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Within the last de cade, the prop er ties of ferro elec trics have
been ex ten sively stud ied. Sev eral im por tant de vices, such
as Ferro elec tric Ran dom Ac cess Mem o ries (FeRAMs) and
Dy namic Ran dom Ac cess Mem ory (DRAM), are man u fac -
tured based on ferro elec tric thin films [1, 2]. With the cres -
cent and con tin u ous de mand for por ta bil ity in con sumer
elec tron ics, the un der stand ing of the ef fects of min ia tur iza -
tion on the prop er ties of ferro elec trics thin films be comes
in creas ingly im por tant. Al though con tin u ous im prove -
ments in con ven tional semi con duc tor de signs are im ple -
mented, the ba sic phys ics of the size ef fects is, how ever,
poorly un der stood. It is well known that the crys tal lite size
plays an im por tant role in tai lor ing ferro elec trics prop er -
ties. For study ing the pi ezo elec tric prop er ties of
Pb(ZrxTi1-x)O3 (PZT) thin films con sist ing of few tens of
nanometer sized grains, in situ lo cal probe X-ray dif frac -
tion (spot size: 10 – 50 µm) has been per formed at the
DiffAbs beamline at SOLEIL syn chro tron [3]. For this pur -
pose, gold elec trodes were de pos ited on top of the thin film
of which one was con tacted elec tri cally us ing a thin wire
(see Fig. 1(a)). Con stant elec tric fields as well as al ter nat -
ing ones with fre quen cies rang ing from 60 Hz to 31 kHz
were ap plied. The dif frac tion sig nal from an area be neath
the elec tri cally con tacted elec trode was mon i tored as a
func tion of the ap plied elec tric field. From the shift of the
po si tion of the Bragg peak in duced by the ap plied po ten -

tial, the piezo elec tric ally gen er ated strain was de ter mined
re veal ing “but ter fly loops” [4] which are a clear sig na ture
of the pi ezo elec tric hys ter esis (see Fig. 1(b)). Mea sure -
ments at dif fer ent Bragg re flec tions dem on strate an
anisotropic be hav ior with the larg est pi ezo elec tric co ef fi -
cient along the [001] di rec tion. Asym met ric “but ter fly
loops” found for thin films with a Zr/Ti = 0.5/0.5 com po si -
tion in di cate the pres ence of a self-po lar iza tion within the
thin film (see Fig. 1(c). These find ings are sup ported by pi -
ezo elec tric force mea sure ments re veal ing an asym me try of
the hys ter esis loops to wards pos i tive elec tric fields which
ev i dence a mac ro scopic self-po lar iza tion ef fect in the stud -
ied PZT films.

 This work was par tially funded by the CAPES-COFECUB
pro ject Ph801-14. 

1. J.F. Scott, C.A. Araujo, Sci ence 246 (1989) 1400.

2. J.F. Scott, Ferro elec tric Mem o ries (Springer, Hei del berg,
Ger many, 2000).

3. A. Davydok, T.W. Cornelius, C. Mocuta, E.C. Lima, E.B.
Araújo, O. Thomas, Thin Solid Films 603 (2016).

4. M.C. Ehmke. J. Glaum, M. Hoffman, J.E. Blendell, K.J.
Bow man, J. Am. Ceram. Soc. 96 (2013) 2913.

Ó Krystalografická spoleènost

Ma te ri als Struc ture, vol. 23,  no. 3  (2016)       255

Fig ure 1. Piezo elec tric ally in duced strain as a func tion of ap plied volt age for a) a Pb(Zr0.47Ti0.53)O3 and b) a
Pb(Zr0.5Ti0.5)O3 thin film mea sured in situ by X-ray microdiffraction.
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Spin polar ised cur rents have po ten tial ap pli ca tions in add -
ing com ple men tary func tions to al ready ex ist ing charge
based CMOS tech nol ogy [1]. Spin based phe nom e non like
spin in jec tion, spin ma nip u la tion and spin de tec tion are
widely tested on epitaxial Fe/GaAs sys tem. How ever, the
ef fi ciency of elec tri cal spin ma nip u la tion pro cesses at the
in ter face is still rel a tively low. A mod est en hance ment of
the spin in jec tion ef fi ciency due to post growth an neal ing
of the heterojunction is re lated to in ter face state den sity [2]
and in di cates that the ferromagnet and semi con duc tor in -
ter face is very sen si tive to ex ter nal strain. For a thor ough
un der stand ing of the spin trans port and for fab ri ca tion of
spin based de vices it is es sen tial to char ac ter ize the strain of 
the fer ro mag netic layer at sub-mi cron di men sions.

In this work we study the elas tic be hav iour of pat terned
epitaxial Fe layer un der ex ter nal load. Re cently we have in -
te grated a com mer cially avail able Atomic Force Mi cro -
scope (AFM) at P10 beamline of PETRAIII syn chro tron at

DESY [3]. We used this AFM setup at ID13 beamline of
ESRF as an in den ta tion tool to ap ply ex ter nal stress to pat -
terned Fe lay ers. The AFM setup was used for both align -
ment and to ad dress the sub-mi cron struc tures. We
ob tained rock ing curves around Fe (011) re flec tion in
Graz ing In ci dence Dif frac tion (GID) ge om e try at dif fer ent
loads us ing a mi cro-fo cused beam. By ana lys ing evo lu tion
of lat tice pa ram e ters dur ing the load ing pro cess we stud ied
the in ter face strain. We will also dis cuss the ef fect of ion is -
ing syn chro tron ra di a tion on sub-mi cron struc tures stud ied
at am bi ent con di tions.
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Fig ure 1. a) Mi cro scopic im age show ing pat terned Fe/GaAs struc tures, b) GID maps of in di vid ual struc ture with no load, c) with ex -
ter nal load of 0.7 GPa.
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Hav ing con trol over the crys tal struc ture that mol e cules
adopt in the solid state is an im por tant step to wards be ing
able to maxi mise the ef fi ciency of de vices based on or ganic 
semi con duct ing ma te ri als. The in her ent ani so tropy of mo -
lec u lar sys tems means that it is im por tant to ori ent the sys -
tem cor rectly on a sub strate and that, where poly mor phism
is pres ent, the crys tal struc ture with the most suit able prop -
er ties is used. This is of par tic u lar rel e vance in or ganic thin
films where a spe cial type of polymorph, so-called sur face
in duced or thin film phases, may ap pear. To better un der -
stand the pa ram e ters un der which such poly morphs form,
we have stud ied the growth of films of C8O-BTBT-OC8

(C30H40O2S2), a mem ber of the high mo bil ity BTBT fam ily
of or ganic semi con duc tors. Films have been pro duced by

vapour de po si tion, rang ing in thick ness from a sub-
 monolayer to thick, multiplayer films. Graz ing in ci dence
X-ray dif frac tion and X-ray re flec tivity (XRR) mea sure -
ments are com bined with AFM im ag ing to un der stand how
dif fer ent de po si tion pa ram e ters im pact on the struc ture and 
mor phol ogy of the films. It is found that a pro nounced
layer-by-layer growth oc curs and that the pre vi ously ob -
served sur face-in duced struc ture al ways forms re gard less
of changes to the de po si tion pa ram e ters show ing the en -
hanced sta bil ity of this phase in thin films. The XRR fit ting
worked par tic u larly well for very thin lay ers where elec -
tron den sity pro files could be gen er ated showing the
different parts of the molecule (e.g. alkyl chain, conjugated
core) and how they are arranged within the film. 
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Fig ure 1. An AFM im age of a 5 nm thick C8O-BTBT-OC8 film show ing dif fer ent lay ers within the film (left), the X-ray re flec tivity
curve and model fit for the same film with the mo lec u lar struc ture shown in the in set (cen tre), and the elec tron den sity pro file of the
film gen er ated from the XRR model fit and com pared with the ex pected val ues de ter mined from the layer cov er age in the AFM
measurements (right).
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The struc ture and mor phol ogy of mixed thin films of
picene (C22H14, PIC) and per fluoropentacene (C22F14, 
PFP) as well as mixed thin films of PIC and
pentacene (C22H14, PEN) grown by si mul ta neous co -
evaporation is in ves ti gated us ing X-ray dif frac tion,
atomic force mi cros copy, and near-edge X-ray ab -
sorp tion spec tros copy. For both sys tems we find mix -
ing on the mo lec u lar level and the for ma tion of mixed 
struc tures. How ever, due to the strongly dif fer ent in -
ter ac tions in both mix tures the or der ing is fun da men -
tally dif fer ent. For the equimolar PFP:PIC mix tures,
we ob serve the for ma tion of two dif fer ent mixed
poly morphs with unit cells con tain ing 2 PIC and 2
PFP mol e cules de pend ing on the growth tem per a ture. 
One of these poly morphs is a superlattice with
in-plane com pound seg re ga tion. The other polymorph is
less sym met ric and re sults only in a very short ranged
in-plane or der ing. In con trast, the PEN:PIC mix tures form
crys tals with unit cell pa ram e ters con tin u ously chang ing
with the mo lar con cen tra tions be tween those of the pure
com pounds. The po si tion of mo lec u lar spe cies within the
crys tal lat tice is sta tis ti cal. Sur pris ingly, for higher con cen -
tra tions of PIC we ob serve phase sep a ra tion of sur plus PIC

mol e cules which cor re sponds to a lim ited in ter mix ing of
the two com pounds. Fi nally, the re sults are dis cussed in the 
con text of other or ganic semi con duc tor bi nary mix tures
show ing that be sides chem i cal com po si tion and steric com -
pat i bil ity the intramolecular ar range ment of the atoms
important for intermolecular interactions significantly
influences the structure formation in organic
semiconductor blends.
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Or ganic semi con duc tors have been in ten sively stud ied in
the last two de cades be cause of their great ap pli ca tion po -
ten tial for fab ri ca tion and de vel op ment of elec tronic and
op to el ec tronic de vices such as or ganic so lar cells and or -
ganic field-ef fect tran sis tors. Elec tronic prop er ties of or -
ganic semi con duc tors such as charge-car rier mo bil ity are
strongly de pend ent inter alia on the mo lec u lar or der, which 
is in flu enced by de po si tion method, sub strate ma te rial, and
pro cess ing con di tions. One of the prom is ing ma te ri als in

this field is 5,11-bis(triethyl silylethynyl) anthradithio -
phene (TES-ADT), which is so lu tion-processable and
dem on strates high charge-car rier mo bil ity [1].
In this work we in ves ti gate post-growth ther mal an neal ing
in duced struc tural changes of drop casted TES-ADT thin
films on Si sub strates pre pared at dif fer ent con di tions. We
mea sured in situ spec u lar X-ray re flec tivity  (see Fig. 1)
and graz ing in ci dence X-ray diffra
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c tion at sam ple tem per a tures from RT up to 160 °C us ing a
lab o ra tory diffracto meter equipped with a ro tat ing an ode
X-ray source. Be sides of phase tran si tions al ready re ported
in Ref. [2], we re port on con tin ues ther mally in duced
changes of TES-ADT lat tice pa ram e ters. The ther mal ex -
pan sion co ef fi cients and changes of the el e men tary cell an -
gles are much dis tinct for the re spec tive phases of the
or ganic semi con duc tor. 

1. M. M. Payne, S. R. Parkin, J. E. An thony, C. C. Kuo, T. N. 
Jack son, J. Am. Chem. Soc., 127, (2005), 4986.

2. L. Yu, X. Li, E. Pavlica, F. P. V. Koch, G. Portale, I. da
Silva, M. A. Loth, J. E. An thony, P. Smith, G. Bratina, 
B. Ch. Kjellander, C. W. M. Bastiaansen, D. J. Broer, G.
H. Gelinck, N. Stingelin,  Chem. Ma ter., 25 (9), (2013),
1823-1828.
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To ana lyse com po si tion and strain in epitaxial layer sys -
tems like Si1-xGex on Si, Ge1-xSnx on Ge, or com pound lay -
ers it is nec es sary to de ter mine both off-plane (a1) and
in-plane lat tice (a0) pa ram e ter. This is typ i cally done by re -
cip ro cal space map ping us ing asym met ric re flec tions or a
com bi na tion of spec u lar (a1) and in-plane (a0) mea sure -

ments. In [1] we in tro duced the so-called cos2c method that 
uses re flec tions in skew ge om e try, where the sam ple is

tilted by an an gle c around an axis par al lel to the beam di -

rec tion for 2q = 0°, to de ter mine a0 with high pre ci sion
with out a di rect in-plane mea sure ment.  

But for strained lay ers the tilt an gle of in clined lat tice
planes rel a tive to the sur face is dif fer ent for sub-strate and

layer, which re sults in com pletely dif fer ent w-2q dif frac -

tion curves de pend ing on the se lected c value in skew ge -

om e try. In this pre sen ta tion we want to ana lyse in de tail the
re la tion be tween dif frac tion curves of strained layer sys -

tems and c val ues in skew ge om e try and dis cuss pos si ble
ap pli ca tions. 

To ana lyse the 2q-c re la tion for skew re flec tions with
high res o lu tion, it is nec es sary to real ise low angu-lar di -
ver gence not only in the dif frac tion plane but also per pen -
dic u lar to it. A SmartLab µHR from Rigaku was used,
which gen er ates due to its con fo cal Max-Flux op tics a
beam di ver gence of about 0.04° in both planes that was fur -
ther re duced in the dif frac tion plane by a Ge(400)x2 crys tal 

collimator. Fig ure 1a shows the in ten sity vs. c for the (202)

dif frac tion in skew ge om e try at the 2q po si tion of the Si
sub strate and the SiGe peak for a Si0.8Ge0.2/Si sam ple. The

ob tained c peak dis tance of 0.374° is in good agree ment
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Fig ure 1. Spec u lar scans mea sured dur ing cool ing of

TES-ADT thin film in the b phase.

Fig ure 1. (a) In ten sity vs. c for the (202) dif frac tion in skew ge om e try (pseudomorphic

sam ple) at the 2q po si tion of the Si sub strate and the SiGe peak; (b) 2q-c in ten sity map of
the (202) dif frac tion of the same sam ple. 



with the the o ret i cal value of 0.375°. The 2q-c in ten sity
map in fig ure 2b shows that the mea sured in ten sity
distri-bution fol lows a straight line. The line with dot sym -
bols start ing from the Si sub strate peak in di cates the cal cu -
lated peak po si tions for pseudomorphic SiGe lay ers with
in creas ing Ge con tent.

Us ing the in ten sity as a func tion of 2q taken along the
straight line in fig ure 1b, it is now pos si ble to per-form a

curve sim u la tion. Ob tained val ues for layer thick ness are in 
good agree ment to sim u la tions of spec u lar (004) curves. 

This tech nique of fers ad di tional free dom in the se lec -
tion of dif frac tion netplanes. It was suc cess fully used for
dif fer ent sam ples in clud ing superlattice struc tures and re -
laxed SiGe lay ers on Si substrate. 

 1. P. Zaumseil, J. Phys.D: Appl. Phys., 41, (2008), 135308.
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Metal sili cides are ap plied as low-re sis tance con tact ma te -
ri als in mi cro elec tron ics tech nol ogy. Pro gres sive down
scal ing of tran sis tor di men sions im plies the need for fur -
ther de creas ing of silicide layer thick ness and fol low ing the 
search for ma te ri als of low est re sis tiv ity. Ni silicide is the
can di date of choice, even its phase di a gram is rather com -
plex. Its main phases and trans for ma tion tem per a tures
start ing from a pure Ni layer on Si sub strate are: Ni2Si (250
°C), NiSi (350 °C), and NiSi2 (800 °C). But only NiSi

shows the de-sired low re sis tiv ity (10.5 – 15 µWcm). Pro -
cess op ti mi sa tion re quires com plex knowl edge about the
ther-mal be hav iour in the Ni dif fu sion pro cesses in clud ing
ac ti va tion en er gies for the phase trans for ma tions. 

Here we want to mea sure the ac ti va tion en ergy for
Ni2Si and NiSi for ma tion by iso ther mal in-situ XRD stud -
ies op ti mised con cern ing mea sur ing speed and ma te rial
tex ture on a 40 nm thick Ni layer de pos ited by sput ter ing on 

a 200 mm Si(001) wa fer. Tem per a ture-2q-in ten sity plots
were mea sured with a 9kW SmartLab diffractometer from
Rigaku in Bragg-Brentano (BB) ge om e try with Dtex-Ul tra
lin ear de tec tor as well as in grac ing in ci dence (2° an gle of

in ci dence) mode (GID) with scin til la tion coun ter us ing a
high temperature chamber DHS1100 from Anton Paar.  

