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In situ fast ellipsometric analysis of repetitive surface phenomena
J. Costa,a) J. Campmany,b) A. Canillas, J. L. Andújar, and E. Bertran
Departament de Fı´sica Aplicada i Electro`nica, Universitat de Barcelona, Av. Diagonal, 647,
E08028 Barcelona, Catalonia (Spain)

~Received 3 December 1996; accepted for publication 29 April 1997!

We present an ellipsometric technique and ellipsometric analysis of repetitive phenomena, based on
the experimental arrangement of conventional phase modulated ellipsometers~PME! conceived to
study fast surface phenomena in repetitive processes such as periodic and triggered experiments.
Phase modulated ellipsometry is a highly sensitive surface characterization technique that is widely
used in the real-time study of several processes such as thin film deposition and etching. However,
fast transient phenomena cannot be analyzed with this technique because precision requirements
limit the data acquisition rate to about 25 Hz. The presented new ellipsometric method allows the
study of fast transient phenomena in repetitive processes with a time resolution that is mainly
limited by the data acquisition system. As an example, we apply this new method to the study of
surface changes during plasma enhanced chemical vapor deposition of amorphous silicon in a
modulated radio frequency discharge of SiH4. This study has revealed the evolution of the optical
parameters of the film on the millisecond scale during the plasma on and off periods. The presented
ellipsometric method extends the capabilities of PME arrangements and permits the analysis of fast
surface phenomena that conventional PME cannot achieve. ©1997 American Institute of Physics.
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I. INTRODUCTION

The study of transient phenomena in surface process
a subject of increasing interest in materials science, part
larly in thin film technology where the analysis of the fir
stages of film growth is necessary to determine the fi
substrate interface characteristics and the structural pro
ties of the film.

Surface analytical techniques such as x-ray photoe
tron spectroscopy, scanning electron microscopy, auger e
tron spectroscopy, or secondary ion mass spectrometry
not be appliedin situ to study processes such as chemi
vapor deposition~CVD!, etching, or corrosion, because
their ultrahigh vacuum requirements or because they are
structive. However, nondestructive optical techniques s
as transmittance, reflectance, or ellipsometry are suitable
processes of these kinds, since they can operate in adv
environments such as reactive gases or plasmas.1 Besides
high sensitivity, ellipsometry can be used in real-tim
measurements.2,3

Phase modulated ellipsometry~PME! is suitable for the
analysis of the kinetics of surface processes due to its r
tively high speed.4 In particular, it has been applied succes
fully to the real-time study of film growth kinetics, the nucle
ation and coalescence mechanisms, and the evolutio
surface roughness.5,6

Even though the maximum theoretical acquisition rate
real-time PME is 1 kHz, when it works at this rate it los
precision. As shown in Fig. 1, a maximum acquisition rate
25 Hz is needed to work with a precision of the measu
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ellipsometric angles of better than 0.2°. Therefore, the ti
resolution standard of phase modulated ellipsometers
around 40 ms. The total integration time depends on
working frequency of the phase modulator~usually 50 kHz!
and on the number of cycles needed to calculate the
Fourier transformation~FFT! with reasonable precision
~hundreds of cycles!. Furthermore, the integration of the sig
nal is also needed to eliminate noise from the light sou
~usually a Xe arc lamp! and the photomultiplier tube, and t
eliminate the electrical noise associated with the analog
digital converter~ADC!. Therefore, accurate measurement
fast transient processes with time constant of less than 40
by the conventional real-time PME technique does not se
to be possible at the present time.

Recently, there has been an increasing interest in
surface processes that involve transient phenomena fa
than the conventional PME time resolution, such as fi
deposition or etching under a modulated discharge7 or sur-
face treatment by laser pulses.8 Here we propose an alterna
tive ellipsometric method based on a PME arrangem
which is able to analyze the fast transient phenomena in
petitive surface processes. Periodic and triggered phenom
are repetitive processes often encountered in materials
face science.

In order to measure the transient behavior of the opt
parameters of the sample, it is necessary to determine
reflected light polarization ellipse at each instant. With t
proposed method, which we call the ellipsometric analysis
repetitive phenomena, the polarization ellipse is calculatea
posteriori from the combination of three acquisitions of r
flected light using three different configurations of the PM
optical elements~modulator, polarizer, and analyzer!. As a
consequence of this procedure, a great improvement in
time resolution of the experimental data is achieved since
Fourier analysis of the signal detected is no longer necess

ia
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Moreover, the signal-to-noise ratio is lower than that o
tained by conventional PME measurements because
modulator does not operate and the flash type ADC is
placed by a successive approximation type ADC. Furth
more, calibration is performed as in the conventional PM

In order to illustrate the performance of this method,
have applied it to the study of the transient variations of
reflection coefficient on the surface of an amorphous silic
film growing in a square wave modulated~SQWM! radio
frequency SiH4 plasma.9,10 In this case, it was possible t
distinguish the changes in the ellipsometric angles,C andD,
with a time resolution of better than 1 ms, which cannot
resolved by the conventional real-time PME method.

