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X -ray scatt er ing met hods suita ble for the in vestigation of the mor phol-
ogy and chemical comp ositio n of self-organi zed quantum dots and quantum

w ires are review ed. T heir appli catio n is demonstrated in exp erimental ex-
amples show ing that a combination of small angle X -ray scattering w ith
high- resolu tio n X -ray di ˜ractio n can reveal both the shape and the chemical
comp ositio n of the self-organized obj ects.
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1. I n t rod uct io n

The sponta neous form ati on of self-organized islands and ri ppl es at inter-
faces of latti ce m ismatched semiconducto r superlatti ces has been recentl y devel -
oped as a pro mising approach for the fabri cati on of quantum dots and wi res [1].
Qua si-zero-dim ensional self-organi zed quantum dots (SQD ) are grown usual ly in
the Stra nski { Kra stanow epi ta xi al growth mode. The dri vi ng force for thi s pro cess
is the elastic relaxa ti on of interna l stresses accom pani ed by a latera l com pression
or expansion of the dots. Unf ortuna tel y, these self-organized dots are usual ly not
very uni form in size and spaci ng, whi ch l im i ts seriously thei r appl icabi l i t y. The
growth of superlatti ces is a possible way for im provi ng the uni form it y of the dots
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[2, 3 ]. Verti cal orderi ng of the dots caused by inho mogeneous elasti c stra in Ùelds
gives ri se also to a latera l orderi ng and a size hom ogenizati on.

In di ˜erent m ateri als, di ˜erent typ es of orderi ng occurs, for instance verti cal
dot colum ns occur in InAs / GaAs [4] and SiGe/ Si system s [5], in the superlatti ces
of typ eIV{ VI a tri gonal dot arra ngement has been observed [6, 7]. The di ˜erent ar-
rangements can be expl ained quanti ta ti vely usi ng the idea of the island nucl eati on
in the mini ma of the local elastic energy density [2, 7]. In sampl esof PbSe/ PbEuT e
we have observed previ ously a tra nsiti on from a verti cal dot stacki ng (f or smal lest
superla tti ce periods) vi a tri gonal -typ e stacki ng (m oderate periods) to com pletel y
unco rrel ated dot positi ons (f or larger superlatti ce periods) [7, 8]. A tetra gonal dot
stacki ng was observed in Cd ZnSe/ ZnSe superlatti ces [9].

Much less work has been devoted to the investigati on of one-di mensional
self-organized quantum wi res (SQW ) [10{ 12]. It wa s shown tha t the growth of such
wi res requi res a sui ta ble templ ate, whi ch can be pro vi ded, e.g., by regular arra ys of
terra ces form ed duri ng a step-bunchi ng growth pro cess[13{ 15]. Such step-bunchi ng
instabi l i ti es were observed to occur in several system s, incl udi ng Si / SiGe m ulti -
layers grown on m iscut Si substra tes. Brunner et al . [16] have shown tha t for
m olecular beam epi taxy (MBE) growth of SiGe nanostructures , certa in ranges of
growth parameters exist, where either latera l ly ordered SiGe island growth ta kes
pl ace, or wi res are form ed on nearl y equal ly spaced terra ces, whi ch were studi ed
by tra nsmission electron m icroscopy (TEM) and ato m ic force micro scopy (A FM).

The shape and the arra ngement of the self-assembled quantum dots and
wi res can be studi ed di rectl y by AFM and by TEM. Both m etho ds have serious
l im ita ti ons; the form er m etho d is l im ited only to the to pm ost free-standi ng dot
layer, the latter one requi res an elaborate sam ple prepa rati on. An indi rect way
for studyi ng the m orpho logy of the SQD and SQW consists in smal l angle X- ray
scatteri ng. Thi s non-destructi ve metho d can inv estigate both the free-standi ng and
buri ed objects, and in contra st to TEM and X- ray di ˜ra cti on, i t is not sensiti ve
to elastic deform ati on.

