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Abstract: An ultra-thin nanostructured plasmonic light absorber with an
insulator-metal-insulator-metal (IMIM) architecture is designed and
numerically studied. The IMIM structure is capable to absorb up to about
82.5% of visible light in a broad wavelength range of 300-750 nm. The
absorption by the bottom metal is only 6% of that of the top metal. The
results show that the IMIM architecture has weak dependence of the angle
of the incident light. Interestingly, by varying the top insulator material the
optical absorption spectrum can be shifted more than 180 nm as compared
to the conventional air-metal-insulator-metal structure. The IMIM structure
can be applied for different plasmonic devices with improved performance.
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1. Introduction

Photovoltaic (PV) technologies based on direct conversion of the solar energy into electricity
are being continuously developed and commercialized. The main optical process taking place
in PV devices is light absorption and it is one of the limiting factors in thin film PV cells.
Approaches to enhance absorption based on fabrication of antireflection coatings [1, 2],
nanoholes [3—5], nanowires [6, 7], nanocones [8, 9] and other inhomogeneities [10] have been
successfully studied and applied. In recent years, plasmonic metallic nanostructures are found
to be an effective means as well [11-18]. The plasmonic nanostructures scatter incident light
and increase the photon path length in the absorbed layer. Moreover, the strong local field
enhancement around the metal inhomogeneities results in an increase of absorption in a
surrounding semiconductor.

Interestingly, plasmonic metal-insulator-metal (MIM) structures themselves can be used
as a hot electron PV device [19-23]. The operation of these devices relies on the hot electrons
absorbed in metallic nanostructures by surface plasmon resonance. The properties of these
resonances are determined by the metal material, its environment, the size and shape of the
nanostructure. In such plasmonic PV devices, light is preferentially absorbed by one metal
layer, exciting hot electrons in the metal, which can then tunnel to the counter metal layer
generating current. Obviously, the performance of this plasmonic PV device is determined by
the metal layer absorption and the absorption difference of the two metal layers. An average
absorption of 71% in the visible range (400-700 nm) has been recently achieved using a metal
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trapezoid array grating made of a MIM structure with a total device thickness of less than 200
nm [24]. In this paper, we design a new polarization-independent nanopatterned light trapping
structure made of an ultra-thin insulator-metal-insulator-metal (IMIM) architecture.
Compared to the MIM structures the IMIM design allows us to archive higher absorption up
to 82.5% in a broad wavelength range from 300 to 750 nm. More importantly, the use of
additional top dielectric provides the freedom to shift the absorption spectrum catering for
different applications.

2. Materials, structures and simulation methods

The schematic diagram of the IMIM structure with both slanted and cross-sectional views is
shown in Fig. 1. The structure can be fabricated by a simple process flow with one step
lithography using hydrogen silsesquioxane (HSQ) in conjunction with metal and insulator
depositions as illustrated in Fig. 1(b). Compared to the conventional MIM structures, an
insulator is added on the top metal. The aluminum (4/) has been chosen as the bottom metal
layer owing to its high reflectivity resulting in near zero light transmission in such structures
[32].
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Fig. 1. (a) Schematic diagram (top) and cross-section of simulation unit cell (bottom) of IMIM
structure. In the figure a, r, w, h;, (h, + w), h; and h, are interpore distance, pore radius, pore
depth, bottom metal thickness, bottom insulator thickness, top metal thickness and top insulator
thickness respectively. (b) Fabrication of IMIM structure on a glass substrate. (i) Deposition of
Al on glass followed by atomic layer deposition (ALD) of 4/,0; with thickness of hy; (ii)
Formation of SiO, mesa with thickness of w using HSQ by lithography and curing; (iii)
Deposition of top metal and insulator to form the IMIM structure with thickness of 4; and A,
respectively.

The hexagonal pores arrangement and aluminum oxide (4/,0;) bottom insulator layer
were chosen due to easily formation of hexagonal porous A4/,0; by electrochemical
anodization of A/ [25-27]. Of course, the same design can also be fabricated by using
conventional micro-fabrication technologies. Gold (4u), silver (4g) and copper (Cu) exhibit
the highest plasmonic response (sensitivity) and hence they are used as material for the top
metal layer. Different top insulator layers including Si;N,, A,O;, SiO, and MgF, with
averaged values of refraction index in the visible region of 2.5, 1.8, 1.54 and 1.38 respectively
were evaluated [28].

