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Graded SiGe lay ers are fre quently used as vir tual sub strate
for elec tronic and op to el ec tronic de vice ap pli ca tions. The
grad ing makes it pos si ble to make a sub strate with lat tice
con stant matched to the de vice and to de crease the den sity
of thread ing dis lo ca tions cross ing the layer and there fore to 
im prove the qual ity of the lay ers de pos ited on the top.

In ten sity dis tri bu tion of scat tered X-rays I(Q) is mea -
sured as the re cip ro cal space map of the Q=(Qx,Qz) plane
or along var i ous di rec tion in this plane (the X-ray beams
are as sumed to be well collimated in the in ci dence xz
plane). The in ten sity is con cen trated around the re cip ro cal
lat tice point so that we con sider the wave vec tor de vi a tion
q=Q-Q0 (Q0 is the near est re cip ro cal lat tice vec tor). In the
ki ne matic ap prox i ma tion, the in ten sity scat tered by the
layer with thick ness h can be represented as Fourier
integral [1]

[ ]I A d d i G
V V

( ) exp (
'

q r r' q r - r' r, r'= ò ò
3 3 ( ) )              (1)

where A is con stant, V (V’) is vol ume of scat ter ing area and
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is cor re la tion func tion, where u(r) is the dis place ment at
the site r due to ran domly dis trib uted dis lo ca tions, and the
av er age is per formed over their po si tions. We con sider the
case of uncorrelated dis lo ca tions in two sys tems, with dis -
lo ca tion lines par al lel to x and y axis. Then we can de rive
[1] ap prox i ma tion of the cor re la tion func tion. For cal cu la -
tions we need to know the dis tri bu tion of dis lo ca tions in the 
layer. We can use two mod els: Tersoff model [2] or model
Dodson-Tsao [3].

Tersoff model de scribes equi lib rium dis tri bu tion of dis -
lo ca tions. The den sity of dis lo ca tions is just enough to ex -
actly can cel the mis match up to a dis tance zc from the
in ter face be tween layer and sub strate and there are no dis -

lo ca tions at all above zc. The bound ary zc of the dis lo ca -
tion-free re gion is given by the con di tion
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where f(z) is the mis match be tween bulk lat tice con stant

a(z) and sub strate lat tice con stant, l is en ergy per unit
length of the dis lo ca tion, b is length of the Bur gers vec tor
of mis fit dis lo ca tion and c is the ap pro pri ate elas tic con -
stant. If the layer is graded lin early from the sub strate,
Equa tion (3) can be solved an a lyt i cally and den sity of dis -
lo ca tions is con stant in whole re gion un der zc. 

Dodson-Tsao model de scribes the ki net ics of plas tic re -
lax ation in the layer by the equa tion
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where d|| is lat eral mis fit, K is con stant, sexc is ex cess stress,

m is a share modulus and d0 is con stant, which makes it pos -
si ble to start plas tic re lax ation even with out pres ence of
mis fit dis lo ca tions. From the so lu tion of equa tion (4) the

re lax ation of the layer r(z) = d||(z)/ f(z) is ob tained.
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In the last de cades, thin film tech nol o gies found nu mer ous
ap pli ca tions in many phys i cal, tech no log i cal and in dus trial
fields and are used in var i ous pro ce dures within re search in
mi cro elec tron ics, optoelectronics, op tics, bi ol ogy and
nanotechnology. The pro duc tion of semi con duc tor de -
vices, in te grated cir cuits, re cord able me dia such as op ti cal
discs and hard-discs, or spe cial coat ings and fil ters on op ti -
cal el e ments are based on thin film tech nol ogy. The pro -
duc tion of thin films re quires de ter mi na tion of their
prop er ties, which are nec es sary to parameterize the de -
signed struc ture of the de vice be ing pro cessed. Thick ness,
den sity, ma te rial com po si tion, crys tal line struc ture, re frac -
tive in dex and in ter face rough ness in in di vid ual lay ers of
the struc ture are typ i cal pa ram e ters in ves ti gated dur ing the
layer growth. 

