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Ellipsometric determination of optical constants for silicon
and thermally grown silicon dioxide via a multi-sample,
multi-wavelength, multi-angle investigation

C. M. Herzinger,® B. Johs, W. A. McGahan,” and J. A. Woollam
J. A. Woollam Co., Research and Instrumentation, 645 Main Street, Suite 102, Lincoln, Nebraska 68508

W. Paulson
Advanced Products Research and Development Lab, Motorola, 3501 Ed Bluestein, Austin, Texas 78721

(Received 26 February 1997; accepted for publication 26 November 1997

Optical constant spectra for silicon and thermally grown silicon dioxide have been simultaneously
determined using variable angle of incidence spectroscopic ellipsometry from 0.75 to 6.5 eV.
Spectroscopic ellipsometric data sets acquired at multiple angles of incidence from seven samples
with oxide thicknesses from 2 to 350 nm were analyzed using a self-contained multi-sample
technique to obtain Kramers—Kronig consistent optical constant spectra. The investigation used a
systematic approach utilizing optical models of increasing complexity in order to investigate the
need for fitting the thermal SiQoptical constants and including an interface layer between the
silicon and SiQ in modeling the data. A detailed study was made of parameter correlation effects
involving the optical constants used for the interface layer. The resulting thermal silicon dioxide
optical constants were shown to be independent of the precise substrate model used, and were found
to be approximately 0.4% higher in index than published values for bulk glasseoys Bi®
resulting silicon optical constants are comparable to previous ellipsometric measurements in the
regions of overlap, and are in agreement with long wavelength prism measurements and
transmission measurements near the band gap19@8 American Institute of Physics.
[S0021-897€98)01006-9

I. INTRODUCTION established presence of an identifiable thin transition layer at
the Si—SiQ interface with intermediate optical constafité.
Because of its technological importance, the optical  For this work, measurements from six thermal oxide
properties of the Si—SiDmaterial system have been exten- samples and one native oxide sample were analyzed in a
sively studied:™ However, even though silicon is one of the self-contained, multi-sample technique utilizing spectro-
most heavily studied and well-understood materials, the acscopic and multi-angle data. These ellipsometric measure-
curacy of reported optical constant spectra for crystalline siliments cover a wider spectral range than previous publica-
con is still an issue. The original spectroscopic ellipsometrytions with photon energiesE(,,) between 0.75 and 6.5 eV.
results for silicon obtained by Aspridsave been questioned These data were also acquired using a new auto-retarder
(especially for energies less than 3.4)ely the work of (AR) equipped rotating-analyzer ellipsometer which permits
Jellison using a two-channel polarization modulationaccurate determination of the ellipsometdc over a full
ellipsomete? Aspnes’ measurements were complicated bott860° range. Optical data analyses, including ellipsometry,
by the difficulty of stripping residual oxide without roughen- are critically dependent on proper modeling of the physical
ing the sample and by acquisition of ellipsometric data at arsample. Thus much of this work centers on finding an appro-
angle of incidence which pushed the measured ellipsometripriate model for the oxide—interface—substrate combination
values at smaller photon energies into a sub-optimal regioand on systematically justifying the complexity of the final
for the rotating-analyzer ellipsometéRAE) used. Jellison’s model selected. As the final result, optical constants for ther-
work utilized a mathematical oxide removal procedure usingnally grown SiQ are obtained in conjunction with optical
separate intensity transmission measurement to establish thenstants for the silicon substrate.
overlayer thicknes$The Si—SiQ material system is further Section Il gives a brief background on the variable-angle
complicated by the recurring observation that when thermaspectroscopic ellipsometrf¢/ ASE) terminology used. Sec-
SiO, is modeled as a single homogenous layer, there is ation Il details the measurement procedures used. Optical
apparent decrease in refractive index for S the layer constants from many sources, including the final results
thickness increasés. This apparent decrease is almost cer-of this work, are summarized in Section IV. The data analy-

tainly due to a modeling artifact resulting from the well- ses, consisting of a systematic sequence of increasingly com-
plex optical models, are presented in Section V. Compari-

a . N ) . sons of optical constants from this work to other published
Electronic mail: cherzinger@jawoollam.com

bpresent address: Nanometrics, Inc., 310 De Guigne Dr., Sunnyvale, caillipsometric and nonellipsometric results are presented in
fornia 94086 Section VI.
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Il. VASE BASICS steam. Samples #1-3 were grown at 900 °C, #4 at 1050 °C,
. . . . . and #5-6 at 1000 °C. Although slightly different, the oxida-
e e e o POGES for each sample fs Xpected (0 prodice god
eterized model to the me;sured datg Whgn sim%ltar?eousﬂua”ty interfaces without excessive roughening. The native
’ dxide on sample #7 was built up over a period of more than

analy‘z‘mg da’t,a_ from muIt_lpIe samples, as in this work, the2 years and no attempt was made to remove it. Although
term “model” is generalized to encompass the set of all

. stripping oxide from silicon using HF is a standard tech-
parameters needed to describe the structure of all measure : . . .
. . nfque, greater interest was placed on having the native oxide
samples. The standard, single-sample model for analyzin

. . gtable(not increasing thickness or changing compositimn
VASE data is a sequence of paraliel layers with perfectlythe measurement cycle and in not adding surface roughness.

abrupt interfaces and homogenous optical constants, on a Data on all samples were acquired from 0.75 to 6.5 eV

semi-infinite substrat®.Our fitting procedure is described using a J.A. Woollam Co. VASEinstrument. This rotating-
gwlre fu_lrlr)l/ elsew;erf,tiﬁt the bqsm termlnologydlz given analyzer system was equipped with an AR input unit allow-
g 0 e lipsomeic parameter to b messured el
larized llel ) and perpendiculars) to the plane of well over a full 360° range. The performance of the AR
ﬁ]%;zznec egpﬁ:?s ratio is de?in(f d as P system was tested in a straight through configuration, with-
' out a sample. In this configuration, the system proved ca-
Ry A pable of measurings to within 0.02° of 45° andA within
P= Es—tar( pres. (D 0.2° of 0° over the full spectral range.
o . o . For the six thermal oxides, data were acquired at 40° and
The gleqtrlc field reflection cqefﬂment fop(s)-polarized 450 angles of incidence. The 75° angle was chosen to keep
light is given byRy(R). In addition to ‘ﬁef‘ndA’ s;[?ndard the measured’s around 90° because this enhances sensitiv-
deviations on the measurad and A, (o;® and o¥) are iy iy the data analysi® Additional angles near 75° were
estimated. The Levenberg—Marquardt .allgor&P]m used 10 ot deemed necessary because with the AR unit the ellip-
fit the model parameters bly minimizing the following gometer worked well for alh values, and because the multi-
weighted(biased test functiort sample nature of the experiment did not require additional
1 N ]mod_ w}expd 2 Ajmod_AJexpd 2 effort on a particular sample to reduce noise. Relative to 75°,
“ON—M = [( oxp +( &P ) (2)  the 40° angle was chosen to produce a large phase thickness
=1 Ty Taj difference for the probe beam traversing the oxide layers.
The number of measureg-A pairs isN and the total num- Even though/ andA can be measured accurately at 40°, the
ber of real valued fit parametershi4é. To assess the quality
of fits for this work for which different numbers of fit pa-
rameters are used, the value ofvith M set to zerog, is

52

reported. The figure of merfEFOM) we use to describe con- 28._ (a;) ' T T T ;r"]ode" 1
fidence in thdth fit parameter is given by 7ot woN oy experiment 1
FOM; = 1.65x \/C;; X £, &) 8 gg .
. . . co r -
This is the usual one-parameter, 90%, uncorrelated confi- .3 40 ]
dence limit® multiplied by our test functioné, whereC;; is ‘9': 300 ]
the ith diagonal element of the fit parameter covariance 20} ]
matrix® This FOM combines information about the sharp- 10F .
1 ini B P R P oL Yooy
ness of the fit minimum @;;) with information about the 00 10 20 30 40 50 60 70

overall quality of the fit. Using the FOM as direct quantita-

tive information about the sample is only valid whefj® Photon Energy (eV)

and a3® are known to be accurate in magnitude, and when 0
random (not systematic measurement errors are the domi- 300'_(b) 750 ——model .
nant contribution to the FOM. I ~ experimen

IIl. MEASUREMENTS

A (degrees)
2

For this investigation six thermal oxide sampléd—6

and one native oxide samp{&7) were examined. The ther- 60- 1
mal oxide films were grown on lightly boron dopéti4—22 ol | R T R

Q cm), (100 oriented, 125 mm diam, standard complemen- 00 10 20 30 40 50 60 70
tary metal-oxide-semiconduct6€EMOS) process silicon wa- Photon Energy (eV)

fers. These samples were prepared at Motorola with nominal

; G. 1. Measured data compared with generated data from the final fit of
thicknesses of 10.5, 14.5, 35, 50, 100, and 350 nm. Sampléz Is work [#c4(iv)] for sample #6 with a nominal oxide thickness of 350 nm.

