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Abstract: The nonlinear optical (NLO) properties of induced transmission 
filters (ITFs) based on Ag are experimentally determined using white light 
continuum pump-probe measurements. The experimental results are 
supported using simulations based on the matrix transfer method. The 
magnitude of the NLO response is shown to be 30 times that of an isolated 
Ag film of comparable thickness. The impacts of design variations on the 
linear and NLO response are simulated. It is shown that the design can be 
modified to enhance the NLO response of an ITF by a factor of 2 or more 
over a perfectly matched ITF structure. 
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1. Introduction 

Metals are known to have some of the strongest nonlinear optical (NLO) responses of any 
material [1–3], orders of magnitude larger than typical dielectric or semiconductor materials 
[4–7]. This nonlinearity is not easily accessed, however, because a metal film of appreciable 
thickness is highly reflective and light that is not reflected is mostly absorbed. For this reason, 
bulk metal cannot be used to exploit its large NLO response and, consequently, metallic films 
with defined sub-structure must be created to access this nonlinearity given such limited 
interaction lengths. Recently there has been interest in the NLO properties of structures that 
contain continuous thin films of metal such as the metal-dielectric photonic band-gap 
(MDPBG) [8–15]. These structures make use of resonance to overcome reflection losses, 
thereby causing the light to tunnel through the metal films and giving direct access to the 
metal’s nonlinearity. 

The focus of this present work is on a structure similar to the MDPBG, namely the 
induced transmission filter (ITF). The ITF, originally described in 1957 [16], presents an 
interesting opportunity for NLO applications because it contains only a single metal layer; as 
such, it is a simpler structure to fabricate and analyze. The ITF is also interesting in its own 
right because, as will be shown, it is possible to amplify the NLO response of an isolated Ag 
film. 

In this paper, we present the design and fabrication of an ITF having a peak linear 
transmittance of 63% and we discuss the experimental demonstration of an enhancement in its 
NLO response by a factor of 30 over an isolated Ag film. We have also modeled a series of 
ITFs in order to develop an understanding of how variations in structure impact the strength of 
the NLO response. In doing so, we have demonstrated the possibility of a further 
enhancement of the NLO response by a factor of 2. 

The remainder of the paper is organized as follows. Section 2 presents a discussion of the 
conceptual understanding of the ITF design. Section 3 presents the fabrication, linear 
characterization, nonlinear characterization, and simulation procedures used in this work. 
Section 4 presents the experimental results of the linear and NLO characterization. Section 5 
presents simulations of the NLO response for ITFs with different structural variations. 

2. ITF design 

For the purposes of this study, an ITF consists of a single metal layer and an adjoining 
dielectric structure that is designed to induce transmission through the metal layer. Two 
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variations of the ITF design are considered here: the single sided ITF and the double sided 
ITF, both shown in Fig. 1. The single sided ITF consists of a ¼ wave stack, a dielectric 
spacer, and a thin film of metal followed by a protective layer; the double sided ITF adds a 
second spacer and ¼ wave stack in place of the protective layer. In [16,17], the ITFs are 
double sided and the structure is symmetric; that is, the top spacer and ¼ wave stack are 
identical to the bottom ones. In [18], the ITFs are single sided and have no spacer layer. In the 
present study we focus on single sided ITFs and on double sided ITFs where the spacer 
thicknesses and number of periods in the ¼ wave stack differ from top to bottom. 

 

Fig. 1. Schematics of single sided and double sided ITFs. 

These structural variations arise from different ways of conceptualizing ITFs. The ITF was 
originally conceived as a thick metal film with dielectric structures on each side that serve as 
antireflection coatings to the metal film [16,17]. Thick metal films are both highly absorbing 
and highly reflective. If the reflections can be eliminated, and the film can be made 
sufficiently thin, only a fraction of the incident light will be absorbed while the majority will 
be transmitted. 

In [18], a structure was investigated that, while not called an ITF, is by the above 
definition a single sided ITF without a spacer layer. This structure was described as a 
heterostructure between a metal layer and a truncated photonic crystal, where the photonic 
crystal is the ¼ wave stack. It was theoretically shown that this structure displayed improved 
transmittance and significant field enhancement at the metal/dielectric interface at the target 
wavelength compared to an isolated metal film. 

