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Abs tract

The in te gra tion of low-de fect Ge lay ers on Si sub strate is of 
in creas ing in ter est due to its pos si ble ap pli ca tions in
optoelectronics and CMOS tech nol o gies. To avoid nu cle -
ation of dis lo ca tions caused by rel a tively large lat tice mis -
match be tween Si and Ge, nanoheteroepitaxy strain- 
re liev ing mech a nism was sug gested. To prove the func -
tion al ity of this mech a nism, we in ves ti gate the strain field
in Si line nanostructures cov ered by SiO2 growth mask
with di men sions in or der of 100 nm. By com par i son of ex -
per i men tal XRD data with sim u la tions (X-ray kinematical
scat ter ing the ory), we re fined the shape co or di nates of the
nanostructures (i.e. co or di nates of se lected points from
Si-pil lar bor der line, be tween which the bor der line can be
in ter po lated by lin ear func tion with mi nor er ror) taken
from TEM im ages. We car ried out a strain field sim u la tion
based on the elas tic ity the ory and showed in suf fi ciency of
con ven tional model of the strain in Si af ter ther mal ox i da -
tion. There fore we im ple mented an it er a tive evo lu tion ary
al go rithm to de ter mine the strain field from the ex per i men -
tal XRD data. Pre lim i nary re sults, where we reached 1 or -
der better agree ment, are shown.

In tro ducti on

Grow ing low-de fect Ge lay ers on Si sub strate is of in creas -
ing in ter est now a days be cause of its pos si ble ap pli ca tion in
CMOS tech nol o gies and optoelectronics. Nanohetero -
epitaxy is a novel ap proach de signed to de crease the elas tic
lat tice mis fit en ergy in Ge layer be low the nu cle ation en -
ergy of de fects and con se quently to re duce the amount of
dis lo ca tions in Ge lay ers [1]. The elas tic en ergy re duc tion
can be reached by a de po si tion of Ge on lat er ally struc tured

Si sub strates con tain ing small zero- or one-di men sional
nanostructures (dots or stripes, re spec tively). Af ter wards
the ac com mo da tion of the lat eral Si lat tice pa ram e ter of the
nanostructures to that of the above-de pos ited Ge lat tice
pro vides the strain-re liev ing mech a nism. (See Fig. 1.)

The ef fi ciency of the nanoheteroepitaxy growth is sub -
stan tially af fected by a re sid ual de for ma tion in the Si
nanostructures caused by a li thog ra phy ox ide mask. We
have stud ied this de for ma tion by high-res o lu tion X-ray dif -
frac tion anal y sis. In the pre sented study we con cen trate on
one-di men sional line nanostructures along the [110] di rec -
tion.

Methods

The sam ples with nanostructured Si pil lars were pre pared
litho graph i cally on a Si(001) sub strate in fol low ing steps:

 1. pre par ing multilayer sys tem ac cord ing to Fig. 2,
 2. ex po sure of photoresist to UV-light through a mask,
 3. de vel op ment of the photoresist,
 4. wet etch ing of the hard mask through the re main ing 

          photoresist,
 5. wet etch ing of Si sub strate through the re main ing 

          hard mask.
Thus we ob tain a reg u lar grid of struc tures with lat eral

pe ri od ic ity 360 nm. The tar get height of the pil lars is about
150 nm. The growth mask for Ge se lec tive de po si tion was
made by wet ther mal ox i da tion of Si, so that the top-sur face 
of the pil lars is free-stand ing Si and the side walls and
trenches are cov ered by SiO2 and Ge could at tach only on
the top. (See Fig. 3a and Fig. 3b.) This prep a ra tion is based

on the gate ox ide spacer tech nique used in IHP 0.13 mm
BiCMOS tech nol ogy [2].

