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Second-harmonic generation from metallodielectric multilayer photonic-band-gap structures
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We experimentally and theoretically investigate the second order nonlinear optical response of metallodi-
electric multilayer structures composed of Ag and Ta,Os layers, deposited by magnetron sputtering. Second
harmonic generation measurements were performed in reflection mode as a function of incidence angle, using
femtosecond pulses originating from a Ti:sapphire laser system tuned at A=800 nm. The dependence of the
generated signal was investigated as a function of pump intensity and polarization state. Our experimental
results show that the conversion efficiency from a periodic metallodielectric sample may be enhanced by at
least a factor of 30 with respect to the conversion efficiency from a single metal layer, thanks in part to the
increased number of active surfaces, pump field localization, and penetration inside the metal layers. The
conversion efficiency maximum shifts from 70° for the single silver layer down to approximately 55° for the
stack. The experimental results are found to be in good agreement with calculations based on coupled

Maxwell-Drude oscillators under the action of a nonlinear Lorentz force term.
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INTRODUCTION

The study of second order nonlinear optical effects in cen-
trosymmetric media has intrigued researchers since the early
days of nonlinear optics because it displays peculiar dynami-
cal characteristics with respect to more conventional, non-
centrosymmetric media. These peculiarities arise because the
electric dipole term vanishes when inversion symmetry is
present in the lattice structure. The situation just described
applies to most metals, since they posses simple cubic crystal
structure. The linear optical susceptibility in metals thus typi-
cally includes contributions from conduction [1] and bound
[2] electrons.

In 1964, using a classical oscillator electron model, Adler
pointed out [3] that in centrosymmetric media the SH source
terms consist of a magnetic dipole term, originating from the
Lorentz force on the electrons, and of an electric quadrupole
contribution, through the Coulomb force. Subsequently, Jha
[4] used a free electron gas model to show that the quadru-
pole source term was equivalent to a nonlinear surface con-
tribution. He was the first to propose that SHG in metals
could be explained by two phenomenological contributions
having the form P,,=«E V- -E_ +BE,XH,, where a and 8
are predetermined, frequency-dependent coefficients [4] that
multiply a surface and a volume (or bulk) contribution, re-
spectively.

The first experimental results outlined by Brown and co-
workers appeared to confirm the existence of two SH source
terms by two-fold excitation of a silver layer by a pump
linearly polarized normal and parallel to the plane of inci-
dence [5,6], which can in turn excite volume or surface
sources, respectively. Later, Bloembergen and Shen [7] noted
that the SHG reported in [5,6] was most likely due to con-
tributions from core electrons, as agreement with theory is
obtained only when both free and bound electron contribu-
tions are considered [8].
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Meanwhile, more experimental progress was made as ad-
ditional metals and configurations were explored. For ex-
ample, SHG was reported in total internal reflection from a
film immersed in a denser medium [9], from opaque films
deposited on glass prisms [10], and from thin metal films
sandwiched between two dielectric layers [11], where cou-
pling with surface plasmons and enhanced SHG was also
observed. Several phenomenological approaches were pro-
posed in order to fit the experimental data, as exemplified by
the work of Rudnick and Stern [12], who also used two
parameters to describe the nonlinear SH source currents.

Recently, the use of metals for applications in the optical
range has grown together with the interest in their applica-
tions in nonlinear optics. It has been shown that thin metal
films can be included into multilayer structures to achieve
high transmittance in the visible range and beyond, despite
the high imaginary part of the index of refraction typical of
metals [13,14]. These metallodielectric, multilayer struc-
tures, also known as transparent metals, consist of both pe-
riodic and symmetric structures, composed by the alternation
of metallic and dielectric or semiconductor layers. Ordi-
narily, light can propagate inside a thick metal layer only up
to a small distance (this distance is known as the skin depth,
which for typical metals ranges between 5 and 10 nm in the
visible range) beyond which it is mostly attenuated. In the
case of transparent metals, the skin depth limit is overcome.
A resonant tunneling mechanism renders hundreds of na-
nometers of metal transparent, and allows both TE- and TM-
polarized fields to become localized inside both the metal
and dielectric layers, without the usual detriments of absorp-
tion associated with the high imaginary index component.
These structures thus turn out to be an extraordinary instru-
ment to access and enhance the nonlinear optical response of
nonlinear layers [15], and in particular, the second [16] and
third [17,18] order optical nonlinearities of metals. This latter
feature is particularly interesting when investigating second
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order nonlinear effects because most metals present cen-
trosymmetric crystal structure, so that the SH source terms
arise from magnetic dipole and electric quadrupole contribu-
tions [19]. In the case of bulk metals, surface effects play a
dominant role and are responsible for most of the generated
signal. On the other hand, in noncentrosymmetric crystals
surface effects may become significant and contribute to
SHG only when the films are either amorphous or very thin.
Thus the opportunity of including several metal layers into
stacks where the light can become strongly localized opens
new vistas and may broaden the range of likely applications
due to the possibility of increasing the number of active sur-
faces and volume contributions for the enhancement of SHG.

