
Session V, Wednesday, June 12

L16
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Abs tract

Thin films of small or ganic semi con duct ing mol e cules ex -
hibit at trac tive op ti cal and elec tronic prop er ties de pend ing
on their mo lec u lar struc ture. Pentacene (PEN) mol e cules
are known to form a ly ing-down phase on graphene that
im proves ver ti cal elec tron trans port and in creases op ti cal
ab sorp tion and light har vest ing. Here, we stud ied the
mech a nism of epitaxial PEN growth on graphene by in-situ 
GISAXS and GIWAXS tech niques com ple mented by
ex-situ AFM and po lar ized con fo cal Raman mi cros copy.
Two prin ci pal stages of the growth were ob served. First,
nu cle ation and growth of PEN is lands sat u rat ing in width
and height at 1 monolayer thick ness was ob served. Later
on, the is lands con tinue to grow only along [100] di rec tion
of the PEN triclinic lat tice adopt ing nee dle-like shape and
copy ing hex ag o nal sym me try of the un der ly ing graphene.
The c* axis of PEN re cip ro cal lat tice was found to be par al -
lel to the [210] (arm chair) di rec tion of graphene and tilted
by 18° with re spect to the graphene sur face. This sug gests a 

»11° de vi a tion of the PEN mo lec u lar chains from the
graphene sur face driven by the en ergy minimization in
later stages of the is lands growth.

In tro ducti on

Thin films of small or ganic mol e cules are at trac tive for ap -
pli ca tions in light-emit ting di odes, field-ef fect tran sis tors
or or ganic so lar cells. The de vice per for mance crit i cally
de pends on the mo lec u lar struc ture of the film which in
turn de pends on the sub strate type. For the ox ide sur faces
such as SiO2, the stand ing-up con fig u ra tion is typ i cal. It the 
last de cade it has been shown that templating the sub strate
with two-di men sional ma te ri als, the ly ing-down con fig u -
ra tion can be achieved. Hence, this ap proach of fers a pos si -
bil ity to con trol the mo lec u lar ori en ta tion and prop er ties of
the small mol e cule or ganic films. In deed, the ly ing-down
con fig u ra tion of pentacene (PEN) mol e cules af ter evap o ra -
tion on graphene was ob served. PEN is an ar che typal type
of small or ganic mol e cules that are fre quently used in or -
ganic elec tron ics and photovoltaics. In or der to op ti mize
prep a ra tion of PEN films with the ly ing-down con fig u ra -
tion, a study of the mech a nism of PEN growth on graphene
is needed. This gave im pe tus for the work pre sented here.

Ex pe ri men tal de tails

The PEN mol e cules (Sigma-Aldrich) were ther mally evap -
o rated onto epitaxially grown graphene on hex ag o nal
4H-SiC(0001) sub strate (Graphensic) in a de po si tion
cham ber that was equipped with a be ryl lium win dow for
the in-situ graz ing-in ci dence small-an gle  and wide-an gle
X-ray scat ter ing (GISAXS, GIWAXS) ex per i ments. The
de po si tion rate was 1.38 C/min. The in-situ GISAXS/
GIWAXS mea sure ments were done at the 0.1° an gle of in -
ci dence at ID10 (9.25 keV) and PO3 (11.4 keV) syn chro -
tron beamlines at ESRF Grenoble and DESY Ham burg,
re spec tively. Two hy brid pixel de tec tors ac quired si mul ta -
neously and re peat edly the GIWAXS and GISAXS pat -
terns dur ing the evap o ra tion (Maxipix and Pilatus 300K at
ESRF, Pilatus 300K and Pilatus 1M at DESY). The 60 s in -
te gra tion time used at ESRF was re duced to 100 ms at
DESY to cap ture ini tial stages of the de po si tion. The
ex-situ GIWAXS mea sure ments were done on a cus -
tom-de signed Nanostar X-ray setup (Bruker AXS)
equipped with a Ga liq uid-metal jet an ode X-ray source
Excillum (9.25 keV) at an an gle of in ci dence of 0.15° with
a Pilatus 300K de tec tor. The AFM mea sure ments (Bruker,
Di men sion Edge) were done in tap ping mode and the po -
lar ized Raman mea sure ments were per formed on a con fo -
cal Raman mi cro scope (Witec, Alpha300 R+).

