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Size dependence of the optical spectrum in nanocrystalline silver
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We report a detailed study of the optical reflectance in sputter-deposited, nanocrystalline silver thin films in
order to understand the marked changes in color that occur with decreasing particle size. In particular, samples
with an average particle size in the 20 to 35 nm range are golden yellow, while those with a size smaller than
15 nm are black. We simulate the size dependence of the observed reflection spectra by incorporating Mie's
theory of scattering and absorption of light in small particles, into the bulk dielectric constant formalism given
by Ehrenreich and PhilippPhys. Rev128 1622 (1962]. This provides a general method for understanding
the reflected color of a dense collection of nanopatrticles, such as in a nanocrystalline thin film. A deviation
from Mie’s theory is observed due to strong interparticle interactions.
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[. INTRODUCTION size induced changes in the color in terms of existing mod-
els. Specifically, we derive an expression that simulates the
The optical properties of nanometer-sized metal particlegntire reflectivity spectrum covering the region where silver
have been of both experimental and theoretical interest foghows free-electron-like behavior as well as the regime
some time. It has been known for over a thousand years thithered-band electrons are excited to the conduction band,
the color of small metal particles embedded in glass dependihile also considering the effect of the SP absorption. The
strongly on the size and shape of the particles. The opticftgreement with experimental spectra of samples with differ-
properties of such colloidal systems are ascribed to surfac@nt particle size is quite satisfactory. _ .
plasmon resonance caused by the incident light. The charac- Since the electronic configuration of a silver atom is
teristics of the resulting absorption bands can be calculated<r14d'®5s", the outermost (§) energy band is only half
from the well-known Mie theory:® The peak position as filled, which is why silver is a metal. However,. the immedi-
well as linewidth of the surface plasmon depend on the parately underlyingd-band electrons affect the optical and elec-
ticle size. Strong quantum size effects are observed when tHEoNic properties much more markedly in silver than in cop-
linear dimension of a particle is smaller than the electronid®® or gold. The reflectivity of bulk silver is almost
mean free path in the corresponding bulk matétidHow-  independent of wavelength and close to 100% over the entire
ever, most of the existing experimental and theoretical work/isible region. It was first shown by Ehrenreich and Philfpp
refers to dilute dispersions of metallic nanoparticles in medighat this is a combined effect of the conduction-band elec-
such as air, liquids, or dielectric matrices. The optical extincirons of thes band as well as the interband transitions from
tion spectra of silver particles in the form of free or embed-the d band to the conduction band.
ded clusted™® in a dielectric matrix, submicrometer-size As the average particle size in sputter-deposited nanocrys-
needles! microlithographically produced silver spherés, talline silver is re(_JIuced, we observe a marked change in its
etc. have been studied. Generally, a peak is observed in t@lor, from white(in the bulk to golden yellow to gray and
optical absorption spectrum, and is interpreted as the surfadially to jet black, in particles smaller than 10 nm. We show
plasmon (SP absorption predicted by Mie's theory. The that s_uch a size depen_dence of the cqlor in r'lanocrystallme
width and position of surface plasmon not only depend orfhin films, can be explained on the basis of Mie’s theory of
particle size as suggested earfiéhut also on the chemical @bsorption and scattering of light from small metal particles
properties of the nanocrystalline surface, referred to aith @ complex refractive index, combined with the bulk
chemical interface damping.Reflectance studies on thick, dielectric constant formulation given by Ehrenreich.
nanocrystalline, opaque films have rarely been dbhand
no attempt to simulate the C(_)mp_lete reflection spectrum has Il. EXPERIMENTAL DETAILS
been made, though the deficit in the reflection due to SP
absorption has been calculated using the quantum- Nanocrystalline silver thin films were deposited using
mechanical probability that an incident photon will excite ahigh-pressure dc-magnetron sputtering. The sputtering was
surface plasmofr. carried out in a custom-built chamber using a 200 mm long,
In recent years, the production and study of nanocrystalaxial, planar magnetron sourdd&tom Tech 320-Q. The
line thin films have assumed increasing importance. In thisputtering target was a 99.99% pure silver dis@ mm di-
paper, we report the study of the optical properties of nanoametey, placed 55 mm away from the substrate. The base
crystalline silver thin films and attempt to explain the particlepressure was better thanx1.0™® Torr, while sputtering was
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FIG. 2. X-ray diffraction pattern showing tH&11) line of nano-
crystalline silver with different average sizes.

