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Abstract: We present an experimental study of the photosensitive 
properties of a narrow bandpass filter based on a Ge15Sb20S65 spacer 
fabricated by electron beam deposition. For a single layer, near the optical 
bandgap of this chalcogenide material, the efficiency of the photo-bleaching 
increases as the central wavelength of the light source for exposure 
decreases. The maximum relative photo-induced change of the optical 
thickness reaches about 1%. By using controlled light exposure around 480 
nm of a photosensitive narrow bandpass filter centered at 1550 nm, we 
obtained a spatially localized shift of its peak wavelength up to 5.4 nm. This 
property is used to perform, for the first time at our knowledge, the post 
trimming of a narrow bandpass filter with a light beam. A 5x5 mm2 ultra 
uniform area in which the relative spatial variation of its peak wavelength 
remains below 0.004% is demonstrated.     
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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, it became quite easy to manufacture most of the well-designed NBFs 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 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. 

A chalcogenide glass of Ge15Sb20S65 (2S1G) is compatible with optical thin film deposition 
process and presents high refractive index in the C-band associated to very low absorption and 
scattering levels [3]. At λ=1550 nm for instance, refractive index is equal to 2.4 and extinction 
coefficient is less than 10-4. Therefore it can be used as high index material for the 
manufacturing of narrow bandpass filters in the near infrared region. Moreover, the 
photosensitivity of chalcogenide materials has been successfully utilized for the creation of 
directly written waveguides [4-7], strong Bragg gratings [8,9] and post-tuning of photonic 
crystal waveguides [10,11]. In this paper, we demonstrate a novel post-processing technique 
which utilizes the photosensitivity of chalcogenide material to modify the optical properties of 
thin film filters. 

The content of this paper is organized as follows: the photosensitivity of 2S1G single layer 
is first studied in Section 2. Then we present in Section 3 the effect of a quasi monochromatic 
and spatially localized illumination on the optical properties of a narrow bandpass filter with a 

#88834 - $15.00 USD Received 22 Oct 2007; revised 26 Nov 2007; accepted 26 Nov 2007; published 4 Jan 2008

(C) 2008 OSA 7 January 2008 / Vol. 16,  No. 1 / OPTICS EXPRESS  374



photosensitive chalcogenide spacer. Section 4 is devoted to the first demonstration of the use 
of a light beam to perform the post trimming of such a filter and improve its uniformity on a 
5x5 mm2 area (final uniformity better than 4.10-5). Finally, summary of the main 
achievements and further developments of this technique are given in Section 5. 

2. Single 2S1G layer photosensitivity studies 

The magnitude and sign of the photo-induced changes can be highly dependant on the 
chemical composition of chalcogenide material [12-14]. To identify the specific 
photosensitivity of 2S1G for which the origin of this phenomenon is not fully understood [15], 
a single layer of this material was first deposited on fused silica substrate by electron beam 
evaporation (Balzers BAK600). The deposition rate was 1 nm/second and the total thickness 
was about 630 nm as controlled by optical monitoring. Then this single layer was exposed for 
2 hours in air with a Xenon arc lamp which emits high intensity radiation in a wavelength 
range between 400 nm and 1000 nm. The transmittance spectra of this single layer were 
measured before and after exposure from 480 nm to 1300 nm with a 1 nm interval. 

After light exposure, the transmission curve [Fig. 1(a)] was slightly shifted toward shorter 
wavelengths. This effect reveals a photo-induced decrease of the optical thickness of the 
2S1G film. It can be also seen that the transmittance in the short wavelength region was 
slightly increased after exposure. It indicates that the absorption was reduced. The optical 
constants, i.e., refractive index and extinction coefficient, were determined by the spectral 
curve fitting method with a global optimization algorithm [16]. The results of this 
determination are presented in Fig. 1(b) and Fig. 1(c). The refractive index (n) and extinction 
coefficient (k) in the whole spectral region are decreased. The changes are respectively Δn=-
0.022 at 1.3 μm and Δk=-0.027 at 480 nm, with no obvious change of the film mechanical 
thickness. All these results are in accordance with a photo-bleaching effect usually observed 
for as-deposited films made of germanium based sulphide glasses [17]. 
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Fig. 1. Influence of a broadband illumination on the optical properties of a 2S1G single layer. 
(a) Transmittance data. (b) Refractive index. (c) Extinction coefficient. The blue curves 
indicate the virgin film and the red curves the exposed film.  
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The photosensitivity of the chalcogenide is known to arise from structural rearrangements 
accompanying trapping of photo-excited carriers, and induced by the single photon absorption 
of light at frequencies near or below the optical bandgap of the material [17]. These subtile 
structural rearrangements lead to the change of refractive index. To a better understanding of 
this phenomenon on as-deposited Ge15Sb20S65 film, we decided to investigate the effect of 
light exposure with various wavelengths on photosensitivity. The optical bandgap of the 
amorphous 2S1G can be determined from the absorption curve of the deposited film [18], 
which gives a value of 516.7 nm, i.e. about 2.4 eV. 

