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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.

Internationg-Standards-are-draftedinracecordanece-with-theridesgiveninthe ISOHECDreetives;Part 2.
The main thsk of technical committees is to prepare International Standards. Draft Internatjonal
Standards gdopted by the technical committees are circulated to the member bodies for vqting.
Publication [as an International Standard requires approval by at least 75 % of the member bpdies
casting a voge.

Attention is|drawn to the possibility that some of the elements of this document-may be the subjéct of
patent rightg. ISO shall not be held responsible for identifying any or all such patent rights.

[SO 16413 was prepared by Technical Committee ISO/TC 201, Surface chemical analysis.
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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 multilayered 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 ey requirements for equipment suitable for collecting specular X-ray reflectivity data of
and the requirements for specimen alignment and positioning so that useful, accurate me
may be obtained are described in Clause 3.

The key issues for data collection to obtain specular X-ray reflectivity data-of high qua
for data treatment and modelling are described in Clause 4. The collection of the data is {
conducted by running single measurements under direct operator datalinput. However, r
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ften collected by instructing the instrument to operate in multiple runs. In addition to
e, data can be collected making use of automated scripts, whien-available in the softw4
rolling the instrument.

principles for analysing specular XRR data in order:to obtain physically meaning
mation about the specimen are described in Clause 5-While specular XRR fitting can |
bss, it is possible to simplify the implementation forquality assurance applications to the ¢

be transparent to the user. There are many software packages, both proprietary and non
hble for simulation and fitting of XRR data. It is;beyond the scope of this document to des
bories and algorithms. Where appropriate, references are given for the interested reader

ble ways to present XRR data and-results is given and, when more than one option is a
rred one is indicated.

document is not a textbook;iit is a standard for performing XRR measurements and an
xplanation of the techniqui€, please consult appropriate references [e.g. D. Keith Bowsg
nner, “X-Ray Metrology in Semiconductor Manufacturing”, Taylor and Francis, Lon
lan, “X-ray Reflectivity from Soft Matter Thin Films", Springer Tracts in Modern Phy|
D); U. Pietsch, V. Hely and T. Baumbach, “High Resolution X-Ray Scattering from Thin Fily
structures”, Springer (2004); J. Daillant and A. Gibaud, “X-ray and Neutron Reflectivit
Applications’{Springer (2009)].

that preprietary techniques are not described in this International Standard.
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films by X-ray reflectometry — Instrumental requirements,
alignment and positioning, data collection, data analysis

and reporting

1

This
widt
and

N

This
Simi
distn
ment
the g

Meas
refle

Atte

poss
layer]

L

2

2.1

2.1.1
incid
angld
2.1.2
criti
B¢

angld

t
whicIE
sing]|

fcope

International Standard specifies a method for the evaluation of thickness, density a
h of single layer and multilayered thin films which have thicknesses betweemapproxi
| um, on flat substrates, 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 ins
ctometers at synchrotron radiation beamlines or automated systems used in industry.

ion should be paid to an eventual instability of\the’layers over the duration of the dat
would cause a reduction in the accuracy of the'measurement results. Since XRR, pe
wavelength, does not provide chemical infoermation 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.

[erms, definitions, symbols’and abbreviated terms

Terms and definitions

lence angle
t betwen the incident beam and the specimen surface

cal angle

e between the incident beam and the specimen surface, below which there is total extern

nd interface
nately 1 nm

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

truments to

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

al reflection

of X-1

ravs, 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=1-06-if.

2.1.3

spec

imen length

dimension of the specimen in the plane of the incident and reflected X-ray beams and in the plane

of th

e specimen

2.14

spec

imen width

dimension of the specimen perpendicular to the plane of the incident and reflected X-ray beams and in
the plane of the specimen
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specimen height

Z

dimension (thickness) of the specimen perpendicular to the plane of the specimen

2.1.6

layer thickness
thickness of an individual layer on the substrate

2.1.7

beam footprint

area on the

2.1.8

beam spill-
effect of gra|
the incident|

2.19

instrument
analytical f]
X-ray inteng

2.1.10
reciprocal
representat
inverse of r¢

2.1.11
wave vecto
k
vectorinre

2.1.12
scattering

q
vector in re

2.1.13
dispersion
plane contal

2.1.14

specular X-
reflected X-
the specime

o H daatad Lol o
lJCLllllCll ITrradgdldicu U_y LIICT AT Cl_y

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 én“the observed scatf

ity
space

on of the physical specimen and X-rays where the distance plotted is proportional t
al-space distances, and angles correspond to real<space angles

3

riprocal space describing the incident,or*scattered X-ray beams

yector

fiprocal space giving the-difference between the scattered and incident wave vectors

plane
ning the sourcejdetector, incident and specularly reflected X-ray beams

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

rt of

ered

b the

with

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 q; or w).

