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Abstract: Al-doped ZnO (AZO) can be used as an electrically tunable plasmonic material in the near
infrared range. This paper presents finite-difference time-domain (FDTD) simulations on total light
absorption (TLA) resulting from the coupling of a surface plasmon polariton (SPP) with Fabry-Pérot
(F-P) resonance in a three-layer structure consisting of an AZO square lattice hole array, a spacer, and
a layer of silver. Firstly, we identified that the surface plasmon polariton (SPP) that will couple to the
F-P resonance because of an SPP standing wave in the (1,0) direction of the square lattice. Two types
of coupling between SPP and F-P resonance are observed in the simulations. In order to achieve
TLA, an increase in the refractive index of the spacer material leads to a decrease in the thickness
of the spacer. Additionally, it is shown that the replacement of silver by other, more cost-effective
metals has no significance influence on the TLA condition. It is observed in the simulations that
post-fabrication tunability of the TLA wavelength is possible via the electrical tunability of the AZO.
Finally, electric field intensity distributions at specific wavelengths are computed to further prove
the coupling of SPP with F-P resonance. This work will contribute to the design principle for future
device fabrication for TLA applications.
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1. Introduction

Total light absorption (or perfect absorption) with zero reflection and zero transmission in
sub-wavelength thin layer stacks has been intensively studied for applications in metal coloring,
photodetectors, solar energy harvesting, lasers and other areas [1-11]. Total light absorption (TLA) can
be realized through the destructive interference of light reflected from the interface of multiple-layer
materials or through the critical coupling of resonances [12-23]. The refractive index of the dielectric
material in two-layer or three-layer dielectrics/metal stacks is carefully selected to meet the phase
condition of destructive interference [9-11]. Although extra processing steps are needed for the
fabrication of patterned dielectrics/metal film, the selection of the refractive index of the material for
the realization of TLA in patterned dielectrics/metal film becomes less strict due to the coupling of
structural resonance. Phase change materials such as VO, and Ge,Sb,Tes (GST) can be used to meet

Photonics 2017, 4, 35; doi:10.3390/ photonics4020035 www.mdpi.com/journal/photonics


http://www.mdpi.com/journal/photonics
http://www.mdpi.com
http://www.mdpi.com/journal/photonics

Photonics 2017, 4, 35 20of 11

the phase condition for the destructive interference required for TLA or used to achieve a tunable
TLA [24-28].

On the other hand, plasmonic TLA in metal-insulator-metal (MIM) stacks has become a new
research direction due to its applications in solar energy harvesting [2-7,29-31]. The second reason for
the research interest is that the plasmonic TLA can be realized using a lossless insulator in MIM stacks,
reducing the material selection restriction [2-7,29]. The periodically patterned MIM can be used to
couple incident lights with the surface plasmon to form a surface plasmon polariton (SPP) under the
condition of momentum conservation [2-6]. Pattern periodicity, hole size, and material properties can
be used to tune the TLA wavelength due to the fact that TLA can happen near the SPP wavelength [4].
A broadband TLA can be achieved by multiplexed plasmon resonances in metal dual-lattices [2,3].

The optical properties of plasmonic and optical devices in semiconductors and transparent metal
oxides can be tuned by altering their carrier concentration through voltages or heat [20,32—41]. Very
recently, indium tin oxide (ITO) and Ga-doped ZnO have been used to realize tunable TLA [33—41].
From the material side, ITO and Ga or Al-doped ZnO (AZO)-based transparent metal oxide exhibits
tunable optical properties that can be thermally, electrically, or optically switched [33—41], and
is compatible with standard complementary metal-oxide-semiconductor (CMOS) fabrication and
integration procedures [40,42]. Furthermore, TLA can also be achieved near the epsilon-near-zero
regime in ITO [33-36].

However, TLA in AZQO in the photonic, epsilon-near-zero and plasmonic regimes has not been
reported. The tunability of TLA in AZO under voltages is unknown, and needs to be studied for
potential applications in tunable color filters, wavelength selective photo-detectors, and resonance
cavity tuning in plasmonic lasers. In this paper, we present systematic simulation results on the TLA
in AZO square lattice hole array/dielectrics/metal stacks in the plasmonic regime of AZO. The square
lattice holes in AZO are used to not only couple the light to SPP, but also to select the SPP wavelength
for the study of the structural resonance coupling. The mechanism of TLA due to the coupling of
SPP and F-P resonance is fully studied, which can be applied to the study of plasmonic lasers. The
tunability of an AZO-based plasmonic TLA is verified in the simulation.

