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Enhanced optical transmission by V-shaped nanoslit in metal film*
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In this paper, we reveal that the enhanced transmission through a perforated metal film can be further boosted up by a
V-shaped nanoslit, which consists of two connected oblique slits. The maximum transmission at resonance can be enhanced
significantly by 71.5% in comparison with the corresponding vertical slit with the same exit width. The value and position
of transmission resonance peak strongly depend on the apex angle of the V-shaped slit. The optimum apex angle, at which
the transmission is maximal, is sensitive to the slit width. Such phenomena can be well explained by a concrete picture
in which the incident wave drives free electrons on the slit walls. Moreover, we also simply analyze the splitting of the
transmission peak in the symmetry broken V-shaped slit, originating from the resonances of different parts of the V-shaped
slit. We expect that our findings will be used to design the nanoscale light sources based on the metal nanoslit structures.
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1. Introduction

Enhanced transmission has become an important re-
search direction in the emerging field of plasmonics since
its discovery in 1998, and such phenomena in several
metal nanostructures ranging from periodic hole array to slit
array have been deeply studied both theoretically!>”! and
experimentally.[®-14! Generally, it is admitted that the en-
hanced transmission can be understood as a resonance-wave-
phenomenon related to the excitation of surface plasmon po-
lariton (SPP) waves on both surfaces of metal film, and SPPs
play an essential role through the physical process that the
incident light is first converted to SPPs, then SPPs propa-
gate along the slit/hole walls, before being converted back
into light.’! Interestingly, the transmission enhancement phe-

15.16] o a multi-

nomenon also occurs in an isolated nanoslit!
slits metal structure,!!'”! the transmittance can exceed unity
when it is normalized to the slit width. The reason is that
a single nanoslit supports propagating modes as gap SPPs,
which can lead to the single slit acting as a Fabry—Pérot (F-
P) resonator.[10]

A single nanoslit is compact, amenable to integration,
and it exhibits maximum transmission at the F-P resonance
of guide mode with a length phase of an even integer of
/2, so a nanoslit is usually employed as a nanoscaled light
source.!'®1°1 While the transmission through an isolated slit is
too low for practical applications, a surprisingly large trans-
mission can be obtained by adding auxiliary structures on
the input surface of the slit, such as periodic/nonperiodic
corrugations,?*2%1 bumps, >} a nanocavity antenna,* and

[25

a surface plasmon microcavity.[>>) However, notice that there

is difficulty in sample fabrication for these additional struc-
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tures performed in the near-infrared and visible regimes. Fur-
thermore, these additional structures significantly increase the
slit size, which is not preferable for the high-density pho-

tonic circuit integration. From the research results in re-

26,27]

cent works, ! we may obtain a method to solve the above

shortcomings. It has been demonstrated that the transmis-
sion can be further enhanced by utilizing nanofocusing of ra-
diation in tapered slits, since at the resonant wavelengths a
larger entrance aperture could collect more light in compari-
son with a straight slit (whose channel is normal to the metal
film surface).l?®! The finding suggests that the transmission
may be improved by changing the channel shape of the slit.
Even though these works focus on the periodic slit structure,
a similar conclusion can be obtained for a single tapered slit,
since the considered transmission peak in the works is mainly
originated from the F-P resonances of individual slits rather
than the SPP excitation on both metal surfaces being cou-
pled through the slit array. According to the view of charge-
oscillation-induced light transmission,?®! in this paper, we
propose a V-shaped slit structure, which consists of two con-
nected oblique slits. We find that the enhanced transmission
through a metal film can be further improved upon by the V-
shaped nanoslit in comparison with that by the vertical slit.
The transmission resonance peak is very sensitive to the apex
angle of the V-shaped slit, and the optimum apex angle, at
which the transmission is maximal, is influenced by the slit
width. In addition, it is also found that the symmetry breaking
of the V-shaped slit causes the splitting of the resonance peak.
Our findings provide a new way to enhance the slit transmis-
sion and are helpful for designing a high-efficiency nanoscale
light source based on composite metal nanoslit structures.
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2. Numerical model and simulations

Figure 1 depicts the two-dimensional schematic of a V-
shaped nanoslit in a metal film being suspended in air, which is
composed of two connected oblique slits with the same oblig-
uity. A p-polarized (the magnetic field is perpendicular to the
x—z plane) plane wave impinges normally on the top of the
V-shaped slit. The V-shaped slit structure is characterized by
the widths of left and right entrance W; and W, (the exit width
W1 +W,), the apex angle a, and the thickness of metal film H.
The metal is chosen to be silver (Ag) and its dielectric function
is referred to Ref. [29].

