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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and
non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely with the International
Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.

The main task of technical committees is to prepare International Standards. Draft Internationpl Standards
adopfed by the technical committees are circulated to the member bodies for voting. Publigation as an
Intermational Standard requires approval by at least 75 % of the member bodies casting a'vote.

Attenttion is drawn to the possibility that some of the elements of this document may'be the subject of patent
rightg. ISO shall not be held responsible for identifying any or all such patent rights;

ISO 14701 was prepared by Technical Committee ISO/TC 201, Surface chemical analysis, Spbcommittee
SC 7| X-ray photoelectron spectroscopy.
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Introduction

The measurement of the thickness of silicon oxide at the surface of silicon wafers has been conducted in
the past by many methods. These generally apply to oxide layers thicker than 20 nm. It is often important to
measure thicknesses in the range below 10 nm, and this International Standard addresses the range below
8 nm using X-ray photoelectron spectroscopy. Problems arise in measuring film thicknesses in this thickness
range since, for a layer to bond well to the substrate, it must form strong inter-atomic bonds at the interface
so that a monolayer or more of layer and substrate interfacial material exists there. This material would not
necessarily be a thermodynamically stable bulk material. Additionally, if the layer is reactive, its outer surface
might have reacted with the environment and so be changed between fabrication and measurement. For the
particular cape-efsilconrdiexideon—siicen—attheinterfacethereisapproximatelyamenolayerofsub-exides
and, at the gurface, adsorbed materials containing carbon, oxygen and probably hydrogen atoms:“\J|hese
effects lead o offsets for the thicknesses deduced from many methods that, whilst reliably measuring,chgnges
in thickness petween one specimen and another, have difficulty in defining an absolute thickness.

The procedures described in this International Standard provide methods to measure the thickness with high
accuracy (optimally 1 %) and also, more rapidly and simply, at lower accuracy (optimally 2/%). It could alsg form
a basis for the measurement of many film thicknesses on substrates, but, without considerable further work,
the uncertainties will be undefined.

iv © SO 2011 — Al rights reserved
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INTERNATIONAL STANDARD

ISO 14701:2011(E)

Surface chemical analysis — X-ray photoelectron

spectroscopy — Measurement of silicon oxide thickness

1 Scope

This International Standard specifies several methods for measuring the oxide thickness at the surfaces of (100)

hotoelectron

and (111\ silicanwafors as an eauivalent thickness of silican dioxide when measured usina Xarav n
7 < 9 Y

specfroscopy. It is only applicable to flat, polished specimens and for instruments that incorpo
Mg H-ray source, a specimen stage that permits defined photoelectron emission angles and‘a

with @n input lens that can be restricted to less than a 6° cone semi-angle. For thermal oxides in th
to 8 pm thickness, using the best method described in this International Standard, uncertaintig
confilence level, could typically be around 2 % and around 1 % at optimum. A simpler method

with $lightly poorer, but often adequate, uncertainties.

N
w

pymbols and abbreviations

2.1 | Abbreviations

HPLC high-purity liquid chromatography
IPA isopropyl alcohol
2.2 [Symbols

The ferm intensity is used below and elsewhere. This refers to a measurement of peak area in

after frelevant background subtraction.

doxide
dsiq
dsio

dsi,0,

dsio)

total oxide thickness

thickness contribution-to the Si,O peak

thickness centribution to the SiO peak

thickneSs contribution to the Si,O5 peak

thickness contribution to the SiO, peak

rate an Al or
spectrometer
e range 1 nm
s, ata 95 %
is also given

he spectrum

Ig;

Isi,0
Isio
15,0,
Isio,

Ls;

©1S0 2011 -
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intensity of the Si,O contribution to the Si 2p peak

intensity of the SiO contribution to the Si 2p peak

intensity of the Si,O5 contribution to the Si 2p peak
intensity of the SiO, contribution to the Si 2p peak

attenuation length for Si 2p electrons in Si
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Lsi.o attenuation length for Si 2p electrons in Si,O
2
Lsio attenuation length for Si 2p electrons in SiO
Lsi.o attenuation length for Si 2p electrons in Si,O4