A spectrophotometer previously developed in our team and which allows localized 
transmission and reflection measurements [19] was slightly modified to both expose the 
sample to a quasi monochromatic light beam with different wavelengths from 440 nm to 600 
nm and perform an in situ measurement of the refractive index change induced by this 
exposure. The light source was a Xenon arc lamp. The quasi monochromatic light exposures 
were achieved by adding dedicated bandpass filters on the collimated light beam delivered by 
this light source. The central wavelengths of these bandpass filters were chosen in the spectral 
range of interest, i.e. 440, 460, 480, 500, 520, 540, 560, and 600 nm. The bandwidths of all 
these filters were around 10 nm, except at 600 nm where the bandwidth was about 40 nm. In 
order to avoid the possible exposure out of the interested band, the selected filters include 
metallic layer to achieve rejection level better than 0.1% from 300 nm to 3 μm. A neutral 
density filter with an optical density of 3.0 was added during the transmittance measurement 
to avoid a parasitic effect of the unfiltered light fluence. The selected NBFs and the neutral 
density filter were installed in a motorized filter wheel. Thus, the light with NBFs and neutral 
density filter were respectively used as the ‘writing’ beam and the ‘probing’ beam. 

First of all, a small area on the sample (2 mm diameter) was selected and its spectral 
transmittance was measured from 500 nm to 1300 nm with the help of an Optical Spectrum 
Analyzer (OSA) ANDO AQ-6315A [20]: a real time determination of the optical thickness 
was performed by fitting the measured transmittance curve [16]. After selection of a first 
exposure wavelength, the corresponding bandpass filter was installed in the motorized wheel. 
The optical power density available at the sample surface was measured by the optical power 
meter function of OSA. Typical values were between 70 and 100 μW/cm2 (except the case of 
600 nm filter with a 0.45 mW/cm2 density). Then, the sample was exposed for 30 minutes and 
spectral transmittance was measured again, providing an updated version of the optical 
thickness. These three actions (monochromatic light exposure, transmittance measurement, 
and optical thickness determination) were finally repeated for 60 times. By using the result of 
the optical power density measurement, we were able to transform the accumulated exposure 
time into accumulated fluence, and to draw the variations of the optical thickness @ 750 nm 
with respect to the accumulated fluence of the ‘writing’ beam. Note that this method is mainly 
sensitive to an optical thickness change and it is here difficult to distinguish a small variation 
of refractive index (n) of thin film from a small variation of its physical thickness (d). 
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Fig. 2. Relative optical thickness variations versus the accumulated incoming fluence at 
different wavelengths around the optical gap of the chalcogenide 2S1G material (516.7 nm) 
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This study was repeated for all the exposure wavelengths previously listed by selecting a 
new zone at the sample surface for each new wavelength. The whole results are combined in 
Fig. 2. It can be seen in all these curves that the optical thickness quickly decreases at first as 
the accumulated fluence increases and gradually saturates. Moreover, the response of the 
photo-induced change turns quicker and larger as the exposure wavelength decreases. The 
optical thickness variation is very small at 600 nm, an exposure wavelength which is 
relatively far away from the optical bandgap of 2S1G (516.7 nm). 

For each wavelength, the optical thickness change can be described by the following 
classical relationship:  

 [ ]0/
0 1)()( FFendnd −−Δ=Δ  (1) 

where Δ(nd) is the optical thickness change for a fluence F (in J/cm2), Δ(nd)0 is the maximum 
optical thickness change (saturated value), and F0 is a characteristic fluence describing the 
sensitivity of the material at this wavelength. Figure 3 shows an example of the very good 
agreement between the experimental data (here @ 500 nm) and such a modeling. 
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Fig. 3. Illustration of the agreement between the recorded data and the modeling defined by Eq. 
(1) 

