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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.
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Introduction

Medium energy ion scattering (MEIS) has been considered to be a quantitative surface and interface
composition analysis method with single atomic depth resolution since its invention in the early of
1980s. MEIS has been widely used for ultrathin films, especially nm gate oxides analysis to determine
its composition, thickness, and the interface. Recently, MEIS has been used for nanoparticle analysis
to determine the size and the composition with the core and shell structure information. In addition
to the toroidal electrostatic energy analyser used in the early stage, different types of energy analyser
such as magnetic energy analyser and time-of-flight (TOF) energy analyser have been used. With the
continued scaling down of electronic devices, demands on accurate and reliable depth profiling have

reaclfed beyon € IIMIiT of Sputter depth profiling which provides deteriorated dep rofiles due
to thle sputter damage. Needs have been risen to investigate the consistency betweenrthe|three types
of energy analyser, ion species, and the different energy range of incident ions used,for MEIS analysis

and fo set up a procedure for quantitative MEIS analysis. Two international interlaboratory tests were
performed to develop this document which is reported in Annex A.

© IS0 2022 - All rights reserved v
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Surface chemical analysis — Depth profiling — Non-
destructive depth profiling of nanoscale heavy metal
oxide thin films on Si substrates with medium energy ion
scattering

1 $cope

This|[document specifies a method for the quantitative depth profiling of amorphous-heavy|metal oxide
ultrathin films on Si substrates using medium energy ion scattering (MEIS).

2 Normative references

The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, @nly the edition cited [applies. For
unddted references, the latest edition of the referenced document(including any amendmepts) applies.

ISO 18115, Surface chemical analysis — Vocabulary

3 Terms and definitions
For the purposes of this document, the terms and definitions given in ISO 18115 and the follpwing apply.
[SO dnd IEC maintain terminology databasesAfor use in standardization at the following addresses:

— ISO Online browsing platform: available at https://www.iso.org/obp

— IEC Electropedia: available at https://www.electropedia.org/

31
electronic stopping power
retarding force acting on charged particles, typically alpha and proton particles, due to intefaction with
electrons, resulting in 1055 of particle energy

4 Principle.and recommendations of MEIS analysis

4.1 | Ultrathin films of thickness less than 10 nm can be analysed with MEIS. (100 to 500) keV H* or
He* JonShare used for MEIS analysis. Scattered ion energy and angle are measured preclsely so that
meagured MEIS spectra be compared with simulated MEIS spectra. MEIS spectra can be siniulated with
various programs from free codes such as PowerMeis! and SIMNRAZ in public websites, MEIS expert
laboratories, and MEIS manufacturers. Simulation programs calculate scattering cross-sections and
electronic stopping powers. Quite often, calculated electronic stopping powers are subject to significant
errors so that tabulated electronic stopping power values in the IAEA website* are recommended to
use.

4.2 If not tabulated, it is recommended to measure electronic stopping power by users for more
reliable results. Various types of energy analyzers can be used such as toroidal electrostatic analyser
(TEA), magnetic energy analyser (magnetic), and TOF energy analyser. With MEIS analysis procedures
specified in this document, less than 10 % uncertainty can be expected for ultrathin films under the
guidelines describe in this document. This document is written for amorphous or polycrystalline thin
films but not for crystalline thin films. To reduce the uncertainty of MEIS analysis, additional standards

©1S0 2022 - All rights reserved 1
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for calibration of scattering geometry, ion energy, energy resolution, detector efficiency, sample
alignment, are required.

5 MEIS analysis

5.1 Set the ion scattering conditions such as ion energy, scattering angle, incidence angle from the
surface normal, ion species, and ion dose for MEIS analysis. The ion dose is recommended to be in the
static condition (<1015/cm?) but the static requirement for MEIS analysis is not strict compared to

surface anal

ysis such as XPS and static SIMS.

5.2 ForM
water and N
contaminati
washing or

5.3 Meast
(counts) vs
energy, ion
with analys

54 ForM

LIS analysis, specimen should be flat. Slight contamination due to air oxidation and-ampient
ydrocarbon adsorption does not disturb the MEIS analysis badly. However, if thelsufface

on layer is thicker than 1 nm it shall be cleaned by appropriate methods suchlas so
on milling.

re a MEIS spectrum of a specimen and generate a MEIS spectrum Ifile with inte

vent

nsity

energy (keV) at a specific angle. Specify all the ion scattering conditiens such as ion heam

bpecies, incidence angle from the surface normal, scattering angle,<ion dose or ion cu
s time, beam radius, and the type of energy analyser.

EIS analysis of ultrathin films of approximately 1 nm thickness, a clear plateau doe

appear so that it may have poor reproducibility. It is recommended-to express MEIS analysis res
1l density rather than in thickness or concentration for MEIS analysis of ultrathin filins of

surface ared
approximat

5.5 Ifthe
each MEIS
by compar
MEIS systen

6 MEISS

6.1 MEIS

bly 1 nm thickness.

primary ion beam current is too high, it can cause multi-hit problems of detector. U
alysis condition, it shall be checked whether the data is affected by the multi-hit pro

SE:g MEIS results from high ion beam current and low ion beam current available from

1.

pectra simulation

Epectra can be simulated’with various programs from free codes such as PowerMeis]|

SIMNRAZ2) in public websites and-simulation programs from MEIS laboratories and manufacture

listed in An|
document, g

Most of M}
calculation

scattering i
recommend
energy lowe

whether including it or not.

nex B. Detailed procedures for PowerMeis! is also given in Annex B as an example. Iy
eneral procedares for MEIS spectra simulation are given as a guidance.

LIS spectrad simulation programs are based on Monte Carlo simulation or analy
of binary scatterings and electronic stopping between binary scatterings. Mu

rrent

5 not
11t in

nder
blem
each

and
I's as
this

rtical
tiple

suggested to be included in all MEIS simulations. Thin films thicker than 5 nm are str(q
ed to'be analysed including multiple scattering for the MEIS data obtained by He ions ¢

ngly
f ion
oose

Generally, the integration step, and the slab thickness or atom density in MEIS simulations are 0,1 nm,
and 0,1 nm or 1 x1015 atoms/cm?, respectively.