The optical reflection and transmission from the nano-
crystalline thin films were measured in the 200—900 nm
range using a Shimadzu UV-2100 uv-visible spectrophotom-
eter. The specular reflection was recorded with the incident

FIG. 1. Atomic force micrograph recorded for a 500 nm angle being set to 8°, while the light scattered i &8irec-
X500 nm area of a typical nanocrystalline Ag film deposited attions was recorded at normal incidence, using an integrating
100 K. sphere. In the latter case, the specular part of the reflected

light goes back to the source and the scattered light is col-
carried out in the presence of flowing Ar or He, at a pressur@ected by the integrating sphere internally coated with white
between 5 mTorr and 100 m Torr. At such relatively high powder such that all the scattered light reaches the photomul-
pressures, the sputtered silver atoms lose much of their ktiplier tube after multiple reflections. The scattered light in-
netic energy in colliding with the gas atoms and arrive at tthnsity was~5% of the incident intensity at large wave-
substrate with little energy left for surface diffusion. The |engths in all the sputtered films, indicating that the surface
nanoparticles were deposited on quartz or glass substrategnoothness of the films was very high at optical length
maintained at either 273 Kcooled with ice wateror close to  gcgles.
100 K (cooled with liquid nitrogen The nanocrystalline thin  The value of the transmitted intensity was close to zero
films typically consist of a collection of densely packed, ap-throughout, except near 320 ngplasma wavelengihwhere
proximately spherical, silver nanoparticles, deposited on & was about 3—4 %. This is because the skin depth for bulk
quartz substrate, as shown in the atomic force micrograph igjlver is nearly 10 nm in the visible range, while the film
Fig. 1. Both the high sputtering pressure and the low subthickness was typically 500 nm. For wavelengths smaller
strate temperature inhibit the growth of large particles. Thesghan 320 nm the interband absorption becomes significant
two parameters, as well as the dc voltage applied to the targghd the transmission again falls to zero. Since we do not
were used to control the particle siggee Table )l Further  opserve any interference fringes in the reflection spectrum,
details of the sputtering process for silver nanoparticles arge can safely neglect the transmission of light through the

described elsewheré:*® _ ~ film for the purpose of theoretically fitting the data in the
The coherently diffracting crystallographic domain sizeyavelength range of 320 to 800 nm.

(dygrp) Of the silver nanoparticles was calculated from x-ray
diffraction (XRD) line broadening after subtracting the con-
tribution from the Cukx, componentRachinger correction
and correcting for the instrumental width. The integral line- The true color photograph in Fig. 3 shows that there is a
width was used in the Scherrer formtfiao calculatedygp. rather striking change in the color of sputter-deposited nano-
Figure 2 shows thg11l) reflection (used for calculating crystalline silver with decreasing size. This picture was ob-
dyrp) in the XRD spectra of bulk silver and sputter- tained from powder sample@vith different average sizg¢s
deposited nanocrystalline thin films with different averagescraped off the substrate and dispersed on a glass slide.
sizes. Clearly, the sample with thdygp=50 nm is silvery white,

III. RESULTS AND DISCUSSION

TABLE |. Conditions for the sputter synthesis of hanocrystalline silver films with different particle sizes.

dyrp (NM) PressuréTorr) Applied voltage(V) Substrate Substrate temperatife
Bulk Siver disk(99.99% purg