2. Simulation Methods

In this paper, the simulations were performed on a thin film of AZO patterned with cylindrical
holes in a square lattice array. The parameters for the hole arrays were the same as those fabricated by
this group in previous work [42], with a period of square lattice set to be 1528 nm; a hole diameter of
889 nm and an AZO thickness of 117 nm. The simulations on the transmission or reflection spectra
were performed with the finite-difference time-domain (FDTD) method, using an MIT open source
software package MEEP [43]. Accuracy of the simulation was verified by first reproducing the spectra
of the second figure in the reference authored by Wu et al. [44]. For the simulations, a normal incident
Gaussian wave was used, which propagated in the —z direction with the electric field polarized
parallel to the (0,1) direction or in the (1,1) direction of the square lattice. The dielectric function of the
AZO layer in the simulation was obtained through a characterization of AZO film by spectroscopic
ellipsometry, detailed in our previous paper [42], by fitting the Drude-Lorentz oscillator model in
Equation (1) to the ellipsometry data.
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The model parameters in Equation (1) for AZO were as follows: the background permittivity
e = 3.358, the unscreened plasma frequency w;, = 1.450 eV, the carrier relaxation rate I', = 0.139 eV,
and f1 = 0.701, representing the strength of the Lorentz oscillator with center frequency w; = 2.253 eV
and relaxationI'y = 0.688 eV. The model parameters for metals were obtained from published data [45].
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The thickness of the metal was 100 nm. The spacer was a dielectric material and the refractive index of
the material was used in the simulation.

Because of the back metal mirror, the transmission T is zero. In the simulation, the reflection R from
the AZO/spacer/metal stack was simulated and plotted. Because the absorptionis A=1—-T — R,
a zero reflection means a condition of TLA (A =1 when T =R =0).

3. Results

3.1. Verification of SPP Standing Wave

The SPP origin is studied in this section. In our previous study [42] on AZO square lattice hole
arrays, the transmission dip around 3400 nm (shown as solid black squares in Figure 1a,b) was assigned
to the SPP standing wave resonance in the (1,1) direction. To further test the resonance mechanism,
simulations were done by introducing another set of smaller holes into the larger hole (size = 889 nm)
arrays to form a super-lattice, as shown in the insets of Figure 1a,b. The smaller holes were used
to block the SPP standing wave in the (1,1) direction. When the holes were as small as 100 nm in
diameter, there was minimal change when comparing the transmission spectra with the (1,0) or (1,1)
polarizations to the AZO pattern without the smaller holes. This resonance dip position and depth
remained unchanged because the smaller holes were at the nodes of the SPP resonance.
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Figure 1. Simulations of transmission spectrum through super-lattice hole array in Al-doped ZnO
(AZO) for light polarization in the (1,1) direction (a) and in the (1,0) direction (b). A smaller hole is
introduced in the unit cell of the bigger hole array, as shown in insert indicated by dashed red squares.
The colored numbers near the solid black arrow indicate the diameter (in nm) of the smaller holes used
for each simulation respectively; (¢) Computed E-field intensities at two wavelengths of 2881 nm (c1)
and 3400 nm (c2) with a polarization in (1,0); (d) Computed E-field intensity in the dual hole structure
with a polarization in (1,0).

As the hole diameter is increased, the resonance dip becomes smaller, as shown in Figure 1a,b.
When the hole size is increased to 350 in Figure 1a or 400 nm in Figure 1b, the SPP resonance path in
the (1,1) direction is blocked; thus, the dip at 3400 nm disappears while a weak dip around 2900 nm
becomes visible. Further study presented in the next section will assign the dip around 2900 nm
(at 2881 nm in the next section) to a SPP resonance in the (1,0) or (0,1) direction. Such a mode
assignment can be confirmed by the computed electric-field (E-field) intensities at the AZO/glass
interface at the wavelength of 2881 nm in Figure 1c1 and 3400 nm in Figure 1c2 for source polarization
in (1,0) for structures without the small holes. The E-field intensity for 3400 nm has a distribution
along the diagonal direction (in the (1,1) direction), while E-field intensity has a distribution in the (1,0)
direction for 2881 nm. When small holes with a size of 400 nm are incorporated in the structure, the
E-field intensity does not have a distribution along the (1,1) direction.
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3.2. Coupling of SPP with F-P Resonance for TLA in Two Cavity Lengths