The combination of the phase modulated ellipsome
and the ellipsometric analysis of the repetitive phenom
method facilitates the expansion of the conventional PME
the study of new phenomena.

II. THEORY

Figure 2 shows a schematic arrangement of a stan
phase modulated ellipsometer~PME!, where a light beam
coming from a Xe arc lamp, passes through a polarizer an
modulator before being reflected off the surface of
sample. After that, the light is analyzed by another polariz
then dispersed by a monochromator, and finally detected
a photomultiplier tube.11

The ellipsometric analysis of the repetitive phenome
uses the same optical arrangement, and does not requir
addition of any extra optical elements. This new meth
does not require the modulator to be operating. However
order to make the use of this technique compatible with
conventional PME, the modulator is not removed.

FIG. 1. Precision vs number of integrations for a standard PME operatin
real-time mode. The precision is measured by 2s, the interval where 95% of
experimental points lie, wheres is the standard deviation. Triangles corr
spond to the precision in the ellipsometric angleD and circles to the ellip-
sometric angleC. The frequency of the modulator~50 kHz! gives a period
of each cycle of 20ms. A precision of 0.2° is reached by integrating 20
cycles, giving an acquisition rate of 25 Hz operating in real-time mode
3136 Rev. Sci. Instrum., Vol. 68, No. 8, August 1997
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In order to calculate the ellipsometric angles,C andD,
corresponding to the reflection on the sample, we use
Jones’ matrix notation. In what follows, we describe the m
trixes of each element assuming specular surfaces and
polarizers.

The optical elements such as a polarizer, modulator,
analyzer can be mathematically described by the matriceP,
M , andA, respectively, where

P5S 1 0

0 0D , M5S 1 0

0 ej d0
D , A5S 1 0

0 0D , ~1!

andd0 is the static phase shift introduced by the modula
in static conditions~power off!.

The sample can be described by the matrixS:

S5S r p 0

0 r s
D , ~2!

wherer p and r s are the complex reflection coefficients co
responding to the directions parallel and perpendicular to
incidence plane~Fig. 2!, respectively. The complex ratior
between these coefficients can be expressed as a functio
the ellipsometric anglesC andD by

r5
r p

r s
5tan cej D. ~3!

Finally, the matrix R~a! describing a rotation by an
angle a of the optical axes with respect to the coordina
axes is given by

R~a!5S cosa sin a

2sin a cosa D . ~4!

Once the matrices of the optical elements are es
lished, the electric fieldEPMA

t transmitted through the optica
system shown in Fig. 2 is related to the incident electric fi
Ei by:

EPMA
t 5AR~A!SR~M !MR ~P2M!PEi , ~5!

whereA, P, andM represent the angles between the plane
incidence and the analyzer, polarizer, and modulator, res
tively.

Developing the above equation, we obtain the followi
expression forEPMA

t :

in

FIG. 2. Schematic arrangement diagram of the phase modulated ellip
eter elements:~P! Polarizer,~M! modulator,~S! sample,~A! analyzer,~L!
Xe lamp, and~D! light detection system. Angles are taken positive in
counterclockwise sense when one is looking against the direction of pr
gation of the beam. The sample surface determines the plane of incide
x direction perpendicular to the plane of incidence;y, direction parallel to
the plane of incidence.
Fast ellipsometric analysis
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EPMA
t 5$@r p cosA cosM2r sin A sin M #cos~P2M !

2@r p cosA sin M1r s sin A cosM #ej d0

3sin~P2M !%Ei . ~6!

This is the basic expression for the electric field detec
corresponding to a PME configuration with a nonoperat
phase modulator, i.e.,d0 constant.

Equation~6! can be simplified by performing the mea
surements with an angleP 2 M 5 0. Then, the static birefrin-
genced0 introduced by the nonoperating modulator is elim
nated:

EPMA
t 5~r p cosA cosM2r s sin A sin M !Ei . ~7!

