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Experimental demonstration of narrow-band rugate minus filters
using rapidly alternating deposition technology”
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The design, fabrication and performance of narrow-band rugate minus filters are investigated in this paper. A method
of fabricating graded-index coatings by rapidly alternating deposition of low (SiO;) and high (Al,O3) refractive index ma-
terials is presented to fabricate a rugate structure. The narrow-band rugate minus filter design and fabrication approaches
are discussed in detail. The experimental results, including transmittance spectrum, surface damage test and damage mor-
phology investigated with a scanning electron microscope, demonstrate the high performance of the as-fabricated spatial
filter and confirm the feasibility of the fabrication method for narrow-band rugate minus filters.
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1. Introduction

Narrow-band minus filters are optical filters that selec-
tively reject a wavelength band and transmit at both shorter
and longer wavelengths.!!'=>! They are widely used in laser
radiation, Raman spectroscopy, etc. As an important kind
of narrow-band minus filter, the rugate structure is a period-
ical thin film structure where the refractive index continuously
varies with the film thickness,®! e.g., as a sinusoidal function.
Generally speaking, the rugate filter has the property that it
can reflect a specific narrow-band spectrum and transmit all
the other spectra. Compared with traditional filters, the Ru-
gate filter can effectively prevent high-order reflection zones
and has a better cut-off steepness, so it can theoretically con-
trol the locations and numbers of reflection zones and elim-
inate the stress interface of the film to obtain a higher laser-
induced damage threshold (LIDT). It is particularly suitable
for the weak spectral spectrum in a background with no bright
spectrum, so it is used in the field of laser protection and oth-
ers. Hence, it is widely regarded that the rugate filter has op-
tical and mechanical properties that are different from those
of discrete multilayer stacks, including efficient suppression
of harmonics,!”! low stress,® higher scratch and wear resis-
tance, superior laser-induced damage thresholds,®! and higher
temperature stability. ']

Many efforts have been made to achieve high-
performance rugate thin film filters by taking advantage of
the unique properties of the rugate structure.!'~'71 However,
the preparation of the rugate filter is relatively difficult be-
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cause of the requirement for accuracy in realizing the con-
tinuous refractive index profile. Several methods have been
proposed and developed to fabricate the rugate filters, e.g.,
by mixing two or more materials with high and low refrac-
tive indices,'®29 or by varying the content of the reactive
gas with a single source.[?'~23] However, further investigations
are still required to testify the fabrication of narrow-band Ru-
gate minus filters and analyze their application performances
as spatial filters in high-power laser systems.

In this paper, we design and fabricate a narrow-band ru-
gate minus filter. The rapidly alternating deposition technol-
ogy, which employs pulsed direct current (DC) magnetron
sputtering to fabricate Al;0O3—SiO, composite films with Al
and Si targets, is used to fabricate narrow-band Rugate mi-
nus filter sample. The experimental results show the mea-
sured transmittance spectra are in good agreement with the de-
signed value. The laser-induced damage threshold (LIDT) of
the narrow-band rugate minus filter is measured, and the dam-
age morphology with scanning electron microscope (SEM) is
observed, which confirms the potential of good performance
of the internal adhesion of the film and the advantage of the
gradient refractive index film.

2. Filter design

In this work, the spectral selectivity and angular spectral
selectivity of the rugate filter are analyzed by the transfer ma-
trix method, and the film is divided into finite uniform tan-
dem structures. Like traditional multilayer dielectric films, the
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rugate thin film structure is fabricated by using two materi-
als with high and low refractive index. However, there is a
fundamental difference between them. The multilayer dielec-
tric film is formed by the vapor deposition of the two mate-
rials, while the rugate film is formed by materials whose re-
fractive index is continuously changed. Therefore, for prepar-
ing the rugate film, the refractive index with gradient variation
is realized by adjusting the ratio between the high refractive
index material and the low one. Specifically, the automatic
rate control of high and low refractive index materials should
be carefully designed when using pulsed DC magnetron co-
sputtering. The relative velocity is determined by the Drude
model of the refractive index and the following equation:

n? = anL + n%{XH, (1)
where Xy and X1, represent the ratio between high and low re-
fractive index materials, respectively; nyg and np, denote the
high and low refractive index of the two materials, respec-
tively. In the coating process, through the high and low re-
fractive index of the two materials using different evaporation
rates, one can obtain a continuous change in refractive index

and their evaporation rate Ry and Ry can be related by!'®!
2 _ 2
nk—n
Ry = <l;2) Ry. 2
n?—n?

The advantage is that the two sources can be easily con-
trolled and the gradient profile of refractive index change can
be readily realized by continuously changing the deposition
rate of one material or simultaneously changing the two evap-
oration sources.