The mechanism of SPP coupling with F-P resonance is studied in this section. Figure 2a shows a
simulated reflection spectrum from the square lattice hole array (without small holes) in a configuration
of an AZO square lattice hole array/SiO, spacer/silver/glass stack with SiO, spacer thickness = 550,
620, 700 and 900 nm. The cross-section of the stack is shown as an insert in the figure. The thickness of
AZQ is 117 nm. With the spacer thickness = 900 nm, a broad reflection peak centered around 2881 nm
was observed due to light coupling to the SPP in the (1,0) or (0,1) direction and being reflected by the
silver film. This observed coupling can be understood by Equations (2)—(4), which are given below
and denote the conditions for the coupling of the normal incident light into in-plane modes and for
the formation of SPP standing wave, respectively:

A neff =V 24+m2A (2)
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where A is the lattice period, A the wavelength, p the integer number, | and m diffraction indices,
¢ the phase shift due to the reflection, n.y the effective refractive index as defined in Equation (4),
and e4zp and & the dielectric constants of the AZO and the spacer, respectively. Using A = 1528 nm
(the period of square lattice fabricated [42]), p = 2 (2 accumulates as SPP propagates through one
period of lattices), ¢ = 0, (I,m) = (1,0) or (0,1) for diffraction direction, the calculated SPP resonance
wavelength is at 2876 nm, very close to the reflection peak wavelength at 2881 nm.
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Figure 2. (a) Simulated reflection spectra from a stack of AZO hole arrays/spacer/silver for a spacer
thickness of 550, 620, 700 and 900 nm. Total light absorption (TLA) is achieved when a surface plasmon
polariton (SPP) couples with the F-P resonance in zig-zag fashion, as shown in the inset; (b) Simulated
reflection spectra for a spacer thickness of 475, 490, and 510 nm. The coupling of SPP with F-P resonance
occurs at a shorter cavity length than in the case in (a), as shown in the insert. When the thickness is
decreased to 400 nm, off-resonance appears.

As shown in the insert in Figure 2, F-P resonance can form between the AZO and the silver film.
F-P resonance can be described in Equations (4) and (5) for the cavity length in Figure 2a,b, respectively:

2
F-P Cavity Length = FPCL = 2 ([2\) + d? (5)

F-P Cavity Length = FPCL = 2d (6)
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where d is the thickness of the spacer. When d = 900 nm, SPP is completely off-resonant with the F-P
resonance. When the thickness of the spacer is decreased from 900 nm to 700 nm, the reflection dip
appeared due to the coupling of SPP and F-P resonance, but they are slightly off-resonant, as shown
in Figure 2a. The same phenomenon happens for d = 550 nm. When d = 620 nm, zero reflection
(thus TLA) happens around the wavelength of 2881 nm, due to the in-resonance coupling of SPP and
F-P resonance with cavity path described by Equation (5) and shown in the inset of Figure 2a. From
the spectra shown in Figure 2b, it is seen that the TLA condition is also met for a spacer thickness of
510 nm. For this spacer thickness, zero reflection happens around the wavelength of 2723 nm, due to
the in-resonance coupling of SPP and the F-P resonance with cavity length described by Equation (6)
and shown in the inset of Figure 2b. Slight variations away from the coupling resonance show slight
variation from TLA, as seen by the reflection spectra with a spacer thickness of 475 nm and 490 nm.
The spectra is completely off-resonant and no TLA is achieved when a spacer thickness value of 400 nm
is used.
The formation of the F-P resonance needs to satisfy the following equation [46]:

27T
FPCL I Nspacer = M T+ @Ptop + Ppottom » M =1,2,3... )

where m is an integer number, @to, and @0 are the additional phase shifts due to the reflection at
the top and bottom surfaces of the spacer, respectively. For TLA to occur, SPP and F-P resonances must
couple and simultaneously satisfy Equations (3) and (7). The phase shifts due to the top and bottom
surfaces can be expressed in terms of the index of refractions and penetration depths, 5, into AZO and
silver surfaces respectively: ¢rop = +(2 71/ A) X naz0 X daz0 and @pottom = +(2 7T/A) X nag X Sag.
The penetration depths in the AZO or silver is given by:
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where ¢, and €, 4 g are the real permittivity of the dielectric spacer and conductive material
(AZO or silver). Based on the Equations (3)—(8), the TLA wavelength in Figure 2a,b can be predicted
to occur at 2828 and 2786 nm, respectively.
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3.3. Refractive Index-Dependent SPP Coupling with F-P Resonance

