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Abstract
We present an experimental study on the photosensitive properties of narrow bandpass ﬁlters based on a chalcogenide Te20As30Se50
(TAS) spacer. The transmittance curve of single TAS layer was shifted towards long wavelength direction after 2 h exposure by Xenon
arc lamp. The refractive index and extinction coeﬃcient were both increased together with a red shift of optical gap. A maximum 1.7%
photo-induced eﬀect was observed. Narrow band ﬁlters constituted by TAS and cryolite were manufactured by electron beam deposition.
The transmittance spectrum of the ﬁlter during the exposure by a wide band source was in situ measured and the resonant wavelength
was observed to turn longer gradually till saturation. A spatially localized central wavelength change up to 5.7 nm was ﬁnally obtained.
The stability of the photo-induced eﬀect was studied and some comments were given at the end of this paper.
Ó 2008 Elsevier B.V. All rights reserved.
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1. Introduction
Narrow bandpass ﬁlters (NBFs) are one of the key components in optics communications, ﬂuorescence excitation/
detection and laser-line cleaning. Today, as high energy
deposition technologies like ion assisted deposition (IAD)
or dual ion beam sputtering (DIBS) develop, most of the
well-designed NBFs can be manufactured by optical monitoring with error compensation [1]. However, due to the
high requirements on error tolerance and the limit of thickness uniformity in the deposition chamber, the production
yield is still very low. Generally, there is only one circular
ring on the whole substrate which will satisfy the ﬁnal performance. Thus, the use of a photosensitive material for the
*
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spacer of NBFs [2] would be very attractive for enabling
the post trimming of such devices with the help of a light
beam. It could not only correct the consequences of some
deposition errors on the ﬁlter properties accurately, but
also create entirely new ﬁltering devices with controlled
spatial properties, for instance, variable ﬁlters with arbitrary proﬁle or apodizing ﬁlter with spatially-structured
transmission/reﬂectance response.
The chalcogenide glasses are transparent in the near- and
mid-infrared regions of the spectrum (0.510 lm for sulphides, 0.812 lm for selenides, up to 20 lm for tellurides)
and present high refractive index typically in the range of
2.0–2.9 at 1.5 lm [3]. Therefore it can be used as high index
material for the manufacturing of narrow bandpass ﬁlters in
the near infrared region [4]. Moreover, the photosensitivity
of chalcogenide materials has been successfully utilized for
the creation of directly written waveguides [5–8], strong
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2. Study of single TAS layer photosensitivity
The photosensitivity of the chalcogenide is known to
arise from structural rearrangements induced by the single
photon absorption of light at frequencies near or below the
optical gap of the material [14]. These structural rearrangements lead to the changes of the refractive index. The magnitude and sign of the photo-induced changes are highly
dependant on the chemical composition of chalcogenide
material. To identify the speciﬁc photosensitivity of TAS,
a single layer of this material was ﬁrst studied. Typical
equipment of electron beam deposition (EBD) used for
the preparation of coatings was a Balzers BAK 600 evaporation plant with a 60-cm stainless steel bell jar and two
electron beam guns with water-cooled crucibles. TAS materials were placed in a graphite crucible of 4-cc capacity. An
x–y sweep could be used to increase the ﬁlm uniformity.
The ﬁlm was deposited on fused silica substrate that was
subjected to a normal cleaning procedure prior to being
cleaned by a discharge in vacuum chamber. The distance
from the source to substrates was around 50 cm. Controlled by a quartz sensor, deposition took place at a rate
of 1 nm/s with a pressure of 2  106 mbar. The total
thickness of single layer was about 630 nm monitored by
optical transmittance method.
After deposition, the single layer was exposed for 2 h by a
Xenon arc lamp which provides a high intensity in a wavelength range between 400 nm and 1000 nm. The transmittance spectrums of this single layer before and after
exposure were measured from 600 nm to 1700 nm with a
1 nm interval on a spectrophotometer previously developed
in our team [15] which allows localized transmission and
reﬂection measurements. As Fig. 1 shows, the transmission
curve after light exposure was slightly shifted toward the long
wavelength direction, which reveals a photo-induced increase
of the optical thickness of the TAS ﬁlm. It can be also seen
that the transmittance values in short wavelength region were
decreased a little after exposure (from 31.2% to 26%
@800 nm). It indicates that the absorption was increased.
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Bragg gratings [9,10] and post-tuning of photonic crystal
waveguides [11,12]. We have previously reported light trimming of NBFs based on photosensitive Ge15Sb20S65 spacer
in which a 5.4 nm blue shift of central wavelength could be
observed with light exposure around 480 nm and an ultrauniform ﬁlter was ﬁnally obtained by post trimming [13].
In this paper, the photosensitivity of Te20As30Se50 (TAS)
narrow band ﬁlter was studied. TAS has a low optical gap
(Egap = 1.46 eV), a low glass transition temperature (Tg =
137 °C) and a high refractive index (n = 3.0 @1550 nm).
Opposite to Ge15Sb20S65, photo-induced change of a red
shift was obtained for single TAS layer. In the vacuum
deposition chamber, the optical properties of NBFs based
on TAS spacer were in situ recorded during exposure. A
5.7 nm central wavelength shift towards longer direction
was observed. At the end, the localization and stability of
the photo-induced change was investigated.
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Fig. 1. The measured transmittance curves of as-deposited and exposed
TAS single layers.