Incident light

R
x W, W.
o i (o

«
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Fig. 1. Schematic configuration of a V-shaped nanoslit. A plane wave
of TM polarization (the magnetic field is perpendicular to the x—z plane)
is incident normally on the top of the structure.

g

We employ our two-dimensional finite-difference time-
domain (2D-FDTD) program codes to simulate the interaction
between the metal nanoslit and the incident wave. In the codes,
the Maxwell’s equations are discretized in space and time by
central differences using Yee’s cells,*°! and the current den-
sity is introduced into the Maxwell’s equations due to the neg-
ative real part of permittivity of metal.[*!) The simulation re-
gion is surrounded by a ten-cell-thick convolutional perfectly
matched layer (i.e., CPML).13?! The spatial mesh cells are set
to Ax = Az = As = 2.5 nm, and the time step and the total num-
ber of time steps are taken as At = As/2c (c is the velocity of
light in vacuum) and 3 x 10%, respectively. Such small size of
cells and large total number of time steps ensure that the val-
ues of electromagnetic field and current density in spatial grids
are convergent and stable. Since the size of cells is very small,
the shape of channels of left/right oblique slit can be treated as
a zigzag. Using the handling method, we calculated the trans-
mission spectra of tapered slit structures in Refs. [26] and [27].
The simulated results are in good agreement with the theoret-
ical and experimental results in these works, it confirms the
validity of the above handling method. In this paper, we calcu-
lated the normalized transmission of the V-shaped slit, which
is defined as Thorm = [Pout/ (Wi +Wa)]/(Pin/Win), where Pin(our)
is the power flux through in (out) the metal film, W| + W, is the
exit width of the V-shaped slit, and Wy, is the lateral width of
incident plane light.

3. Results and discussion

We start our discussion with the effect of apex angle o on
the transmission spectrum. Figure 2(a) shows the normalized
transmission spectra of the V-shaped slit structure at different
values of o with fixed H and Wi = W,. In the special case of
a = 0°, the V-shaped slit is a single vertical slit with width
W = W) 4+ W,, there is a resonance peak at about 640 nm,
which is associated to the fundamental F-P resonance mode
(with 27 phase length), and the resonance peak value is about
4.2. As « increases, the resonant peak exhibits a redshift and
its amplitude is enhanced. Strictly speaking, the resonance
peak stems from the interaction between the fundamental F—P
resonance modes in the left and right oblique slits. At oc =90°,
the transmission peak is redshifted by 340 nm compared with
that in the vertical slit. The transmission intensity reaches its
maximum (about 7.2), and the transmission is improved by
71.5% in comparison with that in the vertical slit structure.
Moreover, a new transmission peak appears in the short wave-
length regime (at about 520 nm). Such peak is originated from
the second order F-P resonance in the left/right oblique slit.
With the further increase of ¢, both the long and short wave-
length transmission peaks are redshifted and gradually drop.
The red shifting of transmission resonance peak can be ex-
plained by the F-P resonance formula Aesy ~ 2Re(neg)L/N
(where Ay is the resonance wavelength of N-th order mode,
Re(nefr) is the real part of effective refractive index of slit, L is
the slit length, and N is an integer).!**! Solving the transcen-

dental equation of SPPs mode in the slit, 34!

we may obtain nefr
of SPP mode. Figure 2(b) displays the dependence of Re ()
on the effective width of oblique slit [W) ) cos(c/2)] and the
wavelength of SPP mode. From this figure, we know that,

for a certain wavelength (effective width), Re(nefr) increases

8

g 8 T

I s

Z 6 P @)
E o W 2

I ——a=0" L .
g 4r a=14 AN Y
o z “ —+—a=28 H )g

- 2 @/‘ % {):;3" %58

o L o RSt A S
Gé 0 455»5:& ; @E%E?—;\SE;%»M 4}7“:112,%&#3‘31‘1?%:%:&;@%r
g 600 800 1000 1200

