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Abstract: An ultra-thin perfect absorber for deep ultraviolet light was realized using an
Al/TiO»/AIN system. The TiO, thickness was optimized using the Fresnel phasor diagram in
complex space to achieve perfect light absorption. As a result of the calculation almost perfect
absorption into the TiO; film was found, despite the film being much thinner than the wavelength.
An optimized Al/TiO,/AIN system was fabricated, and an average absorption greater than 97%
was experimentally demonstrated at wavelengths of approximately 255-280 nm at normal light
incidence. Our structure does not require nanopatterning processes, and this is advantageous for
low-cost and large-area manufacturing.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Deep ultraviolet (DUV) light (light at wavelengths (1) of approximately 200-300 nm) is suitable
for biological and chemical sensing applications owing to its strong interaction with molecules in
DNAs and harmful gases [1-3]. Sunlight does not include a DUV component, owing to light
absorption in the ozone layer [4]. This allows DUV light to achieve a high signal-to-noise (S/N)
ratio in sensing applications. Sensitive DUV light detection devices, such as photodetectors
that absorb DUV light efficiently and convert its intensity to a photocurrent, are essential for the
development sensing applications. A perfect absorber that operates in the DUV region plays a
critical role in these devices.

The light absorption rate (A) is defined as 1 — transmittance (7)) — reflectivity (R). Perfect
absorption occurs when 7 and R vanish simultaneously. An optical material with a high absorption
coefficient attenuates 7, but such materials invariably have a highly reflective surface. This is a
fundamental issue for the development of perfect optical absorbers. Recently, a new concept for
perfect absorbers was proposed using metasurfaces with subwavelength structures [5-20]. The
surfaces allow arbitrary control of the optical response, such as R, T, and A at a certain wavelength,
via electric or magnetic dipole resonances. Large absorptions have been demonstrated in the
ultraviolet to microwave wavelength regions using metal split rings [5—7], helix-metal structures
[8], metal-dielectric-metal nanostructures [9-13], nanodisks [14,15], nanoparticles [16—18],
and nanoblocks [19,20]. Metals and dielectrics composing meta-structures tend to possess a
large extinction coefficient in the DUV region [21-23], weakening such electric and magnetic
resonances, thus preventing perfect absorption characteristics.

Perfect absorbers have also been demonstrated by stacking thin films [24-38]. There are many
classical examples, such as the Dallenbach absorber [24]. The absorber is composed of a 1/4
dielectric film with slight loss on a perfect electric conductor (PEC) substrate. Incident light
is fully reflected by the PEC and transmitted light vanishes. The A/4 dielectric film acts as an
anti-reflective coating owing to the destructive interference of the thin film. When 7" and R vanish
simultaneously, the lossy dielectric film fully absorbs the energy of the irradiated light. Based
on the concept of destructive interference, several groups recently realized ultra-thin perfect
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absorbers in the visible and infrared regions using highly lossy films of materials such as Ge and
Si on metallic grand planes [30-38]. Owing to the moderately large refractive indices (n) and
extinction coefficients (k) of these films (n ~ k), the Fresnel coefficients of each layer are complex
values far from the real axis of the complex space. The phasor diagram of the Fresnel coefficients
in the complex space enables destructive interference with a lossy film of much smaller thickness
than A [30-38]. For example, this unique destructive interference demonstrated greater than
98% absorption of light energy into ultra-thin highly lossy films in the visible wavelength region
[32]. However, the values of k for typical highly lossy films become too larger in the DUV
region than those in longer wavelength regions [21,22]. Such overly large values of k prevent
destructive interference owing to the abrupt refractive index contrast to air. Moreover, n and
k values of most metals, such as Au, Ag, and Al, decrease in the DUV region owing to their
plasma frequencies. Thus, the destructive interference condition is hard to satisfy due to the
index mismatch between highly lossy films, metals and incident media (typically air). This is a
basic issue for the realization of perfect DUV absorption in ultra-thin, highly lossy films.

