different arrangements of thepatial proximity seen in Fig. €) are generally preserved in
metal clusters. Fig. 9b) as well.

Figure 9c), which shows the theoretical local-field inten-  In Fig. 9(d) the experimentally obtained near-field inten-
sity over a 4x4 um? area, has optical feature sizes that aresity profile over the samex4 um? area of the sample used
comparable to the particle sizes in the sampt€0 nm). The  for Fig. 9a) (t=30 min andp=0.65) at an illumination
image is comprised of a large number of highly intense lo-wavelength of 633 nm is shown. The corresponding theoret-
calized peakshot spot$ spread over the sample. The valuesical calculations, with and without averaging, respectively,
for the maximum enhancement factors in these peaks amre shown in Figs. @) and 9f). The averaging process re-
extremely high(up to ~10%). Although not evident in Figs. sults in the same effects of an increase in feature sizes and a
9(a) and 9b), where the absolute value squared of the localdecrease in peak intensities as described for Figs, 9(b),
fields is shown(the applied field is assumed to have a mag-and 9c). Again, the images exhibit a very nonuniform dis-
nitude of 1, it is important to note that the local-field vectors tribution of near-field optical intensity with peak intensities
are distributed uniformly about zero with comparable num-reaching values as high as 40 times the incident intensities
bers of positive and negative values. On comparing Figsfor Figs. 9d) and 9e) and 10 times the incident intensity
9(a) and 9b) with Fig. 9c), it is evident that there is a for Fig. 9(f).
significant drop in the field intensities in the former, an effect It should be noted that the average enhancement factors
that is due to destructive interference and the mutual cancelncrease with wavelength in our studies, as is evident on
lation of the field vectors during the averaging process. Thereomparing images from the two wavelengths in Fig. 9. This
is, however, a degree of preservation of large-scale localwavelength dependence of the average local-field enhance-
field topology in Fig. 9b) in that the majority of high- ment has been predicted by scaling thédtyt should also
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C. Below and above the percolation threshold

-
o
=

rrrTTTpTTTYT T T

A=543 nm ] In Figs. 14a), 11(b), and 11c) the experimental, averaged

= ] theoretical, and raw theoretical images, respectively, over a
«=0480£0.15 4X 4 um? area at a metal concentratiop=0.37) less than
the percolation threshold are shown. Figuresdf111(e),
3 and 11f) are the corresponding images above the threshold
] atp=0.74. The averaged theoretical images have again been
calculated by the method described earlier and show the
same qualitative agreement with the experimental NSOM
images. Again, the NSOM images show a highly nonuniform
= distribution of local optical intensity with peak intensities
reaching values as high as 30 times the intensity of the inci-
: L dent wave. However, on comparing Figd®with Figs. 11a)
0 2 4 6 8 10 12 14 16 18 20 22 and 11d) (all recorded at a wavelength of 633 hrit is
evident that the density of intensity peaks is smaller in the
latter cases. Thus, at boih<p. and p>p., the distance
10° P T T between the intensity peaks is larger in comparison with the

: 21=633 1m distances ap=p., which .inqlicates stronger Iocaliza_tion at

=0.19 +0.04 both p<p. andp>p,. This is also seen on comparing the
o=V A=W corresponding averaged theoretid&ligs. 9e) with Figs.
11(b) and 11e)] and raw theoretical imagd&ig. 9Af) with
. Figs. 11c) and 11f)]. In all these cases, the enhancement
factors of individual peaks are higher than that observed at
p=p., but the surface density of peaks is lower in compari-
son. We can conclude that these properties of the field distri-
bution are preserved at larger scales as well.

ul
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D. Optical response at high metal concentrations

Probability Distribution Function

Figure 12 pertains to the experimentally obtained local
optical properties of certain special features in samples with
Intensity (arbitrary units) high metal concentrationg¢0.80).
Figures 12a) and 12d) exhibit surface morphologies
FIG. 10. Probability distribution functions of experimental and (AFM scan$ obtained from the NSOM probe and recorded
averaged theoretical datad=p, at an illumination wavelength of  qyer two 10x 10 um? areas, respectively, for a sample with
(@ A =543 nm andb) A =633 nm. a high metal concentrationt£60 min and p=0.85). It
should be noted that due to the relatively large tip-radius of
be noted that the exact locations of peaks depend on thée NSOM probe50 nm as compared to conventional AFM
wavelength of illumination. probes, the resolution for the surface morphology is inferior
The differences between the images at illumination waveln comparison, but sufficient to display the features under
lengths of 543 and 633 nm can be understood more clearigonsideration in this section. Both images exhibit a fairly
from the probability distribution functions shown in Fig. 10. Uniform background, similar to what is shown in Figf)2
These data are calculated from experimental NSOM data arffuS @n elevated structure near the center of the images. On
corresponding averaged theoretical data at wavelengths examining scan lines in detail, it is e\{|dent that each of these
—543 and 633 nm. The data were fitted to an exponentia?trucwres has the form of a crater, with a hole surrounded by

function exp-al). The PDF’s from raw theoretical data fol- a ring of material, the ring bemg higher than the surroundmg
. 0 . basal plane and the hole being lower than it. The elongation
low a wide log-normal distributiot® However, during the