203
Lsio attenuation length for Si 2p electrons in SiO,

2

Rsi.o intensity normalization parameter for the Si,O contribution to the Si 2p peak

2
Rgio intensity normalization parameter for the SiO contribution to the Si 2p peak
Rsio intensity normalization parameter for the Si,O5 contribution to the Si 2p peak

203
Rsio intensity normalization parameter for the SiO, contribution to the Si 2p peak

2
U, unpcertainty contribution, at a 95 % confidence level, for the spectrum-measurement statistics
Uy uncertainty contribution, at a 95 % confidence level, for 6
Up uncertainty contribution, at a 95 % confidence level, for theanalyser electron optics defining the
splid angle of acceptance
Uk unpcertainty contribution, at a 95 % confidence level, far the validity of the equations for thickngsses
Ur uncertainty contribution, at a 95 % confidencéJevel, for peak synthesis without the intermgdiate
okides

U upcertainty contribution, at a 95 % confidence level, for the attenuation length
0 angle of emission of electrons measured from the surface normal
3 Outline of method
Here, the mgthod is outlined so-that the detailed procedure, given in Clause 4, can be understood in coptext.
Typical specfjra are availablé.in the literature and given later in Figures 3 and 4.
The initial step of cleaning the specimens, if necessary, is given in 4.1. In 4.2 and 4.3, the specimeng are
mounted and suitakle,spectrometer settings chosen. In 4.4 and 4.5, the procedures for recording the| data
and measuripng thesintensities are given. Finally, in 4.6 and 4.7, the oxide thickness and its uncertainty at a
confidence lgvel of 95 % are calculated. In 4.5 and 4.6, two methods are provided for calculating the pxide
thicknesses trofnthe-data—amorecomplex-method-with-bettertuncertainties-and-a-simplermethod-with-poorer

uncertainties. The more complex method might achieve uncertainties as low as 1 %, but the simpler method is
restricted to uncertainties that are greater than 2 %. This greater figure is often adequate for many purposes,
however. The sequence of steps is illustrated in the flowchart in Figure 1. It might be useful to refer to this during

use of this In

ternational Standard.
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4.1.6 Clean
samples

4.2 Mount samples

!

4.3 Choose spectrometer settings

!

4.4 Record data

!

4.5 Measure intensities

Is high accuracy
required?

Is spin orbit
subtraction software
available?

subtraction software

Is spin orbit

available?

4.5.3 Analyse five peak intensities 5.5 Analyse two

peak intensities

4.5)4 Analyse six peak intensities

4.5.6 Analyse three peak intensitigs

4.6.2 Calculate d 46 4.6.3 Calculate dSio2
4.7 Calculate uncertainties
v
End

Figure 1 — Flowchart of the measurement process
(Y and N at decision points are the usual “yes” and “no”, respectively)

Subclause 4.3 requires the angle of emission to be set accurately, and it is often the accuracy of this setting
that limits the final accuracy. Users of this procedure will have to ensure that the accuracies of these settings
are known in order to evaluate the final uncertainty. The settings can be checked to an adequate level using
reflectors mounted on the specimen stage, a laser beam and standard geometrical relationships!'1(2],
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4 Method for measuring the oxide thickness

4.1 Cleaning and preparing the specimen

411 For cleaning and preparing the specimens, gloves and uncoated stainless-steel tweezers are required.
In selecting gloves, care shall be taken to avoid those with talc, silicone compounds or similar contaminants.
“Powder-free” gloves have no talc, and fresh polyethylene gloves, or gloves of a higher quality, shall be used in
specimen handling. Do not use moulded gloves, for example vinyl, which will probably be covered with highly
contaminating release agents. Tweezers that are of uncoated stainless steel shall be used.

