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Abs tract

High tem per a ture X-ray pow der dif frac tion mea sure ments
were ap plied to fol low the struc tural and compositional
changes in the Fe-Al-Mo sam ples pro duced by a high-en -
ergy me chan i cal al loy ing for var i ous times. The sam ples
af ter 960 (A), 1920 (B), and 3840 (C) min of al loy ing us ing 
high-en ergy ball mill ing were found to em body a dif fer ent
ho mo ge ne ity. The best re sult was ob tained for B sam ple
with fine-grained struc ture and homogenously dis trib uted
el e ments. The X-ray mea sure ments dur ing step-wise in -
creas ing tem per a ture from 30 °C up to 1000 °C and the
Rietveld anal y sis of the ob tained pat terns have con firmed
the phase sta bil ity of B sam ple. The X-ray diffractometry is 
sup ple mented by mag netic mea sure ments. 

In tro ducti on

Fe-Al based al loys form a com plete se ries of solid so lu -
tions that are sub jected to fre quent re search ef forts. Gen er -
ally they are in ter est ing ma te ri als for their rea son able low
cost, low den sity, high tem per a ture cor ro sion re sis tance,
good in ter me di ate-tem per a ture me chan i cal prop er ties, and
last but not least the rich va ri ety of mag netic or der types
ob served [1-2]. It is known that by add ing ter nary tran si -
tion el e ments, such as Mo and Ti, not only the high tem per -
a ture strength but also the mag netic char ac ter is tics can be
im proved. The al loy of Fe – 29 at.% Al – 1.5 at.% Mo com -
po si tion pre pared by con ven tional tech nol ogy is known as
THERMENOL fea tured by good soft mag netic prop er ties
and high-tem per a ture ox i da tion re sis tance [3]. Our ef fort
was to pre pare this al loy by high-en ergy me chan i cal al loy -
ing and to con tinue a se ries of al loys pre pared by this tech -
nol ogy, as Fe-Al [4], and Fe-Mo [5].

Pres ent work is de voted to Fe-Al-Mo sys tem pre pared
by me chan i cal al loy ing into three var i ous states cor re -
spond ing to three dif fer ent times of ball mill ing and to fol -
low changes in the microstructure and chem i cal
com po si tion dur ing ther mal treat ment us ing in-situ X-ray
mea sure ments. The re sults are com pleted by mea sure ments 
of mag netic prop er ties.

Ex pe ri men tal

Crys tal line Fe-, Al-, and Mo-pow ders of high pu rity (99.8

%) and par ti cle size be low 10 mm were used. The pow ders
cor re spond ing to Fe-29 at.%Al-1.5 at.%Mo com po si tion
and sum mary weight of 30 g were ini tially mixed in a ro tat -
ing stain less steel vial with out bowl by 200 rpm/2 min. Af -
ter that 180 g of stain less balls of 10 mm in di am e ter was
added and closed by lid equipped with two nee dle valves
en abling ar gon purge and cre ation of the oversaturated Ar
at mo sphere in the vial. Ar gon purge was done 1 h ini tially
and af ter each step of mill ing when small amount of pow -
der was taken away for fur ther in ves ti ga tion. The mill ing
cy cle was set to 10 min of mill ing at 300 rpm fol lowed by a
pause of 5 min. The sam ples af ter 960 (A), 1920 (B), and
3840 (C) min were used for next stud ies.

An X’PertPro diffractometer with CoKa ra di a tion

(l = 0.17902 nm) was used for the in-situ stud ies of the
struc tural changes oc cur ring dur ing tem per a ture treat ment. 
The high tem per a ture mea sure ments were car ried out by
means of a HTK–1600 heat ing cham ber in a range 30 –
1000 °C in vac uum (~10-2 Pa). The pow der sam ples were
spread on Pt sam ple holder. De tailed anal y sis of pow der
pat terns was re al ized us ing the Rietveld struc ture re fine -
ment method and the ICSD da ta base of in or ganic and re -
lated struc tures.

The tem per a ture dependences of mag netic mo ments
(thermomagnetic curves) in an ex ter nal field of 4 kA/m, 4
K/min tem per a ture in crease, and the tem per a ture range of
30–800°C in vac uum (~10-2 Pa) were car ried out by vi brat -
ing sam ple mag ne tom e ter. 

Re sults 

The time of ball mill ing in flu ences sig nif i cantly the state of
an al loy ing pro ce dure. The A sam ple milled for the shorter
time (Fig. 1) con tains be sides the bcc-Fe-Al and
bcc-Fe-Mo phases still a small amount of Al and Mo, as it
fol lows from the room tem per a ture X-ray pat tern anal y sis.
More over the peaks cor re spond ing to the Pt sam ple holder
can be seen in all pat terns as well. Dur ing the step-wise in -
creas ing tem per a ture a dif fu sion of Al and Mo into bcc-Fe
pro ceeds and changes in phase com po si tion are ob served.
The pat tern at 1000 °C is com posed mainly of bcc-Fe75Al25

par tially trans formed into DO3 and of the bcc-Fe2AlMO.
The fin est struc ture with ho mo ge neously dis trib uted el e -
ments was ob tained af ter 1920 min (B) of ball mill ing

Ó Krystalografická spoleènost

100 Struktura 2014 Ma te ri als Struc ture, vol. 21,  no. 2  (2014)



which is doc u mented by X-ray dif frac tion pat terns at 30 °C
and 1000 °C in Fig. 2. The peak po si tions cor re spond to
bcc-(Fe,Mo)75Al25 (B2, DO3) phase. The tem per a ture treat -
ments have con trib uted to an neal ing of de fects and stresses
and slight in crease in the mean grain size from 10 nm to ap -
prox i mately (25–30) nm.  The next step of mill ing, sam ple
C in Fig. 3, re sulted sur pris ingly in par tial phase de com po -
si tion. The pat tern ob tained at room tem per a ture has em -
bod ied again peaks of Mo how ever they have di min ished
dur ing an neal ing and were no more de tected at 1000 °C. 
The pat terns of the B and C sam ples at 1000 °C are not

iden ti cal. While the B sam ple con sists of mainly
(Fe,Mo)75Al25 phase, in the C sam ple the peaks of Fe75Al25

and Fe96Mo4 can be  re solved. 
The thermomagnetic curves de picted in Fig. 4 dif fer ac -

cord ing to a state of al loy ing and con firm well the re sults of 
X-ray dif frac tion mea sure ments. The ini tial in crease in the
mass mag ne ti za tion is con nected with an neal ing of stresses 
and de fects. It is clearly seen that the B sam ples is mag net i -
cally ho mog e nous and em bod ies only one Cu rie tem per a -
ture close to 690 °C which is in agree ment with pub lished
value for bcc-(Fe, Mo)75Al25 phase. A some what steeper
in crease in magnetization above ap prox i mately 520 °C
arises from the DO3–B2 phase trans for ma tion [6]. The Cu -
rie tem per a ture TC1 de tected at A and C sam ples cor re -
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Fig ure 1. X-ray pat terns of A pow der sam ple af ter ball mill ing
and at 1000 °C.

Fig ure 2. X-ray pat terns of B sam ple af ter ball mill ing and at
1000 °C.

Fig ure 3.  X-ray pat terns of B sam ple af ter ball mill ing and at
1000 °C.
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Fig ure 4. Thermomagnetic curves for A, B, and
C sam ples.



sponds to aris ing bcc-(Fe,Mo)Al phase while the TC2 is
slightly be low the Cu rie tem per a ture of the pure bcc-Fe.

Conclu si on

The in-situ X-ray and mag netic mea sure ments have doc u -
mented an im por tance of mill ing time in an al loy ing pro -
cess of the Fe-Mo-Al sys tem. The most struc tur ally and
mag net i cally ho mog e nous sam ple was ob tained af ter 1920
min of ball mill ing. The lower time of mill ing was not sat is -
fac tory to ob tain re quired phase ho mo ge ne ity and the
higher mill ing time has evoked a de com po si tion of the
bcc-(Fe,Mo)75Al25 phase into the bcc-Fe-Al and
bcc-Fe-Mo phases. The tem per a ture treat ment has led to
changes in the phase com po si tion of A and C sam ples,
how ever both sam ples at 1000 °C did not re sulted in an
iden ti cal state from the view point of the com po si tion and
the mag netic prop er ties.   
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X-ray diffraction as a tool for in-situ monitoring of thermally induced phase
transitions
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RTG prášková difrakce patøí již dlouhou dobu
k nepostradatelným experimentálním technikám materi -
álového výzkumu. Od jejího objevení a konstrukce prvních 
difraktometrù prošly pøístroje mnoha vývojovými kroky,
které umožnily získávat data pomocí RTG práškové
difrakce i pøi jiných než standardních pokojových
podmínkách. Jedním z takových pøíkladù je i RTG difrakce 
za zvýšených teplot, která v laboratorním mìøítku
umožòuje in-situ monitorovat prùbìh reakcí v pevné fázi a
reakcí pevná fáze – plyn. Regionální Centrum Pokroèilých
Technologií a Materiálù (RCPTM) Univerzity Palackého
se v nìkolika posledních letech specializuje na vývoj
materiálù použitelných pro in-situ remediaci zneèištìných,
zejména podzemních vod nejen v mìøítcích Èeské
republiky, ale i celé Evropy. Pøi laboratorním výzkumu
nových materiálù se právì schopnost sledovat proces
termicky indukovaných transformací materiálù pøímo v
jeho prùbìhu stala stìžejní pro následný trans fer
technologie pøípravy a optimalizace materiálù do mìøítek
použitelných pro pilotní aplikace na zneèištìných
lokalitách.

Materiály vyvíjené pro použití v oblasti èištìní vod,
pøípadnì i dalších environmentálních aplikací, musejí
splòovat nìkolik základních vlastností. Pravdìpodobnì tou 
nejdùležitìjší z nich je jejich netoxicita vùèi prostøedí
v nìmž budou použity. Mezi další dùležité vlastnosti patøí
napøíklad finanèní nároky na pøípravu a skladování,
efektivita materiálu a technická a èasová nároènost

pøípravy. Z tohoto dùvodu se pro tyto úèely zaèaly vyvíjet
materiály tvoøené nanoèásticemi elementárního železa
(nZVI) s rùznými povrchovými modifikacemi zabra òu jí -
cími jejich samovolné prudké degradaci. Materiál tvoøený
nanoèásticemi ZVI kombinuje velmi nízkou hodnotu
oxidaènì-redukèního potenciálu elementárního železa
spolu s velkou aktivní plochou povrchu nanoèástic, což jej
pøedurèilo k tomu stát se velmi efektivním pro použití
v oblasti reduktivních technologií èištìní vod. V souèasné
dobì jsou již materiály založené na bázi nZVI k èištìní vod
bìžnì používány. Vlastní výzkum nových materiálù se ale
stále posunuje a do popøedí se dostávají kompozitní
materiály obsahující nanoèástice ZVI imobilizované v/na
vhodné matrici. Kompozitní materiály kombinují redukèní
vlast nosti nanoèástic nZVI s výhodnými vlastnostmi pou -
žité matrice. Takovou matrici mohou tvoøit napø. zeolity
nebo jílovité minerály, kde se využívá zejména sorpèních
vlastností tìchto materiálù. Navíc díky magnetickým
vlastnostem nZVI lze aplikovaný kompozitní materiál
s navázanými polutanty následnì magneticky separovat a
odstranit z èištìných vod. Další vhodnou matricí pro
imobilizaci nZVI mohou tvoøit mikroèástice železa, jejichž 
hlavním pøínosem je jejich dlouhodobá redukèní aktivita.

Pøi vývoji veškerých výše uvedených materiálù byla do 
znaèné míry využita právì vysokoteplotní RTG prášková
difrakce, která umožnila velice detailní mon i tor ing
vlastních transformaèních procesù v prùbìhu pøípravy
materiálù a zejména optimalizaci podmínek pro pøípravu
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materiálu v poloprovozním mìøítku. Prezentované
výsledky byly poøízeny pomocí vysokoteplotní reakèní
komùrky XRK900 (Anton Paar, GmbH) nainstalované
k difraktometru X`PertPro MPD (PANalytical). Tato
reakèní komùrka umožòuje provádìt experimenty
v rozsahu teplot 25 – 900 °C pøi tlacích plynù v rozmezí
1 mbar až 10 barù ve volitelných reakèních podmínkách
(redukèní, oxidaèní, inetrní a další reakèní plyny).

Autoøi dìkují za finanèní podporu agentuøe TAÈR (v rámci
programu Centra kompetence, projekt è. TE01020218),
Ministerstvu Prùmyslu a obchodu (v rámci programu TIP,
projekt è. FR-TI3/622) a Ministerstvu školství, mládeže a
tìlovýchovy (v rámci programu Operaèní pro gram
Výzkum a vývoj pro inovace, projekt è. CZ.1.05/2.1.00/
03.0058).
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A se ries of high melt ing syn thetic coal-tar pitch Carbores P
spec i mens an nealed at dif fer ent tem per a tures up to
1400 °C was pre pared and the ther mally in duced micro -
structural changes were in ves ti gated by the com bi na tion of
dif fer ent an a lyt i cal meth ods. From the struc tural point of
view, the Carbores P is a turbostratic car bon struc ture,
where the in di vid ual graph ite lay ers are ar ranged par al lel
to each other how ever with ran dom ori en ta tion around the
nor mal to the lay ers. The tem per a ture evo lu tion of
microstructure of in ves ti gated sam ples was stud ied us ing
the X-ray scat ter ing, neu tron scat ter ing, X-ray photo spec -
tros copy (XPS), Raman scat ter ing, scan ning elec tron mi -
cros copy with en ergy dispersive X-ray spec tros copy
(SEM/EDX), trans mis sion elec tron mi cros copy par tic u -
larly with high res o lu tion (TEM/HRTEM) and elec tron en -
ergy loss spec tros copy (TEM/EELS). 

The com puter pro gram Turbostratic-C, based on the
War ren-Bodenstein’s the ory of scat ter ing on turbostratic
car bon al low ing fit ting of whole mea sured scat ter ing pow -
der pat tern was writ ten and used for re fine ment of
microstructural pa ram e ters of stud ied sam ples from mea -
sured X-ray and neu tron scat ter ing pat terns. The pro gram
en ables the re fine ment of es sen tial phys i cal pa ram e ters of
turbostratic car bon ma te ri als, the mean lat tice pa ram e ters
a0, c0, mean clus ter sizes par al lel and per pen dic u lar to the
gra phitic planes La and Lc and its dis tri bu tions as well as

the mean square lat tice dis place ments áua
2ñ and áuc

2ñ.
From X-ray scat ter ing data mea sured on in ves ti gated

sam ples we re fined the fol low ing, tem per a ture ac ti vated,
microstructural evo lu tion of the Carbores P. With in creas -
ing an neal ing tem per a ture, the mean clus ter size La in -
creased from 1.23 nm in ini tial pow der to 6.05 nm in
spec i men an nealed at 1400 °C. This is con nected to an in -
crease of the num ber of at oms in each in di vid ual gra phitic
layer from 46 in the ini tial pow der to 1107 at oms in spec i -
men an nealed at 1400 °C. The mean clus ter size par al lel to
gra phitic lay ers in creases from 1.07 nm to 4.82 nm, which
cor re sponds to in crease of num ber of lay ers from 3 to 14 in

ini tial pow der and sam ple an nealed at 1400 °C,
re spec tively. Si mul ta neously, the width of both dis tri bu -
tions in creases with grow ing mean clus ter sizes. The evo lu -
tion of lat tice pa ram e ter a0 (the lat tice pa ram e ter in the
gra phitic planes, in ab-plane) ex hib its pro nounced in crease 
in sam ples an nealed at tem per a tures 800 °C and higher.
The a0 lat tice pa ram e ter changes from a0 = 0.2434 nm in
the ini tial pow der to a0 = 0.2449 nm in spec i men an nealed
at 1400 °C. The re cal cu lated in-plane C–C bond length var -
ies from lC–C = 0.1404 nm to lC–C = 0.1414 nm in raw pow -
der and spec i men an nealed at 1400 °C, re spec tively.
How ever, in all in ves ti gated spec i mens the lat tice pa ram e -
ters a0 and the in-plane bond lengths lC–C are smaller than
its equi lib rium val ues in un dis turbed graph ite. Con trary to
ther mal evo lu tion of lat tice pa ram e ter a0, the lat tice pa ram -
e ter c0 (lat tice pa ram e ter per pen dic u lar to the gra phitic
planes, in c-di rec tion) de creases with in creas ing an neal ing
tem per a ture, fol low ing well the lin ear de pend ence on the
an neal ing tem per a ture. The re fined c0 lat tice pa ram e ters of
turbostratic car bon are in all stud ied sam ples higher than
those of per fect un dis turbed graph ite. The lat tice pa ram e ter 
c0 of ini tial pow der is c0 = 0.7102 nm, which is about 6 %
more than in un per turbed graph ite. With in creas ing an neal -
ing tem per a tures, the dif fer ence be tween the un per turbed
gra phitic and turbostratic lat tice pa ram e ters de creases. In
sam ple an nealed at 1400 °C the re fined lat tice pa ram e ter is
c0 = 0.6883 nm, which is about 2.6 % higher value than in
per fect graph ite. The tem per a ture evo lu tion of mean clus -
ter sizes La and Lc and lat tice pa ram e ters a0 and c0 are
shown in Fig. 1. Us ing the re fined lat tice pa ram e ters, the
X-ray struc tural den sity of stud ied sam ples was cal cu lated.
Cal cu lated den si ties are smaller than the den sity of un dis -

turbed graph ite, and small est den sity r = 2.19 g/cm3 shows
the ini tial pow der. With in creas ing an neal ing tem per a ture,
the den sity in creases up to roughly 800 °C where it reaches

the value of ap prox i mately r = 2.23 g/cm3, which is about
1.5 % less than the den sity of per fect graph ite. The mean

square atomic dis place ments áua
2ñ and áuc

2ñ de creases with
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in creas ing an neal ing tem per a ture, whereas the re fined val -
ues are in all spec i mens un der study higher than the val ues
of un dis turbed graph ite. The changes in the re fined lat tice
pa ram e ters to gether with the de cay of the mean square
atomic dis place ments, all val ues tend ing to wards the val -
ues of graph ite, are at trib uted to de creas ing de gree of dis or -
der and con cen tra tion of de fects with in creas ing annealing
temperature.

The microstructural changes of Carbores P es ti mated
from mea sured X-ray scat ter ing data were cor re lated with
re sults ob tained from other an a lyt i cal meth ods. The evo lu -
tion of the mean clus ter sizes La are in good cor re spon -
dence with data ob tained from the Raman spec tros copy
mea sure ments. The in for ma tion about the bound types and
its changes were de ter mined from the XPS and TEM/EELS 
mea sure ments. The TEM/EELS ad di tion ally con firmed the 
den sity changes in the an nealed sam ples. The mor pho log i -
cal changes of stud ied sam ples were in ves ti gated us ing the
SEM and TEM. Fi nally, the changes on the atomic scale,
growth of the clus ter sizes and de cay of the dis or der with
in creas ing an neal ing tem per a ture was con firmed by
TEM/HRTEM.

1. B. E. War ren & P. Bodenstein, Acta. Cryst., 18, (1965),
282.

2. M. Dopita, M. Rudolph, A. Salomon, M. Emmel, C. G.
Aneziris & D. Rafaja, Adv. Eng. Maters., 15, (2013) 1280.
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Fig ure 1. The tem per a ture evo lu tion of the mean clus ter sizes
par al lel and per pen dic u lar to the gra phitic planes La and Lc (a).
The tem per a ture evo lu tion of the mean lat tice pa ram e ters
in-plane of gra phitic lay ers a0, and per pen dic u lar to the gra phitic
lay ers c0 (b), re fined from the X-ray scat ter ing data.
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Gal lium nitride (GaN) is a typ i cal rep re sen ta tive of the
group III ni trides that is widely stud ied now a days. Due to
the lack of na tive sub strates and high costs for their pro duc -
tion, GaN is grown heteroepitaxially on for eign (Al2O3 or
SiC) wa fers. Re cently, a suc cess ful growth of (0001)-ori -
ented GaN lay ers by a mod i fied high-tem per a ture va por
phase ep i taxy (HTVPE) method on GaN tem plates was re -
ported [1], which were pro duced by metal or ganic chem i -
cal va por phase ep i taxy (MOVPE). In con trast to the
con ven tional growth tech niques, this in ex pen sive method
em ploys am mo nia (NH3) and ther mally evap o rated me tal -
lic gal lium (Ga) as pre cur sors at at mo spheric pres sure.
How ever, a sig nif i cant lat tice mis fit be tween the sub strate
and the GaN tem plate leads to the for ma tion of
microstructure de fects like thread ing dis lo ca tions (TDs)
and stack ing faults (SFs).

In this work, we de ter mined the TDs den si ties in
HTVPE GaN lay ers grown at dif fer ent am mo nia flows on
com mer cial MOVPE-grown GaN tem plates and com pared
them with the TDs in the tem plates. Ap ply ing con trolled
am mo nia flow dur ing the growth of par tic u lar sam ples we
ob served pla nar de fects that can be par tial SFs on the
(0001)-planes, which are char ac ter ized by the ab sence of
ni tro gen planes (a or b) in the …AaBbAaBbAaBb… stack.
The re sid ual stress in her ent in the heteroepitaxially grown
GaN lay ers is as cer tained for all sam ples un der study and
MOVPE-GaN tem plates. The pos si ble rea son for the re sid -
ual stress is the elas tic de for ma tion orig i nat ing both from
the lat tice mis fit and from the in ter play be tween the lat tice
mis fit, dif fer ences in the ther mal ex pan sion of sub strate
and GaN and the for ma tion of microstructure de fects. The
val ues of the re sid ual stress cor re late with the lay ers thick -
ness and the to tal den sity of TDs [2].

A se ries of three sam ples (P1-P3) hav ing the thick ness

of 4.5 mm was grown in a ver ti cal HTVPE re ac tor [1]. A 2.5 

mm thick MOVPE-GaN de pos ited on the 3-inch c-ori ented
sap phire sub strate was cleaved into the 15x15 mm2 pieces
and used as a sub strate for the HTVPE growth. An in-situ
de pos ited SiNx mask at the ini tial stages of the MOVPE
growth was used to re duce the den sity of TDs [3]. The
growth tem per a ture of all sam ples was 1080 °C. The am -
mo nia flow, which de fines the [N]/[Ga] ra tio (V/III ra tio),
was cho sen as a sole vari able pa ram e ter. In our ex per i -
ments, the am mo nia flow varied be tween 0.05 and 0.5 stan -
dard li ter per min ute (slm), see Ta ble 1. Additionally, an
un coat ed piece of MOVPE-GaN tem plate de noted as N1
was in ves ti gated.

High-res o lu tion X-ray dif frac tion (HRXRD), mi -
cro-Raman spec tros copy and trans mis sion elec tron mi -
cros copy in scan ning mode (STEM) were used as the main
ex per i men tal tech niques in our study.

First, we ap plied the re cip ro cal-space map ping in the
HRXRD mode in com bi na tion with the Monte Carlo ap -
proach in or der to de ter mine the den si ties of edge and
screw TDs [4]. For this pur pose, the sym met ri cal 004 and
the asym met ri cal 105 re cip ro cal-space maps (RSMs) were
re corded for each sam ple. As dis lo ca tion bunch ing is of ten
ob served in thicker GaN lay ers grown by hy dride phase ep -
i taxy, a cor re la tion in the dis lo ca tion po si tions must be in -
tro duced into the Monte Carlo ap proach [5]. The re sults of
Monte Carlo sim u la tion shown in Ta ble 1 re vealed that the
TDs have pre dom i nantly edge char ac ter. The den sity of the 
edge TDs was 4-5 times higher than that the den sity of the
screw TDs. A small de crease of the den sity of the edge TDs 
in the HTVPE lay ers with re spect to the MOVPE tem plate
was de tected for sam ples P2 and P3 with the low am mo nia
flow. The den sity of screw TDs was nearly constant for all
samples including the GaN template N1. 

In or der to de ter mine the re sid ual stress, XRD with a

mod i fied sin2y method and the mi cro-Raman spec tros copy 
were used [2]. The first method rec og nizes the elas tic lat -

tice strain as a shift of the dif frac tion max ima along the 2q
di rec tion from their in trin sic po si tions, whereas the sec ond
one de tects the strain as a shift of the E2(high) Raman

mode. The X-ray based sin2y method de ter mines the av er -
aged strain in the ir ra di ated vol ume de fined by the beam
size and the pen e tra tion depth. The mi cro-Raman tech -
nique en ables to fo cus the la ser beam at a de sired depth and
to de ter mine the strain lo cally. The re sid ual stress mea sure -
ment us ing both com ple men tary meth ods is nec es sary, es -
pe cially if a depth gra di ent of the re sid ual stress is
ex pected. 

The val ues of the re sid ual stress are sum ma rized in Ta -
ble 1. In gen eral, we ob tained a good agree ment be tween
the XRD and mi cro-Raman data, with ex cep tion of sam ple
P1, where the con fo cal mi cro-Raman tech nique re vealed a
strong depth gra di ent of the re sid ual stress. The sam ples
un der study pos sess com pres sive re sid ual stresses that are
com pa ra ble with the re sid ual stresses mea sured in the un -
coat ed MOVPE tem plate. The re sid ual stress in GaN
grown on sap phire stems from the lat tice mis fit and dif fer -
ent ther mal ex pan sion co ef fi cients of GaN and Al2O3. To
some ex tent, the re sid ual stress re sults from the un com pen -
sated strain fields of bunched TDs, thus it can be strongly
af fected by the bunch ing of the TDs [2].
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The STEM in ves ti ga tions con firmed the pres ence of
dis lo ca tion bunch ing in the sam ples (see Fig ure 1). Here,
one can see sev eral ar eas lo cated close to the in ter faces
(de picted as red rect an gles), where sev eral dis lo ca tions
con verge and form a bunched ob ject. Still, the dis lo ca tion
lines of the bunched dis lo ca tions are ori ented nearly per -
pen dic u lar to the sam ple sur face, i.e., in the [0001] di rec -
tion.

In sam ple P3, which was grown un der low V/III ra tio,
the de tailed STEM in ves ti ga tions re vealed sev eral
microstructure de fects that de serve our at ten tion (see Fig -
ure 2). They are aligned in the basal planes per pen dic u lar
to the sur face and sur rounded by par tial dis lo ca tions. Un -
like the com mon basal stack ing faults (BSFs), these de -
fects do not pro vide the broad en ing of the elec tron
dif frac tion max ima and they do not dis ap pear if the spec i -
men is tilted so that the vis i bil ity con di tion of the BSFs is
not ful filled. If sam ple P3 is con sid ered as a Ga-rich layer,
than the re vealed type of pla nar de fects can re fer to par tial
SFs char ac ter ized by the absence of ni tro gen lay ers. The
in ves ti ga tion of these de fects us ing elec tron en ergy loss
spec tros copy (EELS) can clar ify their na ture, whereas the
com bi na tion of HRXRD with the DIFFaX soft ware [6] can 
give their quan ti ta tive de scrip tion.

Sum ma riz ing, a suc cess ful de po si tion of the low ex -
pen sive HTVPE GaN lay ers on the thin MOVPE tem plates 
was re vealed. The den sity of TDs in the HTVPE GaN is
com pa ra ble or even less than the TDs den sity that can be

achieved in the MOVPE-GaN buffer layer grown by ap -
ply ing the SiNx nanomask. That makes our method prom -
is ing for the growth of GaN lay ers with large thick ness.
The typ i cal in GaN lay ers TDs bunch ing was con firmed by 
STEM. The com pres sive re sid ual stress was de ter mined
us ing two tech niques. Ad di tion ally, pla nar de fects that can
prob a bly re fer to par tial stack ing faults were ob served in
the sam ple grown un der the low est am mo nia flow. The
study of their in ter ac tion with other de fects and the de ter -
mi na tion of their density will be next steps in our
investigations.
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Sam ple C [slm] rs [108 cm-2] re [108 cm-2] rto tal [108 cm-2] sXRD [MPa] smRa man [MPa]

P1 0.5 2.4±0.4 10.3±1.6 12.7±2.0 -608±84 -478±50

P2 0.2 2.0±0.3 7.8±1.2 9.8±1.5 -611±110 -574±50

P3 0.05 2.2±0.3 8.2±1.2 10.4±1.5 -598±65 -585±50

N1 - 2.0±0.3 10.1±1.5 12.1±1.8 -643±83 -650±50

Ta ble 1. The char ac ter is tics of the sam ples: NH3 flow (C), den sity of screw TDs (rs), den sity of edge TDs (re), to tal den sity of TDs 

(rto tal), re sid ual stress de ter mined by XRD (sXRD), av er aged over the sam ple thick ness re sid ual stress de ter mined by mi cro-Raman spec -

tros copy (smRaman)

Fig ure 1. Cross-sec tional STEM im age of sam ple P1. The red
rect an gles re fer to the ar eas where dis lo ca tion bunch ing takes
place.  

Fig ure 2. Cross-sec tional STEM im age of sam ple P3. The
red rect an gles mark the ar eas, which prob a bly con tain par tial
stack ing faults ter mi nated by par tial dislocations.
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We pres ent a method that al lows to de ter mine atom po si -
tions in the thin layer epitaxially grown on the sub strate
whose struc ture is well known. Usu ally, the unit cell di am -
e ters of the layer and the sub strate is very sim i lar which re -
sults in the over lap of the dif frac tion max ima of the layer
and the sub strate in the re cip ro cal space. Since, it is not
pos si ble to de ter mine the in ten sity of the layer peak, and
con se quently, to de ter mine the atomic po si tions from the
struc ture-fac tor am pli tude. On the other hand, the knowl -
edge of the atomic ar range ment in thin strained lay ers is
very im por tant as it is re lated to the ma te rial prop er ties
which can be di a met ri cally dif fer ent from those in a bulk.

The mea sured dif frac tion curve along the crys tal trun -
ca tion rod is a re sult of the in ter fer ence be tween the wave
dif fracted in the sub strate and in the layer. From the atomic
ar range ment in the sub strate unit cell, which is usu ally
well-known for the bulk sin gle crys tal, it is pos si ble cal cu -
late ex actly the dif fracted wave by the sub strate. We use the 

dy nam i cal the ory of dif frac tion to cal cu late the dif frac tion
curve [1]. Here, the known sub strate wave serves as a ref er -
ence and the atomic ar range ment in the layer is re fined to
fit the ex per i men tal data.

We dem on strated this method on a set of epitaxial lay -
ers of SrIrO3 grown on dif fer ent sub strates (DyScO3,
NdScO3, GdO3). Sev eral tenths of the dif frac tions for each
sam ple were mea sured and all ex per i men tal data were si -
mul ta neously fit ted. The first guess was de rived from the
struc ture of the sub strate as all ma te ri als in this class have a
sim i lar atomic ar range ment and the same space group
(PnmB). From the fit ting we were able to re fine atomic ar -
range ment. The sen si tiv ity of this method is dem on strated
by the fig ure bel low which shows that the in ter fer ence pat -
tern sig nif i cantly dif fers for the guessed (started) ar range -
ment and for the re fined one.

1.  Pietsch, U., Holý, V. and Baumbach, T., High-res o lu tion
X-ray Scat ter ing from Thin Films to Lat eral
Nanostructures (New York: Springer), 2004.
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Fig ure 1. On the left, there is shown the unit cell of SrIrO3 (sp.gr. Pnmb) si mul ta neously for both con sid ered atom con fig u ra tions: the
sub strate-like atomic ar range ment and the re fined atomic ar range ment. The po si tions of the heavy at oms are very sim i lar for both cases
whereas the po si tions of the ox y gen at oms dif fer. Their po si tions are in di cated by the green (sub strate-like) and blue spheres (re fined ar -
range ment). The plot on the right shows the dif frac tion curve mea sured (red points) at SrIrO3/NdScO3 (111) dif frac tion max ima. We
sim u lated the dif frac tion curve based on the sub strate-like (green curve) and the re fined (blue curve) atomic ar range ment.