To obtain a high reflectivity film in a limited wavelength
range, the high and low refractive indexes alternate mutually
and the thickness of each layer is a quarter wavelength. The
width of the reflective band is related to the difference in re-
fractive index between the materials constituting the multi-
layer film. The larger the difference in refractive index be-
tween the two films, the wider the reflection band is. The
rugate minus filters also have the same properties. The com-
bination of different materials can be coated with a different
reflective bandwidth of the Rugate minus filter film. When the
plating material is determined, the reflectivity of the film sys-
tem is related to the number of cycles of the periodic elements
of the film system. The more cycles, the higher the reflectivity
of the film is. If the difference in refractive index between the
two materials that constitute the Rugate minus filter is small
and the number of cycles is large enough (i.e., thousands of
cycles), the designed filter will have a narrow bandwidth and
high reflectivity simultaneously. However, the difficulty of the
experimental process will increase with the number of cycles,
and the transmission characteristics will be more likely to be

deteriorated. In this work, a preliminary experiment with 40
periods is carried out as a demonstration.

The narrow-band rugate minus filter possesses the refrac-
tive index profile of a continuous sinusoidal modulation as fol-
lows:

n(z) = ny+npsin (Kz+ Py, (3)

where 7, is the average refractive index and n, = (npy+nr.)/2,
np is the difference between the high and low refractive index
modulation of the film, &y is the initial phase of the film, K
denotes the grating vector, the module of which is 2x/T, T
being the one-period thickness of the film. A 40-period rugate
filter, which has a sinusoidal variation in the refractive index,
is designed in this work.

Table 1. Simulation parameters for a narrow-band rugate minus filter
film.

Parameter Value Parameter Value
T 341.9 nm N 40
Ao 1053 nm np 0.08
ny 1.62 Na 1.54
ny, 1.46
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Fig. 1. (color online) (a) Schematic diagram of the refractive-index
profile rugate structure and (b) corresponding calculated transmittance
spectrum.

The values of n, and n;, will influence the cut-off width of
the transmission spectrum of the filter: the cut-off width of the
transmission spectrum is proportional to the value of n,, while
inversely proportional to the value of n,. The optical thickness
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z will affect the cut-off depth of the transmission spectrum: the
depth of the cut-off zone of the transmission spectrum is pro-
portional to the value of optical thickness. In this work, air is
selected as an incident medium, BK7 glass substrate is chosen
as the outgoing medium and the sinusoidal rugate filter is de-
signed accordingly. According to this principle, the transmis-
sion spectrum of narrow-band rugate minus filter is simulated
by MatLab. Table 1 gives the values of the simulation param-
eters. The refractive index profile of the narrow-band rugate
filter and the corresponding calculated transmittance spectra
are shown in Fig. 1.

3. Experimental procedure

The narrow-band rugate filter was fabricated by combin-
ing rapidly alternating deposition technology. The method of
fabricating the composite thin films by using pulsed direct-
current magnetron sputtering with rapidly alternating deposi-
tion is presented and a diagram of the deposition chamber is
shown in Fig. 2, where a computer is used to control the rapid
rotation of the substrate.

rotation

vacuum
system

//'

samples

shutters

power
supply

I

computer

Fig. 2. (color online) Schematic diagram of a rapidly alternating depo-
sition system.

The BK7 glass (¢30 mmx3 mm) substrates were ultra-
sonically cleaned in acetone and ethanol before being used in
the vacuum system. The transmission spectra of the samples
were measured by using a Lambda 1050 spectrophotometer
(from 700 nm to 1500 nm). The cross-sectional microstruc-
ture was characterized by field emission scanning electron mi-
croscopy (Zeiss Auriga Crossbeam microscope). Laser dam-
age experiments were carried out by using an optical pulse
source with 12 ns duration from a 1053 nm Nd:YAG laser at
an incidence angle of 0°.

The pulsed DC magnetron sputtering system was used in
this experiment. Al (99.95% purity) and Si (99.999% purity)

targets were used. The background pressure was 2.0 x 1073 Pa
before deposition and the sputtering pressure was kept at
0.5 Pa and the temperature was maintained at 120 °C in the
sputtering process. Argon and oxygen were admitted to the
process chamber with flow rates of 20 sccm and 30 sccm, re-
spectively. The composite (Al;03);_(SiO3), thin films were
fabricated by changing their powers. The power of Al target
(Pa1) was varied in a range from 800 W to 1200 W and the
powers of Si target (Ps;) change from 600 W to 200 W in steps
of 1 W. The two values satisfy the following equation:

Pa; = 10004 200sin (7t /180), 4)
Ps; = 400 — 200sin (7t /180). 5)

4. Results and discussion

The measured transmittance spectra of the fabricated ru-
gate narrow band minus filter and the corresponding calcula-
tion curve are given in Fig. 3. The dashed line is the mea-
sured rugate transmission spectrum curve that is recorded by
the Lambda 1050. The measured full width at half maximum
(FWHM) of the stopband is approximately 30 nm. It can be
seen from the figure that the experimental and designed spectra
are consistent with each other. It should be noted that the ex-
perimental result has a narrower bandwidth than the designed
value. This could be due to inadequate control of refractive
index in the reaction process. It is inferred that the difference
in refractive index modulation between the two materials is
smaller than the design value. The transmittance of the ex-
periment is shallower than the design value, which is also at-
tributed to the same reason that leads to a narrower bandwidth.
The ripples on both sides of the stop band are caused by two
factors: one is the difference in refractive index between the
two materials of the filter; the other is that the rugate structure
does not match the refractive indexes of the base and air.

100 ;
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Fig. 3. (color online) Calculated and measured transmittance spectra of
rugate narrow-band minus filter.

In order to study the relationship between the properties
and the damage of the film, the surface of the film is tested
by using our surface damage test platform. The measurement
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mode is 1-on-1. After the damage test, figure 4 shows the ru-
gate minus filter damage probability curve with a threshold of
3.3 J/em? (12 ns).

100 + °

80 1

60 1

401

20

Damage probability/%

O T ~ T T T T T T T T
2.0 3.0 4.0 5.0 6.0 7.0

Fluence/J-cm—2

Fig. 4. (color online) Laser-induced damage threshold (LIDT) of the
narrow-band rugate minus filter.

Figure 5 shows the combination of the refractive index
profile and the electric field of the rugate minus filter. It is
clear from the figure that the electric field distribution in the ru-
gate film is mainly distributed on the surface of the film. Then
we observe the damage morphology with the SEM. From the
damage morphology, the laser-induced damage basically oc-
curs at the substrate and the reasons could be due to defects
caused by the coupling effect between the substrate and the

film layer as shown in Fig. 6(a). Figure 6(b) shows that the
change in the color of the film from the air to the substrate rep-
resents a change in the ratio between the two components in
the mixed medium. The bright color represents the proportion
of the Al,O3 component in the mixture. The higher the pro-
portion, the greater the refractive index of the mixed medium
is. It can be seen from the figure that the prepared film has no
obvious interface and the gradual change of the color corre-
sponds to the continuous change of the refractive index of the
film. Therefore, the internal adhesion of the film is good and
the advantage of the gradient refractive index film is further
verified.

1.60 4

1.55 4

Electrical field

1.50 4

Refractive index

Depth/nm

Fig. 5. (color online) Electric field distribution of the rugate minus filter.

Fig. 6. (color online) Cross-sectional SEM micrograph of the sample.

5. Discussion

Narrow-band rugate minus filters are a promising solution
to high-performance spatial filters in high power laser systems.
In this work, we present the experimental demonstration of
such a kind of spatial filter by using rapidly alternating depo-
sition technology. However, it should be noted that some is-
sues of the narrow-band rugate minus filters for low-pass filter
devices need to be further investigated.

(i) The thicker film leads to longer preparation periods
and thus a random error and a systematic error are easily
brought in during the preparation process.

(ii) Since the angular bandwidth of the rugate minus filter
is proportional to the difference in refractive index, it is nec-

essary to have a smaller refractive index difference to pursue
a narrower angular spectral selective bandwidth. However, it
is difficult to find a suitable material to prepare a narrow-band
rugate minus filter due to so few materials having smaller re-
fractive index differences. Therefore, although the theoretical
design of the narrow-band rugate minus filter can be achieved,
there are still some challenges in their realization.

6. Conclusions

Narrow-band rugate minus filters are prepared experi-
mentally by using rapidly alternating deposition technology
in this work. The measured transmittance spectra of the fabri-
cated samples are in excellent agreement with the theoretical
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calculations. The samples have the potential of good perfor-
mance of rather smooth interfaces, internal adhesion of the
film and the advantage of the gradient refractive index film,
which are confirmed by LIDT test and SEM observation. Al-
though as a preliminary demonstration in this work, the re-
sults indicate that it is an effective approach to using rapidly
alternating deposition technology to realize high-performance
narrow-band rugate minus filters. Therefore, the narrow-band
rugate minus filters can find important applications in high-
power laser systems since their whole systems can be greatly
simplified. Future work will focus on refining the experimen-
tal process and optimizing the selection of materials.
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