In or der to char ac ter ize the lay ers, there are many tech -
niques for in ves ti ga tion of thin film prop er ties, usu ally
based on the in ter fer ence of elec tro mag netic ra di a tion.
These meth ods cov er ing wave lengths from in fra red op tics
up to X-rays have an ad van tage of non-de struc tive di ag -
nos tics. Op ti cal re flec tion and ellipsometry are mostly used 

for thick lay ers with thick nesses of around 1 mm. On the
con trary, X-ray spec u lar re flec tivity is much more sen si tive 
to very thin lay ers down to 0.5 nm and rough ness down to
0.1 nm [1, 2]. A dis ad van tage of com monly used X-ray
reflectometers is the up per limit of layer thick nesses (~100
nm), de ter mined mainly by the lower res o lu tion of X-ray
op tics used in the mea sure ment setup for x-ray re flec tivity. 

In this work, we in ves ti gate the thick ness and rough -
ness of thin films of photoresists pro duced by spin coat ing
(cen trif u gal cast ing) on sil i con wa fers. This pro ce dure,
which is standardly used dur ing the pro duc tion of in te -
grated cir cuits in in dus try, is per formed in side the clean
room lab o ra tory at the De part ment of condensed matter
physics.

The spin coat ing method con sists of de pos it ing a small
amount of liq uid photoresist on a sil i con wa fer and sub se -
quent spin ning of the wa fer up to 1000-6000 ro ta tions per
min ute. A very thin, al most ho mo ge neous and rap idly dry -
ing up photoresist layer is formed due to cen trif u gal forces
and sur face ten sion of the fluid. The sil i con wa fer with the
layer is then baked at 90 - 120 °C for 3 - 5 min utes. Such a
layer pro ceeds into the next tech no log i cal step like
litography and etch ing, where only the il lu mi nated or un-il -
lu mi nated ar eas are re moved, ac cord ing to neg a tive or pos -
i tive photoresist used. The se quences of de po si tion of
ma te ri als with var i ous prop er ties (metalization, dop ing,
etc.) are re peated com bin ing neg a tive or pos i tive
photoresists and other chem i cal pro ce dures dur ing the
tech no log i cal steps which con se quently de ter mine the
struc ture of the de signed semi con duc tor device. Thus the
calibration of photoresist thicknesses is very important. 

De ter mi na tion of the thick ness from x-ray spec u lar re -
flec tivity uti lizes the in ter fer ence of x-rays re flected and
trans mit ted at the air-layer in ter face and the layer-sub strate
in ter face de pend ing on the an gle of in ci dence [3,4]. The
method is com monly used for lay ers where the thick ness is
only about 2-200 times larger than the wave length of the
used ra di a tion (very oc ca sion ally more than 1000 times).

For CuKa wave length, this gives a limit of hun dreds of nm
for the layer. Larger thick ness can be hardly mea sured
since the in ter fer ence os cil la tions are sup pressed by the
res o lu tion func tion of the mono chro ma tor, var i ous in ter -
face roughnesses, ab sorp tion in the layer and sta tis ti cal
noise of the sig nal. In our ex per i ment we mea sure layer
thick nesses more than 10000 times larger than the wave -
length us ing high-res o lu tion diffractometer [3] and Fourier 
transform analysis [5, 6].

The in ves ti gated photoresist lay ers pre pared by spin
coat ing were first mea sured by op ti cal re flec tion probe,
which is a method also based on the in ter fer ence prin ci ple,
but works in the vis i ble range of spec trum (300 - 1000 nm)
and in per pen dic u lar re flec tion. Thick nesses of these
photoresist lay ers de pend on the an gu lar ve loc ity of the
spin ning dur ing the de po si tion and vary within the range of 
1100 - 1800 nm for the pos i tive photoresist and in the range 
800 - 1000 nm for the neg a tive one. Al though these thick -
nesses are ex tremely large to be mea sured by stan dard
X-ray re flec tivity, we have per formed X-ray spec u lar re -
flec tivity scans as well and ob tained sim i lar val ues as with
the op ti cal mea sure ments.

The setup of the X-ray re flec tivity ex per i ment, see Fig -
ure 1, was fol low ing: X-rays leave a Cu anticathode and
con tinue to a Göbel par a bolic graded multilayer mir ror
where the beam is collimated and monochromatized. A fur -
ther dou ble crys tal Ge 220 Bartels mono chro ma tor per mits
prop a ga tion of only the CuKa1  ra di a tion and low ers the
in-plane an gu lar di ver gence down to 0.003°. Slits be fore

the sam ple limit the beam to di men sions 0.3 mm ´ 8 mm.
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Fig ure 1.  Sche matic of the ex per i men tal setup.



