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Abstact — High speed real-time spectroscopic ellipsometry was employed in order to characterize the
growth of chromium thin film. This instrument can collect 512 points of {A(hv), ¥(hv)} spectra
from 1.3 to 4.5 eV with acquisition and repetition rates of 20 msec or less. When this instrument
was integrated into the chromium thin film growth, we could obtain not only the information on film
properties but also the details of the processes. We deduced the growth rates and the evolution of the
optical properties of chromium thin films under several preparation conditions. We also demonstrated
the contamination process of chromium thin films caused by air exposure.
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1. Introduction

Determination of material properties in real time
during preparation or processing is an important
issue in materials research. Many technologically
important materials are in the form of thin films
and they are prepared in adverse environments
such as chemical solutions, plasmas, and vacuum,
etc. In these situations, ellipsometry is among the
few non-invasive techniques of real-time charac-
terization. As ellipsometry analyzes the states of
polarization upon reflection from specular surface,
it has monolayer sensitivity through the detection
of phase change. With the development of real-
time single wavelength ellipsometers for fast data
acquisition, ellipsometry has been employed to
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characterize thin films during the growth and mod-
ification. However, the information deduced from
the single wavelength was limited to the studies of
growth pattern [1]. Recently, fast scanning spec-
troscopic ellipsometry has been developed using
multichannel detector. This instrument has been
used for the real-time characterization of thin film
growth and surface modification both in elec-
trochemical and vacuum processes [2-6].

Since the first version of this instrument was in-
troduced, much improvement has been achieved
in precision as well as in data acquisition speed [7-
9]. In this work, we developed our own real-time
spectroscopic ellipsometer (RTSE) equipped with
multichannel detection system. The acquisition
and repetition rates for ellipsometric spectra be-
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came at least five times higher than those of the
previously reported one [9]. This instrument was
integrated into the sputtering system in order to
monitor the growth of chromium (Cr) thin films.

Cr is the base material for the optical mask in
semiconductor lithography. As the wavelength of
the optical lithography becomes shorter for better
resolution, a new material is needed to meet the
optical requirements at shorter wavelength. In this
work, we varied the deposition conditions for the
possible modification of the optical properties of
Cr films. This can be achieved by introducing
void into the film or controlling the size of metal
grains. Cr thin film is also used as an adhesion layer
to deposit other metallic thin films on it. Thus, it is
very important to understand the growth mechanism
of Cr thin film.

The goal of this work is to demonstrate the
ability of the RTSE in the fields where the real-
time characterizations are needed. Thus, we show
the growth processes of Cr films under different
deposition conditions. Also we show the con-
tamination processes during and after deposition.

II. Experimental

Fig. 1 shows the configuration of RTSE and tur-
bo-pumped sputtering system used in the ex-
periment. The RTSE was designed in the rotating
polarizer configuration. It consists of 75 W Xe-
source, polarizer with rotational frequency of 15-50
Hz, sample in vacuum chamber, analyzer with
stepping accuracy of 0.01 degree, grating spec-
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Fig. 1. Real-time spectroscopic ellipsometer and sputt-
ering system used in growth studies.
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trograph, and 512 channel detection system. Strain-
free fused silica ports were developed and mounted
on the vacuum chamber for optical access. Instead
of using a commercial optical multichannel analyzer,
we developed our own multichannel detection sys-
tem using photodiode array and data acquisition
electronics [10]. With this system, we have full
access to various data acquisition modes and we
can collect 512 spectral points of {A, ¥} over 1.3
to 4.5 eV possibly in less than 20 msec with par-
tial integration method. The detailed information
on the operation of similar instrument was reported
elsewhere [7-9, 11].

An rf-magnetron sputtering technique was em-
ployed to prepare Cr thin films and the deposition
condition was varied in order to control the pro-
perties of the films. 10 sccm of pure argon was
used as a sputtering gas and crystalline silicon
(c-Si) wafer was used as substrate. DC power and
argon pressure were varied in this study. After 5
mins of pre-sputtering, each pair of ellipsometric
spectra were collected in every second, because
the growth rate was low with sputtering.

