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Global and lo cal in te gra tion schemes of Ger ma nium (Ge)
based heteroepitaxial sys tems on a Sil i con (Si) plat form are 
of cru cial im por tance for ad vanced com ple men tary
metal-ox ide-semi con duc tor (CMOS) tech nol ogy and elec -
tronic photonic in te grated cir cuits (EP ICs). To im prove the 
per for mance of such heterostructures for Ge-based de -
vices, fun da men tal in sights into the lo cal crys tal struc ture
are re quired. This in for ma tion can be a valu able in put to
en gi neers for the o ret i cal sim u la tions to cor re late the struc -
tural prop er ties with ma te ri als elec tronic and photonic
prop er ties. 

A re cently de vel oped synchrotron-based scan ning
X-ray dif frac tion microscopy tech nique, called quicK-
 mapping (K-map), from the beam line ID01 of the Eu ro -
pean Syn chro tron ra di a tion fa cil ity (ESRF) is ide ally suited 
to non-de struc tively im age with sub-mi cron res o lu tion

local tilt and lat tice con stant vari a tions (Da/a) with a sen si -
tiv ity down to 10-3 de gree and 10-5, re spec tively. Lo cal
lattice ori en ta tions and con stants are ex tracted by the X-ray 
Strain Ori en ta tion Calculation Soft ware (XSOCS) [1]. In
the pre sen ta tion, K-map re sults from SiGe buffer lay ers
and Ge mi cro-stripes are dem on strated as ex am ples for
global and lo cal Ge heterostructures. 

SiGe „vir tual sub strates“ are a prom is ing ap proach for
the very large scale in te gra tion (VLSI) of Ge as closed
films on Si(001). Al though, growth and re lax ation pro -
cesses of SiGe buffer lay ers on Si(001) are well in ves ti -
gated and ma jor achieve ments were made, con trol over the
struc tural ho mo ge ne ity of SiGe buff ers be low mi cro-me ter

scale is still a chal lenge for global in te gra tion on 300 mm
Si(001) wa fers. The ca pa bil ity of the K-map tech nique to
de ter mine lattice pa ram e ters in a quan ti ta tive way dem on -
strates the achieved qual ity given by the in flu ence of plas -
tic re lax ation to the tilt, strain and com po si tion of
Ge/SiGe/Si(001) systems.[2,3]

Ge mi cro-struc tures on Si(001) achieved by top-down
or bot tom-up ap proaches suf fer as well from inhomo -
geneities due to growth and  re lax ation pro cesses. Ad di -
tion ally, pro cess steps as cap ping lay ers and lo cal etch ing
or dop ing may fur ther in flu ence the crys tal struc ture. How -
ever, these ap proaches en able to en gi neer lo cal struc tural
prop er ties as the strain distribution.[4]
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A struc tural study of a scaf fold made of bo vine gel a tin and
hydroxyapatite (HA) is car ried out, for bone tis sue en gi -
neer ing pur poses [1]. The great rel e vance of such a ma te -
rial re lies on its po ten tial ap pli ca tion in the heal ing pro cess
of osteochondral de fects, which are re spon si ble for the
dam age of car ti lage and ad ja cent subchondral bone, com -
pro mis ing the qual ity of life of mil lions of pa tients. Two
tech niques ex ploit ing X-ray ra di a tion, with ta ble-top set -
ups, are used: mi cro-CT and microdiffraction. The for mer
allowes 3D im ag ing at the mi crom e ter scale spa tial res o lu -
tion, the lat ter pro vides com bined 2D struc tural/mor pho -
log i cal in for ma tion at the atomic and nano-scale, with a
hun dred mi crons spa tial res o lu tion. The com bi na tion of
these two tech niques al lowed the study of the scaf fold den -
sity gra di ent, re lated to the HA con cen tra tion gra di ent, en -
gi neered on pur pose to mimic the nat u ral bone struc ture
model. Mi cro-CT de fines the directionality of the gra di ent;
WAXS probes the crys tal line phases in the sam ple; SAXS
mi cros copy se lec tively probes HA dis tri bu tion through
map ping of the SAXS in ten sity in spe cific q-ranges. Scan -
ning SAXS mi cro graphs and WAXS pat terns were col -
lected by us ing a high bril liance Rigaku Fr-E+ SuperBright 
microsource, cou pled to a SMAX3000 three pin hole cam -
era through a fo cus ing multilayer op tics (CMF 15-105) [2].
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De vel op ment of new high-per for mance ma te ri als, e.g.,
new alu mi num or steel al loys, is crit i cal for ad vances in en -
ergy pro duc tion and uti li za tion (and many other ar eas).
These ma te ri als of ten ex hibit com plex micro struc tures
span ning mul ti ple length scales that con trol their per for -
mance.  In this con text, it is im por tant to si mul ta neously