Such highly collimated and mono chro matic beam hits the
sam ple at a small an gle of in ci dence in the range of sev eral
de grees. The re flected beam prop a gates through the next
0.3 mm wide slit to wards the scin til la tion de tec tor. 

 The in ter fer ence os cil la tions in X-ray spec u lar re flec -
tivity mea sure ment were so weak, see Fig ure 2, that it is
very dif fi cult to fit the re flec tivity di rectly by an ap pro pri -
ate model. More over, the os cil la tions are sig nif i cantly
smoothed out by the res o lu tion func tion of the mono chro -
ma tor. Thus we used a Fou rier anal y sis sim i lar to the one
used by au thors in Refs. [5, 6]. In or der to en hance the in -
ter fer ence pat tern, the mea sured curve was di vided by a
the o ret i cal re flec tion of smooth sil i con sur face with a
rough ness of about 0.1-0.3 nm, see Fig ure 3. Pa ram e ters of
this the o ret i cal curve such as rough ness, in dex of re frac tion 
and ab sorp tion were fit ted man u ally in or der to ap prox i -
mately match the mea sured curve. This op er a tion en hanced 
the os cil la tions and com pen sated the log a rith mic de cay in
an gu lar space. The new curve was con verted into re cip ro -
cal space (scat ter ing vec tor in side the sub strate) – qz =

4p/l*(sin2(ai)-sin2(ac))1/2, where ac is the crit i cal an gle
for photoresist. In the next step, we could sim ply de ter mine 
the layer thick nesses us ing the po si tions of peaks on the
Fou rier trans formed curve, see Fig ure 4. The dis tri bu tion
of peak po si tions cor re sponds to lin ear com bi na tions of
pos si ble thick nesses pres ent within the photoresist coat ing
de pos ited on the sil i con sur face. The po si tion of the most
in ten sive peak cor re sponds to the whole photoresist thick -
ness.

Us ing the high res o lu tion diffractometer we have suc -

cess fully mea sured photoresist lay ers more than 1 mm thick 
by x-rays. The thick nesses ob tained by X-ray re flec tivity
cor re spond well to the ones ob tained by op ti cal re flec tion
and the max i mum de vi a tions are about 2.3 % for pos i tive
photoresist lay ers and 8.5 % for neg a tive ones. 
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Fig ure 2.  Mea sured X-ray re flec tivity curve with a de tail of the
weak os cil la tions.

Fig ure 3. Re flec tivity curve di vided by the the o ret i cal re flec tion
of smooth Si surface.

Fig ure 4. Fou rier trans form of the mod i fied re flec tivity curve in
Fig ure 3.
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Gal lium man ga nese ar se nide phos phate is a mod i fi ca tion
of the in ten sively stud ied mag netic semi con duc tor
GaMnAs. There is a hope that in cor po ra tion of phos pho rus
could in crease Cur rie tem per a ture due to the stron ger in ter -
ac tion in tighter lat tice. In flu ence of phos pho rus on con -
cen tra tion of in ter sti tial man ga nese is an other un known
and im por tant ef fect. These are rea sons to im prove com -
monly used method for con cen tra tion de ter mi na tion in
tech no log i cal lab o ra to ries.

The eas i est X-ray ap proach to de ter mine a con cen tra -
tion of Ga1-xMnxAs1-yPy qua ter nary is a com par i son of mea -
sured lat tice pa ram e ters with com puted ones from
Vegard’s law. For this pur pose, the tab u lated pa ram e ters
for GaAs and GaP are used. MnAs and MnP is not na tively
zinc-blend struc ture, lat tice pa ram e ters for MnAs(Z-B) and 
MnP(Z-B) are ex trap o lated from the X-ray mea sure ments
of ter na ries with known con tent from the growth. One lat -
tice pa ram e ter is given by two un known val ues of con cen -
tra tions; we have to mea sure only spe cial se ries of sam ples
to have the same num ber of mea sured pa ram e ters and un -
known con cen tra tion, e.g. the se ries with the same con cen -
tra tion of P in clud ing one sam ple with no Mn con tent.

We pres ent a method of con cen tra tion de ter mi na tion
based on com par i son of sim u lated and mea sured dif frac -
tion curves. For com pu ta tion of sim u lated curve the struc -
ture fac tor is used, which is af fected by el e ment
con cen tra tions. The in flu ence on the struc ture fac tor dif fers 
for substitutional and in ter sti tial at oms. The de pend ence of
the struc ture fac tor on ex pan sion co ef fi cients (re la tion be -
tween con cen tra tion and lat tice pa ram e ter) is very weak.
Those co ef fi cients are not very known to day and mean ing
of con cen tra tion used in ex per i men tal cal i bra tion curve is
un clear; this is the main ad van tage of this ap proach.