2.1.15

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

2.1.16
fringe

one of the repeating maxima in reflectometry data which arise from interference of the X-ray waves

Note 1 to entry: Fringe periods are related to the thickness of a layer (or layers) of contrasting electron density.
Multiple layers give rise to series of superposed interfering fringes.
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2.1.17
fringe contrast
qualitative description of the height of a fringe between its minimum and its maximum

Note 1 to entry: The greater the difference between minimum and maximum, the greater the contrastis said to be.

2.1.18
electron density

Pe
elect

Note

rons per unit volume

o
1 to entry: XRR typically measures electron density in electrons per nm3 or per A3

Note

2.1.1
mas

p

cominon density (mass per unit volume)

Note

2.1.2

absgrption length

Labs
dista

2.1.2
2the
20

angld

2.1.2
ome
W

angle

2.1.2
phi
P

angle

2.1.2
chi

X

P to entry: This can be calculated from mass density.

9
5 density

1 to entry: It is measured in kg m=3 (or sometimes in g cm-3).

0

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

1
ta

 of the detected X-ray beam with respectto the incident X-ray beam direction

2
ra

e between the incident X-ray beam and the specimen surface

3

e of rotation aboatthe normal to the nominal surface of the specimen

4

angle

beanll, X-ray source and detector

e of tilt of specimen about an axis in the plane of the specimen and in the plane of the in

2.1.25

XY,

Z coordinate system

cident X-ray

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
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2.2 Symbols and abbreviated terms

20

2Theta, the angle of the detected X-ray beam with respect to the incident X-ray beam
Omega, the angle between the incident X-ray beam and the specimen surface

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

Chi, the 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

qz

Labs

XRR

3 Instru
3.1 Instr

3.1.1 Schg

The princip
rotation of g

Critical angle

Wavelength of the incident X-ray beam
Mass density

Electron density

Wave vector

Scattering vector

Scalar magnitude of the component of the scattering vectorin reciprocal space norma
the specimen surface (corrected or uncorrected for refraction). q, = 4n/A x sin(0)

root mean square height of the scale-limited surface (according to ISO 25178-2) or intq
face width

Absorption length in the specimen
X-Ray Reflectometry or X-Ray Reflectivity

specimen height

mental requirements, alignment and positioning guidelines
imental requirements for the scanning method

bmatic diagrams

al requirements are on the beam size and beam positioning over the coaxial centn
pecinten (w) and detector (20) axes.

to

—

es of

Figure 1 shows a diagram of a basic collimated beam, scanning configuration for an XRR experiment.
The case of a convergent beam and distributed detector is not shown.

© ISO 2013 - All rights reserved


https://standardsiso.com/api/?name=bb312f52c78d9ee11a105159b8da199b

X-ray source

ISO 16413:2013(E)

Incident
X-ray beam, collimated

® o - - < == == === - -

Specimen

Reflected
X-ray beam

Centre of rotation

N

Key

NOTH
axes

Fig

Figu
indig

X-1

ngle between the specimen surface and the incident X-ray beam
ngle between the detected beam and 26 = 0 (the extension of the incident X-ray beam)

The centre of rotation, where incident and reflected beams, the specimen surface and
bf w and 20 coincide, is highlighted as an orange disc.

ure 1 — Schematic layout of a typical scanning XRR experimental configuration,

dispersion plane)

‘e 2 shows a schematic diagram of scanning configuration XRR in a three-dimen
ating the diffuse scatter as well as the specularlytéflected X-ray beam.

X Diffusely
scattered
X-rays

Specularly re
X-ray beam

Incident
X-ray beam

O "‘wq “““““

dy source

Specimen

ngle betweeh the specimen surface and the incident X-ray beam

ngle bétween the detected beam (at 26 = 0) and whichever part of the reflected beam is of inter
letected beam)

Detection
system

the rotation

projected

into the plane of the source, detector, incident and specularly-reflected X-ray beams (the

sional view,

flected

20=0

pst (the

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

3.1.2 Incident beam — Requirements and recommendations

3.1.2.1 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) Theincidentbeam shall be stable (or can be compensated) within the time-frame of the experiment.

© IS0 2013 - All rights reserved
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b) The incident beam shall be nominally monochromatic. The wavelength dispersion dA shall fulfil
the following condition: dA < Ad6/tan(0,) where d6 is the beam divergence and 0y, is typically the
maximum incidence angle where fringes are still observed.