The method used in the present study considers a single sided ITF as a Fabry-Perot cavity 
where the Ag film is one mirror, albeit somewhat lossy, and the ¼ wave stack is the other. 
The remaining dielectric is the cavity spacer. In a high-finesse Fabry-Perot, where the total 
reflection at the peak wavelength is zero, two conditions must be met [19]. First, the 
reflectances of the two mirrors must be equal; second, the round-trip phase within the cavity 
must be an integer multiple of 2π. In the ideal ITF, the first condition is met by choosing the 
number of periods and the refractive indices of the ¼ wave stack such that its reflectance is 
equal to that of the Ag film. Alternatively, the thickness of the Ag film can be chosen to 
match the reflectance of the dielectric structure. The second condition is met by choosing the 
thickness of the spacer layer to compensate for the non-zero phase shift of the reflection off 
the Ag film and the dielectric interface. 

Protective 
layer 

    Ag 

  Spacer 

Single sided ITF Double sided ITF 

¼ wave 
stack 
 

          Spacer 
              Ag 
 

¼ wave 
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Fig. 2. Example simulated ITF transmittance, reflectance, and absorbance. 

In this way the ITF can be designed to have zero, or near zero, reflectance at a specified 
wavelength. A simulation of this is shown in Fig. 2. This ITF has the structure 

(HL)x R Ag,  (1) 

where H and L represent the high and low index materials making up the ¼ wave stack with x 
= 4 periods designed to have a center wavelength λ = 600 nm, with refractive indices nH = 
2.109 and nL = 1.5, and thicknesses of 71 nm and 100 nm, respectively. R represents a spacer 
layer with thickness 73.6 nm, and Ag represents an Ag film with thickness 30 nm. This design 
methodology forms the foundation of the structures that are fabricated and simulated in the 
following sections. 

3. Experimental procedure 

3.1 Fabrication 

All samples were fabricated on 0.16 mm-thick glass cover slips that had been cleaned 
ultrasonically in deionized water, acetone, and isopropanol for 15 minutes each. Ta2O5 and 
SiO2 were used as the high and low index materials in the ¼ wave stack, with layer 
thicknesses on the order of 70 to 100 nm. SiO2 was also used as the spacer layer and 
protective layer. A 0.25 nm layer of Ti was used as an adhesion layer between SiO2 and Ag. 
The films were deposited with a Kurt J. Lesker Axxis electron beam deposition system with a 

starting pressure of 1.3 × 10
−6

 Pa. The Ag, SiO2, and Ta2O5 layers were deposited at a rate of 
0.2 nm/s and the Ti layers at a rate of 0.025 nm/s. The samples were actively cooled and held 
at room temperature throughout the deposition. After each Ta2O5 layer the structure was 
removed from the deposition chamber and annealed at 200° C for on hour in air in order to 
restore any oxygen that may have dissociated from the Ta2O5 during the deposition process. 

3.2 Linear optical characterization 

The refractive indices of the dielectric materials were measured using a J. A. Woollam M2000 
spectroscopic ellipsometer with a 50 nm layer of each material deposited on separate Si 
wafers cleaned in the same manner as the glass cover slips described above; furthermore, the 
same annealing procedures were used on the Ta2O5 films. 

The linear optical properties of the samples were characterized using a combination of 
transmittance and reflectance measurements at normal incidence. Transmission measurements 
were made using a Cary 5E UV/Vis/NIR spectrophotometer and reflection measurements 
were made using a Xenon light source and a monochromator, where detection of the signal 
and reference was accomplished by a pair of Si photodiodes connected to lock-in amplifiers. 
The standard sample used for reflection measurements was a 160 nm-thick Ag film covered 
by 50 nm of SiO2, and the measurements were corrected to account for the fact that the 
reflectance of the standard was not exactly 100%. The correction factor was calculated using 

#131590 - $15.00 USD Received 13 Jul 2010; revised 12 Aug 2010; accepted 14 Aug 2010; published 24 Aug 2010
(C) 2010 OSA 30 August 2010 / Vol. 18,  No. 18 / OPTICS EXPRESS  19104



the matrix transfer method applied to this structure, assuming a bulk refractive index for Ag. 
This resulted in the reflection data being adjusted upwards by 1-2% across the visible portion 
of the spectrum. 