 These last two quantities [Δ(nd)0 and F0] are obviously wavelength dependent and one 
can see in Fig. 4 the variation of the absolute value of the saturated relative photo-induced 
optical thickness change |Δ(nd)0|/(nd)0 with respect to the wavelength of exposure. This 
quantity increases as the exposure wavelength decreases. The results agree with that of a 
germanosilicate glass [21]. However, the variation of |Δ(nd)0|/(nd)0 values are very small 
when exposure wavelengths are less than 480nm. We can explain this effect by investigating 
the electrical field intensity distribution inside the single layer which determines the effective 
light fluence of exposure. 
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Fig. 4. Spectral dependence of the saturated relative change |Δ(nd)0|/(nd)0 of the optical 
thickness of 2S1G single layer 
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By the classical matrix method [22], the electrical field intensity distribution inside the 
layer is simulated. Figure 5(a) shows the results at 460 nm, 520 nm and 600 nm which are 
normalized by the incoming intensity in air medium. We observe that the standing wave forms 
inside the layer at λ=600 nm because of the interference between the transmitted and reflected 
wave. At λ=520 nm near the optical bandgap of the material, a standing wave with slowly 
attenuated magnitude can also be seen. However, due to the high absorption of 2S1G at 460 
nm, this standing wave disappears and the electrical field intensity attenuates rapidly until 
zero inside the layer. It indicates that only a part of the film could be exposed and could 
produce the photo-induced change at this wavelength of exposure. The extinction coefficient 
of 2S1G increases quickly in short wavelength region as shown in Fig. 1(c). Thus the depth of 
light penetration decreases as the wavelength decreases. The exposed thickness will be also 
reduced though the corresponding photon energy increases at short wavelength. Therefore, the 
total photo-induced change inside the whole layer will be very similar. It is the reason why 
there is a small difference of Δ(nd)0 values when the exposure wavelength is less than 480nm. 
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Fig. 5. (a). Electric field intensity distributions inside the layer normalized by the intensity of 
the incoming beam (Red curve 600nm, green curve 520nm and blue curve 460nm). (b) Spectral 
dependence of the ratio between the mean values of the square electrical field inside the film 
and that of the incoming beam. 

Because of the interference effect induced by the air/2S1G and 2S1G/substrate interfaces 
and the absorption of 2S1G, the effective exposure fluence is not the optical power density 
measured at the sample surface during the experiment, but proportional to the mean electrical 
field intensity inside the layer. Spectral dependence of the ratio between the mean values of 
the square electrical field and the intensity of the incoming beam is simulated and displayed in 
Fig. 5 (b). It is then possible to transform each characteristic fluence F0 into a new one, called 
effective characteristic fluence and noted E0, by using this ratio as a multiplicative corrective 
factor. 
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Fig. 6. Spectral dependence of the 2S1G effective characteristic fluence E0 
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The variation of this effective characteristic fluence E0 with respect to the wavelength of 
exposure is shown in Fig. 6. E0 increases monotonously with the wavelength. It means that the 
speed of photosensitive response is quicker at the short wavelength exposure than the long 
wavelength one because of the higher photon energies. 

3. Photo-induced changes of a narrow bandpass filter with 2S1G spacer 

3.1 Manufacturing and charactering of the narrow bandpass filter 

Narrow bandpass filters (HL)4 6P (LH)4 using 2S1G material as a photosensitive spacer were 
manufactured by electron beam evaporation where H, L and P are respectively a quarterwave 
of zinc sulfide (ZnS), cryolite (Na3AlF6) and 2S1G at λ0=1550 nm. During the deposition of 
the filter, the optical monitoring with turning point method [3] was used to control the 
thickness of each layer. After manufacturing, the transmittance was measured using our 
dedicated spectrophotometer (see Fig. 7). The peak wavelength, the bandwidth, and the 
maximum transmittance are 1546.5 nm, 4 nm and 72.8% respectively. ZnS (n=2.25) and 
Na3AlF6 (n=1.3) were chosen because of their good compatibility with 2S1G. We also 
investigated the use of oxides, respectively silica (SiO2) and tantala (Ta2O5), for the 
manufacturing of low and high index layers of the dielectric mirrors (HL)n, but the long-term 
mechanical behavior of the filters including a 2S1G spacer was not satisfactory (cracks 
appearance).  
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Fig. 7. Spectral transmittance of a narrow bandpass filter with photosensitive chalcogenide 
spacer 

3.2 Choice of the trimming wavelength 

The electrical field intensity inside the photosensitive layer directly determines the effective 
exposure fluence and the consequent photo-induced change. Thus, after exposure, the photo-
induced refractive index change inside the spacer of NBF will be sine modulated which is 
similar to that of the single layer shown in Fig. 5(a). Additional simulations show that such a 
modulation has no obvious effect on the shape of the spectral profile of NBF except a shift of 
the peak wavelength [2]. This shift is dependent on the mean value of the refractive index 
change inside the spacer. The key parameter for evaluating the efficiency of a NBF trimming 
is then the normalized mean electrical field intensity inside the spacer layer. 