EXAMPL

E If using an incident beam of Cu Ka radiation (A = 0,154 1 nm) with an angular divergence of
50 arcseconds, and if fringes are observed out to an incident angle of 3,5°, then dA needs to beless than 0,035 nm.

c) Ifthe beam isnot sufficiently collimated, the divergence of the beam limits the maximum detectable
thickness. Practically, the maximum measurable thickness is less than A/6sin(d6) where d6 is beam
divergence for a suitable specimen. For typical laboratory equipment, the limit is a few hundred nm.

d) The inc

dent intensity shall be such as to allow several orders of magnitude intensity range a

bove

backgrd
angle, t
proport
graded

3.1.2.2 In

The followiy
concern the

a) The spq
observe
and/or,

b) Beam sj
and abg

there is

critical
NOTE
footprin
1) The
2) Ifth

thig
3) Thi

conffidence, so that, ifdata analysis includes layer density and interface width parameters, {

can

4) So
wh
tha

und, since reflected intensity falls rapidly above the critical angle. Below the rer
here is total external reflection. Above the critical angle, reflected intensity falls'at™3
ional to g, for a perfectly smooth surface, and more rapidly than this for réugh oy
surfaces.

rident beam — Recommendations

convergent beam, parallel data collection 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|
for example, inserting a knife-edge near the specimen.

bill-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 Figure 3.)

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

maximum acceptable beam width for a given specimen size can then be found by geonj

ere are very small specimens, it may not be practical to meet the recommended requiremer
case, theaccuracy and precision of densities and interface widths deduced may be comprony

5 is necessary so thatthe position of the critical angle can be ascertained with reasoj

be deduced with reasonable accuracy.

e modelling and data fitting software allow the specimen size and beam size to be i
ch allows data fitting where there is significant beam spill-off, but even so it is recomme|
[ the specimen fill the incident beam from below the critical angle in order to have

con|fidence in fitting this region and obtaining good density information.

itical
rate
/and

g recommendations concern the collimated beam, scanning methgd;Similar considerafions

and
slits

near
that
f the

beam

etry.

ts.In
ised.

nable
hese

nput,
nded
high
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Y
10° F T T 7
101 -
._//f\“ -
102\ |
A !
1073 - .
107 =
10° - 3
10° =
107 ¢ 3
108 & - |
0 1 2 3 4 5 6
X
Key
X qzinnm-1 ~(“simulated specular reflectivity of 20,0 jm SizN4
Y intensity, in a.u. (with 0,6 nm surface roughness) on bulk Si (with
0,3 nm interface width), without instrument
function
--- simulated specular reflectivity of 20,0 jm SizN4
(with 0,6 nm surface roughness) on bulk Si (with
0,3 nm interface width), with instrumenpt function
(0,5 mm source and detector slits and 4 10 mm
specimen)
NOTH The position of the dritical angle for the small specimen is unclear and possibly apparently shifted, and
the rate of decrease of reflectéd intensity with increasing specimen angle is affected. This affects the[roughness or
interface width deduced ifthe instrument function is not accurately taken into account in analysis. The positions
of fripges are unaffected;so thickness analysis can proceed successfully.
Figure 3 — Simulated specular reflectivity of 20,0 nm Si3zN4 on bulk Si, with and without
instrument function
c) [f%he above recommended condition cannot be met, provided that spill-off does not coptinue much

beyond the critical angle, fringes in the retlectometry data will still give an accurate
layer thicknesses.

measure of

d) That portion of the X-ray beam measured at the detector should not spill off the specimen
perpendicular to the dispersion plane (the dispersion plane is perpendicular to the plane of Figure 1)

in the case where measuring the direct beam intensity is used to align the specimen acc
the centre of rotation of w and 26.

© IS0 2013 - All rights reserved
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3.1.3 Specimen — Requirements and recommendations

3.1.3.1 Sp

ecimen — 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.