50 5.4x10°3 280 Glass 100

35 1.1x10°* 388 Quartz 298

15 8.0< 102 401 Glass 100
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FIG. 3. (Color True color photograph of nanocrystalline silver 01
samples with different average x-ray sizélggp): (&) 50 nm,(b) 35
nm, and(c) 15 nm.
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FIG. 5. Reflectance spectrum for bulk silver computed using Eq.
while the sample withdyzp=35 nm is golden yellow. The (2). Inset shows the corresponding dielectric constant spectra.
color of this sample is stable and does not change when
exposed to air for several months. Nanocrystalline silvelleading to a color that is dark gray, and finally black.
with a particle size in the 20—35 nm range, therefore, appears we now show that the reflection spectra for different par-
to have a potential industrial application as a decorative coaficle sizes can be quantitatively simulated on the basis of
ing. When the average size is reduced further, the color bawiie's theory of scattering and absorption of light by small
comes gray and finally black. _ particles, combined with Ehrenreich’s formulattbrior the

Figure 4 shows the corresponding specular reflectancgfiection spectrum for bulk silver. The reflectance spectrum
spectra of bulk silver and the three nanocrystalline silvefor pulk silver can be obtained from the dielectric function,
films (with different average size sputter deposited under (), which can be expressed as a sum of the free-electron
the conditions given in Table |. We summarize below thecontripution, €00 ®) = 47j0(w)/w, and a bound-electron
salient features that emerge from a study of the size deperyntribution, o, @). The ac conductivityg(w), is given
dence of the reflectance spectra. _ by w/[47(y—Jjw)], wherew, is the plasma resonance fre-

(1) The reflected intensity for the bulk sample is expect-quenﬁ:y’ andy is the free-electron damping coefficient. Fi-

edly high (~90%) in the visible region of the spectrum. Due nally, the reflectivityR(w) can be expressed as
to plasma resonance, the reflectance falls sharply below

~350 nm and reaches a minimum-§£%) at 320 nm. At
even lower wavelengths, it rises againt@0% and remains R(w)=100x
constant till 250 nm.

(2) With a decrease in the particle size, the reflectance
decreases at all wavelengths. where the refractive index(w) = Ve(w).

(3) The magnitude of the decrease in reflectance with par- In the case of silver, the free-electron plasma frequency
ticle size is itself a function of the wavelength, the decreasdies atiw,=9.2 eV, but the onset of interband transitions
being larger at lower wavelengths. occurs athw;=3.9 eV. The contribution ofy,,,{ @) to

(4) There is a well-defined dip in the reflection spectrume(w), makes the latter vanish at a lower value of energy
nearA =360 nm(marked as SPR in Fig.)4lue to surface (~3.9 eV), where it gives rise to aybrid plasma reso-
plasmon resonancéSPR. This dip becomes increasingly nance. In the simplest case, we can desceiRg,{ ) by a
prominent with decreasing particle size. The width of the dipsingle frequency resonance fab,=3.9 eV, with an oscil-
also increases as the particle size gets reduced. lator strengthf,; and damping coefficieny,,

The nature of the observed color change with particle size
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(Fig. 3) can be correlated easily with the reflection spectra in flwzl
Fig. 4. Obviously, bulk silver is white because the reflectance €bound @) =1+ # 2
is very high in the entire visible region. With a decrease in WO oy,

the particle size, the spectrum gets depleted most in the blue However, Eq.(2) does not correctly simulate the reflec-
end, relatively less in the green region, and the least in théance ofbulk silver above 3.9 e\(below 319 nmwhere the
red. This results in a golden-yellow color. At smaller sizes,calculated reflectance rises rapidly +00% (Fig. 5 while
the reflected intensity is quite low throughout the spectrumthe observed reflectance in this region is only about 25%
(Fig. 4). This is explained by the inset in Fig. 5, which shows
100 the corresponding reak() and imaginary §,) parts of the
dielectric constant plotted as a function of wavelength.
Clearly, Eq.(2) describes a single frequency resonance at
hw,=3.9 eV. For frequencies larger thas,, the second
term of eyound @) in EQ. (2) becomes negativieghe damping
term jwvy, only broadens this changehus makinge; ()
et even more negative, the contribution froep..(w) being
300 400 i((]ﬁm)ﬁm 700 800 already negative at and above 3.9 eV. This leads to an un-
realistically large value ofy,(w), and hence the reflectance
FIG. 4. Experimental reflectance spectrum of bulk silver andR(w), in this region.
nanocrystalline silver films with different particle sizesdgp). In reality, Zw=3.9 eV only marks the onset of eon-
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tinuumof transitions from the quasicontinuous electronic en-pendence of the oscillator strengtlig(w), and the damping
ergy levels of thed band to those of the band and beyond. coefficients, y,(w). For simplicity, we assume that these
The effect of this continuum of transitions, can be simulatecuantities are frequency independent in the rarge,;