#1-3 a_nd #5 were grown using dry, @ith a low HCl con-  11,¢ ellipsometric parameterg and A are shown, respectively, ifa) and
centration, sample #4 used pure,@nd sample #6 used (b). The corresponding measured and generated curves are almost identical.
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0 range from 66 to 670 s. To minimize some potential system-
(a) 40° atic errors, the input polarizer tracked the measufadlues
_ 40r //\/\N 1 between 10° and 80°. A total of fiug-A pairs for two of the
§ 30l ] samples were removed becauge 3° or y>87° and were
B | | thereby deemed potentially less accurate. To further mini-
-§ 20L 75 ] mize systematic errors, the measurement zone averaged over
| —— model ] the input polarizer by acquiring data in two quadrants with
o experiment the polarizer set near theys and — ¢ positions. The AR unit
oL T ] was used to add and subtract 40° retardance at each polarizer
00 10 20 30 40 50 60 7.0 position, and was also operated in a zone averaged manner.
Photon Energy (eV) For each wavelength and incident angle combination, data
taken using the AR was included with the usual RAE data
180 — —r——T— taken without retardance in a regression model to find the
1500 ®) / ] most likely ¢-A pair that would match the measurements
~ | 40 ] made with the system in its various configurations. The mea-
§ 1201 750 —model ] surement error barsy,® and o3®, used in the weighted
& b ~ experiment fitting procedure for data analysis were derived from the re-
T 90- T gression statistics. Thusry® and o3® incorporated both
< 60l ] measurement noise effects and effects due to systematic er-
I ] rors. In a simple ellipsometric measurement without any
o+ .oy form of zone averaging, systematic errors lead directly to
00 10 20 30 40 50 60 70 errors in they-A values, which are then assigned standard

Photon Energy (eV) deviations based primarily on random noise. The principal
purpose of assigning’;® and o3 is to cause the fit algo-

FIG. 2. Measured data compared with generated data from the final fit Ofithm to weight the best data points more heavily. Therefore
this work [#c4(iv)] for sample #1 with a nominal oxide thickness of 10.5 exp ’

. ) . o
nm. The ellipsometric parametegsand A are shown, respectively, i) !ncorporatlng a systematlcl ETI’I’OI’ componentnfiﬁ a_md Oa
and (b). The corresponding measured and generated curves are almo useful because both noisier as well as potentially less ac-

identical. curate data points are weighted less heavily.

. o .. IV. OPTICAL CONSTANTS
data analysis loses sensitivity for small angles of incidence.

In certain cases such as a high index, slightly absorbing layer This work evaluated multiple data analysis approaches
on a low index substrate, multiple angles can be used tasing many different sets of optical constants from different
fundamentally increase the information available about aources, thus the optical constant descriptions have been cen-
samplet® However, as in this experiment, the additional datatralized in this section rather than addressing them individu-
at another angle of incidence serves mostly as a check on tlaly as they arise later. For this work, optical constants are
75° data rather than providing significant additional informa-presented both in complex dielectrie= €, +ie5) and com-
tion. The angles for the native-oxide samgi®° and 79°)  plex refractive index Kl=\/e=n+ik) forms. Table | sum-
were chosen near to, but on either side of, the Brewster anglmarizes the form, source, and use of the various sets of op-
in the transparent spectral region of silicon in order to avoidical constants described in the text. Optical constants used in
measuringy values near 0°. models for fitting ellipsometric data come in two primary
Figure 1 shows measured data from samplé38) nm  forms: (1) tabulated wavelength-by-wavelength lists of di-
nomina) compared with generated data from this work’s electric values and@2) functions with adjustable parameters
“best” model [fit #c4(iv), infra] for both ¢ (a) and A (b). based on physical or empirical models. Tabulated optical
Figure 2 is similar to Fig. 1 except that data for sample #lconstant lists are a traditional method of reporting results
(10.5 nm nominalis displayed. Note that the measured andfrom ellipsometry and other characterization methods. Tabu-
calculated spectra are essentially identical. For many of thi&ated lists offer the greatest flexibility in describing a func-
fits described in this work, the fit qualities are very good andiion and are convenient to work with as fit parameters be-
differences between the models are not readily distinguishedause values at different wavelengths do not directly depend
by simple visual inspection of the measured and calculatedn each other. However, this flexibility means the noise in
spectra. Only by examining a numerical quantity like e the experimental data is more easily passed along to the re-
(see Section )ican the quality of different fits be objectively sulting optical constants, and the number of fit parameters
distinguished. To reduce random noise, the averaging timscales directly with the number of wavelengths measured.
for each measurement was dynamically adjusted based dfunctional models are possible because real materials do not
the detected probe-beam intensity. For the thermal oxidéave random dielectric functions and there is a physical re-
samples, the averaging time ranged from a minimum of 8 $ationship between real and imaginary parts of the dielectric
to a maximum of 80 s for a singlg-A pair. For the native function given by the Kramers—KronigKK) integral. By
oxide sample which has a lower reflectivity and a large refitting for the internal parameters, functional models allow
gion of low ¢ values, the averaging time was increased todetermination of optical constants over wider spectral ranges
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TABLE |. Summary of optical constant sets used for this work.

Name Material Form Source/Use
Glass—Palik Bulk glass Tabulated Prigen<5.8 eV), KK Reflection(E>5.8 eV),
Refs. 14-16
Glass—Sellmeier Bulk glass Sellmeier Fit to Glass—Palik for €.#5:6.5 eV
SiO2—final Thermal oxide Sellmeier Best fit from this work, Fit ¢e#
SiO2-Sellmeier Thermal oxide Sellmeier Indication that the Sellmeier parameters are being fitted

to describe thermal oxide optical constants

Si—Aspnes Silicon Tabulated Ellipsometd.5<E<6.0 eV), Ref. 1

Si-Jellison Silicon Tabulated Ellipsomet(y.48<E<5.3 eV), Ref. 2

Si—final Silicon Parametric Model This work.75<E<6.5 eV), Fit #c4iv)

Si—Parametric Silicon Parametric Model Indication that a parametric model is being fitted to
describe the Si optical constants

Si—Tabulated Silicon Tabulated Indication that a tabulated list is being fitted to
describe the Si optical constants

Si—Hulthen Silicon Tabulatek values Transmission, Si on sapphire, Refs. 17,18

Si—McFarlane Silicon Tabulated values Transmission, Polished Si, Refs. 17,19

Si—Dash Silicon Tabulatekl values Transmission, Polished Si, Ref. 20

EMA Interface region Bruggeman model to mix Si substrate and thermal
oxide optical constants, Ref. 21

SiO—Palik Silicon monoxide Tabulated KK reflection, used to model interface for some fits, Ref. 22

Native—Jellison Native oxide on Si Sellmeier Ellipsometry, only used to model interface layer for
some fits, Ref. 2

Interface—final Interface region Sellmeier Accepted interface optical constants for fit #c4

Native—Sellmeier Native oxide on Si Sellmeier Indication that the Sellmeier parameters are being fitted
to describe thermal oxide optical constants

Native—final Native oxide on Si Sellmeier Result of best fit from this work, Fit(i#¢4

with fewer parameters, and they prevent some measuremefurm was used when fitting for the oxide optical constants.
noise from becoming part of the extracted optical constantsThe final results, Sigfinal [from fit #c4(iv), infra] yielded
However, this same ability to screen out some noise can alsge Sellmeier parameters dfffset=1.3000, a=0.81996,
smooth away or distort real spectral features. Thereforey—0.10396,m, andc=0.01082. Figure 3 shows the refrac-
functional optical constant models require attention to ensurg, .« index for the three sets of oxide optical constants just
a proper balance between flexibility and smoothing. described. At a wavelength of 546.1 nm the index of
A. Silicon dioxide SiO-final is 1.4655 which is slightly higher than for Glass—

In several fit schemes described later, different descripP@lik (1.4603 and Aspnes’ thermal oxide value of 1.4631.