Re sults and conclu si ons

The ex-situ GIWAXS pat tern af ter the PEN film de po si tion 
shows 3 dif frac tion spots (Fig. 1a). The film thick ness cal -
cu lated from the de po si tion rate and time cor re sponds to
that of 10 PEN monolayers (MLs) re ported pre vi ously [1].
The dif frac tion spots have no sym met ric coun ter parts on
the op po site side of the pat tern (not shown) sug gest ing a
monocrystalline struc ture of the film. It is com posed of
PEN crys tals form ing nee dle-like is lands that fol low hex -
ag o nal sym me try of the un der ly ing graphene (Fig. 1b). The 
hex ag o nal unit cell of epitaxially grown graphene on SiC is 
ro tated by 30° from the SiC hex ag o nal unit cell. Sup pos ing
the triclinic PEN phase [2], the ori en ta tion of PEN lat tice
with re spect to graphene can be thus found from the ex-situ
GIWAXS pat tern (Fig. 2a). The re cip ro cal c* axis of PEN
crys tal is aligned along [210] (arm chair) graphene di rec -
tion and tilted by 18° from the graphene sur face. The crys -
tal lo graphic a axis of the PEN unit cell lies in the graphene
plane. Tak ing into ac count the PEN mol e cule ori en ta tion in 
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the unit cell (Fig. 2b), the long mo lec u lar axis does not fol -
low the [100] (zig zag) graphene di rec tion but is tilted by
11°. This is due to en ergy minimization in the pres ence of
intermolecular in ter ac tions in three-di men sional PEN crys -
tals. The blurred  and 112 dif frac tion spots (Fig. 1a) orig i -
nate from the crys tals ro tated by 120° and 300° (Fig. 2c).
The ex-situ po lar ized con fo cal Raman mi cros copy re -
vealed a uni form ori en ta tion of PEN mo lec u lar chains in -
side the is lands, con firm ing thus their monocrystalline
struc ture (Fig. 3).

The ex-situ GIWAXS pat tern af ter the PEN film de po -
si tion shows 3 dif frac tion spots (Fig. 1a). The film thick -
ness cal cu lated from the de po si tion rate and time
cor re sponds to that of 10 PEN monolayers (MLs) re ported
pre vi ously [1]. The dif frac tion spots have no sym met ric
coun ter parts on the op po site side of the The tem po ral evo -
lu tion (in the num ber of de pos ited MLs) of the in te gral in -
ten sity of 001 dif frac tion ex trap o lated to zero thick ness
in di cates a lin ear growth of the ly ing-down phase from the
very be gin ning of de po si tion (Fig. 4a) when the scat tered
in ten sity was too low to be mea sured (yel low re gion).

While the lat eral Dqxy width of 001 dif frac tion spot is con -

trolled by the lim ited res o lu tion at graz ing in ci dence, Dqz

shows an in crease in is lands height from 25 nm to 44 nm

be tween 2.5 and 8 MLs be fore the res o lu tion limit is
reached (Fig. 4a). The tem po ral evo lu tion of the is lands di -
men sions eval u ated from AFM im ages taken ex-situ at se -
lected de po si tion times sug gests a strongly asym met ric
growth due to the sat u ra tion of the is lands width and height
at 1 ML thick ness (Fig. 4b). The asym me try is driven by
dif fer ent  sur face en er gies of (001), (010) and (001) fac ets
(Fig. 2c) that  are 3.1, 4.8 and 6.4 meV/C2, re spec tively.

The ki net ics of PEN crys tals growth was stud ied by
in-situ GISAXS. It could be mea sured si mul ta neously with
GIWAXS as the in-plane Bragg an gle of 001 dif frac tion
was slightly de vi ated from the graphene zig zag di rec tion
(Fig. 2a). Due to the low PEN is lands den sity and large
interisland dis tances ex ceed ing ex per i men tal GISAXS res -
o lu tion, the mea sured GISAXS curve is pri mar ily con -
trolled by the in ter play of three form fac tors cor re spond ing
to three dif fer ent crys tal ori en ta tions (Fig. 2c). Hence, it
could be eval u ated by Guinier anal y sis. As a con se quence
of the highly anisotropic crys tals growth, these form fac -
tors con trib ute to GISAXS curve in dif fer ent q ranges.
Con se quently, Guinier anal y sis in a q range of
(1÷2)×10-3 C-1 al lowed to an a lyze the tem po ral evo lu tion
of the ra dius of gy ra tion which could be at trib uted to a half
of the is lands width (Fig. 5). A fit with a sim ple ex po nen tial 
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Fig ure 2. (a) Mu tual ori en ta tion of PEN and graphene lat tices. (b) PEN unit cell and (c) crys tal lo graphic ori en ta tion of PEN is lands.