The change of in ten sity with a dif fer ent con cen tra tion
can be ob served for the so-called weak dif frac tions. These
dif frac tions are very sen si tive to Mn and P con tent, be cause 
con tri bu tions of Ga and As at oms to the struc ture fac tor
have the op po site phase but the sim i lar am pli tude. This is
dem on strated by Fig ure 1, which shows a sim u lated dif -
frac tion curve for three dif frac tions with vary ing phos pho -
rus con cen tra tion from 0% to 30%. The curve for strong
dif frac tion (004) dif fers only by the peak po si tion, which
cor re sponds to the dif fer ent lat tice pa ram e ter, whereas
peak in ten sity is strongly de pend ent on the con cen tra tion in 
case of weak dif frac tions (002) and (006). In ter est ing fact
can be de rived from this plot; there is a spe cific con cen tra -
tion of phos pho rus, which makes struc ture fac tor of GaAsP 
zero, and in this case, the pure Mn con tri bu tion to struc ture
fac tor can be mea sured.

The substitutional man ga nese has very small ef fect on
lat tice pa ram e ter, which is not quan ti fied yet. Fig ure 2
shows the shift of peak for (004) which is not suf fi cient to
de ter mine any thing, but in ten sity of (002) dif frac tion
changes rap idly while there is no sig nif i cant shift.

There are two types of in ter sti tial po si tions; man ga nese
can be po si tioned in side of gal lium (or ar senic) tet ra he -
dron. Un for tu nately, they com pen sate each other their ef -
fect on struc ture fac tor for weak dif frac tion and
con tri bu tion is too small for strong dif frac tion. It is case of
di a mond lat tice for the same oc cu pancy where weak dif -
frac tion turns to for bid den. We can es ti mate only the dif -
fer ence of those oc cu pan cies from struc ture fac tor, the
ab so lute val ues are surely in cluded in lat tice pa ram e ter, but 
we do not know ex pan sion co ef fi cients again. 
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Fig ure 1.  Sim u lated dif frac tion curves, con cen tra tion of phos -
pho rus goes from 0 to 30 %.

Fig ure  2. Con cen tra tion of substitutional Mn goes from 0 to 10%



 The num ber of pa ram e ters in creases with sen si tiv ity to
po si tions of at oms in the lat tice. It is ob vi ous that there is no 
ex tra in for ma tion about lat tice pa ram e ter for dif fer ent dif -
frac tions, while struc ture fac tors dif fer. We should mea -
sure many dif frac tions to de ter mine con cen tra tion
prop erly, but our task was to de velop method for rapid lab -
o ra tory char ac ter iza tion of grown sam ples. For some in -
stru men tal rea sons it is nec es sary to mea sure re cip ro cal
space maps, not only line scans over  sub strate and layer
peak. If we take into ac count, that in ten sity of weak dif frac -
tion is very low, those mea sure ments are very time con -
sum ing. It is im por tant to find fast method for stan dard
lab o ra to ries with no main fo cus on x-ray and many sam ples 
to char ac ter ize. We mea sure only two dif frac tions (002)
and (004), which takes at least 3 days. To solve prob lem of
many pa ram e ters we use the con trol sam ples with the same
phos pho rus con cen tra tion and no man ga nese. The as sump -
tion of equal con cen tra tion is rea son able, con trol sam ples
are grown any way within the grow ing pro ce dure.

The dy namic scat ter ing the ory is used to sim u late dif -
frac tion curves. It is pos si ble to de ter mine con cen tra tions,
but there are still prob lems with nu mer i cal in sta bil ity of op -

ti miz ing al go rithm. To get unique so lu tion one has to use
sim ply model such as ho mo ge neous layer with some fixed
pa ram e ters (e.g. con cen tra tion of As antisites). The aim of
this work is to de velop a re li able ro bust method for char ac -
ter iza tion in a tech no log i cal lab o ra tory. Lat est prog ress and 
con clu sions will be pre sented in the talk.