In this paper, the problem specific to the DUV region was firstly overcame by the combination
of the large n and transparent cover layer and highly lossy but not so large » and k film. We
proposed an ultra-thin DUV perfect absorber with an Al/TiO; (highly lossy)/AIN (large ) system.
The novel combination of Al, TiO,, and AIN can relax the complex refractive index contrast
and successfully achieve destructive interference in ultra-thin lossy film in the DUV region. The
calculated phasor diagram in complex space of the Fresnel coefficients indicates that 7 and R
vanish because of multiple reflections in the optimized AI/TiO,/AIN system owing to the relaxed
refractive index contrast at the AIN/TiO; interface. The fabricated Al/TiO,/AIN system achieved
97% absorption in the DUV region (1 =255-280 nm). Finite-difference time-domain (FDTD)
calculation results also clarified that the TiO, film fully absorbed most of the incident light
energy, despite the TiO, thickness being much thinner than the incident wavelength.

2. Design and optimization of AIN/TiO,/Al ultra-thin DUV absorber

In this section, we explain the design and optimization of the proposed ultra-thin DUV absorber.
Figure 1 shows the schematic of the proposed absorber. Our proposed system comprises a
transparent cover medium (medium 1), highly lossy ultra-thin film (medium 2), and metal
grand plane (medium 3). The complex refractive indices of the cover medium, lossy film, and
ground plane are ny + k11, np + ki, and n3 + k3i, respectively. For simplicity, we assumed that
the thicknesses of the cover medium and grand plane were semi-infinite. The thickness of the
lossy film is denoted as h;. The incident light enters in the direction from medium 1 to medium
3. Here, it is valid to consider that 7" of the proposed structure becomes zero because of the
semi-infinitely thick metal grand plane. In this case, the incident light is confined to the lossy film
when reflection is canceled. Consequently, the energy of the incident light is perfectly absorbed
by the lossy film.

When incident light enters the proposed structure, it is partially reflected at each interface.
Multiple interferences of the reflected light occur inside medium 2. Consequently, the field
Fresnel reflection coefficient (r) of the proposed structure is given by:

Lo Tt r23exp(2B2hai)
1 + ri2ra3exp(2p2hai)

ey

where 7,4, indicates the field Fresnel reflection coefficient from medium a to b. The symbol 5,
denotes the vertical wavenumber in medium 2. The cancellation condition of the reflection is
obtained when the numerator in Eq. (1) becomes zero. If the refractive index of the lossy medium
has a moderately large complex value (i.e., k; is close to ny), the Fresnel reflection coefficient of
r12 is located in the complex space far from the real axis. A conceptual diagram of cancellation
in a complex space is shown in Fig. 2.
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Fig. 1. Proposed DUV absorber with three materials. The thickness of medium 2 is denoted
as hy. The thicknesses of medium 1 (cover layer) and medium 3 (reflective grand plane) are
semi-infinite. The incident light enters in the direction from medium 1 to medium 3.

This gives the alternative cancellation condition of R not only near the real axis (this condition
corresponds to the traditional anti-reflection coating in Fig. 2) but also in complex space far from
the real axis. This condition reduces R to zero, i.e., perfect absorption despite the significantly
smaller thickness of the lossy medium [30-38]. However, the imaginary parts of the refractive
index of highly lossy materials, such as Si and Ge, are significantly large for DUV wavelengths,
for example, the complex refractive indices of Si and Ge are respectively 2.0267 +4.7117i and
1.7394 + 3.9881i at A =270 nm [22]. When the cover medium is air, the Fresnel reflection cannot
be canceled because of the excessively large complex refractive index contrast between air and
the lossy medium.

Imaginary part

a

Traditional
anti-reflection coating

— Real part

7
%7 rosexp(2hsi)

Destructive interference
of highly lossy film

Fig. 2. Conceptual diagram of destructive interference in complex space. The solid and
dashed arrows indicate 717 and rp3exp(28,hi), respectively.

