In situ fast ellipsometric analysis of repetitive surface phenomena
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We present an ellipsometric technique and ellipsometric analysis of repetitive phenomena, based on
the experimental arrangement of conventional phase modulated ellipsotiEs 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 gifhis 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 achievel9%7 American Institute of Physics.
[S0034-674807)00508-X]

I. INTRODUCTION ellipsometric angles of better than 0.2°. Therefore, the time
resolution standard of phase modulated ellipsometers is
The study of transient phenomena in surface processes éound 40 ms. The total integration time depends on the
a subject of increasing interest in materials science, particuyorking frequency of the phase modulatasually 50 kHz
larly in thin film technology where the analysis of the first and on the number of cycles needed to calculate the fast
stages of film growth is necessary to determine the film+ourier transformation(FFT) with reasonable precision
substrate interface characteristics and the structural propehundreds of cycles Furthermore, the integration of the sig-
ties of the film. nal is also needed to eliminate noise from the light source
Surface analytical techniques such as x-ray photoelequsually a Xe arc lampand the photomultiplier tube, and to
tron spectroscopy, scanning electron microscopy, auger elegfiminate the electrical noise associated with the analog-to-
tron spectroscopy, or secondary ion mass spectrometry cafigital converteADC). Therefore, accurate measurement of
not be appliedn situ to study processes such as chemicalfast transient processes with time constant of less than 40 ms
vapor depositio(CVD), etching, or corrosion, because of py the conventional real-time PME technique does not seem
their ultrahigh vacuum requirements or because they are dgg pe possible at the present time.
structive. However, nondestructive optical techniques such Recently, there has been an increasing interest in the
as transmittance, reflectance, or ellipsometry are suitable fo§;rface processes that involve transient phenomena faster
processes of these kinds, since they can operate in advergyn the conventional PME time resolution, such as film
environments such as reactive gases or pIa§M|de§ deposition or etching under a modulated dischamesur-
high sensitivity, ellipsometry can be used in real-timeg,ce treatment by laser pulstsiere we propose an alterna-
measurements’ _ o tive ellipsometric method based on a PME arrangement
Phase modulated ellipsometfiyME) is suitable for the  hich is able to analyze the fast transient phenomena in re-

analysis of the (I;jnetlcs of surface processes due 10 its relaseitive surface processes. Periodic and triggered phenomena
tively high speed.In particular, it has been applied success-, o repetitive processes often encountered in materials sur-
fully to the real-time study of film growth kinetics, the nucle- face science

ation and coalescence mechanisms, and the evolution of
surface roughnesé
Even though the maximum theoretical acquisition rate o

In order to measure the transient behavior of the optical
1parameters of the sample, it is necessary to determine the

i PME is 1 kH hen it ks at this rate it | reflected light polarization ellipse at each instant. With the
reai-time IS 2 KHz, when It works at this rate 1t loses proposed method, which we call the ellipsometric analysis of
precision. As shown in Fig. 1, a maximum acquisition rate of

. . o epetitive phenomena, the polarization ellipse is calculated
25 Hz is needed to work with a precision of the measured;;osteriori from the combination of three acquisitions of re-

flected light using three different configurations of the PME

dAlso at: GRM: Grup de Recerca en Ma}terials, Pepartament d‘Enginyeriaoptica| elementgmodulator, po|arizer' and ana|yZeAs a
Industngl, Unlygr3|tat de 'Glrong., Av. LlsiSantalos/n, E17071 Girona, consequence of this procedure, a great improvement in the
Catalonia(Spain; Electronic mail: Josepcb@el.udg.es . . . . . .

bAlso at: Laboratori del Sincrotde Barcelona, IFAE, Edifici Cn, UAB, time resolution of the experimental data is achieved since the
Campus Universitari, E08193 Bellaterra, Catalo{Baain. Fourier analysis of the signal detected is no longer necessary.
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FIG. 2. Schematic arrangement diagram of the phase modulated ellipsom-
eter elements(P) Polarizer,(M) modulator,(S) sample,(A) analyzer,(L)

Xe lamp, and(D) light detection system. Angles are taken positive in a
counterclockwise sense when one is looking against the direction of propa-
gation of the beam. The sample surface determines the plane of incidence;
x direction perpendicular to the plane of incidenge;direction parallel to

the plane of incidence.