The measured intensity in the photomultiplier tube, fo
given angular configuration,IPMA , can be expressed as

IPMA5kEPMA
t EPMA

t* , ~8!

whereEPMA
t* is the conjugated complex ofEPMA

t andk is the
responsivity of the photomultiplier tube. Expanding Eq.~8!
according to Eq.~7!, we obtain

IPMA5~r s
2 sin2 A sin2 M1r p

2 cos2 A cos2M2~rg* r p

1r sr p* !sin A cosA sin M cosM !k2Ei2. ~9!

As we can observe, there are three unknowns:k22Ei2,
r s , andr p . Only three independent measurements at diff
ent angle configurations are needed to determine their va
With the experimental arrangement shown in Fig. 2, we m
perform these three measurements of light intensity no
multaneously, in order to change the angular configuratio
The repetitivity of the surface process should guarantee
in these three measurements we are monitoring the s
phenomenon. Provided that this condition is satisfied,
ellipsometric analysis of the repetitive phenomena met
permits us to average the experimental points of one of th
acquisitions over the number of periods necessary to ob
good precision.

Measurements can be performed in several sets of
figurations. The criteria to chose a particular set of confi
rations are the minimization of the associated error of
measuredC and D, the minimization of the mechanica
changes in optical elements, and the simplicity of the eq
tion ~elimination ofd0!.

We can take multiple values of angles that simplify E
~9!. A suitable set of angles can beP 2 M50, M5p/4 and
A5p/4, 2p/4 and p/2. For this set of angles~Set I!, in
each measurement only the azimuth of the analyzer has
changed. The advantage of this choice is the possibility
easy automatization of measurements by means of an
tomatized analyzer. For this configuration, we have, resp
tively,

I0,p/4,p/45@r p
21r s

22~r s* r p1r sr p* !#
Ei2k2

4
, ~10!

I0,p/4,2p/45@r p
21r s

21~r s* r p1r sr p* !#
Ei2k2

4
, ~11!
Rev. Sci. Instrum., Vol. 68, No. 8, August 1997
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I0,p/4,p/25
1

2
r s

2Ei2k2. ~12!

Arranging the above expressions, we finally obtain

tan2 c5
I0,p/4,p/41I0,p/4,2p/42I0,p/4,p/2

I0,p/4,p/2
, ~13!

tan c cosD5
I0,p/4,2p/42I0,p/4,p/4

2I0,p/4,p/2
. ~14!

So, we can obtain the ellipsometric anglesC andD by
performing three measurements, each one using a diffe
configuration for every run.

Another possibility of ellipsometric analysis or repetitiv
phenomena is the measurement of the phase modulator s
birefringenced0 . This could be done by settingP2M
56p/4 in Eq. ~6! and operating the ellipsometric arrang
ment withM50 andA53p/4, p/4, andp/2 ~Set II!. Com-
bining the measured intensities, as was done in Eqs.~13! and
~14!, yields:

tan2 C5
Ip/4,0,p/41Ip/4,0,3p/42Ip/4,0,p/2

Ip/4,0,p/2
, ~15!

tan c cosD85
Ip/4,0,3p/42Ip/4,0,p/4

2Ip/4,0,p/2
, ~16!

where D85D1d0 .
Therefore, performing the measurements with the an

lar configurations specified in Sets I and II, it is possible
deduce the value ofd0 .

III. EXPERIMENT

In order to illustrate the possibilities of this method, th
ellipsometric analysis of repetitive phenomena has been
plied to the study of the growth of a hydrogenated am
phous silicon thin film~a-Si:H! in a modulated discharge
The deposition system was a capacitively coupled plasm
reactor described elsewhere,11 which is provided with a con-
ventional phase modulated ellipsometer.12 The deposition
conditions were 30 Pa of pressure, 300 °C of substrate t
perature, and a flow rate of 30 sccm of SiH4. The rf power
was modulated between 0 and 80 W by controlling the
power source with a conventional function generator~OR-X
402!. The modulation signal was a square wave, its f
quency was 13 Hz and its duty cycle 50%. Ellipsomet
analysis of repetitive phenomena measurements were
formed with the PME arrangement using Set I becaus
avoids the calibration ofd0 .

Measurements were taken with a standard acquisi
card~PCLAB 718! at a data measurement rate of 65 kHz.
order to reduce the noise associated with the detection,
chose a successive approximation 12-bit ADC device. T
acquisition card is controlled by a personal computer t
calculates the average of several plasma modulation cyc

The data for each angle configuration were acquired
averaging the signal over 256 plasma modulation cycles.
time between experimental points was 16ms. The acquisition
was triggered by the plasma modulation signal. The pho
multiplier tube was maintained at a constant bias of 900
3137Fast ellipsometric analysis
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The light intensities from the plasma emission and ba
ground were subtracted from the measured intensities of
reflected light beam. We also checked that the elec
plasma switching on and off had no influence on the ellip
metric measurements, so all changes observed in refle
light can be attributed to changes in the surface or bulk st
tural properties.

