Dedicated spectrophotometer for localized transmittance
and reflectance measurements
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A dedicated spectrophotometer is built to achieve localized transmittance and reflectance measurements.
The spatial resolution can be chosen from 100 pm to 2 mm, the spectral resolution from 0.5 to 5 nm, and
the spectral range from 400 to 1700 nm. This apparatus can be used to study the index and thickness
uniformity on single layers to determine and optimize the characteristics of the deposition chamber. It
can also be used to measure the spatial variations of optical properties of intended nonuniform coatings
such as linear variable filters. © 2006 Optical Society of America

OCIS codes:

1. Introduction

Transmittance and reflectance measurements are
frequently used in the thin-film field either to mea-
sure the optical properties of coatings or to charac-
terize the refractive index and thickness of single
layers.! In this last case, and provided that several
substrates are coated at the same time, the goal can
be the characterization of the thickness uniformity of
the deposition chamber.2-5> Usually these measure-
ments are performed with spectrophotometers that
have a beam diameter of typically several millime-
ters, and results that are obtained by using such
illumination conditions are in fact values averaged
over the analysis surface. Such results can be ac-
cepted in most cases; however, for some specific ap-
plications, such a measurement area is too large and
there is a need for localized measurements with a
better spatial resolution. This is obviously the case
for all components with lateral dimensions smaller
than the beam diameter. For example, dense-
wavelength-division-multiplexing (DWDM) coatings
can be characterized with a classical spectrophotom-
eter, but since the size of DWDM filters is ~1 mm,
specific measurement devices must be developed.
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310.6860, 310.3840.

Moreover, because such filters are known to req-
uire a high thickness uniformity, the thickness dis-
tribution must be master, and consequently studied,
with a spatial resolution smaller than 1 mm.
Intended-nonuniform filters, such as linear variable
filters,% also provide an example in which classical
spectrophotometers can rarely be used. For such fil-
ters, coatings are manufactured with a thickness gra-
dient along one direction, which allows one to obtain
a large wavelength shift in the optical properties
along this direction. This kind of filter is of great
interest to the manufacture of small, light, and com-
pact spectrometers. Typically, along the 1 or 2 cm
corresponding to the size of the component, the center
wavelength can increase by a factor of 2. Here again,
the thickness distribution must be controlled and
studied properly with a spatial resolution smaller
than 1 mm. Since these coatings are highly nonuni-
form, they cannot be measured with a large spot di-
ameter owing to the wavelength shift that occurs
across the beam diameter. Here again, specific mea-
surement capabilities must be developed, but con-
trary to DWDM filters, which need only to be studied
on a short spectral range (~1550 nm) that can be
provided by a tunable laser, linear variable filters
must be measured over a wide spectral range.

To resolve these difficulties, we decided to develop
a specific measurement bench that allows both local-
ized transmittance and reflectance measurements.
This apparatus operates in the visible and near-
infrared spectral ranges with several calibrated val-
ues for the beam diameter, extending from a few
tenths to a few millimeters. Moreover, the sample
holder is motorized with two translation stages to
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Fig. 1.

perform automatic two-dimensional (2D) mappings of
the coatings.

Section 2 is devoted to the physical description of
this bench. Then we study its technical data and
measurement performances. Finally, we illustrate
the application of the apparatus to the thickness-
distribution characterization and to the measure-
ment of a linear variable filter.

2. Physical Description of the Spectrophotometer

The principle we use to obtain a precisely localized
analysis surface is to form on the sample the geomet-
rical image of a calibrated aperture stop, as is shown
in Fig. 1. Following the propagation of light, we place
this aperture stop in front of the sample, which allows
us to control visually the probing-zone location on the
sample. Several aperture stops of different diame-
ters, all located on a wheel, are available, permitting
the adaptation of the spatial resolution according to
the kind of measurement we want to perform. Obvi-
ously, selecting a small analysis surface to improve
the spatial resolution decreases the flux level and
consequently the signal-to-noise ratio.

At the entrance of the system, the light source is
imaged on the aperture stop while, at the exit of the
system, the sample is imaged on the entrance slit of
a monochromator either by way of the reflected beam
or by way of the transmitted beam.