by integratingep,,n{ @) with the transition frequencies; =3.9 eVtohiw,=6.2 eV, withw, being an arbitrarily cho-
treated as a continuous variable. This requires a knowledgsen upper bound for interband transitions. We can now ana-
of the frequency dependence of the number density of intefiytically integrate the contribution oé,,,,{ @) t0 e(w) as
band transition frequencigs, as well as the frequency de- follows:

“p 2 |2 1
e(w)=1— 5 +pwpy 7 dwq
0°t] ©1 W W T Jwyy
_ w3 _ w32
a2 a2
1 wg w2 _]a)'yl+w2 Jwy1+w2 3
=l-—+pow .
w2+jwy P \/Jw'yl-l—wz

In Eq. (3) both p and w, decide the extent of the contri- mental spectrum dips below the calculated value in the re-
bution of epound @) t0 €(w) and thus both parameters influ- gion between 350 and 400 nm. This arises from a small
ence the position of the plasma reflectivity edge. Thereforeontribution due to the surface plasmon absorption, which is
only when an arbitrary value ab, (somewhat greater than observed even in bulk silver with a microscopically rough
w,) has been fixed, can the value@be determined. In our surface, unless it is electrolytically polish&l.
fitting we have choseniw,=6.2 eV, which givesp The expression for the reflectiviffq. (1)] is valid when
=0.2658<10 14 s. If the value ofw, is slightly increased, light is incident on the planar interface between taemi-
the fitted value ofp slightly decreases to give the correct infinite media(described solely by their respective dielectric
plasma reflectivity edge. So, our ignorance of the functionatonstants However, as is clear from Fig. 1, the system un-
form of f(w), p(w), and the actual upper bound of interband der consideration is a densely packed ensemble of nearly
transitions is hidden in the fitting paramejer spherical nanoparticles. We model this as a system that has

The inset in Fig. 6 shows the real and imaginary parts opartly bulklike propertiegbeing densely packed, there is an
e(w), as given by Eq(3). In contrast to Fig. 5¢;(w) does overlap of wave functions between neighboring nanopar-
not have a large, negative value at frequencies greater thdi¢les), and in part properties related to the confinement of
w;. Also, e,(w) does not decay to zero. Figure 6 shows theindividual nanoparticles. Therefore, even for the nanocrystal-
fitting of R(w) calculated using Eq(3) to the reflectance line film the reflectance spectf&ig. 4 show some charac-
data for bulk silver. Evidently, the integrated expression forteristic bulklike featureqfor example, the volume plasma
epound @) leads to more realistic values of reflectivity in the frequency in addition to surface plasmon effects arising
short wavelength region of interband transitions. The fiffrom the bound spherical nature of individual nanopatrticles.
should improve further when the actualdependence of the For the case in which the plane separating the two media is
number density of interband transitions, oscillator strengths¢urved, as in a spherical nanoparticle in a dielectric medium,
and damping coefficients are incorporated. Note also that jughe solution is given by Mie’s theoryThis describes the

above the sharp drop in reflectan@e 319 nnj, the experi- Scattered and absorbed electric field amplitudes, when a
plane electromagnetic wave is incident on a homogeneous