3.1.3.2 Sp

ecimen — Recommendations

The followiy
a) The spe
b) The spsd

1g basic recommendations should be followed.
cimen should be laterally uniform under the beam footprint observed by the détéctor.

cimen should fill the incident beam from a specimen angle significantly;below the cr

angle and for angles above this. It is recommended that the specimen should fill'the beam fT

maximy

c) The spg
compro
specimg
critical
fitting 1
sufficie

d) The spe
(rms) rq
descrip
special
interfad

m of 75 % of the critical angle.

cimen should not be significantly bowed, or alignment precision and data qualit}
mised. The effect of curvature can be minimized by minimizing the beam footprint o
n. Itis recommended that the specimen should fill the beam from a maximum of 75 %
angle. It may be possible to proceed with data analysis from curved specimens. Some
hodels can take specimen curvature into account. Thickness values may be obtained
\t accuracy, but the accuracy of interface widths and density is poorer.

cimen surface and interfaces (where applicable) should be smooth, with a root mean sq
ughness or interface width less than or similar to Laps/0.. Refer to 5.2.1 for a more det
fion of roughness and interface width. Typieally, this means o0 <5 nm maximum (above wj

les are too rough, reflected intensity falls too rapidly with increasing specimen angle|

reflectometry data give no useful materiakinformation. Models used to fit data are also less rel

atvery

nigh interface widths.

3.1.4 Gonjiometer — Requirements

The followif
a) Amech

b) Forasc{
be main

c¢) The intq

1g basic requirements shall be verified.
hnically well-aligried and stable X-ray goniometer is required.

inning configtration, the w and 20 axes shall be capable of being moved such that interval
tained in€he ratio A(20) = 2(Aw). Maintaining the ratio to one partin 1 000 is typically suffi

rvals\of w and 20 shall be capable of being small enough that atleast five data points m

collecte

itical
om a

/ are
h the
fthe
data
with

uare
hiled
hich,

models must be applied for the analysis) and preferably o < 3,5 nm. Where the surface or

and
iable

S can
Cient.

hy be

d©ver a single thickness fringe. More data points are required for more complex specir

nens.

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

e) The specimen stage angle of tilt () shall enable setting the specimen parallel to the incident beam slits.

3.1.5 Detector — Requirements

The following basic requirements shall be verified.

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

b) 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

© ISO 2013 - All rights reserved
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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.

NOTE 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

inten cify is infpgrnfnr‘l inthis direction

3.2

Instrument alignment

Alignment checks may be part of automated routines available on particular equipment. Slif collimation

of the scattered radiation is assumed. The following basic requirements shallbe*verified.

a)
b)

‘)
d)

)

3.3

$etthe X-ray source slit width to minimize spill off (typically 0,1 mm to 0,2 mm in alaboratiory system).

Make sure that nothing unwanted obstructs the beam betwéen the source and detector. The
§pecimen and specimen mounting shall be out of the beam.

$tart with the detector slits significantly wider than the spurce slits (many times wider).

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 npay take into
dccount a non-ideal instrument alignment.

$et the detector slit width so that the acdceptance angle is similar to the incident beam| divergence.
This typically means thatthe detectorélit width is set the same as the source slit width infa laboratory
gystem or about 20 % wider.

$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 (approxinjately at the
¢entre of mass). Move the detector to this position to set the 26 = 0 position accurately.

Specimen alignment

Equipmentand itscontrols may include automatic specimen alignment, data collection and analysis routines,

and

ay make 1ise'of other methods of alignment, e.g. range finders or position monitors. THe procedure

beloy describes'one approach to specimen alignment relative to the X-ray beam in an aligned ipstrument.

a)

b)

c)

d)

hefinistrument shall be aligned correctly, with appropriate slit widths, with the ingident beam
ccurately over the centre of rotation and the detector angle 20 = 0 correctly set on the ingident beam.

The angle, w, between specimen surface and incident beam shall be calibrated so that zero sets the
specimen surface approximately parallel to the incident beam.

Ifusingaknife-edge, its positionin Z, X, and tilt perpendicular to the beam direction (where available)
shall be carefully set. This is done after adjusting the specimen position. The manufacturer’s
recommended operating instructions should be consulted.

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.

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

© IS0 2013 - All rights reserved 9


https://standardsiso.com/api/?name=bb312f52c78d9ee11a105159b8da199b

ISO 16413:2013(E)

f)

g)

h)

j)

k)

t)

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

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 or reflected beams.

Initially, make sure that Zis such thattheincidentbeam initially passes unhindered pastthe 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, Ify.

Move Z to move the specimen into the beam until about one quarter to one fifth of the full beam
intensitly is observed, i.e. move Z until Iopserved ~Ifull/4 to ~Iru11/5.

Adjust & until a maximum intensity is observed. If the maximum intensity is more thanshalf th full
beam intensity, go back to step (j).

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

Set x to the minimum of the scan profile.

Move Z until lypserved = Ifull/2.

Scan w pgain, and set w at the intensity maximum, which should be Ity)1/2.