ZE Wavelength /nm

600 800
Wavelength/nm

1000 1200

Effective width/nm

Fig. 2. (color online) (a) Transmission spectra of V-shaped nanoslit at
different values of apex angle o, Wi, W,, and H are taken as 30 nm,
30 nm, and 160 nm, respectively. (b) Variation of the real part of SPP
mode (Re(nf)) in oblique slit with the effective width of oblique slit
(W) (2) cos(/2)) and the wavelength of SPP mode.
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with the decrease of effective width (wavelength). The in-
crease of o gives rise to the decrease of effective width, and
the decrease of effective width further causes the increase of
Re(negr). Thus, the increase of « leads to the increase of res-
onance wavelength according to the above F—P resonance for-
mula. In addition, the increase of & also causes the increase of
L [~ H/cos(c:/2)]. Based on the above two factors, the reso-
nance wavelength Ay of the V-shaped slit increases with the
increase of a.

The change of transmission peak value in Fig. 2(a) seems
to indicate that the enhanced transmission can be boosted up
by using an optimum choice of the apex angle «. This phe-
nomenon can be understood by a concrete picture in which
the incident wave drives free electrons on the slit walls. >8]
In order to elucidate such an issue, we schematically show the
charge distribution and incident beam in Fig. 3. For the case
of a vertical slit (& = 0°, Fig. 3(a), the positive and negative
charges, driven by the incident electric field, are accumulated
at the left and right corners of the two ends of the slit, respec-
tively. Thus two dipoles are formed at the entrance and exit
of the slit. The dipoles at the entrance and exit oscillate with
the incident wave, and then emit photons, giving rise to scat-
tering and transmission, respectively. When ¢ increases [0° <
o < 180° — 2tan_1(H/W1(2)), Fig. 3(b)], four quasi-dipoles
(the asymmetry of the left and right entrance/exit) are formed
due to the introduction of the tapered metal bar in the slit, two
of them are located at the two entrances of the V-shaped slit,
the other two quasi-dipoles are positioned at the exit of the slit
(there are a few charges near the apex of the tapered metal bar).
In such a situation, the overall walls on the left and right sides
of the V-shaped slit are illuminated by the incident beam. The
total force, which is absence for the vertical slit, exerted by
the incident wave on all the free electrons on the wall AB may
be written as F'*°' = [eEy, sin(a/2)][H/ cos(a/2)]I, where Ej,
is the electric field of incident light and [ is the photon den-
sity incident on the wall AB.) I is proportional to sin(ct/2),
50 F' o eE;yH sin?(0/2) / cos(o/2). The appearance of F'°
causes the change in the numbers of oscillating charges at the
two ends of the slit. Specifically speaking, the oscillating elec-
trons on the left-side wall AB are driven by the total force,
and they move toward the entrance direction, so the number
of positive charges at the entrance of the V-shaped slit de-
creases. The situation for the right oblique slit is contrary,
the total force F' drives the oscillating electrons away from
the entrance of the right wall of the right oblique slit. Hence,
less negative charges accumulate at the entrance of the right
wall of the right oblique slit. According to the above expres-
sion, the total force F'°! increases when « increases from 0° to
180° —2tan~! (H/Wi(2)), so the oscillating charges at the en-
trance end decrease with the increase of ¢. Even though two
quasi-dipoles are in phase on the incidence surface and there
is interference between them, the decrease of charges results
in the drop of dipole moments, and thus the scattering energy

decreases, which is in favor of the improvement of light trans-
mission. On the other hand, the total force also has negative
effects on the increase of charges at the exit end. However, the
electromagnetic interaction between the quasi-dipoles at the
exit end is different from that at the entrance due to the dif-
ference in distance between them, and it may be of benefit to
the slit transmission. In fact, it should be noted that the even-
tual transmission value is also influenced by the ohmic loss
besides the scattering energy. For the V-shaped slit structure,
the ohmic loss of gap plasmon modes in the oblique slits in-
creases in comparison with that in the corresponding vertical
slit due to the increase of the imaginary part of effective re-
fractive index neg. The increase of ohmic loss has negative
effects on the slit transmission, while the decrement of scat-
tering energy is larger than the increment of ohmic loss as &
is changed from 0° to 180° —2tan~! (H / Wi(2))- Therefore the
transmission value at resonant wavelength for a V-shaped slit
is larger than that for the vertical slit.