In simulation, line shape, cross-section, electronic stopping power, charge neutralization, and energy
straggling shall be selected by users as described below. Electronic stopping power is described in

detail in 6.2

1) http://ta

rs.if.ufrgs.br

2) https:

2

home.mpcdf.mpg.de/~mam
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Generally, simple Gaussian can be used as basic line shape for the first approximation. For MEIS systems
with high resolution of 8E/E approximately 8x10~% with proton as a projectile, exponentially modified
Gaussian is recommended for ultrathin films. However, other options can be chosen, if needed. Line
shape parameters for each element, o, (additional parameter), is calculated by Casp version 5.23)
program for each projectile, projectile energy, and target element. Follow the instructions in Casp
version 5.2.

To calculate cross-sections, interatomic potentials can be chosen from Anderson, L'Ecuyer, Moliere
potential, or ZBL potentiallll. For MEIS analysis, Moliere potential is widely used. For energy straggling,
Chu or Yang can be usually chosen. For charge neutralization, Marion and Young’s equationl2! is used for
30 keV to 150 keV H* and for 30 keV to 200 keV He* and Armstrong’s equation for 400 keV to 500 keV

He*. [Casp charge-state-fractions algorithim> can be used for He with better refiability and for other
heavijer ions, if available. PowerMeis provides Marion and Young’s equation and Casp)nefitralization.
SIMNRA does not include neutralization in simulation.
6.2 | Electronic stopping power is automatically calculated by the SRIM 95 ormore recerjt SRIM2013
code| which can be used for non-critical MEIS analysis with inconsistency higher than 10 . However,
electronic stopping power from the SRIM code can have significant errors-in the medium energy range.
For gccurate MEIS analysis with consistency lower than 10 %, it is recommended to use the measured
and tabulated electronic stopping power data of elements and compounds from IAEA%, as described
in Fqrmula (1). If the IAEA database is insufficient or missing, néwly measured electronic stopping
poweér data by appropriate methods can be added to the IAEA database to improve the acduracy of the
calcylated electronic stopping power. The accuracy of electtonic stopping power values [in the [AEA
database is estimated to be less than 8 % as discussed in Ahhex C.
The felectronic stopping power from [AEA database-‘can be obtained by fitting a set df electronic
stopping power data in which can be used in Formula-{{1). The equation that can be used to|fit the IAEA
database are given in Formula (1). The E is the ign energy, Z is the atomic number of the jon, m is the
masq of the ion. The unit of S, S;, and S,, is eV-¢m?/101> atoms, that of E is keV, and that of m is u. For
fittirlg to determine A, B, C, and D, Origin or.6ther appropriate fitting programs can be used.
1 1 1

oD D D

o (E)"  SI(E)" Sp(E)

§,(E)=AVE (1)

z°mB, (CE
$1 (E)= 1n[_+1)
m

whertte

$.(E) is the total electronic stopping power;

$.(E) is the electronic stopping power of low energy electrons;

Sw(E) is the electronic stopping power of high energy electrons;

A, B,C,D are the fitting parameters;

E is the ion energy;

vA is the atomic number of the ion;

m is the mass of the ion.
3) Available from: http://www/casp-program.org/
4) Available from: https://www-nds.iaea.org/stopping/
©1S0 2022 - All rights reserved 3
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From the IAEA data#, available fitting parameters A, B, C, and D are calculated and tabulated in Annex D
for the convenience of the users of this document.

For straggling correction factor, just use 1,0, if the correction factor is not available, which is generally
the case.

6.3 In output, energy channel width and angular channel width can be adjusted according to the
energy and angular resolution for each MEIS analysis. Energy channel width is generally used as 0,1 keV
and angular channel width should be same to the detector angular width when obtaining 1D spectrum.

In beam, atomic number, atomic mass, beam energy, and incidence angle from the surface normal are
given. Proje[ctile number can be adjusted to It the experimentally measured MEIS spectrum of jwell-
defined internal reference.

Analyser type is chosen among electrostatic, TOF, and magnetic. For electrostatic and magnetic anallyser
type, energy resolution full width half maximum (FWHM) (8E), scattering angle, and‘\angular width
(AB) specified from each MEIS measurements are given. For TOF analyser type, TOE length (L),|time
resolution (¢t), are additionally given according to specific TOF MEIS scattering conditions. Out of plane
angle and apgular width are used when MEIS scattering data are obtained from.out of plane regipn or
large detectjor. Energy resolution FWHM (8E) or time resolution (6t) can bé.measured by fitting the
leading edg¢ of a MEIS peak from a clean surface peak of heavy metal specimen.

6.4 After all the input parameters for simulation and experimental pardmeters are given, the stru¢ture
of a specimdn is to be built. Firstly, list up elements used in simulation. Then, construct layered thin film
structures yith the thickness and composition for each layer. Generally, a substrate layer is included
in simulatiops. If necessary, a surface contamination layer or-ati interface layer between ultrathin film
layers can bg introduced to improve the fitting.

6.5 After |all the specified and appropriate valuestare given, start a simulation. If all the |nput
parameters|are appropriate, then simulated spectra’are given. Adjust the parameter of the projé¢ctile
number in heam to fit the overall intensity or the intensity of a reference layer for example between
measured and simulated MEIS spectra when*an internal reference layer is used. Then adjusf the
thickness and composition of each layer manually and iteratively to get the best agreement betyveen
measured ahd simulated MEIS spectra«A‘chi-square test can be used to find the best agreement|with
a properly ¢hosen energy range of spectrum. The low limit of an energy range in x2 calculatipn is
recommended to be not lower than.10 keV from the substrate surface peak. In case that a refeence
layer of known stoichiometry is'included in the sample, the height of reference layer can be chosen to
generate mipimum x?2 calculation to determine the projectile number and then the composition and the
thickness offlunknown layersean be determined by changing fitting energy range to the unknown [ayer
peak positign to calculatg-ahd minimize x2. In case of no reference layer, overall x% calculation with an
appropriate|fitting rangé can be used to get the best agreement between measured and simulated MEIS
spectra.