Make sthall adjustments in Z and w if required until the maximum intensity on an w scan is Ifj,1/2.
The specimen is now parallel to the incident beam @nd half way into it. Since the beam is over the
centre df rotation of w and 26, the surface of the specimen is now also over the centre of rotatjon.

Itis stapdard practice on some XRR equipmeént to fit a knife-edge close to the specimen to define the
beam and reduce scatter, although this isshot 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 tp the
particular equipment configuration in use, and so are not discussed here.

Move 26 to an angle significantly above the critical angle but such that there is sufficient intensjty in
the spegularly reflected beant;i.e. well above the background level of the detector. Move w to hallf 20.

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
radiatiof or similar.

Reflected intensjtyyis 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 detgctor ismeasurable. If the intensity is too low, decrease 20 until a significant signal applears,
but do rlotget too close to the critical angle.

Scan the w axis over a sufficient range to see a clear peak as the specimen passes through the
specular reflection condition. Then set w to the point of highest intensity (Figure 4). This refines
the specimen angle setting on a specular reflection, and is more precise than relying on setting the
specimen surface parallel to the incident beam.

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

The specimen is now aligned and ready to scan.

10
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Since raw data are usually collected in angular units'and a raw intensity scale, this figureg
Fmalized intensity versus qy.

bure 4 — Scan of w through the specularcondition, with 26 fixed at 3 600 arc sed

Data collection and storage

Preliminary remarks

K-ray generator shall-be-operating stably to the manufacturer’s specification in an
onment. Particular:care shall be taken on switching on an X-ray generator, to allow §
to establish stablesworking conditions of electronics and X-ray beam. Refer to the ma
-up procedures.

Data sCan parameters

atacollection, w and 20 angles are required to be moved or scanned. The specular angul
shall be fulfilled at each data collection point.

is not shown

onds (1°)

appropriate
| reasonable
nufacturer’s

ar condition

The scanning time is the time necessary to obtain the entire scan. Whenever possible, it is recommended
to calculate, or at least estimate, the scanning time. This is particularly important when multiple scans
or automated scripts are used for the data collection.

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

4.3

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.

© ISO
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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
conditions, improving the statistics.

4.4 Step size (peak definition)

4.4.1 Fixed intervals scan

The intervals of w and 20 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)

Five poi|nts on a fringe are sufficient for rapid analysis of a well-defined single-layer specimemwhere

there is|good fringe contrast.
b) Seven p¢intsistypically recommended over a single fringe. More data points may be collected if degired.
c) If the specimen structure has multiple layers giving overlapping and interfefing fringes ip the

reflectometry data, more points per fringe may be required in order to define the shape accur
and so gnable analysis to distinguish between multiple layers.

ately

Scanning in|step size at fixed intervals is rather common.

4.4.2 Continuous scan

Alternatively, instead ofascaninintervals with data collection at each point, w and 26 can be continu
moved at a d

busly
onstant speed, while the data are collected with afixed sampling rate (sampling time).

The same copditions on points over fringe as in 4.4.1 shall be fulfilled also in the continuous scan apprpach.

amic
and

This approdch is recommended when a simple specimen structure is measured over a large dyn
range (260 >[ 10°) in the presence of a fast dynamic-detector, because it optimizes the collection
scanning time.

4.5 Collegtion time (accumulated counts)

The collectid
In the fixed

In the accun
number of (
correction

recommend
threshold v

For examplé

n time may be kept fixedot.variable. The latteris also known as accumulated counts appr
collection time appraoach, 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 achieved. In this case, an algorithm taking into account the detector dead
s used toyre-normalize the collected data. Whenever possible, a mixed approa
ed, wher'e the maximum collection time is fixed and a threshold counts is considered
lue shall'be chosen to grant the linearity of the detector.

because of the fast exponential decay of the specularly reflected intensity, when startin

pach.

thold
time
ch is

The

g the

data collecti

onirom 0%, In the initial partot the scan, a high countrate isregistered, then the accumu

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.

4.6 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.

4.7 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 the sampte (e fdeatumiformrsingte tayer versus comptex muiti-matetial thin film
gtack),

— 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).

Becapse this International Standard cannot account for all potential situations, no quantitati{ve guidance
regarding a minimum acceptable noise for a specific experiment can be given. However, users should
recognize that a reduction in noise by increased count time andy/or X-ray intensity will Jncrease the
ultimate reliability of any XRR structural determination.

4.8 | 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.

4.9 | 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 enmtire measured scan. Examples of the most common external sources are temperatuie, 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.

4.1( Data storage

4.10{1Data 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 q;) of the
collected pointand the other column reports the number of counts detected at the same angular position.