Measurements were performed with an angle of in
dence of the light beam of 69°508 and at a wavelength of 34
nm. This wavelength was chosen to monitor only the surf
properties, because it is near the maximum of the absorp
of a-Si:H. The angles of polarizers were calibrated with co
ventional PME.

Ellipsometric analysis of repetitive phenomena measu
ments were performed 10 min after starting the modula
discharge. At this time, the optical parameters of the grow
a-Si:H film reached a steady state, as shown by monitor
with conventional PME.9 However, as the next section dem
onstrates, the ellipsometric analysis of the repetitive p
nomena method was able to resolve the evolution of
ellipsometric angles within a period of plasma modulatio
The analysis of the film surface at this quasisteady state g
antees that each acquisition at each angular configuration
serves the same phenomena.

IV. RESULTS AND DISCUSSION

Figure 3 shows the modulation signal and the reflec
light intensities,I PMA , obtained at the three angular config
rations that were specified as Set I. The interval of plasma
shows a decrease in the reflected light intensity, overlap
to small evolutions, followed by a weak and monotonic
crease in the intensity. When the plasma is turned off, th
is an initial intensity peak~just in the afterglow!, after which

FIG. 3. Intensities obtained by ellipsometric analysis or repetitive phen
ena. Using the notation defined in the text, curve~a! corresponds to the
intensity I 0,p/4,p/4 , and curve~b! to I 0,p/4,2p/4 , and curve~c! to I 0,p/4,p/2 .
The square wave corresponds to the plasma modulation signal.
3138 Rev. Sci. Instrum., Vol. 68, No. 8, August 1997
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the reflected intensity increases. This increase continues
the plasma starts again. These features were completel
petitive over the entire experiment time.

Figure 4 shows the consequent variation of the ellip
metric anglesC andD calculated from the above mentione
intensities using Eqs.~13! and ~14!. Both angles, demon
strated a significant evolution during the modulation cyc
The most relevant feature of angleC is that it shows a peak
around 15 ms after the plasma starts. On the other h
angle D evolves more monotonically: decreasingD during
plasma on and increasing during plasma off.

In order to model the evolution of the ellipsometr
angles in terms of the film microstructure, we have to ta
into account the complexity of the processes involved dur
film growth. The deposition rate of thea-Si:H film is around
10 Å/s for the deposition conditions used in the present
periment and so, in a modulation period of 13 Hz the fi
thickness has increased 0.8 Å. Therefore, the variations
served in the ellipsometric angles during a modulation per
~see Fig. 4! correspond to the combined result of the spec
incorporation along with surface processes at the submo
layer scale. This makes it impossible to model the film ev
lution using simple standard assumptions, for example,
face roughness increase, nucleation, and coalesce
However some trends of theC and D evolutions can be
interpreted on the basis of ellipsometric studies dealing w
the initial transients of silane discharges after
ignition9,13,14and the contribution of species from the plasm
~neutrals and ionized!. After the plasma ignition, the depos
tion of a less densea-Si:H material has been suggested.13,14

This deposition can account for the sudden variation
served for theC angle during the on period, 10 ms after th

-

FIG. 4. ~a! Values ofC calculated from intensities showed in Fig. 3.~b!
Values ofD calculated from intensities shown in Fig. 3. The square wa
corresponds in both cases to the plasma modulation signal.
Fast ellipsometric analysis
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ignition. On the other hand, a constant value ofC and a

decrease inD with time may indicate a slight increase

surface roughness.

The variations of theD angle during the off period could

be interpreted on the basis of the incorporation of nega

ions, powder particles, and clusters, that are generated

electrostatically confined by the plasma sheaths du

plasma on.15 When the rf power is switched off, the plasm

potential sheath disappears and all the above species a

lowed to reach the layer. Thus, the decrease of theD angle

during the first 15 ms could be attributed to this fact. On

other hand, during the rest of the time, the surface diffusi

chemical binding, and other atomic processes at the sur

may be responsible for the compactation of the film t

results in a return ofD to its initial value.

Finally, these results illustrate that the presented te

nique ~ellipsometric analysis of repetitive phenomena! is

suitable to study the surface phenomena that require a g

improvement in time resolution and it opens new capabilit

to conventional PME arrangements.
Rev. Sci. Instrum., Vol. 68, No. 8, August 1997
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