The XRD ex per i ments were car ried out with a lab o ra -
tory-based equip ment (Rigaku SmartLab) in high-res o lu -
tion setup with an a lyzer (Ge(400)×2 collimator,
Ge(220)×2 an a lyzer) and par al lel beam con di tion. We

con cen trated on sym met ric Si (004) dif frac tion, w/2q- and
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Fig ure 1.  (Based on a pic ture from the pro posal of [1].) Clas si cal pla nar heteroepitaxy (a) and in no va tive 3D nanoheteroepitaxy (b) ap -
proach of a lat tice mis matched epilayer (e.g. Ge) on pla nar (a) or nanostructured (b) Si(001) sub strate. 



w-scans, first (be fore in ves ti gat ing full re cip ro cal space
maps).

To an a lyze the mea sured data, we worked with two dis -
tinct ap proaches.The first one con sists of get ting the strain
field of the nanostructures by solv ing the elas tic ity equa -
tions for the par tic u lar case of Si pil lar and growth mask.
This can be achieved by fi nite-el e ment method. From the
strain field, we can di rectly de ter mine the o ret i cal dif frac -
tion curves us ing kinematical ap prox i ma tion for X-ray
scat ter ing from lat eral nanostructures [3] and then com pare 
them with ex per i men tal data.

The sec ond ap proach in volves an it er a tive evo lu tion al -
go rithm for de ter min ing strain depth-pro file from ex per i -
men tal data, while the un der ly ing X-ray scat ter ing the ory is 
the same as in for mer case.

Re sults and Dis cus si on

1. Va ri ati on of diffracti on cur ves with oxide-layer
thickness

Fig. 4 shows dif frac tion Qx- and Qz- scans for var i ous
values of thick ness of the ox ide layer: 30 nm SiO2, 10 nm
SiO2 and etched sam ple with out the ox ide. In Qx- scan (Fig. 
4 - left), one can ob serve the os cil la tions due to the lat eral
pe ri od ic ity of the sam ples, whereas in Qz- scan (Fig. 4 -
right), the os cil la tions due to the fi nite height of Si pil lars
are vis i ble. We can also de ter mine the ap prox i mate mean
value of the nanostructures di men sions ac cord ing to the
equa tions (1). 

D Qx= 2p / D             (1a)
c Qz= 2p / D             (1b)

The re sults are shown in Tab. 1.
The asym me try in Qz-scan is re lated to strain in the

nanostructures, driven by the ox ide growth mask. Shoul der 
of lower Qz val ues in di cates ten sile strain off-plane di rec -
tion, which re sults in com pres sive strain in in-plane (lat -
eral) di rec tion. In Qx-scan, the strain in flu ences only
in ten si ties of sat el lite max ima and re sults in no asym me try,
be cause lat eral strain has no im pact on dif frac tion 004.

More over, there is ev i dence that strain in Si nano -
structures in creases with in creas ing ox ide layer thick ness.

2. Zero-strain case: etched sam ple

To de ter mine the shape co or di nates of the nanostructures,
we can yield rough in for ma tion from TEM im ages (see for
ex am ple Fig. 3 and Tab. 1). How ever, these im ages give us
only lo cal in for ma tion. There fore we con sider vari a tion of
this shape within approx. 100 C for dif fer ent pil lars of the
sam ple. The com par i son of ex per i men tal data with sim u la -
tion of dif fracted in ten sity for un strained nanostructures
pro vides us de tailed geo met ri cal pa ram e ters of the pil lars,
be cause the dif frac tion curves are de ter mined only by the
shape of the Si pil lars.