The mean value inside the spacer layer of our NBF at each wavelength in the interested 
spectrum (from 430 nm to 620 nm) is calculated and displayed in Fig. 8. The effective 
intensity of electric field was greatly reduced compared with its value for the incoming light. 
In the rejection band of dielectric mirror from 500 nm to 570 nm, the intensity is very small 
except a peak near 550 nm which is the high order resonant wavelength. In the spectral range 
comprised between 430 nm and 490 nm, due to the increase of absorption, the mean electrical 
field intensity decreases gradually as the wavelength decreases. 

By combining these modeling results with the results of photosensitivity dependence on 
the exposure wavelength previously obtained in a single layer (see Fig. 6), we can predict the 
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effect of a light exposure with different wavelengths on the photo-induced change of the NBF 
spacer. The most efficient wavelength for trimming our filter is near 490 nm. So the quasi 
monochromatic light obtained from the 480 nm bandpass filter will be used to expose our 
photosensitive filter. 
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Fig. 8. Normalized mean electrical field intensity inside the NBF spacer layer in the 430-620 
nm wavelength range 

3.3 Photo-induced change of NBF 

The transmittance of NBF was measured in situ every 30 minutes during a 480 nm exposure. 
Figure 9(a) shows the recorded spectrum at different exposure times. The transmittance curve 
was observed to shift gradually towards shorter wavelength with increasing exposure. It 
indicates a negative photo-induced index change which is in accordance with the results 
previously obtained on the single 2S1G material. There is no obvious variation of the peak 
transmittance Tmax. Figure 9(b) shows a plot of the peak wavelength versus exposure time. 
The resonant wavelength shifts quickly at first but displays saturation behavior at longer time. 
The maximum wavelength shift was here 5.4 nm.  
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Fig. 9. (a). Measured NBF transmittance curves for different accumulated time of exposure at 
480 nm. (b) Shift of the peak wavelength versus accumulated exposure time 

The curve could be well fitted by the same exponential Eq. (1) as used for the modeling of 
the optical thickness change. To achieve an appropriate comparison between these data and 
the experimental results obtained on a single layer, numerous computations have to be 
performed. 

First, we have to transform the duration of the exposure at 480 nm into the effective 
accumulated fluence E inside the spacer of NBFs: it can be easily achieved by combining the 
result of the power density measurement performed in front of the sample at this specific 
wavelength, the duration of the exposure, and the normalized mean electrical field intensity. 
Then this effective accumulated fluence E has to be used to estimate the relative optical 
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thickness change Δ(nd)/(n0d0) in the spacer layer of the NBF based on the measured results of 
the single layer.  

Finally this ratio has to be converted into a relative peak wavelength shift of the NBF, 
which can be achieved by applying the following relation [23]: 

 
nd

nd)(

0

0 Δ=
Δ κ
λ
λ

                                    (2) 

where κ is a positive coefficient, typically between 0.3 and 1, and whose exact value is 
connected to the structure of the NBF high reflection mirrors [24]. In our structure, κ is equal 
to 0.7049. Figure 10 shows the final result of this comparison between the measured shifts of 
Fig. 9(b) and the results deduced from the photo-induced change of a single 2S1G layer.  
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Fig. 10. Comparison of the NBF peak wavelength shifts with 480nm light exposure between 
the measured results and the deduced values from single layer photo-induced change. 

The agreement is satisfactory, even if we can observe some differences between the two 
curves that directly result from the deposition error. Indeed, the manufactured NBF is not 
perfectly identical to the designed one. Thus, the asymmetry of two mirrors in NBF will 
induce some variations of the κ term in Eq. (2). Moreover, the simulated value of electrical 
field intensity will differ from the actual one, especially at the exposure wavelength (480 nm) 
which is far away from the monitoring wavelength of turning point method (1545 nm). 

After the exposure, a mapping of the exposed area of NBF was carried out with a small 
beam size (400 μm) on a dedicated mapping bench developed in our team and which uses a 
tunable laser instead of an optical spectrum analyzer [25]. Figure 11 shows the peak 
wavelength distribution recorded in an 8x8 mm2 area. A valley could be clearly observed and 
the peak wavelength change almost perfectly reproduces the shape of the exposure beam. 
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Fig. 11. Spatial variations of the NBF central wavelength after the 480 nm exposure 
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4. Light trimming of a narrow bandpass filter 

Based on the above results on the photo-induced changes of our chalcogenide spacer NBF, we 
can now try to spatially trim the central wavelength of such a filter, point by point, in order to 
obtain a narrow bandpass filter with ultra-uniform spatial properties. Because of the relative 
low illumination level provided by the Xenon arc lamp, when exposed around 480 nm, this 
trimming process can be very long and ineffective. In the future, it can be clearly 
advantageous to replace this filtered lamp by an argon laser line. However, to increase the 
trimming speed by keeping the same bench as used during all this study, we decided to use the 
same Xenon arc lamp but unfiltered to expose the filter. With such operating conditions, a 
maximum shift of 6.3 nm in the peak wavelength can be achieved for a 280 minutes exposure. 
It is much quicker than the quasi monochromatic exposure. 

