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Al though in ter faces rep re sent only a small vol ume frac tion
of bi o log i cal and man-made ma te ri als, their in flu ence on
func tional prop er ties like frac ture tough ness, hard ness and
over all me chan i cal in teg rity is de ci sive. In this con tri bu -
tion, the re la tion ship be tween microstructure and me chan i -
cal prop er ties of in ter face-based ma te ri als like wood,
mul ti lay ered thin films and ce ramic nanocomposites is dis -
cussed on the bases of ex per i men tal data, ob tained us ing
syn chro tron X-ray dif frac tion and trans mis sion elec tron
mi cros copy tech niques. The re sults dem on strate that us ing
clever microstructural and in ter face de sign it is pos si ble to
en hance me chan i cal prop er ties of ma te ri als sig nif i cantly.

First, the microstructure of a mac ro scopic branch-stem
in ter face of Nor way spruce is ana lysed us ing wide-an gle
X-ray dif frac tion and eval u ated mag ni tudes of the micro -
fibril an gle are cor re lated with var i ous pro tec tive mech a -
nisms op er at ing at dif fer ent length scales . It is de mons -
trated that wood ad justs the cel lu lose fi bre tex ture in or der
to pro tect both the stem and the branch from structural
damage.

In or der to un der stand the func tion al ity of mi cro- and
nano-scopic in ter faces, cross-sec tional syn chro tron X-ray
nanodiffraction ex per i ments on thin films  are per formed at 
ID13 and P03 beamlines of ESRF and Petra III, re spec -
tively. By com par ing cross-sec tional dis tri bu tions of

phases, tex ture, crys tal lite size and strains, it is pos si ble to
un der stand the in flu ence of dis tinct thin film re gions on the
over all and lo cal me chan i cal re sponse of the films. In-situ
dif frac tion ex per i ments com bined with in den ta tion are
used to de ter mine microstructural changes and stress con -
cen tra tions accompanying various fracture modes .
Fi nally, a com bi na torial re fine ment of microstructure,
prop erty and pro cess con di tions at graded TiAlN thin film
cross-sec tions is per formed us ing X-ray nanodiffraction in
or der to iden tify in ter face micro struc tures with the high est
hard ness. The micromechanical and X-ray dif frac tion ex -
per i ments are per formed iteratively in three steps and are
ap plied as a ba sis to de sign novel types of coating
materials.
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In the last sev eral years many meth ods have been es tab -
lished to ma nip u late the op ti cal prop er ties of III-V semi -
con duc tors which are a very prom is ing ma te rial class for
non-clas sic quan tum light sources [1]. One highly ef fec tive 
pos si bil ity to change their band struc ture (e.g. or der of
LH/HH bands), which de fines the op ti cal prop er ties, is to
get full con trol of the strain/stress ten sor. The de for ma tion

po ten tials de scribe the changes in the band struc ture upon
vari a tion of the ap plied strain. 

A ver sa tile way to con trol the strain state is to bond a
semi con duc tor mem brane onto a pi ezo elec tric car rier ma -
te rial. By ap ply ing an elec tri cal field to the car rier and
there fore, mak ing use of the in verse pi ezo elec tric ef fect,
strain acts on the mem brane. This ap proach has al ready



been used to change the op ti cal prop er ties of GaAs and the
em bed ded quan tum dots on top of the car rier. Such de vices
(sche mat i cally shown in Fig. 1) have been fully char ac ter -
ized by the change in the photoluminescence (PL) spec tra
for a vary ing elec tri cal field ap plied to the pi ezo elec tric

car rier [2]. Look ing care fully at these PL changes, one is
able to re cal cu late the strain ten sor, yet these cal cu la tions
sen si tively de pend on the ac cu rate knowl edge of the de for -
ma tion po ten tials (a is the hy dro static and b, d are called the 
shear po ten tials). The lit er a ture val ues for these de for ma -
tion po ten tials vary in a rather wide range, de pend ing on

the ap plied cal i bra tion method (ex per i men tally or the o ret i -
cal cal cu la tion) [3]. To over come the prob lem of un cer tain -
ties in the de for ma tion po ten tials, we now in ves ti gated the
strained GaAs in-situ by X-ray dif frac tion (XRD), while
sweep ing the elec tri cal field. In for ma tion about the strain
in the GaAs mem brane, and the piezo car rier was ac quired
si mul ta neously. This al lows a di rect com par i son of the
strain ten sor cal cu lated from the PL shift and the phys i cal
strain in duced in the ma te rial, see Fig. 2. Thus, by com bin -
ing the re sults from both tech niques we can fi nally re-de -
fine the de for ma tion po ten tials. 

