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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

X-Ray Reflectometry (XRR) is widely applicable to the measurement of thickness, density and interface
width of single layer and multi-layered thin films which have thicknesses between approximately 1 nm
and 1 pm, on flat substrates, provided that the layer, equipment and X-ray wavelength are appropriate.
Interface width is a general term; it is typically composed of interface or surface roughness and/or
density grading across an interface. The specimen needs to be laterally uniform under the footprint of
the X-ray beam. In contrast with typical surface chemical analysis methods which provide information
of the amount of substance and need conversion to estimate thicknesses, XRR provides thicknesses
directly traceable to the unit of length. XRR is very powerful method to measure the thickness of thin

film

The
quali
mea

The
for d

Wwith S traceaDbllIty.

key requirements for equipment suitable for collecting specular X-ray reflectivity
ty, and the requirements for specimen alignment and positioning so that/usef
urements may be obtained are described in Clause 4.

key issues for data collection to obtain specular X-ray reflectivity data-of high qua

ata treatment and modelling are described in Clause 5. The collection of the data is {
cted by running single measurements under direct operator data’input. However, r
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1t where it can be transparent to the user. There are many software packages, both
hon-proprietary available for simulation and*fitting of XRR data. It is beyond the s
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y aspéects related to the use of X-ray equipment are not considered in this document]
urements, the adherence to relevant safety procedures as imposed by law are the res

Hata of high
1l, accurate

ity, suitable
raditionally
ecently data
the operator
ire program

ful material

mation about the specimen are described in Clatse 6. While specular XRR fitting can be a

htions to the
proprietary
cope of this
re given for

eview of the
vailable, the

ind analysis.
[eith Bowen

Brian K. Tanner, “XcRay Metrology in Semiconductor Manufacturing”, Taylor and Francis, London

lern Physics
h Thin Films
Reflectivity:

During the
ponsibilities

of th

© ISO

c USCT.

2020 - All rights reserved


https://standardsiso.com/api/?name=e3b1cd2c202e33799e74bfff85ae9bda



https://standardsiso.com/api/?name=e3b1cd2c202e33799e74bfff85ae9bda

INTERNATIONAL STANDARD

ISO 16413:2020(E)

Evaluation of thickness, density and interface width of thin
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and reporting
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bcope
document specifies a method for the evaluation of thickness, density and interfaee wi

ubstrates, by means of X-Ray Reflectometry (XRR).

method uses a monochromatic, collimated beam, scanning either an angle or a scattg
ar considerations apply to the case of a convergent beam with parallel data collec
ibuted detector or to scanning wavelength, but these methods.are not described
ion is made of diffuse XRR, and the requirements for experiments are similar, this is ng
resent document.

urements may be made on equipment of various configurations, from laboratory insg
ctometers at synchrotron radiation beamlines or automated systems used in industry:.

would cause a reduction in the accuracy of the'measurement results. Since XRR, pe

wavelength, does not provide chemical infermation about the layers, attention shou
ble contamination or reactions at the specimen surface. The accuracy of results for
is strongly influenced by any changes*atthe surface.

E 1 Proprietary techniques are not:described in this document.

2

Therge are no normative references in this document.

3

For the purposesof this document, the following terms and definitions apply.

ISO gnd [ECmaintain terminological databases for use in standardization at the following ¢

ormative references

erms and definitions

dth of single

and multi-layered thin films which have thicknesses between approximately,1'nm and 1 pm, on

bring vector.
tion using a
here. While
t covered in

truments to

a collection,
-formed at a
d be paid to
the outmost

ddresses:

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

— 1

3.1
3.11

EC Electropedia: available at http://www.electropedia.org/

Terms and definitions

grazing incidence angle
w (omega)
angle between the incident beam and the specimen surface

Note

© ISO

1 to entry: This angle is sometimes called ‘glancing angle’.
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critical angle

0

C
angle between the incident beam and the specimen surface, below which there is total external
reflection of X-rays, and above which the X-ray beam penetrates below the surface of the specimen

Note 1 to entry: The critical angle for a given specimen material or structure can be found by using simulation

software, or approximated from the formula 6, =~26 where 1 - §is the real part of the complex X-ray refractive
indexn=1-6-if.

3.1.3

specimen I{
dimension g
specimen

3.1.4

specimen W
dimension d
the plane of

3.1.5

Pngth
f the specimen in the plane of the incident and reflected X-ray beams and in the plahe-

fidth
f the specimen perpendicular to the plane of the incident and reflected X-ray beams a
the specimen

specimen height

dimension (

3.1.6
layer thicki
thickness of]

3.1.7

Fhickness) of the specimen perpendicular to the plane of the specimen

hess
an individual layer on the substrate

beam footprint

area on the

3.1.8

beam spill-
effect of gra|
the incident

3.19
instrument
analytical fy
intensity

3.1.10

reciprocal
representat
inverse of re

specimen irradiated by the X-ray

off
zing incidence that involves the reduction of the measured reflected intensity when p4
beam is not intercepted by-the specimen, so that the part spills off the specimen

function
Inction describing.the effects of instrument and resolution on the observed scattered

space
on efthe physical specimen and X-rays where the distance plotted is proportional t

fthe

nd in

rt of

K-ray

O the

alzspace distances, and angles correspond to real-space angles

3.1.11

wave vector

k

vector in reciprocal space describing the incident or scattered X-ray beams

3.1.12

scattering vector

q

vector in reciprocal space giving the difference between the scattered and incident wave vectors

3.1.13
dispersion

plane

plane containing the source, detector, incident and specularly reflected X-ray beams
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3.1.14

specular X-ray reflectivity

reflected X-ray signal detected at an angle with the specimen surface as the incident X-ray beam with
the specimen surface: 26/2 = w

Note 1 to entry: The detected, scattered X-ray intensity is measured as a function of either w or 26 or g, (usually
presented against g, or i).

3.1.15
diffuse X-ray reflectivity
X-ray scatter arising from the imperfection of the specimen

3.1.16
fringe
one ¢f the repeating maxima in reflectometry data which arise from interference ofthe X-rpy waves

Note [l to entry: Fringe periods are related to the thickness of a layer (or layers) of contrasting ele¢tron density.
Multilple layers give rise to series of superposed interfering fringes.