3.3 Nonlinear optical characterization 

The NLO properties of the structures were characterized using a commercially available 
white-light continuum pump-probe spectroscopy system (Helios, Ultrafast Systems) with a 
procedure described elsewhere [20]. The pump wavelength was 600 nm and the probe 
covered the wavelength range from 500 to 700 nm. The pump fluence used was 32 J/m

2
 and 

the probe had fluence less than 0.3 J/m
2
 in the pass band of the measured structures. All 

measurements were taken at normal incidence. 

3.4 Simulation procedure 

The linear and NLO properties were simulated over time using a procedure based on the 
matrix transfer method. First, the linear optical transmittance, reflectance and absorbance 
were calculated using the matrix transfer method where the complex permittivity of Ag was 
represented by the Drude model: 

 
( )

2

2 2
,

p

i

ω
ε ε

ω γ βω ω∞= −
+ +

  (2) 

where ε∞ is the sum of the interband contributions, ωp is the bulk plasma frequency, γ is a 
frequency independent damping parameter, and β is a frequency dependent damping 
parameter. The values of each of these parameters were extracted from the linear optical 
measurements of a 30 nm thick Ag film. 

The NLO properties were simulated assuming the NLO response of Ag is a function 
primarily of the electron temperature, and the maximum NLO response occurs when the 
electron temperature is at its peak. This occurs, ignoring electron thermalization, at the tail 
end of the optical excitation pulse before the electrons have lost much of their heat to the 
lattice. The NLO response was simulated at this one moment in time. 

The peak electron temperature was calculated assuming all of the energy absorbed by the 
structure was converted directly to heat in the electron cloud of the metal film. The electron 
temperature was calculated based on the temperature dependent specific heat of the electron 
cloud: 

 ( ) ( ) ,e
e e

dT
C T P t

dt
=   (3) 

where 

 
3

( ) 65 J/m Ke e eC T T  =     (4) 

is the temperature dependent volumetric specific heat, 

 ( ) ( ) 3
W/m

aI t
P t

d
 =     (5) 

is the absorbed power as a function of time, I(t) [W/m
2
] is the irradiance at the center of the 

pump as a function of time, a is the fraction of power absorbed by the Ag film, and d is the 
thickness of the Ag film. Integrating Eq. (3) and solving for the peak electron temperature 
(assuming pre-excitation Te = 300 K) gives 

 22
300 ,

65
e

aF
T

d
= +   (6) 
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where F = ∫I(t) is the fluence at the peak of the pump pulse. 
The measured temperature dependence of the Drude model parameters was then used to 

recalculate the complex permittivity of Ag at the point in time when all of the pulse energy 
has been absorbed by the electron cloud, before it is transferred to the lattice. The 
transmittance, reflectance, and absorbance of the structure were then calculated using the 
modified complex permittivity of Ag, and the changes in transmittance and reflectance were 
extracted. 

This simulation process was compared to the iterative numerical processes such as those 
used in [20]. A small amount of error is introduced because the absorbance of the Ag film 
would increase slightly as it heats up. However, this error was determined to be no more than 
a few percent of the simulated change so is disregarded here. 

4. Experiment 

In order to demonstrate the NLO response of an ITF we fabricated two single sided ITFs with 
the structure 

G (HL)x R Ag P,  (7) 

where G represents the glass substrate; H and L represent a ¼ wave layer of the high index 
and low index materials, in this case Ta2O5 and SiO2, respectively; R represents a spacer layer 
of 75 nm SiO2; Ag represents a 30 nm layer of Ag; and P represents a 410 nm protective 
coating of SiO2. The parameter x defines the number of periods in the ¼ wave stack; for ITF 
1, x = 5, and for ITF 2, x = 4. This is the only difference between the structures. The structures 
are designed to have center wavelengths at 600 nm, so using the ellipsometrically-measured 
refractive index values of 2.03 for Ta2O5 and 1.46 for SiO2, the ¼ wave thicknesses were 74 
and 103 nm, respectively. The thickness of the protective layer was chosen to be equal to a 
full wavelength so that it does not affect the transmittance at the peak wavelength. 