Now both the light source (quartz halogen) and the
monochromator (optical spectrum analyzer ANDO
AQ 6315-A) are connected to the bench by means of
optical fibers. This configuration gives the setup more
flexibility. Another advantage is that the illumina-
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Schematic representation of the spectrophotometer.

tion exiting from the entrance fiber can be considered
fully uniform (within 5%). As a consequence, the sam-
ple and the aperture stop are in fact imaged on the
entrance and exit planes of these fibers, respectively.
Moreover, assuming that a single fiber is used be-
tween the sample and the monochromator, this fiber
should be moved or disconnected each time we want
to perform either a reflectance or a transmittance
measurement, something that is not conducive to sig-
nal stability. To avoid this difficulty, we used two
fibers, one for each measurement channel, and by
means of a motorized switch mirror coupled each of
these intermediate fibers to a third one, which is
connected to the monochromator.

Notice that for easier alignment, the core-fiber di-
ameters are increased along the setup. The entrance-
and exit-fiber diameters are, respectively, 200 and
600 wm, while the diameter of the two intermediate
fibers used for the reflectance and the transmittance
channels is 400 pm. All these fibers are step-index
fibers with identical numerical apertures.

However, the optical conjugation between these fi-
bers is not a sufficient condition to completely trans-
fer the light from one optical fiber to the next, since
we must also preserve the angular distribution of the
beam. For this purpose, all image formations are per-
formed by means of two-lens telecentric objectives.

Magnification ratios are equal to 10,1, 1/10,
and 1 between the entrance fiber and the aperture
stop, the aperture stop and the sample, the sample
and the intermediate fibers, and the intermediate
fibers and the exit fiber, respectively. Consequently,
the largest measurement area, in the absence of any
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aperture stop, is a 2 mm wide diameter, owing to the
diameter of the entrance fiber.

To complete the physical description, notice that
we include a beam splitter (in fact a glass substrate)
to feed a reference photodiode that allows to correct
measurements from fluctuations of the light source
intensity. Finally, for a more-convenient handling of
the samples, we decided to design a horizontal sam-
ple holder on which the sample and a reference glass
can be positioned side by side. The transmission mea-
surement is thus performed vertically. The substrate
holder is motorized along two axes in the horizontal
plane so that we can perform 2D mappings of the
samples.

3. Technical Characteristics and Performance

Concerning geometrical characteristics, due to the
numerical apertures of the optical fibers and to the
magnification of the system, the divergence of the mea-
surement beam on the sample is 1.25 deg. The mean
incidence angle on the sample is ~2 deg.

The diameters available for calibrated apertures
and the consequent measurement areas are 100,
200, 600, and 1000 pum. As mentioned before, the
beam diameter on the sample is 2 mm when no ap-
erture stop is used. Notice that, due to absorption or
scattering, the presence of dust or defects on either
the sample or the reference glass can rapidly falsify
the results as the probing-zone diameter is decreased.

Displacements of the sample holder are performed
by stepper motors. The maximum displacement along
the direction defined by the sample and the reference
glass is 60 mm. The maximum displacement along
the perpendicular direction is 25 mm. The displace-
ment accuracy is 3 pm.

Concerning the spectral characteristics, measure-
ments are performed with an optical spectrum ana-
lyzer (ANDO AQ 6315-A). The spectral range extends
from 400 to 1700 nm. The spectral resolution de-
pends on the diameter of the optical fiber that is
connected to the apparatus since this optical fiber
serves as the entrance slit. In the best case (i.e., using
a monomode fiber) the spectral resolution is 0.05 nm.
In our case (i.e., using a 600 pm optical fiber) the
spectral resolution is 5 nm. To improve the spectral
resolution, we thus need to use smaller values for the
fiber-core diameters, which first tend to reduce the
positioning tolerances for the bench alignment. For
this purpose, a 100 wm diameter optical fiber is also
available to connect the optical spectrum analyzer,
which gives a 0.5 nm spectral resolution. Associated
with this 100 pm fiber are two 50 pm diameter in-
termediate optical fibers for the reflection and trans-
mission channels. However, notice that, due to the
magnification of the objectives that are used to image
the sample on the intermediate fibers, the diameter
of the probing zone cannot exceed 500 pm. As one can
see, improving the spectral resolution not only re-
duces the positioning tolerances but automatically
reduces the size of the measurement area and conse-
quently the flux level. However, if the sample needs
to be measured through a small probing diameter,
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Fig. 2. Relative difference of the transmittance (solid curve) and
the reflectance (gray curve) measured for a single high-index level
on a Lambda 18 PerkinElmer spectrophotometer and on our mea-
surement bench.

owing to a large nonuniformity of the coating, for
example, as is the case of linear variable filters, the
spectral resolution can be improved without increas-
ing flux losses.