The optical constants, i.e., refractive index (n) and
extinction coeﬃcient (k), were determined by the spectral
curve ﬁtting method with a global optimization algorithm
[16]. A Forouhi–Bloomer formula [17] was used to describe
the dispersion of TAS material. The variation of mechanical thickness would only induce a shift of the whole transmission curve while the variations of optical constant could
also inﬂuence the transmittance values especially at
extreme points. As it could be seen from Fig. 1, the transmittance at a quarter-wavelength point near 1300 nm was
decreased after illumination and it indicated refractive
index was increased. So the photometric method could distinguish the variations of optical constant from mechanical
thickness. The results of this determination are presented in
Fig. 2. The refractive index and extinction coeﬃcient in the
whole spectral region were increased after exposure. The
changes are respectively Dn = 0.048 at 1.55 lm and Dk =
0.02 at 800 nm, with no obvious change of the ﬁlm mechanical thickness (from 549 nm to 550 nm).
The optical gap of amorphous TAS could be determined
from the absorption curve of the deposited ﬁlm [18]. In
high absorption region with a > 104 cm1 (absorption coefﬁcient a = 4pk/k) involving optical transitions between
conduction and valence band states, the absorption could
be described by the following formula:
ahm ¼ Bðhm  E0g Þ

m

ð1Þ

where hm is photon energy, E0g is optical gap and B is a constant. The exponent m depends on the nature of the transition, and m = 1/2, 2, 3/2 or 3 for allowed direct, allowed
non-direct, forbidden direct or forbidden non-direct transitions respectively. For TAS, it could be seen in Fig. 3 that
there was a good linear relationship between (ahm)0.5 and
(hm) when m = 2, i.e., allowed non-direct transition. By
extrapolating the linear portions to (ahm)1/2 = 0 in the plots
of (ahm)0.5 versus (hm), the optical gap could be obtained. As
Fig. 3 showed, E0g was 1.56 eV (794.9 nm) and 1.54 eV
(805.2 nm) respectively for as-deposited and exposed ﬁlm.
It meant that the optical gap was reduced (a red shift) after
exposure.
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Fig. 2. The determined optical constants of as-deposited and exposed ﬁlms. (a) Refractive index, (b) extinction coeﬃcient.
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Fig. 3. (ahm)0.5 versus (hm) of as-deposited and exposed TAS ﬁlm.

All these photo-induced changes were perhaps caused by
structural changes [14]. It is well known that practically all
chalcogenides deposited by PVD methods go down in a
highly non-equilibrium state which can be relaxed by thermal or photo annealing. Refractive index is commonly
increased as they relax into a bonding structure closer to
the equilibrium state. Additionally changes in the bandgap
are commonly seen as this relaxation process proceeds
(also giving changes in absorption). The formation of
defects and localized electronic states in the tails of conduction and valence bands which lower the energy gap, i.e.,
photo-darkening eﬀect, maybe also cause the change of
optical constants [9]. The mechanism of the photo-induced
change is still under investigation.
3. Post tuning of a narrow bandpass ﬁlter
For a dielectric Fabry-Perot ﬁlter, the resonant wavelength is mainly determined by optical thickness of the spacer
layer. The relationship between central wavelength shift and
spacer variation could be described by equation [19]:
Dk
DðndÞ
¼j
k0
ðn0 d 0 Þ

ð2Þ

where k0 is central wavelength and (n0d0) is optical thickness
of the spacer. j is a positive coeﬃcient, typically between 0.3
and 1, whose exact value is connected to the structure of
high reﬂection mirror and there are analytical formulas
for various ﬁlters [20]. This equation indicates that central
wavelength shift Dk is linearly dependent on optical thickness change D(nd) of the spacer. If the spacer is photosensitive, we can modify locally index of the spacer layer and
consequently the value of central wavelength of NBFs by
a light beam with the required spot size and ﬂuence.
Narrow bandpass ﬁlters (PL)3 6P (LP)3 using TAS
material as a photosensitive spacer were manufactured by
electron beam evaporation where P and L were respectively
a quarterwave of TAS and cryolite (Na3AlF6) at k0 =
1550 nm. Na3AlF6 (n = 1.3) was chosen as a low index
material because of its good compatibility with TAS.
Fig. 4 shows the cross-section SEM images of the manufactured ﬁlter. It reveals the amorphous structure of TAS ﬁlm
deposited by EBD method. The chemical composition of
this coating (Te:As:Se = 19.8:30.9:49.3) measured by an
energy-dispersive X-ray analyzer was in good agreement
with that of bulk glass (Te:As:Se = 20.5:29.5:50) [4]. A
good interface between TAS and cryolite layers could be
also observed. The optical monitoring with turning point
method @1550 nm [21] was used to control the thickness
of each layer. To avoid photo-induced change by light
exposure near the optical gap (795 nm) of TAS material,
a long-pass color ﬁlter (Schott RG830) was inserted in
the light path of monitoring system during deposition as
shown in Fig. 5.
After the manufacturing, the transmittance measurement
from 1520 nm to 1570 nm was performed by in situ measurement system in vacuum chamber (Fig. 5). Fig. 6 shows the
measured curve. The central wavelength, the bandwidth,
and the maximum transmittance are 1550.6 nm, 4.9 nm
and 91.2% respectively. There is a little diﬀerence between
the measured and design data due to the thickness error
and scattering loss.
The photosensitive response of this NBF was in situ
measured in the vacuum chamber just after the manufacturing. As Fig. 5 shows, the light source is a halogen lamp
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Fig. 4. Cross-section SEM images of the manufactured ﬁlter constituted by TAS and cryolite ﬁlms.
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Fig. 5. Schematic graph of in situ transmittance measurement in vacuum
chamber.
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Fig. 6. The measured transmittance of TAS/Cryolite ﬁlter in the spectral
range of 1520–1570 nm.