To relax the refractive index contrast, we proposed AIN, TiO,, and Al as the cover layer,
highly lossy film, and metal grand plane, respectively. Al is reflective (0.21643 +3.1891i at
A =270 nm, large k and small n) and almost fully reflects the incident light [39]. TiO; is highly
lossy but has not so large n and k values (2.8469 + 1.4600i at A=270 nm: k is comparable
to n) at 4 =200 to 300 nm wavelength regions whereas it is transparent (k becomes close to
zero) at longer wavelength [23]. This dispersion of TiO, refractive index is suitable for several
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functionalities, for example visible and infrared blind DUV detection. On the other hand, an
AIN has a large n value with high transparency (2.3344 + 0i at A =270 nm: large n and almost
zero k) at the broadband wavelength region including DUV wavelength [40]. Thus, the complex
Fresnel reflection coefficient r;, at the TiO,/AIN interface becomes the same order amplitude
for the multiple reflections inside TiO, (ry3exp(2B2h»i)), and both phases approach to almost
anti-phase in complex space. As a result, DUV perfect absorption can be achieved despite of
much thinner thickness of TiO, than the wavelength. Based on the concept mentioned above, we
first optimized the thickness of TiO, film.

Figure 3 (a) shows the analytical TiO, thickness dependence of the normal reflectivity (4 =280
nm) for the Al/TiOy/air and Al/TiO,/AIN structures. When the cover layer is air, multiple
interferences in the Al/TiO»/air structure cause reflectivity dips at a TiO; thickness of 12 nm.
However, 11.6% of the reflectivity remains at the dip owing to the high refractive index contrast
between TiO, and air. Conversely, a dip in reflectivity of the Al/TiO,/AIN structure was found
at a TiO, thickness of 17 nm. The dip reflectivity decreases almost to zero (0.33%), and the
reflection is considerably suppressed by the multiple interferences of the Al/TiO,/AIN structure.
To reveal the role of the AIN cover medium in more detail, we calculated the phasor diagram
of the field Fresnel reflection coeflicients of the Al/TiO,/air and Al/TiO,/AIN structure for
minimized R conditions. Figure 3 (b) shows the phasor diagram of 1 and ry3exp(282h,i) in the
Al/TiOy/air and AI/TiO,/AIN structures (see Eq. (1)). The dashed and solid vectors represent the
Fresnel reflection coefficients in the Al/TiO,/air and Al/TiO,/AIN, respectively. For Al/TiO/air
structure, the diagram indicates that the reflection amplitude at the TiOy/air (r}) is larger than
the multiple reflections inside the TiO, layer ((r23exp(282h21))). In contrast, the reflection r, of
Al/TiOy/AIN is almost anti-phase and the same amplitude for its multiple reflections inside the
TiO, layer (r3exp(2B2hoi)). As a result, the reflection of the structure is highly suppressed, and
near-perfect absorption (> 99%) can be achieved despite the ultra-thin TiO; film.
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Fig. 3. (a) Calculated TiO;-thickness dependence of normal reflectivity of Al/TiO,/air and
Al/TiO»/AIN structure. (b) Phasor diagram of the field Fresnel reflection coefficient in the
optimized Al/TiO,/air and Al/TiO,/AIN.

Using the FDTD method, we simulated the electromagnetic field distribution within the
optimized Al/TiO,/AIN structure for a perfect absorber, i.e., the thickness of TiO, was 17 nm.
The FDTD simulation model is shown in Fig. 4. In the simulation, the incident plane wave
propagates from the AIN side. We used periodic boundary conditions (PBCs) for the x- and
y-directions and assumed that the multilayers infinitely repeat in the in-plane directions. For
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the z-direction, we used perfectly matched layers (PMLs), which did not reflect at the surface
and attenuated the amplitude of the light entering the PML. Hence, the thicknesses of AIN
and Al were assumed to be semi-infinite. The time and spatial grids in this calculation were
3.33x 107!2 s and 2 nm, respectively. The reflected light intensity was detected using a power
monitor placed behind the light source.

Light source

. Plane wave

Fig. 4. FDTD field calculation model for the optimized Al/TiO,/AIN.