The coupling mechanism in Equations (3)—(7) can be further tested. When the refractive index n
of the spacer is changed, the effective refractive index in Equation (3) for SPP at the interface of the
AZO and the spacer will be shifted, and SPP wavelength will also be different. In order to achieve the
coupling of SPP and FP resonances, the thickness of the spacer needs to be varied to meet the condition
imposed by Equation (7). The reflection spectra near 4000 nm wavelength for the in-resonance coupling
in Figure 2a look completely different from those in Figure 2b, helping us determine whether to use the
cavity length in Equation (5) (zig-zag cavity) or Equation (6). Figure 3 shows the simulated reflection
spectra of the patterned AZO/ dielectric spacer/silver stack, where TLA occurs at wavelength, A, of:
2785 nm, 2881 nm, 3021 nm and 3136 nm for different refractive indexes: n = 1.4, 1.5 (silica grass),
1.64 (Al,O3), and 1.7, respectively, for the zig-zag cavity. From the simulation, the thickness of spacer
was found to be 665, 620, 590 and 580 nm for each spacer with a different refractive index #, as labeled
in Figure 3.

Table 1 gives a cumulative summary of simulated TLA wavelengths from Figure 3, as well as
calculated TLA wavelengths using Equation (7) for four refractive index values for the dielectric spacer.
The penetration lengths into the AZO and silver used to determine the phase shift are given for each
wavelength. From Table 1, the simulated TLA wavelength is very close to the calculated number using
the F-P resonance, indicating the coupling of SPP and the F-P cavity.
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Figure 3. Simulations of the reflection spectrum of patterned AZO thin film separated from a thin film
of silver by a spacer with an index of refraction n = 1.4 (purple), 1.5 (blue), 1.64 (red) and 1.7 (black).
Total light absorption occurs at wavelength A when the thickness of the spacer material meets the F-P
condition for different indexes of refraction.

Table 1. Optical properties of multi-layer structures, SPP wavelength and F-P wavelength.

Refractive Index of Spacer 1.4 1.5 1.64 1.7
Simulated dip wavelength (nm) 2785 28811,27232 3021 3135
Penetration in AZO (nm) 145 14,711,432 142 141

Penetration in silver (nm) 24 241 242 24 24
Calculated F-P wavelength (nm) 2719 28281 27862 3037 3125
Spacer thickness (nm) 665 6201,5102 590 580

L F-P cavity (zig-zag) length from Figure 1a; 2 F-P cavity length from Figure 1b.

3.4. Effect of Metals on TLA

The metal choice can affect the TLA result because of the different losses that SPP experiences.
Simulations in which the metal was varied in the AZO/SiO; spacer/metal/glass stack structure are
shown in Figure 4a,b. It can be seen that the TLA wavelength is not impacted with the use of gold,
coppet, aluminum, and is only minimally impacted when using nickel and chromium in comparison
to using silver as the metal layer. This justifies the use of a more cost-effective metal without altering
the TLA wavelength. Figure 4c shows the normalized reflection from the AZO/SiO; spacer/perfect
electric conductor stack structure. The wavelength of the TLA is at 2800 nm. The TLA location is
moved to a lower wavelength than 2881 nm, as predicted by the theory.
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Figure 4. Simulations of the reflection spectrum of the patterned AZO, glass spacer and metal film
stacks for a group of metals of aluminum, copper and gold (a); a group of metals of chromium, nickel
and silver (b); and when the metal is replaced by perfect electric conductors (c).
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3.5. Tunable TLA in AZO

One of the motivations for using AZO for the TLA structure is its potential application for tunable
TLA, as studied in this section. The carrier concentration of AZO has been shown to be electrically
tunable or thermally tunable via voltage biasing [39,40]. This change in carrier concentration is seen
as a change in plasma frequency for AZO that effects the value of its permittivity and therefore the
effective index of refraction, as described by Equation (9).

| Ne?
CUp - m*EO (9)

where e is the electron charge, m* the effective mass and g; the dielectric permittivity of vacuum.

Under heat, the plasma frequency of the whole layer of AZO can be changed [39]. Figure 5a
shows the simulated reflection spectrum of the AZO/SiO, spacer/silver/glass stack for two different
values of plasma frequency in an AZO film with a thickness of 117 nm. The spacer thickness remained
constant at 620 nm for each simulation. When the plasma frequency is 1.45 eV, the TLA wavelength
is 2881 nm; but when the plasma frequency is changed to 1.65 eV, the dip wavelength blueshifts to
2694 nm.