Fig ure 1. (a) GIWAXS pat tern of PEN film and (b) its AFM im age with Fou rier trans form in the in set.



lim ited growth func tion pro vided a rate con stant of
(3.5 ± 0.03)×10-3 s-1. Com bin ing these re sults with AFM

data, the  growth of (100) fac ets (Fig. 2c) can be vi su al ized
(in set in Fig. 5).

Sum ma riz ing, a com pre hen sive time-re solved study of
PEN ther mal evap o ra tion on a large-area graphene
monolayer on SiC re vealed a highly anisotropic epitaxial
two-stage growth of a lay ing-down phase in the form of
elon gated is lands fol low ing hex ag o nal sym me try of the
sub strate. The PEN is lands pos ses triclinic monocrystalline 
struc ture, the long mo lec u lar axis be ing de vi ated from
graphene by 11° in the fi nal stage.

1. D. Nabok, P. Puschnig, C. Ambrosch-Draxl, O. Werzer, R.
Resel, D.-M. Smilgies, Phys. Rev. B, 76, (2007), 235322.

2. C. C. Mattheus, A. B. Dros, A. J. Baas, A. Meetsma, J. L.
de Boer, T. T. M. Palstra, Acta Crystallogr. C, 57, (2001),
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The work was done dur ing im ple men ta tion of the pro ject
with ITMS code 26210120023 sup ported by the Re search
and De vel op ment Op er a tional Programme funded by the
ERDF.
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Fig ure 3. (a) Over lap of the op ti cal and Raman im ages of a PEN is land and (b) cos2 fit of the az i muthal de pend ence of Raman

band in te gral in ten sity at 1373 cm-1 (short mo lec u lar axis vi bra tions) in side the black cir cle in (a).

Fig ure 4. (a) Tem po ral evo lu tion of PEN 001 dif frac tion peak pa ram e ters and (b) di men sions of PEN is lands. (dots - mea sured points,
lines – fits).

Fig ure 5. Tem po ral evo lu tion of the ra dius of gy ra tion Rg = ½ w (w
– PEN is lands width). The in set shows the growth of (100)
fac ets.
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High res o lu tion mode is a spe cial branch of X-ray dif frac -
tion tech niques de voted to the anal y sis of sin gle crys tal line
epitaxial lay ers. One of the most im por tant tasks in
epitaxial tech nol o gies is the de ter mi na tion of the layer
com po si tion. For epitaxial sys tems with high de gree of per -
fec tion, e. g. Si- or GaAs-based com pounds, the re corded
dif frac tion curves have rather com plex form and the layer
pa ram e ters are rou tinely de ter mined by com puter sim u la -
tion of the model struc ture. For epitaxial lay ers based on
ma te ri als with lower qual ity and/or larger lat tice mis match, 
the fine fea tures of the dif frac tion curves are miss ing and
only more or less sep a rated dif frac tion max ima of in di vid -
ual lay ers can be ob served. Typ i cal ex am ples of such ma te -
ri als are the III–nitride semi con duc tors as AlN, GaN, InN
and their ter nary al loys. These ma te ri als have great po ten -
tial for use in op to el ec tronic and high-tem per a ture elec -
tronic de vices due to their wide range of bandgaps and
high-tem per a ture sta bil ity [1-3].

If the lay ers are per fectly matched to the sub strate, it is
suf fi cient the mea sur ing of one sym met ric dif frac tion of
the type 000l. But in the case of lay ers ex hib it ing cer tain
de gree of re lax ation, in ad di tion to the sym met ric dif frac -
tion, at least one asym met ric dif frac tion has to be mea -
sured. From the po si tion of the dif frac tion spots the
com po si tion as well as the de gree of re lax ation can be de -
ter mined. For the GaN based com pounds the most con ve -
nient and ac ces si ble asym met ric dif frac tion is 1124. There
are six equiv a lent dif frac tions of this type in hex ag o nal ma -
te ri als but if the lat tice tilt ing does not take place, it is, in
prin ci ple, suf fi cient to mea sure only one of these dif frac -
tions. How ever, mea sur ing of sev eral dif frac tions in -
creases the pre ci sion of the eval u a tion. Fur ther
sim pli fi ca tion stems from the sym me try of the stress state
of the layer. Hex ag o nal c-ori ented epitaxial lay ers are
trans versely iso tro pic, i.e. the de for ma tion of the layer is
com pletely de scribed by two non zero strain com po nents:
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where a, c and a0, c0 are the lat tice pa ram e ters of strained
(and mea sured) and fully re laxed layer, re spec tively [4].
These com po nents are con nected by the re la tion
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where c13(x) and c33(x) are the com po si tion de pend ent stiff -
ness con stants of the ma te rial. Al ter na tively, in stead of

