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We present a novel narrow band filter operating in both transmission and reflection for the first time to
our knowledge. This proposed structure consists of one unsymmetrical dielectric Fabry-Perot cavity and
an ultrathin metal film with n ~ k. Theoretical analysis shows that both the reflectance and transmittance
at the central wavelength are maximums. Due to the high absorption induced by the metal, a good rejec-

tion level can be obtained for a wide spectral range. In addition, the changes of peak value ratio Ryax/Tmax
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is also investigated by adjusting the amount of dielectric stacks. We finally demonstrate the experimental
results to verify these designs.
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1. Introduction

Thin film narrow band filters in transmission have been widely
used in a variety of fields, e.g., dense wavelength division multi-
plexing (DWDM) system [1,2], fluorescence emission/excitation
[3] and imaging spectrometry [4,5]. Whereas, reflection filters are
fascinating in colorful decoration [6-8], special photography [9]
and fiber-optic communication for their relatively easy alignment
of the components [10,11]. There are plenty of reports focusing
on the design and fabrication of transmission or reflection filters
[1-13]. However, these filters operate solely in transmission or in
reflection. And in general, the spectral responses in reflection and
transmission are complementary, i.e., the reflectance of a transmis-
sion filter at the peak wavelength is a minimum, vice versa for a
reflection filter. In this paper, a novel narrow band filter in both
transmission and reflection, for the first time to our knowledge,
is proposed. This filter consists of one unsymmetrical dielectric
Fabry-Perot cavity and an ultrathin metal film with optical con-
stants n =~ k (such as Cr, Ni, W). We find that the absorption at res-
onant wavelength is around zero in this case, and the
transmittance and reflectance at resonant wavelength are both
maximums with a good rejection level owing to the high absorp-
tion properties of the metal film. As a result, the optical properties
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of this structure are not only a transmission filter but also a reflec-
tion filter. Furthermore, the ratio between the peak reflectance and
the peak transmittance, i.e., Rmax/Tmax, could be easily tuned by
adjusting the dielectric stacks period. A filter operating in both
transmission and reflection is promising to construct some com-
pact optical systems, for example, one channel for the reference,
the other for the probing. It is also interesting in colorful decora-
tion because the colors in the transmitted and reflected light are
similar. We theoretically and experimentally present this new fil-
ter in the following contents.

2. Theoretical analysis

The structure of the transmission and reflection filter proposed
in this paper is Air/Cr (LH)™2L(HL)™H/Sub where H and L are
respectively, a quarterwave layer of high and low index material,
Sub means a glass substrate. m1 and m2 are integers which repre-
sent the stack number and m2 should be generally larger than m1
(m2 > m1). Notice that the metal film Cr should be ultrathin with a
physical thickness of only 3-8 nm, otherwise neither good rejec-
tion level in reflection nor the high transmittance could not be
realized. We assume the refractive index of Air, H, L and Sub as
no, Ny, N and ng, respectively. The physical thickness and complex
index of Cr are denoted by d and 7. = n.—jk{n. ~ k¢). Then at nor-
mal incidence, the characteristic matrix of Cr layer can be defined
by [14]:
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where §; = 22d(n, — jk,) is the phase thickness of Cr layer, and 7 is
the incident wavelength. The thickness d is much smaller than
the wavelength (¢ — 0), therefore 5. approaches to zero and cosd,
sind. can be expanded by Taylor’s series. The matrix M. can be
thereby simplified by ignoring high order components as shown
in the right part of Eq. (1).

If we assume that the equivalent optical admittance Y of the
stack (LHY™2L(HLY™H/Sub is Y’ +jY”, the matrix of the whole filter
can be expressed as

-

Table 1
Optical constants of Cr film at different wavelengths.
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Fig. 1. Equivalent admittance of (LH)?2L(HL)*/Sub.
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where Y =C'/B’ and B, C’ are, respectively matrix elements of the
stack (LH)Y™2L(HL)Y™2H/Sub. Thus, the reflectance at normal inci-
dence of this filter can be calculated based on R = |E=¢|* [14] and
B’ will not affect the reflectance calculation:

[no —2md(ngY” +2nck) /2 — YT + 2mnedY' /i~ Y')
[no — 2md(noY" — 2nck,) /2 + Y + (2mnodY' /2 + Y")?