412 Tom
wiping mater
specimen su
and other ma
contaminatio

anipulate specimens, the gloves are used to hold the tweezers and not the specimen. Avoi
als, sometimes used to handle specimens, as they might result in unwanted contaminatien
rface. Unnecessary contact of the specimen with the gloves shall be avoided. Specinmenh m
terials used to hold specimens shall be cleaned regularly whenever there is a possibility of g
h of specimens. The use of tapes containing silicones and other mobile species shall be avoid

 any
bf the
bunts
ross-
ed.[3]

4.1.3 Sped
prior to analyj
gloves to har
the tweezers

tered
e the
Clean

imens shall be prepared and mounted with clean tweezers to ensure that the surface is not a
sis and that the best possible vacuum conditions are maintained in the @nalytical chamber. Ug
dle the tweezers to avoid contaminating them or any cleaning equipmient with finger grease.
by one of the following two methods:

a) Immersg the tweezers before use for 16 h in high-purity liquid chromatography (HPLC), or equivalent,
grade (99,5 %) isopropyl alcohol (IPA) that leaves no significant residue. Next, remove the liquid, renew
the IPA, [agitate ultrasonically for 1 min, rinse in fresh IPA and remove the excess liquid using a jet of [pure,
dry argan or another inert gas.

b) Boil the fweezers in ultra-high-purity water for 10 min.

Grip the spegimen at the edge only, in a region that will.not be analysed. Avoid breathing or speaking ovgr the

specimen. Keep these tweezers in a clean, glass container for future use. Tools shall not unnecessarily fouch

narks
face.
de. If
s too
vith a
anes.

the specimen surface to be analysed.
Ict the specimens for any scratches, blemishes or marks on the polished surfaces. Finger 1
present but, if they are, may.be removed as described in 4.1.6. Note the condition of the su
featureless. Identify the Side of the specimen for analysis. This is usually the polished si
the unpolishgd side is to be analysed, this International Standard is not applicable. If the specimen i
large for insgrtion into the instrument, a smaller portion will need to be cut from it. To do this, material V
(100)-orientated surface may Be-cut to form a suitably sized rectangular portion by cleavage along (111) pl

41.4 Insp
should not b
It should be

In this way, 4
specimens W
bounded by
leaves very
cleaning pro

square of sidex10 mm, bounded by <110> directions, may be conveniently produced. For
ith a (111)-oriéntated surface, a similar cleaving along (111) planes forms equilateral triangles

110> directions. Triangle sides of length 15 mm are convenient. The scribing for cleaving
mall fragments of Si on the specimens. These fragments shall, as far as possible, be removed
edure described in 4.1.6 is often found sufficient for this purpose.

hose

also
often
. The

NOTE Th

e <T10> directions are usually Indicated by Tlats cut Into the sides of (TUU)- and (117)-orientated ware

4.1.5 Analyses show that wafers and many other materials such as metals accumulate organics, hydrocarbons,
silanes and phthalates from the environment. During storage of wafers, the thickness of these adsorbed layers
increases to around 0,35 nm on the polished surface in normal, uncirculated laboratory air after 100 days, but is
kept below 0,2 nm if a wafer container is used that has been kept closed and has not been exposed to excessive
heatl4l (i.e. has been kept below ~35 °C). In either case, the specimens should be analysed without cleaning.
If, however, there is evidence that they have been contaminated by organic contaminants (e.g. finger grease)
or the specimens have been cut to reduce their size, the contamination can be reduced to a thickness of about
0,14 nm by cleaning as described in 4.1.6.

4.1.6 If the specimens require cleaning, immerse them in a cleaned glass container in HPLC (or equivalent)
quality (>99,5 %) isopropyl alcohol (IPA) for 16 h (e.g. overnight). The top of the test tube can be conveniently

4 © 1SO 2011 — All rights reserved
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closed by a piece of clean aluminium foil. Next, remove the liquid, renew the IPA, agitate ultrasonically for 1 min,
rinse in fresh IPA and remove the excess liquid using a jet of pure (>99,9 % purity), dry (<0,01 % water) argon
or an equivalent rare gas. If IPA is not available, HPLC-quality chloroform or dichloromethane may be used. The
specimens are now ready for analysis.