3.1.17
fringe contrast
qualitative description of the height of a fringe (3.1.16) between its minimum and its maximum

Note [l to entry: The greater the difference between minimum and maximum, the greater the contrasft is said to be.

3.1.18
electron density

Pe
electfrons per unit volume

Note [l to entry: XRR typically measures electron density in electrons per nm3 or per A3,
Note |2 to entry: This can be calculated from mass density.

3.1.19
mass$ density

p
cominon density (mass per unitvolume)

Note [l to entry: The unit of thé mass density is kg m=3 (or g cm™3).

3.1.20
absarption length

Labs
distgnce over'which the transmitted intensity falls to 1/e of the incident intensity

3.1.21
X,Y,Z coordinate system
orthogonal coordinate system in which X is the direction in the plane of the specimen, parallel to the
incident beam when ¢ = 0; Y is the direction in the plane of the specimen, perpendicular to the incident
beam when ¢ = 0; and Z is the direction normal to the plane of the specimen

3.2 Symbols and abbreviated terms

260 angle of the detected X-ray beam with respect to the incident X-ray beam
W angle between the incident X-ray beam and the specimen surface

angle of rotation about the normal to the nominal surface of the specimen

© IS0 2020 - All rights reserved 3
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angle of tilt of specimen about an axis in the plane of the specimen and in the plane of the

incident X-ray beam, X-ray source and detector
critical angle

wavelength of the incident X-ray beam

mass density

electron density

i
vdvC VCULUIL

Scattering vector

interface width
nbsorption length in the specimen

X-Ray Reflectometry or X-Ray Reflectivity

imental requirements for the scanning method

bmatic diagrams

pecimen (w) and detector (26).axeés.

root mean square height of the scale-limited surface (according to 1S0\25178-2) or

mental requirements, alignment and positioning guidelines

scalar magnitude of the component of the scattering vector in reciprocal spacemnormal to
the specimen surface (corrected or uncorrected for refraction). g, = sin(@) x4m/A

al requirements are on the beanisize and beam positioning over the coaxial centres of

Figure 1 shows a diagram of a basic collimated beam, scanning configuration for an XRR experiment.

The case of

h convergent beam and distributed detector is not shown.

© IS0 2020 - All rights reserved
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(i) / (i)
@ S e —20=0
M ci?/
(vi)
: =
Key
) angle between the specimen surface and the incident X-ray beam

20 | angle between the detected beam and 26 = 0 (the extension of the incident X-ray beam)
)] X-ray source

(ii) | collimated incident x-ray beam

(iii) [ specimen

(iv) | centre of rotation

(v) | reflected x-ray beam

(vi) | detection system

NOTH The centre of rotation, where incident and reflected beams, the specimen surface and the rotation
axes pf w and 26 coincide, is highlighted as grey disc.

Figure 1 — Schematic layout of a typical scanning XRRexperimental configuration,|projected
into the plane of the source, detector, incident and specularly-reflected X-ray beams (the
dispersion plane)

Figufe 2 shows a schematic diagram of scanhing configuration XRR in a three-dimengional view,
indidating the diffuse scatter as well as the specularly reflected X-ray beam.

_ ™)
(iv)

(i) ¢

@

(iii)

Key
w  anglé between the specimen surface and the incident X-ray beam

26 angle between the detected beam (at 26 = 0) and whichever part of the reflected beam is off interest (the
detected beam)

(i) X-ray source

(i) collimated incident x-ray beam
(iii) specimen

(iv) diffusely scattered x-rays

(v) specularly reflected x-ray beam

Figure 2 — Schematic diagram showing specular and diffusely reflected X-ray beams

© IS0 2020 - All rights reserved 5
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4.1.2

4.1.2.1

Incident beam — Requirements and recommendations

Incident beam — Requirements

The following requirements shall apply to the collimated beam, scanning method. Similar considerations
apply to the convergent beam, parallel data collection method.

a)
b)

d)

4.1.2.2

The followi
concern the

a) The spd
observe
or, for e

b)

The incident beam shall be stable (or can be compensated) within the time-frame of the experiment.

The incident beam shall be nominally monochromatic. The wavelength dispersion dA shall fulfil
the following condition: dA < Ad6/tan(6@,,) where d6 is the beam divergence and 6, is typically the

maximy

EXAMPI|
50 arc sq
0,035 nnp.

If the be
thickne
the bea
hundre

The inc
backgrd
angle, t
proport
graded

Beam sj
and abo
there is
critical

NOTE
footprin

1y
2)

3)

4)

Incident beam — Recommendations

The

5s. Practically, the maximum measurable thickness is less than A/6sin(dg) where
m divergence for a suitable specimen. For typical laboratory equipment, the limit is 4
] nm.

here is total external reflection. Above the critical angle, reflected intensity falls at 4

surfaces.

TITinCidernce angte wiere fringesare stittobserved:

E If using an incident beam of Cu Ka radiation (A = 0,154 1 nm) with an angular divergence of

conds, and if fringes are to be observed out to an incident angle of 3,5° then dA needs to be less

am is not sufficiently collimated, the divergence of the beam limits the maximum detec

dent intensity shall be such as to allow several orders of magnitude intensity range a
und, since reflected intensity falls rapidly above thecsgritical angle. Below the cr

jonal to g,~* for a perfectly smooth surface, and mexe rapidly than this for rough oj

than

table
40 is
h few

bove
itical

rate
/and

g recommendations concern the collimated beam, scanning method. Similar considerafions

convergent beam, parallel data collegtion method.

cimen should be laterally uniform under the area irradiated (the beam footprint}
d by the detector. This may be achieved by control of incident and scattered beam slits
kample, inserting a knife-edge near the specimen.

pill-off should be minimized. This is especially important when the specimen angle is
ve the critical angle: The beam width compared to the specimen length should be such
no beam spill-off for a specimen angle which is above about 75 % (preferably less) d

hngle. (See Figtine”3.)

With the ‘specimen parallel to the beam (w = 0), the beam covers all of the specimen. The
I varies with incident angle unless slits or knife-edge position are varied through the scan).

madximum acceptable beam width for a given specimen size can then be found by geon

and
and/

near
that
f the

beam

etry.