From Eq. (3), it can be seen that the value of R approaches to 1 when
Y or Y is infinity. However, at the condition of Y =0 and Y” = 0, the

3)

N 2
reflectance equals (w) and it will tend to be 0 (less than

no-+4mnnckcd/ 2

0.3%) with nk.~10, d=5nm and A=700nm. The stack
(LHY™2L(HLY™?H|Sub can be simplified as H(LH)™ ™!/Sub after
taking out the absentee layers at central wavelength /o. Conse-
quently, the equivalent admittance at this wavelength will be
Yo = (np/n 2M2 M D If the value of m2 — m1 is large enough,
Y, will be very large due to ny > n;. According to Eq. (3), it will lead
to a high reflectance at /¢ in this filter.

As an example, we take m1 = 2, m2 = 4 for simulation by classi-
cal transfer matrix method. The refractive indexes of H, L and sub-
strate are respectively, 2.17, 1.45 and 1.52. The optical constants of
Cr at different wavelengths [15] are listed in Table 1 and its thick-
ness is 5 nm. The central wavelength is located at 700 nm. Fig. 1
shows the equivalent admittance of (LH)?2L(HL)*/Sub. It can be
seen that both the real part and imaginary part of the equivalent
admittance are extremes near 700 nm while rapidly decreasing
to zero at other wavelengths. In consequence, a high reflectance
(Rmax = 76.5%) at 700 nm with a deep cutoff could be obtained as
the calculated results shown in Fig. 2a.

For transmittance, this structure Air/Cr (LH)™2L(HL)™H/Sub
can be treated as an unsymmetrical Fabry-Perot cavity with me-
tal-dielectric films. Air/Cr(LH)™ and (HL)™H/Sub represent the
two respective mirrors which surround the spacer layer 2L. So
we can use the following equation to calculate the transmittance

[14]:
1
1+ Fsin® qj @

T,
[1— (RiRy)"*P

12
where F = %,d) =1(¢; + @, — 200). Ty, T5, Ry, Ry, ¢1 and are

the transmittance, reflectance and phase shift on reflection of the
two respective mirrors, while o is the equivalent phase thickness
of the spacer layer. In our structure, the two mirrors are not identi-
cal, i.e., R is not equal to R,. Moreover, there is also a little loss in
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Fig. 2. The simulated results of Air/Cr (LH)*2L(HL)*/Sub in the spectral range from 640 nm to 760 nm (a) the reflectance curve (b) the transmittance curve.
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Fig. 3. The absorptance curve of Air/Cr (LH)?2L(HL)*/Sub from 640 nm to 760 nm.

one mirror induced by Cr film. These will accordingly lead to a de-
crease of the peak transmittance at the resonant wavelength com-
pared with an all-dielectric symmetrical Fabry-Perot filter. Fig. 2b
shows the calculated transmittance curve of Air/Cr (LH)*2L(HL)*/
Sub from 640 nm to 760 nm. Similar with the reflectance curve in
Fig. 2a, a peak transmittance at 700 nm with a value of 19.6% can
be observed.
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The optical properties of this filter can be also analyzed from a
viewpoint of the absorption. We simulate and show the absorp-
tance curve from 640 nm to 760 nm in Fig. 3. It can be seen that
the absorption at 700 nm is a minimum (less than 4%) while rap-
idly increase to a high level (near 100%) at other wavelengths.
According to the law of energy conservation, the sum of reflec-
tance, transmittance and absorptance is 1, i.e, R+T+A=100%.
Consequently, at the wavelengths away from /g, the reflectance
and transmittance will be both near zero due to a high absorp-
tance. It is the reason why there is a good rejection level in trans-
mission as well as in reflection. But, at 4o, the absorptance reaches
a minimum and the maximum values of the reflectance and trans-
mittance occur simultaneously. As a result, this structure possesses
the properties of both transmission and reflection filter with the
same peak wavelength. In contrast, for an all-dielectric filter, there
is no absorption (R + T = 1) at the whole spectral range, so the spec-
tral responses on reflection and transmission are complementary,
for example, a peak in transmission corresponds to a valley in
reflection. Thus, it is impossible to realize the transmittance and
reflectance filter simultaneously for all-dielectric filters.