SAMPLE PREPARATION

In our experiments, we measured the second harmonic
signal in the blue spectral region (400 nm) generated by dif-
ferent Ag/Ta,O5 multilayer structures. The pump consisted
of pulses approximately 150 fs in duration, originating from
a titanium:sapphire pulsed laser system centered at a wave-
length of 800 nm, and having a repetition rate of ~1 kHz.
The samples were grown on glass substrates by means of a
magnetron sputtering system [20]. Magnetron sputtering is a
well-established technique for thin film deposition that al-
lows the deposition of several materials without breaking
vacuum, and thus it is well suited for the fabrication of
multilayer structures. In what follows, we will describe the
details of sample preparation and realization, the experimen-
tal setup used to conduct the SHG measurements, and the
theoretical model that we adopted for the analysis of the
experimental data.

The sputtering chamber was evacuated by a turbo molecu-
lar pump to a final pressure of approximately 10~/ bar. Films
were deposited onto 1 mm thick, optically flat (\/20) glass
substrates that had been previously cleaned with ethylic al-
cohol to remove dust and other possible organic contami-
nants, and subsequently by exposing them to dry air flux.
Substrates were placed on a sample holder that rotated at 20
revolutions per minute, in order to increase film uniformity.
The electrical power applied to the electrodes was set to
150 W for Ta,0s5, and 100 W for Ag. Under these deposition
conditions, the growth rate was found to be 2.5 A/s for
Ta,Os, and 9.5 A/s for Ag layers. During deposition, the
chamber temperature was monitored through a thermocouple
placed behind the substrate, and it was found that it rose by
~10 °C from its initial value of ~27 °C. After deposition
was completed, a linear optical characterization of the
samples was carried out. The transmittance spectra were re-
corded at normal incidence in the visible-NIR range by spec-
trophotometric technique (Lambda 19 Spectrophotometer by
Perkin-Elmer) [21]. In Fig. 1, we report the transmission
spectrum obtained from a sample consisting of 5 periods of
Ag(20 nm)/Ta,05(124 nm). The experimental curves were
reconstructed using a standard transfer-matrix algorithm. The
optical constants for Ag used to fit the data were taken from
Palik [22], and the optical constants for Ta,O5 were fitted
from experimental reflectance data of a single Ta,Os film
deposited on Si with a Filmetrics reflectometer having a
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FIG. 1. (Color online) Measured (O) and calculated (continuous
curve) optical transmittance spectra of the periodic multilayer
sample, [Ag(20 nm)/Ta,05(124 nm)] X 5. Our measurements sug-
gest that the dielectric constant of Ta,Os is linear in the range of
interest, and may be approximated as follows: £(800 nm)~4.6
+i7x 107, and &(400 nm) ~4.75+i1073. For modeling purposes,
absorption may be neglected.

lower wavelength range of 600 nm. The Ta,O5 optical con-
stants were extrapolated for the shorter wavelengths. The
linear transmittance function is reproduced with reasonably
good agreement, and it is plotted in Fig. 1. The low trans-
mittance at 400 nm for the experimental data is likely a re-
sult of the absorption in the Ta,Os5 that increases for shorter
wavelengths.