Figure 5(a) shows the calculated normal reflection and absorption spectra of the optimized
Al/TiO/AIN structure with hy = 17 nm. We neglected the transmitted light and defined it as the
absorption A = 100 — R, because a sufficiently thick Al substrate reflects most of the light and
attenuates the transmitted light to zero. The solid curves and open circles indicate the Fresnel
and FDTD-calculated spectra, respectively. Figure 5(a) exhibits excellent agreement between the
spectra calculated using the Fresnel formula and FDTD. The spectra show that normal reflection
from A =250 to 300 nm was highly suppressed, and the average reflectivity was less than 1.98%.
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Fig. 5. (a) Calculated normal reflection and absorption of the designed Al/TiO,/AIN.
The thickness of TiO; is 17 nm. (b) Distribution of absorption per unit time and volume
(A=290nm).
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This low reflectivity provides high absorption (> 95% at A2 = 250-300 nm), with a maximum of
99.8%. Figure 5(b) shows the spatial distribution of the absorption per unit time and volume
under the highest absorption condition. The spatial distribution indicates that most of the light
is absorbed into the ultra-thin 17 nm TiO; layer, although the light penetrated slightly into Al
Thus, the DUV absorption predominantly originates from a TiO, layer that is much thinner than
the wavelength. Light absorption into ultra-thin planar absorbers is of considerable benefit from
the perspective of the high photocurrent density generation of the photodetector.

3. Results and discussion

An optimized Al/TiO,/AIN system was fabricated on a c-sapphire substrate. Figure 6 shows the
schematic of the sample. To obtain a high-quality thick AIN layer, we employed a metalorganic
vapor-phase epitaxy technique [41]. The thickness of the grown AIN layer was approximately
2.7 ym. Ultra-thin TiO; and thick Al films were deposited by electron beam evaporation at a
chamber pressure of 3 x 107 Pa. The sapphire substrate was then mechanically polished to
obtain a specular surface. A scanning electron microscopy (SEM) image of the cross-section of
the fabricated sample is shown in Fig. 7. Figure 7(a) shows the overall view of the fabricated
Al/TiO,/AIN sample on the sapphire substrate. Figure 7(b) shows an enlarged image near the
TiO,/AIN interface. The thicknesses of the evaporated Al and TiO, were approximately 100 and
17 nm, respectively.

c-sapphire substrate

Fig. 6. Schematic of the fabricated sample of Al/TiO,/AIN.

(b)

100 nm Al

c-sapphire

- v P .
500 nm
S4700 5.0KY 5,8mm 5100k SE(U) —

Fig. 7. (a) SEM image of the overall fabricated Al/TiO,/AIN sample on c-sapphire. (b)
Enlarged SEM image near the Al-TiO, interface.

S4700 5.0kV 5.9mm x10.0k SE(U)
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The absorber performance of the fabricated sample was measured. Figure 8 shows the
measurement system used to evaluate the absorption characteristics of the sample. A light-
emitting diode (LED) with a peak wavelength of 265 nm and full width half maximum of 14 nm
was used as the light source. The LED emission propagated along the optical fiber and normally
entered the fabricated sample from the polished sapphire side.

—

DUV-LED

Spectrometer

Polished surface

c-sapphire

AIN

TiO,
Al

Fig. 8. Measurement system for reflection spectra of the fabricated sample.

The reflected light intensity was measured using a spectrometer (Flame, Ocean Photonics Co.).
The measured reflection, transmission, and absorption spectra are shown in Fig. 9. We verified
that the intensity of the transmitted light through the sample was significantly attenuated and
vanished, as shown in Fig. 9 (green solid line). Thus, we defined the absorption of the sample
as the 100-reflectivity. The sample ‘s reflectivity was evaluated using a commercial dielectric
multilayer mirror for DUV (TFMS-25.4C05-2/4, Sigma Co.).
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Fig. 9. Measured reflection, transmission, and absorption spectra of the fabricated sample.
The solid and dashed lines represent experimental and calculated results, respectively.
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The solid and dashed lines (blue and red) in Fig. 9 represent the experimental and calculated
spectra, respectively. The reflection was highly suppressed in the wavelength range from 255
to 280 nm, and the average of the experimental reflectivity was less than 3%. As a result, the
fabricated sample absorbed 97.4% of the incident light on average, and with maximum absorption
of 97.6% at A =276 nm. The measured reflection and absorption characteristics of the sample
exhibited good agreement with the Fresnel calculations. The results indicate that our sample
achieves absorption performance comparable to other reports, despite the thickness of the lossy
film being less than A/10 [27,32,37]. Near-perfect absorption into ultra-thin lossy films is of great
use for several applications, such as highly sensitive DUV photodetectors, because the small
volume of the absorption film assists in generating a high-density photocurrent. Moreover, our
structure does not require complex or costly nanofabrication processes. This ease of fabrication
makes it suitable for low-cost and large-area manufacturing.