A small -angle X- ray scatteri ng experim ent yi elds a di stri buti on of the scat-
tered intensi ty in recipro cal space. In the usual coplanar arra ngement, the wa ve
vecto rs K i ; f of the pri m ary and scattered beam , as wel l as the surface norm al
of the sam ple l ie in the sam e pl ane (scatteri ng pl ane). In thi s arra ngement, the
accessible part of recipro cal space is l imi ted by the condi ti on ˜ i ; f > 0, where ˜ i ; f

are the angles of inci dence and exi t of the radi ati on wi th respect to the sampl e
surf ace. Thus, for a given scatteri ng angle2È = ˜ i + ˜ f , one can detect the objects
of a m inimum characteri stic size and/ or distance

L mi n >
Ñ

2 È 2
: (1)

Since the m axi mum value of È i s l imi ted by the intensi ty of scatteri ng to few
degrees, thi s condi ti on represents a substanti al l im ita ti on of the appl icati on of the
coplanar arra ngement.
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In grazi ng- inci dence smal l-angle X- ray scatteri ng (GISAXS) geom etry , the
pl ane of the vectors K i ; f i s nearl y para l lel to the sam ple surface and no l imi ta tio n of
the dot size exists [17]. In addi ti on, changing the incidence and/ or exit angles ˜ i ; f

we can tune the depth, where the scattered radiati on comes f rom (the inf orm ati on
depth).

Hi gh-resoluti on X- ray scatteri ng is sensiti ve mainly to the stra in Ùelds in the
obj ects and around them . In m ost cases, the volum e of the obj ects under inv estiga-
ti on is very smal l and theref ore a conven ti onal coplanar X-ray di ˜ra cti on (XR D ) is
not suita ble. Instea d, grazing-inci dence di ˜ra cti on (G ID ) m ust be appl ied. In thi s
geometry , the di ˜ra cti ng net pl ane is nearly perpendicul ar to the sampl e surface
and the wa ve vecto rs K i ; f > 0 are almost paral lel to i t. Sim i larly to GISAXS, the
inf orm ati on depth can be tuned in the GID metho d.

In the Ùrst part of thi s paper we describe bri eÛy the mechanism of X- ray
scatteri ng f rom self-organi zed obj ects, in the second part we show two exp erimenta l
exam ples of the appl icati on of the scatteri ng metho ds.

2. T heo ret i cal descr ip t io n

The theo reti cal descripti on of both small-angle scatteri ng (G ISAXS) and
hi gh-angle di ˜ra cti on (G ID ) can be form ulated in the uni form way using the
di storted- wa ve Born appro xi mati on (D W BA) [18, 19]. In thi s metho d, the scat-
teri ng potenti al V ( r ) occurri ng in the wa ve equati on

( Â + K 2 ) E ( r ) = V ( r ) E ( r ) (2)

is divi ded into two parts

V ( r ) = V A (r ) + VB ( r ) ; (3)

where the Ùrst part describes the scatteri ng from a non-disturb ed system (an
am orpho us semi-inÙnite substra te in our case) and the second part accounts for
the scatteri ng from the obj ects. In the Ùrst step of the calculati on pro cedure, we
Ùnd two exact independent soluti ons of the wa ve equati on of the undi sturb ed
system

( Â + K 2 ) E A ( r ) = V A ( r ) E A ( r ) (4)

denoted E
( 1 ;2 )

A
(see Fi g. 1). The incident wa ve of the soluti on E

(1 )

A
; K ( 1 )

i ² K i ,

corresponds to the actual incoming beam, the soluti on E
(2 )

A
i s ti me-inverted and

Fig. 1. Sketch of the solutio ns of the undisturb ed wave equation (4).
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i ts wa ve K ( 2 )

i ² K f i s the true scattered wa ve. The scattered intensi ty is usual ly
expressed in recipro cal space as a functi on of the scatteri ng vector Q = K f À K i .
For the chosen undi sturb ed system , the soluti on of Eq. (4) is tri vi al and i t can be
represented by the Fresnel tra nsmission and reÛection coe£ cients.