NOTE The procedure using 16 h immersion in solvent leaves significantly less carbon than a simple ultrasonic rinse.[4]

If HPLC-quality chloroform or dichloromethane is used instead of IPA, the level of carbon remaining is generally
about twice as high. However, the amount left depends on how the specimens have been contaminated in the
first place. Hence, chloroform and dichloromethane are not recommended unless IPA is unavailable. Note
that there are relevant safety requirements in using all solvents. Carbon deposited during any spectroscopic

analy

sis can ha crasslinked hy tha radiation used fnrming 2 fnllgh adherent |gynr that cannaot
b

be removed

witho
contd

If pu
prop
any

4.2

Mour
conts
photd
the (1
the tn
valug

NOTH
emiss
direct

4.3

4.3.1
acco
any Q
rathe|
not e
twin-
recor
spec
anglg
the m
Si, 0

ut compromising the oxide integrity. Do not use other cleaning methods, even if they are kno
mination, since they might also change the oxide thickness!4l.

e, dry argon or another rare gas is not available, do not use gas from pressurized ‘cans t

ivn to remove

hat include a

llant or from compressed-air lines, as these might deposit contaminants. Under-no circunpstances use

roprietary cleaning agents or liquids containing surfactants.

Mounting the specimen

t the specimen on the specimen holder using fixing screws, or ether metallic means, to ens
ct. Do not use double-sided adhesive tape. The (100)-surface(specimens shall be mounted
electron angle of emission is set in the azimuth at 22,5° to'ane edge of the rectangular sp
11)-surface specimens shall be mounted such that the angle of emission is in an azimuth o
iangular specimens. Set these azimuthal angles as accurately as possible and within 2° of
s. This is shown in Figure 2.

The reasons for selecting this geometry are>described in detail in Reference [5]. This geor
ion direction as a single direction available to both,the (100) and the (111) surfaces that is as far from
ons as possible. In this direction, the Si substrate forward-focussed intensity is avoided.

Choosing spectrometer settings

Achieve a good high vacuumt with a pressure of less than 5 x 10-9 mbar. Operate the
dance with the manufacturer’s documented instructions. The instrument shall have fully cog
akeout. Select the X-ray source. If a twin-anode source is available, it is usually best to use th
I than the Al anode, sinee the former gives higher intensity and better energy resolution. If the
Huipped with a twin-arnode source or if the monochromated source delivers more intense spq
hnode source, thenuse the monochromated source. Ensure that the operation is within the m
hmended ranges for source power, counting rates, spectrometer scan rate and any oth
fied by the~manufacturer. Ensure that the entrance solid angle for the spectrometer is set at
of lessthah 6°. Setting too small an entrance angle will limit the signal quality and the ultimat

ure electrical
such that the
ecimens and
one edge of
their nominal

netry sets the
any low index

nstrument in
led following
e Mg anode,
instrument is
ctra than the
anufacturer’s
Br parameter
A cone semi-
b accuracy of
are those of

easurément. Record a survey (widescan) spectrum to ensure that the only significant peakg

for th

and C. The intensity for peaks for all other elements shall not exceed 5 % of the intensity of t

of the specimen holder. Figure 3 shows an example of a widescan spectrum.

NOTE 1

The peaks visible should be the C 1s, O 1s and O Auger peaks and the Si 2p and 2s peaks. For

good practice,

the height of the C 1s peak should be less than 30 % of the Si 2s or 2p peak heights although, even for significantly
larger amounts of carbonaceous contamination, the measurement should not be affected[®], except to the extent that the
important Si 2p signal intensity will be reduced, leading to an increase in the measurement uncertainty. Figure 3 shows a
typical result for a cleaned, but stored, specimen.

NOTE 2  The higher signal level for the unmonochromated Mg X-rays, compared with that for the monochromated Al

X-rays available in many instruments, is important in improving the accuracy of the final result. This choice leads to a
reduction in the term U, discussed later.

4.3.2 Select slit width and pass energy settings to provide peak widths of around 0,6 eV to 0,9 eV for the
Si 2p3/» and 2p,,, elemental peaks.