We simultaneously fabricated a structure that included only the 30 nm thick Ag layer and 
the protective coating. This reference film was deposited on 50 nm SiO2 so that the dielectric 
environment surrounding the Ag film was identical with the ITFs. 

 

Fig. 3. (a) Measured transmittance of all three fabricated structures; (b) measured and 
simulated transmittance, reflectance, and absorbance of ITF 1. 

Figure 3a shows the measured linear transmittance of all three structures, and Fig. 3b 
shows the measured transmittance and reflectance of ITF 1 compared with simulations. It can 
be seen that the ITF greatly enhances the transmittance of the Ag film over a narrow 
bandwidth. 

The change in NLO response with time of the 30 nm Ag film is shown in Fig. 4, with a 
pump fluence of 32 J/m

2
 and a probe wavelength of 600 nm. The first 0.7 ps is dominated by 

the instantaneous nonlinear response of the glass substrate. The remaining time shows the 
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initial strong response of the metal that can be attributed to an increase in the electron 
temperature, followed by a decay as the electrons cool down and the lattice heats up, as has 
been observed many times previously [21–27]. For the present study we are interested only in 
the initial strong response, particularly the moment after the substrate contribution has passed 
but before the electrons begin to cool down. To this end, all of the analysis in this section is 
performed at time t = 0.8 ps, as shown in the graph. 

 

Fig. 4. (a) Measured temporal change in transmittance and reflectance of a 30 nm Ag film at 
600 nm with a pump fluence of 32 J/m2. (b) Measured and simulated spectral change in 
complex permittivity of the Ag film at 0.8 ps time delay. 

The spectral response of the change in permittivity of the 30 nm Ag film at 0.8 ps is shown 
in Fig. 4b. This response was fitted to the electron temperature dependent Drude model 
parameter equations from [20]: 

 ( )8 32 2 2
4 4.4 10 0.7 3 10 eTε ω− −

∞ = + × + ×   (8a) 

 13 6 27.97 10 2.9 10 .
e

Tγ = × + ×   (8b) 

These equations were developed for an Ag film that is only 20 nm thick; since the Drude 
parameters are to some extent thickness dependent, these equations are only an approximation 
for the 30 nm thick films studied here. However, as can be seen from Fig. 4b, the equations fit 
well with the NLO response of the isolated film. For this reason they will serve well as the 
basis for the analysis that follows. 

It is important to note that the use of this physical model implies that the NLO response of 
Ag is not being treated as a χ

(3)
 nonlinearity, but rather a thermally driven change in the χ

(1)
 

element of the permittivity. 
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Fig. 5. Measured spectral changes in (a) transmittance and (b) reflectance of 30 nm Ag film and 
ITF 1, and simulated changes in ITF 1, at t = 0.8 ps due to 32 J/m2 pump pulse at 600 nm. 

Figure 5 shows the changes in transmittance and reflectance of ITF 1 due to a 32 J/m
2
 

pulse compared to the Ag film and a simulation based on Eqs. (2),8). The magnitude of the 
simulated response of ITF 1 is 90 times stronger than that of the 30 nm film and the 
magnitude of the measured response is 30 times stronger at the peak wavelength of the ITF 
transmittance, i.e. 598 nm. The behavior at this wavelength is noticeably different for the two 
films: whereas with the 30 nm film the transmittance increases and the reflectance decreases, 
the opposite is true with ITF 1. The large peak and valley indicates that the pass band of ITF 1 
undergoes a red shift. 

 

Fig. 6. Measured spectral changes in (a) transmittance and (b) reflectance of 30 nm Ag film and 
ITF 2, and simulated changes in ITF 2, at t = 0.8 ps due to 32 J/m2 pump pulse at 600 nm. 

