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Solar-blind ultraviolet (UV) band-pass filter has significant value in many scientific, commercial, and military appli-
cations, in which the detection of weak UV signal against a strong background of solar radiation is required. In this work, a
solar-blind filter is designed based on the concept of “transparent metal”. The filter consisting of Al/SiO, multilayers could
exhibit a high transmission in the solar-blind wavelength region and a wide stopband extending from near-ultraviolet to in-
frared wavelength range. The central wavelength, bandwidth, Q factor, and rejection ratio of the passband are numerically
studied as a function of individual layer thickness and multilayer period.

Keywords: solar-blind band-pass filter, metal-dielectric multilayer

PACS: 42.25.Bs, 78.20.—¢, 78.20.Bh, 85.60.Gz

1. Introduction

The detection of optical radiation in the deep ultraviolet
(UV) wavelength range has drawn increasing attention due to
many key applications, such as missile plume detection, flame
warning, chemical/biological sensing, pollution monitoring,
and solar astronomy.!?l Although wide-bandgap semicon-
ductors, such as AlGaN and SiC, are believed to be the promis-
ing candidate materials for the fabrication of UV photodetec-
tors (PDs), high material cost and immature device processing
techniques hinder the wide applications of those PDs, which
are still in early development stage.>->] Meanwhile, consid-
ering currently available mature and cheap silicon processing
technologies, UV PDs based on silicon would greatly benefit
from potentially low cost and easiness for large-scale integra-
tion. However, Si-based PDs also have strong photo-response
to visible and near-infrared radiation, which in standard con-
ditions often exceeds the UV signal to be detected by three
to four orders of magnitude and could completely mask the
useful signal.[ﬁ] Therefore, to selectively detect UV radiation,
Si-based PDs have to integrate with a UV band-pass filter that
strongly rejects unwanted visible and infrared background ra-
diation.

All-dielectric filters based on alternative dielectric stacks
with low and high refractive indices have been employed to
obtain a UV band-pass filter.l”) However, due to the interfer-
ence nature of the dielectric filter, the filter structure presents
a periodic transmission property, which means that a passband
in deep UV range is always accompanied by unwanted pass-
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bands in visible and infrared wavelength range. To suppress
the parasitic passbands, additional dielectric stacks with dif-
ferent optical parameters must be added in the filter design,
which in turn increases fabrication complexity and cost. Thus,
in spite of their relatively high transmission coefficient in the
desired passband, all-dielectric filters have restricted applica-
tions for Si-based UV PDs.

Another applicable design of UV bandpass filters is based
on metal/dielectric multilayers, in which utilized is a metal
layer with the strong capability for blocking visible and in-
frared radiation. More specifically, if a metal-dielectric—
metal Fabry—Pérot cavity structure is adopted in the filter de-
sign, the filter could exhibit a unique feature: transmitting
short wavelength light at resonant frequencies, while present-
ing a huge stop band at longer wavelengths. This so-called
“transparent metal theory” has been described in several pre-
vious studies.!®! Some band-pass filter for near-UV (300—
400 nm) or visible wavelength range have been designed and
implemented.*-1]

In this work, given the importance of selectively detecting
deep UV signal, a solar-blind (240-280 nm) band-pass filter is
firstly designed based on the concept of “transparent metal the-
ory”. A simple and general, yet efficient approach is presented
in filter design, which is illustrated by Al/SiO; thin film stacks
deposited on a sapphire substrate. High-performance solar-
blind filter is obtained through design optimization, and the
tradeoffs between filter bandwidth and peak transmission are

discussed.
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2. Analysis method

In this work, besides analytical approach, the detailed
transmission spectrum of the filter under design is calcu-
lated using transfer matrix method,!">~'#! in which, based on
the continuity conditions of electromagnetic field, the sys-
tem transfer matrix is used to determine the reflection and
transmission coefficients of light passing through a multilayer
structure. Specifically, considering a multilayer structure com-
posed of N + 1 layers with complex refractive indices and N
interfaces (see Fig. 1), the field amplitudes in each layer can be
calculated by a product of 22 matrices in sequence as shown

in the following equation: !
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where F and B represent the amplitudes of forward and back-
ward waves respectively, and their subscripts indicate the spe-
cific layer of medium through which the light is passing.
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Fig. 1. Notation of field amplitudes within an arbitrary multilayer struc-
ture.