In the second step, we use these soluti ons for the calculati on of the di ˜erenti al
cro ss-secti on of X- ray scatteri ng due to the disturba nce V B ( r ) . In m ost cases, thi s
scatteri ng potenti al is random and we ha ve to average the di ˜erenti al cro ss-section
over al l m acroscopical ly non-resolvabl econÙgurati ons of the obj ects. The avera ged
cro ss-secti on consists in two contri buti ons. The coherent contri buti on represents
the scatteri ng due to V A ( r ) + h V B ( r ) i , the intensi ty I coh ( Q ) of thi s contri buti on is
concentra ted in recipro cal space along the norm al to the surf ace (crysta l trunca ti on
rod) crossing the latti ce point of the crysta l recipro cal latti ce. In the fol lowi ng, we
wi l l not deal wi th the coherent com ponent and we wi l l restri ct oursel vesonly to the
incoherent (di ˜use) com ponent, who se intensi ty I ( Q ) i s distri buted in a vi cini ty
of the trunca ti on rod. The di ˜erenti al cross-section of the di ˜use scatteri ng is

˚
d¥

d!

Ç

di ˜

=
1

1 6 ¤ 2

À
h j W j

2
i À j h W ij

2
Â

; (5)

where

W =

D
E

(2 )

A
j VB j E

(1 )

A

E

is the scatteri ng m atri x element. Inserti ng the correspondi ng expressions for the
undi sturb ed wa ve Ùelds E

(1 ; 2 )

A
we express thi s matri x element as a sum over several

scatteri ng pro cesses.If , for instance, the objects are located at the sampl e surface,
the matri x element consists in 4 scatteri ng pro cesses, sketched schemati cal ly in
Fi g. 2.

In the smal l -angle scatteri ng m etho d, the di sturba nce V B ( r ) com pri sesonl y
the contra st Â â ( r ) in the crysta l polari zabi l it y of the obj ect and i ts neighb orhood,
i .e. i t is sensiti ve m ainly to the shape of the obj ects

V B ( r ) = K 2 Â â ¨ ( r ) ; (6)

where ¨ ( r ) i s the shape functi on of the objects (uni ty in the obj ects and zero
outsi de). In GID however, the disturba nce VB ( r ) includes also the elasti c stra ins
in the obj ect and around i t
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V B ( r ) = K 2

h
Â â¨ ( r )eÀ ihh Âuu ( rr )

À â m at ri x

i
: (7)

Here we have denoted as â ma trix the crysta l polarizabi l i ty of the host latti ce, u ( r )

i s the di splacement Ùeld due to the obj ects and h is the recipro cal latti ce vecto r
(di ˜ra cti on vecto r).

The resulti ng form ula for the scattered intensi ty can be simpl iÙed substa n-
ti al ly i f we assume tha t al l the obj ects are identi cal . Then

d¥

d! di˜

= const
p

A p f ( Q
p

)
2

G ( Q
p

) ; (8)

where the sum runs over al l acti ve scatteri ng processes,

G ( Q ) =

n ;m

e i ( ) (9)

is the correlati on functi on of the positi ons of the obj ects, A p i s the am pl i tude of
the p -th pro cess and F ( Q ) is the structure facto r of a sing le obj ect. In GISAXS,
thi s structure factor is pro porti onal to the Fouri er tra nsform ati on of the shape
functi on of a single object

F ( Q ) = FT [Â â¨ obj ( r ) ] : (10)

In XR D and GID however, the expression of the structure factor is m ore com pl i -
cated

F ( Q ) = FT â ma trix (e i ( )
À 1) + Â â¨ d (r ) e i ( ) (11)

conta ini ng also the di splacement Ùeld u obj ( r ) of a sing le obj ect.
D ue to the correl ati ons of the obj ect positi ons expressed in the correla ti on

functi on (9), the scattered intensi ty is concentra ted to a sequence of maxi ma in
reci procal space (intensi ty satel l i tes). The positi ons of these m axim a correspond
to the points of the latti ce reci procal to the \ object latti ce" and thei r wi dth is de-
term ined by the degree of orderi ng of the obj ect positi ons. For a perfectly periodic
obj ect arra ngement the intensi ty satel l i tes are inÙnitel y narrow. The heights of the
satel l i tes are given by j F ( Q ) j

2 .