In order to calculate the ellipsometric anglds,and A,

oolew v b Lo b by | corresponding to the reflection on the sample, we use the
0 5000 10000 15000 20000 25000 Jones’ matrix notation. In what follows, we describe the ma-
Number of cycles integrated trixes of each element assuming specular surfaces and ideal
FIG. 1. Precisi ) ) . _rPoIarizers.
. 1. Precision vs number of integrations for a standard PME operating i

real-time mode. The precision is measured by the interval where 95% of The optlcal elements such as a pOIanzer’ modulator, and

experimental points lie, where is the standard deviation. Triangles corre- analyzer can be mathematically described by the matRces
spond to the precision in the ellipsometric anglend circles to the ellip- M, andA, respectively, where

sometric anglel. The frequency of the modulat@s0 kHz) gives a period

of each cycle of 2Qus. A precision of 0.2° is reached by integrating 2000 1 0 1 0 1 0

cycles, giving an acquisition rate of 25 Hz operating in real-time mode. P= 0 o = 0 el A= o ol D

Moreover, the signal-to-noise ratio is lower than that ob-and &, is the static phase shift introduced by the modulator
tained by conventional PME measurements because thg static conditiongpower off).
modulator does not operate and the flash type ADC is re- The sample can be described by the ma&ix
placed by a successive approximation type ADC. Further-
. T . . r, O

more, calibration is performed as in the conventional PME. S=( P ) )

In order to illustrate the performance of this method, we 0 rs
have applied it to the study of the transient variations of th
reflection coefficient on the surface of an amorphous silico

film growing in a square wave modulaté8QWM) radio incidence pland€Fig. 2), respectively. The complex ratip

Lr_equen(_:yh Sr'lu prl]asmag? . Inh tthI_case, 't_WaS posszk;l;. 0 hetween these coefficients can be expressed as a function of
istinguish the changes in the ellipsometric anglesindA, 4 ellipsometric angle¥ andA by

with a time resolution of better than 1 ms, which cannot be
resolved by the conventional real-time PME method. e ia

The combination of the phase modulated ellipsometry p—r—s—tan pe”. &)
and the ellipsometric analysis of the repetitive phenomena

method facilitates the expansion of the conventional PME to ~ Finally, the matrixR(«) describing a rotation by an
the study of new phenomena. angle « of the optical axes with respect to the coordinate

axes is given by

%hererp andrg are the complex reflection coefficients cor-
r}esponding to the directions parallel and perpendicular to the

a)=

Il. THEORY cosa Sina
. (4)

Figure 2 shows a schematic arrangement of a standard —sina cosa

phase modulated ellipsometé?ME), where a light beam, Once the matrices of the optical elements are estab-

coming from a Xe arc lamp, passes through a polarizer and fshed, the electric fiel&E Ly, transmitted through the optical

modulator before being reflected off the surface of thegygiem shown in Fig. 2 is related to the incident electric field

sample. After that, the light is analyzed by another polarizerEi by:
then dispersed by a monochromator, and finally detected by

a photomultiplier tubé?! t_ _ i

The ellipsometric analysis of the repetitive phenomena Epua=AR(A)SRIM)MR (P=M)PE, ©
uses the same optical arrangement, and does not require tibiereA, P, andM represent the angles between the plane of
addition of any extra optical elements. This new methodncidence and the analyzer, polarizer, and modulator, respec-
does not require the modulator to be operating. However, itively.
order to make the use of this technique compatible with the  Developing the above equation, we obtain the following
conventional PME, the modulator is not removed. expression foEpy:
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Epma={[rp COSA cosM—r sin A sin M]cogP—M) 1,
’ |0.nia,mi2=5 TSE'2K7. (12