© 1SO 2011 — All rights reserved
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4.3.3 For (100) specimens, set the photoelectron angle of emission to 34° and, for (111) specimens, 25,5°.

It has been found that the accuracy in setting this angle can limit the final accuracy of the thickness measurement.
It is recommended that users check that the calibration of the angle of emission setting is adequate for their
purpose. This can be done conveniently in spectrometers with suitable viewing windows by using a laser beam,
reflectors on the specimen stage and standard geometrical relationships('l[2].

NOTE It could be thought that normal emission is less sensitive to the accuracy of the emission angle. However, the
forward focussing along the crystal axis leads to non-linearity in the equations to be used, resulting in significant errors.[5]

Pa
A

22 50
A 1

340

\/ "
[ I ] >

|0

d) Plan view of (100) sample b) Side view of (100) sample from A
Qa
A
«A 1
— 25'5°
\\\
/ Q

s [ | >

g¢) Planview of (111) sample d) Side view of (111) sample from A

Key

1 toanalyseac

@  Analyser azimuth.

Figure 2 — Orientation of the specimens on the specimen stage
[Figures 2 a) and 2 b) show (100) surfaces with the photoelectron angle of emission at 34° from the surface
normal and with the analyser set in the azimuth P of the square Si specimen that is in its surface and at 22,5°
to the direction of one of the edges. Figures 2 ¢) and 2 d) show (111) surfaces with the angle of emission at
25,5° from the surface normal and with the analyser set in the azimuth Q of the triangular Si specimen that is
in its surface and parallel to the direction of one of the edges.]
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Figure 3 — Widescan (survey) spectrum of SiO, on Si using Mg Ko X-rays
and before removal of the X-ray satellites

4.4 |Recording data

Recard the region ef\the Si 2p peaks, using the spectrometer settings selected in 4.3.1. If the instrument
incorporates a fun€tiening twin-anode source with both Mg and Al X-rays, choose the Mg source, s it gives the
highgr intensity-and better energy resolution. For an unmonochromated source, record from a biphding energy
8 eV [ower thanthat of the elemental Si 2p peak at approximately 99,3 eV binding energy to a binding energy
7 eV highe¥than that peak. For a monochromated Al Ka source, the lower binding-energy limit maly be reduced
from [8eV+to 3 eV. Note that the accuracy that can be achieved depends on the total signal lejel measured

for the-Si-2p-peaks—Fhis-sighaHevel-depends-on-the-produst-of-the-countrates-inthe-spestrumland the time

for recording that spectrum. For higher accuracy, use longer times. A spectrum acquisition time of 5 min to
10 min is often used. Longer times will improve the accuracy, but any improvement might not be significant
unless full consideration is given to all the uncertainties discussed in 4.7 to ensure that other uncertainties do
not dominate the total uncertainty. The effects of drift in any of the spectrometer properties can be reduced by
acquiring the data using several scans that are added, rather than one single scan.

NOTE Examples of uncertainties associated with different signal levels are described in Reference [6].
4.5 Measuring intensities

4.5.1 In this subclause, all intensities are measured as peak areas by peak fitting. The mathematical symbols
in all equations relate to these peak area measurements.

© 1SO 2011 — Al rights reserved 7
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4.5.2 For data recorded with an unmonochromated X-ray source, use appropriate software to remove the
X-ray satellites. It is important to do this first in order to obtain flat backgrounds in the relevant energy regions
to fit the Shirley background. The end points for the Shirley background are important and shall be in the flat
regions at higher and lower energy than the 2p peaks. In some software systems, the ordinate values of the
Shirley background end points can be set by averaging over a number of energy channels (e.g. 21 channels).
This leads to improved precision.[6] In this case, all of the averaged end points shall be in the above flat regions.
In Si, the 2p peak is split into two components, called 2p,,, and 2p5,,, with peak area intensities in the ratio of
1 to 2. This effect is called spin-orbit splitting. These peaks are separated by 0,6 eV and, if unresolved, lead to
significant asymmetry in the narrow elemental peak but not in the broader oxide peak. Two methods of treating
spin-orbit splitting are described below. If high-accuracy thicknesses are required, go to 4.5.3. If a simpler,
faster, but less accurate procedure, with thicknesses limited to 2 % accuracy, is required, go to 4.5.5.