S18

STANDING-WAVE-GRAZING-INCIDENCE X-RAY DIFFRACTION FROM

POLYCRYSTALLINE MULTILAYERS

J. Krèmáø1, V. Holý2, I. Vávra3

1Institute of Con densed Mat ter Phys ics, Masaryk Uni ver sity, Koltáøská 2, 611 37 Brno, Czech Re pub lic
2De part ment of Phys ics of Elec tronic Struc tures, Charles Uni ver sity, Ke Karlovu 5, 121 16 Prague, 

Czech Re pub lic
3In sti tute of Elec tri cal En gi neer ing Slo vak Acad emy of Sci ences, Dúbravská cesta 9, 84239 Bratislava, 

Slo vak Re pub lic
krcmar@phys ics.muni.cz

In work [1] au thors pre sented a new dif frac tion method,
which uses the con cept of X-ray stand ing wave in the graz -
ing-in ci dence ge om e try, in which both the in ci dence and

exit an gles ai,f are close to the crit i cal an gle ac of to tal ex -

ter nal re flec tion. If the an gle of in ci dence ai of the pri mary

X-ray wave onto a pe ri odic multilayer is close to ai or to a
“Bragg-like” max i mum on the re flec tivity curve, the in ter -
fer ence of the trans mit ted and re flected waves cre ates a
stand ing wave pat tern in the multilayer vol ume, the pe riod
of which equals the multilayer pe riod. If the multilayer
con tains crys tal line grains (crys tal lites), the in ten sity of
dif frac tion from these crys tal lites de pends on the mu tual
po si tion of the crys tal lites and the antinodes of the stand ing 
wave. Sim i larly, the wave dif fracted by the crys tal lites is
re flected from the multilayer in ter faces, which re sults in a
stand ing wave pat tern as well. The stand ing wave pat tern is 

shifted by chang ing ai or af so that from the mea sured de -

pend ence of the dif fracted in ten sity on ai,f it is pos si ble to
de ter mine the po si tion of the dif fract ing crys tal lites. More -
over, mea sur ing the dependences of the dif fracted in ten sity 

on the in-plane scat ter ing an gle 2q at var i ous ai it is pos si -
ble to de ter mine the lat eral sizes of the crys tal lites in dif fer -
ent depths in the multilayer. The the o ret i cal de scrip tion of

the scat ter ing pro cess is based on the Dis torted-Wave Born
ap prox i ma tion.

In Ref. [2], we proved the fea si bil ity of this con cept by
mea sur ing the stand ing-wave ef fects in C/Ni3N multilayers 
us ing syn chro tron ra di a tion, and we were able to de ter mine 
the sizes of the crys tal lites in dif fer ent depths in the
multilayer and the thick nesses of amor phous Ni3N tran si -
tion lay ers at the C/Ni3N in ter faces.
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Fig ure 3.  Dif fer ence of in ter sti tial Mn con cen tra tion goes from 0
to 0.05

Fig ure 1. The ge om e try of the ex per i men tal method in the lab o -
ra tory. X-ray tube has line fo cus F par al lel to the sur face plane.
The in ci dent Ei beam is re stricted by a par al lel plate collimator
and slit S. The scat tered beam Ef is re stricted by a sec ond par al lel

plate collimator. 2q is the scat ter ing an gle and ai and af are the in -
ci dent and exit an gles with re spect to the sample surface.



In Ref. [3], we dem on strate that this method can be car -
ried out also at a mod i fied X-ray diffractometer (Fig ure
(1)), and it is ca pa ble of study ing the struc ture of crys tal line 
lay ers in a pe ri odic multilayer at a lab o ra tory (Fig ure (2)).
We have used this method for the in ves ti ga tion of the struc -
ture of Nb/Si multilayers, and we ob tained the thick nesses
of amor phous and crys tal line parts of the Nb lay ers. These
thick nesses agree very well with the trans mis sion elec tron

mi cros copy ob ser va tions. 

From the fits, it fol lows that the Nb layer con sists in an
amor phous part of the thick ness of 2.0±0.5 nm ly ing at the
Si/Nb in ter face (i.e., in the bot tom part of the Nb layer) and
of the crys tal line part in the up per part of the layer at the
Nb/Si in ter face. Fig ure (3) shows the com par i son of the
mea sured and fit ted in ten sity curves. To dem on strate the
sen si tiv ity of the method, in Fig. (3) we have also plot ted
the cal cu lated dif frac tion curves as sum ing that whole Nb
lay ers are crys tal line (dashed lines). From the fig ure, it is
ob vi ous that the agree ment of these curves with the ex per i -
men tal data is much worse and the method is ca pa ble in -
deed to mea sure the thick ness of the amorphous part of the
Nb layer.