char ac ter ize, ide ally in situ or in operando, var i ous fac ets
of the microstructure – for ex am ple pre cip i tate shape and
size, to gether with their phase and chem i cal com po si tion. 
Over many years, the Ad vanced Pho ton Source (APS) with 
NIST has de vel oped and op ti mized a com bined Ul tra-
 Small, Small, & Wide An gle X-ray Scat ter ing
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(USAXS/SAXS/WAXS) fa cil ity [1]. Data span ning over 5 
de cades in microstructural size can be col lected se quen -
tially in 4 to 6 min utes, from the same vol ume dur ing one
in-situ ex per i ment. In the case pre sented, we have stud ied
the Al-Cu-Mg al loys, e.g., AA2024, at dif fer ent ag ing con -
di tions.

The pre cip i tate struc ture and pre cip i ta tion ki net ics in
the Al-Cu-Mg al loy, AA2024, aged at 190 °C, 208 °C, and
226 °C have been stud ied us ing ex situ TEM and in situ
com bined USAXS/SAXS/WAXS at the APS across a
length scale from sub-Ang strom to sev eral mi crom e ters,
Fig.1. TEM pro vided in for ma tion con cern ing the na ture,
mor phol ogy, and size of the pre cip i tates, while USAXS/
SAXS/WAXS pro vided qual i ta tive and quan ti ta tive in for -
ma tion con cern ing the time-de pend ent size and vol ume
frac tion evo lu tion of the pre cip i tates at different stages of
the precipitation sequence. 

Us ing a three-pa ram e ter scat ter ing model con structed
on the ba sis of the TEM re sults, we es tab lished the tem per -
a ture-de pend ent ki net ics for the clus ter-dis so lu tion and
S-phase for ma tion pro cesses. These two pro cesses, while
oc cur ring si mul ta neously, have dif fer ent ki netic rates, with 
the clus ter-dis so lu tion rate ap prox i mately dou ble the
S-phase for ma tion rate.  We also iden ti fied a dis so lu tion
ac ti va tion en ergy at (149.5 ± 14.6) kJ mol-1, which trans -
lates to (1.55 ± 0.15) eV/atom, as well as an ac ti va tion en -
ergy for the for ma tion of S pre cip i tates at (129.2 ± 5.4) kJ
mol-1, i.e. (1.33 ± 0.06) eV/atom. The SAXS/WAXS re -
sults show the ab sence of an in ter me di ate GPB2/S" phase
in the sam ples un der the ex per i men tal age ing con di tions. 
These re sults are fur ther val i dated by pre cip i ta tion sim u la -
tions that are based on Langer-Schwartz the ory and a
Kampmann-Wag ner nu mer i cal method. This study [2]
clearly shows how the ex tended-range USAXS/SAXS/