NOTE TH here

since the uncg

e Shirley and other backgrounds are discussed in ISO/TR 18392[7]. The Shirley background is juséq
rtainties are only evaluated for that background.

f the
ution
1.5.4.
bnent

453 Next
intensity ata
and simplify

for high-accuracy thicknesses, if spin-orbit subtraction software that will remeve 50 % d
D,6 eV higher binding energy at each position is available, use it to remove the spin-orbit contril]
[he spectrum. Unfortunately, this software is often not available. In that case,*go directly to

If the spin-o0
described by
five peaks w

bit contribution has been removed, using peak synthesis software with-each peak comp
either a sum or a product of a Gaussian and a Lorentzian lineshape furiction, fit the spectr
th a Shirley background. An example of such a fitted spectrum is shown in Figure 4 a). Th

im to
b five

peaks have lpeen assigned as follows:

a peak grising from the elemental Si substrate, intensity /g;;

a peak from an interfacial oxide, Si,O, intensity /g;,, at a binding energy 0,95 eV higher than that of

the first peak;

— a peak ffom a second interfacial oxide, SiO, intensity V5o, at a binding energy 1,75 eV higher than that of
the first peak;

— a peak ffom a third interfacial oxide, Si,O5, intensity 13i2o3 , at a binding energy 2,48 eV higher than that
of the firt peak;

a peak from the dioxide, SiO,, intensjty ISiO2 , at a binding energy 3,8 eV to 4,3 eV higher than that of
the first peak.

For convenignce, these shifts-and suggested limits for fitting the peak full widths at half maximum intg
(FWHMSs) ar¢ listed in Table/TyRecord the intensities of the five peaks and go to 4.6.

ensity

e intermediate-and dioxide peak positions are as originally defined by Hollinger and Himpsell®! a
and are as.used by Seah and Spencerl®] and by Seah et a/l'0l[1],

NOTE 1 TH
Keister et all°]

nd by

The majority|of cormmercial XPS instruments have available peak functions in which each peak compongnt is
described by| &-sum or a product of a Gaussian and a Lorentzian lineshape function,['2] where the widths| total
intensity and mixing proportions are adjusted to optimize the fit. Both lineshapes give equivalently accurate
results for this work. Other lineshapes, such as Doniach-Sunijié or polynomials, shall not be used.

NOTE 2  The FWHM upper limits are useful to restrict the fits for the weak interfacial oxides to physically realistic results.

© 1SO 2011 — All rights reserved


https://standardsiso.com/api/?name=b4adc044a93f16a4a7a352abffad5b52

10

60

50

40

000

000

000

000

ISO 14701:2011(E)

Si

Si0,

30

20

10

000

000

000

Si0;  Si0
' osio t

80

10

60

50

40

30

20,

10

108

000

000

000

000

000

000

106 104 102 100 98

a) Five peaks after spin-orhit subtraction

96
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Si 2py;
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Key
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Y intensity (counts)

P
[= o

Figure 4 — Peaks with fitted components for SiO, on Si

b) Six peaks without spin-orbit subtraction

O
=

[The spectrum is for an Mg X-ray source at 0,1 eV abscissa intervals and has the X-ray satellites removed.
Figure 4 a) is for five peaks after spin-orbit subtraction and Figure 4 b) for six peaks without spin-orbit
subtraction. In both cases, the end points for the Shirley background (S) are averaged over 21 points.]
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Table 1 — Values, in eV, of the oxide binding-energy shifts to higher energies from the Si 2p,,,