—[r, cosA sinM+rg sin A cosM]el%
p S

X sin(P—M)IE', © Arranging the above expressions, we finally obtain

Vo4, w1V omia,— mia= V0 .mi8,m12

This is the basic expression for the electric field detected  tar? ¢= | : (13
corresponding to a PME configuration with a nonoperating Oid,ml2
phase modulator, i.e§, constant. [P PN

Equation(6) can be simplified by performing the mea- ~ @n# coSA= 2lommn (14)

surements with an angle — M = 0. Then, the static birefrin-
genced, introduced by the nonoperating modulator is elimi-
nated:

So, we can obtain the ellipsometric angi¥sand A by
performing three measurements, each one using a different
configuration for every run.

Ebua= (rp cosA cosM—rgsinA sinM =0 (7) Another possibility of ellipsometric analysis or repetitive
] o o phenomena is the measurement of the phase modulator static
The measured intensity in the photomultiplier tube, for apirefringence 8,. This could be done by settin®—M

given angular configurationpya, can be expressed as =+x/4 in Eq. (6) and operating the ellipsometric arrange-
. o ment withM =0 andA=3x/4, /4, and=/2 (Set Il). Com-
lpma=KEpmaEpwa (8) bining the measured intensities, as was done in 8¢.and
whereEL,,, is the conjugated complex @by, andk is the (14), yields:
responsivity of the photomultiplier tube. Expanding E8) 2y V12,0187V 12,0 3014 714,012
according to Eq(7), we obtain tarr W= | 714,012 ’ (15
|pMA:(r§ Sll"l2 A Sll’]2 M+|’F2) CO§ A COSZM_(r;rp tan¢ COSA’ = |7T/4’0’37T/4_|7T/4'0‘7T/4' (16)
+rr5)sin A cosA sin M cosM)K?E'?. 9) 2 r14,0:n12
‘ where A'=A+ §,.
As we can observe, there are three unknovis: E'?, Therefore, performing the measurements with the angu-

rs, andr,. Only three independent measurements at differ{ar configurations specified in Sets | and Il, it is possible to
ent angle configurations are needed to determine their valuegeduce the value o, .

With the experimental arrangement shown in Fig. 2, we must
perform these.three measurements of light |nten§|ty NONSij,  ExpPERIMENT
multaneously, in order to change the angular configurations.
The repetitivity of the surface process should guarantee that In order to illustrate the possibilities of this method, the
in these three measurements we are monitoring the sansdlipsometric analysis of repetitive phenomena has been ap-
phenomenon. Provided that this condition is satisfied, thelied to the study of the growth of a hydrogenated amor-
ellipsometric analysis of the repetitive phenomena methoghhous silicon thin film(a-Si:H) in a modulated discharge.
permits us to average the experimental points of one of thesthe deposition system was a capacitively coupled plasma rf
acquisitions over the number of periods necessary to obtaireactor described elsewhéfewnhich is provided with a con-
good precision. ventional phase modulated ellipsometerThe deposition
Measurements can be performed in several sets of corgonditions were 30 Pa of pressure, 300 °C of substrate tem-
figurations. The criteria to chose a particular set of configuperature, and a flow rate of 30 sccm of giFhe rf power
rations are the minimization of the associated error of thevas modulated between 0 and 80 W by controlling the rf
measured¥ and A, the minimization of the mechanical power source with a conventional function genergfR-X
changes in optical elements, and the simplicity of the equa402). The modulation signal was a square wave, its fre-
tion (elimination of &g). quency was 13 Hz and its duty cycle 50%. Ellipsometric
We can take multiple values of angles that simplify Eq.analysis of repetitive phenomena measurements were per-
(9). A suitable set of angles can BFe— M=0,M==/4 and formed with the PME arrangement using Set | because it
A=ml4, —ml4 and w/2. For this set of angletSet ), in  avoids the calibration obj.
each measurement only the azimuth of the analyzer has been Measurements were taken with a standard acquisition
changed. The advantage of this choice is the possibility ofard(PCLAB 718 at a data measurement rate of 65 kHz. In
easy automatization of measurements by means of an aofder to reduce the noise associated with the detection, we
tomatized analyzer. For this configuration, we have, respeshose a successive approximation 12-bit ADC device. The
tively, acquisition card is controlled by a personal computer that
calculates the average of several plasma modulation cycles.

i2k2 . . .