— B,
+ - +¢ - + -
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! A
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B
B

180°—2tan~'(H/W,)<a<90° a>90°
(c) (d)

Fig. 3. Schematic representation of charge distribution and incident
beam for different apex angle ranges: (a) o = 0°, (b) 0° < @ < 180° —
2tan~ ! (H/W1), (c) 180° — 2tan™! (H/W}) < & < 90°, (d) & > 90°.
Here, E;, denotes the incident electric field.

If o further increases [180° — 2tan™! (H/W(y)) < & <
90°, Fig. 3(c)], only part of the slit wall (AB) can be il-
luminated by the incident light, the total force F' is ex-
pressed by [eEj,sin(0t/2)][W)2)/sin(a/2)]I (= eEyyW o)D),
and F'* o< eE;, Wy () sin(/2). In such case, the total force in-
creases continuously with the increase of «, and the changes
of ohmic loss and scattering energy are similar to those in the
range of 0° < o < 180° — 2tan~! (H /W, (2)). Consequently,
the transmission peak keeps growing with the increase of .
Once a exceeds 90° (Fig. 3(d)), the incident light on the slit
wall AC is reflected back into the incidence space, which leads
to the increase of the scattering energy. The scattering energy
resulting from the reflection light increases with the increase
of a. Even though the total force F'* (o< eEinW(2) sin(a/2))
suppresses the light scattering by the slit, eventually the scat-
tering energy increases with the increase of ¢, since the scat-
tering energy originating from the reflection in region of AC
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becomes dominant in the total scattering energy. In the mean-
time, the ohmic loss presents a growth trend with the increase
of a. Hence, the transmission peak drops.

The resonance wavelength of the V-shaped slit varies with
the apex angle ¢, while the optical properties of the silver are
not the same at different wavelengths. In order to further ex-
amine the effect of angle o on transmission value, we con-
sidered the case of modifying the film thickness H for each
considered angle o such that the wavelength of transmission
peak is fixed at 980 nm (Fig. 4(a)). It is clear that the optimum
angle o with respect to the optimizing transmission value is
about 90°. Also, in this case of fixed resonance wavelength, all
apex angles smaller than 112° result in higher peak transmis-
sions compared with the vertical slit (i.e., @ = 0°). The sim-
ulated results (not shown here) also show that there is almost
the same ohmic loss for all film thicknesses, while the scatter-
ing energy approaches to its minimum at o ~ 90°, confirming
the reasonableness of the above analysis. Both the optimum
angles « in Figs. 2 and 4(a) are about 90°. Could we conclude
that the optimum angles are 90° for other cases? The answer
is no, since the total force is related to Wy(,) apart from the an-
gle a. Figure 4(b) shows the dependence of peak transmission
on the angle o at different values of Wy (y) (with fixed H). It
is obvious that there are similar lineshapes for different Wy(,),
but with different optimum angle . The optimum angles  in
the cases of W1(2) =20 nm, 30 nm, and 60 nm are about 60°,
90°, and 96°, respectively. Such difference may be explained
as follows. The total force F'*°! is proportional to Wi(2) (in the
case of a > 180° —2tan~! H/W, (2))» s0 larger Wy(5) gives rise
to larger F'°'. Meanwhile, the larger F* can experience more
ohmic loss, and more ohmic loss is associated with larger o
for the same H. Therefore, larger (smaller) Wy ) corresponds
to larger (smaller) optimum angle o.

Next, we study the influence of symmetry breaking of
the V-shaped slit on the transmission characteristics. Fig-
ure 5(a) illustrates the spectra of the V-shaped slit at dif-
ferent widths of Wy with fixed W) + W, = 60 nm. In
the case of Wy = W, = 30 nm, the V-shaped slit is a left—
right-symmetric structure, there is a resonance peak at 760
nm in the transmission spectrum. When W) is changed to
25 nm, the left-right symmetry of the V-shaped slit is bro-
ken, the transmission peak is divided into two peaks lo-
With the further
decrease of W, the asymmetry degree of the V-shaped slit

cated at 700 and 840 nm, respectively.

increases, the long wavelength peak is redshifted, and its in-
tensity is quickly decreased. Meanwhile, the change of the
short wavelength peak in position and amplitude is rather
small. To get more insight about such phenomena, we calcu-

lated the time-averaged density distributions of electric field

—=—a=126°, H=_85 nm
| ——a=112°,H =120 nm
—s—a =90°, H=160 nm
| a =53, H=210 nmp
—>*~a=0°, H=270 nm