As the zero strain in the crys tal lat tice could be sup -
posed, SiO2 was re moved from the sam ple by etch ing,
Start ing co or di nates of the shape of Si pil lars were taken
from TEM im ages and then re fined by fit ting the sim u lated
dif frac tion curve to the ex per i men tal one. (See Fig. 5a.)
(We sup pose, that the shape of Si pil lars was not mod i fied
by the etch ing pro cess.)  For XRD-based de ter mi na tion of
the shape co or di nates we es ti mated al most 2 or ders smaller
er ror than for TEM-based one. (See Tab. 1.) Re sult ing
shape co or di nates for both meth ods (in clud ing the lim its of
their er ror for TEM-based co or di nates) are shown in Fig.
5b. The co or di nates de ter mined these meth ods are in agree -
ment within the ranges of es ti mated er rors. Nev er the less,
XRD-based de ter mi na tion of the shape is more pre cise, i.e.
with smaller es ti mated er ror.
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Fig ure 2. A sketch of multilayer sys tem for lithographical prep a -
ra tion of Si nanopillars.

a)

Fig ure 3. a) A sketch of the sam ples for pre sented study. b)
Cross sec tion TEM im age of Si line nanostructures on Si(001),
cov ered by SiO2 growth mask.

Description
Va lues de ter mi ned from 
a sin g le TEM image

Va lues de ter mi ned from 
diffracti on scans

D la te ral pe ri od of the na nostructu res (3500 ± 100) C (3600 ± 5) C

c he ight of pil lar (1600 ± 100) C (1510 ± 5) C

Ta ble 1. Pa ram e ters of the nano-pil lars de ter mined from TEM vs. from XRD.



3. Di rect de ter mi nati on of the diffracti on 
cur ves from si mu la ted strain field

The strain field in nanostructured sam ple can be de ter -
mined by solv ing equi lib rium elas tic ity equa tions [4] for
par tic u lar case of the given struc ture. In this case, the struc -
ture is de scribed by the pre cise shape of Si pil lar and ox ide
layer and by elas tic ity pa ram e ters of both ma te ri als.

The nu mer i cal so lu tion was found by fi nite-el e ment
method [5], us ing the FlexPDE soft ware [6], for one lat eral
sec tion of the sam ple. Both right and left bound aries were
fixed in the in-plane x di rec tion (i.e. ux

(bound ary) = 0), so as
both pe ri od ic ity and mir ror sym me try were pro vided. A
rigid Si sub strate was achieved by the bot tom of the do main 
fixed in z-di rec tion. The sub strate thick ness was cho sen so
as its in flu ence on the stress in the nano-pat terned pil lar 
would be elim i nated. We as sumed ini tial stress con di tions
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Fig ure 4. Ex per i men tal data for var i ous thick nesses of the ox ide layer. Left: Qx - scan, right: Qz - scan.

Fig ure 5a.  Ex per i men tal curves mea sured on etched sam ple vs. sim u la tion with zero strain.

Fig ure 5b.  The shape co or di nates of the Si pil lar de ter mined from
TEM  (short-dashed line) vs. by fit ting XRD scans  (solid line).
Back ground TEM im age de picts Si nanopillar cov ered by SiO2.



with a free pa ram e ter f, which can be yielded by fit ting the
sim u lated dif frac tion scans to the ex per i men tal ones. Equa -

tions (2a,b) in ter con nect fit ted strain fields exx
(fit ted), ezz

(fit ted)

with the ones sim u lated for f = 1, i.e. exx, ezz.

e exx xxf( )fitted = ×           (2a)

e ezz xxf( )fitted = ×           (2b)

The re sult ing sim u lated strain fields exx, ezz are plot ted in
Fig. 6. (The scale cor re sponds to f = 1.) Con se quent com -
pu ta tion of dif frac tion curves was car ried out ac cord ing to
the kinematical the ory of dif fuse X-ray scat ter ing from lat -
er ally strained nanostructures [3]. Nu mer i cal im ple men ta -
tion of this the ory in cludes in te gra tion by FFT method with 
cor rec tions ac cord ing to [7].

The best fit of XRD Qz-scan, ob tained by this ap proach, 
in com par i son with the ex per i men tal one can be seen in
Fig. 7.  To quan tify the agree ment be tween the curves, we
in tro duced merit func tion MF by for mula (3).  

  

MF
N

I I calc
j

N

= -
=

å
1

10 10
1

(log ( ) log ( ))exp
* * ,                     (3) 

where N is sam pling fre quency for the curves com par i son,
I*exp is ex per i men tal in ten sity and I*comp is com puted in ten -
sity, both nor mal ized to the in ci dent beam.