tions for SiG, are used. One source of SiOptical constants  Stress induced birefringence in the $iflas been noted by
is the tabulated values for glasseous SiGund in Palik’s
handbook(Glass—Palik'*~1® Below 5.8 eV, these data are

the result of very precise prism beam-deviation
measurementS. There is a very slight mismatofmostly in

slope with data at higher energies derived from a KK analy- 159

sis of reflection datd® As part of this work, a Sellmeier c I ' ' ' o
i i i i _ - — Glass-Palik 7
function of 'the follqwmg form with four adjustable param X 156 ol Salitsier 4
eters was fit to Palik’s tabulated values T g3 ~——8i0,-final .
2 o | ]
n’=offsett —CAZ (4) = 1.50| i
)\2_b2 Q |
©
5 . & 147 i
The offsetand — c\ “ terms represent limits of a normal Sell- &J I
meier term with pole wavelengths respectively set to zero 144 = 0 0 0y
and to a very large, finite value. Using this Sellmeier form, a 00 10 20 30 40 50 60 70
good representation of Glass—Palik values covering the Photon Energy (eV)

range from 0.75 to 6.5 eV was found witiffset=1.4923,

a:O.61497,b:0.115,um, andC:0_01059Mm*2_ This set FIG. 3. Different refractive index functions used to model thermal oxide.

of optical constantGlass—Sellmeierproduced agreement 1€ SiQ-Sellmeier model was fit to published values from Palik for SiO
- OA i fracti ind th fi gIass(GIass—Pahk Sle—flnaI represents the final buII_( oxide optical con-

to within 0.001(0.07% in refractive index over the entire stants derived from this work for thermally grown oxide layers on silicon

fitted spectral range. For much of this work, the Sellmeierfrom the final fit of this work[#c4(iv)].



J. Appl. Phys., Vol. 83, No. 6, 15 March 1998 Herzinger et al. 3327

Taft® and Aspneg, but is not included in the results pre-

. . L 50 . . . . . 50
sented here. The stress effect is small and its inclusion in the I ' ' ' Y ]
data analysis did not improve the fit quality. 40r- U | I A N arasenes 144

30L — Si-final
B. Silicon - 20_- '_30 o
. . - 101
Historically, the standard source for silicon substrate op- o 120
tical constants has been Aspnes’ ellipsometric results on a i 110
polished silicon substrate from 1.5 to 6.0 ¢Si—Aspnes! -10¢ ]
Jellison has published a comparable set of optical constants -20 0

for silicon covering the region from 1.48 to 5.3 eV 0 ! Ptf i 3E 4 5V 6 7
(Si-Jellison.? Jellison’s ellipsometric measurements were oton Energy (eV)
made on a silicon substrate with a native oxide and his re-
ported optical constants accounted for the removal of 0 7¥71G. 4. Different complex dielectric functions used to model the silicon

id h . ide thick di di ) ﬁgbstrate. Si—Aspnes and Si—Jellison are previously published ellipsometric
nm of oxide. The native QX' et_ IC ngss was a jU$te IN SUCRLsyits. Sifinal represents the final silicon optical constants derived from
a way that the resulting Si—Jellison absorption valueshis work [#c4iv)].
matched published values of Dash and Newman
(Si—-Dash??° which have also been accepted by Aspnes as _ _ ,
good valueg. Jellison’s assumed model for native oxide op- €@sonably described as segregated inclusions of one mate-
tical constantsOxide—Nativé is described more fully be- M@l in another in such a manner that the polarizability of
low. Additional ellipsometric measurements of Si have beerfach material is a valid approximation over the inclusion.
made on fresh epitaxial surfa@sand on hydrogen- When used with layers on the order of 1 nm thick and when
terminated111) sample€* but these are not treated in detail € iNtérmixing is nearly on the atomic scale, the EMA as-
here. Palik's handbook also tabulates two sets of silicon apSUmption may not be strictly satisfied, but it does provide a
sorption values based on the intensity transmission measurbSeful way to “average” two sets of optical constants and
ments of McFarlane and Hulthé’~1°The McFarlane mea- thereby simulate the softening of spectral reflection features
surements spanning the very low absorption region from 1.§U€ t0 & nonabrupt interface. Previous work using EMA in-

to 1.3 eV were performed on a mechanically polished singid€rface models h3as simulated the mixing 7°f sthd crystal-
crystal sample. The Hultmevalues spanning 1.2—2 eV were lIN€ Si with SiQ,,” amorphous Si with SiQ)” and strained Si

4 o 5

obtained from very thin epitaxial films on sapphire and thereVith SiO.. _ , o

is a mismatch by a factor of 5 at 1.28 eV as compared to A.r1.0ther POSS'me approach to mo'delllng the 'S|—ZS|O
McFarlane’s values. transition region is to assume over a limited spatial extent

In addition to tabulated lists, this work used a parametridh@t the mixing occurs fully on the atomic lev@pposite
functional model to describe and fit the dielectric function&Xtreme as compared to an EMAnd therefore to model the

for silicon. The mathematical details of this model are notiNtérface as a region of SiQor SiQ,) a few monolayers

discussed her® but the key elements of the model are that thick. Silicon monoxide optical constants are available in
' bulated form(SiO—Palik.1"?> Aspnes’ chemically inter-

it is internally KK correct and based on Gaussian broadeninéa e ] N
d layer of Sj(Si0,);_, is a similar examplé.

and the superposition of critical point structures which ard"x€ : ,
composed of continuous polynomial sections. For this Another reasonable approach is to assume the interface

model, 58 internal parameters were used in the fitting prol@Yer i transparent and has a dispersion similar tq, S¥or

cess(compare to 620 needed for tabulated dielectric value§X@mple, native oxide on silicon may also be similar to the
at 310 wavelengths Correlations exist among these internal Material in the Si-Si@transition region in that both repre-
parameters, but since only the final calculated dielectric vaiS€Nt incomplete oxidation. Jellison has published a Sellmeier
ues are of interest rather than the internal model parametdynctional form describing native oxideNative—Jellison
values, the fact that multiple parameter sets can produc¥ith Sellmeier parameters daiffset=1, a=2.0, b=0.09227
nearly identical dielectric functions is not a limiting concern. #M: andc=0. While this published model covered data only
The dielectric values published by Aspnes and Jellison, an@Ver Jellison’s spectral range, it was extrapolated to the full
resulting from this work(Si-final) are compared in Fig. 4. 0-75-6.5 €V range examined in this workote, Native—
(Tabulated values for Sifinal are available electronicallyJ€llison optical constants were not used in modeling the na-

through the Physics Auxiliary Publication Service. tive oxide sample as part of this woyK his work also made

use of Sellmeier functions to describe interfacial optical con-
stants. There is very little sensitivity to the absolute value
and spectral dispersion of the dielectric values of a very thin
The existence of an identifiable interface region is wellinterfacial layer. Therefore, interfacial Sellmeier models used
established, but the exact nature is still the subject othe a, b, and ¢ parameters used to describe glass
debate">’” One commonly used model to simulate intermix- (SiO,—Sellmeief and only theoffsetparameter was adjust-
ing of materials at an interface is to assign optical constantable for fitting. The Sellmeier model values selected to de-
for an interfacial layer using the Bruggeman effective mediascribed the interface for the final fit of this woflnterface—
approximation(EMA).21 In satisfying the validity of the final) were offset=3.5, a=0.69417, b=0.115 um, and

Bruggeman approximation, one assumes that the mixture is=0.010591um™ 2.

C. Interfacial layer
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TABLE Il. Fit quality parameter¢,, for multi-sample fits in class #a without interface layegiBracketed
values were calculated, without refitting, for a common spectral range of 1.5-5.3 eV.

Tabulated Si Opt cons Fitted Si Opt Cons
(iii) (iv) (v) (vi)
Fit (i) (i) Final, fit ~Parametric \-by-\  A\-by-\
group Oxide model Aspnes Jellison  #c4(iv) Simodel Sionly fitall
#al Glass—Palik 2.970 3.208 2.437 1.784 1.674 1.653
fit thicknesses only [3.13§ [3.213 [2.743 [1.902 [1.690 [1.780
#a2 Glass—Sellmeier 3.077 3.374 2.561 1.855 1.754 1.732
fit thicknesses only [3.272 [3.379 [2.917 [2.008 [1.900 [1.811
#a3 SiO2-Sellmeier 2.359 2.602 1.694 1.390 1.271 1.120

couple oxide opt. cons.  [2.511] [2.605 [1.961 [1.494 [1.297 [1.134
fit Sellmeier values
#ad SiO2-Sellmeier 2.697 3.119 2.013 1.472 1.319 1.263
uncoupled oxide opt. cons. [2.893  [3.125 [2.314 [1.533 [1.383 [1.226
fit Sellmeieroffsetonly
#ab SiO2-Sellmeier 2.198 2.109 1.368 1.144 1.018 0.811
uncoupled oxide opt. cons. [2.349  [2.113 [1.562 [1.193 [1.07] [0.78§
fit all Sellmeier values

