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In conventional optics, the Fabry—Pérot (FP) effect is only considered for transparent materials at a macroscopic
dimension. Down to the nanometer scale, for absorptive metallic structures, the FP effect has not been directly

observed so far. It is unclear whether such a macroscopic effect still holds for a subwavelength metallic nanos-

tructure. Here, we demonstrate the probing of FP interference in a series of nanometer-thick Au films with

subwavelength hole arrays.

The evidence from both linear and second harmonic generation signals, together

with angle-resolved investigations, exhibit features of a FP effect. We also derive an absorptive FP interference
equation, which well explains our experimental results. Our results for the first time experimentally confirm the
long-persisting hypothesis that the FP effect holds ubiquitously in a metallic nanostructure.

PACS: 78.67.—n, 42.65.—k

Many novel phenomena occur when light prop-
agates through subwavelength hole arrays in a
metallic film, such as extraordinary linear optical
transmission!' ~° and unusually enhanced second har-
monic generation (SHG).I" 'Y Tt is known that, for
these systems, hole shape,>~ %71l hole size,!") and
hole array periodicity”'? all play an essential role in
light propagation. Among the various optical proper-
ties at a subwavelength scale, the Fabry—Pérot (FP)
interference effect has been theoretically considered!”!
and experimentally investigated in the microwave
regime,!'*) where a non-plasmon mechanism has been
proposed.['?] Nonetheless, these works are not down
to a nanometer scale. It is unclear whether the FP
interference effect still holds for a metallic nanostruc-
ture that is both smaller than the wavelength and
strongly absorptive. The FP effect has been used
to successfully explain surface plasmon propagation
in metal nanowires. However, the sample dimension
along the plasmon propagation direction is still larger
than the laser wavelength.l'>!" Similar interference
effects have also been observed in an above-wavelength
airgap.l'®] However, a direct observation of the FP ef-
fect in a subwavelength metallic nanostructure is still
lacking.

In this work, we use ultrafast laser pulses to make
thorough quantitative measurements of the thickness-
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dependence and angle-dependence of the linear trans-
mission and SHG intensity in Au thin films with rect-
angular subwavelength hole arrays. We observe fea-
tures of the FP interference effect in both linear and
SHG signals. A direct realization of the FP effect
in the subwavelength scale faces challenges from both
extremely weak signal detection and sample fabrica-
tion. Here, ultrafast optical spectroscopy is used to
facilitate nonlinear optical signals detection!'?—2'! at
a very weak level.’>2*] The FP interference is one
of the icons of wave optics, which was discovered in
1899.17%] Most of the FP interference is considered for
non-absorptive media at macroscopic scale. Although
absorptive FP has also been considered, it is rarely
applied to nanostructures. Here, we derive an absorp-
tive FP equation that well explains our results in a
metallic nanostructure.

Ultrafast femtosecond laser (Coherent Inc.) pulses
with 830 nm central wavelength, 45 fs pulse width, and
80 MHz repetition rate are used. The experimental
schematic setup is shown in Fig.1(d). A series of
metallic films of different thicknesses, with rectangular
air-hole arrays, are carefully prepared. Gold thin films
of different thicknesses (60nm, 100nm, 160 nm and
200nm, respectively) are deposited onto BK7 glass
substrates, where a 5-nm-thick Ti adhesion layer is
used. This procedure for manufacturing sample costs
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great effort, because each time only a sample with
one thickness can be made using electronic deposi-
tion. Rectangular arrays of 20 x 20 air holes with a
periodicity of 410 nm are milled with focused ion beam
(FIB) on these films with total area 8 pmx8pm. All
air hole arrays have the same size with a length of
2 = 260nm and a width of y = 130nm (thus an as-
pect ratio of AR=x/y = 2). A scanning electron mi-
croscope (SEM) image of a typical hole array pattern
on a 160-nm-thick Au film is shown in Fig. 1(a). The
actual thickness of the Au film in the pattern area is
characterized by an atomic force microscope (AFM),
as shown in Fig. 1(b), note that the thickness includes
that of a 5nm Ti adhesion layer.
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Fig. 1. (a) A SEM image of a typical sample of the rectan-
gular hole array with the x—y direction and laser polariza-
tion (parallel to the y-axis) marked on the high resolution
image, where AR=2. (b) The actual thickness measured
by AFM. (c) Schematic diagram of the sample under light
illumination. The refractive index of Au hole array is 1.91
and that of BK7 glass is 1.51. (d) Schematic experimental
setup.