Under negative voltage bias, the carrier concentration will continuously increase for the region
close to the interface of the AZO/glass, as governed by Poisson’s equation [40]. In the simulation
shown in Figure 5b, we assume the plasma frequency is changed to 1.65, 2.2 and 2.5 eV in 10 nm
AZO close to the interface, while the plasma frequency is kept at 1.45 eV for the remaining part of the
AZO layer with a thickness of 117 — 10 = 107 nm. The TLA is observed for all plasma frequencies
and the TLA wavelength is blueshifted. However, the shifting is smaller than that in Figure 5a. These
simulation results clearly indicate a tuning capability of AZO in TLA applications.
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Figure 5. (a) Simulations of the reflection spectrum of a patterned AZO/glass spacer/metal thin
film stack for a plasma frequency wp of 1.65 eV (blue line) and 1.45 eV (red line) for the AZO;
(b) Simulations of the reflection spectrum from patterned AZO/glass spacer/metal when the plasma
frequency is changed to 1.65, 2.2 and 2.5 eV for 10 nm AZO near the AZO/glass interface while
the plasma frequency is kept at 1.45 eV for the remaining part of the AZO layer with a thickness of
117 — 10 = 107 nm; (c) Simulations of the reflection spectrum with the plasma frequency of 1.45 eV, but
with different incident angles of 0, 10, 15, and 30°.

4. Discussion

In this study, SPP wavelength is determined by AZO and dielectric spacer properties but is not
changed by the metallic layer, probably due to the lower loss in the infrared range for SPP to propagate
along the AZO/dielectrics interface when compared to conventional metals. We did not observe
coupling-induced absorption band splitting [35]. This might be due to the dominating F-P resonance
in the dielectric spacer for the TLA [47].

We further studied the TLA for the oblique incidence. The plane wave source was used in the
simulation. The simulated reflection spectra are shown in Figure 5c for incident angles of 0, 10, 15 and
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30°. The TLA occurred for all incident angles in the figure. For 10 and 15°, the TLA wavelength barely
changed from that at 0°, however, the wavelength for TLA location blue-shifted for the incident angle
of 30°.

The on-resonance, off-resonance, and completely off-resonance couplings of the SPPs in AZO
with the F-P resonances in the glass spacer layer were illustrated by the simulation spectra in Figure 2a.
These couplings can be further verified by the E-field intensity distribution at a specific wavelength.
At 2881 nm with a spacer thickness of 620 nm, as shown in in Figure 2a, TLA occurred due to the
on-resonance coupling, and the E-field intensity was very strong as shown in Figure 6a. At 2300 and
3400 nm, away from the TLA wavelength as depicted in Figure 2a, E-field intensities became much
weaker in Figure 6b,c than in Figure 6a, due to the off-resonance of SPP with F-P resonance. Even at
2881 nm with a spacer thickness = 900 nm, the E-field intensity was very weak, as shown in Figure 6d,
due to the complete off-resonance of SPP with F-P resonance. These E-field intensity distributions,
together with the simulated spectra, provide proofs of the coupling of SPP with F-P resonance.

On Resonance at 2881 nm Off Resonance at 2300 nm Off Resonance at 3400 nm Completely off Resonance at 2881 nm
(Spacerthlckness 620 nm) (Spacer thickness=620 nm) (Spacerthlckness =620 nm (Spacer thickness=900 nm)

E - ngh

Figure 6. Computed E-field intensity distribution inside the spacer layer in the AZO hole

(

array/spacer/silver stack: (a) Mode profile at 2881 nm for the on-resonance case with the spacer
thickness = 620 nm; (b) Mode profile for off-resonance cases at 2300 nm and (c) at 3400 nm with the
spacer thickness = 620 nm; (d) Mode profile at 2881 nm for the completely off-resonance case with the
spacer thickness = 900 nm.

Our studies also indicate potential AZO applications in post-fabrication tuning of plasmonic
devices, such as an “on” and “off” switches if used for a detector and tuning lasing action in plasmonic
lasers [48]. In a traditional laser such as an Ar ion laser, the cavity length can be adjusted to achieve
the coupling of the F-P cavity mode with the active medium emission. For an AZO plasmonic device,
the patterned AZO and spacer thickness is fixed after fabrication. Therefore, instead of changing the
F-P cavity length, the AZO can be electrically tuned to couple the AZO SPP with the F-P cavity. Future
research can be narrowed to work on a plasmonic system with stack structure of AZO/active lasing
medium/metal for an interesting application in plasmonic lasing.

5. Conclusions

In summary, TLA in the infrared range has been simulated using AZO as a plasmonic material.
TLA has been explained in terms of resonance coupling of the F-P mode with SPP through systemic
simulations and theoretical calculations. Computed E-field intensity distributions, together with
the simulated reflection spectra, have provided proofs of the coupling of SPP with F-P resonance.
The electrical tuning capacity of an AZO plasmonic device has also been demonstrated in simulations.
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