If t

nere are very small specimens, 1T may not be practical to meet the recomme

nded

requirements. In this case, the accuracy and precision of densities and interface widths
deduced may be compromised.

This is necessary so that the position of the critical angle can be ascertained with reasonable
confidence, so that, if data analysis includes layer density and interface width parameters,
these can be deduced with reasonable accuracy.

Some modelling and data fitting software allow the specimen size and beam size to be input,
which allows data fitting where there is significant beam spill-off, but even so it is recommended
that the specimen fill the incident beam from below the critical angle in order to have high

con

fidence in fitting this region and obtaining good density information.

© IS0 2020 - All rights reserved
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Y
100 E T T T T T T T T T T E
w07 :
10-4— é_ ':-nl A __;
10°F
10°%F
i 1
0 1 X
Key
X (¢,innm7! simulated speculay reflectivity of 20,0 nm $
Y geflectivity 0,6 nm surface‘roughness) on bulk Si (with
interface width), without instrument funct
— . simulated specular reflectivity of 20,0 nm §
0,6(0m surface roughness) on bulk Si (with
interface width), with instrument function
source and detector slits and a 10 mm sped
NOTH The position of the critical angle for the small specimen is unclear and possibly appar
and the rate of decrease of reflected intensity with increasing specimen angle is affected. Th

izN, (with
0,3 nm
on

izN, (with
0,3 nm
(0,5 mm
imen)

ently shifted,
s affects the

roughness or interface width deduced if the.instrument function is not accurately taken into account in analysis.

The g

c 1
|
d) 1

)

Ibeyond the critical angle, fringes in the reflectometry data will still give an accurate

perpendicular to the dispersion plane (the dispersion plane is perpendicular to f
‘igure 1) in the case where measuring the direct beam intensity is used to align t}Ile specimen

ositions of fringes are unaffected, so.thickness analysis can proceed successfully.

instrument function

f the above recotnmended condition cannot be met, provided that spill-off does not co

ayer thicknesses.

[hat portion of the X-ray beam measured at the detector should not spill off tH

Figure 3 — Simulated specular reflectivity of 20,0 nm Si;N, on bulk Si, with and without

htinue much
measure of

e specimen

he plane of

daccurately over the centre of rotation ol w and Z0.

4.1.3 Specimen — Requirements and recommendations

4.1.3.1 Specimen — Requirements

The following basic requirements shall be verified.

— XRRis a near-surface-sensitive technique. The specimen shall therefore be handled or treated only
in such ways that the surface is not modified or that any modification is taken into account in the
interpretation of the data. Modifications could include touching, mechanical or chemical polishing.

© ISO
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4.1.3.2 Specimen — Recommendations

The following basic recommendations should be followed.

a)
b)

d)

4.1.4 Goniometer — Requirements

The following basic requirements shall be verified.

a)
b)

e)

4.1.5 Detpctor— Requirements

The followingbasic requirements shall be verified.

a)
b)

The specimen should be laterally uniform under the beam footprint observed by the detector.

The specimen should fill the incident beam from a specimen angle significantly below the critical
angle and for angles above this. It is recommended that the specimen should fill the beam from a
maximum of 75 % of the critical angle.

The specimen should not be significantly bowed, or alignment precision and data quality are
compromised. The effect of curvature can be minimized by minimizing the beam footprint on the
specimgn. It is recommended that the specimen should fill the beam from a maximum of 75|% of
the crit|cal angle. It may be possible to proceed with data analysis from curved specimens. $ome
data fitting models can take specimen curvature into account. Thickness values may be-obtdined
with sufficient accuracy, but the accuracy of interface widths and density is poorer.

The specimen surface and interfaces (where applicable) should be smooth, with aboot mean square
(rms) rqughness or interface width less than or similar to L,;,./6.. Refer to 5,2.1 for a more detailed
description of roughness and interface width. Typically, this means ¢ <5'1im maximum (gbove
which, gpecial models must be applied for the analysis) and preferably~e < 3,5 nm. Where the
surface|or interfaces are too rough, reflected intensity falls too rapidly with increasing specimen
angle, apd reflectometry data give no useful material information~Models used to fit data arg also
less relipble at very high interface widths.

A mechanically well-aligned and stable X-ray gonionteter is required.

For a scAnning configuration, the w and 26 axes-shall be capable of being moved such that intefvals
can be rhaintained in the ratio A(26) = 2(Aw):*Maintaining the ratio to one partin 1 000 is typically
sufficient.

The intgrvals of w and 26 shall be capable of being small enough that at least five data points may be
collected over a single thicknessfringe. More data points are required for more complex specirhens.

The specimen height (Z) shall be capable of being set accurately on the centre of rotation of ¢ and
20 axes

The specimen stage~angle of tilt () shall enable setting the specimen parallel to the incjdent
beam sljits.

The detector response shall be stable within the time-frame of the experiment.

For the specular reflectivity data to be collected in a single scan, the angular resolution of the
detector shall be such as to allow discrimination between the specular and diffuse reflectivity. It is
usual and recommended that the acceptance slits at the detector (where applicable) be set to match
the incident beam width and divergence.

Either the detector shall be capable of linear (or linearized) response over the whole reflected
intensity range (several orders of magnitude) or a system of calibrated attenuators to limit the
detected intensity is required over appropriate parts of the data range in order that the detector
can be linear (or linearized) in that range. Data in the different sections are then normalized using
the attenuation factors.

© IS0 2020 - All rights reserved
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For the requirements of specular reflectometry, as here, there is no discrimination

in the plane

perpendicular to the dispersion plane (i.e. in the plane perpendicular to the diagram in Figure 1). Reflected
intensity is integrated in this direction.

4.2

Instrument alignment

Alignment checks may be part of automated routines available on particular equipment. Slit collimation
of the scattered radiation is assumed. The procedure below describes one approach to align the
instrument 260 axis

a) Set the X-ray source slit width to minimize spill off (typically 0,1 mm to 0,2 mm in a laboratory

JyStem):

b) Make sure that nothing unwanted obstructs the beam between the source and’detector. The
g§pecimen and specimen mounting shall be out of the beam.

c) $tart with the detector slits significantly wider than the source slits (many|times wider).

d) The incident X-ray beam shall be accurately centred on the centre of-rotation of the specimen and
dletector axes.

