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Theoretical investigation of vanadium oxide film
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This paper presents a method to design a surface microstructure of vanadium oxide to enhance
optical absorption. This method, using a density of eigenfrequency, can be calculated by a planar
wave expand method, to indicate the absorption efficiency of a dispersion material, which can be
used as an approach method for further design. Based on this, a nanostructure-based vanadium
oxide film is designed and simulated to validate this method. The simulation results show that the
tendency of density of eigenfrequency is corresponding to the tendency of optical absorption
enhancement. Moreover, this structure can achieve high optical broadband absorption when the ma-
terial dispersion is considered. High optical absorption enhancement can be achieved by adjusting
the geometrical parameters; our maximum overall enhancement absorption ratio was 31.84% at
the metal phase, which can be attributed to the enhancement effect of a photonic band edge.
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1. Introduction

Vanadium dioxide (VO,) is a metal—insulator transition (MIT) material which under-
goes a structural transition from an insulating phase to a metallic phase at 68°C [1].
A reversible phase change occurs on a sub-picosecond time scale [1, 2]. By virtue of
these characteristics, the material can be used in detectors, imaging devices, sensors,
switches, and other applications [3—7]. MANNING ef al., for example, proposed VO, as
a thermal material for smart windows [4]. YANFENG GAO et al. has also conducted
extensive research on this subject [5]. The low transparency and insufficient phase
-transition efficiency limit the application of VO,, however, especially in regards to
short-wave imaging systems or infrared (IR) detectors.

Electromagnetic absorption enhancement based on structured surfaces has received
a great deal of research attention in recent years [8§—10]. Controlling and manipulating
the spectral absorption properties of materials in the IR range are an area of particularly
active research; successful techniques could enable advances in applications such as
target recognition and IR imaging sensors [10]. KOCER et al. presented an infrared res-
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onant absorber based on hybrid gold-VO, nanostructures that can reach up to 96%
absorption [11]. Such demonstrated a metal-VO, film to enhance optical transmission
through subwavelength hole-arrays via temperature-controlled modulation, where the
transmitted intensity ratio increases by a factor of 8 as the VO, goes from the semicon-
ductor to the metal phase [12].

Recently, the use of surface microstructures for the enhancement of photon trap-
ping efficiency has been investigated at length [13—16] and many applications have
been proposed to improve the absorption efficiency of solar cells [17, 18]. Because
large in-plane optical resonance can appear at the photonic band edge (PBE), incident
light from the free space is coupled into the photonic band edge mode and longer in-
teraction time with the material is achieved; these factors enhance the optical absorp-
tion. Although many researchers have discussed the band structure, or absorption
spectrum, with dispersion materials, they mostly have used the finite-difference time
-domain (FDTD) method [14].

In this paper, we focus on a fast and convenient method to indicate the optical ab-
sorption enhancement of a microstructure surface based VO,. Since the slow Bloch
mode [16] exists in this structure, the incident light can couple into the microstructure
surface by resonance at the band edge. It is then trapped by the microstructure surface
to ultimately enhance absorption. We can consider the density of eigenfrequency (DoE),
existing at the photonic band edge (I” point), to indicate the absorption efficiency of
a dispersion material. Moreover, the DoE at /" point can be calculated by a planar wave
expand method, which is fast and convenient. This method is useful to design
a periodical structure as a preliminary proceeding for careful design with FDTD meth-
od or other full wave simulation methods. Based on this, a nanostructure-based vanadium
oxide filmis designed and simulated by FDTD method to validate our method. The meth-
od proposed here can be used in other VO, applications to enhance the absorption ef-
ficiency, such as high efficiency mid-IR to NIR conversion.

2. Theoretical investigation of PBE for dispersion material

The complex refractive index (n + ik) used in our model, as shown in Fig. 1, sits on
the VO, thin film in the wavelength range of 700 to 1700 nm. Considering the insulator
-to-metal (IM) transition of VO,, the index is given both in the insulator phase and in
metal phase. There is an obvious difference between these two states. The absorption
coefficient £ is larger in the metal phase than in the insulator phase, indicating a larger
infrared absorption at the metal phase.

To enhance the film absorption, a microstructure layer is designed to confine light.
A schematic diagram of the proposed structure, considering a microstructure film, is
depicted in Fig. 2. As shown in Fig. 2, the input light is incident from the z direction
and the surface microstructure film is placed at the xy plane. A layer of square-arrayed
VO, rods formed by a square lattice and cylinder as a unit cell is sculptured on the
surface of the VO, layer. The unit cell period is labeled as a and the VO, rod radius
is labeled as r.
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Fig. 1. Thereal (a) and imaginary (b) part of complex refractive index of VO, for insulator and metal phases.
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Fig. 2. Schematic diagram of VO, film surface microstructure.

The band structure of the square-lattice VO, rod, the insulator phase, is shown in
Fig. 3, using planar wave expand (PWE) method, where 7/a is set to 0.4. The vertical
axis represents the normalized frequency by the unit of a/A, where A represents the wave-
length. The horizontal axis shows the high symmetry wave vector points (M, I, K) of
the irreducible Brillouin zone (IBZ). At those points, the so-called band edge, waves
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Fig. 3. Band structure of the 2D square VO, rod microstructure in Fig. 2.
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Fig. 5. PBE modes for the lowest three frequencies.

propagating in different directions are coupled and a stand wave is formed [14]. The band
edge at /" is even more interesting, as it gives the in-plane coupling of light which can
exist in Bloch mode. The group velocities of the four lowest eigenfrequencies are plot-
ted in Fig. 4, where the group velocities at /" points are all zero indicating that the in-
cident frequency at /" points should be a standing wave in the microstructure. Four
PBE modes with the lowest three frequencies, marked by a square in Fig. 3, are plotted
in Fig. 5. PBE modes B and C have a standing wave field distribution with degenerate
orthogonal modes, and PBE modes A and D have standing waves with rotational elec-
tric fields. The standing wave indicates that incident light can be trapped perfectly
around these frequency points.