As the agree ment is in suf fi cient, we had to sug gest an -
other strat egy, which would lead to better re sults and
would serve for anal y sis of the fail ure’s causes.

Ite ra ti ve evo lu ti o na ry al go ri thm: the sim plest
strain mo del

As we have seen, the dif frac tion curves based on FEM-
 sim u lated strain field can not fit the ex per i men tal data by
ad just ing only one free pa ram e ter i.e. scal ing fac tor f. 
There fore we sug gested a sim ple model with more free pa -
ram e ters to fit.

In the first step we started with the model sketched in
Fig. 8. Con stant-strain lamellae are sup posed to be in the
pil lar re gion and zero strain in the trench ar eas. In this ap -
proach, we sup posed 7 con stant-strain lamellae and fit ted
their width, while zero width is also pos si ble. For fit ting so
many pa ram e ters, the method ‘trial-er ror’ is not suf fi cient.
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Fig ure 6.  FEM-sim u lated strain field. Left: in-plane strain exx(x,z) , right: off-plane strain ezz(x,z). The scale cor re sponds to f = 1.

Fig ure 7. Com par i son of ex per i men tal Qz-scan with the
FEM-sim u la tion based one – the best fit with  f = 13, whereas
merit func tion MF = 0.5.

Fig ure 8. Sketch of the first-step sim ple strain model.



That’s why the it er a tions in this al go rithm are driven by an
evo lu tion ary method [8], while the path from strain field
to wards dif frac tion curve re mains the same as in the di rect
ap proach. We sup posed the same shape of the pil lars as we
got by fit ting dif frac tion curves for the un strained sam ple
(see Fig. 5b). Pre lim i nary re sult ing fit ted strain pro file as
well as cor re spond ing Qz-scan are shown in Fig. 9, while
fur ther im prove ment is re quired in the form of more com -
plex strain mod els. Nev er the less, even for this very sim ple
model, we ob tain 1 or der better agree ment with the ex per i -
ment by this method (see Tab. 2). 

Sum ma ry and conclu si on

From com par i son of ex per i men tal dif frac tion scans for var -
i ous thick nesses of growth mask (Fig. 4), we de duced, that
strain in Si nanostructures in creases with in creas ing ox ide
layer thick ness. By de ter min ing strain char ac ter, we found
that growth mask would sup press the strain re liev ing
mech a nism, when Ge epilayer would be de pos ited on top.

We also de duced precised ge om e try of nanostructures
by com par ing ex per i men tal data mea sured on etched sam -
ples with the sim u la tion for zero strain.

Fur ther more, we car ried out a sim u la tion of the strain
field in the nanostructures as a so lu tion of elas tic ity equa -

tions by FEM. Sub se quently, we com puted the dif fracted
in ten sity based on this strain field. Thus ob tained Qz-scan is 
not in agree ment with ex per i men tal data, which im plies,
that the elas tic ity model or its pa ram e ters are not pre cise
enough.

There fore we in tro duced an it er a tive evo lu tion ary al go -
rithm for de ter min ing strain field from X-ray dif frac tion
curve. Pre lim i nary re sults (the sim plest first-step model
from Fig. 8) are shown in Fig. 9, while fur ther im prove -
ment is re quired. It can be achieved by di vid ing the pil lar
into more con stant-strain ar eas also at in-plane di rec tion.
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Fig ure 9. Com par i son of ex per i men tal Qz-scan with the sim u -

lated one (best fit) for the sim ple model from Fig. 8. De tail: Cor -
re spond ing strain field. Er ror func tion MF = 0.04.

Di rect FEM-based si mu lati on MF(FEM)=0.5

Ite ra ti ve si mu lati on MF(ITER)=0.04

Ta ble 2. Com par i son of merit func tions of Qz-scans for di rect
sim u la tion vs. it er a tive sim u la tion.