INOTE It is possible, with modern control software, that corrections to axes motions take into account a
mon-ideal instrument alignment.

e) $et the detector slit width so that the acceptance angle.is‘similar to the incident beam| divergence.
This typically means that the detector slit width is. set the same as the source slif width in a
laboratory system or about 20 % wider.

f)  $can the detector angle across the incident beam."The peak should be an approximately symmetric
gingle maximum. Locate the position of the’centre of the peak maximum (approximately at the
¢entre of mass). Move the detector to this pesition to set the 26 = 0 position accurately.

4.3 | Specimen alignment

Equipment and its controls may include automatic specimen alignment, data collection and analysis

routines, and may make use ofsether methods of alignment, e.g. range finders or positidn monitors.

The procedure below describes/one approach to specimen alignment relative to the X-rayl beam in an

alignled instrument.

a) The instrument shall be aligned correctly, with appropriate slit widths, with the intident beam

ccurately overthe/centre of rotation and the detector angle 26 = 0 correctly set on the infident beam.

b) The angle, @rbetween specimen surface and incident beam shall be calibrated so that zero sets the

pecimenrsurface approximately parallel to the incident beam.

c) If using a knife-edge, its position in Z, X, and tilt perpendicular to the beam diredtion (where

vailable) shall be carefully set. This is done after adjusting the specimen pgsition. The
manufacturer’s recommended operating instructions should be consulted.

d) Mount the specimen on the specimen stage, in a suitable and repeatable orientation as far as
possible, e.g. notch or flat down, or cleaved edge parallel or perpendicular to the beam direction.

e) Where applicable, set the X-ray generator power to the manufacturer’s recommended operating
level. Ensure stable operation.

f) Move y such that the specimen surface is nominally perpendicular to the plane containing the
source, incident beam and detector.

g) Move the specimen to the X, Y, ¢ position required for the measurement. Make sure that nothing

unwanted (such as the means of specimen mounting) can interfere with the incident
beams.

© IS0 2020 - All rights reserved
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h)

j)

k)

t)

Initially, make sure that Z is such that the incident beam initially passes unhindered past the
specimen.

If required, insert an attenuator in the beam so that the detected intensity is well within the linear
or linearized regime of the detector. Note the full beam intensity, I ;.

Move Z to move the specimen into the beam until about one quarter to one fifth of the full beam
intensity is observed, i.e. move Z until I, c..veq ~Irun/4 t0 ~Iey1/5.

Adjust w until a maximum intensity is observed. If the maximum intensity is more than half the full
beam intensity, go back to step (j).

Scan w to find more precisely the position of maximum intensity. Set w here.
Now set y. Move Z until the incident beam is nearly eclipsed (to about 2 % of full beam intensitly).
Scan y Hoth sides of the nominal position.

Set y to the minimum of the scan profile.

Move Z until I pcerved = Irun/2-

Scan w ggain, and set w at the intensity maximum, which should be I, {/2.

Make small adjustments in Z and w if required until the maximunhihtensity on an w scan is I ;,/2.
The spgcimen is now parallel to the incident beam and half way into it. Since the beam is over the
centre df rotation of w and 26, the surface of the specimen iscnow also over the centre of rotation.

It is stahdard practice on some XRR equipment to fit aknife-edge close to the specimen to define
the beam and reduce scatter, although this is not essential on all equipment for obtaining|high
quality data. If a knife-edge is in use, it is set and adjusted at this point. Procedures are specific to
the particular equipment configuration in use, and'so are not discussed here.

Move 24 to an angle significantly above the-critical angle but such that there is sufficient intepsity
in the specularly reflected beam, i.e. well\above the background level of the detector. Move|w to
half 26.

NOTE In general, moving 26 to €0,5° to 1,0° (~1 800 to 3 600 arc sec) will be appropriate if using Cu Ka
radiation or similar.

Reflected intensity is generally much weaker than the direct incident beam. Adjust or removg the
attenuator (if applicable}-in order that a clear intensity within the linear or linearized response of
the detdctor is measufable. If the intensity is too low, decrease 26 until a significant signal applears,
but do 1jot get too elose to the critical angle.

Scan the w axissover a sufficient range to see a clear peak as the specimen passes through the
speculaf reflection condition. Then set w to the point of highest intensity (Figure 4). This refines
the spe¢iftmen angle setting on a specular reflection and is more precise than relying on setting the
SpecimeT SUrrdce pardaiier to tne TICIUeTIt DEATII.

Go back to step p) and recheck the half beam position. If the half beam position changes, retract the
knife edge (if used) and re-check the procedure from step p) onward.

The instrument may have an axis called w - 20 or 8 - 26, in which case it may be helpful to recalibrate
this axis to half the 20 value. Or it may have an axis called 26 - 6, in which case it may be helpful to
recalibrate this at the 26 value. However, the instrument controls may not permit this.

The specimen is now aligned and ready to scan.

10
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Figure 4 — Scan of w through the specular'condition, with 26 fixed at 1°

5 Data collection and storage

5.1
The

Preliminary remarks

K-ray generator shall be operating stably to the manufacturer's specification in an

envifonment. Particular care shall be-taken on switching on an X-ray generator, to allow §

time

to establish stable working.cenditions of electronics and X-ray beam. Refer to the ma

startrup procedures.

5.2

For
cond

Data scan parameters

ata collection;~w’and 260 angles are required to be moved or scanned. The specy
ition w = 6 shall’be fulfilled at each data collection point.

The gcanningtime is the time necessary to obtain the entire scan. Whenever possible, itis re

to cq

[[culate,or at least estimate, the scanning time. This is particularly important when mi

or aytomated scripts are used for the data collection.

appropriate
| reasonable
nhufacturer’s

(lar angular

commended
hltiple scans

The collection time at each point may be kept fixed or variable (accumulated counts) (see 4.5).

5.3

Dynamic range

It is recommended that scans shall begin at w = 8 = 0° and end when reaching the background level.
Following this recommendation will allow the best data analysis. However, to reduce scanning time, for
particular requirements, limited range data scans can be collected.