According to the flux level, the optical spectrum
analyzer automatically adjusts the integration time.
For our operating conditions, the measurement of one
point over the whole spectral range from 400 to
1700 nm takes ~60 s under the most favorable con-
ditions (namely, for a 2 mm beam diameter), while it
requires ~360 s for a 100 wm beam diameter.

Regarding the measurement performance, we first
considered the evolution of the signal over 2 h to
estimate the relative stability of the system, includ-
ing both the stability of the light source and that of
the optical spectrum analyzer. For a 2 mm probing
zone, we found that the standard deviation is ~107*.
Then we considered a set of 200 measurement cycles,
including each time the measurement was made
through the sample and through the reference glass.
These measurements were performed with a 1 mm
probing zone and, to estimate the repositioning
repeatability, the sample was replaced by another
1 mm calibrated aperture stop centered on the prob-
ing zone. Taking into account the flux variation of the
light source by means of the reference photodiode, the
results showed that the measurement repeatability,
including the sample displacements, is ~10%.

At last we compared the measurements given by
this apparatus with the results given by the Perkin-
Elmer Lambda 18 spectrophotometer that is available
in our laboratory, for which the spectral range extends
from 180 to 850 nm. As a consequence, results could
be compared only between 400 to 850 nm. The sam-
ple used for this comparison was a HfO, single-layer,
160 nm thick sample deposited on a silica substrate.
Figure 2 gives the relative differences in the trans-
mittance and reflectance measured with the two
spectrophotometers, which correspond to the follow-
ing quantities:

2(Tpe —T)/(Tpe + T), (1)
2(Rpz — R)/(Rpe + R), (2)



where Tp; and T represent the transmittance mea-
sured with the PerkinElmer spectrophotometer and
with the spectrophotometer we developed, respec-
tively. Similar notations are used for the reflectance.

Note that for this example the spot diameter of
our setup is 2 mm, whereas it is ~5 mm for the
PerkinElmer spectrophotometer. For the major part
of the spectrum, namely between 500 and 850 nm,
the relative difference is less than +0.01. Noise be-
tween 400 and 500 nm is due to the low flux level of
our halogen source at these wavelengths. On the con-
trary, the noise observed beyond 850 nm is due to the
limited spectral range of the Lambda 18 spectropho-
tometer.

Finally, the difference between the losses mea-
sured by these two apparatus types remain lower
than 1.5 X 10 % Notice that neither apparatus is
capable of discriminating between losses from ab-
sorption and those from scattering. In conclusion, the
performances of the measurement bench we devel-
oped are as good as those given by commercial spec-
trophotometers that are classically used for coating
characterization.

At last the spectrophotometer is completely auto-
mated, which is convenient for 2D mappings on coat-
ings. In such cases, according to the density of the
spatial grid that is used, the total measurement time
can easily exceed 10 h, and we observed a slight vari-
ation in the signal over this time period although the
measurements were corrected from the light-source
fluctuations by means of the reference photodiode.
This indicates that other parts of the bench (most
likely the optical spectrum analyzer) are not stable
enough for such long measurement durations. To
avoid this problem, we performed a periodic calibra-
tion of the bench by measuring the reference glass
every 3 h. This procedure allows us to maintain mea-
surement accuracy.

4. Applications

To illustrate the capabilities of this spectrophotome-
ter, we give in this section two examples. The first one
corresponds to the thickness-uniformity character-
ization of a single layer (Subsection 4.A), and the
second one to the measurement of the optical prop-
erties of a linear variable filter (Subsection 4.B).

A. Single-Layer Thickness Uniformity

The sample that is considered in this subsection is a
Ta,O; single layer deposited on a silica substrate by
dual-ion-beam-deposition sputtering (DIBS). The
sample’s optical thickness is approximately 6H,
where H corresponds to a quarter-wave layer at a
wavelength of 1550 nm. The diameter of the coated
surface is ~21 mm. The mapping is composed of 20
X 20 = 400 points distributed on a regular square
grid, using a step equal to 1100 pm. For each point,
the reflectance and transmittance were measured
with a beam diameter of 600 um and a spectral res-
olution of 5 nm. The total measurement time was
30 h.

Thickness (nm)

Y (nm)

Fig. 3. Thickness distribution measured on a high-index single
layer. Maximum thickness is 1111 nm. Isothickness lines are
drawn every 2 nm.