in-plane strain e||, the de gree of re lax ation R de fined as 

R
a a

a a
GaN

GaN

=
-

-0

 (3)

is of ten used to de scribe the strain state of the epitaxial
layer. It has to be pointed out that the pa ram e ter  char ac ter -
izes the strain state of the layer with re spect to the sub strate
lat tice.

The val ues of a  and  c  can be cal cu lated from the re cip -
ro cal co-or di nates h and l of the layer dif frac tion spot  as [5]

a
h

a c
l

cGaN GaN= =
1 4

, .                (4)

The un known com po si tion pa ram e ter x and the in-plane 

strain e||(x) can be ob tained by solv ing the sys tem of equa -
tions in (1) and (2). A sim ple it er a tive pro ce dure that uses  h
and l in (4) as in put pa ram e ters is out lined in [6]. The
method sup poses lin ear de pend ence of the pa ram e ters
a0(x), c0(x)  and c13(x), c33(x) on the com po si tion x.

The com plete in for ma tion on the state of the epitaxial
layer can be ob tained by mea sur ing the re cip ro cal space
map (RSM) around a suit able asym met ric dif frac tion. For
the later pur poses it is rea son able to in tro duce the pre sen ta -
tion of the ad mis si ble po si tions of the layer spots in re cip -
ro cal space in de pend ence of the layer com po si tion and the
de gree of re lax ation. It fol lows from sim ple geo met ri cal
con sid er ations that in the case of AlGaN/GaN and
InGaN/GaN sys tems the pos si ble po si tions of the layer dif -
frac tion spot are con fined to tri an gu lar re gion in the vi cin -
ity of GaN dif frac tion. This area is bounded by the so called 
re lax ation line con nect ing the AlN or InN layer dif frac tion
spots for fully strained and com pletely re laxed state [7].
The third ver tex of the tri an gle is the GaN sub strate (or
buffer layer) dif frac tion spot. How ever, for the sys tem
InAlN/GaN this area com prises two tri an gu lar re gions as
shown in Fig. 1. This is a con se quence of the fact that the
lat tice pa ram e ters of GaN are in be tween the pa ram e ters of
InN and AlN lat tices. The com mon ver tex of these tri an gles 
cor re sponds to the com po si tion of the InxAl1-xN for which
the layer is per fectly matched to the GaN lat tice. It is worth
not ing that this point in re cip ro cal space does not co in cide
with the GaN dif frac tion spot. This is a gen eral prop erty of
hex ag o nal epitaxial sys tems and it stems from dif fer ent
val ues of as pect ra tios of InxAl1-xN and GaN lat tice. 

If InxAl1-xN layer is grown on GaN buffer layer in se -
quence (with out break ing the growth af ter GaN), un in ten -
tional Ga-auto-in cor po ra tion into InxAl1-xN layer is an
ob vi ous prob lem, as re ported in [8-10]. Sources of Ga
could be the de pos ited Ga-con tain ing-res i dues on the re ac -
tor wall, susceptor or shower head dur ing GaN growth.
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Due to the Ga-in cor po ra tion in InAlN, in tended InxAl1-xN
ter nary al loy ac tu ally be comes InxAlyGa1-x-yN qua ter nary
al loy. This has a sig nif i cant con se quence for the eval u a tion
of X-ray dif frac tion mea sure ments, e. g. for the in ter pre ta -
tion of the RSM. In the case of ter nary com pounds each
cou ple of lat tice pa ram e ters a and c of strained layer mea -

sured by X-ray dif frac tion has a unique so lu tion e||, a0 , c0 
and x. Ev i dently, this is not valid for qua ter nary com -
pounds. In this case the com po si tion of the layer is de -
scribed by two pa ram e ters, e. g. InxAlyGa1-x-yN, and the
mea sured val ues of strained lat tice pa ram e ters a and c can
be in ter preted by an in fi nite num ber of x, y  val ues re sult ing 
in dif fer ent re laxed lat tice pa ram e ters a0, c0  and dif fer ent

de gree of in-plane strain e||. As an il lus tra tion, in Tab. 1 five 
dif fer ent com po si tions of qua ter nary InxAlyGa1-x-yN layer
re sult ing in the same val ues of mea sured lat tice pa ram e ters
are listed. 