6.6 MEIS $imulation programs generate composition and surface areal density (1015 atoms/cm¥) for
each layer. Therefore, to convert the areal density to the thickness ol each layer, the density of each
layer is required. If the density of thin films used in the MEIS analysis is known, use the number. But,
generally the number is not known so that the bulk density can be used. In the case of non-stoichiometric
compounds or mixtures, the sum rule can be used. According to the sum rule, the density of a non-
stoichiometric compound p(4,,s, B,s,) can be estimated by the Formula (2).

P(Aysox Byrsy) = [(x+6x)m(A) +(y+8y)m(B)[/{[x m(A) +y m(B)]/p(A,By)} (2)

where

P(Ay.s¢ By.s)) is the density of a non-stoichiometric compound with A constituent of x+6x composition
and B constituent of y+y composition;

4 © IS0 2022 - All rights reserved
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m(A) is the mass of A constituent;
m(B) is the mass of B constituent;
P(AB,) is the density of a stoichiometric compound with A constituent of x composition and

B constituent of y composition.

For mixtures of A and B, the density of the mixture A(x%) and B(y%) can be estimated by the

Formula (3).
p(x%A+y%B) = [x m(A) + y m(B)]/[x m(A)/p(A) +y m(B)/p(B)]

(3

In Fglrmulae (2) and (3), the m is the mass of each element or a compound in u.

By d
the t
thes

7 1

71

um rule can generate errors in the depth from MEIS analysis.

Reporting MEIS analysis results

Report all the MEIS analysis conditions such as ion beam energy, ion species,

incidence angle from the surface normal, scattering angle, iordose, analysis time, beam ra

desc

7.2
of siy

7.3

dens
dens
as a
are g

nulation parameters.

It is recommended to report MEIS analysis results in the quantity with unit of s
ity (1015 atoms/cm?), or concentration (atomic fraction) as a function of depth in the

ssumed for ultrathin films.

viding the simulated areal atomic density of each layer with the estimated density df each layer,
hickness of each layer can be obtained. The use of bulk density values or the.density gstimated by

on current,
Hius, sample

fiptions including surface contamination and surface flatness, sample preparation, MEIS analysis
chanpber pressure, energy analyser type and specifications; detector type and specifications.

Details of MEIS spectra simulations shall be specified including simulation program pame and all

irface areal
unit of areal

ity (1015 atoms/cm?). Using the bulk density, it can be reported as concentration (atomic fraction)
function of depth in the unit of thickness (nm), but it shall be clearly stated that the buylk densities
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Interlaboratory test report

view

oives a report of an interlaboratory test on non-destructive depth profiling of mane
ith medium energy ion scattering.

Ciple
a of HfO, thin films with nominal thickness of 1 nm, 3 nm, 5 nm, and)7 nm on a subs

re used such as electrostatic, magnetic, and TOF. Measured MEIS spectra were simu
ticipant laboratories, resulting in the poor consistency of approximately 15 %. They
pain by one key laboratory, K-MAC, Korea and sources of pdop consistency such as elect
wer and neutralization correction were investigated,.which improved the consisten
is results less than 8 %.

ple description

e prepared at National Nano Fab Center in-Daejeon, Korea. Nominally, 1, 3, 5,and 7 nm
ted by atomic layer deposition method‘on a 12 nm thermal SiO, layer on a 6 inch Si
nm thermal SiO, layer that assists the-uniform and flat growth of HfO, layer is used
brence in the MEIS analysis. The aniformity of the thickness over a 6 inch wafer was t¢

scale

trate
MEIS
lated
were
ronic
cy of

HfO,
001)
hS an
psted

by measuring 7 points of the wafer 5 times'with ellipsometer. As a result, the standard deviations of

thickness W
measured b
shown in Fij

ere estimated to approximately 0,5 %. The thickness of HfO,/SiO,/Si samples was|
y transmission electron (microscopy (TEM). TEM images of Hf0O,/SiO,/Si thin film
bure A.1 and the average thickness of samples are summarized in Table A.1.

also
5 are
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a) 1 nm HfO, on a 12 nm thermal Si0,/Si sub- b) 3 nm HfO, on a 12 nm the i

Il EB
strate strate _ -

Q

D,/Si sub-

Q
o
<
¢) 3 nm HfO, on a 12 nm thermal SiO,/Si sub- ’§7 nm HfO, on a 12 nm thermal Si0,/Si sub-
strate . ®$ strate
\)

NOTH The scale bar at the bottom left of t}k@lage is 2 nm.

Figure A.1 — TEM im@tc'(’)f HfO, on a 12 nm thermal Si0O,/Si substrate

Table A.1 — Thi?{@ﬁof 1 nm, 3 nm, 5 nm and 7 nm HfO, measured by TEM
)

=g

S ! O . Thickness (nm)
ampies
P C\% Average Standard devigtion
1 nm H(0,~” 1,72 0,12
3 nm HFO, 3,29 0,10
_ Sam HfO, 4,86 0,18
, -7 nm HfO, 6,39 0,06
—

o)

A.4 Measurement procedure

A.4.1 Measurement

For MEIS analysis, the energy and the angle of scattered ions are measured to analyse depth profiles
of ultrathin films. A MEIS instrument consists of an ion source, an accelerator, an energy analyser,
and a detector. A schematic diagram is shown in Figure A.2. lons generated from an ion source are
accelerated to impinge on a sample surface. The energy of projectile ions scattered by target atom
nuclei is measured by an energy analyser. The scattering angle is determined by the geometry of an ion
source, a sample, and a detector. Electrostatic analyser, and magnetic, TOF are widely used as energy
analysers.

