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Selecting nanocomposites for photonic switching applications requires optimizing their thermal,
nonlinear, and two-photon absorption characteristics. The authors simplify this step by defining a
compound figure of merit (FOM,) for nanocomposites of noble metals in dielectric based on criteria
that limit these structures in photonic applications, i.e., thermal heating and two-photon absorption.
The device independent results predict extremely large values of FOM, for a specific combination
of the metal and insulator dielectric constants given by €,=(€;—€,)/2, where ¢, is the dielectric
constant of the host and €, and ¢, are the real and imaginary parts for the metal. © 2006 American

Institute of Physics. [DOIL: 10.1063/1.2358209]

In recent years considerable research has gone into the
study of all-optical switching devices for photonic applica-
tions, where the requirement of the material had been a large
n, (nonlinear refractive index), low index change due to ther-
mal effects, and small two-photon absorption (TPA)."”? Fur-
thermore, there is significant interest in using nanocompos-
ites comprising of metal nanoparticles in dielectric host for
such applications because of their nonlinear response3 - and
because of their potential use in applications below the dif-
fraction limited regime.6_8 However, the selection of the
metal-host system for a given application must be based on a
careful evaluation of the key physical limitations in the in-
teraction of light with matter. In this regard, there are two
well accepted limitations. The first is the refractive index
change due to thermal effects arising from light-matter
interactions.' The second, which has been recognized as the
ultimate limit for optical switching, is TPA.’ However, there
has been no effort to combine these effects into a figure of
merit describing the metal nanocomposite material in photo-
nic applications involving optical modulation.'”

In this letter we define a compound figure of merit
(FOM,) as the product of the thermal FOM (FOM,,,,,) and
the TPA FOM (FOMp,). The reason for choosing the prod-
uct as compared to a linear combination comes from the
strong correlation between the TPA and thermal effects. In
general, material having large TPA shows small linear ab-
sorption and thermal effects and vice versa. Therefore, it is
difficult to select materials for such applications based sim-
ply on the linear combination of the two effects. A common
example of a similar definition is that of the gain-bandwidth
product used to optimize an operational amplifier.

The theoretical behavior for Ag, Au, and Cu nanopar-
ticles embedded in an SiO, matrix was evaluated based on
this FOM. The behavior of the FOM,, which is device inde-
pendent, shows that an extremely large value results at a
specific combination of the metal and host dielectric function
given by €,=(€;—€,)/2, where ¢, is the dielectric constant of
the host and €; and e, are the real and imaginary parts of the
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dielectric constant of the metal. These results could simplify
the process of materials selection for nanocomposites in pho-
tonic switching applications at desired wavelengths.

We start with the criteria that conventional all-optical
switching devices are based on generation of light induced
phase shifts of the order of pm, where 4=p=1 for a range
of devices. The design in mind for these calculations is a
Mach-Zehnder interferometer, where p=1, and the criterion
for switching is given by7
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where [, is the switching intensity, L is the length of the
device, and N is the wavelength. Our first figure of merit
requires that the thermal index change be a small fraction of
the fast light-induced change (;1210).1 The thermal index
change can be expressed by

. on AQ
thermal index change = — >
daT C,pV

()

where dn/dT is the thermo-optic coefficient, C, is the spe-
cific heat, V is the volume of the material heated by the light,
p is the density of the material, and AQ is the energy ab-

sorbed by the material per pulse, which is given by

AQ = allAr, (3)

where A is the cross sectional area of the device, « is the
linear absorption coefficient, and 7 is the duration of the
switching pulse. By using Egs. (2) and (3) the FOMerm
becomes

C
l:Ol\/[therm = LPL (4)

(onldT)Ta’

Two-photon absorption can reduce the device throughput
even if the linear absorption is small. A general criterion for
this was developed by Stegeman et al.® based on Eq. (1) and
the two photon absorption coefficient 8 as BN/2n,<1 or

Based on this, we defined our next figure of merit to be
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FIG. 1. Total figure of merit given by Eq. (14) for Ag (solid line), Au
(dashed line), and Cu (dotted line) embedded in SiO, matrix. The wave-
lengths corresponding to the surface plasmon wavelengths are also indicated
for each metal.
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The compound figure of merit in this letter takes into
account the switching limitations due to thermal heating and
large two-photon absorption, and is defined as the product of
Egs. (4) and (5) to give

2n3C p
__“mampl (6)

FOM,=FOM FOMpp = .
C therm TPA CET,B)\(I?H/(?T)

Using this definition, an attractive combination of metal-
dielectric would be one with a large value of the FOM.
Using this new FOM, we evaluated the response for metal
nanocomposites. In these structures we have a lot of freedom
in choosing and controlling «, B3, and n,, which are the only
free parameters in the above figure of merit. In the evaluation
we assumed the following.

(1) p, C,, and dn/JT can be considered to be properties of
the host only and are not influenced by the presence of
the metal nanostructures (i.e., dilute limit approxima-
tion).

(2) B, a, and n, are drastically modified by dielectric con-
finement, and they may be analyzed within the context
of Mie theory.]l

(3) The particle diameters are such that quantum confine-
ment effects due to intraband dipole electronic transi-
tions are negligible.

(4) The main contribution to the nonlinear susceptibility
comes from the interband electric dipole transition, and
the contribution is negative and purely imaginary.

With the above assumptions we calculated FOM. [Eq. (6)]
for a metal nanocomposite by noting the following:

ny Re[Xeff)]
BN 4mIm[x§)]

where we have ignored, for the moment, the frequency de-
pendence of the nonlinear susceptibilities. ng) is the effective
nonlinear susceptibility and is given in the context of Mie’s
theory b

)
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TABLE I. Substrate properties used in calculation of the FOM.