The Ni to Ni2Si tran si tion was ana lysed by re peated

w-2q scans (2q range: 43° – 46°, 2.8 min utes per scan) at
fixed tem per a tures (210 – 270 °C). Fig ure 1 shows the time
de pend ent change of the Ni(111) and Ni2Si(013) peak for
230 °C. The de creas ing in ten sity of the Ni(111) peak can
be fit ted by an ex po nen tial func tion (Fig. 1b) and the time
con stant of this func tion can be used to es ti mate the ac ti va -
tion en ergy of this pro cess in an Arrhenius plot (Fig. 1c) as
(1.55 ± 0.13) eV in good agree ment with val ues ob tained
for Ni dif fu sion in Si.    

Sim i lar mea sure ments were per formed in GID ge om e -
try to ana lyse the trans for ma tion from Ni2Si to the more
ran domly ori ented NiSi un der iso ther mal con di tions (300 – 
350 °C). An ac ti va tion en ergy of (1.30 ± 0.15) eV was es ti -
mated for this pro cess. 

The tech niques de scribed here may be suc cess fully
used for fur ther Ni silicide pro cess op ti mi sa tion.
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Fig ure 1. (a) In-situ XRD mea sure ment (BB) of Ni to Ni2Si trans for ma tion at 230°C, thicker lines in di cate 20 mi-nute in ter vals; (b)
time de pend ent de crease of nor mal ised Ni(111) peak height at dif fer ent tem per a tures and fit ted ex po nen tial func tion; (c) Arrhenius
plot of time con stant C to es ti mate the ac ti va tion en ergy. 
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Ge lay ers of more than few nano metres in thick ness grow
fully re laxed on Si sub strates, due to a lat tice mis fit of about 
4.2 % be tween both ma te ri als. But the mis match be tween
the co ef fi cients of ther mal ex-pansion gives rise to ten sile
strain in the Ge layer of 0.1 to 0.2 %, as soon as cooled
down to room tem per-ature, de pend ing on the de po si tion
or post growth an neal ing tem per a ture. The cor re spond ing
stress field, es pe cially in micrometres-thick Ge lay ers,
causes un wanted warp ing or crack ing. This prob lem of
substan-tially re duc ing the ther mal strain has not been sat -
is fac to rily solved, so far. 

Here we pres ent re sults of X-ray dif frac tion mea sure -
ments to ana lyse the ther mal strain re lease in Ge patches
sus pended on micrometric Si pil lars, for dif fer ent pil lar
width and patch size. These re sults are com pared to 3D and
2D FEM sim u la tions show ing that the lat eral bend ing of
the pil lar is the key as pect with in creas ing pillar aspect
ratio. 

8 mm Ge were de pos ited by LEPECVD [1] at 575 °C
on Si(001) sub strates, pat terned in pil lars that are ar ranged
in square ar rays, fea tur ing dif fer ent pil lar pe ri od ic ity, and

patch size (100, 200, and 300 mm). X-ray mea sure ments
were per formed with a SmartLab µHR diffractometer from 
Rigaku.

Spec u lar w-2q scans of the Ge (004) dif frac tion in fig -
ure 1a dem on strate de creas ing strain in the Ge patches with 
de creas ing patch size, and fig ures 1b,c show the tilt of the
Si pil lars and at the edges of the Ge patch. A more com plex
dis cus sion of the strain and tilt state in these struc tures will
be given by means of re cip ro cal space mappings. 

1. C. Rosenblad, H. R. Deller, A. Dommann, T. Meyer, P.
Schroeter, H. von Känel, J. Vac. Sci. Technol. A, 16,
(1998), 2785.
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Fig ure 1. (a) Spec u lar w-2q scans of Ge (004) dif frac tion mea sured on patches of dif fer ent size with 2 µm Si pil lar width; (b) w

scans of the Si (004) sub strate dif frac tion for patches with dif fer ent size and Si pil lar width; (c) w scans of the Ge (004) dif frac tion
for patches with dif fer ent size and 2 µm Si pillar width. 
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In the frame work of a cur rent BMBF funded pro ject we are
aim ing to in ves ti gate the growth of semi con duc tor
nanowires (NWs) by means of in-situ X-ray dif frac tion.
We make use of a por ta ble MBE cham ber [1] equipped
with two Be-win dows al low ing for in spec tion of Bragg an -
gles in a range be tween zero and 18 de gree. Due to the
com pact de sign of the MBE cham ber it can be mounted on
com mon heavy load goniometers pres ent at suit able syn -
chro tron beamlines. Here we re port on re cent in-situ ex per -
i ments per formed at beamline P09 of PETRA III aim ing at
the nu cle ation, growth and elas tic re lax ation of an
In0.25Ga0.75As shell grow ing on a Ga catalysed GaAs nano -
wire on Si(111) sub strate.

GaAs NWs were fab ri cated prior to the in-situ ex per i -
ment and char ac ter ized by SEM to as cer tain a known NW
tem plate suit able for growth of the shell. For GaAs growth
a V/III ra tio of FV/III = 5 and a sub strate tem per a ture TS =
590°C were used re sult ing in an ax ial growth rate of about
40 nm/min. At PETRA III the GaAs NW sam ple has been
loaded into the pMBE again to study the InGaAs shell
growth. In a first step the Ga drop let was con sumed in As
at mo sphere to avoid con tin u a tion of ax ial growth. Sub se -
quently, the shell was grown at TS = 470 °C and FV/III = 4.

The 2D layer growth rate was set to 45 nm/h in or der to be
able to mon i tor the evolution of the shell by XRD.

The growth of the InGaAs shell was re corded by lo cal
re cip ro cal space maps around the sym met ric (111) re flec -
tion and the asym met ric (311) and (220) zincblende and
(10.3) wurt zite re flec tions. In all cases Si serves as a ref er -
ence. The time res o lu tion given by the du ra tion of the scans 
is less than 3min. High res o lu tion maps of the whole re cip -
ro cal vol ume were done both at growth tem per a ture and
room tem per a ture be fore and af ter fin ish ing growth. The
grad ual ap pear ance and evo lu tion of InGaAs Bragg re flec -
tions has been suc cess fully ob served, de tailed results will
be shown during the presentation.

1. T. Slobodskyy, P. Schroth, D. Grigoriev, A. A. Minkevich,
D. Z. Hu, D. M. Schaadt, T. Baumbach, Rev. Sci. Instrum.,
83, (2012), 105112.

We thank Thomas Keller, Andreas Stierle and Da vid
Reuther at DESY as well as Hans Gräfe, Bärbel Krause
and Annette Weißhardt at KIT. The pro ject was sup ported
by Ger man BMBF (05ES7CK and 05K13PS3).
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Fig ure 1. RSMs prior to shell growth, 
around Si (111) and GaAs (111) (top)
and GaAs (220) (bot tom).

Fig ure 2. SEM of NW tem plate (left) with few
crys tal lites and SEM af ter InGaAs shell growth
(right) with much inter growth.

Fig ure 3. RSMs af ter de po si tion of
shell, around Si (111) and InGaAs (111)
(top) and InGaAs (220) (bot tom).
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The in te gra tion of III-V semi con duc tors on sil i con is
of par tic u lar in ter est to com bine the stan dard semi con -
duc tor plat form with di rect band-gap ma te ri als, e.g. for 
on-chip op ti cal com mu ni ca tions [1]. One ap proach to
over come the lat tice mis match be tween both ma te rial
sys tems is the growth of III-V nanowires onto sil i con
sub strates.

With a por ta ble MBE sys tem for in-situ X-ray in -
ves ti ga tions [2], we have stud ied the Zincblende (ZB)
– Wurt zite (WZ) polytypism in gal lium ar se nide
nanowires [3,4]. The cur rent setup al lows for si mul ta -
neous time-re solved in ves ti ga tion of crys tal struc ture
evo lu tion by means of X-ray dif frac tion (XRD) and by
Re flect ing High-En ergy Elec tron Dif frac tion
(RHEED) dur ing the complete growth process.

The com bi na tion of these com ple men tary meth ods
pro vides de tailed in for ma tion on crys tal struc ture and
the dis tri bu tion of WZ and ZB seg ments within the
nano -s tructures. While XRD gives ac cess to the shape
and the crys tal struc ture of the whole il lu mi nated NW
en sem ble un der in spec tion, RHEED as a sur face sen si -
tive tech nique of fers the pos si bil ity to ana lyse the evo -
lu tion of phases along the NW axis during the growth
process.

In this con tri bu tion we dem on strate the fea si bil ity
of the ap proach at the ex am ple of the for ma tion of
crys tal phases dur ing self-catalysed growth of GaAs
nanowires onto Si(111). By ana lys ing the rel a tive in -
ten sity of the RHEED dif frac tion spots as a func tion of
growth time it is found that in case of gal lium pre-de -
po si tion the prob a bil ity of form ing WZ is higher com -
pared to ZB phase in the early stages of growth. In
con trast, NWs grown with out pre-de po si tion quickly tend
to a low frac tion of the WZ phase. The re sults are ver i fied
by comparison with the XRD data.

1. J. Jus tice, C. Bower, M. Meitl, M. B. Moo ney, M. A.
Gubbins, B. Corbett, Nat Pho ton ics, 6, (2012), 610-614.

2. T. Slobodskyy, P. Schroth, D. Grigoriev, A. A. Minkevich,
D. Z. Hu, D. M. Schaadt, T. Baumbach, Rev. Sci. Instrum.,
83, (2012), 105112.

3. M. Köhl, P. Schroth, A. A. Minkevich, J. W. Hornung, E.
Dimakis, C. Somaschini, L. Geelhaar, T. Aschenbrenner, S. 

Lazarev, D. Grigoriev, U. Pietsch, T. Baumbach, J. Syn -
chro tron Rad., 22, (2015), 67-75.

4. P. Schroth, M. Köhl, J. W. Hornung, E. Dimakis, C.
Somaschini, L. Geelhaar, A. Biermanns, S. Bauer, S.
Lazarev, U. Pietsch, T. Baumbach, Phys. Rev. Lett., 114,
(2015), 055504.

We would like to ac knowl edge Hans Gräfe, Bärbel Krause
and Svetoslav Stankov at the UHV lab o ra tory of the In sti -
tute of Pho ton Sci ence and Syn chro tron Ra di a tion, KIT
and Jörg Strempfer, Sonia Francoual and Da vid Reuther
at P09, PETRA III, Desy. The work was sup ported by the
BMBF pro jects (05ES7CK) and (05K13PS3).
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Fig ure 1. Time-re solved RHEED in ten si ties of phase se lec tive re flec -
tions of GaAs nanowires grown with out gal lium pre-de po si tion (top) and 
grown with gal lium pre-de po si tion (bottom).
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Nanowires (NWs) are one-di men sional anisotropic crys tal -

line struc tures hav ing length of the or der 5 to 10 mm and di -
am e ter typ i cally less than 100 nm. These are com monly
grown by the Vapour-Liq uid-Solid (VLS) tech nique [1].
Most re ports of ex ten sive X-ray dif frac tion stud ies of NWs
have been car ried out typ i cally us ing syn chro tron ra di a tion
sources [2-10]. Very few stud ies car ried out us ing lab o ra -
tory XRD sys tems have been re ported, e.g for InP [10] and
GaP [11] NWs. The graz ing-in ci dence XRD tech nique
(GIXRD) on a lab o ra tory XRD sys tem can be ad van ta -
geously used over stan dard meth ods to ana lyse NW struc -
tures. In this work we re port our in ves ti ga tions of bi nary
III-V (InAs, GaAs, GaP, InP) and ter nary III-V (InGaP,
GaAsP) nanowires grown on Si(111) sub strate by VLS
tech nique in a metalorganic chem i cal vapour de po si tion
sys tem.  

GIXRD mea sure ments were car ried out for each set of
NWs, and the crys tal struc ture com pared with data from
stan dard JCPDS cards. In case of InGaP nanowires, which
are in wurt zite (WZ) crys tal form, change of In in cor po ra -
tion can be seen in the GIXRD pro file (Fig.1). The In com -

po si tions in these sam ples are ex tracted from the 2q val ues. 
Fig.2 shows GIXRD pro file of zinc-blende (ZB) form
GaAs NWs. In this case, the FWHM of the re flec tions from 
the hkl planes re duces with in creas ing group V/III ra tio.

Crys tal struc ture of these nanowires (WZ or ZB) de pends
upon the growth pa ram e ters such as tem per a ture, V/III flux 
ra tios etc. De tails of the cor re la tion of the crys tal struc ture
with growth pa ram e ters, de ter mined from XRD data will
be pre sented.

1. R. S. Wag ner and W. C. Ellis, Appl. Phys. Lett., 4, 89,
1964.

2. A. L. Golovin, et al., Acta Cryst. A, 40, 225,1984.

3. H. Dosch, et al., Phys. Rev. Lett. 56, 1144, 1986.

4. N. Bernhard, et al., Z. Phys.B, 69:303, 1987.

5. T. Jach, et al., Phys. Rev. B, 39, 5739, 1989.

6. E. A. Kondrashkina, et al., J. Appl. Phys., 8, 175 1997.

7. G. Bussone et al., J. Appl. Cryst.,  46, 887, 2013.

8. J. Eymery et al., Nano Lett., 7, 2596, 2007.

9. S. O. Mariager et al, Nanotechnol. 21, 115603, 2010.

10. D. Kriegner et. al. Nanotechnology 22, 425704, 2011; [11]
Y. Ito, Rigaku Jour nal, 25, 1, 2009
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Fig ure 2: GIXRD scans of ZB form GaAs NWs, the in set shows an
en larged view of the (220) re flec tion of wires grown un der dif fer ent
V/III ra tios. 

Fig ure 1: GIXRD scans of WZ form InGaP NWs for vary ing In
con tent.
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Semi con duc tor nanowires ex hibit a num ber of spe cial
prop er ties mak ing them in ter est ing both for fun da men tal
sci ence as well as for dif fer ent ap pli ca tions rang ing from
so lar cells to fast tran sis tors. In III-V semi con duc tors, the
ob ser va tion of hex ag o nal polytypes has spurred in ves ti ga -
tions of this crys tal struc ture, which can not be fab ri cated in
bulk. Some ma te ri als show a change in band align ment
from in di rect to di rect fun da men tal band gap [1], such a be -
hav iour has also been pre dicted in the SiGe sys tem. In this
pre sen ta tion, we will pres ent the struc tural in ves ti ga tion of
hex ag o nal Si ma te rial us ing high res o lu tion x-ray dif frac -
tion [2]. So far, Si could not be fab ri cated in the hex ag o nal
crys tal struc ture (lonsdaleite), at least not sta ble un der am -
bi ent con di tions. Us ing hex ag o nal GaP nanowires as seed,
hex ag o nal Si can be grown as a shell around the GaP core,
and we have from this ma te rial es tab lished the bulk lat tice
pa ram e ters of lonsdaleite Si. The same con cept is also fol -
lowed for SiGe ma te rial, which is pre dicted to ex hibit a di -
rect band gap for high Ge con cen tra tions.

1. S. Assali, D. Kriegner, I. Zardo, S. Plissard, M.A.
Verheijen, J. Stangl, J.E.M. Haverkort, E.P.A.M. Bakkers,
Proc. SPIE 9174, 917405 (2014). doi:
10.1117/12.2063865.