The measured absorption spectra differ slightly from the calculated spectra. We attribute
this deviation to the fluctuation of the refractive index of the evaporated TiO, film. TiO, has
polymorphs such as rutile, anatase, and amorphous, whose refractive index values are significantly
different. The formation of these phases depends sensitively on the deposition conditions [42].
Hence, we can consider that the fluctuation of the refractive index causes a difference between
the measured and calculated absorption characteristics. To verify this hypothesis, we estimated
the influence of the TiO, refractive index fluctuation on the absorption spectra of our structure
(the calculation model is h, = 17 nm in Fig. 1).

Figure 10 shows the calculated influence of the TiO; refractive index on the absorption spectra
of AIN/17 nm TiO,/Al. The real and imaginary parts of the TiO, refractive index fluctuation
(4ntior and Akgipp) are defined as the deviation from the values used in the design section (the
value was taken from the experimental results of Siefke et al. [23]). The An7ipp and Adkzi0n values
were assumed to vary up to 0.2, because this value was previously reported as a typical difference
in the refractive index between rutile and anatase TiO; [42]. As shown in Fig. 10(a), increasing
Aktioo causes a decrease in absorption at all wavelengths, but the shape of the spectrum does not
change. However, Fig. 10(b) shows that increasing Ang;0, weakens the difference in absorption
at each wavelength, and the spectra flatten as Ang;p, increases. This calculated tendency explains
the experimental absorption spectra. Also, the experimental absorption spectrum contains the
effect of interference of AIN and sapphire substrate because the crystal growth of high quality
AIN requires the sapphire substrate. We calculated and estimated the effect of interference in
the sapphire and AIN. For example, the interference causes a 3% decrease of the absorption
at 280 nm wavelength, assuming the 400 um and 2.7 um sapphire and AIN, respectively. The
consideration clarifies that removing the sapphire substrate can improve absorption performance.
In further work, we will try to demonstrate the higher performance of the DUV absorber with
self-standing AIN film.

We also show the incident angle dependence of absorption spectra of the fabricated sample in
Fig. 11. The inset in Fig. 11 shows the schematic diagram of angle dependence measurement.
The incident angle 0 is defined by the propagation direction of the incident light (the light is
unpolarized) and the surface normal. Figure 11 indicates that the absorption decreases with the
increase of incident angle. The measured dependence reveals our sample maintains more than
90% absorption up to the incident angle of 30 degrees, and this incident angle allowance is useful
for practical applications, such as DUV photodetectors.



Research Article Vol. 30, No. 24/21 Nov 2022/ Optics Express 44237 |

Optics EXPRESS A N \

1002 —, : 100,

s 598

= =]

=3 =

Bt T

2 z

= =

< “ — Any,= 0, Ak, =0
9% ... Angg, = 0.1, Akp, = 0.01

=== Alipir = 0.2, Ak, = 0.05
260 270 280 260 270 280
Wavelength [nm] Wavelength [nm]

Fig. 10. Dependence of absorption spectra of the fabricated Al/TiO,/AIN. (a) on AkTtion
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Fig. 11. Angular dependence of the absorption spectra of the fabricated sample. The inset
is a schematic diagram of the measurement.
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4. Conclusion

We demonstrated a near-perfect DUV absorber using multi-interference in an Al/TiO/AIN
system. The Fresnel coefficient phasor diagram of the optimized system indicates that 7 and
R vanish owing to the relaxed refractive index contrast at the TiO,-AIN interface. Moreover,
the FDTD field calculation clarified that almost all the light energy was absorbed into a TiO,
film that is much thinner than the wavelength. We fabricated the optimized structure, and the
measured average absorption of the fabricated sample reached 97.4% at wavelengths of 255-280
nm. The near-perfect absorption of ultra-thin TiO; films is of great use for several applications,
such as generating high-density photocurrents in DUV photodetectors. In addition, our structure
does not require costly or complicated nanopatterning processes, and its ease of fabrication is
advantageous for low-cost and large-area manufacturing.
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