Under the condition of normal incidence, the laser
beam is focused onto the sample with a lens of 50.8 mm
focal length and has a diameter of about 30 pm on the
front surface of sample. The transmitted fundamen-
tal wave and SHG signals are collected after the laser
pulses pass through a lens with 63.5 mm focal length.
The laser beam is linearly polarized vertical to the op-
tical table, and the samples are mounted on a manual
translation /rotation stage, which is aligned such that
the y direction is always parallel to the laser polariza-
tion (see Fig.1(a)). For the SHG measurement, the
incident laser beam has an average power of 30 mW.
The size of the pattern area is 8 ym and the diameter
of spot size is 30 um, so the efficient input power of
pattern area is estimated to be about 10 mW, which
generates very weak SHG signal during light propaga-
tion.

To observe the extremely weak SHG signal, a low-
pass edge filter with a transmission of 7' = 6 x 10~? for
the fundamental beam and T = 98% for the SHG sig-

nal is used to sharply reduce the 830 nm pulses. Then
the beam after the filter is focused onto a spectrome-
ter (iHR 550 with photomultiplier tube and symphony
CCD, JY Horiba Inc.). During the angle-resolved
measurement, the angle ¢ between the laser beam (i.e.,
the z direction) and the x direction is tuned, where the
sample is rotated and the incident laser beam stays
unchanged. Because the subwavelength hole is much
smaller than the light spot on the sample, this adjust-
ment would not result in significant mismatch between
the laser beam and the air hole. For different AR
measurements, the sample is rotated 90° along the z
direction, such that the AR=2 and AR=0.5 cases can
be compared.

In Fig. 1(c) we plot the schematic sample struc-
ture, with the illustration of an 830nm incident ul-
trafast laser beam. As is shown, the refractive in-
dex of BK7 glass is n = 1.51, and we estimate the
effective refractive index of the gold thin film with
holes at 830 nm wavelength to be n.g = 1.91.12°1 Un-
der the condition of normal incidence, the intensities
of the linear transmission and the SHG signal vary
with the metallic film thickness. For all of the thick-
nesses, both the linear transmission and the SHG sig-
nal of the AR=2 sample are much higher than those
for the AR=0.5 sample, which is due to the already
known shape resonance.[”"'") The fact that the SHG
signal is 10712 ~ 107!° times weaker than the linear
transmission!'! fulfills the non-depletion regime con-
dition.
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Fig.2. (a) Illustration of the FP effect in the samples.
The incident angle is ¢. Both the linear (red line) and
SHG (blue line) output beams are plotted. Light reflec-
tions within the sample is also depicted. (b) The linear
transmission of the AR=0.5 samples with different thick-
nesses (60, 100, 160 and 200 nm). The black spheres are
the experimental results. Correspondingly, the samples
are illustrated explicitly as insets. The FP effect with-
out absorption (normalized, blue dashed curve) and the
evanescent exponential decay (gray dashed curve) are indi-
vidually plotted. The FP effect considering the absorption
fits the experimental results very well (red line).