© IS0 2022 - All rights reserved 7
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Key
ion sour¢e (H* or He")

scattered particles

particles|to detector

accelerafor

analyserf|(electrostatic, magnetic or TOF)
sample
incident pngle

DO Q O Ul B W N P

scatterinlg angle
Figure A.2 — Schematic diagram of a MEIS system

Twelve (12)|participants in this RRT.are UFRGS (Brazil), IBM Watson (US), Western Ontario Univgrsity
(Canada), Kyoto University (Japan),~Global Foundry (US), Samsung Advanced Institute of Techn¢logy
(R. 0. Korea)), Samsung Electronies/(R. 0. Korea), SK hynix (R. 0. Korea), K-MAC, (R. O. Korea), DGIST (R.
0. Korea), KIST (R. O. Korea),-and Huddersfield (UK). PowerMeis simulations were performed by W. Min
at K-MAC. The experimentahconditions of 12 participants are summarized in Table A.2.

Table A.2 — MEIS analysis conditions for each participant

Incident energy incidentangle scatteringangle

Participants.” ™\ Incident ion analyser
(keV) ©) )

A H 100 0 120 Electrostatic
B H 100 54,7 110 Electrostatic
C H 94 45 135 Electrostatic
D He 400 31,5 74,1 Magnetic
E He 400 44,5 83,6 Magnetic
F He 500 44,2 78,2 Magnetic
G He 450 54,6 70,5 Magnetic
H He 400 45 68 Magnetic
I He 100 45 130 TOF
J He 80 45 90 TOF

8 © IS0 2022 - All rights reserved
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Incident energy incidentangle scattering angle
Participants Incidention analyser
(keV) © ©
K He 100 2 120 Electrostatic
L He 100 54,7 70,5 Electrostatic

A.4.2 MEIS Spectrum simulation

The PowerMeis program was used as a simulation tool for analysisl3l. It was developed mainly by

ade Federal

Mau lLlU A. SUI tu,q aud Gabl ;C} PVI{. }\V{al lll;tt Clt thc PCdlU Gl audc 61 Uul) Uf thC UII;VCI ol
do Riio Grande do Sul (UFRGS), Brazil. PowerMeis uses the Monte-Carlo method to simuy
specfrum by summing individual scattering spectrum from randomly selected scatfering
sample. The scattered ion energy is calculated by the kinematic factor for each scatterin
by tHe electronic stopping energy loss according to the ion beam path in the médium. The
of each event is calculated by the straggling according to the beam path for each location a
resolution.

In tHis report, the scattering cross-section was calculated by Moliere potential. For th|
stopping power, both SRIM95 electronic stopping power and the new-Fefitted electronic sto
werd used for comparison, and the Chu model was used for the/straggling. Neutralizatio
should be applied to the data from electrostatic analyser and ndaghetic sector. Neutralizati
is applied to 100 keV H* and He*[2] and that of Armstrong is applied to 400 keV to 500 keV
progfam can be used for both cases with better reliability[2},The density of HfO, used in the
was 9,68 g/cm3, and that of Si0, was 2,2 g/cm3 for the thickness calculation.

The stoichiometry of a thermal SiO, layer, (Si:0 =:1:2) was used as a reference layer. Th
incident particles was determined by the Si height of the thermal SiO, layer below the H
the spmple. When determining the number of incident particles by fitting the Si peak heigh
layer, background signals between Hf and Si\peaks should be subtracted. Background sigr
by the multiple scattering or the roughness. Given the TEM images of the samples, the
seenis to originate from the multiple‘scattering rather than the roughness. The backgr
is alnost constant at the energy range between Si and Hf peaks. Since the simulation is 4
sing;El binary scattering, subtracting the multiple scattering contribution to the Si or Hf pe
before analysis by simulation,

late a MEIS
¢ points of a
g event and
peak shape
nd a system

e electronic
bping power
N correction
n of Marion
He*[4l. Casp
simulations

b number of
fO, layer in
t of the SiO,
al is caused
background
ound signal
ased on the
hk was done

MEIS analysis is performéd)by changing the model structure of a sample in a simulation o match the

tion results

experimental Hf peakitil the difference between the experimental data and the simule
minimize. For simplieity, the interfaces between the HfO, layer and the SiO, layer and t
the

at between

iO, layer andthe Si substrate were ignored. The thickness of HfO, is mainly adjusted {o fit the full

width half maximum of the Hf peak. In Figure A.3, the solid black line is the experimental ¢ata and the
red ljne is a simulation of a fixed HfO, composition (Hf:0 = 1:2) with a number of incident particles that
can fjit theSiO, height from 293 keV to 300 keV. The Hf peak shows a slight difference betwden the black
and red’lines, and the red line is multiplied by a constant, C to the Hf height to generate tHe green line

in a goed agreement with the black line so that the composition of Hf increased to 0,33 *

. For all the

simulations, the same electronic stopping power for HfO, calculated from the SRIM 95 or
electronic stopping power are used as described below.
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8 — Example of MEIS analysis to determine the thickness and the concentration ¢
HfO, /Si0,/Si ultrathin film

M electronic stopping power

entration and the thickness of the HfO, layer are obtained in the RRT using the SR
fopping power calculated’ automatically by the PowerMeis simulation program. Scatt
ns from Moliere potentiall®l and Chu stragglinglZl were used. Results are summa
. The average value of the 7 nm sample data are 32,3 % in Hf concentration, 6,52 1
nd 1,74 x 1016@toms/cm? in the amount. The standard deviation of the 7 nm sample
concentratiofn; 1,00 nm in thickness, and 2,31 x 1015 atoms/cm? in quantity or the su
y of Hf. Phe relative standard deviations are 5,3 % for concentration, 15 % for thick]
for thesamount of Hf, which are too high to be a routine practical analysis method.

bf a

M95
bring
rized
m in
data
rface
ness,
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Table A.3 — Analysis results by using SRIM95 electronic stopping, Moliere potential, and Chu

straggling?
Concentration of Hf Thickness Quantity of Hf
(nm) (1x1015 atoms/cm?2)
Partici- Inm 3nm 5nm 7nm 1nm 3nm 5nmm 7nm 1nm 3nm 5nm 7 nm
pants