which provides a high intensity from 400 nm to 900 nm and
the diameter of light beam is 4 mm. The exposure was
performed by removing the RG830 ﬁlter. The transmittance during the exposure was measured every 2 h.
Fig. 7a shows the recorded spectrum at diﬀerent times.
The transmittance curve was observed to shift gradually
towards longer wavelength with increasing exposure. It
indicated a positive photo-induced index change which
was in accordance with the previously obtained results of

single TAS layer. There was no obvious variation of the
peak transmittance Tmax during the exposure. Fig. 7b
shows a plot of the central wavelength versus accumulated
exposure time. The resonant wavelength shifted quickly at
ﬁrst but displays saturation behavior at longer time. This
curve could be well ﬁtted by an exponential equation as
shown in Fig. 7b. The maximum wavelength shift ﬁnally
reached 5.7 nm. The photosensitive response of NBF
exposed by a laser-line of wavelength below or near the
optical gap will be studied in the future and it is expected
to reduce the exposure time greatly.
After the exposure, the ﬁlter was taken out from the
chamber. A central wavelength mapping near the exposed
area of NBFs was carried out on a dedicated mapping
bench developed in our team which uses a C-band tunable
laser and an InGaAs detector for transmittance measurement [22]. A small probing beam size of 400 lm was used
for scanning with a 400 lm interval. Fig. 8 shows the central wavelength distribution recorded in an 8  8 mm2 area
(441 points). A local central wavelength peak of 4 mm
diameter could be clearly observed and the central wavelength change almost perfectly reproduces the shape of
the exposure light beam.
The stability of the photo-induced eﬀect is important for
the future application. To investigate the stability, the
transmittance of TAS ﬁlter at the exposed area was measured automatically every 4 h on the same tunable laser
bench where a temperature controller with 0.02 °C accuracy was used to hold the sample [16]. This measurement
was performed in a black room in order to avoid possible
background light inﬂuence. Fig. 9 shows the central wavelength variations for 7 days duration. The maximum
change was 0.04 nm, with no drift evidence. This variation
maybe results from a lack of repeatability in the positioning, moisture absorption eﬀects or laser instability. However, it should be noted that this ﬁlter could be used only
in a spectral region far away from the optical gap of photosensitive material (e.g. C-band for telecommunication) in
order to avoid spontaneous change of optical properties
induced by exposure [13]. It can be easily obtained by adding to the processed ﬁlter some colored glasses having a
high absorbance in the speciﬁc spectrum.
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Fig. 7. (a) Measured NBF transmittance curves at diﬀerent accumulated time of exposure. (b) Shift of the central wavelength versus accumulated exposure
time.
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Te20As30Se50 material. The photosensitivity of single TAS
layer was ﬁrst studied. After 2 h exposure by Xenon arc
lamp, the transmittance curve was shifted towards long
wavelength direction. The refractive index and extinction
coeﬃcient were both increased, together with a red shift
of optical gap. A maximum 1.7% photo-induced change
was observed. After that, narrow band ﬁlters constituted
by TAS and cryolite were manufactured by electron beam
deposition. The transmittance spectrum of the ﬁlter during
the exposure by a wide band source was in situ measured
and the resonant wavelength was observed to turn longer
gradually till saturation. A spatially localized central wavelength change up to 5.7 nm was ﬁnally obtained. Multicavity narrow band ﬁlters with high cut-oﬀ properties
should be usually designed for some applications, e.g.,
optics communication and laser-line cleaning. For this
case, it will be very diﬃcult to accurately control refractive
index changes of each spacer layer during the light exposure. Diﬀerent photosensitive material may be chosen as
the cavity layers, and then the post-tuning could be performed at separate light illuminations according to each
spacer’s active wavelength. This post-processing technique
is promising for thin ﬁlm ﬁlter manufacturing either to correct the deposition error or create new spatially-structured
ﬁlters.
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Fig. 9. NBF central wavelength variations at the trimmed area for 7 days
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4. Conclusion
In conclusion, we present an experimental demonstration of post tuning of NBFs based on photosensitive
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