The designed structures were analyzed under the framework of full-field electromagnetic
simulations based on numerical solution of time-dependent Maxwell equations using the
finite-difference time-domain (FDTD) method, which is available from Lumerical software
package [33]. Similar approach has been successfully used in predicting the resonance peak
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positions and the absorption spectrum of a MIM structure [24]. The periodic boundary
condition along the vertical axes and perfectly matched layers along the horizontal axis with a
normal incident plane wave excitation are applied. The calculation mesh size is 2 nm in all
directions. The absorption spectrum in the range of 200-800 nm is calculated for different
structures, and the averaged absorption is determined for the range of 300-750 nm. In order to
obtain two-dimensional absorption profile G, a simple expression has been used

G=-1/2 a)g"|E |2, where ¢” is the imaginary part of material permittivity, o is the angular

frequency, and |E |2 is the electric field intensity [33].

3. Results and discussion

The impact of geometrical parameters such length, width and thickness, etc. on the absorption
is simulated for structure optimization. The thickness of metals is chosen according to metal
plasmon skin depth, which is given by Eq. (1) [29]:

5= (1)

c
olm e,
where ¢, @ and c are imaginary values of metal dielectric constant, angular frequency of light
and speed of light, respectively. For example, for wavelength range of 200-800 nm, the
plasmon skin depth of gold varies from 5 to 25 nm correspondingly. Therefore, the thickness
of 25 nm is enough for the comprehensive (maximum) absorption simulation of the Au layers.
The pore diameter, ranging from 10 to 100 nm, interpore distance of 250-500 nm range and
pore depth of 5-175 nm range were selected for IMIM design optimization following the
optimized design of the MIM structure [24].

Figure 2(a) demonstrates the influence of pore depth w variations on the absorption IMIM
structure. The parameters of », a and #; = hy = h; = h; were chosen to 80, 320 and 25 nm
respectively. The IMIM structure used for calculations contains Si;N,~Au-A1,03-Al layers
correspondingly. Considering the high absorption and large wavelength range of absorption
spectrum as the figure-of-merit for the design of IMIM absorber, Fig. 2(a) suggests that the
pore depth in range of 60-80 nm could provide higher absorption with wider absorption
spectrum. Therefore, in following discussion w of 75 nm will be used for analyses. The
influence of w on the absorption and its underlying mechanism, the effects of two types of
surface plasmon resonance: localized surface plasmons (LSPs) and surface plasmon
polaritons (SPPs) should be considered. The absorption caused by LSPs should occur at metal
surface limited by a distance between any nearest two pores, while SPPs cover a distance of
three or more pores located within the same direction and provoke the absorption close to the
pores and inside them. For the shallow pores with depth w below 50 nm, the absorption is
mainly induced by LSPs in the wavelength range of 250 to 500 nm. The increase in w up
to100 nm may expand the absorption spectrum range up to 650 nm, which could be attributed
to the contribution from SPPs. Further increase in the depth of the pores will weaken the SPPs
related absorption resulting in the decrease of absorption at the bottom part of the pores. As to
the pore radius, it is seen from Fig. 2(b) that the highest absorption can be obtained, when r
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Fig. 2. The influence of pore depth w (a), pore radius r (b) and interpore distance a (c)
variations on the absorption of the Si;N,-Au-Al,03-Al (IMIM) structure.

is designed in the range of 60 to 100 nm. The ratio of r to d between two pores is in the range
of 40-60%. Use r of 75 nm would provide sufficient process margin for the fabrication. The
absorption peaked at 320 nm is related to LSPs, while the second absorption peak at 540 nm
is attributed to SPPs related absorption. By changing interpore distance d, the absorption was
calculated as shown in Fig. 2(c). An optimal d of 300 nm provides more 90% absorption with
large spectrum range. For an interpore distance larger than 360 nm, the absorption peak at
shorter wavelength (~310 nm) is due to LSPs related absorption, and the peak at 550 nm is
contributed from SPPs related absorption.