The trimmed area was 5x5 mm2. A 1 mm light beam was used to trim the filter with a 
spatial resolution of 1 mm. The total number of trimmed points was then 25. The mapping of 
the peak wavelength distribution before trimming is displayed in Fig. 12(a). It can be seen that 
the maximum variation of the NBF peak wavelength was about 3 nm. 
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Fig. 12. Mapping of the peak wavelength distribution in a 5x5 mm2 area: (a) before trimming 
(b) after trimming 

Due to the nature of the photosensitivity of the 2S1G (photobleaching effect associated to 
negative refractive index change), the minimum peak wavelength over the whole area was 
chosen as the target value. For each point, the needed exposure time (T) was calculated using 
relationship between the peak wavelength shift and the exposure time with full band exposure. 
Then, to trim the filter very accurately, we carried out a multi-step exposure. The 
transmittance and peak wavelength were measured after 60% of the T exposure time. Then, 
the left exposure time was determined and exposure was resumed until reaching 60% of 
remaining time. Finally this procedure will be repeated until the peak wavelength reaches the 
target value. In general, 3 or 4 loops are required. In our case, after about 10 hours, the 
trimming process of the whole area was finished. Figure 12(b) shows the peak wavelength 
distribution in the processed area after trimming. The maximum peak wavelength difference 
in this area is 0.05nm and the relative uniformity is therefore 3.2x10-5. 

The long term stability of the filter’s optical properties is very important for application. 
To investigate the stability of a filter with chalcogenide spacer, the transmittance of such a 
filter at the trimmed area was measured automatically every 4 hours on our dedicated setup 
where a temperature controller with 0.020C accuracy was used to hold the sample [25]. This 
measurement was performed in a black room in order to avoid possible background light 
influence. Figure 13 shows the peak wavelength variations for 12 days duration. The 
maximum change was ±0.05 nm, with no drift evidence. This variation maybe results from a 
lack of repeatability in the positioning of the sample with respect to the probing beam, or from 
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moisture absorption effects, but remains compatible with our uniformity target for a first 
demonstration of this light processing scheme. 
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Fig. 13. NBF peak wavelength variations at the trimmed area for 12 days duration (every point 
indicates 4 hours). 

The long-term stability of the trimmed filter is directly connected to the irreversibility of 
the refractive index changes induced by the light exposure. Our results are in accordance with 
the behavior of un-annealed amorphous arsenic chalcogens thin films prepared by vacuum 
deposition [26]. Reversible changes are more usually observed in well-annealed thin films or 
melt quenched bulk glasses.  

Another important item in relation with long-term stability is to avoid spontaneous change 
of the filter properties induced by its use: it means first that, after trimming, this filter could be 
used only in a spectral region far away from the optical gap of photosensitive material, for 
instance the C-band of the optical telecommunication range. But it can also require preventing 
a possible illumination of the spacer by a visible light beam, mainly from the environment like 
sunshine, daylight lamp, etc. It can be easily obtained by adding to the processed filter some 
colored glasses having a high absorbance in the entire visible spectrum. 

5. Conclusion 

In conclusion, we presented the first experimental demonstration of light trimming of NBFs 
based on photosensitive material. For single Ge15Sb20S65 layer, we studied the photosensitivity 
dependence on the exposure spectrum near the optical bandgap. It indicates that the maximum 
photo-induced change of optical thickness increases as the exposure wavelength decreases. 
Then, narrow bandpass filters with 2S1G spacer were manufactured. 480 nm light exposure 
resulted in a 5.4 nm shift in peak wavelength towards the shorter wavelength. Using these 
results, a first prototype of ultra-uniform NBFs in 5x5 mm2 area was fabricated by spatial 
trimming of the individual component. A relative uniformity of 3.2x10-5 was obtained. Long 
term stability of this filter was finally demonstrated. 

The photosensitive response of NBF exposed by an argon laser line will be studied in the 
future and it is expected to reduce the trimming time greatly. This post-processing technique 
is highly promising for thin film filter manufacturing either to correct the deposition error or 
create new spatially-structured filters. 
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