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Optical characterization of thin and ultrathin chromium films
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Thin and ultrathin chromium films were grown on glass by thermal evaporation in vacuum of the order of 10~* Pa with the purpose of
studying the characteristics of these layers used as adhesion promoters in a number of applications. Ellipsometry is used to obtain the optical
properties of chromium and chromium oxide as well as the equivalent ultrathin layer for films with thickness from a fraction to a few
nanometers. Experimental measurements and theoretical modeling showed that the ultrathin films essentially consist of chromium/chromium
oxide clusters with heights of the order of the measured thickness as determined by a quartz microbalance indicating a Vollmer-Weber growth
mechanism. Percolation was found for thickness above 30 nm.
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Se depositaron peliculas delgadas y ultradelgadas de cromo sobre vidrio por evaporacién trmica en vacios del orden de 10~* Pa con el
propésito de estudiar las caracteristicas de estas capas utilizadas como promotoras de adhesién en diferentes aplicaciones. Se utiliza elip-
sometria para obtener las propiedades dpticas del cromo y del 6xido de cromo, asi como de las capas ultradelgadas equivalentes en el caso
de espesores desde una fraccién hasta varios nanometros. Las medidas experimentales y el modelaje tedrico mostraron que las peliculas
ultradelgadas consistian esencialmente de cimulos de cromo/6xido de cromo con alturas del orden de los espesores medidos experimental-
mente mediante una microbalanza de cuarzo, sugiriendo un mecanismo de crecimiento del tipo Vollmer-Weber. Se observé percolacién para

espesores mayores de 30 nm.

Descriptores: Cromo: 6xido de cromo; peliculas delgadas; propiedades 6pticas; elipsometria

PACS: 78.66.-w; 78.66.Bz; 81.15.Ef

1. Introduction

There are many applications where the use of intermediate
thin films to promote adherence between substrate and coat-
ing is necessary [1-11]. One important example is the case
of Pt films on Si0,/Si substrates that require a Ti or TiO,
underlayer for good adherence [12-17]. Ta films are often
used in the RuO,/Si0,/Si systems [18]. chromium thin films,
however, have been probably the most commonly used for
the purpose of adhesion especially for gold and for dielectric
films of importance in the ophthalmic industry [2-4]. The op-
tical properties of metallic chromium are available in the lit-
erature [19] but those of the ever present chromium oxide,
at least to our knowledge, are not. On the other hand, to ob-

tain the optical properties of a layer of a few angstroms of

chromium, several different approaches were tested. A mix-
ture of metallic chromium with chromium oxide on its sur-
face in a dielectric matrix (air) using an effective medium ap-
proximation was tried with no success. The best results were
obtained by substituting the experimental deposit by an opti-
cally equivalent layer and fitting the ellipsometric experimen-
tal data with a classical oscillator model with a correction of

a Drude term. The optical constants of metallic chromium
and chromium oxide were also obtained from the ellipso-
metric measurements. The actual topography of the layers
was probed with an atomic force microscope (AFM) and the
chemical composition by Auger electron microscopy (AES)
and energy dispersive spectroscopy (EDS).

2. The experiment

The studied samples were prepared by depositing chromium
films a few angstroms thick as well as a relatively thick film
(160 nm) by thermal and electron gun evaporation at base
pressures of the order of 10~ Pa. The films were deposited
from 99.99% purity pellets and the film thickness was moni-
tored and controlled with a quartz microbalance. The deposi-
tion rates were 0.2 A/s for thermal evaporation and 0.1 A/s
for the electron gun technique. At these deposit rates and
base pressure, at least partial oxidation of the chromium is
expected.

Spectroscopic ellipsometry in the 1.5 to 5.0 eV photon
energy range was used to obtain the optical properties of the
films. Electronic spectroscopies such as Auger electron spec-
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FIGURE 1. Measured real and imaginary parts of the refractive in-
dex for an opaque chromium film and its natural oxide deposited
on glass and the fit by classical oscillators.

troscopy (AES) and energy dispersive spectroscopy (EDS)
were used to determine the chemical composition of the sam-
ples. The surface structure of the films was probed with an
atomic force microscope (AFM).