The simulation shows that the absorption is largely affected by the top metal and top
insulator layers. They are critical for the optimization of IMIM structure. Figures 3(a) and
3(b) show the influence of the thickness and material of the top metal layer on absorption.
Indeed, a metal thickness larger than 20 nm is required, which is predicted by Eq. (1). It is
interesting to note that 4g has poorer result in comparison to 4u and Cu, which is could be
due to the higher plasmonic strength for Ag at Si;N,/Ag interface in comparison to Cu and Au
[30]. Figures 3(c) and 3(d) illustrate the influence of the thickness and material of the top
insulator layer on absorption. The variation of Si;N, layer thickness significantly affects both
absorption and its wavelength range. It is can be seen that change of top insulator shifts the
plasmon resonance modes. The insulator of higher reflective index moves plasmon response
to longer wavelength. The Si;N, layer shifts plasmon response for 180 nm in comparison to
air (vacuum) [Fig. 3(e)]. This phenomenon can be explained by changing the interaction
between electrons in metal and incident light, which is strongly dependent on its dielectric-
surrounding medium. Surprisingly, the material of bottom insulator only slightly changes the
absorption of IMIM structure [Fig. 3(f)]. This can be explained by the low transmission
thought the top metal layer. Because ~70% of light has been absorbed by the top metal layer
[it can be seen in Fig. 4(c)]. Only 10% of light can reach the bottom metal layer. Therefore,
the effect of bottom insulator to the absorption of the IMIM structure is insignificant.
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Fig. 3. Thickness and material type dependency on the absorption of the IMIM structure. (a)
Dependence of top metal Au thickness. (b) Dependence of top metal material type. (c)
Dependence of top insulator Si;N, thickness. (d) Dependence of different types of top insulator
material. (e) Plasmon resonance shift versus refractive index of top insulator. (f) Dependence
of different types of bottom insulator material.

The planar analogue is used to analyze and understand the contributions from different
material and structure parameters of nanopatterned IMIM architecture. Figure 4(a) shows
absorption and reflection of the single planar and hexagonal nanopatterned Au layers. The
average absorption of planar and nanopatterned layers is 27.7% and 47.3% respectively. This
difference is explained by decreasing the reflectance of nanopatterned layer due to coupling of
plasmon and optical cavity modes within pores, which leads to light absorption in metal inside
the pore. The absorption widening is referred to different plasmon modes excited at variable
metal width along x and y axes [my, m;, and m;,, etc. in inset of Fig. 4(a)]. Figure 4(b) show
that the absorption of single metal layer is increased by adding A/,0; insulator and A/ metal to
the bottom of Au layer reaching 34.8% and 56.8% for planar MIM and nanopatterned MIM
structures respectively. The enhancement of the absorption can be explained by the re-
absorption of the light reflected by the bottom A/ layer. Similar results for analogous MIM
architectures were reported in [22-24]. Figure 4(c) illustrates absorption and reflection of
single planar and hexagonal nanopatterned Au by adding the Si;N, insulator. A large
enhancement in absorption and widening of absorption spectrum are obtained due to
decreasing of the strength of the surface plasmon resonance and thus higher electron energy
lost through the its scattering [30]. The average absorption reaches 40.1% and 68.4% for
planar and nanopatterned layers. The highest absorption is obtained for IMIM architecture,
which is equal 46.5% for planar and 82.5% for nanopatterned layers as shown in Fig. 4(d).
The enhancement absorption of A/ at 650 nm is related to interband electron transition [32]. It
should be noted that absorption inside 4/ is only around 5%, which is advantageous of using
Al as bottom layer.