WAXS facility simplifies and speeds up new advanced
materials characterization and development.  
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Fig ure 1 Ex am ple of com bined USAXS, SAXS, and WAXS for
AA202024 al loy. Fig ure 2. Evo lu tion of the in te grated 112 re flec tion of the S phase

pre cip i tate peak in ten sity at d = 2.570 C (or q = 2.445 C-1) at 190
°C, 208 °C, and 226 °C,...
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The heteroepitaxial growth of ma te ri als with dif fer ent lat -
tice and ther mal ex pan sion co ef fi cients, par tic u larly in the
form of var i ous semi con duc tor lay ers on sil i con, is one of
the cor ner stones of func tional scal ing for in te grat ing
high-speed elec tronic and op to el ec tronic de vices. Un for tu -
nately, the mis matched ma te ri als suf fer from mis fit (MDs)
and thread ing (TDs) dis lo ca tions formed at the ma te rial in -
ter face and from wa fer bow ing. Both MDs and TDs neg a -
tively im pact the elec tri cal and op ti cal prop er ties of the
po ten tial de vice. Wa fer bow ing can lead even to crack ing
of whole chips.

Re cently Falub et al. achieved a break through in the at -
tempt to elim i nate thread ing dis lo ca tions from hetero -
epitaxial SiGe/Si lay ers. This was re al ized by us ing a novel
kind of epitaxial growth in which densely packed 3D SiGe
crys tals are formed on pat terned Si sub strates in stead of
con tin u ous films [1]. Thanks to a fully fac eted mor phol ogy
and lim ited lat eral crys tal size, all thread ing dis lo ca tions

stem ming from the heavily de fected heterointerface are
forced to leave the crys tals through their side walls, leav ing
the up per crys tal re gion de fect-free [2]. 

Al though this method is highly ef fec tive in elim i nat ing
thread ing dis lo ca tions, it does not pre vent the for ma tion of
mis fit dis lo ca tions at the SiGe/Si heterointerface, as pre -
sented in our pre vi ous ex per i ments us ing scan ning X-ray
nanodiffraction [3]. How ever M. Salvalaglio et al. have re -
cently pro posed [4] an in no va tive ap proach to elim i nate 
mis fit dis lo ca tions in highly mis matched, compositionally
graded SiGe/Si heterostructures. The mis fit stress may be
re laxed en tirely elas ti cally  by choos ing the ap pro pri ate
crys tal width and Ge grad ing rate. Such heterostructures
have been re cently realised [5] and form the basis for this
paper.

In this work we pres ent X-ray nanodiffraction ex per i -
ments per formed at the ID01 beamline of the ESRF in
Grenoble on iso lated 3D Si1-xGex microcrystals (see Fig. 1), 
in which the Ge con tent x is lin early in creased from 0 to
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Fig ure 1. Per spec tive scan ning elec tron mi cro scope (SEM)
im age of an in di vid ual graded SiGe crys tal probed by an
X-ray nanobeam. 

Fig ure 2. RSM around the (004) Bragg re flec tion of a SiGe crys -
tal probed by a skewed nanobeam through the top part of the crys -
tal.



40% at the rate of 1.5% µm-1. De pend ing on the crys tal
width, the 3D SiGe crys tals are ex pected to be com pletely
free from mis fit and thread ing dis lo ca tions. Dur ing the ex -
per i ment we have per formed se ries of scan ning X-ray dif -
frac tion mi cros copy (SXDM) im ages for dif fer ent
in ci dence an gles from which 3D re cip ro cal space maps
(RSMs) have been built (see Fig. 2). RSMs around the
(004) and (115) Bragg re flec tions have been col lected on
2D meshes for microcrystals with dif fer ent Ge grad ing
rates and dif fer ent widths, and on an un pat terned area. By 
com bin ing se ries of RSMs we ob tain an evo lu tion of the
crys tal lat tice tilt and strain de pend ing on the Ge grad ing
rate and crys tal width at var i ous po si tions in side the crys tal. 
The X-ray data are compared with finite element
calculations.
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The Fe50Rh50  ma te rial ex hib its a re vers ible mag neto-struc -
tural tran si tion be tween a room-tem per a ture anti ferro -
magnetic (AFM) and a high-tem per a ture fer ro mag netic
(FM) phase ap prox i mately at 350 K [1]. Af ter the tran si tion 
to the FM state, the lat tice is dis cretely ex panded and this
tran si tion shows the tem per a ture/field hys ter esis in the lat -
tice pa ram e ter and in the mag netic net mo ment [2]. Most
prob a bly, the ini tial growth of the fer ro mag netic phase is
stim u lated by the de fects lo cated at the sur face and/or the
in ter face with the sub strate [2]. Fur ther, in the thin FeRh
lay ers, the pres ence of the sta ble re sid ual FM vol ume lo -
cated at the layer/sub strate or layer/cap ping interfaceis is
be ing ob served [3].