. th h in both th it f the features in the diagonal direction is attributed to the
averaging process, there are changes in bo € magnitu@th ation amplitude of the oscillating probe tip. While exam-
of the near-field enhancement factors and the shape of tr]

oG = ﬁing AFM scan lines, the diameters of the central hole were
probability distribution. As a result, the PDF transforms from i 2ineq by taking the full width at half maximum of the dip

a log-normal to an exponential distribution. The experimeny, the scan line. This value was averaged over several con-
tal and theoretical PDF's shown in Figs.(&Dand 1@b) are  secutive scan lines. The corresponding hole diameter for Fig.
in close agreement, and the calculated linear regression lin@a) was found to be about 0.25m, and for Fig. 1), the
have very small error bars. It is important to note that the taihole size is about 0.4m. This kind of structure was also

of the distribution forA =633 nm shows an enhancement observed in electron microscopy studies. Figure 13 shows a
factor of 50, which is twice as large as that for=543 nm.  1.5x 1.5 um? TEM micrograph of such an area in a sample
The average enhancement factors thus increase with wavander identical deposition conditions. The size of the hole in
length as predicted by scaling theory. this image is about 0.2am. Such holes are formed during
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FIG. 11. Experimental, aver-
aged theoretical, and raw theoret-
ical optical intensity images over
a 4X4 um? area atA=633 nm
for p<p, and p>p.. Images in
the column on the leff(a), (b),
and(c)] are at a metal concentra-
tion p<p., and those in the col-
umn on the righf(d), (e), and(f)]
are at a metal concentratiop
>p.. The first row[(a) and (d)]
displays experimental NSOM
data. The second rojib) and(e)]
shows theoretical data after an av-
(b) Theory (Averaged) (e) Theory (Averaged) eraging process. The third row
[(c) and(f)] shows raw theoretical

I I data.

(a) Experiment

6.0x10*

sample synthesis by laser ablation when submicrometecorded at 633 nm. All four images show very bright regions
sized droplets are occasionally ejected from the target sueorresponding to the position of the holes observed in the
face and deposited on the glass substrate. If the droplet KFM scans. What is most remarkable about the optical im-
formed at an early stage of the entire deposition period, holeages is the very high intensity of the bright spots—more than
are formed in the leewar¢shadow regioh of the droplet, 100 times brighter than the incident intensity and many times
which forms a blockade for additional incoming silver atomsbrighter than hot spot intensities observed at lower silver
ejected from the target. The TEM image shows the smaltoverage. The optical responses of such features are sensitive
droplet and the larger shadow region devoid of silver that igo wavelength, as is evident on comparing Fig(t2vith
formed adjacent to it. Outside the hole, the sample surface i$2(c) and Fig. 12e) with 12(f). In our samples, it is evident
almost all silver with very narrow paths devoid of silver from Fig. 13 that the area surrounding the dielectric void is
across the surface. It was found from AFM and TEM imagesmostly metal, but not fully so, and there are narrow dielectric
that, on an average, one submicron void was formed ovethannels running through the metal matrix. Therefore, the
every 20< 20 um? scan area in the sample. optical intensity distribution consists of a background of en-
The rest of the four images in Fig. 12 are the 10hancement peaks of lesser magnitude, which are dwarfed by
X 10 wm? NSOM images corresponding to the surface mor-the high-intensity peaks near the void.
phology scans shown in Figs. 8 and 1Zd), respectively. The concentration of the electromagnetic fields near a
Figures 12b) and 12e) in the second row are recorded at hole reported here resembles the field concentration in an
543 nm, and Figs. 42) and 12f) in the third row are re- array of subwavelength holes. Extraordinary optical trans-
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Zon = 1.81 um Zyo = 572 nm

@

(b)

FIG. 13. TEM image (1.5 1.5um?) of dielectric region sur-
rounded by metal film of high filling fraction.

ization of SPP’s in the vicinity of near-wavelength-sized
voids. The electric field of the localized SPP has a rather
complicated structure with maxima distributed over the area
of the film that are larger than the geometric size of the
defect in the metal film. The structure of the SPP depends on
the wavelengthn and changes significantly with even mod-
© ® erate increases in wavelength—from 543 to 633 nm. The

FIG. 12. Experimental AFM and corresponding NSOM imagesp_ossibility qf SPP localization in §u_bwavelength apertures is
of a silver film at high metal concentratiotdeposition time diScussed in recent wotkwhere it is suggested that local-
=60 min) over a 1¢10 um? area ath =633 and 543 nm. The 1z€d SPP could enhance the transmittance through the metal
relevant feature is the void in the metal film. Images in the columnfiim even when holes are distributed randomly over the film.
on the |eft[(a)’ (b), and(c)] are from one samp]e area, and those in Another important result of SPP localization is the potential
the column on the righft(d), (e), and(f)] are from another sample Of using these SPP’s for nanoscale light circuiting through a
area. The first rofi(a) and(d)] displays AFM data. The second row linear array of the aforementioned voids.