elemental peak, and suggested peak FWHM limits

Peak Five-peak method Six-peak method FWHM upper limit
ea
eV eV eV
SiO, 3,8t04,3 4,0t0 4,5 1,5
Si,04 2,48 2,68 1,5
SiO 1,75 1,95 1,5
Si,O 0,95 1,15 1,7
NOTE The SiO, values in columns 2 and 3 are given as an energy range since SiO, is an insulator. It can therefore charge and
the peak movgs slightly on the binding-energy scale, but the extent of charge depends on the instrument and the oxide thicknegs.[13]
4.5.4 If sp|n-orbit subtraction software is not available, use the peak synthesis software, with each |peak
component described by either a sum or a product of a Gaussian and a Lorentzian lineshape function to fit the
spectrum to $ix peaks with a Shirley background. An example of such a fitted spectrunm is shown in Figurg 4 b).
The six peakks have been assigned as follows:
— firstly, there are two peaks arising from the elemental Si substrate, one peak having an intensity whjch is
50 % of that of the other and being at a 0,6 eV higher binding energy, the total intensity being /g;;
— nextis g peak from an interfacial oxide, Si,O, intensity Isi,0> at abinding energy 1,15 eV higher than that
of the firgt peak;
— this is fgllowed by a peak from a second interfacial oxide;SiO, intensity /g;q, at a binding energy 1,95 eV
higher than that of the first peak;
— a peak ffom a third interfacial oxide Si, O3, intensity ISi203 , at a binding energy 2,68 eV higher thap that
of the first peak;
— and a pgak from the interfacial dioxide; SiO,, intensity Isio, . ata binding energy 4,0 eV to 4,5 eV higher
than that of the first peak.
For convenignce, these shifts and Suggested peak full widths at half maximum intensity (FWHM) upper [limits
are listed in Table 1. Record the.infensities of the six peaks and go to 4.6.
NOTE 1 The peak positiops+here are 0,2 eV further from the Si 2p5,, peak than in 4.5.3.
The majority|of commercial XPS instruments have available peak functions in which each peak compongnt is
described by|a sumwehd product of a Gaussian and a Lorentzian lineshape function,['2] where the widths| total
intensity and mixing-proportions are adjusted to optimize the fit. Both lineshapes give equivalently acdurate

results for th

sawvork. Other lineshapes, such as Doniach-Sunji¢ or polynomials, shall not be used.

NOTE 2

The FWHM upper limits are useful to restrict the fits for the weak interfacial oxides to physically realistic results.

4.5.5 This subclause describes a simpler procedure that gives thicknesses of good, but poorer, accuracies.
If spin-orbit subtraction software that will remove 50 % of the intensity at 0,6 eV higher binding energy at each
position is available, use it to remove the spin-orbit contribution and simplify the spectrum. If this software is not
available, go to 4.5.6. Next, using peak synthesis software with each peak component described by either a
sum or a product of a Gaussian and a Lorentzian lineshape function, fit the spectrum to two peaks with a Shirley
background. The two peaks have been assigned as follows:

— a peak arising from the elemental Si substrate, intensity /g;;
— a peak from the dioxide, SiO,, intensity ISio2 , at a binding energy 3,8 eV to 4,3 eV higher than that of

the first peak.
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Record the intensities of the two peaks and go to 4.6.

The majority of commercial XPS instruments have available peak functions in which each peak component is
described by a sum or a product of a Gaussian and a Lorentzian lineshape function,['2] where the widths, total
intensity and mixing proportions are adjusted to optimize the fit. Both lineshapes give equivalently accurate
results for this work. Other lineshapes, such as Doniach-Sunji¢ or polynomials, shall not be used.

4.5.6 If spin-orbit subtraction software is not available, use the peak synthesis software with each peak
component described by either a sum or a product of a Gaussian and a Lorentzian lineshape function to fit the
spectrum to three peaks with a Shirley background. The three peaks have been assigned as follows:

— firstty;there-aretwo peaksarismyg-fronT the etermentat-Stsubstrate; onme peak fravingar mtensity which is
%0 % of that of the other and being at a 0,6 eV higher binding energy, the total intensity being /;;

— :[:e third peak is from the dioxide, SiO,, intensity Isi0, ata binding energy 4,0 eV t0/4,5 eV higher than
at of the first peak.
Recard the intensities of the three peaks and go to 4.6.

