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Rugate filters prepared by rapidly alternating

deposition∗
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A methodology for the fabrication of composite (Nb2O5)1−x(SiO2)x thin-film rugate filters by using pulsed direct

current magnetron sputtering is presented. The two materials are mixed using rapidly alternating deposition technol-

ogy. The optical properties of the composite films varying with the composition of the material are studied in detail.

Refractive indices between 1.50 and 2.14 can be realized in our coating system. Two designed rugate filters with a re-

flection band at the wavelength of 532 nm are fabricated using an automatic deposition process. The microstructure of

the rugate filter is investigated by using scanning electron microscopy. The calculated and the measured transmittance

spectra are in good agreement with each other. The causes of the slight differences between them are also analysed.
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1. Introduction

The rugate filter, as a special kind of graded-
refractive-index film, has continuously periodical mod-
ulation in the refractive index profile along the stack
axis. Compared with a traditional filter, such a fil-
ter exhibits many advantages, such as a higher laser-
induced damage threshold,[1] smaller sensitivity to an-
gle variation of incident light,[2] suppression of higher
frequency harmonics,[3,4] smaller residual stress[5] and
higher temperature stability.[6] However, preparation
of the rugate filter is relatively difficult because of the
requirement for accuracy in realizing the continuous
refractive index profile. The filter can be fabricated
by mixing two or more materials with high and low re-
fractive indices,[7−9] or by varying the content of the
reactive gas with a single source.[10−12] The electro-
chemical etching of silicon[13] and the glancing angle
deposition[14,15] are also used to make porous rugate
filters.

In the present paper, we use pulsed direct current
(dc) magnetron sputtering to fabricate Nb2O5–SiO2

composite films with Nb and Si targets. The con-
stantly altering deposition method is applied to the

fabrication process. It is shown that any value of the
refractive index in the range from 1.50 to 2.14 can
be achieved in our experiment. A 11-period rugate
filter, which has a sinusoidal variation in the refrac-
tive index, is fabricated. In addition, the apodization
technique and the index-matching layers are used to
suppress the sidelobes in the transmittance region.

2. Experiment

Composite (Nb2O5)1−x(SiO2)x thin films were
deposited by using a pulsed dc magnetron sputter-
ing system. A diagram of the deposition chamber is
shown in Fig. 1. The mixing of two materials was re-
alized by the rapid rotation of the substrate, which
was controlled by a computer. The BK7 glass (ϕ
30 mm×3 mm) substrates were ultrasonically cleaned
in acetone and ethanol before being introduced into
the vacuum system. All the thin films were deposited
at ambient temperature. Nb (purity 99.95%) and Si
(purity 99.999%) targets, 3.5′′×8′′×0.25′′ in size, were
used in the experiment. The background pressure was
less than 1.0×10−3 Pa and the sputtering pressure
was 0.5 Pa. During the deposition process, the flow
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rates of oxygen and argon were both held constantly at
20 sccm. A removable shutter was placed between the
substrate and the target holder, which was used dur-
ing the presputtering process for 10 min and then re-
moved. The energy of the two sputtering sources was
provided by an Advanced Energy PinnacleTM Plus+
5×5 kW power supply. The sputtering process was
carried out with a pulse frequency of 300 kHz and a
pulse reverse time of 1 µs. In the experiment, the
power of Nb (PNb) and Si (PSi) targets satisfied

PNb + 2.5 × PSi = 1050 W, (1)

where PNb was set in the range from 50 W to 800 W,
and the corresponding PSi changed from 400 W to
100 W. Their continuous variation could be achieved
by using a computer. The cross-sectional microstruc-
ture was observed by using field emission scanning
electron microscopy (SEM) with a Zeiss Auriga micro-
scope. The transmittance spectra of the rugate filters
were measured by a Lambda 1050 spectrophotometer.
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Fig. 1. Schematic diagram of the magnetron sputtering

deposition system.

3. Results and discussion

3.1.Optical properties of Nb2O5 SiO2

composite films

The transmittance spectra of the (Nb2O5)1−x(SiO2)x

composite thin films deposited under different power
conditions are shown in Fig. 2. Based on the trans-
mission spectra, the effective refractive indices of the
samples are calculated according to Cauchy’s disper-
sion equation,[16−18]

n(λ) = A1 +
A2

λ2
+

A3

λ4
, (2)

where A1, A2, and A3 are all fitting parameters.
The physical thickness of the film is given by

d =
λ1λ2

2(λ1n2 − λ2n1)
, (3)

where n1 and n2 are the refractive indices at two adja-
cent minimum wavelengths λ1 and λ2. The simulated
dispersion curves of the refractive indices are shown
in Fig. 3. It is found that the refractive index of the
composite thin film decreases with the decrease of PNb

(the increase of PSi).
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Fig. 2. Transmittance spectra of composite films with

different PNb:PSi ratios.
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Fig. 3. Disperse refractive index for (Nb2O5)1−x(SiO2)x

films with different power ratios.