In thi s section we present results of X-ray scatteri ng inv estigati on of self-
-assembl ed PbSe quantum dots in PbSe/ PbEuT e superlatti ces and self-assembled
SiGe quantum wi res in SiGe/ Si superlatti ces.

3.1. PbSe quant um dots in PbSe/Pb EuT e super latti ces

The sam ples were grown by m olecular beam epi ta xy on PbT e bu˜er layers
deposited on (111) BaF 2 cleaved substra tes. Al l sampl es consisted of 5 m onolayers
PbSe and spacer layers Pb 1 x Eu x T e wi th the superlatti ce periods D ranging f rom
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350 to 650 ¡A. Because of the 5.4% latti ce m ismatch of PbSe wi th respect to PbT e,
island growth in the Stra nski À Kra stanow growth mode occurs once the cri ti cal
thi ckness of 1.5 monolayers is exceeded. D uri ng the overgrowth of the islands, a
rapi d replanari zati on occurs and a compl etely Ûat surf ace is regained after the
growth of 200 ¡A PbEuT e. The concentra ti on x of Eu was adj usted in order to
achi eve a com plete stra in sym metri zati on of the superlatti ce period wi th respect
to the PbT ebu˜er. The stra in sym m etri zati on prevents plasti c relaxa ti on vi a m isÙt
di slocati ons. For thi s study , we have used three sup erlatti ce sam pleswi th di ˜erent
typ es of the dot stacki ng, the param eters of the sam ples are summ ari zed in Tabl eI,
other deta i ls of the growth pro cedure can be found elsewhere [20].

TABLE I
Basic structural parameters of the PbSe =Pb EuT e
superlattices .

Sample no. D [ ¡A ] N umb er of perio ds Stacking typ e

N

966 350 30 vertical

925 470 60 trigonal

906 660 60 random

From TEM and AFM studi es i t fol lows tha t the free-standi ng quantum dots
have the shape of threef old pyra m id wi th well developed side f 001g facets. The
shape of the buri ed dots could not be rel iably resolved from TEM pi ctures, since
the contra st in TEM is m ainly a˜ected by the stra in Ùelds around the dots and
not by the dot shapes.

The GISAXS m easurements have been perform ed at the TR OIKA I I beam -
l ine at ESR F, Grenobl e usi ng the wa velength 1.5545 ¡A. W e have measured the
di stri buti on of the scattered intensi ty in several (Q x Q y ) planes para l lel wi th the
sam ple surface, the exam ples of the resul ts are shown in Fi g. 3. It can be seen in
thi s Ùgure tha t the dots are latera l ly not ordered in sam ples 966 and 906, whi le a
tri gonal orderi ng is vi sibl e in sam ple 925. The verti cal orderi ng of the dots (i .e. in
di recti on perpendicul ar to the sam ple surface) canno t be establ ished from these
m aps, other measurements not shown here revealed a perfect verti cal orderi ng in
sam ple 966 and no orderi ng of the dot positi ons in 906.

From these intensi ty distri buti ons we have extra cted l ine scans along the
arro ws in Fi g. 3 and we have compared these scans wi th num erical sim ulatio ns
usi ng Eqs. (8){ (10). The resulti ng scans are plotted in Fi g. 4. In the sim ulatio ns
we have assumed tha t the buri ed dots have the shape of a trunca ted threef old
pyra m id wi th rounded edges. The f orm of the pyra m id base wa s expressed using
the form ula
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Fig. 3. Distributi on of the scattered intensity in a (Q x Q y ) plane parallel w ith the

sample surf ace, GI SA X S geometry . T he arrow s denote the direction s of the extracted

line scans corresp onding to the azimuthal angles ¢ = 0
£ and 30

£ .

Fig. 4. T he linear scans extracted from the GI SA X S intensity maps show n in Fig. 3

(p oints) and their theoretical simulations (lines). T he shap es of the dot base follow ing

from the Ùts are show n in the insets.