[(b) and (e)] shows NSOM images at a probe wavelength\of Such huge enhancement of the local fields in submicron
=543 nm. The third row[(c) and (f)] shows NSOM images at a voids in a percolating metal film has been observed for the
probe wavelength ok =633 nm. first time and is in agreement with our transmittance data as

well. Indeed, the transmittance does not vanish even for

mittance through metal films with regular arrays of subwaveimetal concentrations far above the percolation threshold
length holes has been discovered in the seminal work ofvhere the film should operate as a perfect mirror. Instead, the
Refs. 32 and 45 and has been intensively investig®ed. transmittance saturates at a value of about 20% and even
Apart from fundamental interest this new optical phenom-indicates a tendency tmcreasewith an increase in film
enon could have important applications in subwavelength lithickness. We attribute this unusual behavior of the bulk
thography, wavelength-tunable filters, optical modulatorsransmittance to transmittance through the submicron voids.
and flat-panel displays, among other possibilities. The field intensity in the voids is more than 100 times the

The most common explanation of extraordinary opticalintensity of the impinging wave. These giant fields operate as
transmittance is based on the assumption that the incidestcondary sources, generating electromagnetic waves which
light excites surface plasmon-polaritof®PP’s in the metal are emitted from the opposite sideith respect to the side
film when its wavelength coincides with one of the spatialon which light is incident of the film and resulting in ex-
periods of the array of holes. This results in a resonant intertraordinary transmittance. The amplitudes of the resonance
action of the SPP with the regular array of subwavelengtHields in the voids can be large for optically thick films and,
holes and causes a huge enhancement of the light transmis shown in Ref. 53, could even increase with the film thick-
tance though the film. Thus the periodicity of the holes plays:ess.
a crucial role in the theor}f In contrast to these speculations ~ We infer that the percolation nature of our metal films is
our experimental results show that the local electromagnetigery important for the observed extraordinary transmittance.
field could be strongly enhanced even in a single void in theé=ilms with metal concentration far above the percolation
metal film. We speculate that in this case we observe localthreshold have local metallic properties, which satisfy the
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conditions for the localization of SPP3.Yet the film re- ment of the local fields through the existence of hot spots
mains nonuniform on scales larger than the size of a hole angith high intensities. For local optical studies, comparison
therefore does not support the propagation of the SPP. Thisetween experimental data and a numerical model based on
results in a decrease in the radiative decay of the localizethe block-elimination method has been made. An exponential
plasmon polaritons and promotes the localization of the elecprobability distribution function was obtained from the ex-
tromagnetic energy near the voids. These speculations aperimental images and was in good agreement with the theo-
confirmed by the experimentally observed field distributionretically calculated distribution. From both theory and ex-
around a voidsee Fig. 12 The enhanced field overflows out periment, the optical enhancement observed at the
of the void, but only within a distance comparable to thepercolation threshold is quite different from that observed at
void size. The detailed theory of this phenomenon is undehigher and lower metal concentrations, where stronger local-
investigation ization and an increase in individual peak intensities are ob-
served. It was also observed that both the localization and
V. CONCLUSIONS intensities of the hot spots depend on the incident wave-
length.

The following conclusions can be drawn from our experi- 31) At a very high metal coverage>80%), very strong
mental and theoretical studies of silver films deposited ongca) fields, ~10 times higher than that observed at lower
insulator substrates. _ _ coverage, were observed at some locations of the film. This

(1) Based on the morphology and electrical resistanceatyre is associated with submicron-sized voids in the metal

measurements, the percolation threshold in the metakn and results in extraordinary optical transmittance
dielectric composites occurred at a deposition time of aboufhrough the percolation metal films.

30 min for the deposition conditions used in our experiments
and at a metal filling fraction 0f~65%. The latter value is
higher than the 50%-60% value predicted for two-
dimensional(2D) random bond or site films, suggesting the  This project is supported in part by the Army Research
importance of 3D growth and surface diffusion in our sys-Office (Grant No. DAAD19-01-1-068R NASA (Grant Nos.
tem. NAG8-1710 and NCC5-514 National Science Foundation
(2) A careful TEM and SEM study of silver films grown (Grant No. DMR012181% and New Mexico Universities
on SiO, and Formvar substrates shows that the films growrCollaborative Research Program at Los Alamos National
at these two types of substrates are very similar at both md-aboratory. The authors acknowledge technical assistance
dium and high metal coverages. Significant differences, howprovided by Dr. S. Ghoshroy, Dr. L. Trillo, M. Barela, and
ever, have been observed at low metal coverages. Dr. R. Liefeld and experimental assistance provided by J.
(3) The NSOM images obtained show strong enhanceAlderete and D. Smirnova.
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