Moreover, in Eq. (1) the bulk effect of each layer is rep-
resented by its propagation matrix P, and the interface ef-
fect is presented by the refraction matrix R. In addition,
Om_1 = 27kn,,_1d,,_1 is the phase thickness imposed by the
bulk of the (m — 1) layer upon one traversal of light. Here k is
the wave number, n,,_; and d,,_; are the refractive index and
the thickness of each layer, respectively. The system transfer

matrix can be reduced to!!2!

F B N—1 Fy
(B()) = R()_’i |:H PmRm,m+l By

m=1
Ty Tz
= Fy By ). 2
<T21 ng)( v By ) 2
Thus, the net reflection coefficient of a multilayer struc-
ture can be calculated as roy = Bo/F Byoy = Dy /T,

and the corresponding net transmission coefficient foy =
FN/FO‘BN:O =1/T1.

In this work, a solar-blind filter based on Al/SiO; multi-
layers grown on a sapphire substrate is designed as an exam-
ple. Silica and sapphire are both highly transparent in UV re-
gion and their refractive indices are 1.57 and 1.8 respectively
in a wavelength range of interest.l'>! Al is chosen due to its
relatively low plasma frequency (corresponding plasma wave-
length is ~ 83 nm). Experimental data for the optical constants
of Al are adopted from the work of Raki¢[!! and are fitted in
a wavelength range of interest from 100 nm to 700 nm. The
real part of the Al refractive index is found as

Nai(A) = a;Abr,

where a; = 4.366 and b; = 2.396. The extinction coefficient
of Al can be expressed as

Ka1(A) = as) + by,

where a, = 12.52 and by = —0.2956. The original experimen-
tal curves and the fitted data points are shown in Fig. 2.
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Fig. 2. (a) Fitted refractive index Na; and (b) extinction coefficient Ky,
of aluminum versus wavelength.

3. Structure design
3.1. Transparent metal theory

Light with wavelength above the plasma wavelength
(83 nm for Al) can only propagate a small distance inside a
metal before most of it is reflected. This characteristic length
is called skin depth (SD) and is defined as the depth at which
the intensity of the radiation inside the metal falls to 1/e-fold
of its original value just beneath the surface. The skin depth
can be expressed in terms of light frequency @ or wavelength
A, and the imaginary component of the refraction index k as
follows: SD = ¢/2kw = A /4wk, where c is the speed of light
in vacuum. 18! Taking Al for example, when A = 320 nm, then
k =3.7 (see Fig. 2) and SD is calculated to be ~7 nm. Further-
more, at longer wavelength, SD would drop off quickly due to
the sharper increase in the extinction coefficient k. Therefore,
a thin metal film of tens of nm in thickness should be very
effective to block incoming light ranging from UV to infrared.
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However, if a metal-dielectric—metal periodic structure is
employed, the transmission properties could be very different.
For example, considering a single 30-nm Al film suspended in
air, calculation based on transfer matrix method indicates that
the Al film is a good light blocker with a transmission coeffi-
cient of below 5% in the wavelength range of interest (dashed
line in Fig. 2). On the other hand, if the original 30 nm film is
sliced into two 15 nm films with a spacing of 100 nm in air, as
shown by the lower inset of Fig. 3, the transmission coefficient
of the structure then increases to 80% at 130 nm and 40% at
260 nm, respectively (solid line in Fig. 3).
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Fig. 3. (color online) Transmission spectra of a metal-air-metal sand-
wich structure (solid line) and a solid metal film (dash line). Insets show
schematics of the two structures respectively.