The big ad van tage in us ing pi ezo elec tric strain ing de -
vices is the pos si bil ity to con tin u ously tune the strain from
a min i mum value given by the pre-strain in duced dur ing
pro cess ing of the de vice up to a strain of 1-2% with ad -
vanced ge om e tries of the car rier ma te rial. Fur ther more,
this tech nique is not lim ited to GaAs, in prin ci pal strain can
be ap plied in this way to every material. 

We pres ent first re sults on the re la tion of PL line-shifts
with mea sured strain val ues from XRD com par ing dif fer -
ent de vice ge om e tries and re-cal cu lat ing the de for ma tion
po ten tials by com par ing the re sults ac quired by both
methods.
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Fig ure 1. Sche matic rep re sen ta tion of the de vice for strain ing the 
GaAs mem brane. The gold lay ers on the top and the bot tom side
of the pi ezo elec tric car rier (PMN-PT) were used to ap ply a ho -
mog e nous electric field. 

Fig ure 2. In-plane (t,«) and out-of-plane (^,Í) strain com po -
nents of GaAs mea sured with XRD and cal cu lated from PL line
shifts (us ing a=-8.75eV). The pre-strain is set to 0. Thus the strain
value at 0 kV/cm de fines the off set for all fol low ing values.  
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One-di men sional nitride heterostructures dem on strated
novel op ti cal and elec tronic prop er ties mak ing use of quan -
tum con fine ment ef fects and strain en gi neer ing. The emer -
gence of dis rup tive functionalities is now re lated to the
growth and tech nol ogy con trols [1], but also to the de vel -
op ment of ad vanced char ac ter iza tion tech niques hav ing
high spa tial res o lu tion. To com ple ment the in for ma tion
pro vided by graz ing in ci dence dif frac tion tech niques, the
use of fo cused mi cro/nano X-ray beams pro vides in no va -
tive so lu tions to ana lyse quan ti ta tively the mor phol ogy, de -
fects, strain and com po si tion of these ma te ri als. This will
be il lus trated in this pa per by re cent break throughs ob -
tained at the Eu ro pean syn chro tron ra di a tion fa cil ity
(ESRF) with the study of nitride wires and their core-shell
heterostructures grown by Metal Or ganic Vapour Phase
Ep i taxy.

First, it will be shown how the struc ture of sin gle de -
fects such as In ver sion Do main Bound aries (IDB) in side
n-doped GaN wires can be ex tracted from the X-ray co her -
ent dif frac tion im ag ing with a mono chro matic beam [2]
with an un prec e dented ac cu racy. The com plex 3D IDB
con fig u ra tion in side a sin gle wire can be mea sured with out
any slic ing in con trast to elec tron mi cros copy and the lat -
tice dis place ments along/across the wire length de duced
from the anal y sis of the in ten sity of sev eral Bragg peaks by
phase re trieval meth ods (with pm res o lu tion) will be
shown to be in full agree ment with elec tronic struc ture ab
in itio calculations [3]. 

Then, GaN/InGaN Mul ti ple Quan tum Well (MQW)
core-shell heterostructure grown on the m-plane side walls

of c-axis GaN wires [2,3] will be ana lysed by multimodal
hard X-ray nanoprobe to per form X-ray ex cited op ti cal lu -
mi nes cence (XEOL) and X-ray Flu o res cence (XRF) [4].
The lo cal ized blue light emis sion can be mea sured in the
spatiotemporal do main with 50 ps res o lu tion to get the

photoluminescence time de cay (»100 ps) that can be re -
lated the elec tron con fine ment/lo cal com po si tion in the
wire [4]. These tech niques will be also ap plied on con -
nected wire-LED de vices to ev i dence fluc tu a tions of
XEOL and X-ray Beam Induced Current (XBIC). 

More gen er ally, the in ter est of these sta tis ti cal/fluc tu a -
tion mappings in nitride op to el ec tronic de vices with a
nano metre beam will be pre sented, as well as new XANES
spec tros copy re sults.  This work will be ex tended to other
heterostructures such as GaN/AlInN MQW tubes (i.e.
etched wires) ded i cated to UV emission.
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GaN nanowires form spon ta ne ously on var i ous sub strates
with out re quir ing a metal drop let to in duce growth. A de ci -
sive ad van tage of this spon ta ne ous for ma tion is the pos si -
bil ity to syn the size abrupt ax ial heterojunctions. How ever,
the spon ta ne ous for ma tion in ev i ta bly re sults in dense ar -
rays, and thus in sub se quent nanowire co ales cence dur ing
growth [see Fig. 1(a)]. We have found that the pro cess of
co ales cence is gov erned by nanowire bun dling, which re -
duces the sur face en ergy of the side fac ets at the ex pense of
elas tic bend ing en ergy [1]. In the pres ent work, we study
the strain state of GaN nanowire en sem bles by lab o ra tory
X-ray diffractometry in con junc tion with an anal y sis of the
energetics of nanowire bun dling. Our re sults dem on strate
that the elas tic bend ing of nanowires caused by their bun -
dling gives rise to a large elas tic strain, which is re duced
plas tic ally via the cre ation of dis lo ca tion walls at the joints.