A 0,133 0,297 0,29 0,318 1,60 2,60 4,0 59 1,77 641 9,64 15,61

B 6;29—6;29—16;3% 250—4;50—%6;38 6,02 16;84 16,61

C 0,21 0303 030 0303 1,07 255 420 595 187 6,43 1047 15,00

D 0,23 0,343 0,343 0352 088 245 395 585 1,71 6,99 11,27 17,09

E 0,205 0,322 035 0,347 110 2,50 418 590 187 6,68 12,16 16,69

F 0,273 0,328 0323 035 078 241 378 545 1,77 06,57 10,16 15,85

G 0,26 0,306 0,324 0,327 078 2,55 415 575 169V 6,50 11,18 15,61

H 0,205 0,307 031 0317 092 2,27 3,80 555 (1457 5,78 9,79 14,60

I 0,295 0,305 0,305 0,307 095 3,10 530 755\ 233 786 13,43 19,26

J 0,237 0303 031 031 1,25 340 560 %820 246 8,57 14,42 21,58

K 0,2 0,31 0312 0,327 112 3,60 520)Vv775 186 927 13,47 21,03

L 0,213 0,267 0,305 0,298 1,20 3,20 , 550 8,05 213 7,09 13,94 1995

Avprage 0,224 0,307 0,314 0,323 1,06 2,76, 451 6,52 1,89 700 11,53 17,43

Stapdard 0,041 0,018 0,018 0,017 023 042 066 100 027 1,00 1,64 2,31
devfiation g0y (599%) (57%) (53%) (22 %)A15 %) (15%) (15%) 14 %) (14,3%) (14,2%) (13,3%)
3 Hor the results by magnetic sector and electrostatic-analyser, neutralization of Marion is used for 100 k¢V H* and He*,

and t|

hat of Armstrong for 400 keV to 500 keV He*.

A4 4

Amo
stop]
in go
of Hf]
In fa

I Newly fitted electronic stopping power

hg the factors affecting the MEIS analysis results, the scattering cross-section and tH
bing power have high inflGence. The models for the cross-sections of Hf and Si are reli
od agreement with the measurement datal8l. On the other hand, electronic stopping p
0, and SiO, from SRIM95 do not fit well with the measurement data set of black lines i

To eliminate the ambiguity, the electronic stopping powers of 62,3 keV He* and 100 keV

were
obta
were
with

measured afjdadded to the public electronic stopping power data set of He* on SiO, f
n a new fitfed electronic stopping curve. Two newly measured electronic stopping p
added,»which were obtained by measuring the height of the MEIS spectrum using
twao different incidence angles and the same scattering anglel2].

A ne

e electronic
hble and are
ower values

n Figure A.4.

't, there is no data-available in the range of 15 keV to 100 keV for He* on SiO, in the IAFA database.

He* on SiO,
fom [AEA to
ower values
100 keV He*

v Titted electronic stopping power was calculated by refitting a set of electronic stoj

pping power

data. The equation used to fit the data are shown in Formula (1) and the fitting results are shown in
Table A.4. The E is the ion energy, Z is the atomic number of the ion, m is the mass of the ion. The unit of

S, Sy,

©ISO

and S, is eV-cm2/1015 atoms, that of E is keV, and that of m is u.
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stopping data set

fitted electronic.stopping power from the IAEA experimental data (scattered dot)
SRIM 95

addef expefimental results (KMAC)

Newly measured additional electronic stopping values.

Figure A.4 — SRIM95 and new fitted electronic stopping power
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Table A.4 — Fitting results of electronic stopping power

A
[eV‘OvS-Cm2/1016-5
atoms]

B
[eVZ-cm?2/u-101% atoms]

C
[u/keV]

Value Std. Err Value Std. Err Value Std. Err Value

Std. Err

Hon SiO,

2,70 3,73x1072 2,47 x103 2,76 x102 1,29x 1072 295x1073 2,74

3,86 x 1071

H on HfO,

291 4,56 x1072 3,17 x103 2,73 x 102 1,12x1072 2,09x103 3,27

4,80 x 1071

He g

n 510, 5,16 0,04 2,11 x10> 6,02 x104  2,62x107« 5,94 x1074 1,29

4,19 x 1071

He o

n HfO,

4,48 3,35 4,89 x103 3,57x10% 972x102 2,56x101 1,15

9,94

The PowerMeis program introduced a correction factor for electronic stopping power-to use
electironic stopping power. Newly fitted electronic stopping power values are applied by mu

corr¢ction factor for each layer to the value from SRIM95 already installed in‘the PowerM¢

The ¢lectronic stopping power depends on the projectile ion energy, the projéctile ion spe

com
facto
elect]
The
scatf]
the d
ion b
Ther]
of E,

Lo

Lo

osition of a sample so that it varies before and after the collision event. Therefore, th

ronic stopping power from SRIM95, and the new fitted electronic stopping power for
rorrection factor for the unit layer was obtained by Formula{A.1). K is the kinematic f
ering angle, a is the incident angle, 3 is the exit angle, afid E, is the initial energy of t
ample for this interlaboratory test is thin enough and:there is no grazing angle exp

efore, it is assumed that the electronic stopping pewer does not change significantly fr
during the intake path and the value of KE in the outgoing path.

:KSS (E0)+Ss (KEO)
S 2
Ccost

COS
Sy (E Sy (KE
S (Eo) | S (KEg)

cos+ cos?

r is determined by taking into consideration for the incident and scattered ion bea

eam energy change during the ion beam path is not\wvery significant except for scatteg

anew fitted
[tiplying the
bis program.
ries, and the
e correction
m path, the
E, and KE,,.
hctor for the
he ion. Since
briment, the
ring events.
m the value

(A1)

_SN
5

Y

1

whet

C{ isthe cofrection factor;

S is theselectronic stopping power calculated by SRIM;

g

Sy s the newly fitted electronic stopping power.