The peak value ratio Ryax/Tmax Of the filter can be tuned by
changing the value of m1 and m2. If we increase m1with a fixed
m2, the equivalent admittance Yy =(ng/n)?2 ™"*Vn, of
(LHY™2L(HL)™?H/Sub at the central wavelength will be reduced.
According to Eq. (3), this will lead to a drop of the peak reflectance
Rimax. On the other hand, the difference between R, and R, i.e., the
reflectance of the two mirrors surrounding the spacer, will de-
crease with an increase of ml1. Consequently, from Eq. (4), the
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Fig. 4. The calculated transmittance and reflectance curves from 640 nm to 760 nm when m1 =3, m2=4 and m1 =4, m2=4.
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transmittance Tnax Will be raised. The calculated transmittance and
reflectance curves with m1 =3 and m1 =4 are respectively shown
in Fig. 4 from 640 nm to 760 nm. Compared with the results in
Fig. 2, Thax increases from 19.6% to 33.1% at m1 = 3 while Ry, de-
creases from 76.5% to 56.8%. When m1 is equal to m2, Ty,a.x reaches
to 44.1% while R,.x decreases to 32.8%.

3. Experimental results and discussion

To verify the above analysis, the filters with different m1 were
manufactured by classical electron beam evaporation. The high
and low index materials were respectively TiO, (ny=2.17@700
nm) and SiO, (n. = 1.45@700 nm) whose optical constants were
determined by a photometric method. The background vacuum
was 2.0 x 1073 Pa while the partial pressure of oxygen for TiO,
was 1.8 x 1072 Pa. Meanwhile, the deposition temperature on sub-
strate was kept at 300 °C during the process. The deposition rates
of TiO,, SiO, and Cr are respectively 0.3 nm/s, 1 nm/s and 0.2 nm/
s controlled by a quartz sensor. During the deposition of the filter,
the indirect monochromatic optical monitoring in transmission
was used to control the thickness of each layer. In our plant, there
are altogether six test substrates located in the center of vacuum
chamber for optical monitoring. All the dielectric layers were mon-
itored on one test substrate by a turning point method with a ref-
erence wavelength of 700 nm. After all the dielectric films were
deposited, a new test substrate was used to control the Cr film
thickness and the evaporation of Cr film was stopped by a shuttle

at a predetermined transmittance value, i.e., a trigger point
method.

After fabrication, the metal film surfaces in all the filters are
smooth and bright. This brightness remains even after the samples
are stored in atmosphere for five months. Therefore, the ultrathin
Cr film deposited at 300 °C temperature should be continuous over
the surface. The measurements of transmittance and reflectance in
the spectral range from 640 nm to 760 nm were performed with a
resolution of 0.5 nm on a spectrophotometer (Shimada UV310).
Fig. 5 shows the measured results of the filters with m1 =2,
m1 =3, ml =4 at m2 =4. On the whole, the experimental results
agree well with the theoretical calculations though there is a little
difference of the maximum transmittance/reflectance and the cen-
tral wavelength owing to the small variation of thickness and opti-
cal constants of Cr between the deposition and the design. As m1
increases from m1 =2 to m1 =4, Ryax drops from 77.3% to 34%
while T2 increases from 20% to 45.2%. When m1 equals m2, the
reflectance R; and R, of the two mirrors surrounding the spacer
will be close and a maximum T2« could be consequently obtained.
However, limited to the absorption induced by Cr, the obtainable
Tmax Will not be as high as that of a lossless all-dielectric filter. In
comparison with Thmax, Rmax could reach near 100% if we increase
the difference between m2 and m1. For example, a reflection filter
with high reflectivity (Rnax = 92%) have been reported when m1 =3
and m2 =7 [7]. Meanwhile, as m1 changes from 2 to 4, the reflec-
tance Ry will be increased. According to Eq. (4), FWHM (Full Width