The shape of the bun dled nanowires in Fig. 1(b) and the 
elas tic en ergy of bend ing are de duced in the frame work of
the elas tic ity of thin rods. Al ter na tively, dis lo ca tions at the
joints form small an gle bound aries, as shown in Fig. 1(c).
This in tro duc tion of dis lo ca tions is found to sig nif i cantly
re duce the to tal en ergy of the bun dle. The rel a tive
misorientation of the nanowires at the joint due to the
small- an gle bound ary re duces the nanowire cur va ture by
an or der of mag ni tude and hence gives rise to nar rower dif -
frac tion lines.

The X-ray dif frac tion in ten sity is pro duced by the
whole vol ume of a nanowire en sem ble, while the vol ume
of the joints con tain ing dis lo ca tions is only a small frac tion
of this vol ume. As a re sult, x-ray dif frac tion re veals mainly
the re sid ual bend ing of the nanowires due to their bun dling, 
but is in sen si tive to de tails of plas tic re lax ation at the joints. 
Fig ure 2(a) com pares the ex per i men tal X-ray dif frac tion

pro files from a spon ta ne ously formed GaN nanowire en -
sem ble on Si(111) in suc ces sive re flec tion or ders [2] with
the cal cu lated pro files. The cal cu la tion is per formed with a
Monte Carlo av er age over ran dom lengths, di am e ters, and
dis tances be tween nanowires, as well as ran dom ori en ta -
tions of the bun dled pairs. We also take into ac count the
ver ti cal di ver gence of the X-ray beam in a lab o ra tory dif -
frac tion ex per i ment, which gives rise to the asym me try of
the pro files [2] ob served in Fig. 2(a). The shapes of the tails 
of the cal cu lated dif frac tion pro files well agree with the ob -
served ones, which con firms the inhomogeneous bending
of the bundled nanowires as a main source of the x-ray
scattering. 

An agree ment be tween cal cu lated and ob served dif -
frac tion pro files is ob tained with a broad and asym met ric
dis tri bu tion of the lengths of bun dled seg ments, as shown
in Fig. 2(b). We de scribe this asym me try by log-nor mal
dis tri bu tions with com pa ra ble mean value and stan dard de -
vi a tion, which makes shorter seg ments more prob a ble.
Sym met ric dis tri bu tions, such as Gaussians, do not pro vide 
an agree ment with the ex per i ment. The ef fec tive dis tances
be tween bun dled nanowires in Fig. 2(d) are no ta bly smaller 
than the real dis tances. Hence, a par tial re lax ation of the
bend ing en ergy by dis lo ca tions at the joints takes place,
which may be lim ited by the dif fi culty to in tro duce dis lo ca -
tions when atom i cally flat fac ets of the two nanowires
merge. Our X-ray dif frac tion ex per i ments show that a ma -
jor part of the elas tic bend ing en ergy of the nanowires is
released by creation of dislocations at the coalescence
joints.
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Fig ure 1. (a) Bot tom part of co alesced nanowires, (b) co ales cence by bend ing, (c) co ales cence with cre ation 

of dis lo ca tions at the joints.

100nmHhl2R2R2f(a)(b)(c)
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Ox ides with perovskite-like struc ture rep re sent a fas ci nat -
ing class of ad vanced ma te ri als which have been ex ten -
sively stud ied in the past de cades since they ex hibit a
va ri ety of functionalities, e.g., fer ro mag ne tism, fer ro elec -
tricity or ferroelasticity. In ferro elec tric ma te ri als phase
sym me try and struc tural dis tor tions are strongly cou pled to
pi ezo elec tric prop er ties. Pe ri odic do main struc tures are of
par tic u lar in ter est from both fun da men tal and tech no log i -
cal point of view. Such pe ri odic po lar iza tion mod u la tions
on a nano metre scale can be en gi neered by the use of sub -
strates with suit able (anisotropic) mis fit strains. How ever,
un der stand ing and con trol ling of ferro elec tric phases and
di men sions of the do main pat tern is still hallenging.