After measurement, we extracted the mechanical
thickness and refractive index separately for each
point. Except for a few points for which obviously the
result is not correct, the index standard deviation is
~1 X 1073 for a mean index value of 2.089 at a
wavelength of 1550 nm. This means that nonunifor-
mity concerns mainly the film’s mechanical thickness.
Figure 3 gives a representation of the mechanical film
thickness over the sample surface. Each solid curve
represents a variation of 2 nm. The maximum thick-
ness is equal to 1111 nm. The uniformity of the sam-
ple is ~1%.

More generally, notice that the precision of the
index and thickness determinations strongly depend
on the signal-to-noise ratio. To estimate this point, we
performed numerical simulations of the index deter-
mination, considering an additive noise on both the
reflectance and the transmittance profiles. For these
tests, the layer was assumed to have a 2.1 refractive
index and a 1142 nm thickness, and the optical prop-
erties were calculated for 900 wavelengths between
550 and 1650 nm. We used 400 random distributions
for each noise level. The final result is that the stan-
dard deviation of the refractive index is proportional
to the standard deviation of the noise added to the
reflectance and transmittance profiles, which is ap-
proximately equal to one tenth of this value in our
CASE: Opefindex = Oopt prop/ 10. Notice that this ratio de-
pends strongly on the thickness of the layer as well as
on the index mismatch among the layer, the sub-
strate, and the external medium.

In any case, this result shows that the signal-to-
noise ratio must be correct to reach a given refractive-
index accuracy. In particular, assuming that the
signal ratio is proportional to the measurement area,
that is to say proportional to the square diameter of
the beam, it is necessary to compensate the flux re-
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Fig.4. Transmittance measured on two points of a linear variable
filter with a 2 mm surface analysis and a 5 nm spectral resolution.
The wavelength shift across the probing zone prohibits a correct
measurement of the bandpass of the filter.

duction due to the selection of a small aperture by an
increase in the integration time in order to maintain
measurement quality. This can rapidly result in a
prohibitively long measurement period (36 h for the
example we present here), and some compromise
must be made among the expected index accuracy,
the spatial resolution, and the spatial grid used for
mapping.

By using such measurements, our spectrophotom-
eter is helpful for characterizing and optimizing the
thickness distribution of deposition chambers.

B. Linear Variable Filter

As mentioned in Subsection 4.A, the bandpass coat-
ing that is considered in this subsection was manu-
factured by DIBS, using Ta,Os; and SiO, as layer
materials. This coating is formed by a single-cavity
Fabry—Perot design, using 10 quarter-wave layers for
each mirror and a 4H spacer layer in between. The
center wavelength of this design goes approximately
from 800 to 1600 nm from one side of the substrate to
the other. The substrate is square in shape, 20 mm on
each side. For such a filter, a large wavelength shift
in the optical properties can be observed along the
direction of the thickness gradient. As a consequence,
the measurement of the optical properties cannot be
performed with a large probing diameter since the
result will correspond to an integrated value across
this diameter. This is illustrated in Fig. 4, which
gives the transmittance measured on two points
9 mm apart, using a probing diameter of 2 mm and a
spectral resolution of 5 nm. For these points, the cen-
ter wavelengths are 1010 and 1420 nm, respectively,
and the maximum transmittance does not exceed
20%, while it should be 96%, and the width of the
bandpass at half-maximum is ~50 nm, while it
should be ~7 nm, considering a uniform filter or a
pinpoint measurement.

Figure 5 gives the corresponding results, this time
using a probing diameter of 200 pm and a spectral
resolution of 5 nm. As expected, the results are much
better, although they still do not reach the theoretical
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Fig. 5. Transmittance measured (solid curve) on two points of a
linear variable filter with a 200 pm surface analysis and a 5 nm
spectral resolution. For the leftmost peak, the dashed curve corre-
sponds to the calculation of the transmittance profile, taking into
account spatial and spectral integration.