III. Results and Discussion

Fig. 2 shows the 200s evolution of ellipsometry
angle at 3.51 eV during the growth of Cr at three
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Fig. 2. Optical trajectories obtained during sputtering
with different argon pressures. Each point at 3.51 eV
was selected from 200 pairs of {A, ¥} spectra over 1.5
and 4.5 eV.
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different argon pressures. These trajectories were
selected from the 512 spectral points of each {A,
Y} spectra for clear view. Ellipsometry angles {A,
¥} are defined by the ratio of reflectance coef-
ficients, r, and r,, where p and s denote the parallel
and perpendicular directions of polarization.
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The common start-points in Figure 2 indicate the
optical properties of c-Si substrate and the time
interval between two neighboring points is 1 s.
We can notice that three trajectories deviate from
each other from the beginning of the growth. Near
the end of 200 s, the intervals are very close,
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Fig. 3. The dielectric functions after 200 s into de-
position with different argon pressures (symbols).
These correspond to the end points in Fig. 2. Lines are
calculated from the dielectric function of well-grown
chromium with assumed void fractions. Solid lines are
the dielectric function of well-grown chromium. Fol-
lowing lines show the dielectric functions containing
void from 10 to 50% (long dashed lines : 10%, medi-
um dashed lines:20%, short dashed line : 30%, dotted
lines : 40%, dashed lines with dots : 50%).

meaning that the film is almost opaque at 3.51 eV.
As the trajectories are different all the way from
the beginning to the end, it can be said that these
three materials have different optical properties or
microstructures.

Fig. 3 shows the dielectric functions of those
three Cr thin films (symbols), where €, is the real
(imaginary) part of the complex dielectric function.
The last {A, W} spectra in Fig. 2 were directly con-
verted to dielectric function assuming bulk ma-
terials. When these dielectric functions are com-
pared to that of well-grown Cr film under optimum
condition, clear trend can be seen with increase of
argon pressure. The optimum condition in our sys-
tem is to maintain the target-to-substrate distance
below 10 cm at 2 mTorr of working pressure. For
ellipsometric measurement, the position of sub-
strate is limited by the optical path. The solid lines
show the dielectric function of well-grown Cr and
broken or dotted lines show those of low density
Cr's calculated from the Bruggeman effective medi-
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Fig. 4. The spectroscopic fit using the dielectric func-

tion of bulk chromium as a reference. Circles: data,
Lines: best fit with 1-layer optical model.
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Fig. 5. The spectroscopic fit using the dielectric func-
tion of bulk silver as a reference. Circles: data, Lines:
best fit with 1-layer optical model.

um theory varying void contents from 10 to 50%
[12]. The dielectric function of the low density
medium (<&>) can be obtained from the mixture of
well-grown Cr (g,) and void (&) in the following
equation, where f is the volume fraction of Cr,

L2 -t @

& +2<e>

0= ra<e

The effective dielectric functions above 3.0 eV
show the free electron behavior and well explain
the quality of Cr films prepared at different sputter-
ing conditions. As the argon pressure increased,
the mean free paths of sputtered atoms decreased
through the collision process. Thus, the adatoms
on the c-Si substrate have less energies when they
suffer more collisions. This resulted in the lack of
density in the film. Our films in Figure 3 show
density deficits ranging from 20 to 40%. Very sim-
ilar results were reported in the growth of amor-
phous silicon thin films [4].

When each set of the spectra were analyzed
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Fig. 6. Variation of thickness deduced from a single-
layer optical model.

using the optical simulation, more informations
were deduced. However, when we use optical cal-
culations for metal films, we need to be cautious
of the size effect. When small grains are formed in
the nucleation stage of growth, some metals show
strong size-dependant optical properties. In such
cases each spectrum should be analyzed indepen-
dently instead of using reference dielectric func-
tion of bulk material [13, 14]. Fig. 4 shows the
quality of fit in the optical simulation of ~20A Cr
thin film using the dielectric function of bulk Cr.
Although small deviation is noticed at low energy
region, overall quality of fit is acceptable.
Meanwhile, when we did same analysis for silver
thin film, dramatic difference was noticed as
shown in Fig. 5. This is due to the size effect caus-
ed by the electron scattering at the grain surface
[13,14]. In our future study, we will investigate
the growth of Cr in the range of <20 A to see any
possible size effect.