A reliable alternative method to reduce the scanning time is the use of multiple scans for the data
collection. Multiple scans allow the average of the data collected over different scans, taken at the same

cond

© ISO

itions, improving the statistics.
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5.4 Step size (peak definition)

5.4.1 Fixed intervals scan

The intervals of w and 260 shall be capable of being small enough that at least five data points may be
collected over a single thickness fringe. More data points are required for more complex specimens.

a)

where there is good fringe contrast.

b)

Five points on a fringe are sufficient for rapid analysis of a well-defined single-layer specimen

Seven points is typically recommended over a single fringe. More data points may be collected if

desired

c) If the s

pecimen structure has multiple layers giving overlapping and interfering fringes’ij

reflectgmetry data, more points per fringe may be required in order to define the shapelaccur

and so ¢

Scanning in

nable analysis to distinguish between multiple layers.

step size at fixed intervals is rather common.

5.4.2 Co

inuous scan
Alternativelly, instead of a scan in intervals with data collection at€ach point, w and 26 ca

continuousl
(sampling ti

The same c
approach.

y moved at a constant speed, while the data are collected with a fixed sampling
me).

pnditions on points over fringe as in 5.4.1 shall be\fulfilled also in the continuous

This approdch is recommended when a simple specimen-structure is measured over a large dyn

range (26 >|
scanning tif

5.5 Colle

The collecti
approach.

In the fixed

In the accun
number of (
correction

recommend
threshold v

For examplg

10°) in the presence of a fast-dynamic detector, because it optimizes the collection]
he.

ction time (accumulated counts)

pn time may be kept fixed 0r variable. The latter is also known as accumulated cq

collection time approeach, each data point is collected over the same time interval.

wulated counts approach, the collecting time at each data point is stopped when a thre
ounts is achiéved. In this case, an algorithm taking into account the detector dead
s used to.rée-normalize the collected data. Whenever possible, a mixed approa
ed, wherethe maximum collection time is fixed and a threshold counts is considered
lue shatl*be chosen to grant the linearity of the detector.

p,(because of the fast decay of the specularly reflected intensity, when starting the

 the
ately

n be
rate

Scan

amic
and

unts

thold
time
ch is

The

data

collection fr

FaYo R 41 : LR | e £41 P | . . : rade J 41 41
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ated

counts limit is a great advantage to reduce the total scanning time. On the contrary, far from the critical
angle region, for high angles or with rough specimens, the fixed collection time approach is envisaged,
otherwise the accumulated count limit would require much longer time to be achieved without any
improvement in the signal to noise ratio.

5.6 Segmented data collection

Itis recommended that, whenever possible, a single scan shall begin at w = 6 = 0° and end when reaching
the background level is acceptable to collect data in segment.

A segment, or limited range data scan, is intended as a partial scan over a limited region of the dynamic
range which covers a limited angular range defined by an initial and a final angle specular condition.
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Itis recommended that atleast one overlapping collected point exists for each segmented scan to proper
allow the joint of the segmented scans and the re-construction of a full range scan.

5.7 Reduction of noise

In data collection, the number of counts follows a Poisson statistic. Controlling the count time becomes
a critical parameter to reduce the noise. However, the minimum noise acceptable for a quantitative XRR
analysis depends on a number of analytical situations, including but not limited to:

— thebase purpose of the XRR experiment (i.e. quality control versus fundamental scientific research);

— thecomptexity of tire sample (e ideat umnifornm singte layer versus compiex muiti-material thin
film stack);

— the intensity of the available X-ray source (i.e. laboratory sealed X-ray tube versus $ynchrotron
gource); and

— the time available for the experiment (i.e. high throughput environmentwetsus long-tefm research
¢nvironment).

Because this document cannot account for all potential situations, notquantitative guidanceregarding a
minimum acceptable noise for a specific experiment can be given,However, users should regcognize that
areduction in noise by increased count time and/or X-ray intensity will increase the ultimate reliability
of anly XRR structural determination.

5.8 | Detectors

For most instrumental set-ups using laboratory X-ray sources, counting detectors (based e.g. on Nal
scintjillators) are used. For sources with high. intensity (e.g. synchrotron radiation), semiconductor
photpdiodes can be employed in the photovoltaic mode. The dark current needs to be low((<1 pA) and
constant. All remarks in this document referring to count rates do not apply to these detectors.

5.9 | Environment

Care| shall be taken of the enwirenment in which the data collection is performed. The general,
consprvative principle to adept’is that no external source shall vary while data are collgcted during
an entire measured scan. Examples of the most common external sources are temperature, humidity,
pressure, atmosphere (e:g-gas) and vibrations. Vibrations should be suppressed. A possible solution is
to fitlthe instrument pnan anti-vibration base or, alternatively, to hold the beam optics, gonfiometer and
dete¢tor arm on a h€avy, stable, hard supporting base.

5.1( Data storage

5.10{1 ‘Data output format

It is a common practice, followed by instrument manufacturers, that the collected data are displayed in
real time in a graph mode on a display monitor and, at the end of the scan, are saved and stored in the
computer controlling the instrument.

Despite the proprietary format of data usually used by manufacturers, whenever possible, it is
recommended to save the data according to ASCII code, in two columns, where one column reports
the angular position (w or equivalently 26 or, equivalently, the scattering vector component g,) of
the collected point and the other column reports the number of counts detected at the same angular
position.

5.10.2 Headers

A heading section, clearly separated by the collected data section, is recommended to be included in the
stored file. Normally this section is included at the beginning of the stored file, above the collected data
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section. The heading section shall include the scans parameters and conditions required for the data
analysis and the report.

6 Data analysis

6.1 Preliminary data treatment
The quality and reliability of the final fit result is highly dependent on the quality of the input data.

Before starting to fit data, some treatment of raw data is recommended.

a) Scatter|should be subtracted initially for inverse data analysis methods (also called mlodel-
indepernident). For model-dependent data fitting, it can be subtracted prior to fitting, or\¢an|be a
variablg in the fitting process. The description of scatter can include all or some of the contribpiting
factors [constant background, diffuse scatter).

b) Intensitly normalization: Normalize intensity by dividing the intensity at each data point by the full
beam inftensity.

c) Instrument function (including the influence of the resolution of the‘beéam conditioning op the
scattering from the specimen). There are two limiting cases:

1) an ¢mpirical curve (such as a Gaussian or pseudo-Voigt funetion) is convolved with the data at
each data point; and

2) afull analytical description of the beam profile is convalved with the data at each data point.
d) Geometrical correction for the illuminated specimen_axea (beam footprint, specimen size).

e) Bragg djfiffraction peaks arising from crystallographic structures shall be either subtracted, of this
area of the scan shall be avoided in the XRR datafitting.