1004 sphere of arbitrary radius and dielectric constant. For an en-
semble of spherical particles with a volume filling fractign
and radiusa (a<<\) embedded in a nonabsorbing-medium

754

_— € with dielectric constang,, the extinction coefficienK ()
9< is given by
25+
[ 0 o 90 (o)
\ w €Er(w
Jr e e e A Klw)=—; o : > 3 : 4
A(nm) {[26m+ El(w)] +62(w)}

FIG. 6. Reflectance spectrum for bulk silvontinuous ling ~ Where,e; ande; are the real and imaginary parts of the bulk
obtained using Eqg1) and (3), which take account of the contri- dielectric constante of the material that constitutes the

bution from the quasicontinuous interband transitions. The experispherical particles. o _
mental reflectance spectrum is shown by a dashed line. Inset shows The frequencywg that minimizes the denominator of Eq.
the corresponding dielectric constant spectra. (4) leads to a maximum in the extinction spectrum, and is
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FIG. 7. Top, computedsolid line) and experimentaldashed FIG. 8. Computed spectra foras defined by Eq(10) for dif-

line) reflectance spectra of nanocrystalline silver films with differ- ferent particle sizes.
ent particle sizes. The effect of surface plasmon absorption has been
incorporated in this computation. Bottom, the corresponding surin the lower half of Fig. 7. Clearly both the width and the
face plasmon absorption curves computed using(Bq. intensity of the SPR absorption increase with decreasing par-
ticle size, which leads to a frequency dependent decrease in
known as the surface plasmon frequency. We now have Edhe reflectance with a decrease in size. This is therefore di-
(1) that, together with Eq(3), explains the reflectivity of rectly responsible for the observed change in the color of
homogeneoushulk) silver as well as Eq(4) that gives the nanocrystalline silver. In Eq7), the width of the resonance
extinction coefficient of a SPR from the metallic nanopar-absorption is proportional to the damping coefficienap-
ticles embedded in a dielectric medium. We now show thapearing in €;,.o(®). At sufficiently small sizes, additional
the reflectivity spectrum of a nanocrystalline metallic thindamping of electrons is caused by the reduced particle size
film with an optically smooth surface can be simulated byalong with the usual defect scatteritigin fact, if v is the
simply subtracting the absorption of light due to SPR, fromFermi velocity then the scattering time constany,; is

the bulk silver reflection. That iRR,.,4 @) is given by given by
Rhand @) =R(w) —Aspd w), 5 a
ot | rouri(@)=C—, ®
where, the surface plasmon absorptidkspy w), is ex- Ut
pressed as, where, a is the radius of the particle an@=1. Since y
_ -1
Aspr ©)=100{1—exi{ —K(w)t]} ©
Ut
-9 € Ynand @) = Youkt 3 9)
¢ {[2emt e1(w) ]+ €3(w)}

Thus the damping coefficient has an additional term that is

inversely proportional to the particle size.

where, §=tXq is the effective penetration depth of light  The least-square values of the fit parameters are given in

corrected for the filling fraction and is used as a fitting pa-Table Il. Care was taken to redefine the variables such that

rameter. all fitting parameters were nearly of the same order of mag-
The observed reflectivity spectra for opaque, nanocrystalritude. The fits improved markedly if we allowed the damp-

line silver films with different average particle sizes areing coefficienty to have a frequency dependence of the form

shown using broken lines in the upper half of Fig. 7. These

data are fitted in the range= 320 to 800 nm(solid curves Y(w)=a;+a0+azw’. (10)

to the equations foR,, 5, @) [EQ. (5)], obtained after calcu- Figure 8 shows the frequency dependence &dr differ-

lating Agpg @) from Eq. (7), R(w) from Eq. (1) and e(w) ent particle sizes. Clearly, as the particle size is reduged,

from Eg. (3). The corresponding fitted SPR peaks are shownncreases substantially with increasing wavelength. The

TABLE II. Values of the fitting parameters used to calculate the reflectance spectra shown in Fig. 7, as
defined in Egs(7) and (10).

