
Ó Krystalografická spoleènost

Ma te ri als Struc ture, vol. 24,  no. 1 (2017)       17

Session IV, Tuesday, June 20, morning

L11

X-RAY CHARACTERIZATION OF THIN LAYERS

L. Horák

De part ment of Con densed Mat ter Phys ics, Fac ulty of Math e mat ics and Phys ics
horak@karlov.mff.cuni.cz

A layer can be de fined as a ma te rial of sin gle thick ness
cov er ing a sur face of a dif fer ent ma te rial (called sub strate).
On the other hand, the mean ing of the word thin is quite
am big u ous in ex act thick ness limit. How ever, from an
X-ray meth ods stand point, it is quite rea son able to con sider 
the thick ness to be much smaller than the ab sorp tion length
of X-ray ra di a tion in a ma te rial. There are two rea sons:
Firstly, the vol ume of such lay ers is so small that ex per i -
men tal set ting has to be ad justed to en hance the mea sured
sig nal. Sec ondly, the pri mary beam and the scat tered beam
has to trans mit through the sur face of the layer, which re -
stricts the ge om e try of the ex per i ment, in other words,
crys tal can not be ro tated to ar bi trary po si tion.

In the talk, we will give short over view of ex per i men tal
set ting, mea sure ment and data eval u a tion of prob a bly most
com mon char ac ter iza tion tech niques for thin layer. Firstly,
the X-ray re flec tivity is one of the ex clu sively sur face tech -
niques (for ex am ple see Fig ure 1). Since it is sen si tive only
to mean elec tron den sity in the sam ple, it can be suc cess -
fully used for the study of amor phous, po rous, poly -
crystalline, and even monocrystalline lay ers. It makes
avail able in for ma tion on the thick ness of the layer, its rel a -
tive den sity and the rough ness of the sur face and in ter faces. 
It can be used not only for sin gle lay ers, but it is pow er ful in 
de ter mi na tion of these pa ram e ters for the full stack of dif -
fer ent sublayers. The max i mal thick ness is lim ited by the
pen e tra tion depth that is quite low for low in ci dent an gle.
On the other hand it can successfully detect a few
nanometers thick oxide layer on the surface.

Polycrystalline thin lay ers as some coat ings or ac tive
lay ers are usu ally stud ied us ing pow der diffractometry in
or der to iden tify the crys tal lo graphic phases and other re -
lated pa ram e ters, e.g. grain sizes. Since the sig nal from the
layer us ing usual Bragg-Brentano ge om e try is very weak,

one has to use dif fer ent ge om e try to en hance the layer sig -
nal. This can be achieved for in stance us ing par al lel beam
ge om e try, in which the pen e tra tion depth is tuned by the
an gle of in ci dence (ex am ple in Fig ure 2).

Thi r dly, very of ten cha rac te ri zing ex pe ri ment for epi ta -
xial thins layers is the de ter mi nati on of the lat ti ce re la xati -
on sta te. Using Re ci pro cal spa ce map ping, one can very
easi ly see if the layer lat ti ce is la te ral ly ad jus ted to the sub s -
tra te la te ral pe ri o di ci ty (co cal led pseu do mor phic layers) or 
it is (par ti al ly) re la xed, i.e. the layer unit cell is not (ful ly)
dis tor ted with re spect to its bulk pro to ty pe. This in for mati -
on come out from the com pa ri son of the sub s tra te peak po -

Fig ure 1. Ex am ple of mea sured re flec tivity curve fit ted by the
sim u la tion. The thick ness can be de ter mined from the fre quency
of the os cil la tions. 

Fig ure 2. Stan dard pow der pat tern mea sured with fixed in ci dence
an gle to en hance the sig nal from the layer.

Fig ure 3. Re cip ro cal space map of asym met ric dif frac tion (224).
The peak from pseudomorphic LSMO is lo cated on the STO trun -
ca tion rod, while the BTO peak is off this rod show ing par tial lat -
tice relaxation.



si ti ons with tho se of the layer. Fi gu re 3 shows the exam ple
of BTO thin layer partially relaxed on LSMO pseudo -
morphically grown on STO substrate. 