6.2 Specimen modelling

6.2.1 General

There are two alternative approaches for XRR data analysis: a) model-dependent (trial-and-g¢rror
fitting), and|b) model-independeént’(solution of the inversion problem with phase retrieval).

a) The model dependent approach starts with a lamellar description of a physical structure. |[Each
lamella has associated-physical parameters (thickness, density, interface width).

b) The mddel-independent approach reconstructs the electron density profile from the det¢cted
reflecteld X-ray-intensity by retrieving the phase of the scattered X-ray waves. There is no a priori
knowleglge or'assumption of the specimen structure.

A model-dependent approach is recommended, where it is known that the model is valid, since this
approach can give reliable results. If the model is not correct, the results are then, of course, unreliable.
This is used in this International Standard; the model-independent approach is not discussed further.

The starting model for the specimen should be the nominal model based on a priori physical information
(growth conditions, known materials present, other methods, contamination and oxidation especially
at the surface). Further development of the model may make it more complex. It is recommended that
the model is kept to the simplest, physically meaningful workable model to provide an acceptable fit.
The data shall be of sufficient quality to justify any complexity of the model.

When a specimen has multiple layers, it may be reasonable to link some fit parameters between some
layers by a functional relationship. This reduces the number of free parameters in the fit.
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6.2.2 Interface width models

Real interfaces have roughness, i.e. perpendicular deviations of the interface coordinate from the mean
surface. In general, two classes of surface roughnesslll can be distinguished:

a) aweaksurface waviness extending over several hundreds of nanometres with small inclinations to
the average surface (Figure 5);

b) a microscopic surface roughness ranging from atomic length scales to a few nanometres with
large inclinations with respect to the average surface (Figure 5). The cut-off wavelength between
waviness and roughness is the correlation length of the X-ray reflection (ISO 25178-2).

(i)

0 6: i
—TNa= ——— — (111
\ |

Key
(i) waviness

(ii) microscopic roughness
(iii) mean surface position

Figure 5 — Waviness and microscopic roughness

Key
(i) roughness
(ii) grading or inter-diffused interface

Figure 6 — Roughness and grading of a surface

Figure 6 illustrates the difference between a rough interface with a locally sharp refractive index profile
and a graded interface with a smooth refractive index profile. The latter can occur due to intermixing
of materials. Both the roughness and the grading lead to a change in the refractive index normal to the
interfacelll.
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Roughness and interface grading each cause the specular XRR to decrease faster than in the ideal case.
Specular XRR cannot distinguish between interface roughness and grading. Since roughness causes the
intensity to be scattered in off-specular directions while interface grading does not, diffuse scattering

(beyond the

scope of this document) can be used to separate the two contributions.

There are several roughness or interface width models used in the literature. The choice of the
model depends on the interface roughness character expected for the specimen investigated. Within
modelling, it is possible to have an interface width apparently greater than the layer thickness. This
may not seem physically reasonable but does constitute a reasonable density profile. In this case, care
must be taken in interpreting the reported fit result in a physically reasonable manner. More detailed

analysis of s

uch specimens, benefits from measuring diffuse reflectivity.

The abrupt
mean-squar
Croce factoq

For specime
correlated 1
an absorpti
modelled by
(typically ah

6.3 Simu

There are ty
and dynam|
description
vendors of X
Information

6.4 Gene

Some simul
effects on tl
considered i

lical theories[ll2l, Dynamical theory is recommended as it gives the more com

interface model is recommended for statistically non-correlated roughness with'\a

e 0. The effect of the abrupt interface can be taken into account by Debye-Wallef or'N
slalf2],

ns with graded interfaces, the model of a transition layer is recommended for essen
oughness and for rms roughness which approximately equals the L}, /6. where L
n length and 6, is a critical angle of total external reflection. This dnterface width cz
analytical functions such as tan, linear, erf, sin, exp. For very largé@rms roughness v
ove 5nm, ¢ > > L, /6,), special models should be applied[3].

Jation of XRR data

Vo basic approaches to simulating X-ray scattering progesses from the specimen: kine

pf the process. X-Ray reflectivity simulation softwrare is generally available from commg
(-ray measurement equipment and from groups such as the synchrotron user commy
and, in some cases, downloads are generally’available from the associated websites!)

ral examples

hted specular reflectivity data using dynamical theory are shown below to illustrat
e data of different parameters.of the sample. Unless otherwise noted, an ideal syst¢

n Figures 7 to 12.

root-

evot-

tially
hbs 1S
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hlues
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rcial
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b 1S

1) Sourceforge is an example of an internet-based source of freely-distributed software. This information is given
for the convenience of the users of this document and does not constitute an endorsement by ISO of this product.

16

© IS0 2020 - All rights reserved


https://standardsiso.com/api/?name=e3b1cd2c202e33799e74bfff85ae9bda

ISO 16413:2020(E)

Y
10°
1072 |
TOE
10° |
i L l L l L l L l L l L ]
0 1 2 3 4 5 6 X
Key
X (g,innm’! — 20,0 nmsi;N, layer on Si
Y eflectivity
NOTH Data can be presented against q,, as above, or in angular units. It is also common to rformalize the

refle¢ted intensity, as shown.

Fighire 7 — Simulated specular reflectivity data of a perfectly smooth 20,0 nm Si;N,/layer on a
perfectly smooth bulk Si substrate
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Y
100 E T T T T T T T T T T
107}
i i
I
10°F
10°F
0 X
Key
X qpinnm?! — perfectly smooth SisNj layer
Y reflectivity ——— Si;,, = 0,3 nm; topy, = 0,6 nm
—— Si;, = 0,3 nmitop;,, = 2,0 nm
NOTE Greater interface widths or roughness causes a more rapid decrease in reflected intensity gs the

specimen angle increases.