Pre sented method is very suit able for a de tailed study of 
sizes and po si tions of crys tal lites in pe ri odic multilayers, as 
well as for the de ter mi na tion of the depth pro file of the
crys tal lite size.

1.  P. F. Fewster, N. L. An drew, V. Holý, K. Barmak, Phys.
Rev. B., 72, (2005) 174105.

2. J. Krè máø, V. Holý, L. Ho rák, T. H. Me tz ger, J. So bo ta, 
J. Appl. Phys., 103, (2008) 033504.

3. J. Krèmáø, V. Holý, I. Vávra, Appl. Phys. Lett., 94, (2009)
101909.
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Fig ure 2. Dif frac tion mea sured in the lab o ra tory (Brno) and at
the ID01 beamline at ESRF (Grenoble).

Fig ure 3. Mea sured (points) and fit ted (lines and dash line) dif frac tion in ten si ties. Curve A: all vol ume of Nb lay ers is crys tal line. Curve
B: bot tom 2 nm thick parts of the Nb lay ers are amor phous.
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Struc tural qual ity of semi con duc tor wa fers and epitaxial
lay ers is an im por tant pa ram e ter sub stan tially in flu enc ing
their elec tri cal prop er ties and the per for mance of fab ri cated 
in te grated cir cuits. A re li able con trol of the de fect nu cle -
ation and growth dur ing the semi con duc tor tech nol ogy is
an im por tant is sue, since the de fects may af fect det ri men -
tally the elec tric pa ram e ters of the semi con duc tor struc -
tures, but they can also be ben e fi cial, be cause they can
get ter out im pu ri ties, es pe cially heavy metal at oms.

The x-ray scat ter ing meth ods, es pe cially dif fuse scat -
ter ing around re cip ro cal lat tice points, were of ten used in
past for the de fect char ac ter iza tion. The dif fuse scat ter ing
pro vides us the in for ma tion about pre cip i tate shapes, sizes
and de for ma tion field around them. How ever, the de ter mi -
na tion of their ab so lute con cen tra tion is not straight for -
ward; the dif fuse scat tered in ten sity from the de fects has to
be nor mal ized, for in stance to the ther mal dif fuse scat ter ing 
[1]. This draw back can be over come by mea sure ment of
the rock ing curve in a two-crys tal setup with out an a lyzer,

which can be nor mal ized di rectly to the in ten sity of the pri -
mary beam. This method was used in the Bragg dif frac tion
ge om e try by sev eral au thors [2]. We have used the Laue
ge om e try, which al lows us to mea sure both the dif frac tion
curve and the trans mis sion curve si mul ta neously, and
there fore gives us more in for ma tion.

We have used X-ray diffractometer with Cu tube and
germanium 220 Bartels (4 crystal) monochromator without 
analyzer. We have checked the diffractometer angular
resolution on a float zone (defect free) silicon crystal. The
sample was polished and etched to the thickness of 0.122
mm. The measured diffraction and transmission curves are
shown in the figure 1. The experimental curves were
compared with the dynamical theory of X-ray diffraction

[3]. The slight disagreement of the theoretical and
experimental dependences can be explained by
inhomogeneity in the sample thickness.

The sam ple of a Czochralski grown sil i con un der went a 
three stage an neal ing pro cess (600°C/8 h, 800°C/4 h and
1000°C/16 h). The sam ple was pol ished and etched to the
thick ness 0.180 mm. The ex per i men tal dif frac tion and
trans mis sion curves strongly dif fers from the the o ret i cal
dif frac tion curves of ideal crys tal, see fig ure 2. Es pe cially,
the in ten sity of the trans mit ted beam is much lower than
from an ideal crys tal. The dif frac tion pro files of the de -
fected crys tal was cal cu lated us ing sta tis ti cal dy nam i cal
the ory [4], where the de fects were as sumed as amor phous
spheres ran domly dis placed in side the crys tal lat tice. The
best co in ci dence was found for the pre cip i tate ra dius 1.2

mm and their vol ume ra tio of 3%, which cor re sponds to the
ab so lute pre cip i tate con cen tra tion of 0.9·1010cm-3.