V. DATA ANALYSIS ent interface descriptions were examined using existing val-

When performing a model dependent data analysis“es for SiQ. Fit class #c also examined four interface mod-

simple models are preferable to complex ones if the fit qual€!S: but the oxide optical constants were also fitted. The
ity is the same. Incorporated within this paradigm is that ond€Sults for each class are summarized in Tables II-IV. In the
should use previously measured optical constants if a reasofif@l part of this section, the considerations used in settling
able fit can be obtained, and that one should not includ&Pon the final, “best” results are examined as they relate to
interfaces unless necessary. The difficulty is in objectivelycorrelation effects involving optical constants for the mod-
evaluating the quality of the fit as each model complicationeled interface layer.
is added to see if the fit really improved. Of course, if the fitp key concepts
does not get better with increasing complexity, that does not ] ) )
mean the complex model is necessarily wrong, but it does (1) All fits performed for this work were multi-sample
mean that one lacks sensitivity to allow a distinction andregressions of multi-angle, spectroscopic data. When the full
some other criteria must be employed. The majority of thisSPectral range was fit, 4335-A pairs from seven samples at
work involves the systematic examination of increasingly310 wavelengths were simultaneously analyzed. Each
complex models, with the fit quality examined at each staggample had its own associated layered model with indepen-
to evaluate the necessity of including each feature. dently adjustable thicknesses. The key to a multi-sample
Part A of this section covers certain key concepts whichanalysis is the manner in which the optical constant are
are applicable to all analysis procedures described. Next, thgoupled together among the samplé$hicknesses were
three main classes of fit#a-9 are discussed in turn. Class never coupled between samp)esising the same optical
#a examines models without interface layers. Five differentonstants for different samples is a simplifying assumption
modeling approaches for the Siptical constants were that is difficult to prove directly(especially when interface
considered in this class. In class #b, models with four differdayers are permitted in the modiebut the results presented

TABLE lIl. Fit quality parameteré,, for multi-sample fits in class #b with interface layers, but using tabulated
values(Glass—Palik for SiO,. (Bracketed values were calculated, without refitting, for a common spectral
range of 1.5-5.3 eV.

Tabulated Si Opt Cons Fitted Si Opt Cons
(iii) (iv) (v) (vi)
Fit (i) (i) Final, fit ~ Parametric  A-by-\ N-by-\
group Interface model Aspnes Jellison  #c4iv) Si model Si only fit all
#bl EMA 2.460 2.901 1.899 1.631 1.563 1.552
[2.559 [2.909 [1.985 [1.711] [1.630 [1.606
#b2 SiO—Palik 2.470 2.926 1.900 1.628 1.559 1.547
[2.584 [2.93Q [2.003 [1.718 [1.637 [1.609
#b3 Native—Jellison 2.258 2.290 1.500 1.398 1.329 1.323
[2.395 [2.293 [1.527] [1.454 [1.367 [1.3779
#b4d Sellmeier 2.214 2.308 1.431 1.368 1.308 1.301

fitting offsetvalue only  [2.377] [2.31] [1.479 [1.44Q [1.37Q [1.357
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TABLE IV. Fit quality parameter,, for multi-sample fits in class #c with interface layers and using an
adjustable Sellmeier modé8iO,—Sellmeiey to fit for the thermal Si@ optical constants(Bracketed values
were calculated, without refitting, for a common spectral range of 1.5-5)3 eV.

Tabulated Si Opt Cons Fitted Si Opt Cons
(i) (iv) (v) (vi)
Fit (i) (i) Final, fit ~ Parametric  A-by-\ N-by-A
group Interface model Aspnes Jellison  #c4(iv) Si model Si only fit all
#cl EMA 2.008 2.423 1.176 1.140 1.080 0.981
[2.117 [2.42q [1.269 [1.167 [1.089 [0.979
#c2 SiO—Palik 2.024 2.464 1.193 1.142 1.080 0.977
[2.138 [2.467 [1.303 [1.187 [1.099 [0.984
#c3 Native—Jellison 1.939 2.017 0.792 0.794 0.712 0.690
[2.064 [2.02 [0.836 [0.824 [0.717 [0.707
#ecd Sellmeier 1.922 2.033 0.774 0.774 0.691 0.678

fitting offsetvalue only  [2.05§ [2.035 [0.827 [0.827 [0.718 [0.704

here are at least not seriously inconsistent with such an asided a check on the quality of modébl). If model (v)
sumption. During all fits, the silicon substrate optical con-produced a significantly better fihoticeably lower¢,) that
stants were forced to be the safeeupled togetherfor each  would imply that the previous parametric silicon model was
of the seven sample models regardless of whether a wavéso inflexible. Of course, will always be lower for model
length tabulated set was used or a parametric functiondl) as compared t@v) over the same spectral range, because
model was being fitted. With a few noted exceptions in classome experimental noise can be absorbed into the silicon
#a, the bulk oxide optical constants for samples #1-6 wereptical constants when fitting on a wavelength-by-
forced to be the same tabulated values or to use the samavelength basigvi) Next, using the results from modegl),
Sellmeier form. When included, interface optical constantshe fit parameters frorfiv) not related to the substrate opti-
were forced to be the same for each sample model. For theal constants were re-included in the fit along with the
native oxide sampl€t7), the overlayer was modeled using a wavelength-by-wavelength silicon dielectric values. As in
Sellmeier functional form with an adjustaliéfsetparameter  (v) the €, values forE,<1.0 eV were fixed at zero, and this
and thickness. Because overlayer optical constants fqorovided the only external constraint on the physicality of
sample #7 were not coupled to the other samples, this samptiee resulting silicon optical constants. When fitting both
provides detailed shape information about the silicon dielectabulated silicon optical constants and thickness, the en-
tric function but does not uniquely define amplitudes. forced KK relationship of the parametric model usediin

(2) For a particular description of the thermal oxide andis lost. The sole reason for examining model) is that it
interface within any of the three model classes, six differenestablishes a lower limit on the achievaldg value for a
optical constant modelf(i)—(vi)] for the silicon substrate given oxide—interface configuration being tested. This lowest
were examined(i) Aspnes’ values for silicon between 1.5 ¢, value does not necessarily imply a “best” fit, because the
and 6.0 eV, andii) Jellison’s values between 1.48 and 5.3 resulting optical constants are not necessarily physical.
eV were used in interpolated, tabular forfiii) The final (3) The results summarized in Tables II-IV are each the
silicon substrate optical constants from this wé8—final end point of a full multi-sample fit with a particular oxide,
over the full experimental range from 0.75 to 6.5 eV wereinterface, and silicon description. Each multi-sample fit is
also examined. As a procedural matter, fits using this subreduced to two quality of fit values as followst is space
strate modeliii ) were performed after the final silicon opti- prohibitive to tabulate all the fit parameter values and confi-
cal constants for this work were determined. However, thesdence limits for each of the 54 fits examinediwo values
results are presented as part of the natural progression asafe presented to allow more direct comparison between this
they had been available beforehand. This allows a direatvork, which covers a wider spectral range, and previously
comparison of results using Si—Aspnes, Si—Jellison, and Sipublished results of Aspnes and Jellison. Gg&alue is for
final for the full set of oxide and interface configurations the respective fit ranges associated with silicon optical con-
considered(iv) A parametric functional model with 58 ad- stant range{i) (Si—Aspnes, 1.5-6.0 &V (ii) (Si—Jellison,
justable parameters was used that enforces KK consistenc%.48-5.3 eV, (iii—vi) (0.75-6.5 eV. The secondsquare
Therefore, any fit improvements over modéils-(iii) indi- bracket$ value was calculated, without refitting, for just the
cated that for the particular oxide/interface configuration bedata in a common optical constant range of 1.5-5.3 eV.
ing investigated there is an alternate, physically reasonable, (4) Parameter correlation between fitted optical constants
set of silicon optical constants to consid@ér) Using the fit  and thicknesses is always a potential problem, especially for
results from silicon substrate modg'), the parametric sili- very thin layers. The wide range of thermal oxide thick-
con layer was replaced with a tabulated dielectric set whiclmesses examined in this multi-sample experiment is an effec-
was then varied at all wavelengtlexcept thate, was fixed tive way of reducing this correlation and obtaining a unique
at zero forE,,<1.0 eV) with all other model parameters set of oxide optical constant8 However, for very thin lay-
(e.g., thicknesses, Sellmeier valud®ld fixed. This pro- ers, even a multi-sample analysis may not be totally
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(a) Thermal oxide model for fit #al(i)

Herzinger et al.