Figure 6 shows the experimentally-determined NLO response of ITF 2, again compared to 
the data for the Ag film and to simulation. The general features are the same as ITF 1, except 
that there is a broad decrease in reflectance and the decrease in transmittance is not as strong. 
Still, the measured NLO response at the peak wavelength is 16 times that of the Ag film. 

The simulated results of the NLO response of the ITFs match qualitatively well with the 
measured response. Quantitatively the measured ITFs fall short of the simulation; this could 
be for several reasons. The most likely reason is that the pump wavelength is not perfectly 
aligned with the peak of the ITF. A deviation of only a few nanometers can cut the response in 
half (or more) because the amount of energy absorbed by the Ag falls off rapidly with ITF 
linear transmittance. For instance, shifting the pump wavelength by 10 nm would decrease the 

change in transmittance of structure 1 at the peak from −4.6% to −1.8%. Error in Eqs. (7),(8) 
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also likely contributes to this discrepancy, and it is possible that there is some NLO 
contribution from the dielectric layers that may increase the error. Also, it is possible that 
morphology differences between the standalone Ag film and the Ag film in the ITF structure 
contribute to the error. Regardless, the magnitude of the response of ITF 1 is significantly 
higher than that of the isolated film at the peak wavelength. 

There are two main reasons that the NLO responses of the ITFs are significantly stronger 
than that of the 30 nm Ag film. The first reason is that five to six times more energy is 
absorbed in the ITFs because of the resonance effects, so the change in electron temperature is 
greater. Thus, the intrinsic change in the permittivity is greater. The other reason is that 
spectral modulation effects such as the red shift come into play. In the remainder of this paper 
we discuss principles of ITF design and how the NLO response of an ITF can be optimized. 

5. Discussion 

5.1 Absorption and the NLO response 

An important matter to consider when designing an ITF for NLO applications is the tradeoff 
between absorption and nonlinear response. Because the strong nonlinearity of the metal is 
thermal in origin, it is driven by absorption: all of the energy absorbed by the Ag film is 
converted to thermal energy in the electron cloud. This thermal energy, in turn, causes a 
change in the optical response. For this reason, absorption and nonlinearity are inextricably 
intertwined and attempting to minimize the absorption of a structure inevitably leads to a 
decrease in the nonlinear response. Thus, the goal for designing an ITF, or indeed any 
structure taking advantage of the thermally-induced optical nonlinearity of metal, is not to 
minimize the absorption but to make the best use of the absorption that is there. 

With this in mind, it will prove useful to engineer an ITF to have an optimized absorbance. 
For example, if a structure has the design requirement that it must have at least 70% 
transmittance at the peak wavelength, assuming that the structure is an ideal ITF with no 
reflectance at the peak, then the remaining 30% of the light can be absorbed and contribute to 
the nonlinearity. 

There are at least two ways of managing the absorbance of the ITF. The more obvious way 
is to adjust the thickness of the Ag film: a thicker film will have greater absorption. The 
alternative is to add a dielectric structure on the top side of the Ag film, turning a single sided 
ITF into a double sided ITF. Within the construct of the Fabry-Perot structure, this additional 
dielectric structure can be considered as part of the Ag mirror and will, depending on the 
design, either enhance or inhibit the reflections off the Ag film. If the reflectance of the Ag 
film is enhanced by the dielectric structure, the concentration of the electric field in the 
neighborhood of the Ag film within the ITF increases. This leads to an increase in absorbance 
in the Ag film. Thus, a thin Ag film with a top dielectric structure can absorb as much as a 
thicker Ag film without a top dielectric structure. The converse is true if the reflectance is 
inhibited; this is, in fact, the case in the original designs of Berning [16]. 

Thus, converting a single sided ITF to a double sided ITF greatly increases the flexibility 
of the design. Using these design guidelines it is possible, within certain limitations, to design 
an ITF with an arbitrary thickness of Ag giving arbitrary transmittance and absorbance at the 
peak wavelength. 

