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B8 - Thin Films and Multilayers

B8 - O1

X-RAY ANALYSIS OF THIN FILM STRUCTURES USED IN MAGNETIC SENSORS AND 
MAGNETIC MEDIA

C. Schug

Naomi technologies AG, Hechtsheimerstr. 2, D-55131 Mainz, Germany

The per for mance of multilayer stacks used in mag netic de -
vices such as gi ant-magnetoresistive (GMR) sen sors and
mag netic me dia is in ti mately linked to the phys i cal prop er -
ties of the con trib ut ing func tional films as well as to their
crys tal line and in ter fa cial struc ture. A num ber of sur -
face-sen si tive X-ray meth ods to in ves ti gate these pa ram e -
ters is pre sented. Spec u lar X-ray reflectometry (XRR) has
proven to be an ab so lute method to mea sure film thick -
nesses in com pli cated layer se quences - as e.g. the
Ru-nanolayer thick ness in GMR stacks - and de po si tion
rates with sub-Ang strom ac cu racy [1]; it can be used for the 
rou tinely offline mon i tor ing of large-area cou pons,  but
also for the cal i bra tion of quicker, in di rect, inline mon i tor -
ing meth ods, e.g. X-ray flu o res cence (XRF). Off-spec u lar
XRR was suc cess fully ap plied to mon i tor the in ter fa cial
prop er ties of ion-bom barded Co/Pt-superlattices, a prom is -
ing can di date for per pen dic u lar re cord ing based on the
so-called pat terned me dia ap proach [2,3]. In-plane X-ray

dif frac tion (XRD) has gained in creas ing at ten tion with re -
gard to the study of the real struc ture (crys tal lite size, pre -
ferred ori en ta tion, stress) of func tional thin films. The
method is well-suited to in ves ti gate phase tran si tions in
thin films, such as the fcc to fct tran si tion of a GMR sen -
sor’s PtMn pin ning layer upon an neal ing [4]. 
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SMALL AND LARGE ANGLE X-RAY DIFFRACTION IN METALLIC MULTILAYERS

Grzegorz Gladyszewski

Thin Films Laboratory, Lublin University of Technology, ul. Nadbystrzycka 38, 20-618 Lublin, Poland

Many phys i cal prop er ties of ar ti fi cially lay ered struc tures
are strongly de pend ent on the atomic ar range ment at the in -
ter face. In deed, the in ter fa cial rough ness af fects the elec tri -
cal and op ti cal prop er ties of semi con duc tor superlattices,
plays an im por tant role in the long-range mag netic cou -
pling in mag netic multilayers, or strongly in flu ences the
spec u lar re flec tivity from multilayer x-ray mir rors. A de -
tailed char ac ter iza tion of the in ter face is there fore es sen -
tial. The most widely used ex-situ struc ture and in ter face
char ac ter iza tion tech nique for multilayers is x-ray dif frac -
tion (XRD). The non de struc tive XRD tech nique is com -

monly used in q-2q ge om e try, in which the scat ter ing
vec tor is per pen dic u lar to the sam ple sur face and only –so
called – “one di men sional” in for ma tion in the growth di -
rec tion is ob tained. Nev er the less, a spe cific multilayer
x-ray dif frac tion pro file al lows one to de duce some struc -
tural pa ram e ters by fit ting the mea sured in ten sity pro files
with model cal cu la tions us ing the com puter pro grams
SUPREX [1] and SLERF [2]. In this way the quan ti ta tive
val ues for the rms rough ness of the in ter faces may be de ter -
mined, but the method can not pro vide in for ma tion about
the lat eral char ac ter of the rough ness. In deed, both mod els
are only valid for spec u lar x-ray scat ter ing. An in ter fa cial

rough ness may be lat er ally as well as ver ti cally cor re lated.
Both kinds of cor re la tion in flu ence strongly their small- as
well as large- an gle nonspecular x-ray dif frac tion pro files.
It be comes clear that the most valu able in for ma tion about a
real multilayer struc ture can be ob tained from nonspecular
x-ray scat ter ing mea sure ments [3]. Un for tu nately, the most 
of re ported in the lit er a ture data is based on sim ple spec u lar 