2. H.I.T. Hauge, M.A. Verheijen, S. Conesa-Boj, T.
Etzelstorfer, M. Watzinger, D. Kriegner, I. Zardo, C.

Fasolato, F. Capitani, P. Postorino, S. Kölling, A. Li, S.
Assali, J. Stangl, E.P.A.M. Bakkers, Nano Lett. 15,
5855–5860 (2015). doi: 10.1021/acs.nanolett.5b01939.
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In the frame work of a BMBF funded pro ject, we are run -
ning a por ta ble MBE (pMBE) sys tem in or der to study
growth pro cesses of semi con duc tor nanowires (NWs) by
in-situ x-ray dif frac tion. One of the ma jor chal lenges of

this pro ject is the in-situ study of a sin gle NW. For this pur -
pose, we im ple mented a fo cus ing setup [1] which fo cuses
the X-ray beam onto a pre-pat terned sil i con sub strate with
well sep a rated NW nu cle ation points. Here we re port on
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Fig ure 1. Av er age lat tice pa ram e ter of hex ag o nal Si as a func -
tion of shell thick ness in a hex ag o nal GaP/Si core/shell system
[2]



our re cent re sults in de tect ing sin gle NWs dur ing pro cess -
ing at el e vated tem per a tures. In par tic u lar, evo lu tion of
crys tal struc ture of a sin gle NW was mon i tored at a tem per -
a ture of 630 ± 25°C un der con di tions of an neal ing and
re-growth of a sin gle NW.  

The re cent ex per i ment has been per formed at the
beamline P09 of PETRA III (DESY) syn chro tron us ing a
pho ton en ergy of 15keV. Prior to the syn chro tron ex per i -
ment, self-cat a lyzed GaAs NWs were grown by MBE onto
Si(111) sub strates cov ered by a ~16nm ther mal ox ide
layer. The sub strates were pat terned by Fo cused Ion Beam
(FIB) with lat eral spac ing of 4µm. The site-se lected grown
NWs had a di am e ter of 70±5nm at their bot tom and an av -
er age length of ~3.5 µm. This sub strate was de liv ered to the 
pMBE cham ber. Us ing a fo cused X-ray beam with a size of 
4×8 µm² we could iden tify sig nals orig i nated from var i ous
sin gle NWs lo cated at the pat tern. Af ter re cord ing re cip ro -
cal space map ping of the GaAs(111) at se lected sin gle NW
po si tions, the sub strate tem per a ture was ramped up to a

tem per a ture of 630±25°C. At this tem per a ture, the 2D in -
ten sity dis tri bu tion of a cut through the GaAs(111) re flec -
tion was de tected with a time-res o lu tion of ~2 sec onds by
us ing a Pilatus 300K de tec tor. We thereby could re cord the
evo lu tion of scat ter ing sig nals orig i nat ing from wurt zite
and zinc-blende GaAs seg ments [2] in a sin gle NW dur ing
ther mal an neal ing. Be fore com plete ther mal re moval of the 
GaAs NWs, we opened the Ar senic and Gal lium shut ters
with a V/III ra tio of 2 and a Gal lium 2D growth rate of ~0.1
ML/s. The re-growth was mon i tored at one se lected NW
po si tion and the phase com po si tion was com pared with
that of the as-grown one. In the presentation, we will
discuss the results in detail.

1. J. Vogel et al, Poster con tri bu tion, XTOP (2016).

2. P. Schroth, et al, Phys. Rev. Lett. 114 (2015).

This pro ject has been sup ported by Ger man BMBF
(05ES7CK and 05K13PS3).
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We pres ent a con cept to eval u ate the mag netic den sity pro -
files of a tri-layer struc ture by means of the con cept of
wave let trans form of spec u lar X-ray re flec tivity pat tern
mea sured with lin ear po lar ized hard X-rays and at the Fe
L2,3-edge us ing cir cu lar po lar ized light. Us ing the asym me -
try pro file taken from the both re flec tivity data and ap ply -
ing the wave let trans form anal y sis we are able to ex tract the 
mag netic den sity pro files as func tion of the depth in side the 
sam ples. In this way, the pro posed ap proach pro vides a
com plete pic ture of both the chem i cal and mag netic den sity 
pro files and their in ter face widths within the mag netic sam -
ples.

The mag netic are com posed by a 10 nm fer ro mag netic
Ni81Fe19 (permalloy, here af ter named Py) and 10 nm of
non mag netic (Ta) ma te ri als and capped with a 3 nm layer
of Ta. The struc tural prop er ties were in ves ti gated first us -
ing X-ray re flec tivity curves taken in hard X-ray ranges
with hor i zon tal po lar iza tion of light in home lab o ra tory (E
= 8.04 keV) and at the syn chro tron sources DELTA (E = 15 

keV). In ad di tion, the soft X-ray data were taken at the
EUV reflectometer of BESSY II (E = 700-860 eV). Both
data sets were trans formed into re cip ro cal space and used
to de ter mine the chem i cal (charge) density profile of the
samples.

In soft X-ray range and close to a fun da men tal ab -
sorp tion edge both charge and mag netic scat ter ing con trib -
ute to the re flec tivity sig nal.  Ap ply ing cir cu lar po lar ized
soft X-rays en ables to de duce the charge mag netic in ter fer -
ence term from the mea sured re flec tivity pro file in ad di tion 
to av er aged spin-pro files per pen dic u lar to the sam ple sur -
face and the overall interface roughness.

In this way, the pro posed in ves ti ga tion pro vides a com -
plete pic ture of the chem i cal and mag netic static in ter fa cial
struc tures of mag netic sam ples. Us ing this ap proach, one

can study the weak changes in duced by ex ter nal fac tors
(for ex am ple, the ap pli ca tion of the ex ter nal mag netic field
or tem per a ture change).
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Sim u la tions of X-ray scat ter ing and dif frac tion are well-es -
tab lished pro ce dures for struc tural anal y sis at nanometer
and subnanometer length scales of lay ered ma te ri als, rang -
ing from amor phous films to crys tal line ones such as
epitaxial lay ers on sin gle-crys tal sub strates. Higher are the
or der ing in stack ing se quences of the atomic lay ers, the
more pro nounced are the dif fracted in ten si ties at higher an -
gles al low ing more re fined model struc tures. X-ray the o -
ries are well com fort able at the lim it ing cases, ei ther
amor phous films or per fect pe ri odic layer se quences, i.e.
crys tal line films. How ever, in de vel op ing new ma te ri als
and pro cess ing tech nol o gies, lay ered ma te ri als with ran -
dom layer se quences of large d-spac ing can of ten be found. 
Com bined with the very high dy nam i cal range of ad vanced 
X-ray sources and in stru ments, this kind of ma te rial rep re -
sent a chal leng ing in the o ret i cal ap proach for X-ray dif -
frac tion sim u la tion [1]. 

Large d-spac ing im plies that dif frac tion peaks are rel a -
tively close to each other, com pro mis ing the o ret i cal ap -
proaches that treat them sep a rately. On the other hand, low
or der or lack of per fect pe ri od ic ity pro duces a sys tem atic
deg ra da tion of in ten sity sig nal in dif frac tion peaks at
higher an gles. The sim ple ki ne matic ap proach that ne glects 
re frac tion and rescattering events of dif fracted pho tons can
be good enough for weak in ten sity re flec tions and even re -
gions in be tween peaks. But, strong peaks at lower an gles
as well as dif frac tion peaks from sin gle-crys tal sub strates
may re quire an ap proach ac count ing for ef fects of re frac -
tion and rescattering. A sim i lar sit u a tion is found in the in -
ves ti ga tion of sur face struc tures by scan ning crys tal
trun ca tion rods [2]. At the mo ment, re frac tion and re -
scattering ef fects are ac counted for in dy nam i cal dif frac -
tion the o ries suit able for very crys tal line ma te ri als.
Al though long-range scans in re cip ro cal space, over lap -

ping of dif frac tion peaks, and even strain in the crys tal lat -
tice have been treated within the scope of dy nam i cal dif -
frac tion [1-3], they are dis tinct ap proaches and po ten tial
us ers are dis cour aged by the math e mat i cal com plex ity that
has to be un der stood to adapt these ap proaches to each par -
tic u lar sys tem un der in ves ti ga tion. In this sce nario, what
would be the im por tance of an ap proach that is as sim ple as
the ki ne matic one, able to ac count for re frac tion, ab sorp -
tion, and rescattering in any kind of layered material, and
also easily implemented in computer routines for fast
simulation of diffraction experiments? 

In the last few years, top o log i cal in su la tors such as
Bi2Te3 have at tracted enor mous at ten tion due to their new
prop er ties and po ten tial ap pli ca tion in spintronics or quan -

tum com put ing. Epitaxial films of Bi2Te3-d with a def i cit d

of Te in the range 0 < d < 3 have Bi:Bi bilayers (BLs) in -
serted in be tween quin tu ple lay ers (QLs) of the Bi2Te3

phase. The in ser tion of BLs dur ing epitaxial growth does
not oc cur uni formly, but as a sta tis ti cal dis tri bu tion where
the grown films can be con sid ered as a ran dom one-di men -
sional BixTey al loy rather than an or dered ho mol o gous

(Bi2)M(Bi2Te3)N struc ture with def i cit d = 3M/(M+N) [4, 5]. 
In this work, we adapt a gen eral re cur sive equa tion [6] for
sim u lat ing X-ray dy nam i cal dif frac tion in lay ered ma te ri -
als, and ap ply it to long-range scans ob tained with syn chro -
tron ra di a tion in a se ries of Bi2Te3-d epitaxial films on BaF

2
(111) sub strates, Fig. 1. In ter face qual ity, ran dom stack ing
se quences, sur face fin ish ing, and evo lu tion of de fects dur -
ing growth are pa ram e ters in ves ti gated by curve fit ting
with the re cur sive equa tion. It dem on strates the ef fec tive -
ness of this ap proach for de scrib ing X-ray dif frac tion in
lay ered sys tems rang ing from ran dom to per fect pe ri odic
stack ing se quences of atomic lay ers. 
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Fig ure 1. Long-range Q scan in Bi2Te3/BaF2(111). Epitaxial lay ers with 8 QLs. In sets: com par i son of recurvise equa tion
and dy nam i cal sim u la tion for strong sub strate re flec tions. 
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Top o log i cal in su la tors are bulk in su la tors with me tal lic
sur face states ex hib it ing lin ear elec tronic dis per sion of
Dirac type. Such ma te ri als are highly at trac tive for spin -
tronics [1]. The large spin-or bit in ter ac tion can pro vide
spin po lar iza tion for novel spintronics de vices [2]. The nar -
row gap semi con duc tors (Pb,Sn)Te and (Pb,Sn)Se could
ex hibit Rashba split ting due to its large spin-or bit in ter ac -
tion and the easy of dop ing with other heavy el e ments such
as Bi up to sev eral atomic percents. Its (111) sur face is po -
lar, of fer ing sur face po ten tial that is an other key in gre di ent
for Rashba state for ma tion. These ma te ri als have  rocksalt
crys tal lo graphic struc ture iden ti cal to a high tem per a ture
phase of ferro elec tric GeTe. Chang ing com po si tion of
(Sn,Ge)Te ter nary al loy one can tune a crit i cal tem per a ture
of a phase tran si tion from cu bic to low-tem per a ture
rhombohedral crys tal line struc ture. The ferro elec tric phase 
tran si tion changes dra mat i cally the elec tric field at the sam -
ple sur face. Elec tric field has an es sen tial role in the sur face 
elec tronic struc ture due to Rashba split ting.

High qual ity sam ples were grown by mo lec u lar beam
ep i taxy on (111) BaF2 sub strates us ing com pound PbSe
and Bi2Te3 sources. The crys tal lo graphic qual ity was stud -
ied us ing high-res o lu tion X-ray dif frac tion. The ex am ple
re cip ro cal space maps are shown in fig ure 1. The tem per a -
ture de pend ent X-ray dif frac tion us ing liq uid ni tro gen
cryostat was per formed in the or der to de ter mine phase
tran si tion tem per a ture.

The re sults of the tem per a ture de pend ent X-ray dif frac -
tion are shown in fig ure 2. It has been found that de pend ing 
of the com po si tion phase tran si tion tem per a ture can be
tuned up to 650 K for pure GeTe. The high tem per a ture cu -
bic phase un dergo phase tran si tion where cu bic lat tice
elon gates along one of equiv a lent {111} axis. The layer at
low tem per a tures con sist out of four dif fer ent do mains
types cor re spond ing to each of four {111} axis.

1. A. Manchon, et al, in: Na ture Ma te ri als 14, 871-882
(2015).

2. A.R. Mellnik, et al, in: Na ture 511, 449-451 (2014).
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Fig ure 1. Re cip ro cal space maps mea sured in the vi cin ity of 222 and 531 re cip ro cal lat tice points. Dif frac tion max ima de noted by S
and L cor re spond to a BaF2 sub strate and (Sn,Ge)Te layer, respectively.
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X-ray re flec tivity tech nique is prom is ing to char ac ter ize
lay ers and in ter faces in ul tra thin films be cause of its abil ity 
to probe the atomic struc tures along the depth in a non-de -
struc tive man ner [1]. Rou tine X-ray re flec tivity as sumes
the in-plane uni for mity of the sam ple. It is fairly im por tant
to de velop spa tially-re solved X-ray tech niques to vi su al ize
inhomogeneous lay ers and in ter faces. Other than XY scans 
of syn chro tron mi cro beam [2], we ap plied im age re con -
struc tion from re flec tion pro jec tions [3]. In this re search,
we suc ceeded in re al iz ing non-de struc tive vi su al iza tion of
lay ers and in ter faces by ap ply ing syn chro tron ra di a tion.
The im age con trast of the tech nique co mes from the dif fer -

ence of re flec tivity at each point in the lat eral plane of het -
er o ge neous films. The ex per i ment was con ducted at Pho -
ton Fac tory, Ja pan. Monochromated X-rays (16keV) from
a ver ti cal wig gler in ser tion de vice are cut by sev eral slits
(See Fig ure 1) to form a par al lel beam (ver ti cal an gu lar di -
ver gence: 0.02mrad), while the beam size is 0.05 (H) ×
8mm (V) at sam ple po si tion. The par al lel beam illuminates
around 8mm × 8mm sam ple sur face at graz ing in ci dence
ge om e try. The re flected X-rays are re corded by a CCD

cam era (pixel size: 6.45 mm) as a 1D pro jec tion im age. In
the ex per i ment, sam ple is ro tated in-plane at spe cific in ter -
val an gle un til 180 de gree and re flec tion pro jec tion is col -
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Fig ure 2. Tem per a ture de pend ence of the lat tice pa ram e ter and lat tice an gle of (Sn,Ge)Te lay ers with var i ous com po si tion. The ar rows
de note phase tran si tion be tween rhombohedral and cu bic lat tice.

Fig ure 1. Side view of the in stru ment set at BL14B, Pho ton Fac tory (Tsukuba, Ja pan) to vi su al ize inhomogeneous thin films. Syn chro -
tron X-rays co mes from right to left in the pic ture. Dashed ar rows in di cate X-rays path. Sam ple is ver ti cally mounted by the pump
sample holder.



lected at each in ter val an gle. The re flec tion pro jec tions set
is fi nally pro cessed us ing Fil tered Back-pro jec tion al go -
rithm to re con struct an im age, which phys i cally is a real
space map ping of re flec tion in ten si ties from the sam ple.
Due to the ad van tage of syn chro tron ra di a tion, the in ci dent
X-rays are fairly par al lel and the in-plane spa tial res o lu tion
is only lim ited by the CCD cam era pixel size. We con -
firmed that the in-plane spa tial res o lu tion is better than 20

mm [4], while the in-depth spa tial res o lu tion is de cided by
the fea ture of X-ray re flec tivity tech nique (around 0.1 nm).
Be cause of high bril liance of syn chro tron ra di a tion, the
typ i cal mea sur ing time is shorter than 1 min.

1. K. Sakurai and A. Iida, Jpn. J. Appl. Phys. 31, L113
(1992).

2. K. Sakurai, M. Mizusawa, M. Ishii, S. Kobayashi, and Y.
Imai, J. Phys.: Conf. Se ries 83, 012001(2007).

3. V. A. Innis-Sam son, M. Mizusawa and K. Sakurai, Anal.
Chem. 83, 7600 (2012).

4. J. Jiang and K. Sakurai, Sub mit ted to J. Appl. Phys.

We grate fully thank Dr. Keiichi Hirano of Pho ton Fac tory
for his kind as sis tance dur ing the beamtime.
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When we dis pense a drop of sil ver ni trate so lu tion on the
top of gel a tin hydrogel doped with po tas sium dichromate,
the two in or ganic chem i cals pro duce pe ri odic pre cip i tate
ring struc tures of a sil ver dichromate, which is known as
Liesegang rings [1, 2]. This phe nom e non could be found in 
many sys tems and at tracts much at ten tion be cause of its in -
her ent non-lin ear na ture and prom is ing in mi cro-pat tern ing 
[3-5]. Study ing Liesegang pat tern (LP) in ul tra thin films
not only helps to better un der stand the mech a nism un der ly -
ing this phe nom e non, but also helps to pro mote ap peal ing
ap pli ca tions of the unique pe ri odic struc tures. In ad di tion,
it may help to make the struc ture eas ier to be ob served by
some state of the art im ag ing tech niques such as XRF pro -
jec tion - im ag ing [6]. So far, grow ing LP in ul tra thin films
is ex tremely dif fi cult [7] be cause of the thin films’ dry ing
prob lem and fra gil ity to the rapid cap il lary wet ting. We
suc cess fully ob tain LP in ul tra thin films (see Fig ure 1)
with the thick ness down to 65 nm [8] by con trol ling low

tem per a ture (5 °C) and in tro duc ing equi lib rium wa ter va -
por to the sam ple en vi ron ment. X-ray re flec tivity tech -
nique was ap plied to char ac ter ize the ul tra thin films,
giv ing not only in for ma tion of thin film’s thick nesses with
a res o lu tion of atomic scale, but also other use ful in for ma -
tion such as rough ness, sur face and in ter face den si ties. At 5 

°C, gel a tin hy dro-gel sur face shows hy dro pho bic na ture,
which helps pre vent the gel a tin from be ing rap idly wet ted
by cap il lary force. We also found new pat terns ex it ing at
the out - most part of pat tern in the ul tra thin films which
have never been re ported by oth ers to our knowl edge. Fine
struc tures of the pat tern in ul tra thin gel a tin films were also
ob served by the tap ping mode of atomic force mi cro scope,
which shows the rings are com posed of lat er ally 300 – 600
nm co ag u lated par ti cles.

1. R. E. Liesegang, Naturwissenschaftliche Wochenschrift,
353–362 (1896).

2. H. K. Henisch, Crys tals in Gels and Liesegang Rings,
Cam bridge Uni ver sity Press (1988).

3. B. A. Grzybowski, Chem is try in Mo tion, WILEY (2009).

4. R. M. Walliser etc., Langmuir, 31, 1828-1834 (2015).

5. R. Klajn etc., Nat. Ma ter. 3, 729-735 (2004).

6. K. Sakurai and M. Vysinka, In prep a ra tion for pub li ca tion.

7. I. T. Bensemann , M. Fialkowski, and B.A. Grzybowski,  J. 
Phys. Chem. B 109, 2774-2778 (2005).

8. J. Jiang and K. Sakurai, Sub mit ted to Langmuir.
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Fig ure 1. Op ti cal Mi cros copy (OM) im age of a typ i cal pe ri odic
ring struc ture in ul tra thin films with a thick ness of 150 nm, The
im age were taken 4 hrs af ter dis pens ing of the sil ver ni trate so lu -
tion drop let.
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As tran sis tors con tinue to scale to ever smaller di men sions
and in or der to boost tran sis tor per for mance, it has be come
nec es sary to in tro duce new ma te ri als such as SiGe epitaxial 
layer for stress en gi neer ing [1]. Con se quently, to sup port
this de vel op ment, in-line strain char ac ter iza tion tech niques 
are man da tory. Mi cros copy tech niques, widely used to in -
ves ti gate the strain field [2], are not to tally trustable due re -
quire ment of a sam ple prep a ra tion step and are sim ply not
com pat i ble with in-line pro cess con trol. In a pre vi ous pa per 
we have suc cess fully cor re lated the HRXRD RSM (Re cip -
ro cal Space Maps) with the dark field elec tron ho log ra phy
mi cros copy tech nique, dem on strat ing the ca pa bil ity of
HRXRD for pMOS strain field in ves ti ga tion [3]. How ever, 
due to the fact that the RSMs do not pro vide any in for ma -
tion on the phase of the dif fracted sig nal it is not straight -
for ward to ex tract and lo cal ize the full strain field into a
com plex pat terned struc ture. Still, know ing the sam ple
geometry and the global dis tri bu tion of the strain field, it is
pos si ble to ex tract an ap proach ing strain field us ing di rect
anal y sis  [4] or a phase re trieval al go rithm [5]. How ever,
both ap proaches re quire high sig nal to noise RSMs and are
of lim ited in ter est for in-line con trol while mea sur ing struc -
tures with var i ous ge om e tries. One way to over come this
prob lem is to use a re verse method. It con sists in cal cu lat -
ing RSMs from sim u la tions of a mod elled strain field. By
vary ing the in put pa ram e ters, the sim u lated RSM can be
tuned to match to the mea sured one. In this pa per we will il -
lus trate this ap proach us ing a match ing al go rithm on a
3000 RSMs da ta base, cal cu lated from fi nite el e ment mod -
el ling of the strain field. Fine tun ing of dif fer ent struc tures
ge om e tries and ini tial strain field are con sid ered. Mea sured 

RSMs have been se lec tively matched to the sim u lated
RSMs within the da ta base, pro vid ing strain fields as an
out put. This ap proach, easy to op er ate, has dem on strated to 
be ro bust, fast and pre cise, even on RSMs with a low sig nal 
to noise ra tio.  This in di cates that it is a prom is ing method
for in-line strain field in ves ti ga tion.

1. C. Le Royer, M. Cassé, D. Coo per, F. Andrieu, O. Weber,
L. Brevard, P. Perreau, J.-F. Damlencourt, S. Baudot, 
B. Prévitali, C. Tabone, F. Allain, P. Scheiblin, C. Rauer,
C. Figuet, C. Aulnette, N. Daval, B.-Y. Nguyen, 
K. K. Bourdelle, J. Gyani, and M. Valenza, “Dual strained
chan nel CMOS in FDSOI ar chi tec ture: New in sights on the 
de vice per for mance,” Solid. State. Elec tron., vol. 65–66,
pp. 9–15, Nov. 2011.

2. D. Coo per, B. Armand, J. M. Hartmann, V. Carron, and 
J. Rouvi, “Strain map ping for the semi con duc tor in dus try
by dark-field elec tron ho log ra phy and nanobeam elec tron
dif frac tion with nm res o lu tion,” Semicond. Sci. Technol.,
vol. 095012, 2010.

3. A. Durand, V. Boureau, D. Lecunff, A. Hourtane, 
D. Benoit, A. Claverie, M. Hytch, D. Rouchon, and 
P. Gergaud, “Com bin ing high-res o lu tion X-ray re cip ro cal
space map ping and dark-field elec tron ho log ra phy for
strain anal y sis in 20 nm pMOS struc tures,” in IEEE 15th
In ter na tional Con fer ence on Nanotechnology
(IEEE-NANO), 2015, pp. 785–788.

4. M. Medikonda, G. R. Muthinti, J. Fronheiser, V. Kamineni, 
M. Wormington, T. N. Adam, E. Karapetrova, 
A. C. Diebold, J. Val ley, and T. Lane, “Mea sure ment of
pe ri od ic ity and strain in ar rays of sin gle crys tal sil i con and
pseudomorphic Si1 - xGex / Si fin struc tures us ing x-ray
re cip ro cal space maps Mea sure ment of pe ri od ic ity and
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Fig ure 1. Mea sured (004) (a) and (115),  (b) RSMs, the match ing sim u lated (004), (c) and (115), (d) RSMs and the cor re spond ing
hor i zon tal (e) and ver ti cal (f) strain fields.



strain in ar rays of sin gle crys tal sil i con and pseudomorphic
Si 1 2,” J. Vac. Sci. Technol. B Microelectron. Nanom.
Struct., vol. 021804, 2014.

5. A. A. Minkevich, M. Köhl, S. Escoubas, O. Thomas, and
T. Baumbach, “Re trieval of the atomic dis place ments in

the crys tal from the co her ent X-ray dif frac tion pat tern.,” J.
Syn chro tron Radiat., vol. 21, no. Pt 4, pp. 774–83, Jul.
2014. 
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Nanoimprint li thog ra phy is a fast and in ex pen sive method
for nanostructuring of large ar eas [1], which opens a range
of ap pli ca tions, e.g. in so lar cell man u fac tur ing and
nanofluidics. Graz ing In ci dence Small An gle X-ray Scat -
ter ing (GISAXS) is a fast and non de struc tive method for
mea sur ing large nanostructured ar eas, which makes it a
nat u ral fit to quan ti ta tively as sess the qual ity of
nanoimprinted sam ples. The mea sure ments were per -
formed at PTB’s four-crys tal mono chro ma tor beamline at
BESSY II. 

We in ves ti gated ar rays of nanopillars with about 0.3
µm di am e ter pro duced by nanoimprint li thog ra phy. For or -
dered, pe ri odic struc tures, sim i lar patterns to those pro -
duced by lamellar grat ings [2] can be ob served (Fig 1). Due 
to the sta tis ti cal na ture and large probed area of GISAXS,
small vari a tions aris ing from the pro duc tion pro ce dure can
be quan ti fied al ready from a sin gle scat ter ing pat tern.

An in ter est ing ap pli ca tion of nanoimprint li thog ra phy
is the pro duc tion of large-scale two-di men sional photonic
quasicrystals, which al low tun ing of op ti cal prop er ties of
sur faces [3]. Quasicrystals are or dered but non-pe ri odic,
the o ret i cally in fi nite struc tures. Al though they lack
translational sym me try, their or der ing re sults in sharp
peaks in the Fou rier trans form as for crys tals. There fore,
scat ter ing meth ods show sharp dif frac tion peaks, mak ing
them suit able meth ods for the in ves ti ga tion of quasicrystals 
[4]. As in the pe ri odic struc tures, a cir cu lar scat ter ing pat -
tern arises when the X-ray beam is aligned with the sam ple
struc ture. In the qy-qx-map (Fig. 2), or der ing and cor re la -
tions in the sam ple plane become clearly vis i ble.

We com pare scat ter ing pat terns of fully pe ri odic (i.e.
crys tal line) sam ples with those of quasicrystalline sam ples
with a 10-fold ro ta tional sym me try (Fig. 3), show ing the
richer Fou rier spec trum of quasicrystals. The ex per i men tal
re sults are com pared to sim u la tions us ing the Dis torted
Wave Born Ap prox i ma tion (DWBA) in or der to ex tract
fur ther struc tural pa ram e ters of the sam ples.

1. L. J. Guo Adv Mat 19, 495–513, 2007.

2. M. Yan & A. Gibaud J Appl Cryst 40, 1050–55, 2007.

3. Z. V. Vardeny, A. Nahata & A. Agrawal Na ture Pho ton 7,
177–87, 2014.

4. A. Yamamoto Acta Crystallogr Sect A 52, 509–60, 1996.

Ó Krystalografická spoleènost

272 XTOP 2016 - Poster Session A Ma te ri als Struc ture, vol. 23, no. 3 (2016)

 

Fig ure 1. GISAXS pat tern of a hex ag o nal nanopillar ar ray,
in green grat ing cir cles for a sam ple tilt of +/-0.05°.

 

Fig ure 2. qy-qx-map of the GISAXS pat tern of a sur face
quasicrystal with the X-ray beam aligned to a main sym me try
line of the sam ple.

 

Fig ure 3. qy-cut of scat ter ing pat terns of a quasicrystalline and a
hex ag o nal sam ple.
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Ab stract: Glaz ing in ci dence X-ray scat ter ing is ap plied
for eval u at ing fab ri cated pe ri odic nano-pat terned sur face
struc ture. Two-di men sional X-ray scat ter ing pat terns from
the sam ples are col lected and the shape of the sam ple struc -
tures are re pro duced by com par ing ob served and cal cu -
lated two-di men sional scat ter ing in ten si ties. The ob tained
re sults are com pared with that of TEM and fairly good
agree ment could be achieved.

1. In tro duc tion

The scale of semi con duc tor de vice is still con tin u ously
shrink ing and line width of the de vice pat tern will be come
close to ten-nanometer, soon. The wa fer me trol ogy tools
have to over come many dif fi cult chal lenges in or der to
con trol the mass pro duc tion pro cesses for mea sur ing such a 
small crit i cal di men sion (CD) with com plex struc ture. For
ex am ple, the elec tron beam size of CD-SEM is com pa ra ble 
with the mea sured CD it self, and dif fi cult to see the bot tom
of nar row val ley. The sen si tiv ity of op ti cal probes will be -
come very low be cause wave lengths of the lights are much
lon ger than the CD. In ad di tion, uni for mity of the CD, for
ex am ple line width rough ness (LWR), be comes more cru -
cial for the de vice per for mances and the me trol ogy has to
have higher sen si tiv ity for de tect ing such kinds of non-uni -
for mity. 

Small an gle X-ray scat ter ing (SAXS) method is one of
a hope ful can di date hav ing such ca pa bil i ties for mea sur ing
CD and its uni for mity. Jones et al. dem on strated SAXS
mea sure ments with trans mis sion ge om e try [1]. Other ap -

proach that we de vel oped is graz ing in ci dence (GI) re flec -
tion ge om e try [2]. It is much sen si tive for the sur face thin
struc ture than that of trans mis sion ge om e try even the foot -
print of x-ray beam is much larger than that of the for mer.
We can eval u ate av er age struc tural pa ram e ters, such as
width (di am e ter in case of dots), height, side wall angle,
rounding of edges, etc. and their fluctuations. 

2.  Ex per i men tal and anal y sis

The mea sured sam ple was pe ri odic grat ing struc ture fab ri -
cated by elec tron beam li thog ra phy and dry-etch ing pro -
cess for 70 nm thick SiO2 layer on Si-sub strate. The pitch
of the grat ing is 100 nm as shown in Fig. 1. The mea sure -
ment ge om e try is shown in Fig. 2. Mono chro matic X-ray,

with wave length 0.15418 nm (CuKa line) is ir ra di ated on
the sam ple sur face. The beam size at the sam ple po si tion is
less than 0.02 mm and 2 mm for the ver ti cal and hor i zon tal
di rec tion, re spec tively. We have se lected small in ci dent an -

gle, a = 0.20 de gree, so as to max i mize scat ter ing in ten sity
from the sam ple. Small beam-size in the ver ti cal di rec tion
guar an tees shorter foot print on the sam ple sur face even

when such small a. The scat tered in ten si ties were col lected 
by two-di men sional de tec tor as shown in Fig. 3 and It is di -
rectly cor re spond ing to the struc ture of the pat terned grat -
ing sam ple.
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Fig ure 1. Scan ning elec tron mi cro scope im age of the 100-nm
pitch grat ing.

Fig ure 2. Ex per i men tal setup of the GIXD mea sure ment for the
sur face grat ing. X-rays ir ra di ate sam ple sur face with small glanc -

ing an gle and scat tered x-rays hav ing lat eral scat ter ing an gle 2q

and ver ti cal exit an gle b are de tected by two-di men sional de tec -
tor.



The the o ret i cal cal cu la tion for X-ray scat ter ing in ten -
sity from the de ter mined struc ture is well es tab lished with -
out any ar bi trary pa ram e ters within the limit of the
first-or der ap prox i ma tion. We have also con sid ered the ef -
fects of re frac tion and re flec tion at the sur face and in ter -

faces us ing dis torted wave born ap prox i ma tion [3, 4]. We
have built an ap pro pri ate model with sev eral crit i cal struc -
tural pa ram e ters for the sam ple pat tern. The in tro duced
struc tural pa ram e ters are de ter mined by us ing least square
op ti mi za tion com par ing cal cu lated and ob served scat ter ing 
in ten sity.

 
3.  Re sult and dis cus sion

The ob served cross-sec tional struc ture us ing op ti mized
struc tural pa ram e ters is shown in Fig.4. In or der to en sure
the re li abil ity of the pres ent X-ray me trol ogy, we have
com pared X-ray re sult with that of cross-sec tional TEM.
The re sult of X-ray (red line) is over lapped on the TEM im -
age. We can rec og nize that very good agree ment is ob -
tained be tween them. It is very im por tant that the pres ent
X-ray me trol ogy is ca pa ble to fig ure out such pre cise struc -
ture in nanometer scale with out de stroy the sam ple.
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Fig ure 3. The ob served two-di men sional dif frac tion pat tern on
the de tec tor. In ten sity is ex pressed by the bright ness of the im age. 
Dif frac tion in ten sity is elon gated along the ver ti cal di rec tion and
in ter fer ence fringe is rec og nized on it.

Fig ure 4. Com par i son be tween the pres ent x-ray me trol ogy and cross-sec tional TEM. The ob tained pro file with x-ray (ex -
pressed by red line) is over lapped on the TEM im age. Very good agree ment be tween TEM im age and the pres ent out lined pro file 
could be achieved
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Multilayer sys tems are an es tab lished method to build mir -
rors for short wave length in the EUV and soft X-ray spec -
tral range, were near-nor mal in ci dence re flec tivity of
sin gle sur faces be comes neg li gi bly small. They form ar ti fi -
cial one-di men sional Bragg crys tals de signed to re flect ra -
di a tion of mostly a sin gle wave length at a spec i fied an gle
of in ci dence. The in di vid ual layer thick ness is in trin si cally
con nected with these two pa ram e ters to achieve con struc -
tive in ter fer ence and thus high re flec tivity. While sys tems
de signed for the EUV wave length of 13.5 nm per form
close to the the o ret i cally achiev able max i mum re flec tivity,
state-of-the-art Cr/Sc mir rors for the “wa ter win dow” in
the spec tral range be tween 2.2 nm and 4.4 nm wave length
yield peak reflectivities be low 20% near-nor mal in ci dence. 
This is far be hind the o ret i cally pre dicted max i mum val ues
of up to 55%. The rea son for this are im per fec tions at the
in ter faces of the in di vid ual lay ers, which are re quired to be
chem i cally abrupt to achieve high op ti cal con trast. How -
ever, due to the small wave length very thin layer thick -
nesses of approx 0.7 nm are re quired to re flect ra di a tion of

3.15 nm wave length at an an gle of in ci dence of 1.5 de grees
from the sur face nor mal.

The sig nif i cant gap be tween the the o ret i cally pos si ble
and ac tu ally achieved reflectivities em pha sizes the need for 
a de tailed char ac ter iza tion of state-of-the-art sam ples. We
pres ent a com bined anal y sis based on com ple men tary mea -
sure ments of EUV and X-ray re flec tivity, X-ray stand ing
wave flu o res cence (XRF) and dif fuse EUV scat ter ing. We
show that an elab o rate mod el ling of the layer sys tem in -
clud ing graded in ter face re gions is re quired to ar rive at a
con sis tent re sult de scrib ing multilayer sam ples with in di -
vid ual layer thick nesses in the sub-nanometer re gime. The
anal y sis of the data is done with a par ti cle swarm optimizer. 
We ver ify our model based on a Markov-chain Monte
Carlo sam pling method. The ad di tion of off-spec u lar dif -
fuse scat ter ing mea sure ments al lows for a dis tinc tion be -
tween loss of optical contrast at the interfaces due to
interdiffusion vs. roughness [1].

1. A. Haase, V. Soltwisch, C. Laubis, F. Scholze, Appl. Op -
tics, 53, (2014), 3019.
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The growth of high qual ity Ge lay ers di rectly on Si sub -
strate has a broad range of po ten tial ap pli ca tions as a chan -
nel ma te rial in the high-mo bil ity metal- ox ide-  semi -
con duc tor field-ef fect-tran sis tors (MOSFET). How ever,
due to 4.2 % mis match be tween Ge and Si, the growth of
high qual ity layer is hin dered by a strain re lax ation re sult -
ing in a for ma tion of mis fit dis lo ca tion net work on
layer-sub strate in ter face. The mon i tor ing of the de fect state 
of thin epitaxial films can be per formed by us ing a num ber
of tech niques, in clud ing the high res o lu tion x-ray dif frac -
tion, which is one of the most ad van ta geous one due to non -
de struc tive char ac ter. 

The ap pear ance of the x-ray dif frac tion re cip ro cal
space maps (RSM) mea sured from above de scribed struc -
tures is con di tioned by the dis lo ca tion in duced dis place -
ment fields and is well known for both lim it ing cases: in the 
case of dis lo ca tion-free thin epitaxial lay ers the scat tered
x-ray in ten sity on RSM is de ter mined by co her ent scat ter -
ing re sult ing in nar row delta-func tion like strips, whereas
in the case of thick re laxed lay ers the dif fuse scat ter ing
from mis fit dis lo ca tions is ob served, which re sults in broad
sym met ric el lipse-like peaks [1, 2]. Dur ing the lat tice re -
lax ation pro cess, an in ter me di ate sit u a tion is observed
when both coherent and diffuse signals are present.
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In the pres ent work, we an a lyze the cross over be tween
the two re gimes de scribed above with a spe cial fo cus on
dif fuse scat ter ing in the pres ence of co her ent sig nal. In this
re gime, it co mes out that dif fuse in ten sity slope in the

w-scan di rec tion fol lows an ex po nen tial be hav ior, in con -
trast to the Gaussi an shape in the case of large dis lo ca tion
den sity [2]. In the case of asym met ric re flec tion, the peak
co mes out to be es sen tially asym met ric. The de vel oped
anal y sis was ap plied to pro cess the RSMs from
Si0.4Ge0.6/Si(001) struc tures that sup ported the drown con -
clu sions, Figs 1,2.

1. A. Benediktovitch, I. Feranchuk and A.Ulyanenkov, The o -
ret i cal Con cepts of X-ray Nanoscale Anal y sis, Springer,
2014.

2. V.M. Kaganer, R. Köhler, M. Schmidbauer, R. Opitz  and
B. Jenichen Phys. Rev. B, 55, (1997), 1793.
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The prog ress in Si CMOS tech nol ogy is con nected with
cre ation of ad vanced prop er ties of sub strate subsurface
lay ers. They can be re al ized by a high-dose He+ ion im plan -
ta tion into a sil i con wa fer. Dur ing this pro cess the com plex
multilayer struc ture con sist ing of amor phous, he lium-filled 
bub bles, voids and a dam aged crys tal layer is formed.
Plasma-im mer sion ion im plan ta tion (PIII) is one of the
com ing tech niques to form such a struc ture at a nanometer
scale. A va ri ety of phase states of ma te rial of a sil i con wa -
fer de mands to in volve com ple men tary meth ods. This re -
port is de voted to the study of evo lu tion of a microstructure
of Si sur face lay ers af ter high-dose low-en ergy He+ PIII
and sub se quent an neal ing by X-ray re flec tivity (XRR), a

high-res o lu tion X-ray dif frac tion (HRXRD) and a trans -
mis sion elec tron mi cros copy (TEM). 

Sam ples 30 × 40 mm in size were cleaved out from

p-type (r = 12 W cm ) Cz-Si(001) wa fer. The high-dose (D
= 5×1017 cm–2) low-en ergy (E = 2 keV) im plan ta tion of He+

ions was per formed at room tem per a ture in a plasma-im -
mer sion low-volt age ion implanter, equipped with an in -
duc tively cou pled plasma source. The tar get tem per a ture

dur ing the pro cess did not ex ceed 100 °C. Af ter im plan ta -
tion the sam ples were an nealed in vac uum at 580 and 800

C° for 30 min. 
The struc tural changes in the sur face layer of the sam -

ples af ter im plan ta tion and the sub se quent an neal ing were
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Fig ure 1. An ex am ple of RSM from Si0.4Ge0.6 29 nm layer
on Si(001), re flec tion (224). 

Fig ure 2. An RSM from Fig.1 in te grated over qz di rec tion to -
gether with cal cu lated dif fuse con tri bu tion.



stud ied in a tri ple-axis ge om e try in a vi cin ity of Si(004) re -
flec tion by us ing a mul ti pur pose SmartLab (Rigaku Corp.,
Ja pan) diffractometer equipped by 9kW cop per ro tat ing
an ode. To get more de tailed in for ma tion about a lo cal
struc ture of the dam aged layer and He-bub bles, the sam -
ples were in ves ti gated by TITAN 80-300 trans mis sion
scanning electron microscope (FEI, USA). 

On the base of RSM data, the intensity distribution of
coherent scattering was used for determination of strain
and Debye – Waller factor depth profiles. The profiles
showed a formation of three regions in the damaged layer:
(i) amorphous layer on the surface, (ii) the tensile strained
layer located at the depth corresponding to ion projected

length Rp (~25 nm), and (iii) the tensile strained layer
located at the depth ~2Rp, corresponding to
radiation-induced interstitial-type defects forming clusters
(rod-like defects and dislocation loops) in the annealed
samples. Comparison of XRR and HRXRD results showed
that the helium-filled bubbles located in a low-density
sublayer at the depth of about Rp is a major source of the
tensile strain in the damaged layer. These bubbles are a
source of well pronounced off-specular scattering that can
be characterized by a high-resolution XRR. TEM images
confirmed the existence of the multilayer structure of the
damaged layer. The characteristic bubble size is estimated
to be 5–20 nm.
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Di rected Self-As sem bly (DSA) of Block Co Pol y mers
(BCPs) is an ef fec tive ap proach to pro duce thin films with
var i ous nano-sized pat terns. As a con se quence, DSA was
in tro duced in the In ter na tional Tech nol ogy Roadmap for
Semi con duc tors (ITRS) as a po ten tial so lu tion in or der to
com ple ment ad vanced op ti cal li thog ra phy tech niques by
en hanc ing its res o lu tion. Due to its ease of pro cess ing, a
large ma jor ity of the litho graphic BCP work re ported so far 
con cerned poly sty rene-block-polymethylmethacrylate
(PS-b-PMMA). Nev er the less, its Flory-Huggins pa ram e ter 

c (mea sur ing the in com pat i bil ity be tween the two blocks)

is not very high (c = 0.06 at 25 °C), lim it ing the res o lu tion
to about 15 nm. Re search ers show now in creased at ten tion
to BCPs with a higher Flory-Huggins pa ram e ter due to
their im proved res o lu tion (pos si bil ity to fab ri cate sub-8 nm 
fea tures). Among those, polydimethylsiloxane (PDMS)
con tain ing ma te ri als (poly sty rene-block- polydimethy -

lsiloxane (PS-b-PDMS) and Poly(D,L-lac tic acid-b-
 dimethylsiloxane-b-D,L-lac tic acid) (PLA-b-PDMS-b-
PLA)) are par tic u larly at trac tive. Their Flory–Huggins in -
ter ac tion pa ram e ter is rel a tively large and the PDMS block
can readily form sil i con ox ide struc tures un der an ox y gen
plasma whereas the PS block is de graded un der the same
treat ment. This is lead ing to a SiO2-like nanolithography mask 
that is well suited for pat tern trans fer in underlayers by
plasma etch ing [1]. How ever, due to the high in ter ac tion

pa ram e ter c of this poly mer, ther mal dif fu sion is lim ited
(i.e. the self-as sem bly pro cess is ex tremely long) and
non-stan dard pro cesses have to be used. The most typ i cal
one is the so-called sol vent an neal ing (SVA) pro cess [2]
where the sam ple is swelled by ex pos ing it to sol vent va -
pors, over com ing the dif fu sive en ergy bar rier and al low ing 
the self-as sem bly step to pro ceed at room-tem per a ture.
Nev er the less, to be eas ily in tro duced in a mi cro elec tron ics
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Fig ure 1. Ex-situ GISAXS mea sure ments of PDMS spheres a) at two dif fer ent steps of the etch ing pro cess (be fore and af ter the spheres
rev e la tion), b) Cross-sec tion SEM im ages of di rect Si trans fer of sub-10 nm PDMS spheres by RIE plasma



fab, SVA and or harm ful sol vents gen er ally as so ci ated with 
this treat ment should be avoided if pos si ble. This is the rea -
son why ther mal an neal ing alone should also be in ves ti -
gated on these ma te ri als. Then, to al low self-or ga ni za tion
to take place in few min utes, ded i cated BCP for mu la tions
pre sent ing higher mo bil ity (by in clud ing homopolymers,
plasticizers or salts) are con sid ered.

Dur ing these ex per i ments, we first mea sured ex-situ
sam ples (or ga nized be fore ex per i ments) with dif fer ent pe -
ri o dici ties (from 18 to 35 nm), dif fer ent PDMS block
morphologies (cyl in ders and spheres), at dif fer ent self-as -
sem bly stages and at dif fer ent points in the etch ing pro cess. 
An ex am ple con cern ing PDMS spheres is re ported in Fig. 1 
[3]. Be fore sphere rev e la tion the GISAXS pat tern re veal
only very weak scat ter ing sig nal even if spots are vis i ble on 
both side of the beam-stop, which re veal the ex is tence of
do mains. Af ter sphere rev e la tion the scat ter ing sig nal dras -
ti cally in creases and clear scat ter ing rods are ob serve ev i -
denc ing a tran si tion in the nanometric struc ture. In Fig. 1
(b) are rep re sented the corresponding Scanning Electron
Microscopy (SEM) images.

Also, the evo lu tion of the GISAXS pat tern dur ing the
ther mal self-as sem bly of a monolayer of hor i zon tal PDMS
cyl in ders and of a monolayer of PDMS spheres in a PS ma -
trix on sil i con sub strates could be mea sured. In Fig2, we re -
port on the pro file ther mal an neal ing evo lu tion dur ing this
self-as sem bly pro cess in the case of hor i zon tal cyl in ders in
a PS ma trix (PS-b-PDMS) is shown. A clear tran si tion
around 80 °C is ob served be tween a micellar state of the
thin layer (17 nm pe ri od ic ity) and the cylindrical state (21
nm pe riod).

Fig ure 3 shows PS-PDMS with a mo lec u lar weight of
45.5kg/mol af ter SVA on plane Spin-On-Car bon (SOC)
sur faces with out to pog ra phy and the cor re spond ing
GISAXS pro file show ing a pe riod of ap prox i mately 35nm
af ter an neal ing. The PDMS cyl in ders are well aligned with
a rel a tively high cor re la tion length. The SOC sur face has
thus ad van ta geous wet ting be hav ior to wards PS-b-PDMS
mak ing it un nec es sary to treat the sur face with poly mer
brushes or other functional layers.

1. C. Girardot, S. Böhme, S. Archambault, M. Salaün, E.
Latu-Romain, G. Cunge, O. Joubert, M. Zelsmann, ACS
Appl. Mat. Inter., 18, (2014), 16276.

2. C. Sinturel, M. Vayer, M. Mor ris, M. Hillmyer,
Macromolecules, 46, (2013), 5399.

3. J. Garnier, J. Arias-Zapata, O. Marconot, S. Arnaud, S.
Böhme, C. Girardot, D. Buttard, M. Zelsmann, ACS Appl.
Ma ter. In ter faces, 8, (2016), 9954.
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The next gen er a tion of in te grated cir cuits con front the in -
creased im por tance of rough ness ef fects due to the shrink -
ing di men sion of the struc tures. The ef fect of the rough ness 
on the dif frac tion in ten si ties has been a sub ject mat ter on
the last de cade and it was iden ti fied in sev eral re ports as a
key pa ram e ter to con sider for the re con struc tion of such
struc tures [1]. One of the ma jor chal lenges in li thog ra phy is 
to mea sure and to char ac ter ize line width rough ness
(LWR) and line edge rough ness (LER).  

Si-lamellar grat ings with a de sired LWR and LER were
pre pared at Helmholtz Zentrum Berlin by e-beam li thog ra -
phy. The sam ples were mea sured at the PTB us ing
GISAXS and EUV scatterometry.  As it was al ready re -
ported [2] we ob served that the dif frac tion in ten si ties are
af fected by the rough ness. In the same way a dis tinct
palm-like res o nant dif fuse scat ter ing (RDS) is ob served
un der a small graz ing in ci dence an gle.  A char ac ter is tic
cor re la tion (see Fig ure 1) in the dif fuse scat ter ing sheets al -
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Fig ure 2. (a) Evo lu tion of the GISAXS pat tern of a thin layer (22
nm thick) of 21-nm pitch PS-PDMS dur ing a ther mal ramp ev i -
denc ing a tran si tion be tween a micellar and a hor i zon tal cy lin dri -
cal mor phol ogy around 80 °C, (b) in ten sity pro files along qy and
(c) peak po si tions and standard deviations.

Fig ure 3. (left) GISAXS pro file of SD45.5 on plane SOC sur face, 
an nealed for 75min in To lu ene va por. (right) SEM top view im -
age of the same sam ple af ter plasma etch ing to re veal PDMS cyl -
in ders for SEM observation.



lows to dis tin guish di rectly be tween the na ture of  LER and
LWR. This gives the op por tu nity of open ing a new path for
the characterization of LWR and LER. 

1. Bartosz Bilski, Karsten Frenner, and Wolfgang Osten,
“About the in flu ence of Line Edge Rough ness on mea sure
deffective–CD, Opt. Ex press 19, 19967-19972 (2011).

2. A. Kato and F. Scholze, “Ef fect of line rough ness on the
dif frac tion in ten si ties in an gu lar re solved scatterometry,”
Appl. Opt. 49, 6102-6110 (2010).
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X-ray ab sorp tion con trast tech niques are an im por tant di -
ag nos tic tool to in ves ti gate so lid i fi ca tion pro cesses in me -
tal lic al loys. This work is de voted to an in-situ vi su al iza tion 
of the den drite growth dur ing the bot tom-up so lid i fi ca tion
of a Ga-25wt%In al loy un der nat u ral con vec tion. The cou -
pling of X-ray im ag ing with X-ray dif frac tion tech niques
pro vides ad di tion ally in for ma tion of the crys tal lo graphic
ori en ta tion of the grow ing den drites. 

Ra di og ra phy / dif frac tion ex per i ments were per formed
at BM20 and ID19 at the ESRF at a spa tial res o lu tion of < 1
µm. The tem po ral dy nam ics of mor pho log i cal tran si tions
such as re trac tion, co ales cence and side arm pinch-off were
ob served in-situ. Fig ure 1 shows an ex am ple of the side arm 
shape evo lu tion dur ing a pinch-off pro cess. The side arm
pinches off at the neck and the re sult ing frag ment coars ens
into a spher oid. The evo lu tion of the mor pho log i cal pa ram -
e ters like the neck ra dius was quan ti fied by im age pro cess -
ing and com pared with nu mer i cal sim u la tions. Fig ure 2
shows a dif frac tion im age re corded in trans mis sion ge om e -
try us ing an im age plate de tec tor. The fit ted dif frac tion
spots (black dots) on the left-hand side of the im age are be -
long ing to one par tic u lar ori en ta tion of the unit cell. The in -
set on the bot tom right shows the cor re spond ing ori en ta tion 
of the body-cen tered tetragonal In unit cell. One can see

that the (110) orientation nicely fits to the orientation of the
dendrite trunks (bottom left). 

This in-situ tech nique of fers a qual i ta tive and even a
quan ti ta tive de scrip tion of the sys tem be hav iour: the com -
po si tion and den drite mor phol ogy evo lu tion. Thus, these
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Fig ure 1. Ra di og ra phy (spa tial res o lu tion ~1 mm): (a) se lected
den drite, (b) side arms and (c) pinch-off of the side arms af ter ~90 
min utes. 

Fig ure 1.  Dif fuse scat ter ing sheets from a sam ple with LWR (left) and LER (right). At the top right cor ners are the cor re spond ing SEM 
image.



in-situ ex per i ments pro vide bench mark data that can be
used to val i date and im prove ex ist ing micro-structural
models.

This work is fi nan cially sup ported by the Helmholtz As so -
ci a tion “LIMTECH”. We would like to ac knowl edge ment
the sup port of the Cen tral De part ment of Re search Tech -
nol ogy @ HZDR.
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Va na dium di ox ide (VO2) got much in ter est in the re cent
years not only from the fun da men tal point of view as a cor -
re lated elec tron sys tem but as well as due to its in trigu ing
elec tri cal and op ti cal prop er ties, like the metal-in su la tor
tran si tion (MIT) close to room tem per a ture. This makes
VO2 fa vour able for op to el ec tronic, switch ing or even
mem ory de vices. The main chal lenge for de vice ap pli ca -
tions is the epitaxial growth of VO2 on suit able sub strates.
Sap phire seems to be one of the prom is ing sub strate can di -
dates for the growth of high qual ity epitaxial VO2 phases.

Re fer ring to lit er a ture, the MIT is di rectly con nected
with a change in the crys tal struc ture, namely the tran si tion
from the low tem per a ture monoclinic phase (P21/c) to the
high tem per a ture tetragonal (rutile) phase (P42/mnm).
How ever, this sym me try change at the tran si tion tem per a -
ture should be strongly in flu enced by the ep i taxy it self.
Com par ing our struc tural in ves ti ga tions and elec tri cal
mea sure ments the re sults in di cate that the MIT as ob served
by the re sis tance mea sure ment in epitaxial VO2 thin films
seems to be not necessary ac com pa nied by a com plete
monoclinic to rutile phase trans for ma tion. A slight lat tice
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Fig ure 1. Change of the RSM’s of the VO2 thin film grown on a [1100]  Al2O3 sub strate as a func tion of tem per a ture. The phase transiton
oc curs at 62.5°C (see fig ure 2). 

Fig ure 2. Dif frac tion at se lected den drites. In sets: den dritic struc -
ture (bot tom left) and the corres-ponding ori en ta tion of the unit
cell (bot tom right).



dis tor tion caus ing a pos si ble change in the atomic po si tions 
with out break ing the ex ist ing the epitaxial re la tion ship ap -
pears to be suf fi cient.

The sup port of I. Skorupa dur ing sam ple prep a ra tion and
of A. Scholz dur ing the XRD mea sure ments is ac knowl -
edged.
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INCORPORATION OF INTERFACIAL ROUGHNESS TO RECURSION MATRIX
FORMALISM OF DYNAMICAL X-RAY DIFFRACTION IN MULTILAYERS AND

SUPERLATTICES  

I. Lobach1, A. Benediktovitch1, A. Ulyanenkov2

1Atomicus OOO, Minsk, Belarus
2Atomicus GmbH, Karlsruhe, Ger many
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High res o lu tion x-ray dif frac tion is a pow er ful tool for the
anal y sis of the multilayer epitaxial struc tures, and dy nam i -
cal dif frac tion the ory is usu ally used to re veal the phys i cal
prop er ties of the in ves ti gated sam ple struc ture in fin est de -
tails from the scat ter ing pat tern [1, 2]. The ma trix for mal -
ism [2] de liv ers the al go rithm for es tab lish ing the bound ary 
con di tions and de scrib ing the x-ray scat ter ing pro cess in a
frame of dy nam i cal the ory. How ever, the stan dard re al iza -
tion of this al go rithm does not take into ac count in ter fa cial
rough ness, which is al ways pres ent in multi-lay ered sys -
tems.
In this con tri bu tion, we con sider in ter fa cial rough ness as a

phenomenological tran si tion layer with c0, cg, c-g   (Fou rier 
com po nents of crys tal’s sus cep ti bil ity) and  gz (nor mal
com po nent of re cip ro cal lat tice vec tor) as func tions of -co -
or di nate, where -axis is or thogo nal to the multilayer’s sur -
face and di rected down ward. Two-wave dy nam i cal
dif frac tion the ory in tran si tion lay ers is found to be con ve -
niently re for mu lated in the fol low ing form: 

where 
r
k0  is the in ci dent wave-vec tor, 

r r r
k k gg0 0= + ,  in sub -

scripts de notes -com po nents of the vec tors, T and D  have
the fol low ing mean ings: if one cuts out in fin i tes i mal
lamella with a co or di nate , thus pro duc ing a vac uum layer,
then T  and D  are the am pli tudes of down- and up ward di -
rected waves in this layer, re spec tively. The eq. (1) was re -
solved us ing spe cial ansatz for T and D, hav ing a form of
so lu tion for field in a sin gle crys tal with slowly vary ing
am pli tudes of two eigenwaves. An ex act so lu tion of eq. (1)
is found for a cer tain type of tran si tion layer and the uni ver -
sal it er a tive method of so lu tion of eq. (1) has been de vel -
oped, which proved to be suf fi ciently ac cu rate even af ter
sin gle it er a tion (for re al is tic mod els of tran si tion lay ers de -
scrib ing rough ness). The an a lyt i cal so lu tion of eq. (1) en -
ables to treat the tran si tion layer as an ad di tional ma trix in
the re cursion ma trix for mal ism [2]. The pro posed ap proach 
is il lus trated by nu mer i cal ex am ples aim ing to find the in -
flu ence of the rough ness on the dif frac tion pro file. 

                        1. A. Benediktovitch, I. Feranchuk and
A.Ulyanenkov, The o ret i cal Con cepts of X-ray
Nanoscale Anal y sis, Springer, 2014.

      2. S. A. Stepanov,  E. A. Kondrashkina, R.
Köhler, D. V. Novikov, G. Materlik and S. M.
Durbin, Phys. Rev. B, 57, (1998),  4829.
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Fig ure 2. The cor re spond ing elec tri cal re sis tance mea sure ments
shows as well as an asym me try a long diff. di rec tions.
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STRUCTURE OF SUPERCONDUCTING MgB2 THIN FILMS ANNEALED IN OXYGEN

T. Roch1, M. Gregor1, T. Plecenik1, L. Satrapinsky1, M. Janík1, M. Èaplovièová2, 
A. Plecenik1
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Af ter dis cov ery of su per con duc tiv ity of MgB2 re search ers
have been in ves ti gat ing pos si bil i ties of im prov ing its prop -
er ties for us age in cryoelectronic and high-cur rent ap pli ca -
tions. Among var i ous ap proaches it was re ported, that
cer tain amount of im pu ri ties in cor po rated dur ing thin film
fab ri ca tion pro cesses can act as pin ning cen tres which may
in crease crit i cal cur rent den sity and the up per crit i cal mag -
netic field. MgO is al ways pres ent within MgB2 film as the
ma jor im pu rity. Re cently we have shown, that ex-situ an -
neal ing of vac uum co-evap o rated MgB2 thin films in Ar
and N2 at mo spheres at 700 Pa and up to 800°C pro duces
rel a tively thick MgO layer on the film sur face [1]. An neal -
ing in Ar+5%H2 at mo sphere strongly sup presses cre ation
of the ox ide layer. In ter est ingly sam ples with the thick est
MgO on the surface showed the high est Tc=34.8 K with

sharp tran si tion DT~0.1 K. XPS and XRD mea sure ments
sug gest that the MgO serves as pro tect ing top layer which
pre vents outdiffusion of Mg from films dur ing an neal ing
and leads to im proved MgB2 stoichiometry and larger grain 
size. 

In con se quent re search we have stud ied ef fect of an -
neal ing in pure ox y gen at mo sphere.  MgB2 thin film an -
nealed in O2 (5.0) at 700 Pa and at 800°C ex hib ited
im proved super con duct ing crit i cal tem per a ture of 35.6 K,
high crit i cal cur rent den sity of 2.4 x 107 A/cm2 and the up -
per –crit i cal field Hc2(0) of 31 T. 

The chem i cal com po si tion depth pro files of the thin
films were mea sured by X-ray pho to elec tron spec tros copy. 
Struc ture was in ves ti gated us ing PANalytical X’pert PRO

MRD diffractometer with CuKa ra di a tion and trans mis -
sion elec tron mi cros copy (TEM) with se lected area elec -
tron dif frac tion (SAED). De tailed mea sure ment  showed
200 nm thick  MgO layer de vel oped on top of 300 nm thick
MgB2 with the typ i cal grain size around 15 nm (Fig 1). The
pres ence of about 6% ox y gen within MgB2 sug gests MgO
phase be side MgB2. In ox y gen an nealed sam ple ex tra MgO 
can serve as flux pin ning cen tres. De tailed tex ture mea -
sure ments show bi axial tex ture with re spect to c-cut Al2O3

sub strate: MgO(111)[1-10] || Al2O3(0001) [1-100]. Be side
cer tain ran dom amount, MgB2 phase showed sin gle axis
tex ture with the (001) axis in clined at 14° with re spect to
sur face nor mal Al2O3(0001).  This was re vealed also in
mea sure ment of pole fig ure 101 MgB2 as shown in Fig.2.
Sin gle axis tex tured pure Mg phase with the same in cli na -
tion an gle has been ob served in pole fig ures of 001 and 100
Mg. In ad di tion there ex ists a mi nor non-de ter mined
Mg-B-(O) phase show ing ex cep tional bi axial tex ture.
Struc tural data help to un der stand spe cial anisotropic su -
per con duc tiv ity in the an nealed films. Any ex tra phase in -

flu ences spe cial inter gra nu lar cou pling be tween MgB2

grains which has impact on superconducting properties of
film.
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Fig ure 1. TEM of the sam ple an nealed in O2.

Fig ure 2. Tex ture pole fig ure mea sured in 101 MgB2 (dif fuse in -
ten sity in shifted cir cu lar form). MgO ori ented phase ex hib its six
reg u lar max ima 200 ac com pa nied by sub strate artefacts.



1. M. Gregor, T. Plecenik, R. Sobota, J. Brndiarova, T. Roch,
L. Satrapinskyy, P. Kus, A. Plecenik, App .Surf. Sci., 312,
(2014), 97.
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NUMERICAL MODELLING OF REFLECTIVE MULTILAYER BASED X-RAY OPTICS
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The ESRF up grade programme launched in May 2015
aims to build an Ex tremely Bril liant Source (EBS) ca pa ble
of pro duc ing more in tense, co her ent and sta ble X-ray
beams. ESRF EBS bears sev eral chal lenges for syn chro -
tron in stru men ta tion. One of them is to build flaw less op -
tics, i.e. op tics ca pa ble to ei ther prop a gate a per fect
wave front from the source to the sam ple with out deg ra da -
tion or to cor rect for the wave front im per fec tions. Ar ti fi -
cially strat i fied films de pos ited on a mir ror sur face are
en vis aged as op ti cal el e ments for these pur poses. 

Multilayer mir rors ex hibit sev eral at trac tive re flec tion
prop er ties com pared to crys tals, e.g. the pos si bil ity to en -
large the en ergy band width at X-ray wave length by two or -
ders of mag ni tude. An other pos si bil ity is the abil ity of
de fin ing on de mand the Bragg an gle by vary ing the de pos -
ited lay ers’ thick ness, which is par tic u larly in ter est ing for
wave lengths above 1 nm. On the other hand, multilayer-
 coated mir rors have shown to de grade the beam co her ence
and dis tort the re flected wave front. This can cause a loss of
sen si tiv ity by blur ring ef fects while the prop a ga tion of
phase dis tor tions may re sult in the pres ence of un de sired
in ten sity vari a tion in the re corded im ages in the form of
stripe-line mod u la tions per pen dic u lar to the dif frac tion
plane (Fig. 1B and Fig. 2). The or i gin of such in ten sity
modulations remains under discussion.

Sig nif i cant ef forts were made to mini mise the deg ra da -
tion of the X-ray beam co her ence upon multilayer re flec -
tion [1-3]. Stud ies in volv ing multilayers made of var i ous
ma te rial com po si tions and coat ing pa ram e ters pro duced by 
dif fer ent de po si tion fa cil i ties [2] lead to the ob ser va tion of
un wanted stripes of di verse in ten si ties in the re flected
beam and to a deg ra da tion of the co her ence prop er ties.
Cur rently, the most likely in ter pre ta tion for that is based on
the ex pla na tion al ready given for sil i con mir rors, i.e. im -
put ing the wave dis tor tion to the height de vi a tion from a
per fect sur face [4-6]. Hence, the sub strate qual ity may
strongly af fect the per for mance of the multilayer coat ing
[3]. This prob lem may get rap idly com plex if one tries to
con sider the role of ev ery layer in the coat ing. Ques tions
also arise re gard ing the spa tial fre quency range that in flu -
ences the stripe pat terns. The dif fer ence be tween cor re lated 
and uncorrelated layer wav i ness may also be taken into
account. 

To ad dress these is sues the fol low ing pro ject was ini ti -
ated:

Firstly, im ages of W/B4C multilayers were char ac ter -
ised at the ESRF in stru men ta tion beamline BM05. In this
ex per i ment (Fig. 1) the re flected mono chro matic beam was 
re corded at var i ous dis tances to de tect a pos si ble de pend -
ence of the stripes on the fig ure er rors of the multilayer.
Fur ther ex per i ments were per formed to gain an in sight into
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Fig ure 1. Ex per i men tal setup for multilayer char ac teri sa tion at BM05. (A) Im age of the beam af ter dif frac tion from a dou ble crys tal
mono chro ma tor. (B) Im age of the beam re flected by a W/B4C multilayer.



the way X-rays prop a gate in a multilayer in or der to build
an ef fec tive model for the multilayer re flec tion. For ex am -
ple, the ori en ta tion of the multilayer was flipped from the
ver ti cal to the hor i zon tal po si tion for in ves ti gat ing the ef -
fect of the trans verse co her ence length of the dif fracted
beam on the im age pat tern (Fig. 2). The beam wave front
shape was recovered using a speckle metrology technique
[7].