at Half Maximum) of the filters equals % sin™' {%} . Thus, an
182

80
_—
70 Rmax=77'3% m1=2, m2=4 m1=3, m2=4 m1=4, m2=4
60 ] R max=576%
9
P 50 -
2
- 0,
g 40 R max=34%
b _—
= 30
[}
14
20 -
10
640 660 680 700 720 740 760 650 700 750 650 700 750
Wavelength (nm) Wavelength (nm) Wavelength (nm)
50
45 4 m1=2, m2=4 m1=3, m2=4 Ta=45-2% m1=4,m2=4
< 40 Trmax=35-7%
< 354 _—
[
2 30/
£ 25
é ] Tmai=20%
g 204 T M=14.1nm
© _— —
= 15
AA=22.5nm
10 —m—m8» —
5
640 660 680 700 720 740 760 650 700 750 650 700 750

Wavelength (nm)

Wavelength (nm)

Wavelength (nm)

Fig. 5. The measured reflectance and transmittance curves in the spectral range from 640 to 760 nm at different m1 values (m1 = 2-4).
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Fig. 6. The reflectance curves of the filter (m1 =3, m2 =4) with different optical
constants of Cr film.

increase of the reflectance R; will result in a decrease of FWHM
which can also be observed in Fig. 5.

It should be noticed that the dielectric layer close to Cr film in
this structure must be a low index material. Otherwise, the filters
both in transmission and reflection can not be realized. For exam-
ple, H is added close to Cr film in a filter and this structure becomes
Air/Cr H(LH)™2L(HL)™H/Sub. Then H(LH)™ 2L(HL)™?H/Sub can be
simplified as (LH)™™!/Sub by removing the absentee layer at the
central wavelength and the equivalent admittance will be
Yo = ng(ny/ny)?™2-™Y, If m2 — m1 is large enough, Y, will be infin-
itesimal around zero due to n; < ny. In this case, according to Eq.
(3), the reflectance at the central wavelength will be 0.

It is interesting to analyze the effect of optical constants of Cr
film on the optical properties of the filter. In this article, optical
parameter of Cr was taken from reference [15] which was widely
used in the literature [16,17]. However, we use the optical con-
stants of Cr film from reference [18] in our previous work [9]. For
comparison, the reflection properties of the filters with different
optical constants are simulated and displayed in Fig. 6. It can be
seen that the reflectance curve with 5 nm Cr from reference [15]
is very similar with that of 3 nm Cr from reference [18]. The calcu-
lation results of the filters with various m1 and m2 confirm this
point. Therefore, the two optical constants of Cr film can be both
used to design this filter. As described above, the deposition of Cr
film was controlled by optical transmission monitoring with a

trigger point method. By this method, a variation of optical con-
stants during the deposition could be compensated by the physical
thickness. Consequently, for 5 nm Cr [15] and 3 nm Cr [18], the
transmittance values at the trigger point are very close (respec-
tively 51% and 51.7%). So, the optical properties of the manufac-
tured filters agree well with those of the design ones.

4. Conclusion

In conclusion, we theoretically and experimentally present a
novel narrow band filter in both transmission and reflection. This
filter is composed of dielectric and metal films. The simulation re-
sults along with the experimental results show that the maximums
in both transmittance and reflectance occur simultaneously at the
central wavelength while the absorptance reaches a minimum. The
ratio Rpmax/Tmax €an also be tuned by adjusting the dielectric stacks.
Such a filter could be used to construct some compact optical sys-
tems and is also interesting in color decoration.
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