3. Results

The optical  properties of the chromium ox-
ide/chromium/glass system measured by ellipsometry are
shown in Fig. | as function of the photon energy. The
modeled system consisted of a chromium oxide film a few
angstroms thick on an optically opaque chromium substrate
(thickness 7 = 160 nm). The optical properties of chromium
were determined following previously reported work [20, 21]
by extracting from the experimental data the values of the di-
electric constant modeled by a classical damped oscillator
represented by the following expression:
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Here, £ is the high frequency dielectric constant, f; is the
oscillator strength, w,; is the characteristic frequency of the
j™ oscillator and I'; the corresponding damping factor. The
relation V(\) = {-5(/\)]1/2 was also used.

For the chromium oxide a Cauchy model for the refrac-
tive index, N(A) = n(\) + ik(\) where

Bx10* ©x10°
+ +

n(A) = A e YR

s Bsel0t F x 10°
/ = i 2
Rl A) =L W4 22 + M (2)

was used. Here A, B, C, D, E and F are the fitting coeffi-
cients.

The results of the ellipsometric measurements of a
160 nm chrome film on glass and the theoretical fit using a
classical oscillator model are shown in Fig. 1, where a fitting
process based on the Levenberg-Marquardt method [22] was
used. The fitting process was performed on the ellipsometric
parameters W and A. The goodness of the fit was given by the
value of \? and, in this case, x* = 0.324 for 7 = 1.96 nm.
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FIGURE 2. Classical oscillator fit to the experimental data for
chromium from Ref. 19.
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FIGURE 3. Complex refractive index of the natural oxide of
chromium obtained by a Cauchy model fit to experimental data.

Consideration of surface roughness was unnecessary since a
better fit was obtained for a smooth film. The optical prop-
erties of chromium obtained from the experiment were com-
pared with the data published by Palik [19] and the coinci-
dence was excellent, as shown in Fig. 2. The optical prop-
erties (n, &) of the natural chromium oxide obtained with a
Cauchy model for absorbent materials are plotted in Fig. 3 as
functions of the photon energy.

The numerical values for the fitting parameters for
chromium and chromium oxide are presented in Table L.

The optical properties of chromium and chromium ox-
ide thus obtained were used to model the refractive in-
dex of the ultrathin films (0.7,2.5 and 3.5 nm thick) de-
posited by thermal evaporation starting from the ellipso-
metric measurcments and leaving the thickness (7) as the
only fitting parameter. Atomic force microscopy (AFM) in-
dicated that the deposit consisted of non-coalescent clusters
of chromium oxide/chromium on glass instead of a continu-
ous film. Auger electron spectroscopy (AES) indicated per-
colation only above 30 nm thickness where no charging of
the samples due to the electron beam was observed. A model
with such characteristics was also intended with different
chromium-oxide/chromium ratios with very limited success.
Here the film consisted ol the chromium oxide/chromium
clusters embedded in a dielectric matrix (air) put together
through an effective medium approximation. Finally, an equi-
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TABLE 1. Fitting parameters for chromium (classical oscillators)
and chromium oxide (Cauchy model).
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Chromium Chromium oxide
Eoo 0.629 A 4475
fi 11251 B —21.492
f2 336.486 C 7.460
wo1 2.207 D 1.200
wo2 3.222 E —3.905
T 2.364 F 3.284
Y2 —18.564

TaBLE II. Fitting parameters for the equivalent layers of the

chromium ultrathin films.
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FIGURE 4. Classical oscillator fit to the experimental data of the
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refractive index for a 0.7 nm chromium film on glass.