The different transmission properties can be explained as
follows: the structure consisting of two metal films spaced
by a dielectric layer could form a thin film Fabry—Pérot cav-
ity (or multiple cavities if there are more periods), given the
condition that the sandwiched dielectric layer has an appropri-
ate thickness. Since the Fabry—Pérot cavity has two opposite
mirror-like interfaces, the incident light confined within the
cavity would reflect back and forth many times. For a fixed
cavity length, the reflected light and initial light would be in
phase (constructive interference) at certain wavelengths, lead-
ing to an enhanced light intensity within the cavity and then
higher net transmission rate at the resonant wavelengths.!®!
Meanwhile, due to the high extinction coefficient k of metal at
longer wavelength, overall transmission and possible resonant
peaks in visible and infrared wavelength ranges are effectively
suppressed.

3.2. Solar-blind UV filter

The solar-blind filter under design is based on an
Al/Si0,/Al sandwich structure grown on a sapphire substrate.
According to the optical resonance theory, the transmission
spectrum curve would peak at A when the following condition

s met:
27

Dpmi1 + Pome + 1

2D = 2mn, 3)

where @Ppyp; and Ppppp are the phase changes of reflection
R(A) at interface 1 and interface 2 respectively as shown in the
inset of Fig. 4. The third term on the left-hand side of Eq. (3)
is the optical path length of the dielectric back and forth, in
which D is the thickness of dielectric layer. In addition, m is
the order of resonance and should be larger than or equal to
zero. Based on Fresnel equation, under normal incidence con-
dition, R(A) = (np —ng)/(np +ng), where np is the refractive
index of the dielectric layer, and ng is the equivalent complex
refractive index of the metal layer and the outside layer. Here
the outside layer is air for interface 1 or sapphire for interface
2. Since the complex refractive index of Al is a strong function
of wavelength A, ng and ®py are both sensitive functions of
metal thickness and wavelength as well.

To design a solar-blind UV filter with passband centered
at 260 nm and a wide stop band ranging from 280 nm to near
infrared, the thickness of each Al layer is first assumed to
be 15 nm. At A =260 nm, R; and R, are determined to be
—0.371 —0.734i and —0.414 — 0.6784, respectively. The sum
of @py; and Ppypp is then calculated to be —1.3497. Based
on Eq. (3), when m = 0, the thickness of the inner SiO, layer
is determined to be D = 55.845 nm (55 nm is chosen for sim-
ulation). Finally, transfer matrix method is used to calculate
the detailed transmission spectrum numerically. As shown in
Fig. 4, a solar-blind filter is realized through the above design
with a peak transmission of 47% at 260 nm and a full-width-
at-half-maximum (FWHM) of 38 nm for the UV passband.
When wavelength is longer than 300 nm, the transmission of
the filter is below 5%.
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Fig. 4. (color online) Transmission spectrum of the Al/SiO,/Al/sapphire
solar-blind filter. Inset shows the schematic of the filter structure.

3.3. Parameter optimization
3.3.1. Thickness of the dielectric layer

The effect of dielectric layer thickness on transmission
properties is studied for the Al/SiO,/Al/sapphire filter struc-
ture. Here the thickness values of two Al layers are both fixed

at 15 nm for easy comparison. As shown in Fig. 5, the peak
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transmission wavelength of the bandpass filter is tunable from
210 to 310 nm, when the thickness of the dielectric layer in-
creases from 40 to 70 nm. Meanwhile, the overall transmis-
sion of the filter drops off by ~ 27%. The above simulation
results can be understood based on Eq. (3). Since thicker di-
electric layer means longer optical path, a longer wavelength
is required to meet the resonance condition. Besides, if the
dielectric layer is even thicker, m may be 1, 2, 3, or larger to
fit the equation, which means higher order of resonant peaks
might appear in UV range (not shown). The overall transmis-
sion drop of the passband should be caused by the enhanced
optical blocking capability of the metal film at longer wave-
length. As has been discussed in the above section, the skin

depth of metal film decreases as wavelength increases.
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Fig. 5. (color online) Transmission spectra of the Al/SiO,/Al/sapphire
multilayer structure at different values of SiO, thickness. Inset shows
the schematic of the filter structure.