q-2q scans. This fact is ap par ently caused by the fact that
in ter pre ta tion of nonspecular scans can not be per formed in
the straight for ward way, as it is now a days pos si ble for
spec u lar scans. An ex am ple of the use ful ness of
nonspecular x-ray scat ter ing mea sure ments is pro vided by
the stress de ter mi na tion that of ten is car ried out on the ba sis 

of so called sin2y method. This method has been well de -
vel oped for polycrystalline thin films. How ever, for mul ti -
lay ered epitaxial sys tems the method may lead to a false
re sult. There fore, 3D mod els must be used to in ter pret the
per formed scans in a cor rect way. In this work, a re view of
1D, 2D and 3D mod els nec es sary for x-ray dif frac tion pro -
files in ter pre ta tion will be done. Both spec u lar and
nonspecular mea sure ments will be de scribed. Ap pli ca tion
of an a lyt i cal as well as sim u la tion mod els will be
discussed.
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This pre sen ta tion de scribes a new ap proach for ex tract ing
microstructural in for ma tion in polycrystalline multilayers
as a func tion of depth.  Most X-ray scat ter ing ex per i ments
av er age in for ma tion over large depths in multilayers, how -
ever in some cases knowl edge of sur face strains, re lax ation
and dis tor tions is of in ter est.  Most work on mea sur ing
struc tural in for ma tion in thin polycrystalline lay ers as a
func tion of depth has been con fined to syn chro tron
sources, how ever by mod i fi ca tion of stan dard lab o ra tory
equip ment and the ap pli ca tion of the unique scat ter ing
prop er ties of pe ri odic struc tures this can be per formed with 
a lab o ra tory sealed source.

The method has been ap plied to Nb-Al multilayers, and
it is clear that the sin gle el e ment lay ers do not nec es sar ily

have the same state of strain nor do they nec es sar ily have
the same crys tal lite size.  In com bi na tion with other X-ray
tech niques, large area re cip ro cal space map ping,
reflectometry ap plied to these sam ples it is pos si ble to build 
a fairly com pre hen sive view of these ma te ri als.

This method is based on in-plane scat ter ing, whose
strength is mod u lated in depth by a stand ing wave as so ci -
ated with the den sity and rough ness dis rup tion at each in -
ter face.  The stand ing wave is mod i fied with in creas ing
in ci dence an gle.  This de scrip tion of the pro cess will be
dis cussed in terms of the ex per i men tal meth od ol ogy and
the de tailed the o ret i cal mod el ling re quired to in ter pret the
re sults.
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Stud ies of  dif fu sion and crys tal lite growth in thin films
have at tracted wide at ten tion due to the in creased use of
mul ti lay ered thin film struc tures in mod ern elec tronic de -
vices. Par tic u larly with re gard to the time sta bil ity of such
de vices, the in ves ti ga tion of phase tran si tions or dif fu sion
pro cesses are of spe cial in ter est.  In situ high tem per a ture
graz ing in ci dence X-ray diffractometry (HT-GIXD) is well 
suited, but so far rarely used for char ac ter iz ing the ki netic
pa ram e ters of such pro cesses. We pres ent both a quan ti ta -
tive de scrip tion of ox y gen dif fu sion into plasma en hanced

de pos ited me tal lic In/Sn films and of the crys tal lite growth
of in dium tin ox ide thin films.

Tin-doped in dium ox ide (ITO) films were de pos ited on
Si(100) sub strates with out ex ter nal heat ing by means of dc
pla nar mag ne tron sput ter ing. A me tal lic In/Sn (90/10) tar -
get and an ar gon/ox y gen gas mix ture were used. The flow
of the re ac tive gas ox y gen was var ied be tween 0 and 2
sccm. Bias volt ages be tween 0 and –100 V were used. With 
in creas ing ox y gen flow, the film struc ture and com po si tion 
changes from  crys tal line me tal lic In/Sn to amor phous ITO. 
Ox y gen dif fu sion into me tal lic In/Sn films and crys tal lite
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growth of ITO films were in ves ti gated by in situ HT-GIXD 
at tem per a tures rang ing from 100 to 300 °C and a vac uum
of 5*10-3 mbar.