Us ing High-Res o lu tion X-ray diffractometry (HR-
 XRD), we have mea sured sev eral sam ples of FeRh thin
lay ers with var i ous thick nesses ben e fit ing from the dif fer -
ent lat tice pa ram e ter of the AFM and the FM phase. We
per formed the tem per a ture de pend ent mea sure ments (dur -
ing the heat ing and the cool ing) of the dis tri bu tion of dif -
fracted in ten sity in the re cip ro cal space. For the sim u la tion
we as sumed the mo saic-like model of FM and AFM do -
mains that al lowed to in ter pret the ex per i men tal data. From 
the fit ting we de ter mined the ver ti cal and lat eral size of do -
mains to gether the rel a tive vol ume of both phases.

We con firmed the pres ence of the FM vol ume at the
room tempereature. How ever, in con trary to the com mon
in ter pre ta tion based on thin FM interlayer, the dif frac tion
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Fig ure 1. The sketch of two com pet i tive model of FM/AFM do mains ar range ment (left panel). The com par i son of the mea sured and
sim u lated re cip ro cal space maps at var i ous tem per a tures (right panel).



data in di cated that both the FM and the AFM do mains have 
con stant ver ti cal size be ing equal to the layer thick ness ob -
tained from the X-ray re flec tivity. At room tem per a ture,
the FM vol ume (al though very small) is spread from the
very bot tom to the top of the thin layer, prob a bly in the
form of thin col umns lat er ally dis trib uted in the layer. Just
these col umns could be the seeds for the emerg ing FM
phase during the heating.

1. Zakharov, A. (1964). So viet Phys ics JETP, 46(6),
2003–2010.

2. Lu, W., Huang, P., Chen, Z., He, C., Wang, Y., & Yan, B.
(2012). Jour nal of Phys ics D: Ap plied Phys ics, 45, 435001.

3. Baldasseroni, C., Pálsson, G. K., Bordel, C., Va len cia, S.,
Unal, a. a., Kronast, F., ... Hellman, F. (2014). Jour nal of
Ap plied Phys ics, 115, 043919
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 Re fined X-ray spec tros copy can play a key role in un der -
stand ing the fun da men tal mech a nisms re spon si ble for the
phys i cal and chem i cal prop er ties of ad vanced func tional
ma te ri als and de vices. In this con tri bu tion, we will fo cus on 
TiO2 – based nanostructures, which are ac tively stud ied for 
many ap pli ca tions, in clud ing photocatalysis. De spite many 
po ten tial ad van tages, one lim i ta tion of TiO2 is the wide

band gap, which lim its so lar light ab sorp tion. By us ing
high res o lu tion X-ray ab sorp tion spec tros copy (XAS) and
res o nant in elas tic X-ray scat ter ing (RIXS) we have re -
cently stud ied the atomic and elec tronic struc ture of two
ma te ri als sys tems de signed to over come this lim i ta tion:
nanostructures formed by close as sem bly of Au and TiO2

nanoparticles [1] and V-doped TiO2 [2]. 
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Fig ure 1: Graph i cal de scrip tion of the ex per i ment on Au:TiO2 and of hot elec tron charge trans fer. The in set re -

ports the ef fect of la ser il lu mi na tion on high res o lu tion XAS spec tra and a typ i cal RIXS plane.