3.3.2. Thickness of the metal layer

The effect of metal layer thickness on the performance
of the solar-blind filter is also studied. Here the thickness of
dielectric layer is fixed at 55 nm, corresponding to zero or-
der resonance condition. As shown in Fig. 6, a tradeoff be-
tween FWHM and peak transmission of the passband can be
observed. Specifically, when the thickness of the Al layer in-
creases from 8 to 18 nm, the FWHM of the passband narrows
from 116 to 27 nm, while the peak transmission drops off from
69% to 37%. Besides, the peak wavelength of the passband
slightly shifts from 272 nm to 257 nm.

The drop of peak transmission can be easily explained by
the enhanced light blocking capability of thicker metal film.
The variation of FWHM can be understood based on the Q fac-
tor of the metal Fabry—Pérot cavity. In resonant cavity theory,
the Q factor is a parameter that characterizes a resonator band-
width relative to its central frequency, namely, O = fy/Af,
where fj is the central frequency, and Af is the bandwidth.
In the present case, as the Al layer thickness varies from 8§ to

18 nm, Q factor shows a large increase from 2.1 to 9.5. In

physics, a higher Q factor means a lower rate of energy loss
relative to the stored energy of the resonator. For a metal reso-
nant cavity, the energy loss should be the transmission loss at
interface between the inner dielectric and the outside metal
medium. For thicker metal layer, the interface reflectance
should approach 1, which means smaller energy loss of the
resonant cavity. Thus, assuming that the stored energy remains
almost unchanged within the cavity, the Q factor would present
an increasing tendency, leading to a reduced FWHM. In addi-
tion, the small down-shift of peak wavelength of the passband
at larger Al film thickness should be caused by the small vari-
ations of @py and ng (see Eq. (3)), which are both functions
of metal thickness.
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Fig. 6. (color online) Transmission spectra of the Al/SiO,/Al/sapphire
multilayer structure at different values of Al thickness. Inset shows the
schematic of the filter structure.

3.3.3. Number of periods

Besides peak wavelength position and FWHM of the
passband, rejection ratio is another key performance parameter
of an optical bandpass filter, which, in the present case, can be
enhanced by adding more periods of the resonant cavity. Here,
the rejection ratio R is defined as the ratio of the peak trans-
mission power in passband over the suppressed transmission
power in stop band. The transmission properties of the metal—
dielectric multilayer filter with different periods are shown in
Fig. 7 in semi-log scale. It is found that as the number of
periods increases, the width of the passband narrows while an
apparent decrease of transmission in the stop band is observed,
leading to an enhanced rejection ratio. For instance, when the
period number is 5, the rejection ratio calculated as the trans-
mission measured at 260 nm divided by the transmission mea-
sured at 400 nm is more than 10°, while the peak transmission
only drops to 0.32. Thus, by optimizing the period number of
the metal—dielectric multilayer structure, a high performance
solar-blind filter with acceptable peak transmission in the pass-
band and sufficient suppression in visible and near-infrared
wavelength ranges can be achieved.
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Fig. 7. (color online) Transmission spectra of the (Al/SiO;)?/Al/sapphire
multilayer filter in semi-log plot, in which p is the period number of the re-
peating bi-layer structure. Here the thickness values of each Al layer and
SiO; layer are 15 nm and 50 nm, respectively.

4. Conclusions

Solar-blind filters, each consisting of a metal-dielectric
multilayer structure, are numerically designed based on the
concept of “transparent metal”, in which high transmission
can be obtained at desired wavelength if a resonant cavity is
properly formed. Meanwhile, sufficient suppressions of stop
band in visible and infrared wavelength ranges are realized
due to the high extinction coefficient of metal film. The de-
tailed transmission properties of the solar-blind filters are cal-
culated by using a transfer matrix method. The influence of
key design parameters on filter performance is discussed. This

study suggests that the “transparent metal” concept can be ex-

tended to deep UV wavelength region and is applicable for

high-performance solar-blind bandpass filters.
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