performance of the uniform filter. For one measured
point, as a comparison, Fig. 5 also gives the calcu-
lated transmittance, taking into account both the
spatial integration over the circular probing zone and
the spectral resolution. For this calculation, the
thickness gradient was assumed constant and was
evaluated with known center wavelengths measured
for these two points and a known distance between
these points. As one can see, the agreement between
the measurement and the calculation is excellent,
except for the left-hand-side transmitted band, which
is probably due to manufacturing thickness errors.
Notice that in Fig. 5 the maximum transmittance of
the bandpass is lower at 1010 nm than at 1420 nm.
Again, this phenomenon is due to the integration over
the probing zone and to the fact that the bandwidth of
the filter is shorter at 1010 nm than at 1420 nm. A
complementary phenomenon can be observed upon
reflection, as can be seen in Fig. 6. Notice that mea-
surements upon reflection are quite noisy for a high
reflection level, owing to the low flux level measured
for calibration on the silica substrate used as a ref-
erence glass, and the use of a small probing zone.
However, these measurements permit us to confirm
both experimentally and theoretically that the de-
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Fig. 6. Reflectance measured on two points of a linear variable
filter with a 200 pm surface analysis and a 5 nm spectral resolu-
tion.
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Fig. 7. Evolution of the measured peak-transmittance bandwidth
(normalized to the ideal filter characteristics) versus the normal-
ized wavelength shift AN,/ ANgieer due to nonuniformity across
the beam diameter. The calculation is performed for a single-cavity
bandpass filter.

crease in transmittance toward shorter wavelengths
is not due to absorption.

More generally, the relevant parameter used to
estimate the deviation of the filter characteristics
from its ideal ones, which corresponds to a pinpoint
measurement, is the ratio A\,..m/ANgier Detween the
wavelength shift across the beam diameter A\,
and the bandwidth of the filter A\gy,.,. For a single-
cavity Fabry—Perot filter, Fig. 7 gives the evolution of
the measured bandwidth (normalized by the ideal
bandwidth A\g,.,) as well as the evolution of the max-
imum transmittance of the peak (normalized by the
ideal maximum transmittance). As expected, signifi-
cant modifications occur as soon as the wavelength
shift that is due to nonuniformity exceeds the band-
width of the filter. A similar curve can be drawn to
illustrate the effect of the spectral resolution used for
measurements since the phenomenon is about the
same. Notice that in the case of linear variable filters,
the bandwidth of the filter is proportional to its center
wavelength and consequently decreases toward shor-
ter wavelengths, whereas the spectral shift across the
beam diameter, as well as the spectral resolution
used for measurement, is constant. This explains why
the measured spectral profile is more affected in the
spectral region corresponding to the shorter wave-
lengths. All kinds of coatings, including edge filters,
might be affected by such modifications when their
spectral response contains abrupt variations com-
pared with the spectral shift due to nonuniformity.

In any case, even if the measurement area should be
further reduced, which is not realistic because the cor-
responding flux reduction would rapidly decrease the
measurement quality, our spectrophotometer gives us
results that are sufficiently accurate to develop a cor-
rect interpretation of the coating characteristics. Asso-
ciated with the 2D mapping presented in the above
example, we can perform a complete characterization
of an intended nonuniform filter to determine, for ex-

ample, the thickness gradient, its orientation, or the
shape of the isothickness lines. This point is particu-
larly important for linear variable filters that must be
associated with a 2D matrix detector. Indeed, for such
filters the uniformity that is perpendicular to the main
thickness gradient should be as high as possible so that
each column of the detector is assigned a single wave-
length. Such results are of great relevance to the opti-
mization of the masking technique used in the
manufacture of such components.

5. Conclusion

In this paper we described the spectrophotome-
ter that we developed to perform localized reflect-
ance and transmittance measurements. The spectral
range of the spectrophotometer extends from 400 to
1700 nm. Using the largest probing zone, namely,
2 mm in diameter, we achieved a radiometric perfor-
mance with this apparatus that is similar to that of
commercial spectrophotometers classically used for
thin-film characterization. The main limitation of our
apparatus concerns its spectral resolution, which is
most often equal to 5 nm. However, the major inter-
est of this apparatus is that the probing-zone diam-
eter can be reduced to ~100 pm, still preserving an
acceptable measurement quality and permitting us to
characterize microfilters or, with respect to 2D map-
ping capabilities, to characterize thickness uniformity
or highly nonuniform coatings. At present, a major
improvement would entail changing the light source
for a new one with a higher radiance, such as a xenon
arc lamp.

With our apparatus, we are now able to characterize
accurately and with a high spatial resolution the thick-
ness distribution of our deposition chambers. This will
provide us with the entrance data needed to simulate
the deposition process, which will allow us to optimize
the mask shape and movements that are necessary to
master the coating uniformity for the manufacture of
highly uniform coatings or of linear variable filters
with the prescribed thickness gradients.
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