7=0.7 nm 7=2.5nm 7=3.5nm
Eoo 8.966 Boo 20.252 Eoo 12.954
Es 1.000 £s 1.000 €s 1.000
h 602.844 fi 73.241 fi 67.351
f2 —535.358 fa —92.401 fa —68.174
wa1 1.820  wor 2419  wop 1.862
woz2 2.231 wo2 2.013 woz 1.916
Y1 3.896 Y1 4.138 T 3.516
72 —5.753 2 —4.242 Y2 -3.976
wpe —36.794 wp —22.385 wp —16.390
' 20.352 I'p 3.490 I'p 5397

valent layer approach (ELA) was used with satisfactory re-
sults. The technique consists, essentially, in proposing a hy-
pothetical layer with thickness equal to the experimental
value and optical properties given by a suitable model. Clas-
sical oscillators with a Drude correction represented by:

- Bl

w4l pw

=
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D

was a good choice for the chromium system. Here, £, is the
Drude dielectric function, €4 represents the static dielectric
constant, wp stands for the plasma frequency and I', for the
damping factor. The optical properties of the substrate (glass)
were previously measured by ellipsometry. By fitting the ex-
perimental data as was done for the thicker films described
above a completely characterized equivalent layer is obtained
and its optical properties may be used for multilayer design.

Figures 4, 5, and 6 show the results of fitting an equiva-
lent layer to the 0.7, 2.5 and 3.5 nm thick ultrathin chromium
films, respectively. It can be noticed that the fit is better for
the 2.5 and 3 nm films. The fitting parameters are presented
in Table II.
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FIGURE 5. Classical oscillator fit to the experimental data of the
refractive index for a 2.5 nm chromium film on glass.
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FIGURE 6. Classical oscillator fit to the experimental data of the
refractive index for a 3.5 nm chromium film on glass.

It is evident from the numerical results that the optical
propertics are more sensitive to some of the parameters than
to others. In the case of the Cauchy model, the variation of
D had little effect in the results. For the classical oscillators
and drude models, e, 5 ,f1 .f2 and w,, had to be varied
in large relative intervals to have an effect in the final result.
However, to obtain acceptable values of y? (< 1), they must
be considered. EDS and AES measurements were performed
in the thicker samples and nothing but chromium and oxygen
were detected.
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4. Conclusions

Two systems of chromium/chromium oxide have been stud-
ied by ellipsometry: the first one is a continuous, optically
opaque metal film with its natural oxide where the refrac-
tive index of chromium oxide is obtained for the visible
part of the spectrum. The second, a system of ultrathin
chromium/chromium oxide films consisting, according to
AFM measurements, of non-coalescent clusters. The opaque
film was readily analyzed using a classical oscillator model
obtaining thus the optical properties of metallic chromium.
A Cauchy model proved to be an excellent choice to model
its natural oxide. It is well known that the optical properties
of thin film will vary from one film to the other since they
strongly depend on the deposition technique and conditions.
However, based on a good number of experiments, it can
be said with confidence that the Cauchy model is appropri-
ate for chromium oxide films. The thickness obtained for the
chromium oxide (~ 2 nm), can be considered as a representa-
tive value for the natural oxide of any chromium surface. The
numerical values for the refractive index thus obtained were
used to model the optical properties of the ultrathin films,
following the cluster geometry obtained from the AFM mea-
surements with no success. The equivalent layer approach

where an optically equivalent layer is proposed worked very
well. For the studied system a combination of classical os-
cillators and a Drude term was an adequate choice. It is clear
that in this approach any polynomial that fits the experimental
results would do and it would be very difficult to attribute any
physical significance to the fitting parameters. Nevertheless,
the numerical results are valid. The useful result would then
be that if the experimental measurements are repeatable as
in the set of samples used in this study, the optical properties
thus obtained might be used for multilayer design. No quanti-
tative measurements of adhesion were performed. Moreover,
itis interesting to see that adhesion of subsequent layers is en-
hanced by chromium even though the film is not continuous.
Actually, thicker continuous films would be too absorbent for
most optical applications.
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