Figure 4(a) illustrates the effective refractive in-
dices (at λ = 532 nm) under different values of PNb

(PSi). As shown in the figure, any value of the refrac-
tive index between 1.50 and 2.14 can be realized. The
fitted polynomial expression reads

n(PNb) = 1.49102 + 0.33066PNb + 0.76274P 2
Nb

− 0.19762P 3
Nb. (4)

The physical thicknesses of the composite films, which
are deposited in equal intervals of time, versus PNb are
shown in Fig. 4(b). As can be seen, the thickness ini-
tially decreases with the increase of PNb, then becomes
larger and larger once the power of the Nb target goes
to above 0.55 kW. The fitting result is given by

d(PNb) = 397.959 − 234.891PNb + 106.295P 2
Nb

+ 131.482P 3
Nb. (5)
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Fig. 4. Fitted refractive index at λ = 532 nm (a) and

physical thickness (b) of Nb2O5–SiO2 composite films ver-

sus power of the Nb target.

3.2.Rugate filters

A simple rugate filter possesses a sinusoidal
periodic-modulated refractive index profile in the
form[19]

n(x) = na +
1
2
np sin

(4πx

λ0
+ φ0

)
, (6)

where na is the average index, np is the peak-to-peak
refractive index modulation, λ0 is the wavelength at
the stop band position and φ0 is the initial phase.
Figure 5 shows a 11-cycle refractive index profile with
na = 1.82, np = 0.64, and φ0 = 0 at a central wave-
length of 532 nm. The resulting transmittance spec-
trum of the designed filter is given in Fig. 6 in com-
parison with the measured one. It can be found that
the experimental measurement values fit the theoreti-
cal calculated results. Figure 7 shows the SEM cross-
sectional pattern of the sample. The image reveals a
periodic change of the contrast that corresponds to the
different mixing proportion layers. The dark (white)
region corresponds to the layer with a higher (lower)
percentage of SiO2. Unlike the traditional multilayer
film, our sample has a very smooth interface.
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Fig. 5. Refractive index distribution of the 11-cycle ru-

gate filter.
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Fig. 6. Calculated and measured transmittance spectra

of the filter.

Fig. 7. Cross-sectional SEM micrograph of the sample.

The ripples on both sides of the stop band (Fig. 6)
might be caused by two factors. One is the refractive
index contrast at the two boundaries of the filter and
the other is the index mismatch between the rugate
structure and the mediums.[3,13] In order to suppress
the sidelobes, we add the matching equation (Eq. (9))
and the apodizing function (Eq. (8)) to the refractive
index profile (Eq. (7)), as shown in Fig. 8. The total
optical thickness of the filter is 9.98 µm. The quin-
tic matching layers at the substrate and the ambient
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medium sides are both 1 µm thick, and the refractive
index varies from 1.52 to 1.82.

n(x) = na +
1
2
npf(x) sin

(4πx

λ0

)
, (7)

f(x) = 10x3 − 15x4 + 6x5, (8)

n(x) = ns + (na − ns)(10x3 − 15x4 + 6x5), (9)

where ns is the refractive index of the substrate.

0 2 4 6 8 10

1.50

1.65

1.80

1.95

2.10

R
e
fr

a
c
ti
v
e
 i
n
d
e
x
 

Thickness/um

Fig. 8. Refractive index distribution of the rugate filter

with quintic apodization and quintic matching on each

side.

As shown in Fig. 9, the measured transmittance
curve coincides well with the design. The differences
between the measured and the calculated values in the
shortwave range might result from the absorption of
the composite thin film at these wavelengths. It can
be resolved by increasing the oxidation of the compos-
ite material. The slight shift of the stop-band centre
might be due to inaccuracy in the thickness control.
Further measurement should be conducted to improve
the deposition rate stability.
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Fig. 9. Calculated and experimentally measured trans-

mittance spectra of the rugate filter.

4. Conclusion

Nb2O5–SiO2 composite thin films are prepared by
using pulsed dc magnetron sputtering with alternating

deposition technology. The refractive index increases
with the increase of Nb2O5 content in the composite
film. The thickness of the composite film deposited
in the same amount of time reduces at first and then
increases as the power of the Nb target increases. It
is possible to obtain any value of refractive index be-
tween 1.50 and 2.14 (at λ = 532 nm). Two rugate
filters are designed and deposited by using automated
computer control. We add quintic apodization and
quintic matching layers to reduce the sidelobes. The
samples have rather smooth interfaces, as confirmed
by SEM observation. The measured transmittance
spectra are in excellent agreement with the theoret-
ical calculations. The results show that rapidly alter-
nating deposition technology is an effective method to
fabricate rugate filters.
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[13] Ilyas S, Böcking T, Kilian K, Reece P J, Gooding J, Gaus

K and Gal M 2007 Opt. Mater. 29 619

[14] Hawkeye M M and Brett M J 2006 J. Appl. Phys. 100

044322

[15] Kong W J, Shen Z C, Wang S H, Shao J D, Fan Z X and

Lu C J 2010 Chin. Phys. B 19 044210

[16] Shen Z C, Kong W J, Shao J D and Fan Z X 2005 Chin.

Phys. Lett. 22 224

[17] Fu X Y, Wang S M, Deng D G, Yi K, Shao J D and Fan

Z X 2005 Chin. Phys. Lett. 22 3173

[18] Wang S M, Fu X Y, Xia G D, Wang J G, Shao J D and

Fan Z X 2006 Appl. Surf. Sci. 252 8734

[19] Southwell W H and Hall R L 1989 Appl. Opt. 28 2949

094212-4