4.10.2 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.

5 Data analysis

5.1 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 mL)del-
independent). For model-dependent data fitting, it can be subtracted prior to fitting, or\can|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 th full
beam intensity.

c) Instrument function (including the influence of the resolution of the‘béam 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 d3ta at
each data point; and

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

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

5.2 Specimen modelling

5.2.1 Gengral

There are two alternative approaches for XRR data analysis: a) model-dependent (trial-and-¢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 jhas 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. We recommend 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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5.2.2 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 roughness[ll 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).

microscopic
roughness

waviness\ mean surface

Figure 5 — Waviness and microscopic roughness

ROUGHNESS GRADING

Figure 6 — Roughness and grading of a surface

Figufe6 iHustrates the difference between a rough interface with a locally sharp refractive jndex profile

nd g¥adad 1mtnrfo s it o cvn ot Al abin T A e a1 T Tobdbne o ~Aanyie dinn +o0 lnt rmiXin
a 51 AUCU ITILUTIIACU VWILIT A JSITIUULIT T UITACUIVUO TITUCUA lJl UIITIC,., 1T1IC TAlLlUT CdIT ULTUl UucT v e g

of materials. Both the roughness and the grading lead to a change in the refractive index normal to the
interface.ll

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
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in interpreting the reported fit result in a physically reasonable manner. More detailed analysis of such
specimens benefits from measuring diffuse reflectivity.

The abrupt interface model is recommended for statistically non-correlated roughness with a root-
mean-square o. The effect of the abrupt interface can be taken into account by Debye-Waller or Nevot-
Croce factors.[11[2]

For specimens with graded interfaces, the model of a transition layer is recommended for essentially
correlated roughness and for rms roughness which approximately equals the Lips/0c where Laps is
an absorption length and 6. is a critical angle of total external reflection. This interface width can be
modelled by analytical functions such as tan, linear, erf, sin, exp. For very large rms roughness values

(typically a

C L /0. | dal L 11 L laod 3]
uUvue J 1111, U L‘aDS/ UCJ, DIJCLICII ITTUUCIS SITUUIU UT alJlJllCu-Lfl

5.3 Simulation of XRR data

There are two basic approaches to simulating X-ray scattering processes from the speciméen: kinegnatic

and dynami

Fal theories.[1][2] Dynamical theory isrecommended as it gives the more coinplete descri

btion

of the procefps. X-Ray reflectivity simulation software is generally available from commercial vendgrs of
X-ray measyrement equipment and from groups such as the synchrotron user gommunity. Informgtion,
and, in somg¢ cases, downloads are generally available from the associated websites.!
5.4 General examples
Some simulated specular reflectivity data using dynamical theory.are shown below to illustratg the
effects on the data of different parameters of the sample. Unless-otherwise noted, an ideal syst¢m is
considered In Figures 7 to 12.
Y

10° ¢

101

102 £

103 £

10 F

105 £

106

107\ =

10-8 C | | | | |

0 1 2 3 4 5 6
X

Key
X qz innm-1 — 20 nm Si3N4 layer on Si
Y intensity ina.u.
NOTE Data may be presented against g, as above, or in angular units. It is also common to normalize the

reflected intensity, as shown.

Figure 7 — Simulated specular reflectivity data of a perfectly smooth 20,0 nm SizN4 layer on a
perfectly smooth bulk Si substrate

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.
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specimen angle increases.

Figu

Key
X

re 8 — Simulated specular reflectivity data (as in Figure 7) with interface width
on the Si surface versus 0,3 nm or.0;6 nm on the top surface
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Thicker layers give narrower fringes in angular space.

Figure 9 — Simulated specular reflectivity of 20,0 nm and 22,0 nm SizgN4 (with 0,6 nm surface
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both cases, there is a 0,3 nm interface width on the Si substrate, and a 0;6'nm roughness on tH
s more dense than Si3Ny, so the critical angle is higher and the fringe(contrast is greater.

10 — Comparison of simulated specular reflectivity‘for 20,0 nm SizN4 layer anc
20,0 nm TiN layer
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0,6 nm surface roughness on bulk SI (with 0,3 nm

interface width), with an instrument function
(0,5 mm source and detector slits and a 10 mm
specimen)

The position of the critical angle for the small sample is unclear and possibly apparently shifted, and the

rate of decrease of reflected intensity with increasing specimen angle is affected, which affects the roughness or
interface width deduced if the instrument function is not accurately taken into account in analysis. The positions
of fringes are unaffected, so thickness analysis may proceed successfully.