Last ly, we will show qu i te chal len ging task to de ter mi -
ne the structu re of the mo no crys tal li ne layer inclu ding ato -
mic po si ti ons. It is not so straight for ward using structu re
re fi ne ment from stan dard pow der or mo no crys tal diffrac to -
me t ry. The main ob stacle is; that the sig nal from the sub s -
tra te is usu al ly much stron ger and it is over lap ped with the
sig nal from the layer. However, using high re so lu ti on
diffrac to me t ry we can dis tinct the pre sen ce of the sig nal
from the layer. Ne ver the less, the sub s tra te sig nal has to be
ne cessa ri ly in cor po ra ted into the structu re so lu ti on, sin ce
we me a su re the in ter fe ren ce pat tern of the se two sig nals.
For exam ple see Fi gu re 4 which shows the interference
pattern measured along several crystal truncation rods.
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Be side crys tal struc ture so lu tion, re fine ment of lat tice pa -
ram e ters and quan ti ta tive phase anal y sis, char ac ter iza tion
of sam ple microstructure from pow der dif frac tion data is
one of the most com mon quan ti ta tive crys tal lo graphic
meth ods used in ma te rial sci ence. There are nu mer ous free
crys tal lo graphic soft ware avail able and one orig i nally de -
vel oped in Prague, called MSTRUCT [1-2], is just suit able
for the microstructure anal y sis. Thanks to the orig i nal de -
sign based on ObjCryst/FOX [3] it is free and mod u lar, i.e.
var i ous new microstructure mod els can be added by ev ery -
one with ap pro pri ate tech ni cal and sci en tific knowl edge.
An MSTRUCT ex ten sion for the line pro file anal y sis of in -
di vid ual dif frac tion peaks and its ap pli ca tion to ma te ri als
with anisotropic line broad en ing were re ported in [4] in
2014. In this con tri bu tion we de scribe new nonstandard
mod els im ple mented and used for the dif frac tion anal y sis.
These are:
• anisotropic size broad en ing from crys tal lites with rod,

platelet and el lip soi dal shape [5]

• in stru men tal func tion for par al lel beam re flec tion ge om -
e try with po si tion sen si tive de tec tors

• stack ing faults on pris matic planes in Tung sten Car bide

• War ren-Bodenstein model for turbostratic nanoparticles
[6]

• con fig u ra tion model for de scrip tion of bi modal
microstructure [7]

Ani so t ro pic size broa de ning

Anisotropic size broad en ing model was miss ing in
MSTRUCT for a long time. A model of rods and plate lets
like crys tal lites [5] is briefly in tro duced and com pared with 
re sult from the clas si cal pro file anal y sis [4]. Re cently the
mod els of shape broad en ing were also com ple mented with
quite com mon model of el lip soi dal shape that is an in de -
pend ent con tri bu tion (Jan End ers from Charles Uni.).

In stru men tal functi on for pa ral lel beam re flecti on 
ge o me t ry with po si ti on sensi ti ve de tec tors

Coplanar par al lel beam ge om e try is of ten used for thin
films mea sure ments. With lab o ra tory in stru ments it is op ti -
mally com ple mented with a long Soller slits analyser mak -
ing the mea sure ment di rec tion ally sen si tive and pro vid ing

a de cent res o lu tion (0.05°- 0.3°). Now a days lin ear po si -
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Fig ure 4. Mea sure in ten sity dis tri bu tion along crys tal trun ca tion
rods (red) is fit ted by the sim u la tion (blue). The in ter fer ence be -
tween the wave dif fracted in sub strate and in the layer has to be
taken into account.
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tion sen si tive and area de tec tors are very com mon in X-ray
lab o ra to ries and micr fo cus ing X-ray op tics can de liver
small beam to sam ple not only at synchrotrons. As al ready
pres ent the po si tion sen si tive de tec tor can be an al ter na tive
to the setup with analyser un der the fa vour able geo met ri cal 
con di tions (dif fract ing sam ple area, de tec tor dis tance and
strip or pixel di men sions). How ever when the dif fracted
sam ple area is still fi nite and in a com mon case of con stant
in ci dence beam an gle, the res o lu tion is de pend ent on the
exit an gle of the beam. We in tro duce an ad di tional term de -
scrib ing this ef fect. A com par i son is de picted in Fig. 1.

Stac king faults on pris ma tic pla nes in Tungsten
Car bide

Stack ing faults on pris matic {1-100} planes in hex ag o nal

WC are quite com mon de fects. We pres ent an al ter na tive
de scrip tion of dif frac tion line broad en ing that is very sim i -

lar to an ed u ca tional ex am ple of 1D atomic chain for
phonon dy nam ics. We com pare the MSTRUCT im ple men -
ta tion with DIFFaX sim u la tions and ex per i men tal data.

War ren-Bo den stein mo del for tur bostra tic na no -
par ticles

Scat ter ing from turbostratic (Car bon) nanoparticles can not 
be de scribed by stan dard meth ods be cause of lack of ori en -
ta tion or der ing of sub se quent 2D Graphene-like lay ers. A
War ren-Bodenstein method for a fast com pu ta tion of this
ef fect as used by Dopita et al. [6] was im ple mented (see
Fig. 2) in or der to quan ti ta tively char ac ter ize sam ples of
crys tal line mix tures with Car bon black nanoparticles used
as fillers.