We fo cus on K0.75Na0.25NbO3 thin films grown on (110)
TbScO3 orthorhombic sub strates us ing metal-or ganic
chem i cal vapour de po si tion. A highly reg u lar one di men -
sional ferro elec tric do mains pat tern is formed which ex -
tends over sev eral micrometres with a lat eral pe ri od ic ity of
50 nm (Fig.1a). The monoclinic sym me try of the do mains
is con trolled by the anisotropic epitaxial lat tice strain,
which is highly com pres sive in one in-plane di rec tion and
weakly ten sile in the cor re spond ing or thogo nal di rec tion.
Us ing piezoresponse force mi cros copy (PFM) and X-ray
dif frac tion (Fig.1c,d) the monoclinic MA phase is iden ti -
fied, which is as so ci ated with both a strong ver ti cal and lat -
eral elec tri cal po lar iza tion com po nent. The lat eral

Ó Krystalografická spoleènost

Ma te ri als Struc ture, vol. 23,  no. 3  (2016)       205

Fig ure 2. Mea sured and cal cu lated X-ray dif frac tion pro files in suc ces sive re flec tion or ders (a) and prob a bil ity den sity
dis tri bu tions of the lengths of the bun dled seg ments (b), nanowire di am e ters (c), and dis tances at the base of bun dled
seg ments (d) used in the Monte Carlo calculations.



com po nent of the po lar iza tion vec tor is col lin ear with the ±
[-110]pc shear di rec tion of the pseudocubic (pc) unit cell of
the film and periodically changes by 180° in adjacent
domains. 

A struc tural vari ant of a 90° ro tated MA do main pat tern, 
where the monoclinic dis tor tion of the pseudocubic unit
cells oc curs along ± [110]pc is also ob served (Fig.1b). How -
ever, this vari ant ap pears with sig nif i cantly lower prob a bil -
ity in agree ment with en ergy con sid er ations based on lin ear 
elas tic ity the ory and can not be in de pend ently re solved in a
con ven tional X-ray dif frac tion ex per i ment as shown in
Fig.1c. Nev er the less, a 100 nm-fo cus ex per i ment re cently
car ried out at ID01 beamline (ESRF) could be used to in di -
vid u ally in ves ti gate the two do main vari ants. Dis tinct dif -
fer ences be tween the 0° vari ant and the 90° variant were
observed and will be discussed. 

1. J. Schwarzkopf, D. Braun, M. Hanke, A. Kwasniewski, J.
Sellmann, M. Schmidbauer, J. Appl. Cryst. 49, (2016), 375.

Ses sion II 

Monday, September 4 - afternoon

I2

X-RAY PHASE-CON TRAST IN VIVO TO MO GRA PHY

Julian Moosmann

Helmholtz-Zentrum Geesthacht, In sti tute of Ma te ri als Re search Me tal lic Biomaterials, Max-Planck-Str. 1,
Geesthacht, 21502 Ger many

Four-di men sional im ag ing tech niques are es sen tial tools in
bi ol ogy to un der stand the be hav iour of cells dur ing em bry -
onic de vel op ment. Here, we ap ply X-ray phase-con trast
micro tomography to cap ture the early de vel op ment of the
Af ri can clawed frog (Xenopus laevis), an im por tant ver te -
brate model or gan ism, over the course of time and in 3D. 
Early de vel op men tal stages of the Xenopus frog are op ti -
cally opaque and lack con ven tional X-ray ab sorp tion con -
trast. For hard X-rays such em bryos es sen tially are
pure-phase ob jects. The prob ing wave front is thus char ac -
ter ised by a 2D phase map rep re sent ing the pro jec tion of
the ob ject along the X-ray beam. Em ploy ing quasi-mono -
chro matic and spa tially co her ent X-rays, we thus use prop -
a ga tion-based phase-contrast.

In Fres nel the ory, the for ma tion of 2D in ten sity con trast 
upon free-space prop a ga tion from a given phase map is
stud ied and how lin ear ap prox i ma tions to the in verse prob -
lem of phase re trieval from a sin gle-dis tance in ten sity mea -
sure ment break down for large prop a ga tion dis tances and
strong phase vari a tions.  Im por tant prop er ties of lin ear con -
trast trans fer, which are con served for a wide range of
phase vari a tions and prop a ga tion dis tances, are ex ploited
in or der to de vise a phase-re trieval method which ex hib its a 
high spa tial res o lu tion and con trast at low pho ton sta tis tics.

Con straints im posed by in vivo im ag ing are dis cussed
and re sults from ex per i ments on liv ing Xenopus em bryos
are pre sented.
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Fig ure 1. (a) Lat eral PFM im age (2 mm x 2 mm) of a 30
nm K0.75Na0.25NbO3 film grown on (110) TbScO3, (b)
mod els of 0° and 90° vari ants (white ar rows in di cate the
in-plane com po nent of the po lar iza tion vec tor), (c)
out-of-plane x-ray dif frac tion and, (d) sec tion along the
CTR at Q-100 = 3.09 C-1 (adapted from [1]).