Figure 11 — Comparison of simulated specular reflectivity with and without instrument function
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NOTH The effect also depends on instrument function.
Figure 12 — Effect of 50 m radius of curvature of the specimen on the reflectivitly data,
compared to a perfectly flat specimen and ideal incident beam
5.5 | Data fitting
Datalfitting is a trial-and-error technique whereby repeated simulations are compared with the data in
orde} to converge on a best-fit model. Differentfunctions may be selected as a measure of thje goodness-
of-fit}. An initial specimen model is used tossimulate an XRR curve (Figure 13). This is compared with
the elxperimental data to calculate a meagure of the difference between the simulation and the data. The
model is then refined by changing layer{or lamella) (density, interface width, thickness) gnd external
parameters (intensity, background) re-simulated and compared again. This process is repeated until
the exit criteria are met (acceptable goodness-of-fit, maximum allowed number of iterations, acceptable
tolerpince of the improvement of'the goodness-of-fit).
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Initial guess for
sample model

Simulate XRR

Evaluate fitness by
comparing to
experiment

Refine sample parameters
according to fitting algorithm

Check exit criteria

Calculate uncertainties,
Hessian matrix, etc.

Figure 13 — Data-fitting flow chart

In the modgl of the specimen, some physical parameters can be selected as fit parameters and $ome
can be fixed. When substrate density or other parameters are known, it is recommended that they be
fixed. The fit parameters are allowed tovary within bounds during the fitting process. The initial lpwer
and upper bounds are selected as physically reasonable limits based on the nominal structure] It is
recommendgd that, in most cases, initial bounds are set 10 % to 30 % from the nominal values. Where
more accurate information is available a priori, narrower bounds can be set. Larger bounds may be
needed where initial information’is less reliable. The normalizing factor and the variables describing the
incoherent gcattering can be fit parameters in addition to the specimen structure parameters.

If a good fit |s not obtained, it may be necessary to adjust the starting model and/or bounds, and r¢fit.

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 fit$ and
achieve robystsolutions 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
system has different individual layers, it is usually appropriate to fit individual thicknesses first with
roughness and densities fixed.
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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 notincluded in this. The diagonal terms
of this matrix deliver the standard deviations of the fitted parameters, which reflect their precision. The
non-diagonal terms indicate possible correlations between the fitted parameters which relates to the
reliability of the specimen model. For example, the roughness of a thin layer may be correlated to its
thickness. Errors and uncertainties on the final fit parameters are often delivered by software used
for dpta fitting and they should be stated as combined variance mmcluding correlation coeificients from

Hessjan matrix and a coverage factor giving a proper confidence interval for every fitted value. It is

strongly recommended to express the uncertainty for every fitted value in compliange.with
the ekpression of uncertainty in measurement.[13]

The s
isre
see Heferences [11] and [12].

For ¢ptimization of the goodness-of-fit function, there are many algorithms available. K
Gendtic Algorithms, Simulated Annealing, Levenberg-Marquardt; Simplex. They can be
two
Simullated Annealing and Genetic Algorithm are able to find a global minimum of an ¢
prob
in References [4], [5] and [6]. Reviews of details of these algorithms can be found in, f
References [7], [8], [9] and [10]. It may be appropriate £6 combine more than one algorithm se
ordef to converge on the best fit. [t may also be apprepriate to try more than one algorithm in
and fo compare results.

Whe

6

6.1

Asa
the gxperiment. Thus;-a complete report of an XRR analysis should contain appropriate d¢
the ihstrument add-the experimental details. Since the modelling and fitting process of XRR
straightforwardythe same consideration applies for the simulation and fitting process. An

ystematic errors depend strongly on good model chosen and sample quatity. However
isonably correct, for good samples, the thickness error is usually not higher than seve

Classes: The Simplex and the Levenberg-Marquardt methods are the local minimizey

em. A comprehensive introduction to the basics of the different optimization meth

Information required when reporting XRR analysis

General

beneral rule, any scientific report should contain all the information that is necessary {

the Guide to

if the model
ral per cent,

or example,
livided into
s, while the
ptimization
bds is given
or example,
quentially in
Hependently

re dynamical theory is used for fitting\the data, the quality and reliability of the final fit result
depejnds primarily on the quality of the input data.

0 reproduce
escription of
data are not
example of a

repoftis givenvin Annex A.