The MEIS analyses were performed again with the newly fitted electronic stopping power as shown in
Table A.5. The average value of the 7 nm HfO, layer is 31,5 % in the Hf concentration, 6,25 nm in the
thickness, and 1,63 x 1016 atoms/cm? in the amount of Hf. The standard deviation of the 7 nm sample
is 2,3 % for the concentration, 0,28 nm for the thickness, and 1,15 x 1015 atoms/cm? for the amount of
Hf. The relative standard deviation is 7,3 % for concentration, 4,5 % for thickness, 7,0 % for Hf quantity,
which showed a significant improvement compared to the former one in Table A.3. The improvement of
the consistency by using the new refitted electronic stopping power is quite clear, which demonstrates
that the use of accurate electronic stopping powers is critical for quantitative and reliable MEIS
analysis. It should be mentioned that the relative standard deviation of the concentration of Hf for
1 nm HfO, is still poor compared to HfO, layers thicker than 3 nm in contrast to those of the thickness
and the quantity of Hf. For 1 nm HfO, layer, the plateau of the Hf peak did not appear clearly so that
the reliability of MEIS analysis of ultrathin films thinner than 1 nm is not enough. It is recommended

©1S0 2022 - All rights reserved 13
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to express MEIS analysis result in surface areal density rather than in thickness or concentratio
ultrathin films of approximately 1 nm thickness.

Table A.5 — Analysis results with newly fitted electronic stopping power

n for

Concentration of Hf Thickness Quantity of Hf
(nm) (1x1015 atoms/cm?2)
Partici- Inm 3nm 5nm 7nm 1nm 3nm 5nm 7nm 1nm 3nm 5nm 7nm
pants
A 0,127 0,263 0,267 0,29 1,69 293 4,38 6,30 1,78 6,41 9,70 15,18
B 8;26—0;268—0;275 265 4578 6,86 5:87—10;66—1p,67
C 0,205 0,29 0,278 0,297 1,10 2,70 4,48 6,35 1,87 6,51 10,360 15,65
D 0,217 0,323 0,288 0,295 092 2,55 4,10 6,05 1,66 6,85 982~ 14,83
E 0,21 0,317 0,343 0,346 1,15 2,60 4,35 6,18 2,01 6,84 A12,41 1},75
F 0,264 0,317 0,326 0,35 0,85 2,58 4,02 5,85 1,86 6,79 *~ 10,89 1},01
G 0,243 0,312 0,323 0,333 090 2,72 4,42 6,12 1,82 704 11,87 16,69
H 0,203 0,316 0,313 0,303 096 2,31 3,95 5,80 1,62 6,07 10,28 14,62
I 0,215 0,32 0,323 0,325 1,03 2,55 4,30 6,17 1,84 6,78 11,55 16,70
] 0,247 0,333 0,33 0,343 1,03 2,64 4,38 6,50 2,11 731 12,01 18,54
K 0,213 0,305 0,322 0,31 096 2,87 4,20 6,27 1,70 7,27 11,23 16,15
L 0,220 0,273 0,287 0,313 098 2,60 4,50 6,55 1,79 5,90 10,72  1},05
Average 0,214 0,303 0,306 0,315 1,06 2,64 4,32 6,25 1,83 6,64 1096 16,34
Standard | 0,033 0,023 0,025 0,023 0,02 0,15 0722 0,28 0,14 0,47 0,83 1,15
deviation | (1594 (7,6 %) (8,2%) (7,3 %) (2%) (5.7 %51 %) 45%) (77 %) (71%) (7,6%) (7)0 %)
NOTE 1 Molig¢re potentiallel, and Chu stragglinglZl were applied:
NOTE 2 For the magnetic sector and electrostatic analyser results, Marion neutralizationl2] was applied for 100 keV H* and
He*, and Armgtrong's neutralization[4] was applied for 400keV to 500 keV He*.
A.4.5 Comparison
Shown in Flgure A.5 are the concentration, the thickness, and the amount of Hf for the 7 nm [HfO,
sample analysed by SRIM95 electronic stopping power and a new fitted electronic stopping ppwer
for comparison. As shown in Figure A.5, the concentration determined by using SRIM95 electfonic
stopping pojwer show relatively’good agreement. However, the thickness and the amount of Hf show
poor agreemient. MEIS analysis results by using 80 keV to 100 keV He* are higher than those by 100 keV
H* or 400 KeV to 500 KeV-He* regardless of the analyser type. On the other hand, the use of newly
fitted electrpnic stopping powers significantly reduces the standard deviation of the thickness anfd the
quantity of Hf, whilesthe standard deviation of the concentration increases slightly. This demonstfates
that accurate electronic stopping power is critical for quantitative MEIS analysis. Electronic stopping
power from| SRIM95 can be the starting point but if experimentally determined values are available
from the IA Tt T i h the
[AEA. If electronic stopping powers are not available or not sufficient from the IAEA home page, they

may be measured by each user for more reliable MEIS analysis.

14 © IS0 2022 - All rights res
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jsurement of electronic stopping power

includes the newly measured 62,3 keV He+ and 100 keV¢He* electronic stopping po
ince there were no data for 15 keV to 100 keV He* in_SiO,, measurements were reqy
Lhe accuracy of the electronic stopping power in the range of approximately 100 keV.
dded to the IAEA electronic stopping power data ofHe* on SiO, to obtain a newly f
opping curve.

measured electronic stopping power valuesvere obtained by measuring the height d
um using 100 keV He* with two different incidence angles at the same scattering angle

wer as well as the incident angle, thé-cross-section at the scattering angle, the numh
ticles and the detector efficiency~K-is the kinematic factor, S; is the stopping power
e path, S, is the stopping power'ef KE; in the exit path, a is the incident angle, and f3 j
is the concentration of the element, A is a constant, Q is the number of incident ions, A
width of the energy specttum, o is the scattering cross-section, and () is the solid ang
. Formula (A.2) has twé_unknown values (S; and S,), which can be solved if there arg
At this time, it is agsumed that the scattering cross-section is correct. The experim
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where
K is the kinematic factor;
Sq is the stopping power of E; in the intake path;
S, is the stopping power of KE in the exit path;
a, a;, a, istheincident angle;
B, By B> is the exit angle;
C is the concentration of the element;
Q is the number of incident ions;
AE 4, is the channel width of the energy spectrum;
o is the scattering cross-section;
Q is the solid angle of the detector;
0 is the scattering angle.

a)

© IS0 2022 - All rights reserved
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Figure A.6 — Experimental geometry of newly measured electronic stopping power

This method requires carefully contrdlled measurement of the spectrum height, the number of incjdent
particles, the detector efficiency. The incident ion count is controlled by faraday cup monitoring and
the detector efficiency is adjusted by Ag with a sufficient electronic stopping power database| The
measuremept is performed, by TOF-MEIS in K-MAC and there is no neutralization by using a| TOF
analyser. In pddition, multiple scattering amounts are included in the calculation.