The ITO for ma tion is de ter mined by two pro cesses: the
dif fu sion of ox y gen into the me tal lic grains and a fast crys -
tal li za tion pro cess. Ki netic pa ram e ters for both pro cesses
were de rived. A  model was de vel oped which al lows the
de ter mi na tion of the dif fu sion co ef fi cient D from the time
de pend ence of the in te gral in ten sity of the ITO-X-ray re -
flec tion. This math e mat i cal model in cor po rates the fol low -
ing phys i cal ba sics:

A thin film of the ma te rial n (In/Sn) con verts into a
crys tal line phase m (ITO) in a dif fu sion lim ited pro cess.
The in ten sity of an X-ray re flec tion of phase m in the film at 
time t can be cal cu lated us ing Eq. (1).
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with Bm the the o ret i cal in ten sity fac tor, K0 the ap pa ra tus
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The amount of amor phous ITO in the as-de pos ited films is
con sid ered by a fac tor f.
By in te gra tion Eq.(1) over the film thick ness d with the
above men tioned as sump tion, the in ten sity of a re flec tion
of phase m fol lows:
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A de tailed de scrip tion of the model is given in [1, 2].
The dif fu sion co ef fi cient de pends on the ap plied bias volt -
age but it is not in flu enced by the ox y gen flow dur ing film
de po si tion. From the tem per a ture de pend ence of D the ac ti -
va tion en er gies for the dif fu sion pro cess can be cal cu lated
[3]. For T < 150°C the ac ti va tion en ergy de pends on the ap -
plied bias volt age. For T > 150°C the D val ues still dif fer
with the bias volt age but the ac ti va tion en ergy seems to be
in de pend ent of the de po si tion con di tions. 

The crys tal li za tion of amor phous ITO can be un der -
stood by ap pli ca tion of the John son-Mehl-Avrami the ory
[3]: y t t tm

n( ) exp ( / )= - -1 0  with ym nor mal ized in ten sity, 

t the an neal ing time, n the re ac tion or der and 1/t0 the rate
con stant. For our films we get n-val ues be tween 2.4 and 3,
i.e. a two di men sional crys tal li za tion pro cess [4]. 

Our ex per i men tal re sults show that the ap pli ca tion of in
situ GIXD mea sure ments is well suited to in ves ti gate tem -
per a ture in duced pro cesses. This method es tab lishes a wide 
range of an a lyt i cal pos si bil i ties.
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DIFFRACTION STRESS ANALYSIS OF STRONGLY FIBRE-TEXTURED Au LAYERS
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Dif frac tion stress anal y sis on the ba sis of the so-called

sin2y-method is a well-es tab lished method. How ever, a

straight for ward ap pli ca tion of the sin2y-method, us ing the
so-called X-ray elas tic con stants (XECs)  and , is pos si ble
only if the spec i men is mac ro scop i cally elas ti cally iso tro -

pic. This im plies that the sin2y-method (based on XECs)
can not be ap plied to crys tal lo graphi cally tex tured spec i -
mens, be cause for such spec i mens, mac ro scopic, me chan i -
cal ani so tropy gen er ally oc curs.  

For spec i mens pre sent ing crys tal lo graphic tex ture that
is both strong (i.e. the ran dom tex ture frac tion is small) and
sharp (i.e. the ori en ta tions of crys tal lites ex hibit only small
spreads from the ideal ori en ta tions), the so-called crys tal -
lite group method has been pro posed [1,2]. As pro posed
the method was in tended for sin gle-crys tal like tex tures
only. The crys tal lite group method can also be adapted to
deal with spec i mens pre sent ing a fi bre-tex ture [3]. 

In this work, the crys tal lite group method has been em -
ployed for the dif frac tion stress anal y sis of fi bre-tex tured
gold films. The con se quences of the mac ro scop i cally elas -
ti cally anisotropic na ture have been dem on strated. Fur ther,
pos si ble al ter na tive mea sure ment strat e gies, i.e. the use of
one re flec tion ver sus the use of mul ti ple re flec tions, and the 

cor re spond ing pro ce dures re quired for cal cu lat ing lat tice
strains from mea sured lat tice spac ings, have been dis -
cussed in par tic u lar in view of the sus cep ti bil ity of the ob -
tained stress re sults to in stru men tal ab er ra tions. The ranges 
of ap pli ca bil ity of the crys tal lite group method in view of
tex ture strength, sharp ness and com plex ity and with re -
spect to pos si ble me chan i cal load ing states (bi axial
rotationally sym met ric ver sus bi axial) have also been ana -
lysed. 
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