Substrate parameters Value
Specific heat capacity C,, (X10° ergs/g K) 7.4

Density p (gcm™) 233
Thermo-optic coefficient dn/dT (X107 K1) 0.55
Refractive index n 1.46

Host dielectric constant €, 3.82

2
Xeﬁ - Ufl Ifl' Xm ’ (8)

where v is the volume fraction of the metal in the host ma-
trix, ij) is the third order susceptibility of the metal cluster,
and f| is an enhancement factor produced by the dielectric
confinement, which can be expressed as

36h

fi= € +ie+2¢, ©)
where ¢, is the real dielectric constant of the host and €; and
e, are the real and imaginary dielectric constants of the metal
nanoparticles, respectively. Using Eqgs. (8) in (7) and using
assumption #4 we get for the ratio of the real and imaginary
parts in Eq. (7),

Im/7]
~Relf]]
We calculated the ratio of n, (Ref. 12) and « (Ref. 4) using
the following definitions:

Re[X eff) ]
[~

(10)

_Uw|f1|2€2 (11)
nyc
and
127 127
ny= - Re[X3 = —5olfi P Relx]. (12)
noc noc

where ny is the refractive index, c is the velocity of light, and
w is the frequency of the incident light. This results in a ratio
of

(3>|

me_ Nl i) (13)

o nyCe€)

By using the above result and Eq. (9) in Eq. (6) we get the
compound FOM as

TABLE II. Material properties for the metals used in the calculation of the
FOM.

Metal parameters Ag Au Cu

Fermi velocity vy (X108 m/s) 1.42 1.4 1.28

Electron density p, (X 10%2/cm?) 5.85 5.9 8.45
Effective mass m 0.96m, 0.99m, 0.99m,

High frequency dielectric constant € 53 8.6 9.3

Radius and interparticle spacing (nm) 35,75 35,75 35,75
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TABLE III. Values of the wavelengths corresponding to the surface plasmon resonance (Ay,) and strongest
peaks in the FOMerm (N herm)s FOMppa (A pa), and FOM( (\¢). The position of the strongest peak as predicted
by the crude Drude model is expressed as Niude.
Metal \,p (nm) Ntherm (NM) Arpa (nm) ¢ (nm) )\‘Flgl‘\j,f (nm)
Ag 487 450 472 509 497
Au 552 583 550 591 560
Cu 591 618 618 607 606
1ogcpp| Xi| Agps Niherms @nd Appa and actually predicts very well the Apoy
FOM¢= position for the case of Cu estimated from Eq. (14).
77(onldT)ngc )
Recently there have been reports of lasing of Au nano-
)\ezefl(el + 26;,)2 (14) particles in water.'* We estimated a surface plasmon reso-

[(€ +26,)* - 6%][(61 +26,)% + 6%]2

The dependence of the FOM on the dielectric constants has
been put in the brackets. As would be expected, this FOM
goes to zero under the highly absorbing conditions found at
the plasmon resonance condition of €;+2¢,=0. On the other
hand, as Fig. 1, large maxima are observed in the wavelength
range for the various metals using the parameters from
Table I and Table II. The large maxima occur at the condition
of (€,+2€,)>— &=0. The wavelengths corresponding to these
maxima for each metal are tabulated in Table III and are
compared to nearby peak positions in the FOMy,,, and
FOMqp,. A significant difference in wavelength of the
FOM_¢ to those in the thermal or TPA cases is observed. This
difference is especially important when put in the context of
data communication bandwidths, where wavelength separa-
tions of 1-5 nm are routine. The physical origin of these
wavelengths can be understood by analyzing the location of
the peaks within the framework of the simplifying Drude
model. In this model the real and imaginary components of
the dielectric susceptibility of the metal in the high frequency
limit (w7>1) are given by 61=60—w127/w2 and 62=w12,/w27,
where ¢ is the contribution to the dielectric constant of the
metal from bound charges and w, is the bulk plasmon reso-
nance of the metal. Using the condition for the FOM,
maxima and the condition for surface plasmon resonance
given by w?/ wfp= €+2¢,.

After some algebraic manipulation, the frequency wgoym
at which the maxima in the FOM occurs can be related to
the surface plasmon frequency wg, by the expression

1 1\ 1\
<_2 ) ) =( 3 ) . (15)
Oy, Wpom WpomT

In Eq. (15), the quantity on the right side is always posi-
tive but the quantity on the left side can be positive or nega-
tive giving

2
Yrom _ (1 +
5 = +
wsp WroMm T

). (16)

Therefore we find that the maxima in the FOM can be
located above or below the surface plasmon resonance. In the
evaluation of Eq. (14) we have chosen the positive values
obtained from the above expression. In Table III we have
also indicated Niye estimated using the above Drude model
for the various metals using experimental values for Ay, and
the relaxation times from Ref. 13. It is apparent that this

crude model also predicts a shift in the peak position from

nance for their Au-water system to be at 700 nm, while the
observed lasing occurred with various peaks located at
720 nm or higher. Using our model, we have estimated that
the FOM, achieves a maximum for Au nanoparticles in
water at 720 nm for an electron relaxation time of
9.3 1071 s. While this may be rather coincidental, it should
be emphasized that the FOM expressed by Eq. (14) repre-
sents a situation where losses are minimized and the nano-
particles act as excellent scattering centers.

In conclusion, we have defined a compound figure of
merit FOM for metal-dielectric nanocomposites that takes
into account limitations to optical switching from thermal
index changes and two-photon absorption. As expected the
FOM¢ is zero at the plasmon resonance when large absorp-
tion occurs but has extremely large values at a value of fre-
quency which is dependent only upon the dielectric constants
of the metal and dielectric. This result could allow the rapid
selection of a metal-host system for operation at a desired
wavelength.
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