SECOND HARMONIC GENERATION

The second harmonic signal was measured to evaluate the
conversion efficiency [23] of the multilayer samples, and
compared to the conversion efficiency of a single metal
layer. The technique consists in measuring the reflected SH
signal for a given polarization state of both the fundamental
input and SH output beams. The schematic representation of
the experimental setup used for the measurements is shown
in Fig. 2. The main beam was focused onto the sample by a
lens having a 150 mm focal length. The polarization states of
both the fundamental and the generated beams may be set
via a half-wavelength plate placed before the lens, while a
polarizer for signal analyzing is placed before the detector. In
order to remove the SH signal produced by the plate’s crys-
tals, due to the short pulse duration, a long pass filter
(GG495, Thorlabs) was placed after the half-wave plate. The
sample was placed on a rotational stage which allowed set-
ting of the incidence angle with a resolution of 0.5°. The
transverse profile of the fundamental beam was measured
and resulted to be Gaussian with a waist ranging from
400 to 700 wm, depending on the sample-to-focus distance.
This distance could be varied by adjusting the lens’s posi-
tion, and by repositioning the rotational sample holder in the
center of the beam.

After being reflected by the sample, the fundamental and
second harmonic beams were sent through a glass prism and
thus separated. A set of dichroic filters was then used to
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FIG. 2. Experimental setup for second harmonic generation
measurements: Passive mode locked Ti:sapphire laser; VA: Variable
attenuator for varying FH intensity; A/2 half-wave plate; HP-F:
High pass filter; L; and L, 150 mm focal length lenses; «: Inci-
dence angle; P: Glass prism; BS: Beam stop for removal of the
fundamental beam; A: Analyzer; PM: Photomultiplier tube.

further suppress any residual and scattered FF, thus ensuring
that only the SH beam was directed to the photomultiplier
tube, and then analyzed by a 500 MHz digital oscilloscope.
The photomultiplier output was then fed into a box-car av-
erager, increasing the signal-to-noise ratio. The calibration
curve of the photomultiplier response was accurately per-
formed with a reference BBO crystal. When necessary, de-
tector saturation was prevented by using a set of linear neu-
tral density filters whose transmittance value was taken into
account in the data processing. The incident FF light was
strictly plane polarized, and the polarization state introduced
by the half-wave plate was checked by preliminary calibra-
tion carried out with a second crossed polarizer used to ana-
lyze the polarization of FF beam before the sample, in order
to avoid undesired components of the FF electric field. Ex-
perimental measurements show that the largest signal is re-
corded when the polarization of the fundamental beam is set
to p, while the SH signal is always p-polarized.

The first set of measurements was done by increasing the
FF peak power, in order to check for a quadratic dependence
of the SH signal on the FF peak power. We investigated a
number of periodic and symmetric samples (the latter having
dielectric entry and exit layers), and in all cases we found
that the generated power at 400 nm has a quadratic depen-
dence on the FF squared peak power. The next step was to
investigate the laser light polarization dependence of the SH
signal by varying the angle ¢ between FF polarization state
and the plane of incidence. According to the arguments pre-
sented in, e.g., Ref. [6], when the FF electric field component
in the plane of incidence is zero (s-polarized) there should be
only a bulk nonlinear contribution excited through the Lor-
entz force. This contribution, which is directed longitudi-
nally, in the same direction as the wave vector (radiation
pressure), can still propagate in the presence of a boundary,
i.e., for nonzero incidence angle. On the other hand, when
the FF is polarized in the plane of incidence, the SH contri-
bution is predominantly of surface origin, arising from the
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FIG. 3. (Color online) Second harmonic generated signal as a
function of fundamental beam polarization state, measured in re-
flection mode, at an incidence angle of 45°, for the periodic sample
described in Fig. 1. ¢ represents the angle between pump beam
polarization direction and the plane of incidence, i.e., when ¢=0°
pump beam is p polarized while for ¢=+90° pump beam is §
polarized. The SH signal was found to be always polarized in the
plane of incidence (p).

induced nonlinear currents, or equivalently from longitudinal
field discontinuities.

In order to measure the SH dependence on the FF polar-
ization direction, the polarization of the FF was varied be-
tween 90° and 0°, at a fixed incidence angle of 45°. By
analyzing the SH polarization direction we found that the SH
light is always polarized in the plane of incidence, i.e.,
p-polarized. In Fig. 3 we report the curves of the SH signal
as a function of the polarization direction of FF beam, ¢. The
figure shows that the SH signal does not go to zero when the
FF is polarized normally with respect to the plane of inci-
dence, thus indicating that in the multilayer structure the
nonlinear process is excited also via the bulk term of the
nonlinearity. Thus, by introducing the parameter M as the
ratio of the relative second harmonic signal measured for ¢
=90° and ¢$=0°, respectively, M =signalgy-/signaly., our ex-
perimental curves reveal a value of M ~0.15. This value
should be contrasted with the values previously reported in
the seminal work of [6] for a single Ag layer, which was
found to be in the range 0.02-0.06. This result means that
SHG from volume contributions is not negligible, and that
volume sources can be excited in multilayer stacks by choos-
ing suitable dielectric layer thicknesses between two con-
secutive metal layers to form a transparent metallodielectric
photonic-band-gap structure.