The data for each angle configuration were acquired by
I =[r2+r2—(r¥ry+rg* , 10 ; ) .
0 ra=[FpH 5= (TS Tptralp)] =5 (10 averaging the signal over 256 plasma modulation cycles. The

21 5 time between experimental points wasA& The acquisition
| S [P2 4124 (P 1 )] E"“k (11) was triggered by the plasma modulation signal. The photo-
Orld,—mla—Lip T s T lsTptisip/d g multiplier tube was maintained at a constant bias of 900 V.
Rev. Sci. Instrum., Vol. 68, No. 8, August 1997 Fast ellipsometric analysis 3137
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FIG. 3. Intensities obtained by ellipsometric analysis or repetitive phenom-
ena. Using the notation defined in the text, cufag corresponds to the
intensity l /4,14, and curve(b) to ¢ /4 -4, and curve(c) to lg 4 /-
The square wave corresponds to the plasma modulation signal.

FIG. 4. (a) Values of ¥ calculated from intensities showed in Fig. (8)
Values ofA calculated from intensities shown in Fig. 3. The square wave
corresponds in both cases to the plasma modulation signal.

The light intensities from the plasma emission and back-
ground were subtracted from the measured intensities of thine reflected intensity increases. This increase continues until
reflected light beam. We also checked that the electrithe plasma starts again. These features were completely re-
plasma switching on and off had no influence on the ellipsopetitive over the entire experiment time.
metric measurements, so all changes observed in reflected Figure 4 shows the consequent variation of the ellipso-
light can be attributed to changes in the surface or bulk strucmetric anglest andA calculated from the above mentioned
tural properties. _intensities using Eqs(13) and (14). Both angles, demon-

; MeafL:]reTehntZ Weref%egrjgramgd with anlanglr(]a ?fsilnoc"strated a significant evolution during the modulation cycle.
ence ofthe light beam o nd at a wavelength o The most relevant feature of angleis that it shows a peak

nm. This wavelength was chosen to monitor only the Surfac%round 15 ms after the plasma starts. On the other hand,

properties, because it is near the maximum of the absorption le A | tonicallv: d Aaduri
of a-Si:H. The angles of polarizers were calibrated with con-2N9l€ 2 Evolves more monotonically: ecreasidgduring

ventional PME plasma on and increasing during plasma off.

Ellipsometric analysis of repetitive phenomena measure- N order to model the evolution of the ellipsometric
ments were performed 10 min after starting the modulated@ngles in terms of the film microstructure, we have to take
discharge. At this time, the optical parameters of the growingnto account the complexity of the processes involved during
a-Si:H film reached a steady state, as shown by monitoringilm growth. The deposition rate of tree Si:H film is around
with conventional PME.However, as the next section dem- 10 A/s for the deposition conditions used in the present ex-
onstrates, the ellipsometric analysis of the repetitive pheperiment and so, in a modulation period of 13 Hz the film
nomena method was able to resolve the evolution of thehickness has increased 0.8 A. Therefore, the variations ob-
ellipsometric angles within a period of plasma modulation.served in the ellipsometric angles during a modulation period
The analysis of the film surface at this quasisteady state guafsee Fig. 4 correspond to the combined result of the species
antees that each acquisition at each angular configuration OPTcorporation along with surface processes at the submono-
serves the same phenomena. layer scale. This makes it impossible to model the film evo-

lution using simple standard assumptions, for example, sur-
face roughness increase, nucleation, and coalescence.
IV. RESULTS AND DISCUSSION However some trends of th& and A evolutions can be