Normalized transmittance
O = N W s o
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Fig. 4. (color online) (a) Transmission spectra for selected angles o with H

adjusted to give a fixed peak transmission wavelength of 980 nm. (b) Peak
transmission vs. angle ¢ in the case of fixed H (= 160 nm).

|E|, as shown in Figs. 5(b)-5(d). Figures 5(b)-5(d) corre-
spond to the resonance peaks at 760 nm (W; = W, = 30 nm),
700 nm (W) =20 nm, W> = 40 nm) and 900 nm (W; = 20 nm,
W, = 40 nm) in Fig. 5(a), respectively. At the resonance
wavelength of a symmetric V-shaped slit structure (Fig. 5(b)),
the fundamental resonant modes inside the left and right slits,
which is characterized by an intensity minimum in the middle
of the slit channel, are symmetrically excited. For the short
wavelength peak at 700 nm in an asymmetric V-shaped slit
(Fig. 5(c)), the electric field in the right slit is much more in-
tense than that in the left slit, suggesting that only the right
slit is resonant. The light transmission mainly comes from the
right slit, so the transmission value is smaller than that of peak
at 760 nm. With respective to the long wavelength peak at
900 nm (Fig. 5(d)), the field distribution is different from that
in Fig. 5(c), only the fundamental resonant mode inside the left
slit is effectively excited. The above phenomena can be ex-
plained as follows. In the structure of the left-right symmetric
V-shaped slit, the right and left slits have the same resonance
condition, so only one resonance peak appears in the trans-
mission spectrum. Once the left-right symmetry is broken, the
right and left slits have different resonance conditions, and the
small (large) slit has a long (short) resonance wavelength due
to large (small) Re(neg). Thus the resonance peak in the sym-
metric structure is split into two resonance peaks. The decease
of W; causes the decrease (increase) of the effective width of
the left (right) oblique slit, and the decrease (increase) of ef-
fective width further gives rise to the increase (decrease) of
Re(negr) (as shown in Fig. 2(b)). Hence, the resonance wave-
length of left (right) oblique slit increases (decreases) with
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the decrease of W, according to the F—P resonance formula.
Re(nefr) in the small slit is more sensitive than that in the large
slit to the change of slit width, so the long wavelength peak
corresponding to the small slit ( i.e., left oblique slit) exhibits
a significant redshift, while the short wavelength peak corre-
sponding to the large slit (i.e., right oblique slit) has a slight
blueshift. Besides the above phenomena, we also note that the
electric fields near the ends of the slit are over 15 times that
of the incident light. Such large local electric field makes the
V-shaped slit structure promising for a wide range of practi-
cal applications, e.g. within surface-enhanced spectroscopies.
In this paper, we do not discuss the substrate effect. If a sub-
strate is present underneath the V-shaped slit, the transmission
peaks exhibit a redshift in comparison with the case without
a substrate, and similar phenomena mentioned above can also
be observed.

T T

"~ 30,30
2535

W,/nm,W,/nm

Normalized transmittance

ok ek i
600 800 1000 1200
Wavelength/nm

0

(d) 25
20

15
10
5
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Fig. 5. (color online) (a) Transmission spectra of V-shaped nanoslit
at different values of W), with fixed W| + W, = 60 nm, H and « are
taken as 160 nm and 53°, respectively. Panels (b)—(d) correspond to
the distributions of electric field |E| for transmission peaks at 760 nm
(W) =W, =30 nm), 700 nm (W; = 20 nm, W, = 40 nm) and 900 nm
(W) =20 nm, W, = 40 nm), respectively. The incident plane wave with
a unitary electric field is incident normally from the top.

4. Conclusion

In summary, we have investigated the transmission prop-
erties of a metallic V-shaped slit by using the 2D-FDTD
method. It is found that the maximum transmission at res-
onance increases significantly by 71.5% in comparison with
that of the vertical slit structure. The transmission spectrum is
very sensitive to the apex angle of the V-shaped slit, and the
slit width has an impact on the optimum apex angle. Such phe-
nomena can be explained well by a concrete picture in which
the incident wave drives free electrons on the conducting sur-
faces. Moreover, we simply discussed the effect of left-right
asymmetry of the V-shaped slit on transmission spectrum. The
symmetry breaking leads to the splitting of the transmission
peak, and the transmission peak can be adjusted by the asym-
metry degree of the V-shaped slit. We hope that our findings
will be used to design the plasmonic devices based on metallic
slit nanostructures.
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