Sec ondly, we started de vel op ing a nu mer i cal model ca -
pa ble of sim u lat ing the beam re flected by a multilayer. For
a com pre hen sive sim u la tion of the lay ered me dium, to pog -
ra phies of the multilayer coat ing and/or sub strate sur faces
as re corded by Fizeau in ter fer om e try will be needed. The
model should pro vide height de vi a tion maps as well as
X-ray pro files prop a gat ing in the multilayer. Our first ap -
proach con sisted in mod i fy ing a model based on the
Takagi-Taupin equa tions de vel oped orig i nally for a per fect 
flat or el lip ti cal multilayer. In this case, the height de vi a -
tions are im ple mented as a suit able off set of the sus cep ti bil -
ity function of the layered medium.

First ex per i men tal re sults (Fig. 2) show the stripes ob -
served af ter re flec tion on multilayers in the hor i zon tal and
ver ti cal plane, re spec tively. By chang ing the ori en ta tion of
the multilayers with re spect to the in com ing beam and as
well their dis tance to the de tec tor, it is pos si ble to sep a rate
the con tri bu tions of the beam fea tures (Fig. 2 A1 and B1)
and of the stated iso tropy of the height deviations (Fig. 2
A2 and B2).

The ul ti mate goal of this work, still in prog ress, is to ex -
plore and eventually pro pose ways to im prove the qual ity
of multilayer mir rors for forth com ing ap pli ca tions in pres -
ent and fu ture X-ray source facilities.
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In re cent years, ti ta nium and ti ta nium al loys have been
widely used in the med i cal de vices due to their ex cel lent
cor ro sion re sis tance, good biocompatibility and me chan i -
cal prop er ties [1]. Ti ta nium (IV) ox ide is a highly ef fi cient
in kill ing an ti bi otic re sis tant bac te ria, i.e. methicillin-re sis -
tant S. aureus (MRSA), and highly re sis tant to UV light
bac te ria such as Enterobacter cloacae. Most of these bac te -

ria oc cur in wa ter, sew age, soil, meat, hos pi tal fa cil i ties as
well as on the skin and in the mouth [2]. 

In this work the X-ray reflectometry (XRR) [3] and
graz ing in ci dent X-ray dif frac tion (GIXD) were ap plied to
anal y sis and char ac ter iza tion of sur faces in the form of ti ta -
nium and ti ta nium (IV) ox ide nanofilms. The X-ray
reflectometry (XRR), which uses the ef fect of to tal ex ter nal 
re flec tion of X-rays, is sur face sen si tive an a lyt i cal tech -
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Fig ure 2. Re flected beam from the used multilayers at a 6.5 m dis tance from the mir ror. Sam ple M1: [W/B4C]60, d-spac ing L = 4nm,

sam ple M2: [W/B4C]20, d-spac ing L = 4 nm. (A1) and (A2): re flec tions in the ver ti cal plane for M1 and M2, re spec tively. (B1): re flec -
tion in the hor i zon tal plane for M1. (B2): re flec tion in the ver ti cal plane for M2 turned by 90° with re spect to the in com ing beam.



nique used for in ves ti ga tion of the near sur face re gions of
thin films. This tech nique al lows mod el ing of thin lay ers
den sity, thick ness and rough ness of the sur face and the
sub strate and was al ready suc cess fully ap plied by our
group for de ter mi na tion of phys i cal prop er ties of a gold
nanolayers [4] used later for biomolecule-metal sur face in -
ter ac tion stud ies. The method of graz ing in ci dent X-ray
dif frac tion (GIXD) [5] is a mod i fi ca tion of stan dard X-ray
dif frac tion tech nique, which due to low in ci dent an gle of
the X-ray beam  max i mizes sig nal from the sur face and as a 
re sult al lows for phase anal y sis on thin layers and depth
profiling of the phase composition of layered samples. 

The stud ied nanofilms, with thick nesses 25, 50 and 75
nanometers, were pre pared by evap o ra tion of ti ta nium and
ti ta nium (IV) ox ide on dif fer ent sub strates: glass, quartz
and crys tal line sil i con. The mea sure ments were per formed
us ing X’Pert Pro MPD diffractometer/reflectometer equip -
ped with cup per an ode x-ray tube and X’Celerator strip
detector. 

The mo ti va tion of the ex per i ment, phys i cal ba sis of the
meth ods used, ex per i men tal set ups, re sults of op ti mi za tion
of the mea sure ment pro ce dure and re sults of the mea sure -
ments for ti ta nium and ti ta nium (IV) ox ide sur faces of dif -
fer ent thick nesses evap o rated on dif fer ent substrates will
be presented.

1. A. Markowska-Szczupak, K. Ulfig, A.W. Morawski, Ca -
tal y sis To day, 169, (2011), 249-257.

2. M. Chen, E. Zhang, L. Zhang, Ma te ri als Sci ence and En gi -
neer ing: C, 62, (2016), 350-360.

3. L. G. Parratt, Phys i cal Re view, 95, (1954), 359-369.

4. I. Stabrawa, D. Banaœ, K. Dworecki, et al., Acta Physica
Polonica A, 129, (2016), 233-236.

5. J. Als-Niel sen, J. Jacquemain D. Kjaer, et al., Phys ics Re -
ports, 246, (1994), 251-313.
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FULL STRAIN TENSOR DETERMINATION 
IN SYNTHESIZED DIAMONDS AND DIAMONDS FILMS

I. Fodchuk1, M. Borcha1, V. Khomenko1, S. Balovsyak1, V. Tkach2, O. Statsenko2

1Yuriy Fedkovych Chernivtsi Na tional Uni ver sity, Chernivtsi, Ukraine
2V. Bakyl In sti tute for Superhard Ma te ri als of NASU, Kyiv, Ukraine

m_borcha@ukr.net

The syn the sis of di a mond crys tals with high de gree of crys -
tal line per fec tion at the com par a tive low pa ram e ters (tem -
per a ture and pres sure) is pos si ble due to the C-Mg
syn the sis sys tem. How ever crys tals syn the sized in such
sys tem are un sta ble. Syn the sis pres sure and tem per a ture
can be re duced to 7.7 GPa and 1700 °C, re spec tively, with
add ing Ni to the C-Mg sys tem. At the same time, the Mg
and Ni el e ments changes elec tric and op ti cal prop er ties of
crys tals in de pend ence on their con tent. It has the prac ti cal
ap pli ca tion, in par tic u lar, in an elec tronic de vices, in op ti -
cal fil ters and de vices for mea sur ing the ab sorbed ra di a tion
power. 

The method of elec tron back scat ter ing dif frac tion (the
Kikuchi method) is the ef fec tive method for de ter mi na tion
of the lo cal strains in monocrystalline ma te ri als, poly -
crystalline films and multilayer struc tures. High spa tial res -
o lu tion and lo cal ity are proper to this method ow ing to the
new est CCD detectors. 

We pres ent tech nique of full strain ten sor de ter mi na tion 
from Kikuchi pat terns and it ap pli ca tion to di a mond crys -

tals syn the sized in the C-Mg sys tem with add ing Ni as well
as polycrystalline di a mond films. This tech nique con sists
in com pre hen sive anal y sis of Kikuchi pat tern: dis place -
ments of crys tal lo graphic zone axes (in ter sec tions of
Kikuchi bands), width of Kikuchi bands, in ten sity dis tri bu -
tions across Kikuchi band, Fou rier trans for ma tion and
cross-cor re la tion meth ods. All com po nent of strain ten sor
were de ter mined for each grain of re searched sam ples. For
in stance, it is shown that all grains of di a mond crys tal have

ap prox i mately equal val ues of shear com po nents exz and

eyz, that tes ti fies the ab sence of ro ta tion in cor re spond ing
crys tal lo graphic di rec tions, at the same time, other com po -
nents con sid er able variate from grain to grain.

1. M.D. Borcha, S.V. Balovsyak, I.M. Fodchuk, V.Yu.
Khomenko, V.N. Tkach, Jour nal of Superhard Ma te ri als,
35, No. 4, (2013), 35.

2. A. Wilkinson, B. Britton, MaterialsToday. 15, N 9, (2012),
366.
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STRUCTURE DIAGNOSTICS OF HETEROSTRUCTURES AND MULTILAYERED
SYSTEM 

BY X-RAY MULTIPLE DIFFRACTION

M. Borcha1, I. Fodchuk1, M. Solodkyi1, M. Baidakova2, G. Klimko2, I. Sedova2, 
R. Sokolov2, S. Sorokin 2, M. Yagovkina2 

1Yuriy Fedkovych Chernivtsi Na tional Uni ver sity, Chernivtsi, Ukraine
2Ioffe Phys i cal-Tech ni cal In sti tute of the Rus sian Acad emy of Sci ences, St.-Pe ters burg, Rus sia

m_borcha@ukr.net

The X-ray mul ti ple dif frac tion [1-2] is a pre ci sion tool for
de ter mi na tion of the lat tice pa ram e ters and the strain dis tri -
bu tion in com plex sys tems and crys tal line ma te ri als [3]. It
was shown by means of cal cu la tions of mul ti ple X-ray dif -
frac tion pat terns [1] that the ac cu racy of this method can be
in creased if the con di tions of coplanar three-beam or
noncoplanar four-beam dif frac tion are re al ized.

In this re port we pres ent the re searches of mul ti lay ered
heterostructures by a mod i fied cal cu lat ing tech nique of
mul ti ple X-ray dif frac tion. It pro vides an op por tu nity to
choose ap pro pri ate con di tions for each layer of the
heterostructure to im ple ment the spe cific cases of mul ti ple
dif frac tion, in par tic u lar, coplanar three-beam or co in ci -
den tal noncoplanar four-beam diffraction [1].

Ap pro ba tion of this tech nique was con ducted with ex -
per i men tal Renninger scans from  heterostructures and
Zn(Mn)Se/GaAs(001) mul ti lay ered sys tem. It is shown
that the im ple men ta tion of noncoplanar four-beam dif frac -
tion for  can be as so ci ated with a spe cific value of x and
geo met ric con di tions. In par tic u lar, for CoKa1-ra di a tion
when x = 7.5% su per po si tion of  and  three-beam max ima
leads to minimization of in stru men tal fac tor in flu ence. Val -

ues of a/l=3.607428 and, con se quently, a = 6.45358 C,
were ob tained from the cal cu la tions. Thus, the ac cu racy of

a is de ter mined by l ac cu racy only.

On the other hand, us ing ad van tages of the syn chro tron
ra di a tion spec tral range is not dif fi cult to sat isfy the con di -
tion of the three-beam coplanar dif frac tion for any x. For in -

stance, for x = 10.5 % at l = 1.78611C  lat tice pa ram e ter is a
= 6.443265C . This pro vides the con di tions for ef fec tive
con trol of the chem i cal com po si tion and strain dis tri bu tion
with high pre ci sion dur ing the heterostructures growth.

At the same time, in the case of a Zn(Mn)Se/GaAs(001) 
mul ti lay ered sys tem the de gree of tetragonal lat tice dis tor -
tions i.e. the re la tion ship be tween a^ and a|| in each layer
were de ter mined from the anal y sis of the dy nam ics of the
in di vid ual multi-beam max ima, which have dif fer ent be -
hav iour at lat tice de for ma tion (com pres sion or stretch ing)
be cause di rec tion of peak dis place ment de pends on the
sign of the strain. It gives pos si bil ity to es tab lish how the
Mn com po nent is in cluded to lat tice: sub sti tut ing Zn or Se,
or generating interstitial point defects.

1. M. Borcha, I. Fodchuk, I. Krytsun,  Physica sta tus solidi A, 
206, 8, (2009), 1699. 

2. V.G. Kohn, J. Mos cow Phys. Sos., 1, (1991), 425. 

3. S. L. Morelhao, L. H. Avanci, A. A. Quivy, E. Abramof, J.
Appl. Cryst. 35, (2002), 69.
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DEFECT STRUCTURE OF HIGH-RESISTANT CdTe CRYSTALS 
STUDIED BY HIGH-RESOLUTION X-RAY DIFFRACTION

I. Fodchuk1, I. Gutsuliak1, V. Dovganyuk1, M. Solodkyi1, O. Maslyanchuk1, Yu. Ro man1, 
N. Safriuk2, V. Kladko2, M. Barchuk3

1Chernivtsi Na tional Uni ver sity, Kotsjubynskyi str. 2, Chernivtsi, Ukraine
2In sti tute of Semi con duc tor Phys ics of NASU, Nauky str. 41, Kyiv, Ukraine

3In sti tute of Ma te ri als Sci ence, TU Bergakademie Freiberg, Gustav-Zeuner-Str. 5, Freiberg, Ger many
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Cad mium tel lu ride (CdTe) is one of the most prom is ing

ma te ri als for highly ef fi cient de tec tors of X- and g-ra di a -
tion work ing with out cryo genic cool ing with sen si tiv ity
ex tended to the re gion of high pho ton en er gies com pared
with Si de tec tors [1,2]. The se ries of MoOx/p-CdTe
(111)-ori ented heterostructures with dif fer ent de grees of
imper fec tion man u fac tured by re ac tive mag ne tron sput ter -

ing was cho sen for our re search. The ex per i men tal in ves ti -
ga tions in dif fer ent X-ray dif frac tion ge om e tries (sym met -
ri cal 333, for bid den 222 re flec tions as well as
asym met ri cal one 331) were per formed on Philips X’Pert
PRO diffractometer.

The sam ples are known to pos sess dif fer ent types of de -
fects namely dis lo ca tion loops, Lomer-Cot trell junc tion,
in clu sions etc. There fore, the sim u la tion of re cip ro cal
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space maps (RSM) for (333) and (331) re flec tions were
per formed us ing the model of real crys tal, which con tains
com plexes of struc tural de fects [3]. The in flu ence of this
sys tem on the dif frac tion pat tern is com pa ra ble to the set of
edge dis lo ca tions with dis lo ca tion lines per pen dic u lar to
the sur face plane and dif fer ent di rec tions of Bur gers vec tor
in this plane: a/2[110] and a/2[110]. The den sity of these
dis lo ca tions was de ter mined as 2.86 × 106 cm-2 and 2.38 ×
106 cm-2. In par tic u lar, a case of stack ing faults was con sid -
ered ac cord ing to which a large dis lo ca tion loop re stricts
the re gion with small point de fects and in clu sion of an other 
phase. The char ac ter is tic in ten sity dis tri bu tion around re -
cip ro cal space nod in di cates the pres ence of in di vid ual
blocks sep a rated by small-an gle bound aries with the an gle
of misorientation about 0.5 de grees.

It is worth to note that sev eral sam ples have block struc -
ture as ev i denced by the emer gence of sev eral dif frac tion
max ima placed at the same Qz value on RSM (Fig. 1a). The
cal cu lated RSMs (Fig 1.b) cor re late well with the ex per i -
men tal ones that in di cates the cor rect ness of the chosen
defects model.

1. S.D. Sordo, L. Abbene, E. Ca roli, A.M. Mancini, A.
Zappettini, and P. Ubertini. Sen sors, 9 (5), (2009), 3491.

2. C. Szeles. Phys. Stat. Sol. (b) 241 (3), (2004), 783. 

3. C. Sun, T. Paulauskas, F. G. Sen, G. Lian, J. Wang, C.
Buurma, M. K. Y. Chan, R. F. Klie, M. J. Kim. Sci en tific
Re ports, 6, (2016), 27009.
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DEFECT AND MAGNETIC STRUCTURE OF Y2.95La0.05Fe5O12/Gd3Ga5O12

EPITAXIAL SYSTEMS

I. Fodchuk1, I. Gutsuliak1, V. Dovganyuk1, A. Kotsyubynskiy1, N. Safriuk2, 
P. Lytvyn2, V. Kladko2, M. Barchuk3, I. Syvorotka4

1Chernivtsi Na tional Uni ver sity, Kotsjubynskyi str. 2, Chernivtsi, Ukraine
2In sti tute of Semi con duc tor Phys ics of NASU, Nauky str. 41, Kyiv, Ukraine
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4Sci en tific Re search Com pany “Carat”, Strijska str. 202, Lviv, Ukraine
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The set of com ple men tary tech niques such as high-res o lu -
tion X-ray dif frac tion, atomic force mi cros copy (AFM) ,
and mag netic force mi cros copy (MFM) sup ported by sim u -
la tion were used to in ves ti gate Y2.95La0.05Fe5O12 yt trium
iron gar net (YIG) epitaxial films of dif fer ent thick nesses

rang ing from 2.3 to 94.4 mm. We per formed a se ries of re -
cip ro cal space maps (RSM) cal cu la tions tak ing into ac -
count a pres ence of the sam ple/sub strate interlayer and
chang ing the den sity of dis lo ca tions. The in flu ence of a
film per fec tion on microstructure of mag netic do mains and
the RSM’s shapes was stud ied.