Figure 3 shows the modulation signal and the reflectedNterpreted on the basis of ellipsometric studies dealing with

light intensities pya, Obtained at the three angular configu- the initial - transients of silane discharges after its
rations that were specified as Set I. The interval of plasma ofghition”*>**and the contribution of species from the plasma
shows a decrease in the reflected light intensity, overlappetheutrals and ionizedAfter the plasma ignition, the deposi-
to small evolutions, followed by a weak and monotonic in-tion of a less dense-Si:H material has been suggestéd?
crease in the intensity. When the plasma is turned off, ther@his deposition can account for the sudden variation ob-
is an initial intensity peakjust in the afterglow; after which  served for theV angle during the on period, 10 ms after the

3138 Rev. Sci. Instrum., Vol. 68, No. 8, August 1997 Fast ellipsometric analysis

Downloaded 27 Sep 2010 to 161.116.168.227. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions



ignition. On the other hand, a constant value®fand a ACKNOWLEDGMENT

decrease iMA with time may indicate a slight increase in This work was supported by the CICYT of Spain under
surface roughness. Contract No. MAT96-1194-C02-01.

The variations of thé\ angle during the off period could 1r w. coliins and Y. T. Kim, Anal. Chen62, 887A (1990.

be interpreted on the basis of the incorporation of negativez'-sﬁg(\lfégg Li, H. V. Nguyen, and R. W. Collins, Rev. Sci. Instrué3,
ions, powder particles, and clusters, that are generated amf/\. Kildemo and B. Dfsillon, Rev. Sci. Instrum67, 1956(1996.

electrostatically confined by the plasma sheaths during'B. Drévillon, J. Y. Parey, M. Stchakovsky, R. Benferhat, Y. Josserand,

5 . . and B. Schlayen, Proc. SPIFL88 174 (1989.
plasma on® When the rf power is switched off, the plasma s, Canillas, E. Bertran, J. L. Angar, and B. Dreillon, J. Appl. Phys68,

potential sheath disappears and all the above species are aRk752(1990.

6B. Drévillon, Prog. Cryst. Growth Charact. Mate27, 1 (1993.
lowed to reach the layer. Thus, the decrease ofAtangle 7L L. Overzet, J. H. Beberman, and J. T. Verdeyen, J. Appl. PBgs.

during the first 15 ms could be attributed to this fact. On the 1622(1989.

. . . . 8P M. Fauchet and |. H. Campbell, J. Non-Cryst. Soll@3, 729 (1991).
other _hand’_ dqung the rest of the Flme’ the surface dIﬁUSIOH’gA. Lloret, E. Bertran, J. L. Andar, A. Canillas, and J. L. Morenza, J.
chemical binding, and other atomic processes at the surfaceAppl. Phys.69, 632(1991).
10 M ;
: : . J. L. Andyar, A. Canillas, J. Campmany, E. Bertran, J. Serra, C. Roch,
may be_ responsible for_thg _cpmpactanon of the film that °~ = Lioret, J. Appl. Phys71. 1546(1992.
results in a return oA to its initial value. A, Canillas, E. Bertran, J. L. Angar, and J. L. Morenza, VacuuB®, 785
_ . _(1989.
. Fmally, these_results |Il_ustrate tha_t_the presenteq techlzl L. Andijar, E. Bertran, A. Canillas, J. Esteve, J. Andreu, and J. L.
nique (ellipsometric analysis of repetitive phenomegria Morenza, Vacuun89, 795 (1989.

13 h ;
i I h rf henomena that r ir r . W. Collins and A.“Pawlowskl, J. Appl. Phy89, 1160(1986.
Suitable to StUdy the surface phenomena that require a g ea . I. Schmidt, B. Schrder, and H. Oechsner, Thin Solid Filn@83 297

improvement in time resolution and it opens new capabilities (1993.

to conventional PME arrangements. 153, T. Verdeyen, J. H. Beberman, and L. J. Overzet, J. Vac. Sci. Technol. A
8, 1851(1990.

Rev. Sci. Instrum., Vol. 68, No. 8, August 1997 Fast ellipsometric analysis 3139

Downloaded 27 Sep 2010 to 161.116.168.227. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions



