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Direct monitoring of broadband light absorbers

B. Badoil, F. Lemarchand *, M. Cathelinaud, F. Lemarquis, M. Lequime

Institut Fresnel – UMR CNRS 6133, Université Paul Cézanne – Domaine Universitaire de Saint-Jérôme, 13397 Marseille Cedex 20, France

Received 22 October 2007; received in revised form 7 December 2007; accepted 14 December 2007

Abstract

The final performances of manufactured thin film filters usually depend on to the monitoring strategy. Some optical monitoring sys-
tems provide transmittance measurements while others measure the reflectance. With our system, we are able to simultaneously measure
both transmittance and reflectance over an extended spectral range [400 nm; 1000 nm]. This reflectance channel is necessary for direct
monitoring of some kinds of filters like light absorbers. Indeed, in this case, transmittance is cancelled after the first metallic layer depo-
sition. The optical system is also very useful for in situ characterization especially for metallic absorbing materials.
� 2008 Elsevier B.V. All rights reserved.

1. Introduction

Among the technical ways which allow to make light
absorbers, black paints and surface anodization are effi-
cient solutions. They can absorb all the light except only
few percents for a low cost. These coatings are rather
thick, from around 10 lm for anodization to around
100 lm for paints, but this is not problematic for most
applications.

Thin film absorbers can offer a higher absorption level
with a thinner coating (<1 lm). The transmittance cancel-
lation can be easily obtained with an opaque metallic
film. But the reflectance cancellation is more difficult.
For monochromatic properties, one basic solution could
consist in over-coating this opaque metallic layer, which
can be considered as a metallic mirror, with an interferen-
tial dielectric mirror. We then obtain a Fabry–Perot cav-
ity and an absorption peak is formed at a single resonant
wavelength. However, the efficiency of this component is
limited to a narrow spectral range. The spectral range
enlargement requires a broadband antireflection stack
coated on the opaque metallic layer. This antireflection

structure consists in mixing metallic and dielectric layers
to produce destructive interferences. For better results,
a low dielectric index and a low reflective metal should
be chosen [1]. These coatings only need few layers. But
an accurate knowledge of the complex refractive index
of metallic layers is required for high performances. In
order to fulfil these necessary index determinations, a
spectrophotometric characterization method has been
developed for both opaque and semitransparent layers
[2].

Our aim is to manufacture broadband absorbers com-
pliant with space environment applications. First experi-
ments were performed in our laboratory with nickel
(Ni) as metal and cryolite (Na3AlF6) as dielectric material
[2]. A 0.999 absorption level in the visible range was
obtained. However, these coatings were manufactured with
classical electron beam deposition technique and were con-
sequently sensitive to moisture. To improve this point, we
decided to use an ion assisted deposition technique, namely
RLVIP (reactive low voltage ion plating) compliant with
our needs [3,4]. At the same time we change the materials
in the coating, using now Hf–SiO2 instead of Ni–Na3AlF6.
Several reasons lead to this choice [5]: first, cryolite as
any fluoride material is not compatible with assisted depo-
sition techniques. Second, Hf–SiO2 are, respectively, a low
reflective metal and low dielectric index as expected for

0030-4018/$ - see front matter � 2008 Elsevier B.V. All rights reserved.

doi:10.1016/j.optcom.2007.12.029

* Corresponding author.
E-mail address: fabien.lemarchand@fresnel.fr (F. Lemarchand).

www.elsevier.com/locate/optcom

Available online at www.sciencedirect.com

Optics Communications 281 (2008) 2367–2373



Author's personal copy

light absorbers that can be easily evaporated since the
machine is configured to deposit HfO2–SiO2 coatings.
The only modification consists in suppress oxygen during
Hf deposition.

Until now we worked with two monitoring systems: a
quartz crystal micro-balance and a monochromatic optical
monitoring. This optical control consists in measuring
transmittance in real time and stopping the deposition
when transmittance reaches its predicted theoretical value
(level monitoring [6]) or when transmittance derivative ver-
sus thickness is cancelled at a specific wavelength (turning
point monitoring [6]). However, for an absorber the first
layer is an opaque metallic film which cancels transmit-
tance. It is then impossible to perform optical monitoring
on the absorber substrate directly. Indirect optical moni-
toring is possible with an other substrate introduced into
the vacuum chamber after the first opaque layer deposi-
tion. All the following layers are controlled on this
monitoring sample, inducing manufacturing errors without
any compensation.

For few years, we have developed a spectrophotometric
broadband optical monitoring [7]. It consists in associat-
ing two monitoring channels, respectively, in transmit-
tance and in reflectance which allows to analyse both
fluxes in real time on a large spectral range. The reflec-
tance channel has been especially performed for applica-
tions like absorbers for which transmittance is cancelled.
It ensures a direct monitoring of the component over a
broad spectral band, and as a matter of fact, enables a
better comprehension of signal shift linked to metallic
layers oxidation phenomenon. With such broadband
monitoring, the materials characterization stage is
undoubtedly bettered with an improvement of the index
refractive determination accuracy. And the absorber man-
ufacturing stage is also improved since we have a complete
information during deposition with a broadband optical
monitoring.

2. Opaque metallic layer characterization

Classically, a dielectric layer characterization is per-
formed with a thick layer deposited on a bare substrate.
From transmittance and reflectance measurements we can
find the different parameters: thickness, refractive index
and extinction coefficient versus wavelength. An optimiza-
tion algorithm is used to find the parameters which allow
the best fit with measurements. In this case, spectral data
shows some interference modulations giving enough infor-
mation for characterization.

With a metallic layer the problem is more difficult
mainly because spectral measurements show no modula-
tion. To obtain additional information, the metallic layer
can be over-coated with a dielectric one that provides the
expected modulation of spectral curves. Results are more
accurate with a high dielectric index so in our case, HfO2

is used.
From both spectral curves of the single metallic film and

over-coated with the dielectric layer, it is possible to extract
the metallic film parameters. For that, the dielectric film
parameters are supposed to be known. In case of an opa-
que film, the problem does not depend of the film thickness
and the complex refractive index n � ik can be determined
from the two reflectance curves. Fig. 1 gives the measured
and calculated reflectance curves. As can be seen the agree-
ment is quite good.

The complex metallic index is determined from a poly-
nomial law. For each law, n(k) and k(k), three free param-
eters are optimized. Results are given by the formulas (1)
and (2) (the wavelength k is in nanometer). Dispersion
curves are given in Fig. 2.

nðkÞHf opaque ¼ 4:7845� 3:1856� 105

k2
þ 2:4810� 1010

k4
ð1Þ

kðkÞHf opaque ¼ 3; 8656� 5:0891� 105

k2
þ 5:6774� 1010

k4
ð2Þ
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Fig. 1. Grey continuous curves: measurements after opaque metallic layer deposition (Hf). Grey discontinuous curves: theoretical curves after opaque
metallic layer deposition (Hf). Black continuous curves: measurements after dielectric layer deposition (HfO2). Black discontinuous curves: theoretical
curves after dielectric layer deposition (HfO2).
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3. Semitransparent layer characterization

For semitransparent films, the characterization method
is almost the same as previously described except that
now both the complex refractive index and the thickness
must be determined. For this purpose we can benefit from
additional information given by transmitted spectral curve.

3.1. Semitransparent hafnium layer deposition: oxidation

phenomena

The film thickness in this case is very thin (less than
10 nm) and oxidation phenomena cannot be neglected con-

cerning Hf films. Transmittance and reflectance measure-
ments after the metallic layer deposition are presented in
Fig. 3, curves 1. In most configurations the metallic layer
is followed by a dielectric material deposition. This is the
case for our specific light absorber application presented
in the following section and for the metal index character-
ization presently investigated which requires the deposition
of a thick HfO2 layer over the metallic film. This dielectric
material is obtained from evaporated hafnium (Hf) in a
reactive O2 atmosphere in the vacuum chamber (�8 �
10�4 mbar). Immediately after this gas entrance the mea-
sured spectral profile shifts from curves 1 to curves 2
(Fig. 3). The hafnium layer is oxidized and it induces trans-
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Fig. 2. Opaque metal refractive index and extinction coefficient.
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Fig. 3. Oxidation phenomena after metal deposition and before dielectric deposition.
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mittance and reflectance level changes. After that, this phe-
nomenon goes on but more slowly. Approximately 50 s
after oxygen entrance the spectral response corresponds
to the curves 3.

As mentioned in introduction these coatings are manu-
factured with an assisted technology. During deposition,
an Argon plasma is created between a plasma source and
the material that is melted inside crucible. The plasma
induces an ionization of the evaporated material and reac-
tive gases that can be introduced inside the chamber (oxy-
gen). Ions are accelerated toward substrate holder which
results in a densification of the film structure.

As soon as the plasma is created for the dielectric layer
deposition, one can observe (approximately 5 s) a new

translation of the measured curves (curves 4). This last
one is not caused by material deposition because of the
sudden occurring of the phenomenon. This surely corre-
sponds to a second oxidation phase of the metallic layer.
Note that one can see the plasma peaks at specific
wavelengths.

3.2. Dielectric material deposition: semitransparent hafnium

characterization

At the end of the HfO2 film deposition the transmittance
and reflectance levels are shown in Fig. 4. One can see
interference modulation which is necessary for hafnium
characterization. From these spectral data we adjust index
and thicknesses parameters to obtain the best fit between
theory and measurements. But even if we can use transmit-
tance data in this case, the adjustment is quite hard because
of the complex oxidation phenomena which are difficult to
investigate. The boundary between the metallic film par-
tially oxidized, and the dielectric film perfectly transparent
is not obvious. For this purpose we take advantage of the
so called ‘‘potential transmittance” concept defined by the
quantity T

1�R. This value is known to be stable as far as a
non absorbing film is deposited over a coating. As a result,
we follow the evolution of the potential transmittance dur-
ing the deposition of the dielectric film. At the beginning,
this one is decreasing due to potential oxidation of the
metallic film and then tends to stabilize which allows an
estimation of the beginning of the truly dielectric film. With
this strategy, we can decide the spectral curves correspond-
ing to the metallic film (partially oxidize) that must be used
for characterization. These curves are given in Fig. 4 (grey
continuous curves).

Even if the metal is partially oxidized and consequently
non homogeneous, we use a homogeneous basic model to
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Fig. 4. Grey continuous curves: measurements after opaque metallic layer
deposition (Hf). Grey discontinuous curves: theoretical curves after
opaque metallic layer deposition (Hf). Black continuous curves: measure-
ments after dielectric layer deposition (HfO2). Black discontinuous curves:
theoretical curves after dielectric layer deposition (HfO2).
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Fig. 5. Opaque and semitransparent metal refractive index and extinction coefficient.
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describe it. The optimization procedure is performed using
polynomial laws: n(k) = f(1/k2) and k(k) = g(1/k2), exactly
as for opaque layers. The result combines all the observed
phenomena: semitransparent metal deposition, oxygen
introduction and plasma phenomena. For this particular
metallic layer, the thickness is estimated to 7 nm. The
reverse engineering fits are shown in Fig. 4 (discontinuous
curves). Refractive index and extinction coefficient of the
semitransparent metallic film are the following and they
are presented in Fig. 5:

nðkÞ ¼ 3:7094� 2:6692� 105

k2
� 1:2311� 109

k4
ð3Þ

kðkÞ ¼ 3:3459� 5:3224� 105

k2
þ 6:0455� 1010

k4
ð4Þ

The opaque metal refractive index and extinction coeffi-
cient are higher than for the semitransparent metallic
film. Notice that adjustments between theory and mea-
surements slightly differ (Fig. 4). Oxidation phenomena
are not problematic for opaque film characterization since
reflectance levels are not modified. But they have to be
taken into account for semitransparent film for which
the effect is much larger. However, this problem is com-
plex and a more precise model should be necessary. It
would require a lot of complementary analyses. In this
work we preferred to simplify the model as an homoge-
neous layer and mainly to focus on the coating
manufacturing.

With the previous monochromatic optical system, it
would have been practically impossible to see all these oxi-
dation steps and characterization would not have been pos-
sible. The broadband optical measurement system allows
in situ characterization and phenomena identification even
if these last one are difficult to explain.