We particularly analyze the linear transmission of
AR=0.5, which is plotted in Fig.2(b). We analyze
the AR=0.5 case because by doing so we avoid the
shape resonance known for the AR=2 case.l'’] The
AR=0.5 case possesses the property of a thin metal-
lic film in general. If there is no FP interference,
then the linear transmission overall will decay expo-
nentially as the sample thickness increases, which is
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a direct exhibition of the evanescent wave picture.!”’
We fit this overall exponential decaying trend with
I(l) = Agexp(—1/ly), where Ay is the amplitude, [ is
the thickness of sample, and j is the skin depth (gray
dashed curve in Fig.2(b)). The fitting yields a skin
depth of lj = 20.0nm. It can be easily seen that a
simple exponential decay does not fit well with our
data at 160 nm.

As shown in Fig.2(a), the multiple reflections of
an incident light between the front and back surfaces
will interfere with each other, which leads to a vary-
ing transmission that depends on the sample thick-
ness, sample absorption, and angle of incidence. Be-
cause the exponential decay cannot fully explain our
experimental observations, we consider the FP effect
instead.

The original FP effect considers only the non-
absorptive case. The linear transmissivity for a pure
FP interference effect reads

(1-R)?
1 —2Rcos(d) + R?
- 1
1+ Fsin?(5/2)’

Tnonfabsorptive =
(1)

where F' = % is the coefficient of finesse, R is
the reflectivity of our sample, 6 = 2w A/ is the phase
difference, A = 2ineg cos(¢) is the optical path dif-
ference, [ is the film thickness, and ¢ is the incident
angle of light beam. By taking ¢ = 0°, the nor-
malized FP interference curve is explicitly plotted in
Fig.2(b) (blue dashed line). Given the effective re-
fractive index meg = 1.91 obtained in Fig.1(c), the
effective wavelength within the sample is calculated
to be Aer = A/neg = 435nm. Destructive interfer-
ence occurs when the transmitted beams have a phase
difference § that is an odd multiple of . Thus the
beams destructively interfere within the thin film at
Aeft/4 = 108.6 nm.

Next we elucidate a more realistic case; i.e., the
absorptive FP interference effect. Consider that the
material sandwiched between its front and back sur-
faces is absorptive. The total linear transmissivity at
the back surface is (see the supplemental material)

T _ T2 exp(—ci(:l(b)
total 2 —4daly _ —2al
1+ R?exp( o) — 2Rexp(S55 ) cos(0)
1
T a3/ (2)
1+ F'sin®(6/2)
ge20l/ cos ¢ (1 Re2el/ cos #)2 B 9

where F' = (1—cos 6) T2 1—cosd +72 is
the coefficient of finesse, & = 0.00381/nm is the ab-
sorption coefficient, R = /R Ry = 0.56, T = /1115,
R1(R2) is the intensity reflectivity at the front (back)
surface, and T (7%) is the intensity transmissivity at
the front (back) surface. Under the normal incidence

condition, we have ¢ = 0 for the results shown in
Fig.2. It can be seen from Fig.2(b) that the ex-
perimental results (black sphere) are very well-fitted
by Eq.(2) (red line). Hence, the result in Fig.2 di-
rectly verifies the existence of the FP interference
in our metallic thin films. Compared with the non-
absorptive FP case (blue-dashed curve), the absorp-
tion of the material prominently shifts the destructive
interference thickness from 108.6 nm to 130 nm. Note
that the FP mechanism does not lead to a diminished
value for the transmission at 130 nm.

To further verify the FP mechanism, we investi-
gate the angle dependence of the linear transmission
and SHG signal for samples (AR=2) of different thick-
nesses (60nm, 100 nm, 160 nm and 200 nm). We illus-
trate the schematic experimental setup in Fig.3(a).
The incident angle ¢ is varied by rotating the sample,
and its effect on the linear and SHG signal intensi-
ties are recorded. Previous investigations have shown
that the linear transmission sensitively depends on the
incident angle.['9:12:15.26.27] Thege investigations only
cover up to the 0° < ¢ < 32° range. Here we explore
a much larger range of incident angle, 0° < ¢ < 53°.
Our results exhibit a similar trend for the linear trans-
mission (Figs.3(b)-3(e)). Overall, the intensity de-
creases as ¢ increases.
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Fig. 3. (a) Schematic setup for the angle-resolved experi-