This ex am ple clearly dem on strates that in the case of
qua ter nary com pounds the X-ray mea sure ments alone are
in suf fi cient for the de ter mi na tion of the layer com po si tion
and fur ther in de pend ent an a lyt i cal tech nique is re quired for 
the eval u a tion of the struc tural pa ram e ters of the layer.
More over, the con cen tra tion of Ga at oms in the InxAl1-xN
layer is strongly dept-de pend ent with higher value at the

bot tom close to the GaN buffer layer. The depth
dis tri bu tion of the el e ments in the qua ter nary layer can be
de ter mined e. g. by Rutherford back scat ter ing spec trom e -
try (RBS), X-ray pho to elec tron spec tros copy etc. An ex -
am ple of depth pro file of the layer com po si tion ob tained by 
RBS mea sure ment is given in Fig. 2. It is seen that the high -
est con cen tra tion, al most 20%, of Ga is at the bot tom of the
layer and from the mid dle up to the layer sur face the Ga
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Fig ure 1. Sche matic draw ing of the ad mis si ble po si tions of the 

1124 dif frac tion spot of InAlN layer for var i ous com po si tion 0 < 

x < 1 and de gree of re lax ation 0 < R < 1. Note the sign of the

in-plane strain com po nent e|| is op po site in Al rich and In rich re -
gions. For the sake of clar ity the width of the area is 6-times en -
larged. 

Fig ure 2. Depth pro file of InAlGaN layer com po si tion. The dis -
tance be tween the ad ja cent sublayers is ~ 40 nm. 

Fig ure 3. Com po si tion & Re lax ation di a gram of InAlGaN layer.
The po si tion of two max ima re vealed by X-ray RSM are sche mat i -
cally shown as ellipses.

Ga [%] In [%] Al [%] a0 [nm] c0 [nm] e|| [%]

0.0 18.4 81.6 0.31898 0.51134 - 0.14

5.0 17.2 77.8 0.31884 0.51147 - 0.09

10.0 16.0 74.0 0.31870 0.51160 - 0.05

15.0 14.7 70.3 0.31856 0.51173 - 0.006

20.0 13.5 66.5 0.31843 0.51187 0.04

Ta ble 1. Five com po si tions of qua ter nary InxAlyGa1-x-yN layer for the same val ues of mea sured lat tice

pa ram e ters and cor re spond ing re laxed lat tice pa ram e ters a0, c0,  and in-plane strain com po nent e|| .



con tent is neg li gi ble. The dis tance be tween the ad ja cent
sublayers is ~ 40 nm. The to tal layer thick ness is ~280 nm.
These mea sure ments can be com bined with the X-ray re -
sults in the way out lined in the fol low ing. 

The data de scrib ing the depth dis tri bu tion of the el e -
ments in the layer are used as in put pa ram e ters and the the -
o ret i cal re lax ation lines are cal cu lated for all sublayers with 
their par tic u lar com po si tion ob tained by RBS anal y sis. The 
set of cal cu lated re lax ation lines plot ted in re cip ro cal space
build up a spe cial mesh – the com po si tion & re lax ation di a -
gram. Each re lax ation line in this di a gram is con nected
with a sublayer in dif fer ent depth, hence at fa vour able cir -
cum stances the even tual depth dis tri bu tion of the re lax -
ation can be es tab lished sim ply by com par i son of the
di a gram with the mea sured RSM (not shown here). Such a
com par i son is given in Fig. 3. 

It is seen that in ad di tion to the ba sic GaN dif frac tion 
1124 two dis tinct but rather broad max ima cor re spond ing
to epitaxial layer were re vealed. They are sche mat i cally de -
picted in the di a gram as trans par ent red el lip ses. The curves 
of con stant de gree of re lax ation  are also shown. It can be
con cluded that the InAlN layer with in cor po rated Ga at oms 
is ap par ently di vided into two lay ers. The max i mum on the
left side can be as cribed to the bot tom layer with high Ga
con tent. The layer is al most per fectly matched to the GaN
buffer layer. It is also ev i dent that the Ga con tent pro vided
by RBS mea sure ment is some what un der es ti mated, the
max i mum does not lie on the deep est re lax ation line hav ing 
the high est Ga con tent. The right side max i mum can be re -
lated to the up per layer with neg li gi ble Ga con tent. The
layer is al most fully re laxed.   
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DEVELOPMENT OF X-RAY ANALYTICAL TECHNIQUES USING STANDARD
LABORATORY DIFFRACTOMETERS
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In the last cou ple of years our lab o ra tory has im ple mented
cou ple of X-ray an a lyt i cal tech niques un usual in lab o ra to -
ries. We will pres ent cou ple of meth ods which has been im -
ple mented and succesfully tested. We will dis cuss stand ing 
wave X-ray flu o res cence, rock ing curve im ag ing and ab -
sorp tion spec tros copy.

X-ray flu o res cence spec tros copy was im ple mented us -
ing en ergy dispersive de tec tor Amptek (Si PIN di ode). The
de tec tor was mounted as the sec ond de tec tor to the stan -
dard X-ray diffractometer with cop per or mo lyb de num an -
ode. The pri mary beam is monochromatized and
collimated with a multilayer par a bolic Göbel mir ror and
Ge(220) chan nel cut mono chro ma tor. We have mea sured
an gle of in ci dence de pend ence of the flu o res cence ra di a -
tion si mul ta neously with re flected or dif fracted ra di a tion.
In usual case the method al lows us to de ter mine depth pro -
file of the chem i cal com po si tion. The mea sure ment is usu -
ally per formed for low an gles of in ci dence; pen e tra tion
depth changes from cou ple of nanometers be low an gle of
to tal ex ter nal re flec tion to wards cou ple of mi crom e ters for
higher an gles of in ci dence.

As an ex am ple we pres ent re sults ob tained at
polycrystalline pe ri odic multilayers FeCo/Al2O3. The sam -
ples have very thin lay ers of mag netic FeCo with thick ness
be tween 1.3 nm to 2 nm sep a rated by 3 nm spacer of in su -
lat ing Al2O3. The sam ples with thin ner FeCo layer ex hibit
superparamgnetic prop er ties with extremally high rel a tive
per me abil ity val ues up to 104. We have stud ied the sam ples 
us ing X-ray flu o res cence and dif frac tion at low an gles of
incindence. At the re flec tion max ima the in ci dent and re -
flected wave form a stand ing wave within the superlattice.
Fit ting an gu lar dependences of flu o res cence and dif frac -
tion sig nal we were able to de ter mine size and po si tion of
crys tal line FeCo par ti cles and also compositional pro file of 

Fig ure 1. An gle of in ci dence de pend ence of Fe and Co flu o res -
cence signal.

Fig ure 2. An gle of in ci dence de pend ence of FeCo  110 dif frac -
tion sig nal. Re flec tivity curve in logaritmic scale.

Fig ure 3. Map of 311 dif frac tion peak po si tion mea sured at bent sil i con wafer.
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Fe and Co in the superlattice. We have found the con cen -
tra tion of interdiffused me tal lic at oms into in su lat ing
spacer to be be tween 8% and 10% [1]. The ex am ples of
fluorescnce and diffraction profiles are presented in figures 
1 and 2.

An other method im ple mented in our lab o ra tory is rock -
ing curve im ag ing us ing two di men sional de tec tor. We
have used diffractometer Rigaku SmartLab with 2D de tec -
tor Hypix3000, which we have mouted close to the sam ple
us ing a home made holder. The de tec tor can be put at the
min i mal dis tance of ap prox i mately 10 mm from the sam ple
in the case of asym met ric graz ing in ci dence dif frac tion.
Such setup has also ad van tage of large ir ra di ated area with
a lim ited beam size and low di ver gence of the dif fracted
beam. The res o lu tion is lim ited by the pixel size of de tec tor
(0.1x0.1 mm2). At the an gle of in ci dence of 1o we can
achieve ir ra di ated area up to 25x60 mm2. This method can
pro vide lo cally re solved informations such as cur va ture of
the sam ple, chem i cal com po si tion of al loyed lay ers, dif -
frac tion peak width and in ten si ties, which pres ent in for ma -

tion of de fects. The ex am ple of the peak position map of
bent silicon wafer is presented in figure 3.

Last pre sented method is x-ray ab sorp tion spec tros copy 
used for ab so lute quan ti fi ca tion of cer tain el e ments
concetration. We have used it for bar ium quan ti fi ca tion in a 
med i cal ra di a tion shield ing foil. We have again used stan -
dard x-ray diffractometer with cop per ro tat ing an ode and
ac cel er at ing volt age of 45 kV. The bar ium K ab sorp tion
edge (38 keV) was then mea sured with a white pri mary
beam in Bragg-Brentano setup monochromatized with a
sil i con (111) monocrystal. Mea sure ment in tha Bragg an -
gle range of 5o to 7o cor re sponds to en ergy range 44 to
33 keV. This range cov ers clearly bar ium ab sorp tion edge
al low ing us to de ter mine ab so lute con cen tra tion usin
tabulated values of absorption coefficients [2].
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Rel a tively sim ple NbN super con duct ing and pro tec tive
coat ing ma te rial is still at trac tive due to its superconductive 
crit i cal tran si tion tem per a ture Tc around 16K, the crit i cal
cur rent den sity jc for thin films in the or der of sev eral
MA/cm2 and very high crit i cal mag netic fields of up to 40T
[1]. Typ i cally the best super con duct ing prop er ties are ob -
tained in epitaxially grown cu bic NbN on MgO sub strate
with mis fit value of 4.3%. Re cently we have pre pared thin
highly ori ented NbN lay ers on Si, MgO, and Al2O3 sub -
strates [2]. 

In pres ent work we have in ves ti gated in more de tail
struc tural prop er ties of NbN epitaxial lay ers de pos ited on
var i ous sub strates. Nitride lay ers were de pos ited on heated
sub strates by pulsed la ser ab la tion from Nb tar get in Ar : N
gas mix ture. Tech no log i cal con di tions have been cho sen in 
or der to ob tain highly ori ented – epitaxial fcc-NbN thin
films. Sur pris ingly, al though the nom i nal mis fit of NbN on
c-cut sap phire sub strate is 13.1%, it showed high est Tc =
16.4 K in com par i son to sam ple on MgO (Tc = 13.1 K) and
Si (Tc = 8.3 K). When as sum ing do main ep i taxy: (8dNbN –
9dAl2O3)/ 9dAl2O3, the ef fec tive mis match can be de creased
to 0.5% [3].

The XRD anal y sis in volved de ter mi na tion of the re lax -
ation sta tus and co her ent blocks di men sions by re cip ro cal
space map ping and tex ture in ves ti ga tion by pole fig ures
mea sure ment. Sur face to pog ra phy has been char ac ter ized
by atomic force mi cros copy and the lo cal struc ture around
sub strate in ter face us ing high res o lu tion trans mis sion elec -

tron mi cros copy. Sam ples on MgO showed typ i cal cube on
cube epitaxial re la tion ship NbN(001)[100] || MgO(001)
[100], whereas sam ples on c-cut sap phire:  NbN(111)[110] 
|| Al2O3(0001)[1010] (Fig.1). For the case of r-cut Al2O3

sub strate the pole fig ures mea sured at 111NbN showed that 
the films are twinned and strongly ori ented: NbN(135) ||
Al2O3(1012) (Fig.2). 

Fig ure 1. Pole fig ure in 200 NbN /c-cut Al2O3 



Ó Krystalografická spoleènost

Ma te ri als Struc ture, vol. 26,  no. 3 (2019)       153

1. A.D. Pogrebnjak, V.M. Rogoz, O.V. Bondar, N.K.
Erdybaeva, S.V. Plotnikov, Pro tec tion of Met als and Phys -
i cal Chem is try of Sur faces, 52, (2016), 802.

2. S. Volkov, M. Gregor, T. Roch,  L. Satrapinskyy, B.
Granèiè, T. Fiantok, A. Plecenik, J. Elec tri cal En gi neer ing, 

(sub mit ted  2019).

3. F. Mercier, S. Coindeau, S.Lay, A. Crisci, M. Benz, T.
Encinas, R. Boichot, A. Mantoux, C. Jimenez, F. Weiss, E.
Blonquet, Sur face and Coat ings Tech nol ogy, 260, (2014),
126.