4. Absorber manufacturing

The previous metal index characterizations are neces-
sary for a broadband absorber design and manufacturing.
The coating presented here is a 6-layer stack (Table 1).
Theoretical spectral response is shown in Fig. 6. The first
opaque metallic layer cancels the transmittance and the
others form an antireflective coating with silica and semi-
transparent hafnium layers. Fig. 7 presents the different
measurements obtained layer after layer. For each layer a
monochromatic stopping criterion is used (turning point
monitoring or level monitoring). The semitransparent thin
film depositions are the most difficult to monitor (layer 3

Table 1
Broadband absorber structure

Thicknesses
(nm)

Material Monitoring

Monochromatic
method

Monitoring
wavelength,
k0 (nm)

Layer 1 300 Hfopaque Reflectance
level

657

Layer 2 38 SiO2 Reflectance
level

657

Layer 3 13 Hfsemitransparent Reflectance
level

657

Layer 4 62.8 SiO2 Turning point
monitoring

495

Layer 5 8.4 Hfsemitransparent Reflectance
level

584

Layer 6 92 SiO2 Turning point
monitoring

578
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Fig. 6. Theoretical absorber reflectance (continuous curve) and transmittance (discontinuous curve).
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and 5). We have to stop the hafnium deposition for a
higher reflectance than the expected level. After oxygen
introduction and plasma creation, this one decreases and
moves near the theoretical value (discontinuous curves).
As we previously explained the depositions of layers 3
and 5 are quite difficult. We stop the material evaporation
for a higher value than the expected level but the phenom-
enon reproducibility is not good. We can see that the layer

3 is probably too thin, on the contrary the layer 5 is prob-
ably too thick.

The final result with the transmittance and reflectance
measurements is presented in Fig. 8. Compared to theoret-
ical results the residual reflectance level is a bit higher with
a slight spectral shift, but the absorber performances are
rather good with an average residual reflectance about
0.005.

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

400 450 500 550 600 650 700 750 800 850 900 950 1000

400 450 500 550 600 650 700 750 800 850 900 950 1000 400 450 500 550 600 650 700 750 800 850 900 950 1000

400 450 500 550 600 650 700 750 800 850 900 950 1000

400 450 500 550 600 650 700 750 800 850 900 950 1000400 450 500 550 600 650 700 750 800 850 900 950 1000

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1 R R
layer 1 

R R

R R

layer 2 

layer 3 layer 4 

layer 6layer 5

Wavelength (nm) Wavelength (nm) 

Wavelength (nm) 

Wavelength (nm) 

Wavelength (nm) 

Wavelength (nm) 

Fig. 7. Black continuous curves: measurements after each layer deposition. Grey continuous curves: theoretical values to reach after each layer deposition.
Discontinuous curves: measurements after a semitransparent metallic layer deposition: grey – after oxygen introduction in the vacuum deposition
chamber; black – after plasma creation and before the following layer deposition.
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5. Conclusion

With classical optical system (monochromatic transmit-
tance measurements) in situ characterization and direct
monitoring of absorbers are impossible.

The optical system developed in our laboratory is very
efficient for this stack. Broadband reflectance measure-
ments are efficient for an in situ opaque metallic layer char-
acterization. In the case of semitransparent hafnium layer,
they allow to take into account complex oxidation phe-
nomena for the characterization of this material. Finally
we were able to manufacture high performance broadband
absorbers with a direct monitoring.

Future work will be focused on monitoring strategy and
metal characterization. For such coatings a stopping crite-
ria based on the analysis of the whole spectral range could
be interesting and a more precise model for metal layers
seems necessary. These improvements should allow to
manufacture absorbers with increasing performances.

References

[1] F. Lemarquis, G. Marchand, Appl. Opt. 38 (1999) 4876.
[2] M. Cathelinaud, F. Lemarquis, C. Amra, Appl. Opt. 41 (2002) 2546.
[3] R. Buhl, E. Moll, H. Daxinger, US Patent No. 4,448,802, 1985.
[4] E. Moll, H.K. Pulker, W. Haag, US Patent No. 4,619,748, 1986.
[5] M. Cathelinaud, F. Lemarquis, J. Loesel, B. Cousin, Proc. SPIE (2003)

5250.
[6] H.A. Macleod, Appl. Opt. 20 (1981) 82.
[7] B. Badoil, F. Lemarchand, M. Cathelinaud, M. Lequime, Appl. Opt.

46 (2007) 4294.

-0.005

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

400 450 500 550 600 650 700 750 800 850 900 950 1000
Wavelength (nm) 

Fig. 8. Black and grey diamond pattern are, respectively, the theoretical
reflectance and transmittance. Black and grey curves are, respectively, the
reflectance and the transmittance measurements.
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