(e) Thermal oxide model for fit #al(v)

Glass-Palik Fit thickness

Glass-Palik Thickness taken from fit #al(iv)

Si-Aspnes

(b) Thermal oxide model for fit #al(ii)

Si-Tabulated Fit at each wavelength

(f) Thermal oxide model for fit #al(vi)

Glass-Palik Fit thickness

Glass-Palik Fit thickness

Si-Jellison

(¢) Thermal oxide model for fit #al(iii)

Si-Tabulated Fit at each wavelength

(g) Thermal oxide model for fit #a3(iii)

Glass-Palik Fit thickness

SiO,-Sellmeier Fit thickness, offset, a, b, ¢

Si-final

(d) Thermal oxide model for fit #al(iv)

Si-final

(h) Native oxide model for all fits

Glass-Palik Fit thickness

Native-Sellmeier Fit thickness, offset

Si-Parametric Fit internal parameters

Silicon, same as for the thermal oxide models

FIG. 5. lllustrative examples of individual sample models used for some of the analyses in fit class #a.

effective?’ Thus in determining optical constants for a pro- and 2.743. Viewed in this way the fit quality using Si—
posed Si—SiQ interface layer, one cannot expect to find anAspnes is essentially the same as for Si—Jellison, and using
unambiguous set of optical constants. However, if correlaSi—final produces only a slightly lowef,. However these
tion between the index and thickness is isolated to the thimumbers should also be compared:{e-0.7740.827], a fac-
layer, optical constants for other thicker layers may still betor of 4 better, which can be achieved with a more sophisti-
uniquely determined® cated model described below. This differencens nicely

(5) There have been many investigations of the nature o¥isualized in terms of/ and A by comparing Fig. &) and
this interface and of oxide optical constants. A major differ-Fig. 6. Figure 6 shows the experimental and modeled data
ence between this work and most other published results f®r sample #1(nominal 10.5 nmas part of fit #ali) using
that here the Si optical constants are also allowed to vary i5i—Aspnes to describe the substrate. Figui® g8hows data
the fit procedure. The use of nonadjustable Si optical confor the same sample resulting from the final fit, éed The
stants imposes a constraint on the data analysis such that tfiein Fig. 6, while good, is visibly less perfect than that seen
“presence” of an interface might in fact only be an analysisin Fig 2(b).
artifact. Thus unless it is shown to be necessary to have three For fit #aliv), there were 66 adjustable parameters in-
(or more distinct optical layers, one may simply be fitting cluding the eight used for fit§)—(iii ), and 58 internal to the
for interfaces which correct for an imperfect assumptionsilicon parametric model.See Fig. %d).] Fit #al(iv) pro-
about the substrate optical constants. A systematic investigalucedé,=1.7841.902 which is notably lower than the pre-
tion of simple models is needed to establish the baselingious fits, (i)—(iii ), and indicates that the simplest model us-
from which one can infer that a real improvement comes
from using a more complex model.

180 T T T T T
B. Models without interfaces I /

150} e 1

The first, and simplest, fit grouf#al utilized values j@ - :

from Glass—Palik to model the thermal oxide layers, and no & 120r 75° o e ment |
interface layer was included. The results for the different _%D o0l ]
silicon substrate models examined are given in the first row Z I
of Table II. For each of the three fits using fixed silicon 60| i
optical constantsi)—(iii ), there were eight parameters fitted :
for the multi-sample analysis: six thermal oxide thicknesses 38.0 ' 110 2i0 ' 3i0 ‘ 410 510 ' 610 o

and two native oxide overlayer parametétsickness and

Sellmeieroffse}. [See Figs. @)—5(c).] Over their respective

fit ranges, fits using Si—Aspnes, Si—Jellison, and Si—final _ _

producedé, values of 2.970, 3.208, and 2.437. However, F'C: 6. Measured\ data compared with generated data from fit @ator
sample #1 with a nominal oxide thickness of 10.5 nm. The optical model

when calculated over a common spectral rarigguare geq Si—Aspnes for the silicon substrate and Glass—Palik for the thermal

brackets, the corresponding, values were 3.138, 3.213, oxide.

Photon Energy (eV)
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ing existing silicon and oxide optical constants is not the

best. When the silicon optical constants were fitted on a o 65 o
wavelength-by-wavelength basis in fit #aJ, the resulting o 1.601 1
&, was 1.6741.690 and the total number of fit parameters 2 -

was 600 (290 e, values and 310e; values, e,=0 for £ 1.55; 1
Epn<1.0 eV). [See Fig. %e).] For fit #alvi), 608 parameters _g 1500 |
were fitted[the 600 from #a(v) and the 8 from #al)]. [See *g I

Fig. 5f).] The resultingé, values of 1.65RL.78( effectively & 1450 -
serve as a theoretical lower limit for this group of fits using & r

Glass—Palik and no interface. The improved fit qualities of 1‘480 10 20 30 40 50 60 70
#al(v) and #alvi) depend somewhat on the spectral region ' ' Pl.woton.Ener'gy (eV) ' '

and might indicate some inflexibility of the parametric

m_Odel' HOWGV(?I‘ because KK ConSISt?nCy IS not enfprced, thEIG 7. Refractive index functions derived from fit #&i4 for four of the
slightly better fit may have been achieved by creating a silithermal oxide samples compared with published values from Palik. For each
con optical constant set which is not physical. Furthermaregf the thermal oxide samples the four Sellmeier parameters were fitted sepa-
noticeably better fits were achieved using more complexately from the other samples.

models.

Fit group #a2 is included only to establish that a Sell- hat | | q but fi
meier model for the oxide can be a reasonable approxima"‘iomeW at loweg;, values as compared to group #a3, but fit

tion. The fits in this group proceeded exactly as for group?t'k"i_5 IS mu_ch rrlllore compI”ex than #a3 begause It p_erm|t5 the
#al except that the Glass—Sellmeier was used to model t ide optical _constants_, _to be a functlon_ O.f th|ck_ness.
thermal oxides instead of Glass—Palik. The similarityégf T. erefore, py Just examining the fit results, it IS not imme-
values for all silicon models with those of fit group #al diately obvious one should prefer the complicated oxide
indicates that the four parameter Sellmeier model used i odel procedure for group #QS over the procedure fqr group
sufficiently flexible. a3 which employed only a single, coupled set of oxide op-

Fit group #a3 extended the previous group by aIIowingticaI gonstants. From a physical §tandpoint, it is difficult to
the four Sellmeier parameters describing the oxide to be ﬁt_explam how an amorphous material growing away from the

ted. [See Fig. §y).] The lower &, values for these fits, as Si—SiG, interface could have noticeably different optical

compared to group #a2, indicate that the Glass—Palik Valuecsonstants for different thickness. Potentially near the grow-

. o ing interface there may be a region with a lower oxygen to
may not be the optimal description for thermally grown ox- .~ .
. e - silicon ratio. However, because all the oxygen consumed at
ide. However, even as in fit #68) where both silicon and

oxide optical constants were fitted, the resultifigvalue is the interface to produce new oxide must first pass through

approximately two times larger than can be achieved whe|:[1he already grown oxide, it seems that the upper part of the

: . oxide must reach a fairly stable atomic ratio and any region
an interface layer is included. : - ) .
. : C of partial oxidation must be atomically close to the interface.
Fit group #a4 is a derivative of group #a2, except that oo : ’
) ) . . One possible interpretation of this apparent dependence
the coupling of oxide optical constants among the six ther-

: . of index on thicknesses is to assume the existence of thin
mal oxide samples was removed. Furthermore, the Sellmeier

) interfacial layer with approximately the same thickness on
offsetparameter for each of the thermal oxide samples wag ", 1es “hut with an index higher than the bulk of the
fit. Th_e other three Selimeier parametées b, an_d £ were oxide® A higher index would be representative of incom-
held fixed at the values used for Glass—Sellmeier. There arSIete oxidationthe index of SiO is higher than that of SiD
14 fit parameters common to this group: seven oxide thick-

nesses and severifsetparameters. These fits produced gen or of rougheningthe index of silicon is higher than that of
@ ' “Si0O,). Furth he physical hich h
erally higheré, values than group #a3, which indicates thatSIOZ) urthermore, the physical process which created the

interfacial layer should not depend strongly on the overall
di . h led los. | n(Bxide thickness. Therefore, working with a simple interface—
ISPErsion, €ven When coupied across samples, IS more usgy, description, the influence of a high index interface layer

.fU| than decoupling the oxide optical copstants and Tmmgvvill be diluted as the overall oxide thickness increases, and
just theoffset However, the general trend is that the thmnerthe average indetapparent index if a single layer is used in

\c/);:SESsamples fit to higheoffset and thus higher index, the mode) will approach the index of the bulk. Thus, it may
e ) ._be possible to explain the apparent index change in fit group
tEIt group #:as(,)d%rlvesd Hom_ #ad, rgdluced th? Cg]nStrS'nt?aS while still having optical constant sgtsulk and inter-
on the separate LXide—Selimeler mode’s even Trther by ag, .4 which are the same for all thermal oxide samples. This

lowing all four parameters to_be fitted for each of the S_'Xexplanation is investigated in the two remaining fit classes.
thermal oxide samples. For this group, the only aspect tying

the multi-sample fit together is that the silicon optical con- o _ ) )

stants are coupled between the samples. The resulting oxide Models with interfaces and fixed oxide optical
optical constants for four of the thermal oxide samples of ﬁtconstants
#aHii ) shown in Fig. 7 demonstrate a monotonic decrease in  Fit class #b examines different possible descriptions for
index with thickness. This effect has been observed previthe interface while assuming that the bulk of the oxide can be

ously when using this type of mod&l.Group #a5 produced modeled using existing optical constafi@lass—Palik Re-
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(a) Thermal oxide model for fit #b1(iii)

Herzinger et al.