5.2 Theoretical linear optical response of ITFs 

Table 1 presents a series of examples of ITF designs that illustrate these design principles. 
Structures 1 through 3 are single sided, and structure 4 is double sided. The refractive indices 
nl and nh are constant across the spectral range of interest. Structure 1 is a perfectly matched 
structure, in which the refractive indices of the dielectric layers were chosen so that the 
reflectivity of the ¼ wave stack would match exactly with the 30 nm Ag layer and the spacer 
compensates exactly for the total interface phase shift. 
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Table 1. Structures of ITFs used for simulation 

 ITF structure: G (HL)xl R1 Ag R2 (LH)x2 

Structure nl nh x1 R1 (nm) Ag (nm) R2 (nm) x2 

S1 (perfect 
match) 

1.5 2.11 4 73.6 30 — — 

S2 (under-
matched) 

1.5 2.0 4 73.6 30 — — 

S3 (over-
matched) 

1.5 2.2 4 73.6 30 — — 

S4 (thin Ag) 

 
1.5 2.11 4 69.7 15 55 2 

As can be seen in the reflection spectrum shown in Fig. 7, the reflectance is zero at the 
peak wavelength. Structures 2 and 3 have the same design as structure 1, except that the 
refractive index of the high index material is varied. Structure 2 is under-matched (meaning 
the reflectance of the ¼ wave stack is less than the Ag film) because the refractive index of 
the high index material is slightly lower than from structure 1. Conversely, structure 3 is over-
matched because the reflectance of the ¼ wave stack is greater than the Ag film. These two 
structures no longer have exactly zero reflectance at the peak wavelength, and the 
transmittance of each is slightly lower than structure 1. Structure 4, the double sided structure, 
makes use of a 15 nm Ag film where the reflection of the Ag has been augmented by the top 
side dielectric structure. The reflectance is designed to be zero at the peak wavelength, and the 
transmittance is slightly higher than structure 1. 

 

Fig. 7. Transmittance and reflectance of ITF structures 1-4. 

Figure 8a shows the light intensity within structure 1 for a pump wavelength of 600 nm, 
and Fig. 8b shows the intensity within the Ag layer for structures 1-4 and an isolated 30 nm 
Ag film. All of the structures show significant enhancement over an isolated film. As 
expected, the enhancement in structure 4 is significantly larger than that of the other three. 
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Fig. 8. (a) Intensity distribution of 600 nm wavelength within structure 1. (b) Intensity 
distribution of 600 nm wavelength in Ag layer of structures 1-4 and isolated Ag film. 

5.3 Theoretical nonlinear optical response of ITFs 

Figure 9a shows how the transmittance, reflectance, and absorbance of structure 1 change 
with increasing pump fluence, and Fig. 9b shows the changes in transmittance, reflectance, 
and absorbance of all four structures with a pump fluence of 50 J/m

2
. Three mechanisms that 

contribute to the NLO response of an ITF can be gleaned from these simulations. They are the 
(1) nonlinear phase shift within the cavity, (2) nonlinear absorption in the Ag film, and (3) 
nonlinear reflection of the structure. 

 

Fig. 9. (a) Transmittance, reflectance, and absorbance of structure 1 under illumination by 
pump pulses at 600 nm with powers ranging from 0 to 50 J/m2. (b) Changes in transmittance, 
reflectance, and absorbance of structures 1-4 due to a 50 J/m2 pump pulse. 

First, a red shift can be observed in the peaks of all of the structures. This shift, as 
described in the experimental section, is responsible for the peak and valley formation seen in 
the changes in transmittance and reflectance. The red shift arises to compensate for the change 
in phase of the reflection off the Ag film. The peak wavelength is located at the point where 
the round trip phase shift within the cavity is an integer multiple of 2π; that is, 

 2 2 ,
Ag D S

nπΦ +Φ + ×Φ =   (9) 

where ΦAg is the phase shift of the reflection off the Ag film, ΦD is the phase shift of the 
reflection off the dielectric mirror, ΦS is the phase shift within the spacer, and n is an integer. 
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As the phase shift in the Ag film changes, the peak wavelength shifts to maintain zero round 
trip phase. The shift in the peak wavelength, dλ, can be calculated using the equation 

 2 0,
Ag SD

Ag NL dλ
λ λ λ

∂Φ ∂Φ∂Φ
Φ + + + × = ∂ ∂ ∂ 

  (10) 

where ΦAg NL is the nonlinear phase shift in the Ag film, and is always negative. The three 
differential terms are all positive, so dλ is positive, representing a red shift in the transmission 
peak. The strength of this phase shift is similar across all of the structures. 