THEORETICAL MODEL

Before discussing the angular dependence of second har-
monic generation that we measured we describe the theoret-
ical model that we adopted to predict second harmonic gen-
eration from centrosymmetric materials. Although Sipe’s
hydrodynamic model [24] is widely used to analyze experi-
mental data [10,11,25], we assume that the metal consists of
a free electron gas described by the Drude model, under the
action of a driving electromagnetic field [1,26]. Under these
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conditions, longitudinal and transverse nonlinear currents
arise under the action of the nonlinear Lorentz force [26]. It
is widely known that metallic data cannot generally be fitted
throughout the visible and near IR ranges by a single set of
(v, w,) parameters, which stand for damping coefficient and
plasma frequency, respectively. Actual metal data, as exem-
plified in Palik’s handbook [22], displays core electron con-
tributions well into the visible range, so that a more complex
system of equations must be used. One possible way to pro-
ceed is to supplement the simple Drude model with one or
more Lorentz oscillator equations that describe core elec-
trons. Since for the moment we are interested in two frequen-
cies only, FF and SH, a simpler way forward consists of
fitting the data using the Drude model and two different sets
of (y,w,) parameters, each set fitted to the frequency of in-
terest. In doing so we also seek to match the slope of the
complex dielectric function at each frequency, in order to
impart the correct group velocities to both the FF and SH
frequencies. In principle, this procedure can be repeated for
an arbitrary number of harmonics, but it becomes more dif-
ficult to simultaneously fit both the dielectric function and its
derivative in proximity of the plasma frequency. We note
however that for structures only a fraction of a wavelength
thick fitting the group velocity is not as important as fitting
the dielectric function, since propagation distances are ex-
tremely small [18].

In Gaussian units, the system of equations we aim to
solve is as follows:

1B 19E 47 dP
VXE=-—, VXH=—"""+——,
c ot c ot c ot
.. . wz e .
P+yP=-—"LE+—P XH. (1)
4 mc

We assume a right-handed coordinate system, and
p-polarized (TM) pump and second harmonic fields of the

type:
E= (j[E.:)e_iwt + (E;o)*eiwt + Eiwe—Ziwt + (Eiw)*ezmt]
+ k[E;ue_iwt + (E?)*eiwt + EZwe—Ziwt + (ng)*eZiwt]) ,
ST —iwt o\F ot 20 2wt 20\F 2iwt
H=i[H e+ (HY) "+ H"e 7"+ (H,") e”“"]. (2)

The corresponding macroscopic polarization is given by
P=(Pj+Pk)
= (GLPLeT + (PY) e + Pyoe™ 4 (P) ¥ ']
+K[PCeT 1+ (P?) e + P20 1 (P2°) "X "))
A3)

The envelope functions E;”’z‘”,E;”’z‘”,H;”h’,P;”z“’,Pg”z“’ con-
tain implicit spatial dependences that for simplicity have
been omitted. In addition, the envelope functions are not
assumed to be slowly varying, as no approximations are
made when the fields and polarizations are substituted into
Maxwell’s equations. For second harmonic generation, sub-
stitution of Egs. (2) and (3) into Egs. (1) results in a system
of fourteen coupled differential equations for the fields, po-

PHYSICAL REVIEW A 77, 013809 (2008)