To further confirm the plasmon resonance shifting in the IMIM nanopatterned structure,
which is induced by top insulator, the absorption profiles of IMIM architecture with different
top insulator layers of Si0,, 41,03 and Si;N, against pore radius and wavelength are simulated
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structures. (a) Absorption and reflection of Au single layer with planar and hexagonal
structures. (b) Absorption of air-Au-Al,O3-Al planar and hexagonal structure and the
corresponding absorption by the bottom A/ layer. (c) Absorption and reflection of Si;N,-Au
planar and hexagonal structure. (d) Absorption of planar Si;N,-Au-A1,03-Al planar and
hexagonal structure and the corresponding absorption by the bottom A/ layer. For the
nanopatterned IMIM structure parameters have » = 75 nm, d = 300 nm, w =75 nm, h; = h, = h;
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(b) Si0,-Au-Al0,-Al

Air-Au-ALO-Al

g 70 — o
S >
E S £ <
= 60 = =
£ ws 2z 2
= | = =
g £ 3 £
g wg E g
£ 3 o e
& <5 .
20 R
10
: " |
300 400 500 600 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

(€  ALO-Au-ALO-Al Si,N,-Au-ALO,-Al

70

5 2 3
Absorption (%)
Pore radius (nm)

40

Absorption (%)

Pore radius (nm)

20

" 400 500 6‘00 800 ‘ 300 40 500
Wavelength (nm) Wavelength (nm)

Fig. 5. Absorption profile of IMIM structure with top (a) air, (b) SiO; (c), A1,O; and (d) Si;N,
insulators versus pore radius and wavelength.

#232636 - $15.00 USD Received 16 Jan 2015; revised 1 Mar 2015; accepted 30 Mar 2015; published 8 Apr 2015
© 2015 OSA 20 Apr 2015 | Vol. 23, No. 8 | DOI:10.1364/OE.23.009753 | OPTICS EXPRESS 9759



and shown in Fig. 5. It is can be seen that plasmon resonance shift happens even in large
range of variation of pore radius.

In order to investigate the absorption spreading of incoming light in nanopatterned Si;N,-
Au-AL,05-Al structure, the two-dimension distribution of electric field intensity and light
absorption profile along y-z plane are calculated for wavelengths close to absorption edge
(350 and 650 nm) as demonstrated in Fig. 6. At wavelength of 350 nm, the electric field

4.1
36
32

27
B3

Light absorption profile

1.8
14

0.9
I 0.5
0.0

2 2
Fig. 6. Distribution of electric field intensity (|E | / |E0| ) and light absorption profile (G/Gy)

in nanopatterned Si;N,-Au-A1,03-Al structure at the wavelengths of 350 and 650 nm. (a)
Position of cross-section y-z plane (red plane) in above mentioned structure. (b, ¢) Electric field
intensity distribution for 350 and 650 nm along y-z plane respectively. (d, e) Light absorption
profile for 350 and 650 nm along y-z plane respectively.

intensity between top and bottom metals near the pore walls, which is due to coupling of
plasmon and optical cavity modes [31]. The distribution peak of electric field intensity is
being shifted to the central and top corner parts of pore at longer wavelength of 650 nm
[Fig. 6(c)]. The enhancement of the electric field intensity between top and bottom layers
provokes the growth of A/ absorption from 7.5 to 12.5% for 650 nm [Fig. 4(c)]. Whereas, the
light is absorbed with strong dependence on the distribution of the electric field intensity
[Figs. 6(d) and 6(e)]: inside top metal layer with absorption maxima located where peaks of
electric field intensity take place.

Finally, the absorption of IMIM structure versus incident light angle is shown in Fig. 7.
Only slightly dropping is observed when the incident angle is from 35 to 70 degree. Small
(<5%) difference of the absorption between TE and TM polarization over incident angle range
from 0 to 90 degree.
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Fig. 7. Absorption profile of IMIM structure versus indecent light angle for the TE and TM
polarizations.

4. Conclusion

A new polarization-independent light trapping architecture made of nanopatterned ultra-thin
insulator-metal-insulator-metal (IMIM) architecture is designed and simulated. The IMIM
structure is able to absorb of 82.5% of visible light in a broad wavelength range of 300 to 800
nm. The absorption of top metal layer is about 15.5 times of the bottom metal. Moreover, it
shows weak incident angle dependence. The geometrical dimensions of IMIM design are
optimized. It was found that by using different top insulator layer, the plasmon resonance
response could be shifted more than 180 nm of wavelength in comparison with air (vacuum).
The structure can be applied for plasmonic device applications with improved performance.
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