The ajority of commercial XPS instruments have available peak functions.in’ which each peak gomponent is
descyibed by a sum or a product of a Gaussian and a Lorentzian lineshape function,['2l where thg widths, total
intensity and mixing proportions are adjusted to optimize the fit. Both lineshapes give equivaleptly accurate
results for this work. Other lineshapes, such as Doniach-Sunjic’: orpalynomials, shall not be used]

4.6 |Calculating the oxide thickness

4.6.1| Iffive or six peaks have been measured for high-accuracy thicknesses, go to 4.6.2. If two of three peaks
have|been measured for a more rapid, but less accurate, analysis, go to 4.6.3.

4.6.2| For high-accuracy thicknesses, with hoth'the method using five peaks and that using six pg&aks in which
the two elemental Si 2p spin-orbit contributions (Si 2p3,, and Si 2p4,,) are summed into Ig;, first|calculate the
thickmess of the component oxides, as follows:

Isio,
Rsio,
Tsi05 | Isio , !si0 ‘g
|
Rsi,0, Rsio Rsio

M

S

ISiOZ = LSi02 cosf In|A™

Isi0
dsi,0, = Egijo, COS6 In[1 + {—RSi ; 3}Si H )
203
| (Rsiolsi) |
and
Isi0
dsi,0=Lsj,0c086 In| 1+ m (4)
1o |

where the values of Lg;,o and Rg;,o are generated by linear interpolation between the values for SiO, and

Si, depending on the value of x, as shown in Table 2 for both Mg and Al Ka. X-rays.
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Table 2 — Values of Lg; o _and Rg; _for the five peaks('ll'4]

Mg Ko X-rays Al Ko X-rays
Peak x-value
Lgi,o, (nm) Rsio, Lgi,o, (nm) Rsio,
SiO, 4 2,996 0 0,932 9 3,4850 0,932 9
Si, 03 3 2,850 8 0,9497 3,217 5 0,9497
SiO 2 2,7055 0,966 5 2,9500 0,966 5
Si,O 1 2,560 3 0,983 2 2,682 5 0,983 2
Si 0 2,4150 1,000 0 2,4150 1,000'0
These thicknesses are then summed to give the effective oxide thickness, using the relationship
doxide = Zl’Sioz + 0’75d3i203 + 0,5d8i0+ 0’25d3i20 (5)
which apporiions the thickness according to the oxygen content.
To calculate the uncertainty in this thickness, go to 4.7.
4.6.3 For Ipwer-accuracy thicknesses, with both the method using two peaks and that using three peadks in
which the twp Si 2p elemental contributions are summed into /g;, caléulate the oxide thickness as follows
Isio,
dSiOz :LSi02 cosfO In|1+| —=— (6)
Rsio, Isi
where the relevant parameters are given in the top dataline of Table 2.
To calculate the uncertainty in this thickness, gote4.7.
NOTE In| References [5] and [10], it was ‘noted that the three interfacial oxides contributed a thickngss of
(0,128 + 0,008) nm, close to the estimated 0,124-nm for an ideal interface.[®] The use of the simpler Equation (6), inst¢ad of
Equations (1) fo (5), does not simply give a.difference of 0,128 nm since the fitting procedure for two peaks leads to a|value
of Isio, slightly higher than that obtained when five peaks are used. The ratio of the thickness obtained using Equatjon (6)
to that obtaingd using Equations (1) fo"(5) is within 1,5 %,[14] a difference significantly smaller than the 0,128 nm aboye.
4.7 Calcujating the uncertainty of the oxide thickness
4.7.1 The Uncertainty; U, of the silicon oxide thickness derived from Equations (5) and (6) at the 95 % lejel of
confidence cpn be'¢alculated from the following equation:[61114]
U2:U:+ug+u2+ué+ug+uf (7)

where U, Uy and U, are the uncertainty contributions, for a 95 % confidence interval, to the spectrum
measurement statistics for the measured Si 2p spectrum, the angle setting and the analyser electron optics
defining the solid angle of acceptance, respectively. The term Ug allows for the contribution from the uncertainty
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