larizations, and corresponding currents, which in scaled form
are written as follows for the pump:
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and as follows for the SH:
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We have chosen \,=1 um as the reference wavelength,
and have adopted the following scaling: £=z/\, and y
=y/A\, are the scaled longitudinal and transverse coordinates,
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respectively; T=ct/\, is the time in units of the optical cycle;
B=2mw is the scaled wave vector; @=w/w, is the scaled
frequency; and w,=2mc/\,, where c is the speed of light in
vacuum. 6; is the angle of incidence of the pump with respect
to the normal direction. The magnitude of the coupling co-
efficient in the Lorentz force term is evaluated in Gaussian
units:  eNy/mc?=(=4.8 X 10719) X (1074)/(9.1 X 10728) X (9
X 10%9)=-5.9259 X 1078 cgs. It is known that the effective
electron mass in silver is close to the bare electron mass [27].
In the context of Egs. (4) and (5) above and so for simplicity,
we choose m to the bare electron mass. The linear dielectric
response of silver is assumed to be Drude-like, as follows:
s(ﬁ)zl—wf,/(cﬁzﬂyé). At 800 nm, the data [22] is fitted
using the set of parameters: (y,,,®, ,)=(0.06,6.73), and at
400 nm we have (7,,,®,,,)=(0.33,5.51). The incident
magnetic field was assumed to be Gaussian of the form:
H(7,¢&, 7= 0)=Hoe‘[(§‘ &)+ WZ, with similar expressions
for the transverse and longitudinal electric fields. Finally, we
fitted our measured Ta,O5 data using a standard Taylor ex-
pansion (see caption of Fig. 1 for the Ta,O5 data used in the
calculations), and inserted the relevant parameters in the
model. As can be readily ascertained from the equations of
motion, leaving aside the absence of third and higher har-
monics, the model quite completely and exhaustively de-
scribes the interaction of an incident pump pulse with a ge-
neric centrosymmetric material, including a multilayer stack.
The set of coupled equations (4) and (5) are integrated using
the fast Fourier transform-based pulse propagation technique
to propagate the fields [18], and a simple, second-order ac-
curate predictor-corrector algorithm to advance the temporal
solutions of the currents and polarizations.

RESULTS AND DISCUSSION

In Fig. 4 we depict typical incident and scattered pump
and SH pulses. Details about grid size and other discretiza-
tion parameters are found in the caption. In Fig. 5 we report
our predictions of SH conversion efficiency 7 versus inci-
dent angle using our model, for a single 20-nm-thick silver
layer. We define conversion efficiency as the ratio of either
transmitted or reflected SH energy divided by incident pump
energy. The results are consistent with the results found
throughout the literature, that is, maximum conversion effi-
ciency for Ag occurs at approximately 70° on reflection. Our
results suggest that the transmitted SH signal is also peaked
at 70°. For a peak pump intensity of approximately
6 GW/cm?, the predicted conversion efficiency upon reflec-
tion is ~1.4X 107!, The calculated conversion efficiencies
quickly converge for pulses only a few tens of femtoseconds
in duration and having a relatively small spot size because,
unlike the multilayer stack, the single metal layer presents no
significant structure in the transmission function.

In Fig. 6 we show the predicted transmitted and reflected
SHG efficiencies 7 as a function of incident angle, for the
five-period, metallodielectric stack depicted in Fig. 1. The
incident field is Gaussian in space and time, with a spot size
approximately 30 wm wide and 150 fs duration (~1/e
width). The input peak intensity is taken to be roughly
6 GW/cm?. A maximum conversion efficiency of ~2.8
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FIG. 4. Typical scattering event where the pump pulse is par-
tially transmitted and reflected from either a single metal layer or a
multilayer stack. The figure shows that both transmitted and re-
flected SH pulses (upper right) are generally emitted either specu-
larly or in the same direction of approach of the pumping pulse. The
simulation of 150 fs incident Gaussian pulses is done using a 32
X 65 536 spatial grid. The grid size reflects fine discretization along
the longitudinal coordinate, which contains material discontinuities
(6€=0.004\), and much coarser discretization along the transverse
coordinate (8y=4.096\,), made possible by the absence of trans-
verse boundaries. The time is discretized in units of O
=0.004\/c. Typical execution times per shot are between 12 and
72 h, depending on the angle of incidence, on Pentium D 3.4 GHz
computer.