As Cr did not show any significant size effect,
we performed optical analysis using bulk dielec-
tric function of Cr to see the growth behavior. In
Fig. 6, we find that the growth rate increased as
we changed argon pressure from 2 to 5 mTorr.
This means that the sputtering yield was lower at 2
mTorr due to the lack of working gas molecules.
However, when the pressure was increased again
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Fig. 7. Optical trajectories obtained during the de-
position of chromium under identical deposition con-
ditions except the periods for air exposure of the sys-
tem and pumping. Circles: 30 s exposure and 3 h
pumping, Squares: 30 min exposure and 10 min pump-
ing, Triangles: 30 s exposure and 1 h pumping.

from 5 to 10 mTorr, the growth rate was rather
decreased slightly. Although the sputtering ef-
ficiency might be increased, we think apparently
the scattering process became more dominant at
higher pressure. Similar results were obtained
from the variation of DC power (not shown)-
monotonic increase in growth rate with power and
small variations in the optical properties.

Now we want to present the contamination
processes of Cr by air exposure. For this experi-
ment we attempted two different approaches. One
was using poor pumping process after chamber
was exposed to air and the other was venting with
air after the end of fresh deposition of Cr film. In
vacuum process, it is very important to evacuate
chamber sufficiently. This can be ensured by using
high vacuum pumping and monitoring the base
pressure of the system. In general, pumping
should be continued for many hours, because,
once exposed to air, the water molecules desorb
continuously from the inner surface of chamber.
Fig. 7 shows three optical trajectories obtained
from the consecutive depositions of Cr films under
identical deposition conditions except the pumping
process. In the first deposition, the c-Si substrate
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Fig. 8. The dielectric functions deduced from the last
points in Fig. 7.

was mounted quickly to minimize the air exposure
of the system and more than three hours of pump-
ing process was followed (circles). In the second
deposition, the chamber was opened in air quite a
while and a brief pumping was carried out
(squares). These two trajectories are quite different.
In order to verify the water contamination caused
by poor pumping in the second deposition, we
repeated the first process with a little less pumping
period (three hours vs one hour). Without any
analysis, it was quite obvious that the third attempt
almost recovered the first process (triangles). This
verified that the water vapor on the chamber wall
was the main contaminant in the second process.
As deposition progresses, the water vapors inside
chamber are incorporated into the film or pumped
away. Thus, the quality of the film should become
better and better as deposition progresses. In-
terestingly, this phenomenon can be seen at the
end of the second trajectory. As the ellipsometry
beam sees mostly the upper part of the film within
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Fig. 9. Ellipsometry angle A versus time collected dur-
ing the 200 s of air introduction after the fresh de-
position of chromium.

the optical penetration depth, the second trajectory
turns toward the final optical constant of better
films as we expected (see mark ‘x’). Meanwhile
the third trajectory was approaching the first one
very closely indicating the fast recovery from less
contamination. These results are clearer in Fig. 8,
which shows the dielectric functions of these three
films deduced from the end points in Fig. 7. The
quality of the films can be imagined when we com-
pare with those in Fig. 3. However, the difference
in optical properties in this case is caused mainly
by the incorporation of chromium oxide rather than
void.

The final result shows the magnitude of con-
tamination after the end of deposition. After Cr
thin film was deposited, we vented the vacuum
system with air very slowly over 150 s. Fig. 9
shows A versus time measured during the venting
process. This was the oxidation process which we
did not observe when gold film was used. Rough
estimation with optical analysis showed that a cou-
ple of monolayer was formed in less than 20 s.

IV. Summary

We demonstrated the real-time and in situ capa-
bilities of our spectroscopic ellipsometer in chro-
mium thin film growth. Chromium thin films did
not show any seizable size effect in the early
growth stage (~20 A) However, the properties of

R8s A, Al 84 A 3(2)&, 1999

final films were traceable from the optical tra-
jectories obtained during the initial growth and
modification. The optical properties of chromium
were severely modified by the small variations in
the process, which cannot be easily detectable
with other characterization tools. In order to de-
posit metal films with consistent properties, it is
very important to precisely control the deposition
parameters such as pressure, power, temperature,
etc. Moreover, we showed that other process-
related parameters such as pumping period and air
exposure were also very important factors.
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