A.5 Summary.ef the interlaboratory test results

An interlaboratory test was conducted to investigate the consistency of the amount and the
concentration of Hf, and the thickness of HfO, from MEIS analysis for nominally 1 nm, 3 nm, 5 nm, and
7 nm HfO, samples. Twelve participants obtained MEIS data under their own analysis conditions and
the data was analysed at K-MAC with Moliere potentiallel and Chu stragglinglZl. For analysis of data
from the magnetic sector and electrostatic analyser, Marion and Young'’s neutralization[2! for 100 keV
H* and He*, and Armstrong’s neutralizationl4! for 400 keV He* to 500 keV He* were used. For electronic
stopping power, MEIS analysis results using electronic stopping power from SRIM95 and the corrected
electronic stopping power by the data of [AEA site are compared. The comparison demonstrated that
the corrected electronic stopping power provides more consistent results with relative standard
deviations of (2 to 8,2) % than those from SRIM95 with relative standard deviations of 5,3 % to 15 %
for the concentration and the amount of Hf, and the thickness of HfO, layer. The interlaboratory test
showed that using correct electronic stopping power is critical for quantitative MEIS analysis.

18 © IS0 2022 - All rights reserved
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Annex B
(informative)

List of MEIS spectra simulation program sources and a procedure
of MEIS spectra simulation using PowerMeis

B.1 | List of MEIS laboratories using their own spectra simulation programs

Institute Reference Instrument|type

Rutgers University, USA See Reference [10] TEA
UFRGS, Brazil See Reference [11] TEA

Kyoto University, Japan See Reference [12] HRRBS
Western University, Canada See Reference [13] TEA
University of Huddersfield, UK See Reference [14] TEA
Uppsala University See Reference [15] TOF
K-MAC, Korea See Reference [16] TOF

B.2 | MEIS spectra simulation procedure using PowerMeis

B.2.1 MEIS spectra can be simulated with PewerMeis!. When PowerMeis simulation i$ on, it asks
several input data for simulation as follows.

In algorithm, number of interactions, integration step, voxel size are 10, 1 Angstrom, and [l Angstrom,
respectively. For integration methodydefault MC is chosen generally.

In cqlculation, for line shape, cross-section, energy stopping power, and energy stragglinlg, generally
chosgn are exponentially modified Gaussian, Corrected, SRIM, and Chu. For charge neptralization,
Maripn’s equation is used for 100 keV H* and He* and Armstrong’s for 400 keV to 500 k¢V He*. Casp
charge-state-fractions algorithm can be used for He with better reliability and for other heavier ions
Expdnentially modified Gaussian is better for ultrathin films. Corrected cross-sections are calculated
by Mpliere potentiakJfmeasured electronic stopping power data from IAEA database3 is ayailable, it is
recommended todse’the electronic stopping power from the IAEA database for more reliable results. To
ven in B.2.2
If the IAEA
appropriate
d electronic

In output, histogram mode, energy channel width (dE), angular channel width (d6), minimum energy
(E,in), and maximum energy (E_,.,), are simple, 0,1 keV, 20°, and appropriate minimum energy and
maximum energy for each MEIS analysis. Energy channel width and angular channel width can be
adjusted according to the energy and angular resolution for each MEIS analysis. Angular channel width
should be larger than the detector angular width.

In beam, projectile is generally ion but molecule can be chosen, when molecular ions are used. Particles
x sr is generally 1012 but it can be adjusted to fit the experimentally measured MEIS spectra. Atomic
number, atomic mass, beam energy, and incidence angle from the surface normal are from specific ion
scattering conditions.

In detector, detector type is chosen among electrostatic, time of flight, and magnetic. For electrostatic
and magnetic detector type, energy resolution FWHM (8E), scattering angle (8), and angular width (A8)
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specified from each MEIS analysis are given. For TOF detector type, TOF length (L) in m, time resolution
(8t), out of plane angle («) and out of plane angular width (§a) are additionally given according to
specific TOF MEIS scattering conditions. Out of plane angle and angular width are used when TOF MEIS
scattering data from out of plane region in a large solid angle detector are used. Energy resolution
FWHM (8E) or time resolution (6t) can be measured by fitting the leading edge of a MEIS peak from a
clean surface.

In graph, 1D can be chosen generally for spectrum type. Measured MEIS spectra in txt file with intensity
vs energy is uploaded by pressing upload experimental.

After all the
of a specimy
parameters
MEIS systen
shape paran

input parameters for simulation and experimental parameters are given, the structure
RO irst-press-elements—to-Hstup-elements-used-in-simutation—kine-shape

. For

o, (addition
and target ¢
additional p

Then press

number den
the number,
stoichiomet
a non-stoich

p (Ax+6x :

where m is {

For mixturd

Formula (B.
p(x%A+

where m is 1

The use of
PowerMeis
is, dw?/dx r

Press layerq
name for ea
contaminati
the fitting.

al parameter), is calculated by Casp 5.2 program3 for each projectile, projectile e
lement. Follow the instructions in Casp 5.2. Use the calculated line shapeparameter a
arameter for each element for the structure of a specimen.

compounds to make a list of compounds used in simulation. Give“density to conver
sity to the depth scale. If the density of thin films used in the MEIS analysis is knowr
But, generally the number is not known so that just use the bulk'density. In the case of]
Fic compounds or mixtures, just use the sum rule. According to the sum rule, the dens
iometric compound p(A,, s, B,.s5,) can be estimated by thelFormula (B.1).