% 1071 (an improvement of a factor of ~20 compared to the
single metal layer) is thus predicted for the multilayer stack,
and it occurs at ~55° for both transmission and reflection
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FIG. 5. (Color online) Second harmonic transmission () and
reflection (@) conversion efficiencies 7 vs incident angle (left axis)
for a single 20-nm-thick silver layer. In the simulations, the calcu-
lated conversion efficiencies quickly converge for pulses only a few
tens of femtoseconds in duration, with a relatively small spot size,
while the peak intensity of the incident Gaussian pulse was set to
~6 GW/cm?. Maximum pump absorption may be ascertained by
calculating any remaining pump energy (A, right axis, normalized
to unity). The plot shows maximum conversion efficiency does not
coincide with maximum pump absorption.
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FIG. 6. (Color online) Predicted transmitted (M) and reflected
(®) second harmonic conversion efficiencies 7 as functions of in-
cident angle, for the five-period metal-dielectric stack depicted in
Fig. 1. Incident pulse duration is ~150 fs, with a spot size approxi-
mately 30 microns wide, and peak intensity ~6 GW/cm?. In this
case, field localization and pump penetration inside the sample
causes nearly 50% of the incident pump energy to be absorbed.
Maximum conversion efficiency and maximum absorption angles
nearly coincide. On the right axis we show the remaining pump
energy (A, right axis, normalized to unity).

coefficients. The essential results suggest that SHG is most
efficient for pulses that are long enough to resolve the fea-
tures of the transmission resonances shown in Fig. 1, when
pump penetration depth inside the metal and absorption are
maximized, and when the longitudinal component of the
electric field displays the largest discontinuities. In Fig. 7 we
show a plot of the corresponding forward and backward SH
conversion efficiency as a function of pulse duration. Longer,
narrower bandwidth pulses tend to better localize inside the
stack, leading to higher local field intensities. These findings
are consistent with the results discussed in [16], where an
illustrative, simplified model of SHG from a metallodielec-
tric stack was discussed in the context of normal incidence
and uniformly distributed nonlinear dipoles.
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FIG. 7. (Color online) Conversion efficiency vs incident pulse
duration. The increase in conversion efficiency is due to the mere
improvement of field localization inside the stack, which generally
means increased field intensities inside the metal and dielectric lay-
ers. On the x axis, 60 optical cycles correspond roughly to 150 fs.
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FIG. 8. Snapshot of the longitudinal and transverse electric field
intensities, inside (longitudinal axis) the multilayer stack, when the
peak of the pulse reaches the stack. The pulse is incident from the
left at an angle 55°. The dark, thin regions in the background rep-
resent the metal layers. The figure shows two essential facts: (i) The
transverse electric field becomes localized inside each metal layers,
and is relatively intense and (ii) the longitudinal electric field dis-
plays large discontinuities at each interface, i.e., |E.|>— 0 inside the
metal. The combination of these effects leads to substantially in-
creased surface and volume sources, and an overall enhancement of
SHG by at least a factor of 20 compared to a single Ag layer.

Field localization, the bandwidth of the incident pulse,
and phase matching conditions are usually of central impor-
tance in the study of SHG in structures of finite length
[28,29]. It has been demonstrated that it is possible for either
phase matching conditions [29] or field localization effects
[28] to dominate the conversion process, depending on struc-
ture size and field overlap. In typical symmetric and asym-
metric transparent metallodielectric stacks that are less than
one wavelength thick, the fields become localized inside both
the metal and the dielectric layers [16,17,30]. The calcula-
tions consistently show that linear pump and nonlinear SH
currents and dipoles are present at each metal surface with
relatively high field intensities inside each layer and longitu-
dinal field discontinuities at every interface. We illustrate this
in Fig. 8, where we show transverse and longitudinal electric
field components inside the stack, for 55° angle of incidence,
when the peak of the incident pulse reaches the stack. The
figure shows that the presence of multiple active surfaces and
the light’s ability to penetrate and dwell inside the metal help
the enhancement of SHG. It is also evident that the trans-
verse component of the electric field is also relatively intense
inside each metal layer thanks to the resonance tunneling
phenomenon. As a result, the contribution of volume sources
becomes an integral part of the interaction. Nevertheless,
some inherent uncertainties about the relative importance of
volume and surface contributions remain, due to the mere
complexity of the theoretical model, i.e., Egs. (4) and (5)
above, making it difficult, at least for now, to determine the
relative importance of volume and surface effects. A few
simple examples should suffice to highlight the complexity
of the problem.