Figure 8 — Simulated specular reflectivity data (as.in Figure 7) with interface widths of 0,3 nm
on the Si surface versus 0,3 nm.or 0,6 nm on the top surface
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Y
10—
107k
10
10°L
108
i |
0 1 X
Key
X qpinnm1 ____ thickness= 20,0 nm
Y teflectivity — thickness = 22,0 nm
NOTH Thicker layers give narrower fringes in reciprocal (er-angular) space.

Figure 9 — Simulated specular reflectivity of 20,0 nm and 22,0 nm Si;N, (with 0,6 nm surface
roughness) on bulk Si;(with 0,3 nm interface width)
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Y

10° . . .

102 E 4

10* E -

10° |

10® |

0 X

Key
X qginnm! ——— 20,0 nm Si3N,
Y reflectivity — 20,0 nm TiN
NOTE In|both cases, there is a 0,3 nm interface width on the Si substrate, and a 0,6 nm roughness on the top

surface. TiN is more dense than Si;Ny, so the critical angle is larger afid the fringe contrast is greater.

Figure 10 — Comparison of simulated specular reflectivity for 20,0 nm Si;N, layer and 20,4 nm

TiN layer
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Y
10° . . .
10k '
10°E
10°F
0 X
Key
X qgin nm-1 simulated speculap reflectivity of 20,0 nm S
Y geflectivity 0,6 nm surfdce roughness on bulk Si (with
interface width), without instrument funct
——.. simulated specular reflectivity of 20,0 nm §
0,6:hm surface roughness on bulk Si (with
interface width), with an instrument functi
source and detector slits and a 10 mm speg
NOTH The position of the critical angle for-the small sample is unclear and possibly appar

and tlhe rate of decrease of reflected intensity with increasing specimen angle is affected, whig

izN, with
D,3 nm

on

izN, with
D,3 nm

pn (0,5 mm
imen)

bntly shifted,
h affects the

rouglness or interface width deduced if thé\nstrument function is not accurately taken into account in analysis.

The positions of fringes are unaffected, sethickness analysis may proceed successfully.

Figure 11 — Comparison.of simulated specular reflectivity with and without inst

function

rument
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Y
10° . . . . .
10° 5
]
10" E -
10° b
- | | | | |
0 1 2 3 4 5 6 X
Key
X qpinnm-1 — perfectly flatspecimen and ideal incident bea
Y reflectivlty ——— 50 m radius.of curvature of the specimen
NOTE The effect also depends on instrument function.
Figure|12 — Effect of 50 m radius of curvature of the specimen on the reflectivity data,
compared to a perfectly flat speciimen and ideal incident beam
6.5 Data fitting

Data fitting
order to con

of-fit. An injtial specimen model is ‘used to simulate an XRR curve (Figure 13). This is compared

the experim|
model is the
parameters
the exit crit{
tolerance of]

is a trial-and-error techniquéwhereby repeated simulations are compared with the dg
verge on a best-fit model. Different functions may be selected as a measure of the good

ental data to calculate a measure of the difference between the simulation and the datq
n refined by changing layer (or lamella) (density, interface width, thickness) and ext
(intensity, background) re-simulated and compared again. This process is repeated
bria are met (aceeptable goodness-of-fit, maximum allowed number of iterations, accep
the improvement of the goodness-of-fit).
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[nitial guess for
sample model

Simulate XRR

Evaluate fitness by
comparing to experiment

Refine sample parametgrs
according to fitting algorjthm

///\\\\
No i/ - Check exit \\>
~_ criteria -
\\\ g /

\l/Yes

€alculate uncertainties,
Hessian Matrix, etc.

Figure13 — Data-fitting flow chart

In thle model of the specimenfsome physical parameters can be selected as fit parametefs and some
can be fixed. When substrate_density or other parameters are known, it is recommended that they be
fixed. The fit parameters.are allowed to vary within bounds during the fitting process. The[initial lower
and tipper bounds are\selected as physically reasonable limits based on the nominal stirfucture. It is
recommended thatyin-most cases, initial bounds are set 10 % to 30 % from the nominal vdlues. Where
mor¢ accurate information is available a priori, narrower bounds can be set. Larger boynds may be
needed where-initial information is less reliable. The normalizing factor and the variablef describing
the incoherentscattering can be fit parameters in addition to the specimen structure paraineters.

If a gpodfit is not obtained, it may be necessary to adjust the starting model and/or boundg, and refit.

There are numerous approaches whereby models can be refined. The complete description of all the
advanced procedures (both proprietary and non-proprietary) developed in order to get faster fits and
achieve robust solutions in complex cases is beyond the scope of this document.

Generally, since the most sensitive parameters in XRR are layer thicknesses, a commonly used approach
consistin fitting first layer thicknesses where its initial estimates are obtained from period of thickness
oscillations Aq as 2m/Aq if possible. The roughness and layer density parameters are fixed at first. After
certain good agreement fitting roughness and density individually or combined can be performed.
Which parameter to fix and which one to release strongly depends on the fitting model used. It is
usually best to fit the layer densities at the end when the roughness and thicknesses are very close to
the final result. In some cases, when the layer density is completely unknown, fitting the layer densities
first using some predefined, sometimes equidistant, interfaces of layers is preferable. Layer thicknesses
are fixed at the beginning and refined after the densities fitted. If the fitting model is composed from
periodical superlattices, it is recommended to fit the thickness period and ratio of thicknesses. If the
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system has different individual layers, it is usually appropriate to fit individual thicknesses first with
roughness and densities fixed.

The fitting process is terminated depending on pre-defined criteria. Without previous experience, it
is recommended to continue the fitting process until the goodness-of-fit value is stable and no longer
improves with many hundreds of further iterations. Other possible criteria include a defined number of
iterations being completed or the best-fit model being stable.