Con fi gu rati on mo del for descrip ti on of bi mo dal
microstructu re

Uni form microstructure of a given crys tal line phase is a
com mon as sump tion in dif frac tion data anal y sis. How ever
it is of ten not the case in na ture. Bi modal grain size and the
in ter ac tion be tween the two-micro struc tures with the same
or very sim i lar atomic struc ture is a key point driv ing prop -
er ties of fine grained met als and al loys. Sim i lar ef fects are
cru cial for cat a lytic nanoparticles, nu cle ation and crys tal li -
za tion pro cesses or struc tural changes in pig ments of an -
cient paint ings. Re fine ment of bi modal microstructure of
recrystallized fined grained Cop per was dis cussed in [7]. It
is also shown there the method is very ro bust for
nanocrystalline metal oxides catalysts.

Un con ven ti o nal ana ly sis of na no crys tal li ne and
amor phous like ma te ri als

An other very com mon case is that part of the sam ple is
amor phous. Con ven tional dif frac tion anal y sis can not give
in for ma tion about non-crys tal line frac tion of the sam ple.
Pair dis tri bu tion func tion mea sure ment may be the so lu -
tion. How ever in many cases, see Fig. 3, the sam ple state is
of ten clear even from low en ergy (8-15 keV) or lab o ra tory
data. Fig. 3 il lus trates dif frac tion pat terns from such amor -
phous-like ma te ri als sim u lated by set ting ex tremely small

Fig ure 1. An gu lar de pend ence of FWHM of in stru men tal func -
tion mea sured on LaB6 stan dard in the par al lel beam ge om e try
with area de tec tor (dif frac tion beamline I711). Blue squares show
the case of very small ver ti cal in ci dence beam slit open ing
(0.1 mm) whereas red cir cles rep re sent the case when dif fract ing
sam ple area is rel a tively large (slit open ing 0.5 mm). Fit with a
spe cific model (lines).

Fig ure 2. Com par i son of orig i nal War ren-Bodenstein sim u la tion
of Car bon black nanoparticles as done in MATLAB [6] (blue
points) and MSTRUCT im ple men ta tion (red line). CuKa wave -
length.

Fig ure 3. XRD pat tern of ZrO2 (blue points) from [8] and its fit
(red curve) us ing a model of tetragonal-ZrO2 crys tal line do mains
of ex tremely small size (D ~ 0.8 nm). This cor re sponds to about
8 ZrO2 mol e cules. For com par i son sim i lar sim u lated pat ters for
ana tase TiO2 (green dash curve) and cu bic CeO2 (black dot-dash)
are in cluded. CuKa wave length.



crys tal lites size (D ~ 0.8 nm). In this case it also clearly ev i -
dent which metal ox ide (TiO2, CeO2, ZrO2) is pres ent in the 
sam ple. In spite of a good fit the phase can not be con sid -
ered as crys tal line as the po ten tial crys tal would con sist
only from about 8-12 mol e cules. Also the re fined model
(lat tice) pa ram e ters can be sub jected to sys tem atic de vi a -
tions [9].

Fig. 4 pres ents an ap pli ca tion case when the amor -
phous-like ox ide is pres ent in the sam ple to gether with two
ad di tional crys tal line phases. The amor phous con tent can
be well char ac ter ised just from sim ple Rietveld re fine ment
with out any ad di tion of in ter nal ref er ence stan dard and the
nu cle ation pro cess can be stud ied on the pure ma te rial.
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Fi gu re 4. Pat tern de com posi ti on of mul ti phase ZrO2 na no crys -
tal li ne sam ples pre pa red at dif fe rent con di ti ons [8]. Tetra go nal
t-ZrO2 phase posses bi mo dal microstructu re. Mo del as su mes
mix tu re of na no crys tal li ne t-ZrO2 with crys tal li tes size D ~ 4
nm and amor phous-like fracti on si mi lar to Fig. 3. It is evi dent
that the amor phous-like con tri bu ti on is chan ging with pre pa rati -
on con di ti ons (dif fe ren ces be tween fi gu res a-c). Whe re as
microstructu re pa ra me ters re la ted to tetra go nal and mo noc li nic
ZrO2 crys tal li ne phases do not vary so much, inclu ding re la ti ve

weight fracti on of crys tal li ne t-ZrO2 and m-ZrO2. CuKa wa ve -
len gth.
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