Our results suggests that a number of factors combine to
yield enhanced SHG, namely (i) Field localization inside the
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FIG. 9. (Color online) Magnitude of field discontinuity 8|E|* vs
incident angle for a 100 nm Ag layer. 8|E|* represents the difference
between the field intensities just outside and just inside the metal
layer. A simple comparison with Fig. 5 reveals that surface effects
may be directly correlated to SHG from an isolated metal layer.

metal layers, (ii) pulse duration, which is intimately con-
nected to the first point, (iii) tuning at frequencies near the
long wavelength band edge, where field penetration depth
inside the metal and linear absorption are maximized, and
(iv) the ability to establish field discontinuities and nonlinear
dipole distributions throughout the stack. All these factors
may be termed as volume contributions that have no coun-
terpart in isolated, relatively thick metal layers. It is rela-
tively easy to establish that in isolated metal layers surface
effects are directly responsible for most of the observed
SHG. One may show this by calculating the field profiles,
and by monitoring the difference between the intensities just
inside and just outside the entry surface. In Fig. 9 we plot
such a field discontinuity as a function of incident angle for
an incident field of unitary amplitude. An examination of the
figure and only a cursory comparison with Fig. 5 suffices to
confirm a direct correlation between surface effects and large
SH conversion efficiencies, as both display the same angular
dependence. Thinner metal layers display a similar response.

We now examine a simple example that illustrates how
volume effects may indeed dominate over surface effects in
the case of transparent metal stacks. We examine the field
profiles for the same periodic structure we have considered
above, except that now we turn the structure around so that
the field is incident on the metal instead of the dielectric
layer. Of course, the linear transmittance properties of the
stack do not change, regardless of the direction of approach.
However, if light is incident on the metal layer, a large field
discontinuity is recorded at the metal interface rather than the
dielectric interface. All things being equal, the large field
discontinuity present in one stack does not at all improve
SHG conversion efficiencies. In fact, reversing the stack
yields slightly lower reflection SH efficiency, with even
smaller transmitted SHG. As a result, one might surmise that
volume contributions must be compensating the evident sur-
face effect that characterizes the sample if it is positioned in
a way that light is incident on the metal side. Similar results
were obtained for a variety of stacks.

These results seem to suggest that volume contributions
may indeed play a role more pronounced than one may be
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able to presently discern. However, to arrive at such a defini-
tive conclusion, one should construct a model where it is
possible to selectively isolate surface from volume contribu-
tions, and then integrate the equations of motion to record
the effect. Unfortunately, the model we use suggests that
inside the transparent metallodielectric stacks surface and
volume contributions may be inextricably linked, thus mak-
ing it difficult to distinguish their relative importance as the
fields actually penetrate and are relatively intense inside the
metal layers.

There are several issues that one must take into consider-
ation when adding, subtracting, thickening, or thinning metal
or dielectric layers. For example, adding periods generally
increases reflections, shifts and narrows the transmission
resonances, and the field becomes better localized inside the
dielectric layers because the metal layers act as better mir-
rors. Thinning the metal layers and increasing their number
requires adjustment of the dielectric layer thickness in order
to keep the resonance tunneling mechanism operating within
a desired wavelength range, and to keep both fields tuned
inside a pass band. One might think that having as many
metal layers as possible can increase conversion efficiency.
This is generally not the case, because volume contributions
also come in the form of enhanced linear absorption (as a
result of field localization inside the metal), which can over-
whelm any nonlinear gain. Therefore, structures that contain
many layers actually may perform worse than a single metal
layer, as the FF, the SH or both fields may slide into their
respective gaps. Finally, it is noteworthy that for relatively
large incident angles, such as those we are considering, the
scattered SH fields are generated as they propagate sideways
along the length of the metal layers, for several tens of mi-
crons before they exit the structure, as Fig. 4 suggests. This
naturally translates into a great deal of effective instanta-
neous losses, which combine with an instantaneous gain
large enough to yield the modest conversion efficiencies that
we observe.

These results thus generally suggest that although there is
a strong hint that volume contributions may in effect play a
role far more important than surface discontinuities, the ex-
amples we have investigated, which include periodic and a
variety of symmetric, more transmissive stacks, at present
suggest that it is difficult to extract their relative importance.
When designing the stacks one should be make judicious
choices in the selection of the number of layers, their relative
thickness, and tune the fields at the long wavelength band
edge, at a place of relatively high linear absorption, where
the fields are still well-localized inside the metal. At the same
time, one should avoid tuning where there is strong feed-
back, such as at the peak of narrow resonances, which have a
tendency to kick the field back into the dielectric layers and
reduce nonlinear gain.