6.2 | Experimental details

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

a)

X-ray radiation wavelength (usually the wavelength in nm or A is reported, in the case of synchrotron
radiation the photon energy in eV or keV is more frequently reported);

b) X-ray source size and shape;

c) attenuator factors for the radiation used (if applicable);

d) incident full beam intensity and detector background (both given in, for example counts s-1);

e) detailsofincidentand scattered beam conditioning (monochromator; slits, collimator, and other optics):

1) identities;
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2) distances;

3) slitdimensions;

5 not
ting
del-

11 for
ction
from
dent

htion
le or

ould
o the

stack

ified:

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

g) detector type;

h) specimen details (together with collimating slits, specimen length determines the spill-off angle
and should not be neglected when reporting XRR experiment;

i) scan parameters - integration time (specify whether not constant), start, step size, stop, and units
1) ifagegmented scan is used, these shall be specified for each segment;

j) other siignificant experimental details [for instance, environmental conditions (temperature,
pressurg, humidity) and chambers or heating or cooling stages].

6.3 Analysis (simulation and fitting) procedures

The influengte of the fitting of the experimental data on the determination ‘ofayer properties i

negligible cgmpared with the experimental factors.[11] Thus a full descriptietrof the analysis and fi

procedures [is strongly recommended. In particular, the following information is needed for a m|
based apprdgach:

a) Possible treatments applied to raw data.

b) Initial model for the layered structure. The choice of the‘nitial model for the layered structyre is
of crucifl relevance in the determination of the final structure. Any information that was usef
guiding|the choice of the starting model should be incliided in the report. Inputs for the constru
of the ipitial model may come from a priori knowledge on specimen fabrication, literature,
specimén analysis by complementary charaeterization techniques of from model indeper
analysig on the same XRR data.

c) Calculation method and fitting algorithm. The report should briefly specify the calcul
approadh used and what type of fitting algorithm was employed. If a commercially availah
custom[made software was employed, it should be indicated in the text.

d) Fitted and fixed parameters.” Not all the parameters that specify a multilayer stack sh
necessalrily be fitted at theGame time. When appropriate, some parameters may be kept fixed
initial vplue.

e) Datarange. The datarange over which the fit was performed should be specified.

f) Number of iterations.

g) Modelfjinalparameters. The value of all the parameters determining the structure of the layer
the thickness and den51ty of each layer (2N) and the interface width at each interface (N+1). Itis 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 density when the chemical composition
of the layer is known. Reporting on the mass density is recommended when possible.

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

i) Statistical uncertainty of fitted parameters.

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

6.4

6.4.1

Methods for reporting XRR curves

Independent and dependent variables

It is recommended that XRR scan data are displayed as normalized intensity versus the scattering
vector q, (the unit may be nm-1 but more often the unit is A-1). The normalized intensity is usually
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ate accounting of the instrument function. The choice of presenting XRR data vérs
t comparison of data collected using different incident radiation wavelength.
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bver, the normalized intensity may also be obtained by dividing the reflected inte
mum value of the measured intensities. In this case, important information on the
ion may be lost. In addition, the physical significance of the data may’be compro
ured intensity maximum occurs at an angle that is greater than the critical angle.

scattering vector may be either corrected for refraction or not but, in any case, th
ated in the figure caption. Note that attention must be paid since’the g, vector interval
Fant when converted from angular values that are equally spaced.

bver, XRR curves are sometimes displayed by plotting\the reflected intensity (either
n-normalized) versus either w or 26. It is worth noting that, since the position of X-ray
‘tor are symmetrical with respect to the normal tolthe specimen, these two options ary¢
Falent. The angles w and 20 should be expressed’int SI units of radians, or submultiples (
radians). Angles are also displayed in degrees-or submultiples (for example, arc secong

Graphical plotting of XRR data

the dynamic range of a typical XRR€urve covers several order of magnitude, a logaritl
[ly preferred for displaying the reflected intensity (see Figure 14). Sometimes it is usefu
neasured reflectivity by q,%. In this way, the oscillating part of the curve is enhanced an
een similar curves are clearer (see Figure 15). The plotting of multiple XRR curves
h usually results in an gverlap of the curves that prevents a clear representation. Mu

ithmic scale this mieans that reflectance values should be multiplied by constant facto
ver of 10 (see Figure 16).

fitted curve<should be represented by a solid line overlapped to experimental d
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Figure 14 — Example of experimental and simulated specular reflectivity data of a 20,0 nm
SizN4 layer on a Si(100) substrate — Data aréepresented versus g,
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NOTE In this representation, small discrepancies are visible between simulated an experimental data that

were not distinguishable in the representation of Figure 14.

Figure 15 — Experimental and simulated specular reflectivity data of a 20,0 nm Si3N4 layer on a
Si(100) substrate — Intensity multiplied by g, is plotted against q,
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