From the MFM anal y sis, it fol lows that the mag netic
do main struc ture de pends on the lay ers thick ness. For the

thin nest sam ples (2.3 mm), we re vealed dis or dered stripe-

 shaped ap prox i mately 1 mm wide do mains ac com pa nied by 

fre quent breaks and bub ble do mains, which ap pear be cause 
of in flu ence of highly dis torted re gions close to the in ter -

face. The sam ple with the mid dle thick ness (6.4 mm) pos -
sesses con tin u ous par al lel stripes with the pe ri od ic ity of

ap prox i mately 11 mm and some heterogeneity caused by
small thick ness of the film, which dis ap pears with the over -
growth [1]. The stripes ob served in thicker sam ples (above

70.7 mm) have a cha otic het er o ge neous struc ture and vary -
ing width, which is typ i cal for the films with well-formed
col umn struc ture.

Ex per i men tal rock ing curves and RSMs were re corded
in sym met ri cal (444), (888) and asym met ri cal (880) re flec -
tions at high-res o lu tion X-ray diffractometer X’Pert PRO

MRD. The RSMs of the thin nest sam ple (2.3 mm) con tain
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Fig. 1. Ex per i men tal (top) and cal cu lated
(bottom) RSM, in 333 re flec tion.



two peaks stem ming from the film and the sub strate. The
con tri bu tion of the lat ter to the dif frac tion pat tern is sig nif i -
cant, while the struc ture of the film is highly dis torted due
to its small thick ness. The sam ple with the thick ness of

6.41 mm has a well-formed crys tal struc ture. An ad di tional
peak from the film–sub strate tran si tion layer is ob served on 
the map along qz axis. Along qx axis, the map is asym met ri -
cal, which in di cates a pres ence of the mis fit dis lo ca tions
ori ented in (100) plane. The RSM shapes of other sam ples
are typ i cal for a high con tent of in clu sion de fects and dis lo -
ca tion loops of small sizes in the near-sur face layer, which
is a com mon fea ture of se lected growth con di tions.

The sim u la tion of RSMs is based on the kinematical
the ory de scribed by Krivoglaz [2] and per formed us ing
Monte-Carlo ap proach [3]. Two sets of screw and edge dis -
lo ca tions with dif fer ent den si ties were se lected as the dom -

i nant type of de fects. Their den sity was de ter mined as
105-108 cm-2. Al ter na tively, the dis lo ca tion loops with the

sizes of 2-5 mm were de fined from RSMs, which den sity
de pends on the sam ple thick ness. We achieved a good cor -
re spon dence be tween sim u lated and ex per i men tal RSMs.
It was es tab lished that the stripe do main struc ture of gar -
nets de pends dras ti cally on the sam ples thick ness, rough -
ness of the sur face and film growth con di tions.

1. I. Fodchuk, I. Gutsuliak, V. Dovganiuk, A. Kotsyubynskiy, 
U. Pietsch et al. Appl. Opt. 55, (2016), B144.

2. M. A. Krivoglaz, X-Ray and Neu tron Dif frac tion in
Nonideal Crys tals. Berlin: Springer. 1996.

3. M. Barchuk, V. Holy, B. Miljevic, B. Krause, T.
Baumbach et al. J. Appl. Phys. 108, (2010), 043521.
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NANOLAYERS ON COLLOIDAL SILICA
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We re port the re sults of X-ray study of sur face nanolayers
on col loi dal sil ica which ob tained by mod i fi ca tion of sil ica
by dif fer ent al kali ions and by de po si tion of po lar lipids on
the sur face. Col loi dal sil ica con sists of monodisperse sil i -
con ox ide nanoparticles dis solved in wa ter. Due to the high
charge of these nanoparticles the sur face of col loi dal sil ica
is highly po lar ized. Thereby elec tri cal dou ble layer near its
sur face is formed [1]. Ap ply ing the model-in de pend ent ap -
proach for ex per i men tal data fit ting [2] we per formed the
re con struc tion of depth-pro file of the di elec tric con stant
for sil ica sols which for dif fer ent size of sil i con ox ide
nanoparticles. The thick ness de pend ence of near sur face
elec tri cal dou ble layer from the size of sil i con ox ide
nanoparticles is re vealed. The changes of the layer pa ram e -
ters af ter col loi dal sil ica sam ple prep a ra tion are also stud -
ied. The pres ence of lev i tat ing ions layer for sil ica mod i fied 
by al kali ions is found.

A phospholipid bilayer on liq uid sub strate can be con -
sid ered as the sim plest model of a cell mem brane [3]. We
used the method of prep a ra tion of mac ro scop i cally flat reg -
u lar lipid multilayers de scribed in [4]. The multilayer of
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) was
stud ied by both X-ray reflectometry and scat ter ing us ing
the diffractometer with a mo bile tube-de tec tor sys tem [5].

Us ing the same ap proach [2] the spontaneus or der ing ef fect 
of the multiolayer struc ture is shown. Scat ter ing di a grams
cor re spond to the case of cor re lated interfaces in the
multilayer [6]. 

1. A. M. Tikhonov, J. Phys. Chem. C, 111, (2007), 930

2. I. V. Kozhevnikov, Nucl. Instr. Meth. Phys. Res. A,
508,(2003), 519.

3. D. M. Small, The Phys i cal Chem is try of Lipids. New York: 
Ple num press. 1986.

4. A. M. Tikhonov, JETP Let ters, 92, (2010), 394.

5. V. E. Asadchikov, V. G. Babak, A. V. Buzmakov, Yu. P.
Dorokhin, I. P. Glagolev, Yu. V. Zanevskii, V. N. Zryuev,
Yu. S. Krivonosov, V. F. Mamich, L. A. Moseiko, N. I.
Moseiko, B. V. Mchedlishvili, S. V. Savel’ev, R. A. Senin,
L. P. Smykov, G. A. Tudosi, V. D. Fateev, S. P.
Chernenko, G. A. Cheremukhina, E. A. Cheremukhin, A. I. 
Chulichkov, Yu. N. Shilin, V. A. Shishkov, In stru ments
and Ex per i men tal Tech niques, 48, (2005), 364.

6. I. V. Kozhevnikov, Nucl. Instr. Meth. Phys. Res. A,

498,(2003), 482.
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SYNTHESIS, CRYSTAL STRUCTURE STUDIES AND VALIDATION USING X-RAY
POWDER DIFFRACTION COM BINED WITH DFT CAL CU LA TIONS OF BIOACTIVE 

DERIVATIVES
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1Eu ro pean Syn chro tron Ra di a tion Fa cil ity, CS40220, 38043 Grenoble Cedex 9, France
2Pes ti cide Chem is try De part ment, Na tional Re search Cen tre, Dokki, Giza 12622, Egypt

3X-Ray Crys tal log ra phy Lab., Phys ics Di vi sion, Na tional Re search Cen tre, Dokki, Giza 12622, Egypt
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Two 3-(arylmethylidene)pyrrolidin-2,5-diones, 3a and 3b,
were syn the sized and char ac ter ized by pow der X-ray dif -
frac tion since grow ing suit able sin gle crys tals were not
suc cess ful. High-res o lu tion syn chro tron X-ray pow der dif -
frac tion data were col lected at room tem per a ture at ID22
beamline at the Eu ro pean Syn chro tron Ra di a tion Fa cil ity
(ESRF), Grenoble, France. The mo lec u lar struc tures were
stud ied by the ory us ing AM1, PM3 and DFT. The ba sic
dif fer ence be tween the the o ret i cal and ex per i men tal struc -
tures was found in the rel a tive ori en ta tion of phenyl and
chlorophenyl rings with re spect to the cen tral pyr -
rolidin-2,5-diones.

1. Girgis AS, Aziz MN, Shalaby EM, Saleh DO, Mishriky N,
El-Eraky WI, et al. Mo lec u lar struc ture stud ies of novel
bronchodilatory-ac tive 4-azafluorenes. Zeitschrift für Krist
- Cryst Ma ter 2016 Jan 1.231(3). Avail able from:
http://www.degruyter.com/view/j/zkri.2016.231.is -
sue-3/zkri-2015-1892/zkri-2015-1892.xml.

2. Moustafa AM, Girgis AS, Shalaby SM, Tiekink ERT.
1’-Methyl-4’-(4-methyl-phen-yl)dispiro-[indane-2,3’-pyrro
lidine-2’,3’’-indoline]-1,2’’-dione. Acta Crystallogr Sect E
Struct Rep On line [Internet]. 2012 Jul 1. [cited 2015 May
24];68(Pt 7):o2197–8. Avail able from:
http://scripts.iucr.org/cgi-bin/pa per?QM2073.

The au thors are grate ful for fi nan cial sup port from the Sci -
ence and Tech no log i cal De vel op ment Fund (STDF) and
the Institut Français d’Egypte (IFE) (Pro ject 17408). We
thank the ESRF for pro vi sion of ex per i men tal time on
beamline ID22 .
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Fig ure 1: A view of the struc tures of 3a (left) and 3b (right), show ing the atom-la bel ing
scheme. Dis place ment el lip soids are drawn at the 50% prob a bil ity level.
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X-RAY DIFFRACTION STUDIES OF CUBIC GaN EPILAYERS GROWN ON 3C-SiC/Si
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GaN-based LED and la ser heterostructures grown in the
hex ag o nal wurt zite phase along the (0001) c-ori en ta tion
fea ture large in ter nal elec tri cal fields, which can cause a re -
duc tion of the op ti cal ef fi ciency [1]. To over come this
prob lem, growth along so called semi- and nonpolar ori en -
ta tions, in which these fields are re duced or ab sent, has
been in ves ti gated by nu mer ous groups. An other prom is ing
ap proach is the growth of GaN in the cu bic zincblende
struc ture with (001) ori en ta tion, in which no in ter nal polar -
is ation fields are pres ent. Fur ther more the smaller bandgap
of cu bic ni trides re quire less In dium in InGaN quan tum
wells for green wave length emis sion [2].

As zincblende GaN is metastable at nor mal growth
tem per a tures and pres sures, such epilayers tend to in cor po -
rate en er get i cally pre ferred wurt zite-type in clu sions and
stack ing faults. 

In our poster pre sen ta tion we will de scribe the struc -
tural char ac teri sa tion of cu bic GaN epilayers grown on
3C-SiC/Si (001) sub strates us ing X-ray dif frac tion (XRD)
tech niques. Tex ture maps, which are pro jec tions of X-ray
re flec tion dis tri bu tions in re cip ro cal space on a two di men -
sional map, were used to iden tify the dif fer ent phases of
GaN pres ent. In all sam ples the tex ture maps of {113}-type 
re flec tions show a very in tense re flec tion pat tern with
four-fold sym me try, con firm ing the pres ence of cu bic GaN 
as the dom i nant phase. In epilayers grown un der non-op ti -
mised con di tions {1103}-type re flec tions, form ing dis -
torted hex ag o nal-like pat terns, were also ob served.
Sim u la tions show that these orig i nate from wurt zite-phase
in clu sions, whose (0001) basal planes are par al lel to the

{111} fac ets of cu bic GaN. How ever, in sam ples pro duced
un der op ti mised growth con di tions the hex ag o nal pat terns
were vir tu ally ab sent with neg li gi ble in ten si ties above the
back ground noise level. In these cases the sig nal orig i nates
not from hex ag o nal in clu sions but from stack ing faults
(SFs).  Scan ning Elec tron Dif frac tion TEM stud ies con firm 
the ab sence of hex ag o nal in clu sions in those sam ples [3]. 
Faulty stack ing of {111} planes in cu bic GaN cause a char -
ac ter is tic broad en ing of se lected X-ray re flec tions nor mal
to the SFs in re cip ro cal space, which over laps with the the -
o ret i cal po si tion of hex ag o nal wurt zite-type re flec tions. In
con ven tional reciprocal space maps this diffuse scattering
is clearly visible as a weak streak, while hexagonal
reflections could not be clearly identified.
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The wurt zite (hex ag o nal) struc ture of GaN nanowires
(NWs) is non-centrosymmetric and has an in ter nal elec tric
field along the [0001] di rec tion [1, 2]. Any de for ma tion of
the GaN unit cell leads to for ma tion of the in ter nal pi ezo -
elec tric field and vice versa ap plied volt age leads to the

strain for ma tion. This ef fect dra mat i cally in flu ences
elec tron-hole pair re com bi na tion and may de crease the ef -
fi ciency of op to el ec tronic de vices based on GaN NWs.
More over, the so-called “green gap” prob lem re lated to the
low ef fi ciency in GaN based green light emit ters could be
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in touch with pi ezo elec tric and strain fields for ma tion [3].
There fore, in ves ti ga tion of the in flu ence of the ap plied
volt age on the strain of the NW and the re sult ing change of
the elec tronic prop er ties of the NW is of sig nif i cant in ter -
est.

In or der to study the in flu ence of ap plied volt age bias
on the strain field in a sin gle GaN NW, metal con tacts were
de pos ited on two sides on the NW us ing elec tron beam li -
thog ra phy. The in ner struc ture of the NW as a func tion of
ap plied volt age was stud ied by the co her ent x-ray dif frac -
tion tech nique. The ex per i ment was per formed at beamline

P10 at syn chro tron fa cil ity PETRA III (DESY, Ham burg,
Ger many). Dur ing the mea sure ments, the Bragg peak evo -
lu tion as a func tion of ap plied volt age was in ves ti gated till
electric breakdown of the NW.
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Pe ri odic mesoscopic ma te ri als have a high po ten tial for a
wide va ri ety of ap pli ca tions such as multy-di men sional
photonic crys tals [1], light ma nip u la tion, com mu ni ca tion
tech nol ogy, sen sors, and fu ture op ti cal com put ing [2]. The
pos si bil ity to ma nip u late the prop er ties of photonic crys tals 
by ap ply ing stress, pump ing en ergy, or vary ing tem per a -
ture opens new highly po ten tial ap pli ca tions [3,4]. Self-as -
sem bled col loi dal crys tals pres ent a prom is ing bot tom-up
ap proach to wards the fab ri ca tion of photonic ma te ri als [5].

The ultrafast melt ing of poly sty rene (PS) col loi dal
crys tals formed by self-as sem bly of sub-mi crom e ter col loi -
dal spher i cal par ti cles was stud ied with pi co sec onds time
res o lu tion in pump-probe ex per i ments at X-ray free elec -
tron la ser at Linac Co her ent Light Source (LCLS) in Stan -
ford, USA at the X-ray pump probe (XPP) beamline. The
X-ray Bragg peak pa ram e ters, such as in te grated in ten sity,
peak po si tion, ra dial and az i muthal widths were an a lyzed
as a func tion of time. For these pa ram e ters time con stant of
ex po nen tial de cay were de ter mined. Our anal y sis has re -
vealed two time scales in re lax ation dy nam ics of col loi dal

crys tals. One time is on the or der of few tens pi co sec onds
and sec ond, slower on the or der of few hun dred pi co sec -
onds.

Re cent the o ret i cal cal cu la tions of pumped in fra red (IR) 
la ser pulse in ter ac tion with a PS col loi dal par ti cle re veal
full ion iza tion of at oms af ter the IR pulse and hot elec tron
plasma for ma tion. There fore, in the ex per i ment plasma
crys tals in air were formed. The ultrafast dy nam ics of the
plasma crys tals will be studied in our future work.
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