The refractive index of a dispersion material is altered with frequency and can be
exploited to achieve a wide band PBE mode absorber. It is difficult to calculate the
band structure of a dispersion material using PWE method. Considering the material
dispersion of VO,, we calculated the eigenfrequencies at /" points with PWE for each
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Fig. 6. The eigenfrequencies at I” point for a dispersion material (VO,).

material index (insulator phase of VO,), as marked with solid lines in Fig. 6. The re-
fractive index of VO, is marked with a dashed line in Fig. 6 and the eigenfrequencies
at I"point for a dispersion material can be found at the cross points. There are numerous
eigenfrequencies at /" point in the range from 800 to 1600 nm, implying that absorption
enhancement is strengthened in a wide frequency range.

The cross points of the eigenfrequencies (solid lines) and dispersion line (dashed line)
are: 1562.72 nm (1), 1385.43 nm (1), 1297.83 nm (2), 1124.96 nm (3), 1086.28 nm (2),
991.47 nm (2), 895.69 nm (1), and 881.31 nm (3); numbers in parentheses indicate the
number of eigenfrequency, which is defined as the number of cross points.

To determine the relation of the numbers of eigenfrequency at /" point and the en-
hancement of absorption, we define a new parameter as the DoE, denoted as p, in the
following equation:

p(d) = (1
where N is the number of eigenfrequency at the cross points, 4, is the wavelength at
the same eigenfrequency, and 4, , ; and 4, _ are the neighbor wavelengths of 4,

3. Results and discussion

3.1. Absorption enhancement of a microstructure film

The complex refractive index of VO, film is used here to calculate absorption charac-
teristics with the FDTD method, run in commercial software Lumerical. The optical
absorptivity is calculated by 1 —|T|—|R|, where T is the transmitivity and R is the
refractivity. The thickness of the VO, film is fixed at 400 nm, the height of the VO, rod
is set to 200 nm, and the lattice period a is set to 500 nm. Figure 7 shows a comparison
of the absorption ratio vs. the wavelength of a VO, thin film with or without micro-
structure patterns. The microstructure VO, film has higher absorption at insulator and
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Fig. 7. Absorption efficiency as function of wavelength for the VO, film with or without microstructure,
both insulator phase and metal phase are considered.
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Fig. 8. Enhancement ratio at insulator phase with surface microstructure (solid line, left axis) and DoE
(dashed line, right axis).

metal phase states in the NIR frequency range. The highest absorption ratio we observed
is 1100 nm for the insulator phase, as indicated by the DoE we calculated, which is
shown in Fig. 8.

The enhancement absorption ratio parameter # is defined to evaluate the impact of
structure parameters on the absorption

IlAle)dl——jiAﬁmxi)di
= (2)

n
[A () d2

where 4,,.(1) is the absorptivity for the film with surface pattern and Ag,,(4) is the ab-
sorptivity for the same film without surface pattern.
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3.2. Optimization of microstructure parameters

The microstructure is sensitive to the structure parameters and material index, so the
microstructure layer should be optimized in order to secure a high absorption. Here,
we focus our effort in searching for the best possible structure parameter to optimize
the results.

To make sure that the enhanced absorption region is in the NIR range, we fixed
ato 500 nm. This way, r affects the band structure and changes the absorption ratio A(4).
The overall enhancement ratio #, which shows the average enhancement absorption
in the frequency range between 700 and 1700 nm, can be calculated with Eq. (2).

The r is swept to find the highest #,. Here, the r is scanned from 25 to 225 nm by
a step of 25 nm; the 7, varies with 7/a as plotted in Fig. 9a. When r/a < 0.175, the 5, is
negative. This means that the frequency range of our interest is in the stop band and
the surface pattern reduces the absorption ratio. With careful design, the working con-
dition should be 7/a > 0.2. The maximum enhancement ratio (28.47% for the insulator
phase) can be obtained when r/a = 0.35 for both the insulator and metal phases.
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Fig. 9. Overall enhancement absorption ratio with structure parameter of microstructure pattern with »/a (a)
and with 4, (b). Insulator-to-metal (IM) transition is also considered.

Next, we consider the thickness of the microstructure /.. The 4, value changes from
100 to 350 nm by a step of 50 nm in our simulation (Fig. 9b). The impact of 4, is dif-
ferent from that of : the maximum #, diverges to different %, values for the insulator
phase, 4. = 300 nm with 5, = 27.97%, and metal phase, 4, = 200 nm with n, = 31.84%.

4. Conclusions

In this study, we investigated a method to indicate the optical absorption enhancement
of a microstructure surface based VO,. The DoE parameter, as an approximation meth-
od, is proposed to indicate the absorption efficiency of dispersion materials and the DoE
at /" point can be calculated by the planar wave expand method, which is fast and con-
venient. Based on this, we achieved a considerable absorption enhancement (maximum
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ratio of 31.84%) due to effects of the surface microstructure, and the enhancement spec-
trum is well agreed with the tendency of DoE. Following this, the structure parameter,
lattice rod radius, and microstructure pattern thickness were all optimized to achieve
these results. In the future, we plan to examine other microstructure patterns and further
improve other transport properties of the film microstructure. We hope that this work
will extend the use of VO, films in IR detectors and other applications.
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