(d) Thermal oxide model for fit #b4(iii)

Glass-Palik Fit thickness

Glass-Palik Fit thickness

EMA Fit thickness

Interface-Sellmeier Fit thickness, offset

Si-final

(b) Thermal oxide model for fit #b2(iii)

Si-final

(e) Thermal oxide model for fit #c4(iv)

Glass-Palik Fit thickness SiO,-final Fit thickness, offset, a, b, ¢
SiO-Palik Fit thickness Interface-final (offset = 3.5) Fit thickness
Si-final Si-final Fit internal parameters

(¢) Thermal oxide model for fit #b3(iii)
Glass-Palik Fit thickness
Native-Jellison Fit thickness
Si-final

FIG. 8. lllustrative examples of individual sample models used for some of the analyses in fit classes #b and #c.

sults are given in Table Ill. Fit class #c will examine the for #b1 or #b2 and similar to #a3 which allowed the oxide
need for also fitting the bulk oxide optical constants, but firstoptical constants to vary without including an interface.
baselines must be established in order to demonstrate thBased on the results from groups #a3 and #b3 it is not clear
such a complication is required. All interface layers are op-which model would be preferred since fit qualities are
tically modeled as homogenous, isotropic layers with wellroughly equal and, including an interface layer or fitting the
defined boundaries. Physically any interface would really beoxide optical constants, are of about equal complexity. Since
better represented by the grading of the effect in questiorthere appeared to be a slight improvement when a fully
but in practice fitting ellipsometric data provides sensitivity transparent interface was used, it seemed appropriate to ex-
only to the existence of a thin interface, not the exact shapamine a wider range of index values. The Native—Jellison
of the index grade. optical constants are represented by a Sellmeier model which
Fit group #b1l employed an EMA layer to describe ais similar in shape to that for Glass—Palik, but has a higher
roughened interface layefSee Fig. 83).] The EMA as- offsetterm. Thus in fit group #a4, the interface was modeled
sumed an equal mixture of silicon substrate and thermal oxusing Native—Sellmeier and the interfaoffset value was
ide optical constantgAdditional work fitting the EMA frac-  included as a fit parametdiSee Fig. &).] Inclusion of this
tion and depolarization value did not noticeably improveone additional fit parameter did not improve the fit quality,
upon these resulisThese fits proceeded much like those of however.
group #al except that six additional interface thickness terms
were fitted. Some improvement over the group #al results in
Table Il were noted, but they were not substantial. In grou
#b2, an SiO layefSiO—-Palik was used to simulate an in-
complete oxidation layer{See Fig. &).] These fits pro- The next model development was to include an interface
ceeded exactly like #b1 with the SiO replacing the EMA layer and to simultaneously fit for the bulk oxide optical
optical constants, and the fit results were similar. Both theonstants. The oxide was modeled usingSiSellmeier and
EMA and SiO descriptions include spectral regions wherehe four Sellmeier parameters were fitted as in the group #a3
the interface is modeled as slightly absorbing. work. Fit results are summarized in Table IV. Otherwise the
The apparent index increase for thinner samfie#a5  fits in this class proceeded the same as in class #b. Fit group
suggests that a transparent interface might be sufficient técl, using an EMA interface model, produced notably lower
produce the effect. The Native—Jellison optical constants aré, values than group #b1. This indicates that including both
transparent and have an index higher than Glass—Palik. Gin interface and fitted oxide optical constants for the bulk is
course using Native—Jellison to model the interface does nappropriate. Fit group #c2, using an SiO interface, produced
imply a residual native oxide at the interface. Rather theessentially the same fit quality as #c1. This demonstrates that
higher index noted for the native oxide may be due to incomthe EMA and SiO interface descriptions, while being quite
plete oxidation which may be similar to the situation near thedifferent in nature, are not distinguishable based on the qual-
interface even if the physical processes involved are venty of the fits. Using a Native—Jellison to described the inter-
different. Fits of group #b3 include Native—Jellison interfaceface, #c3, yielded even lowef, values suggesting that a
layers, and proceeded in the same way as groups #bl amdnsparent interface is still preferable. At this point it was
#b2.[See Fig. &).] The fit results were slightly better than hoped that fit group #c4 would reveal the proper index for

. Models with interfaces and fitted oxide optical
constants
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the interface layer by fitting theffsetparameter while using —_
Native—Sellmeier optical constants model as in fit group #b4. € 7.0 7 50.0
[See Fig. &).] Just performing the fit would of course vyield % 6.0F o°° 1495
a result and a good fit. However, due to correlation effects, § 5.0} o 149.0 %
the results were somewhat ambiguous. This correlation can <5 4.0} . <

. . o . . . L I «<—ao o——> 1485 §
be easily missed, but it is essential that it be examined before = 3.0 o laso &
claiming a unique result. In the next section, the correlation Q 2.0¢ o 00°° 17 :3:
and the final resultschoice of interfaceoffsetvalue for fit & 1.0} ooo°°3nmmnnnn 1475
#c4(iv) are examined in depth. Loobi ey s 147.0

£ 10 20 30 40 50 6.0

Interface Offset

E. Correlation effects and final results ) ) ) i
FIG. 9. Representation of correlation effects between the interface optical

To closely examine correlation effects one can look atconstants as controlled by the interface’s Sellmefésetparametefx axis)

the standard two parameter correlation coefficients that ar@d the resulting interface thickness for sample(leit y axis) and the
. . . . _resultinge, peak height in the fitted silicon optical constafright y axis).

calculated from the covariance matrix used in the FEQressIOpy, offsetvalues below 3.5, there is an increase in the fitted interface thick-
fitting algorithm2® This can provide a useful way of exam- ness as the interface optical constants decreaseffsetvalues above 3.5,
ining potential problems, but it can miss some correlationcorrelation between the interface optical constants and silicon optical con-
problems involving more than two parameters, and it doestnts becomes more pronounced.
not provide much insight into the nature of the problem.
More information can be derived by examining the fit qual-
ity, £,, as a function of one of the fit parameters. For in-  The silicon optical constants did exhibit some correla-
stance, consider a procedure which fits a number of parantion to the interface for some interfacd#fsetvalues. How-
eters[for #c4(iv) 77 parameters were fitand yields a&é, ever, based solely on the fit§, values there is no clear
value and best values for the fit parameters. Next, considanethod of choosing between these models. An accurate, di-
holding one of the parameters fixed and fitting the otkeg., rect measurement of a larger, on a pristinely prepared
76) parameters around the fixed value. TRgrand the other sample may indicate that a proposed optical constant set has
parameters can be examined as functions of the fixed paraman e, peak that is too low, but it cannot place an absolute
eter value. If the parameter being fixed is uncorrelated, themaximum one, because some roughness or oxide might still
the &, for values of the fixed parameter around its best fitbe present(Even optical constants from a hyper-clean Si
value should yield a roughly parabolic minimum. surface may not be the best comparison since different physi-

In this work, fit results were examined while fixing the cal effects may be present on such a surface which do not
Sellmeieroffsetvalue for the interface. The resultidg as a  exist when even a small amount of oxidation is pregent.
function of interfaceoffset(not shown did not yield a dis- Transmission measuremertshich can be very accurate in
tinct minimum, and was approximately constant with valuesdescribing bulk absorption propertjegear the band gap
between 0.752 and 0.813 foffsetvalues from 1.75 to 6.0. have been used in other work to help constrain overlayer
This means that the interface optical constants are correlatetickness in determining optical constaftsHowever, the
to some other parameters. For very thin interface layers, codielectric functions for different interfaceffsetassumptions
relation between the interface thickness and interface indefnot shown tend to merge at lower photon energies and only
(offse is inevitable and acceptable if the correlation is con-a very accurate transmission measurement at around 3.0 eV
fined internally, but it is necessary to determine if correla-would allow a distinction to be made. Likewise, comparing
tions exist between the interface index and the silicon or bullextrapolated index values at long wavelengthev E)
oxide optical constants, which are of primary interest. with prism measured values will not distinguish between