1. L. A. Charni, K. D. Scherbachev, V. T. Bublik, phys. stat.
sol. (a) 99, (1991), 267.

2. V. B. Molodkin, S. I. Olikhovskii, E. N. Kislovskii, 
T. P. Vladimirova, E. S. Skakunova, R. F. Seredenko, 
B. V. Sheludchenko, Phys. Rev. B 78 (2008), 224109.

3. see for in stance A. Authier, Dy nam i cal the ory of x-ray dif -
frac tion, (Ox ford uni ver sity press, 2001).

4. V. Holý & K. T. Gabrielyan, phys. stat. sol. (a) 140,
(1987), 39.

The au thors would like to ac knowl edge prof. V. Holý for
pro vid ing the sim u la tion code.
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Fig ure 1. The de pend ence of the dif fracted (squares) and trans -
mit ted (crosses) in ten sity on the an gle of in ci dence in 220 dif frac -
tion on a float zone (de fect free) sil i con crys tal. The mea sured
in ten sity is com pared to the the o ret i cal dif frac tion curves (dashed
and solid lines). The an gle of in ci dence is mea sured with re spect
to the Bragg position.

Fig ure 2. The de pend ence of the dif fracted (squares) and trans -
mit ted (crosses) in ten sity on the an gle of in ci dence in 220 dif frac -
tion on the sam ple  with pre cip i tates. Thin line shows the
cal cu la tion of dif fracted in ten sity, dot ted line shows the cal cu la -
tion of trans mit ted in ten sity,  by the sta tis ti cal dy nam i cal the ory
of x-ray dif frac tion and. Dot-and-dash line and dash line show
curves of the perfect crystal.
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Gal lium nitride (GaN) is a most prom is ing ma te rial for the
base of photonic de vices (LED and la ser di odes, day light
vis i ble full-color LED dis plays etc.). We in ves ti gate the
de fect struc ture of GaN epitaxial lay ers de pos ited by
metalorganic va por-phase de po si tion (MOVPE) on c-ori -
ented sap phire sub strates (Al2O3) cov ered by a thin AlN
nu cle ation layer. The aim of our study is to de ter mine the
den sity of thread ing dis lo ca tions pen e trat ing through the
layer thick ness to wards free sur face. 

The large lat tice mis match be tween the GaN epitaxial
layer and the ap plied sub strate has a large in flu ence upon
the dis lo ca tion den sity in creas ing it to the or der of 109 cm-2. 

The dis lo ca tion den sity can be re duced by in-situ de po si -
tion of a SiNX in ter me di ate layer with sub-monolayer cov -
er age [1]. This layer acts as a self-or ga nized mask par tially
pin ning the thread ing dis lo ca tions prop a gat ing from the
sub strate in ter face. 

We used dif fuse X-ray scat ter ing in coplanar (0004)
dif frac tion, the ex per i ments were car ried out at ANKA
(Karlsruhe, Ger many) on a 6-cir cle diffractometer at SCD
beam-line over a sam ples se ries with var i ous nom i nal
thick ness of the SiN pin ning layer, the nom i nal thick ness of 

GaN was be tween 1.8 to 2.4 mm, the sam ple de scrip tion is
given in Ta ble 1. De pend ing on the thick ness of the SiN
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SiNx 

Fig ure 1. Trans mis sion elec tron mi cro graph of the sam ple
cross-sec tion  (Hertkorn J. et al, Uni-Ulm). 

Fig ure 2. Etched GaN sur face, the etch pits cor re spond to in di -
vid ual dis lo ca tions. (Mar tin Beer, Uni-Regensburg).

 

Fig ure 3. Ex per i men tal RSM of the sam ple S8134 in (0004) dif frac tion (a) and the com par i son mea sured (blue) and sim u lated (red) in -
ten sity dis tri bu tions (b).



interlayer one could ob tain dif fer ent den si ties of thread ing
dis lo ca tion that al lowed us to get a suf fi cient set of ex per i -
men tal data (re cip ro cal space maps - RSM), ra dial and
rock ing curves, re flec tivity mea sure ments) and ap ply it for
com par i son with sim u lated ones.

The ap prox i mate de fect den sity in these sam ples was
es ti mated by trans mis sion elec tron mi cros copy (TEM – see 
Fig. 1) and from the etch pit den sity (Fig. 2). Co in ci dence
be tween these den si ties and the den sity fol low ing from our
X-ray mea sure ments is a proof of our the o ret i cal ap proach
for the defect description.