dyrp (NM) €m 5X107°8 (m) a;x10* (s a, azx 10 (s) \/X7 a
N
Bulk 1.97+0.02 0.0176:0.0005 —-3.7+0.3 0.470.02 —0.0053+0.0002 1.02
50 1.520:0.006 0.07&0.001 —-1.5+0.4 0.47£0.02 —-0.0061+0.0002 1.13
35 1.885-0.008 0.19%0.002 —24.3+0.6 2.22£0.03 —0.0298£0.0004 1.59
15 2.574-0.008 0.48330.0009 22.30.7 2.25:0.04 —0.0432£0.0005 0.56

32 is the weighted sum of squared residuals &hepresents the number of degrees of freedom.

245412-5



PRAVEEN TANEJA AND PUSHAN AYYUB PHYSICAL REVIEW B65 245412

width of the SP absorption is proportional 49 which im- IV. SUMMARY

plies that for smaller particle sizes the absorption pdaika . . L .
. ; We have prepared nanocrystalline silver thin films with
fixed value ofy) is broader at longer wavelengths than what . . : . .

different average particle sizes using high-pressure magne-

is given by Eq.. (7). Th'S. deviation from Mie’s extinction tron sputtering. With a reduction in the particle size, we ob-
formula for a single particle has also been observed in col-

loidal aggregates of silvét. The extra broadening at longer ;Z;’SISS %:gg]uj\:hﬁgatgggollg ;26; gl?okv)vr t(())f g:rr]aey r;r&og}y;;c;l?ge
wavelengthgwhich is reflected as an increase in the value of] :

the wavgeﬁgth-dependemin our derivation has been ex- jet black. The color of these.nanopartlcle samplgs can be
plained on the basis of intercluster interactions. The SiIVeunderstood on the basis of their measured reflectivity spectra.

aggregates are treated as fractals and it is assumed that he experimental spectra are fitted to an expression derived

interaggregate interactions are dipole coupled to each otheto ! the assumption that the reflectance from an opaque,

. metallic, nanocrystalline thin film is equal to the reflectance
The slight decrease of at longer wavelengths for larger from the bulk metal, minus the absorption due to surface
particle sizes has also been reported eatfidhe y vs A ’

plasmon resonance. This directly leads to a frequency depen-
plots for 15. nm and 35 nm appear to faII_ below the plotsdentdecrease in reflectance that explains the size dependence
corresponding to the larger sizéSig. 8). This may simply

. o . X of the color of silver nanoparticles. The increase in the fitted
o e s oo o e o (Ve f the damping coffcion i decrease i e
=glon. R . R +9) . article size occurs because the mean scattering time of an
sition has been included in a rather simplistic manner in th

lculation of Con ntlv. the val £ all nti lectron is governed by the particle size in addition to colli-
;:_a cua} OI to de(fw)' 0 ?eque 3{ fh alues 3 a dqt?a} " sions from defects. The increase in the valueyddt longer
ies calculated frone(w) for wavelengths around and below avelengths for small particles indicates that the surface
320 nm should not be expected to be very accurate, thoug\ﬁ

the visibl ; f th 0 is d bed | asmon peak has an extra broadening in the long wave-
€ Visibie region of the spectrum IS described property. length region. Our results extend the earlier observations in
We have also observed similar changes in color with par

. T . P colloidal aggregates to more densely packed clusters in solid
ticle size in the case of platinum and copper nanoparticle ggreg yp

deposited by magnetron sputtering. Whereas bulk Pt is steg?m films.

gray and Cu is orange, they are both completely black in the
nanocrystalline form, when the particle size is less than
~10 nm. Nanocrystalline platinum—used as an electrocata-
lyst in fuel cell grade electrodes—is commercially known as We thank Professor Mustansir Barma and Professor Nan-
platinum blacké? Similarly, “gold black”? is used as an dini Trivedi for illuminating discussions and critically read-

infrared absorber. We may expect the physics involved iring the manuscript. P. Taneja acknowledges partial support
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