First we examined the bulk oxide optical constants dethese possible results because thevalues are virtually
rived from fits with offsetvalues of 2, 3.5, and 5. The SJO identical in the transparent region. The consequence is that
optical constants produced by these three fits using the Seliultiple sets of silicon optical constants can model the avail-
meier model were virtually identical. The three sets wereable data and do so with equal precision. Defining absolute
within 0.00035(0.025% in refractive index of each other accuracy requires an external definitigmonellipsometri,
over the full range from 0.75 to 6.5 eV. The resulting oxidebut this is the usual situation for a model dependent tech-
thicknesses were correlated to the interface thicknesses agjue no matter how precise the measurement.
expected(decreased oxide thickness for increased interface  Figure 9 examines the correlation in detail revealing two
thicknesses but the bulk SiQ optical constants were primary effects. In Fig. 9, interface thickness for sample #1
uniquely determined. The multi-sample analysis was able tand the resulting silicor, values at 4.24 eV are plotted for
separate the bulk oxide optical constants from the interfacéhe differentoffset values considered. The interface thick-
and silicon optical constants. Having a wide range of thick-nesses for the other thermal oxide samples exhibit similar
nesses which had differefibut dominank interference pat- trends. Forwoffsetvalues below 3.5, the, peak height result-
terns, yielded only one possible result which was shown preing from the fit is almost constant and therefore uncorrelated
viously as SiQ—final in Fig. 3. The correlation of interface to the interface offset. In this regime, the correlation is pri-
offsetwith interface thickness and silicon optical constants ismarily between the interface thickness amffset This ex-
more complicated. hibits a typical conservation of index-thickness product with
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increasing interface thickness with decreasoftsetvalues

for offset<3.5. Foroffsetvalues larger than 3.5, the inter- c 2:22-_ ' ' ' '

face thickness becomes fairly constant and the siliegn X 5 sl 5 Paik 1

peak values begin to increase. In this regime, the correlation -3 3'52. This Work A

is no longer internal to the interface and begins to influence £ V[ ]

the substrate. Because there is no mathematically objective £ 3.501 ]

approach to selecting the propeffset we have relied on g 348 ]

other considerations in selecting affiset=3.5 for producing § 3.46/- ]

the final resultgsee also Section IV First, we believe the &J 2':‘2‘_‘ ]
H HH H H i 1 | s ] s | s

correlation between offset and silicon optical constants is 0.2 04 06 0.8 10 12

probably an artifact produced as the higher interface index
for larger offsetsmore closely matches the substrate optical
constants. Therefore, this first consideration suggestsffan _ _ o . _

. . . FIG. 10. Comparison of published refractive index values for silicon with
setof 3'5_0r lower. Second, since Wltbﬁset<3'§' the in- extrapolated optical constants from the parametric model used to describe
terface thickness anuffsetare correlated, one might as well the final silicon optical constants from this wdi&i—fina). Palik's tabulated
choose the thinnest interface value that does not cause coflues reference four different sources.
relation problems with the substrate optical constatew-
ever, a thicker interface is not incompatible with earlier x-ray
photoelectron spectroscog¥PS) observations that-4 nm
of SiO, may be perturbed away from the interfdgeThis
second consideration suggests a lasfjset hence the choice
of offset=3.5. Of course if future measurements demonstrat
that a highere, value is required or if more data which target

Photon Energy (eV)

stant sets were discussed previously in Section IV. The
agreement between Si—final and Si—McFarlane is intriguing,
but it is probably coincidental. On a wavelength-by-

gvavelength basis there is insufficient sensitivity in these el-
lipsometric measurements to determine the extinction coeffi-

the transition region is included, this choice can be reexamci€nt precisely for such small values. Only the parametric
ined without the need for remeasurement. model describing Si—final is sufficiently smooth on this scale

Choosing theoffset=3.5 produces an interface index of to make a comparison. The agreement between Si—Jellison

n=2.04 at a wavelength of 546.1 nm and layer thicknesse@nd Si—Dash is expected since Jellison explicitly normalized
on the order of 1 nm which are comparable to other literaturd!iS results to match Dash. Similarly Si—Aspnes incorporates

values from Taft (n=2.8, thickness~0.6 nm), Aspned Si—Dash values around 1.5 év. _
(n=3.2, thickness-0.7 nm), and Yakovle? (n=1.84 unan- All of the proceeding results have come as the end point

nealed at 3.18 el Direct observation of the interfacial re- ©f @ multi-sample analysis. In practice one most often wishes

gion by transmission electron microscopyEM) or other to determine only a layer’s thickness using existing optical

means can provide a generally allowable range on interfacgonstants. Therefore, the impact of using the different optical

thicknesses, but one must remember that the Fresnel refle@l0dels on a sample-by-sample basis has also been exam-
tion model assumes abrupt interfaces and that distributed ef-

fects, like grading, must be modeled as a series of transition-

ary layers. The Si-SiQinterface is already extremely thin 1E
and splitting it into separate layers will not make the model i ]
significantly more physical in terms of describing how pho- [ +3
tons reflect from the interface. Ultimately, in the ultrathin
regime, the Fresnel model is an approximation and does not
incorporate the precise physics of how the transition region
and the reflected photons are interacting.

VI. COMPARISON WITH PREVIOUSLY PUBLISHED SI
VALUES

+ Aspnes
x Jellison

— This Work |
¢ Hulthen

Figure 10 shows the extrapolated refractive index from
Si—final compared with published values tabulated in Palik.
The extrapolation to low photon energies is simple for the
KK consistent parametric model describing Si—final. The in- 4 McFarlane
dex from Si—final matches Si—Palik very well below 0.5 eV i —©—Dash
and is well within the scatter from the different sources tabu- 10" . . . L .
lated. Note that this agreement occurs automatically from the 1 15 2 25 3
analysis with the only constraints on Si—final being the mul-
tisample analysis and the KK consistent parametric model Photon Energy (eV)

being fit using data from 0.75 to 6.5 eV. . band . o th ) dwith
; R AR ; FIG. 11. Near band gap extinction coefficient from this work compared witl
Figure 11 shows an extinction coeff|C|e(1tnag|nary other published values. The results of Aspnes and Jellison are from ellipso-

part of the refractive indexplo.tted for S.i_ﬁnal anq five  metric measurements. The work of HulthdcFarlane, and Dash are from
other sources. The relative merits of the different optical conintensity transmission measurements.

Extinction Coefficient, k
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TABLE V. Sample-by-sample fit results using models without interfaces. Thicknesses in nm[E@8)] in
nm in parentheses.

Sample Models

Sample Nominal SiO,—final SiO,—final SiO,—final Glass—Palik

No. t-oxide (nm)  Fit results Si—Aspnes Si—Jellison Si—final Si—final

1 10.5 & 2.610 2.110 1.232 1.329
t-oxide 11.140.019 11.310.01)) 11.330.006 11.390.007

2 14.5 & 2.119 1.694 1.100 1.224
t-oxide 14.680.019 14.870.01) 14.890.00% 14.970.008

3 35 & 1.827 1.616 1.870 2.334
t-oxide 34.410.015 34.600.013 34.610.016 34.820.012

4 50 & 1.518 1.054 1.226 1.907
t-oxide 49.600.009 49.740.00§  49.7190.009  50.060.01)

5 100 & 3.870 4.159 3.5637 4.84
t-oxide 100.270.02) 100.470.023 100.480.020 101.120.02%

6 350 & 3.372 3.572 3.084 3.983

t-oxide 350.880.0249 351.020.026 351.030.022  353.280.029

ined. The data for each of the thermal oxide samples were The effect of using Si@-final instead of Glass—Palik
analyzed to obtain a single oxide thickness using four modelfor the oxide optical constants is presented in the last column
with the results summarized in Table V. For each sample, thef Table V. The best fit oxide thicknesses were obtained
data from 1.5 to 5.3 eV was fitted for the oxide thicknessusing a Glass—Palik average 0.6% higher than the corre-
alone. Models using Si—Jellison and Si—final for the subsponding values when using Sicfinal. This is not unex-
strate optical constants produced virtually identigaithin pected because the Glass—Palik refractive index is about
0.03 nm) thickness results. The results using Si—Aspnes pro0.4% lower than for Si@-final. The data for each of the
duce systematically lower oxide thicknesses with an averageight samples were also analyzed using models with an in-
difference of 0.18 nm. This result would be fully expected if terface(Interface—fingl and a bulk oxidgSiO,—final). Re-

the Si—Aspnes optical constants internally retained the effecults are summarized in Table VI. Comparing Tables V and
of 0.18 nm of oxide. If Aspnes’ original data were reana-VI, for all samples and substrate optical constant sets, the fit
lyzed assuming the presence of this small amount of oxidguality is better €, lower when an interface is included.
the results for all three models without interfadéisst three  This is expected because there is an extra adjustable param-
result columns of Table Mwould be extremely consistent. eter when fitting the interface thickness. That the fit quality