Fig ure 3 (a) pres ents an ex am ple of a mea sured re cip ro -
cal-space dis tri bu tion of X-ray in ten sity dif fusely scat tered
in sym met ric dif frac tion 0004. Two max ima cor re spond to
the AlN nu cle ation layer (the up per weak max i mum) and to 

the GaN epitaxial layer (the strong max i mum at  qz  » 4.84
C-1).

Dif fuse X-ray scat ter ing from de fects can be de scribed
by con ven tional Krivoglaz the ory [2]. In our case this ap -
proach is not suit able be cause its nu mer i cal im ple men ta -
tion for thread ing dis lo ca tions con tains very com pli cated

integrals. There fore, we ap plied a Monte-Carlo sim u la tion
in stead. 

We gen er ated ran dom po si tions and types of thread ing
dis lo ca tions, in clud ing a cor re la tion in their po si tions, then
we cal cu lated the dis place ment field caused by the dis lo ca -
tions and the non-av er aged am pli tude of the scat tered wave 
[3]. Per form ing a sta tis ti cal av er age we ob tained the scat -
tered wave dis tri bu tion in re cip ro cal space, i.e., the re cip ro -
cal space maps for dif fer ent dis lo ca tion types (see
characteristic examples in Fig. 4). 

From the set of ex per i men tal RSMs in sym met ri cal
(0004) dif frac tion we could sep a rate the con tri bu tions from 
pure screw and edge dis lo ca tions. In con trast to the screw
thread ing dis lo ca tion, the edge ones ap pre cia bly con trib -
uted to in ten sity dis tri bu tion in the qx-qz plane. Our main
goal is to com pare sim u lated and mea sured RSMs and their
main cuts (Fig.3 (b)). Plot ting both ex per i men tal and sim u -
lated cuts through the re cip ro cal-space in ten sity dis tri bu -
tion along qx and qz axes in log-log rep re sen ta tions (Fig.5)
we are able to in ves ti gate the as ymp totic be hav ior of the
tails of the in ten sity pro files and to gain in for ma tion about
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a) b)

Fig ure 4. Sim u lated RSMs for screw (a) and edge (b) thread ing dis lo ca tions in (0004) dif frac tion for the sam ple with the low est dis lo ca -
tion den sity (S8134). The pro por tion be tween screw and edge dis lo ca tion den si ties is 1:10.

Fig ure 5. Cuts of RSMs for screw (a) and edge (b)-(c) dis lo ca tion types in log-log rep re sen ta tion, sym bols e and s de note ex per i men tal
and sim u lated curves, re spec tively.



the pre vail ing dis lo ca tion type [4]. The es ti mated dis lo ca -
tion den si ties from our sim u la tions are given in Ta ble 1.

A de tailed anal y sis dem on strates that the Monte-Carlo
method can be used for the cal cu la tion of dif fuse scat ter ing
from dis lo ca tions in epitaxial lay ers. For GaN lay ers in par -
tic u lar, this anal y sis makes it pos si ble to de ter mine the den -
si ties of in di vid ual types of dislocations.

1. Hertkorn J. et al., J. Crys tal Growth 308, 30-36 (2007).

2. M.A. Krivoglaz, X-Ray and Neu tron Dif frac tion in
Nonideal Crys tals, Ma ter. Sci. Eng., A 49 (2001);

3. S.J. Shaibani and P.M. Hazzledine, Phyl. Mag a zine A,
1981, Vol. 44, No.3, 657-665.

4. V.M. Kaganer, O. Brandt, A. Trampert and K.H. Ploog,
Phys. Rev. B 72, 045423 (2005).
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Name
of the
sam ple

SiNx 
de po si ti on
time, [s]

Dis lo cati on

densi ty (EPD), 

*108 [cm-2]

Screw dis lo cati on

densi ty from si mu -
lati ons,

*108 [cm-2]

Edge dis lo cati on

densi ty from 
si mu lati ons,

*108 [cm-2]

To tal dis lo cati on

densi ty from si mu lati ons,

*108 [cm-2]

180 2.6 0.3 ± 0.1 2.7 ± 1.1 3 ± 1.2

S8135 150 4.8 - - 5.0 ± 1.5

S8136 120 7.6 - - 7.5 ± 2.2

S8071 0 20 2 ± 0.6 21.5 ± 6 23.5 ± 6.5

Ta ble 1. The sam ple pa ram e ters