ment. The samples are rotated, with the incident light un-
changed. (b)—(e) The angle dependence of the linear trans-
mission (red circle) and SHG intensity (purple square)
for the AR=2 samples with thicknesses of 60 nm, 100 nm,
160 nm and 200 nm, respectively. The red curves are the
fitting curves using Eq. (2) depicting the FP effect with ab-
sorption within samples of various thicknesses. The blue
curves are the fitting results with Tﬁ)tal sin? ¢ cos? ¢ de-
picting both the FP effect and the broken inversion sym-
metry.

Note that no previous studies have revealed the un-
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derlying physics mechanism of the angle dependence.
There are even no quantitatively investigations of the
angle dependence. This is a challenging task that has
been left untouched for a decade thanks to the ob-
scure fundamental mechanism of the transmission it-
self. Here, we thoroughly investigate this phenomenon
and aim to uncover the underlying mechanism. We fit
the measured data shown in Figs. 3(b)-3(e) by Eq. (2)
that we derive based on the FP effect for absorptive
materials. It can be seen that the experimental results
can be fitted very well ([Figs.3(b)-3(e), red curves).
This fitting is not a pure mathematical fitting, rather,
it is a direct derivation of the absorptive FP inter-
ference effect (Eq.(2)). Therefore, the experimental
and theoretical results in Fig. 3 together significantly
confirm the absorptive FP mechanism discussed above
(see Fig. 2).

Moreover, since we have demonstrated the FP in-
terference of the linear transmission, it is conceivable
that this effect will be reflected in its SHG signal.
The SHG intensity, which is in a quadratic relation
with the linear transmission Ispyg o T2, will ex-
perience an intensity variation accordingly. Further,
it was shown half a century agol”®! that in a metallic
material, the reflective SHG, by omitting higher order
terms, has an extra intensity dependence on the inci-
dent angle, Ispe o sin? ¢ cos* ¢, which is due to the
broken inversion symmetry. We expect that the trans-
mission SHG shares the same property. Therefore, we
expect to have

Isug o T2, sin’ ¢ cos® ¢. (3)

To verify this, we measure the angle dependence of the
SHG intensity for all the samples of different thick-
An AR=2 configuration is implemented to
ensure that the SHG signal is strong enough to de-
tect. Because there is a fixed ratio between the SHG
intensity of different ARs,!'"! this configuration also
reflects the results of the regular AR=0.5 configura-
tion. The results are shown in Figs. 3(b)-3(e), which
demonstrate at a first glance drastically different angle
dependences. We fit this seemingly very complex de-
pendence property. We use Eq. (3) to fit all our SHG
experimental results shown in Fig.3. It can be seen
that our theoretical curves (blue curves in Fig. 3) all fit
very well the experimental SHG data. The drastically
different dependence (Figs.3(b)-3(e)) arises because
the term Tiotar is also a function of ¢, i.e., Tiotal(®),
which also depends on the sample thickness. The sur-
prisingly good comparison between the experimental
SHG signal and the fitting based on Eq. (3) demon-
strates explicitly the clear FP interference effect on
the SHG. We note that the SHG data (blue curve)
in Fig. 3 is a double-confirmation of the linear trans-
mission data (red curve) in Fig. 3. Indeed, these two
groups of experimental results are equally strong evi-

nesses.

dences of the FP interference effect. Consequently, our
experiment of the angle-dependent SHG signal again
quantitatively confirms the existence of FP effect in a
thin absorptive metallic film or nanostructure.