Statistical errors and uncertainties arising on the final fit parameters from the fit process are
calculated using the Hessian matrix. Systematic and instrumental errors are not included in this. The
diagonal terms of this matrix deliver the standard deviations of the fitted parameters, which reflect

their precis
which relatq
be correlate
by software]
coefficients
fitted value,
with the Gu

The systemj3
is reasonab]
(see Referen

For optimiz
Genetic Alg
two classes
Simulated A
problem. A
in Referenc
References
in order to
independen

Where dyna3
depends pri

UlIl. ThC ITUII diasuuq} tCl 1115 iudi\,atc PUDD;b}C CUI lC}at;UllD thVVUCll thU f;ttcd lJCll dlll
s to the reliability of the specimen model. For example, the roughness of a thin layen
d to its thickness. Errors and uncertainties on the final fit parameters are ofter deliy
used for data fitting and they should be stated as combined variance including ¢orrel
from Hessian matrix and a coverage factor giving a proper confidence interval for ¢
It is strongly recommended to express the uncertainty for every fitted valde in compl
de to the expression of uncertainty in measurementl13l,

y correct, for good samples, the thickness error is usually not higher than several per
ces [11] and [12]).

ation of the goodness-of-fit function, there are many algorithms available. For exal
prithms, Simulated Annealing, Levenberg-Marquardt»Simplex. They can be divided|
The Simplex and the Levenberg-Marquardt methods are the local minimizers, whil
nnealing and Genetic Algorithm are able to find“a global minimum of an optimiz
comprehensive introduction to the basics of the different optimization methods is §
es [4], [5] and [6]. Reviews of details of these algorithms can be found in, for exal
7], [8], [9] and [10]. It may be appropriateto combine more than one algorithm sequen
converge on the best fit. It may alse\be appropriate to try more than one algoi
[ly and to compare results.

mical theory is used for fitting-the data, the quality and reliability of the final fit q
marily on the quality of the ihput data.

7 Information required when reporting XRR analysis

7.1 Genefal

As a general rule, any scientific report should contain all the information that is necessary to reprg

the experi

the instrumlent and-the experimental details. Since the modelling and fitting process of XRR dat
not straightforward, the same consideration applies for the simulation and fitting process. An ex
of areportig given in Annex A.

ent. Thus,a complete report of an XRR analysis should contain appropriate descripti

ters
may
rered
htion
very
ance

itic errors depend strongly on good model chosen and sample quality. However, if the npodel

cent

mple,
into
e the
htion
riven
mple,
tially
ithm

esult
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on of
h are

a|mple

7.2 Experimental details

When reporting on XRR experiments, it is important to include the following experimental details:

a)

synchrotron radiation the photon energy in eV or keV is more frequently reported);

b)

‘)
d)

24

X-ray source size and shape;
attenuator factors for the radiation used (if applicable);

incident full beam intensity and detector background (both given in, for example counts s1);

X-ray radiation wavelength (usually the wavelength in nm or A is reported, in the case of
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r, and other

ill-off angle

b, and units

bmperature,

erties is not
s and fitting
for a model-

bd structure
n that was
L. Inputs for
fabrication,
from model

calculation
available or

tack should
tept fixed to

of the layer
ch interface

ty when the
ended when

e) details of incident and scattered beam conditioning (monochromator, slits, collimato

optics):

1) identities;

2) distances;

3) slitdimensions;

f) incident beam divergence and cross-section at the specimen position;

g) detector type;

h) gpecimen details (together with collimating slits, specimen length determines the\sy
gdnd should not be neglected when reporting XRR experiment;

i) g4can parameters - integration time (specify whether not constant), start, step size, sto
1) ifasegmented scan is used, these shall be specified for each segment;

j) other significant experimental details [for instance, environmental conditions (t
Iressure, humidity) and chambers or heating or cooling stages].

7.3 | Analysis (simulation and fitting) procedures

The |nfluence of the fitting of the experimental data on the determination of layer prop

negligible compared with the experimental factors[1], Thus, a full description of the analysi

procedures is strongly recommended. In particular,.the’ following information is needed
basefl approach:

a) Possible treatments applied to raw data.

b) Initial model for the layered structure. The choice of the initial model for the layeré
is of crucial relevance in the determination of the final structure. Any informati

seful for guiding the choice of(the starting model should be included in the repor
he construction of the initial model may come from a priori knowledge on specimen
iterature, from specimen analysis by complementary characterization techniques of
independent analysis onrthe’same XRR data.

c) Calculation method-and fitting algorithm. The report should briefly specify the
pproach used and\what type of fitting algorithm was employed. If a commercially
ustom-made software was employed, it should be indicated in the text.

d) Fitted and\fixed parameters. Not all the parameters that specify a multilayer §
ecessafily be fitted at the same time. When appropriate, some parameters may be K
he inftial value.

e) ata range. The data range over which the fit was performed should be specified.

f) Number of iterations.

g) Model final parameters. The value of all the parameters determining the structure
stack should be reported. For an N layer stack on a bulk substrate, (3N + 1) parameters should be
specified: the thickness and density of each layer (2N) and the interface width at ea
(N + 1). It is worth noting that the physical parameter that ultimately determines the XRR curve is
the electron density profile. The mass density may be derived from the electron densi
chemical composition of the layer is known. Reporting on the mass density is recomm
possible.

h) Density profile. It is recommended that a plot of the final fitted density profile (density versus

depth) is included in the report.
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Statistical uncertainty of fitted parameters.

the reliability of the result.

Goodness-of-fit. Parameter used during the fitting process. The value can be used as evidence for

As an alternative to an analysis based on structural models, a direct inversion (model-free) technique
may be employed. In this case, the details of the method used and the final density profile (mass density
or electron density) shall be reported.

7.4 Methods for reporting XRR curves

7.4.1 Ind
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he unit may be nm-! but more often the unit is A-1). The normalized intensity is us
dividing the reflected intensity by the direct full beam intensity. This ghoice alloy
founting of the instrument function. The choice of presenting XRR datdversus q, a
prison of data collected using different incident radiation wavelength:

e normalized intensity may also be obtained by dividing the.reflected intensity b
alue of the measured intensities. In this case, important information on the instru

tensity maximum occurs at an angle that is greater thanvhe critical angle.
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RR curves are sometimes displayed by plotting the reflected intensity (either norm

symmetrical with respect to the normalto the specimen, these two options are comp
he angles w and 20 should be expresséd in SI units of radians, or submultiples (for exal
). Angles are also displayed in degrees or submultiples (for example, arc seconds).

lized
lalized) versus either w or 26. It is worth noting that, since the position of X-ray sour(};and
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