) = {(x+6x) m(A) +(y+dy) m(B)}/[{x m(A) +y m(B)}/p(A,B,)]

he mass of each element or a compound in u

s of A and B, the density of the mixture A(x%) and B(y%) can be estimated by the

D).

%B) = {x m(A) +y m(B)}/{x m(A)/p(A) +y m(B)/p(B)} (B.2)

he mass of each element ora‘compound in u.

bd in
that

bulk density values or the density estimated by the sum rule, which is incorporat
Can generate errorsiin‘the depth from MEIS analysis. For straggling correction factor,
htio, just use 1.04if the correction factor is not available, which is generally the case.

pund
rface
rove

to constructdayered thin film structures. Give the thickness in Angstrom and comp
ch layer. The first layer is the substrate layer, not the surface layer. If necessary, a su
on layeror an interface layer between ultrathin film layers can be introduced to imy

B.2.2 Elec

ronic stopping power 1Is automatically calculated Dy the SKRIM code, which Can be used for

non-critical MEIS analysis with inconsistency higher than 10 %. However, electronic stopping power
from the SRIM code can have significant errors in the medium energy range. For accurate MEIS analysis
with consistency lower than 10 %, it is recommended to use the measured and tabulated electronic
stopping power data of elements and compounds from IAEA3, as described in Formulae (1) and (A.1).
The accuracy of electronic stopping power values in the [AEA database is estimated to be less than 8 %
as discussed in Annex C.

The electronic stopping power from IAEA database can be obtained by fitting a set of electronic
stopping power data. The equation used to fit the data are shown in Formula (1).

From the IAEA data, available fitting parameters A, B, C, and D are calculated and tabulated in Annex D
for the convenience of users.
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The correction factor is determined by taking into consideration the input / output beam path and
electronic stopping power of SRIM and the new electronic stopping power for E; and KE,. The correction
factor for the unit layer was obtained by Formula (A.1). K is the kinematic factor for the scattering angle,
a is the incident angle, {3 is the exit angle, and E is the initial energy of the ion. The correction factors
from Formula (A.1) can be used in inelastic energy loss correction dE/dx ratio in compounds. dw?/dx
ratio is 1.0 for no straggling correction.

B.2.3 After all the specified and appropriate values are given, press start. Adjust the parameter of
projectile number (Particles *Sr) in beam to fit the intensity of a reference layer for example between
measured and SImulated MEIS spectra when the 1nternal reference layer is used as the (Partlcles *Sr)
ely to get the
greement between measured and simulated MEIS spectra. XZ calculatlon can be uSed to find the
greement with a properly chosen energy range of spectrum. The low limit of an.enefgy range in
x? cdlculation is recommended to be not lower than 10 keV from the substrate surface peak. In case
that p reference layer of known stoichiometry is included in the sample, the height of refgrence layer
can e chosen to generate the minimum X2 calculation to determine the projéctile numbér. And then
the composition and the thickness of unknown layers can be determined by‘hanging the fifting energy
rangg to the unknown layer peak position to calculate and minimize x2(Tn case of no ref¢rence layer,
overall x2 calculation with an appropriate fitting range can be used to.gét the best agreemgnt between
meagured and simulated MEIS spectra.
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Annex C
(informative)

Reliability of the IAEA electronic stopping power data

C.1 General

The interlaboratory test report in Annex A demonstrated that using correct electronic Stof
power is crijtical for quantitative MEIS analysis. The IAEA nuclear data services are recomme]
for a reliable source of electronic stopping power data. Addressed here is the reliabiljty of the

electronic sf
its standard
certain rang
range of sp{

opping power data based on the statistical analysis of the mean normalized\differenc
deviation taken from the IAEA nuclear data services3 for the medium €nergy range.
e of Z;, for a certain range of target atomic numbers Z,, and for every.datd pointin a ce
cific energy E/A; (where Z; is the projectile’s atomic number, E its.énergy and 4, its

ping
nded
AEA
b and
For a
rtain
mass

number), the normalized difference § is calculated by the Formula (C.1):

5=100(Shy, =Sh )/ (Sho) €.
Here, SP is calculated by the Formula (C.2) is the mass stopping pewer, p is the density,

sP=s/p (C.2)
S, -dE/dx is|the linear stopping power, and x is the-path length. In every range of specific energy,

determined
the Formulg

Here, < > signifies an unweighted average, Sexp 1s an experimental stopping power value taken

our collectid
small [A[ ud
related to tH
as a measu
homepage.

are the mean normalized difference AS(J) and its standard deviation o is calculatg

(C.3):
)-(8)?

n, and S;,; the corresponding value from a particular stopping power table or progrj

ually signifies gogd agreement between table and data, and the standard deviation]
e accuracy of the experimental data. If /A[ is small, as it is frequently found, o may be t
re of the acéuracy of the table, as determined from experiment. For details, visi

ed by

(C.3)

from
m. A

o is
aken
t the

C.2 Stati

stical Analysis for protons and alphas in elements

Results for ZBL 85 and SRIM2003 program are mentioned here, because they are the most widely used
in MEIS analysis simulation. For 0,01 MeV to 0,1 MeV energy range, mean normalized differences A + o
(in %) for H ions in 17 solid elements for ZBL 85 and SRIM2003 are -1,2 + 12 and 0,6 * 11, respectively.
Mean normalized differences A # o (in %) for He ions in 16 elemental solids for ZBL 85 and SRIM2003
are - 2,6 = 5,7 and -0,1 * 3,2, respectively. For 0,1 MeV to 1 MeV energy range, mean normalized
differences A + ¢ (in %) for H ions in 17 solid elements for ZBL 85 and SRIM2003 are -3,0 + 7,8 and
-0,9 * 6,8, respectively. Mean normalized differences A # o (in %) for He ions in 16 elemental solids for
ZBL 85 and SRIM2003 are 0,7 + 5,8 and 0,5 * 5,4, respectively. The number of solid elements for H ions
is 17 and that for He ions is 16.

As summary, the reliability of the electronic stopping power of H* ions and He* ions calculated by
PowerMeis for elemental solids are less than 12 % and 6 %, respectively.
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