Au thors would like to ac knowl edge a sup port by the Slo vak
Re search & De vel op ment Agency un der con tract no.
APVV-16-0315.

L20

HYBRID MULTIPLE DIFFRACTION 

E. de Prado
1
, J. Kub

1
, O. Pacherova

1
, A. Hospodková

2
, V. Novák

2
, M. Cukr

2

1In sti tute of Phys ics of the Czech Acad emy of Sci ences, v. v. i., Na Slovance 1999/2, 
182 21 Praha 8, Czech Re pub lic

 2In sti tute of Phys ics of the Czech Acad emy of Sci ences, v. v. i., Cukrovarnická 10, 
16200 Praha 6, Czech Re pub lic

prado@fzu.cz

The anal y sis of mul ti ple dif frac tion (MD) pro cesses could
pro vide an al ter na tive method for the struc tural char ac ter -
iza tion of sam ples. One of the first stud ies re ported on this
topic was made by Renninger in 1937 [1] and used for the
222 re flec tion of di a mond, ob tain ing ac cu rately its lat tice
pa ram e ters [2]. MD takes place in side a ma te rial when
more than one set of planes ful fills si mul ta neously the
Bragg con di tion in the path of the in ci dent beam. In the real 
space it means that a spe cific dif frac tion (called pri mary)
can be pro duced by the com bined dif fract ing ef fects from
two or more dif fer ent set of planes (Fig. 1). This is pos si ble
be cause the sum of two or more dif frac tion vec tors al ways
end up at a re cip ro cal-lat tice point of their cor re spond ing
space. Ex per i men tally, since it is not pos si ble to dis crim i -
nate the dif fer ent con tri bu tions to dif frac tion be tween con -
ven tional two-beam dif frac tion and MD, this phe nom e non
is gen er ally stud ied for for bid den or very weak re flec tions,
in which changes in in ten sity may be more eas ily ob served.

Hy brid Mul ti ple Dif frac tion (HMD) is a par tic u lar and
poorly stud ied kind of mul ti ple dif frac tion that can hap pen
in heteroepitaxial sys tems. In these sys tems two dif fer ent
ma te ri als are in volved in the gen er a tion of MD in such a
way that the par tic i pant planes be long to dif fer ent re cip ro -
cal lat tices. In this re spect, the fi nal beam is not dif fracted

ex actly to wards the out go ing pri mary di rec tion (q) but in a

di rec tion very close to it (qH). Thus HMD phe nom e non can 
be ob served also for al lowed re flec tions un like as hap pens
with MD. One of the first stud ies in this frame was per -
formed by Isherwood et al. [3], who in ves ti gated cu bic
Ga1-xAlxAs epitaxially grown on (001) GaAs sub strates.

Fig ure 2. Pole fig ure in 111 NbN / r-cut Al2O3.

Fig ure 2. Diffractogram show ing the (006) InGaN and GaN re -
flec tions and an hy brid peak

Fig ure 1. Ge om e try of a three-beam MD in real and re cip ro cal
space.
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Later, it was stud ied by Morelhao et al. [4-8] and
Domagala and co work ers for dif fer ent cu bic and, ul ti -
mately, for wurt zite c-ori ented ma te ri als [9] and by E. de
Prado et al [10] for r-ori ented wurt zite struc tures.

The three-beam X-Ray dif frac tion con di tion can be ful -
filled by ro tat ing the sam ple around the pri mary dif frac tion
vec tor P of the re flec tion whose in ten sity is mon i tored,
gen er ally a sym met ric one. That is, par tic i pant planes are
ex cited only at some spe cific az i muthal an gles of the in ci -
dent di rec tion. This makes that this type of dif frac tion
could be ob served only for some par tic u lar az i muthal an -
gles.

In this work we show some ad di tional con di tions that
must been sat is fied in or der to achieve HMD. To il lus trate
it we pres ent our study on an InGaN thin layer grown by
Metal Or ganic Va por Phase Ep i taxy (MOVPE) on a thick
GaN buf fered c-Al2O3 sub strate (Fig 2). 

We pres ent also an easy pro ce dure for iden tify the par -
tic i pant planes in the HMD pro cess us ing for that a thick
MnGaAs layer grown by Mo lec u lar Beam Ep i taxy on
GaAs c-ori ented sub strate. In this sam ple all the hy brid re -
flec tions (Fig 3) were identified.
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