In Fig. 3(e), there are some discrepancies that we
attribute to data fluctuation. The reason why the data
fluctuation for the 200 nm sample is relatively larger
is that the thicker sample has a more sensitive depen-
dence on angle. This happens because for a thicker
sample: for the situation of a small angle, the light
beam experiences the metallic wall of the hole/channel
more prominently than through a thinner sample; for
the situation of a larger angle, the light beam experi-
ences the wall reflections earlier (upon increasing the
angle) than through a thinner sample. As shown in
Figs. 3(d) and 3(e), the data fluctuations are mainly
located at the small angles and large angles, respec-
tively.

Finally, we consider potential applications of the
absorptive FP effect in the subwavelength nanostruc-
ture. It has been shown recently that optical absorp-
tion and emission in atomically thin two-dimensional
(2D) materials can be enhanced via modulating a
spacer’s thickness in an FP cavity,**~? which leads
to enhanced constructive resonance, and hence device
performance.[*?l However, this relies on the insertion
of a spacer into the cavity, which hampers the scal-
ing of device fabrication. Here, our direct observation
of the absorptive FP effect in metallic nanostructure
makes it possible to realize the FP effects by tuning
the cavity thickness, rather than using a spacer. Thus,
our findings have potential applications in scalable op-
toelectronic devices based on 2D materials.

In summary, we have experimentally demonstrated
the existence of the FP effect in a series of Au thin
films with thickness less than the wavelength. In our
experiment, the thickness dependence of linear trans-
mission demonstrates the existence of absorptive FP
interference, and the angle dependence of both the lin-
ear and SHG signals further verifies the absorptive FP
effect. Our finding has potential applications in tuning
the performance of nano-photonics devices containing
metallic nanostructures.
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The following derivation is based on the illustration in Fig. S1. As light incident on the FP

etalon, Ty is transmitted through the etalon, 7 is transmitted after twice extra reflections. At each
surface, the reflectivity of the field is taken to be \/ﬁ , and the transmission of the field is \/T . We

denote the refractive index inside the etalon by n, and that outside by no, with 1 > n.
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Fig. S1. The schematic of FP interference effect.

We take the incident amplitude at point a (outside of the etalon) to be 1. Considering the phase
change of the electromagnetic wave due to the light propagation within the etalon, the transmitted
beam at point b (outside of the etalon) has a field amplitude of
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where k =27zn/A, T and T are the intensity transmissivity of the front surface and back surface,
respectively; R and R; are intensity reflectivity of the front surface and back surface, respectively.
At point ¢ (outside of the etalon), the transmitted amplitude is
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When obtaining the sum of the amplitude of the transmitted beams, the phase different should be
considered. The amplitude #,'is retarded relative to # in phase by an amount of kolo, where ko =
2nno/l, lo = 2ltgPsin®y. For
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the phase difference between the two beams 7y and #; is
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To within a constant multiplicative phase factor (i.e., ignore e™*!/¢°s?), the amplitude of the m™

transmitted can be written as
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Thus, the total transmitted amplitude is the sum of the all individual beams’ amplitudes:

o0

t= Ztm = “lTZ i( ,Rle )me—(2m+1)allcos<beim6
m=0 m=0

©))
:\/ﬁe—allcoscbi(\/ﬁ)me(—zmlcos@ﬂb‘)m.
m=0
1 — 2 n - S n
As ——=WZ+Z%+ o 427+ - =) 7" (|Z]<1), we have
X n=0
1
_ ﬁ —allcos®
t - 1Tze 1_ R1R2 e—2a|/cos®ei§
T e—al/coscb (10)
— 1°2
[(1_ R1R2 e—Zal/COSQ) cos 5) _ | R1R2 e—Zal/COSCD S|n 5]
By defining X=1- R1R2 e—2al/cosd> cosS and Y = Rlee—ZaI/costD sing so
. ﬁe—allcoscb _ \/ﬁe—allcosd) (X n |y)
X —iy X2+ y? ’ o
11
t* ~ 1T2 e—al/cosd) (X _ |y)
X2 +y° '
Thus, we obtain the normalized transmission Zapsorprive S
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with Ri+7T=1, Ry+T>=1.
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