TABLE VI. Sample-by-sample fit results using models with interfaces. The bulk oxide is modeled using
SiO,—final and the interface is modeled with Interface-final. Thicknesses in nm, FEEM(3)] in nm in

parentheses.
Substrate Optical Constants
Nominal SiO,—final SiO,—final SiO,—final
Sample t-oxide Interface—final Interface—final Interface—final
No. (nm) Fit results Si—Aspnes Si—Jellison Si—final
& 2.595 2.048 0.685
1 10.5 t-oxide 10.840.159 10.8000.129 10.290.04)
t-interface 0.240.129 0.4000.097 0.81(0.032
& 2.089 1.623 0.576
2 145 t-oxide 14.260.147) 14.310.119 13.790.040
t-interface 0.38.119 0.44(0.088 0.850.03)
& 1.463 1.034 0.584
3 35 t-oxide 33.680.060 33.780.042 33.410.029
t-interface 0.68.0500 0.7000.035 1.01(0.020
& 1.442 0.988 0.643
4 50 t-oxide 49.3%0.049 49.540.039 49.130.022
t-interface 0.270.047 0.2000.032 0.570.02)
& 1.763 1.742 1.049
5 100 t-oxide 99.0%0.038 99.140.038 99.280.023
t-interface 1.140.035 1.240.039 1.120.02)
& 2.132 2.060 1.083
6 350 t-oxide 349.580.066 349.580.069 349.580.039

t-interface 1.180.058 1.320.056 1.320.030
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would improve the most when Si—final was used for the(+0.4% as compared to published values for bulk giO
substrate was also expected because Si—final was derivgthss. This difference is slightly higher than reported by As-
from a multi-sample analysis which included an interfacepnes(+0.2%.” Furthermore, this difference was shown to
layer. In fact, if &, was not noticeably lower when using be independent of the exact model chosen for the interface—
Si—final, there would be no justification for using that set ofsubstrate combination. This work also demonstrated that the
optical constants over Si—Aspnes or Si—Jellison. best model for the thermally grown Si—Si@aterial system

In practice, using the simpler no-interface model as inincludes an interface layer of intermediate optical constants.
Table V will probably be the most convenient, and in thatFor the high quality samples examined, this interface could
case the choice of substrate optical constants will not be be accounted for by a layer in the sub-nanometer range. The
dominant factor in achieving high precision. Using Si— exact interface nature was not uniquely discernible except
Aspnes will result in oxide thicknesses about 0.18 nm lowethat nonabsorbing optical constants for the interface pro-
than would be obtained using Si—Jellison or Si—fifdhis  duced slightly better fits.
0.18 nm difference is consistent with Aspnes’ more recent
NH,F surface preparation which indicated that the earlier Si;D- E. Aspnes and A. A. Studna, Phys. Rev2B 7466(1983.

: . £G. E. Jellison, Jr., Opt. Matef, 41 (1992.
samples retained a residual overlayer or roughness that Opti;” " Yoycuey and £ A eme, 3. Electiochem. Saaa 1450(1992;

cally could be represented by 0.2 nm of $R&9) Using V. A. Yakovlev, Q. Liu, and E. A. Irene, J. Vac. Sci. Technol .18, 427
SiO,—final to model the oxide will yield oxide thicknesses (1992.

about 0.6% lower than Glass—Palik would. With an interface::i- C- Ir\rlersjeé Ihig Scor'lzjn';ilg‘ﬁi?o\?v?éligiﬁm Amiharal and 3. G. Pelle
mcludgd,_ the_agre_ement between models_usmg S|—JeII|songr'ino', A%p3|" Phys. Lett64, 2688(1994. g T
and Si—final is still reasonable. For the different substratesg. a. Taft and L. Cordes, J. Electrochem. Sag6, 131 (1979.

models, the fitted interface thicknesses exhibit similar trends'D. E. Aspnes and J. B. Theeten, Phys. Rev. L48&. 1046 (1979; J.
for the different samples, but only for fits using Si—final does ,Electrochem. Socl27, 1359(1980.

L . . R. M. A. Azzam and N. M. Bashara, illipsometry and Polarized Light
&, drop significantly below the value obtained when the in-  \qh_Holland, New York, 1977 Chap. 4.

terface is fixed at zero thicknegsompare Tables V and Y 9C. M. Herzinger, P. G. Snyder, B. Johs, and J. A. Woollam, J. Appl. Phys.

As a practical matter, using a single layer oxide model with 77, 1715(1995. o

any of the three silicon optical constant sets is a reasonableWV- H- Press, B. P. Flannery, S. A. Teukolsky, and W. T. Vetterling, in
. . l | hick Numerical Recipes: The Art of Scientific Computi@ambridge Univer-

way tp n_1a|nta|_n qual |ty control on t ickness. _Hovv_ever, US- ity press, Cambridge MA, 1988Chap. 14.

ing Si—final with the interface model in conjunction with G. E. Jellison, Jr., Appl. OpB80, 3354 (1991).

(not in place of the single layer model might provide addi- *?P. G. Snyder, M. C. Rost, G. H. Bu-Abbud, and J. A. Woollam, J. Appl.

tional information about interface quality. However, only if 13Phys'6°' 3293(1989.

. . . . . W. A. McGahan, B. Johs, and J. A. Woollam, Thin Solid Fil@8#4 443
inclusion of the interface layer improves the data fit can such (1993

conclusions be considered. 44, R. Philipp, inHandbook of Optical Constants of Soligslited by E. D.
Palik (Academic, New York, 1985 p. 749.
VIl. CONCLUSIONS 158, Brixner, J. Opt. Soc. AnB7, 674(1967); I. H. Malitson, ibid. 55, 1205
. (1965.

Using a self-contained multi-sample analysis, KK con-mgé Fiéggi(“lg%so“d State Commud, 73 (1966; J. Phys. Chem. Solids
sistent optical constants for _5|I|con _have been det_ermmeozD_ E. Edwards, irHandbook of Optical Constants of Soljddited by E.
between 0.75 and 6.5 eV, which are in agreement with other p. pajik (Academic, New York, 1985 p. 547.
nonellipsometric measurements. These new values exhibii’tR. Hulthen, Phys. Scrl2, 342(1975.
some discrepancies when compared with Jellison’s publisheﬂ\% (é '\S;:ﬁr;” i sngg’v\-mfg:egﬁ;hé;@ R??L—,i?fgéé%s'

Va!ues' However when used to obtain alm °X'§je th!CknesaD. E. Aspnes, irHandbook of Optical Constants of Soljdslited by E. D.
using a simple one layer model, the resulting oxide thickness paiik (Academic, New York, 1986 Chap. 5, p. 104.

is the same regardless of the choice of substrate optical cofH. R. Philipp, inHandbook of Optical Constants of Soljeslited by E. D.
stants. In this same way, these new optical constants arg’ a"llkaﬁcras\?@ci_e”;‘]"éYgr‘;i(}sgﬁnz 1653' bdduck. R T. Carline. and b
consistent Wlt_h Aspnes’ measurement if one accepts that; roppins, Appl. Phys. Let61, 1304(1992.

0.18 nm of oxide(or an optically equivalent roughngssas  24T. Yasuda and D. E. Aspnes, Appl. OB, 7435(1994.

incorporated into Aspnes’ published values. Utilizing a fully °C. M. Herzinger, B. Johs, and J. A. Woollaunpublishedt
spectroscopic multi-sample approach, optical constants foracr'1 dMJ' 'ler\zl\'/r;%e”;:' JY aAOK’Jp'T' fr;y?;y‘i‘ér;;'lgg;;e"" ¥-C. Kao, B. Johs,
thermally grown SiQ (th!cknesses from 10:5 nm .tO .3500 27C. M. Herzinger, P. G. Snyder, F. G. Celii, Y.-C. Kao, D. Chow, B. Johs,
nm) were obtained which are slightly higher in index and J. A. Woollam, J. Appl. Phyg9, 2663(1996.
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