Second, the observed nonlinear absorption arises from the fact that as the Ag film is 
heated by the incident pulse it becomes more absorptive. This effect results in a decrease in 
transmittance across the spectrum of the ITF. This effect contributes approximately equally to 
the changes in structures 1-3, and is 1.9 times as strong in structure 4. The greater response in 
structure 4 is caused by the fact that the average intensity within the Ag film of structure 4 is 
about twice the average intensity in the other structures. The nonlinear absorption is 
proportional to the average intensity in the Ag film. However, this enhancement comes at the 
cost of increasing the complexity of the structure. 

Third, a nonlinear reflection component can be observed. This effect can be seen in Fig. 
9a; as the pump fluence increases, the reflectance at the peak also increases. This effect is a 
function of how well the reflectance of the ¼ wave stack matches the Ag film, and is the 
primary cause of the difference in response among structures 1-3. As the Ag film heats up, it 
becomes less reflective; this changes how well the Ag film matches the ¼ wave stack. If the 
linear reflectance of the ¼ wave stack is less than the Ag, then the two mirrors will end up 
more closely matched as the Ag film heats up. This leads to a decrease in the reflectance of 
the full structure and a corresponding increase of the transmittance as seen in Fig. 9b. If, on 
the other hand, the ¼ wave stack is more reflective than the Ag, then the matching will get 
worse, the reflectance will increase, and the transmittance will decrease. 

The effects of nonlinear reflection either offset or enhance the effects of nonlinear 
absorption, as can be seen from the responses of the under-matched and over-matched 
structures, respectively. Thus, the total change in transmittance will be greatest for structures 
that are somewhat over-matched. The enhancement of nonlinear transmittance for the 
simulated over-matched structure (structure 3) with respect to a perfectly matched structure 
(structure 1) at the peak wavelength is 1.2. This enhancement is a function of how far over-
matched the structure is; if the mismatch is increased this enhancement may increase, but at 
the cost of decreased linear transmittance and increased linear reflectance. 

The change in nonlinear transmittance, therefore, can be achieved with a double sided 
structure that has a minimum thickness of Ag and is slightly over-matched. To illustrate this 
scenario, Fig. 10 shows the changes in transmittance and reflectance for a structure of the 
form 

G (H1L)4 R1 Ag R2 (LH2)2,  (11) 

where nh1 = 2.2 and nh2 = 2.109. The thickness of Ag is 15 nm and the spacer thicknesses are 
69.7 and 55 nm, respectively, the same as structure 4 above. Also shown for comparison are 
the responses of the perfectly matched structure and the thin Ag structure (structures 1 and 4). 
The change in transmittance of this optimized ITF is larger than that of structure 1 by a factor 
of 2.3 at the peak wavelength. 
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Fig. 10. Changes in transmittance and absorbance for an optimized double-sided ITF structure 
compared to structures 1 and 4 due to a 50 J/m2 pump pulse. 

6. Conclusion 

We have investigated, by experiment and simulation, the NLO properties of ITFs. We 
demonstrated the amplification of the NLO response of an ITF by a factor of 30 over an 
isolated Ag film using white-light continuum pump-probe measurements. Through simulation, 
we also explored the effects of variations in design parameters, specifically the thickness of 
the Ag film and the relative reflectances of the dielectric structure and the Ag film, on the 
magnitude of the NLO response of the ITF. We found that the NLO response can be broken 
down into three contributions (namely nonlinear absorption, nonlinear reflection, and a 
nonlinear phase shift), and that over-matched structures exploit these contributions the best to 
produce the greatest change in nonlinear transmittance. Also, thinner Ag films lead to stronger 
changes of the NLO response. Although the changes in transmittance shown here are 
relatively small, the enhancement of the NLO response provided by such structures could be 
very attractive for the nonlinear control of laser fluence if metals with a stronger NLO 
response than Ag, such as Au, are used instead. 
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