One can easily see that the subject is extremely complex
and interesting, primarily because it brings us full circle to
fundamental questions and issues explored during the early
history of nonlinear optics. For this reason alone the subject
deserves to be investigated further. Suffice it to say here that
the newly acquired ability of the fields to penetrate and dwell
inside metal layers combined with the ability to excite mul-
tiple metal surfaces changes the dynamical characteristics of
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FIG. 10. (Color online) SH efficiency measured in reflection
mode from the multilayer [Ag(20 nm)/Ta,05(124 nm)]> sample
(@), as a function of incidence angle. For comparison, the SH effi-
ciency measured from a single Ag layer 20 nm thick (H) under the
same experimental condition is also reported. Theoretical predic-
tions for each experimental curve are also included from Figs. 6 and
7, as specified in the legend. Pump beam intensity was set to
~6 GW/cm?. The FF and SH beams are both polarized in the plane
of incidence (p).

SHG in metals, with competing surface and volume contri-
butions. This statement is reflected in our simulations and in
our findings, as reported above.

One final point worthy of note should be made about spot
size. Although the spot size used in the calculations
(~30 wm) is significantly smaller compared to that used in
the experiments (upward of 500 um), a 30 wm beam width
corresponds to a fairly narrow bandwidth of transverse k
vectors that tend to resolve well all features found in the
transmission function of Fig. 1, for example. In other words,
plane wave results are quickly achieved provided the beam
waist is taken to be at least several wavelengths wide.

In Fig. 10 we report the measurements performed in re-
flection mode as a function of the incidence angle for the
five-period Ta,05/Ag sample for an input FF intensity of
~6 GW/cm?. The polarization of both fundamental and gen-
erated beams lies in the plane of incidence. As a comparison,
we also plot the measurements obtained for a single Ag layer
20 nm thick, obtained under similar experimental conditions.
Just as predicted by our model in Figs. 5 and 6, the signal
arising from the multilayer structure displays a maximum
value at an incidence angle of ~55°, instead of 70° for the
single metal layer. The theoretical predictions for reflections
are also plotted in Fig. 10. The experimental data reported in
the figure suggests that the SH signal generated inside the
metallodielectric stack is enhanced by approximately a factor
of 30 relative to the maximum conversion efficiency of the
single 20-nm-thick Ag layer. Given the extreme complexity
of the model, as exemplified by Egs. (4) and (5), and some
uncertainty about the precise peak intensity that reaches the
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stack, one may objectively state that the agreement between
our theory and our experiment is quite good, especially con-
sidering that the theoretical model has no adjustable param-
eters. Other possible sources of uncertainty include small
deviations in layer thicknesses, and third order effects inside
the metal layers, that may lead to band shifts and nonlinear
absorption [17,18], which the current model does not take
into account. Further studies will focus on extending the
model to include a third harmonic frequency, third order ef-
fects, and the evaluation of conversion efficiency for other
geometrical configurations and metals that might further
clarify the relative importance and interplay between surface
and volume contributions.

CONCLUSIONS

In summary, we have theoretically and experimentally in-
vestigated second harmonic generation from metallodielec-
tric, Ta,O5/Ag multilayer structures, and compared the SH
efficiency with that obtained from a single Ag layer. The SH
signal was investigated experimentally in reflection mode us-
ing femtosecond pulses originating from a Ti:sapphire laser
system tuned at A=800 nm. The experimental results are
well explained within the context of a classical model based
on coupled Maxwell-Drude oscillators under the action of a
nonlinear Lorentz force term arising from a driving electro-
magnetic field. Measurements performed on different
samples show that the generated signal is dependent on the
squared intensity of the fundamental beam and is always
polarized in the plane of incidence. The theory, which is
largely substantiated by our experimental results, suggests
that a combination of maximized pump penetration inside
the stack, field localization inside the metal, and large longi-
tudinal field discontinuities all contribute to the enhancement
of SHG by approximately a factor of 20 relative to a single
metal layer, while experimental results suggests an improve-
ment by at least a factor of 30. It may be possible to achieve
larger conversion efficiencies for alternative geometrical
configurations and metals. We believe that while it is clear
that isolated metal layers benefit largely from surface effects,
the situation is far more complicated in the case of transpar-
ent metallodielectric stacks, and more studies are needed to
eventually unravel the intricacies of the process. Due to the
peculiar transmittance and field localization properties of
metallodielectric structures, both the fundamental and SH
beams can become localized inside the metal layers. This
localization phenomenon thus allows for the possibility of
competing surface and volume contributions, an effect that
was also confirmed by our experimental study.
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