14 V . H olÇy et al .

R ( ¢ ) =

1X

m = 0

R m cos( 3 m¢ )

in polar coordi nates, f rom the Ùt we have determ ined the coe£ cients R 0 ; 1 ;2 . The
resul ti ng shapes of the dot base are shown in the insets in Fi g. 4. From the Ùt
we have also determ ined the relati ve height h r el of the pyra mid wi th respect to a
non- trunca ted sharp pyra m id and the m ean di stance h L i of the neighboring dots,
the deta ils have been publ ished elsewhere [21]. The results are summari zed in
T able I I.

T ABLE I I

Parameters of the PbSe dots in the PbSe/PbEuT e superlattices determined from the
GI SA X S data.

Sample D [ ¡A ] h L i [¡A ] h [ ¡A ]

no.

966 350

925 470

960 660

From the data i t fol lows tha t the shape of the buri ed dots di ˜ers substa n-
ti al ly from tha t of the free-standi ng ones, m ost l ikel y due to interdi ˜usi on. X- ray
scatteri ng is the onl y m etho d tha t can reveal the shape of these buri ed quantum
dots. In order to study the chemical com positi on of the dots, we have used copla-
nar XR D . Fi gure 5 shows the di stri buti on of the di ˜ra cted intensi ty in reci procal
(Q x Q z ) pl ane perpendicul ar to the sam ple surf ace cl ose to the reci procal latti ce
point 111. The intensi ty m aps have been measured usi ng the wa velength 1.54 ¡A
at the beaml ines TR OIKA I I and ROBL at ESR F, Grenoble. The maps have been
pl otted in the coordi nates of the reduced scatteri ng vecto r

= À :

The typ e of the stacking of the dots clearly fol lows from the intensi ty m aps.
The dots in sampl e 966 are correl ated only verti cal ly and no hori zonta l orderi ng is
present. Theref ore, the scattered intensi ty is concentra ted in hori zonta l sheets and
the verti cal wi dth of the sheets is inversely proporti onal to the verti cal correla ti on
length of the dot positi ons. In sam ple 925 a ful l three- dim ensional tri gonal dot
arra ngement is present. Theref ore, the intensi ty distri buti on in recipro cal space
has maxim a in latti ce points in the recipro cal \ dot la tti ce" and the m axi ma in the
intensi ty m ap corresp ond to the cro ss-section of the (01{ 1) scatteri ng pl ane wi th
thi s dot latti ce. No correlati on of the dot positi ons is present in sampl e 906. The
correl ati on functi on G ( ) i s constant in thi s case and the intensi ty distri buti on is
pro porti onal to tha t of a single dot given by j F p ( ) j

2 .



Invest igation of Mor phology and Chemi cal Composit ion . . . 15

Fig. 5. X RD intensity maps of PbSe/PbEuT e superlattices, symmetrical di˜rac-

tion 111.

From the m ap of sam ple 925 we have extra cted two l inear scans para l lel to
the Q z axi s crossing the Ùrst and the second latera l intensi ty satel l i tes and we
have com pared them wi th the simulati ons usi ng Eqs. (8), (9), (11) (Fi g. 6).

Fig. 6. T he linear scans extracted from the intensity map of sample 925 (Fig. 5, points)

and their theoretical simulations (lines). The experimental curves are shif ted upw ards

for clarity .

In the simula ti ons we used the dot shape fol lowing from the GISAXS data ,
the only free param eter was the chemical com positi on of the dots. The best cor-
respondence of the m easured data wi th theo ry could be achi eved assuming the
compositi on of the dot latti ce PbSe0 : 5 T e0 : 5 . Theref ore, interdi ˜usi on a˜ects not
onl y the shape but also the chemical com positi on of the buri ed quantum dots.
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3.2. SiGe self-assembled quant um wires in a SiGe/Si super latt ice

W e have studi ed a 20 period SiGe/ Si m ul ti layer, grown by sol id source MBE
at the Techni cal Uni versi ty Muni ch (Pro f. G. Abstrei ter) on a [001]-oriented Si
substra te wi th a m iscut of 3 : 5 £ towards the [100] di recti on. W i th the chosen growth
condi ti ons, a smooth Si bu˜er was grown. The thi ckness of the Si0 : 5 5 Ge0 :4 5 and
Si layers was nominal ly 2.5 nm and 10 nm , respecti vely. The whole m ulti layer
stack was covered by a 12 nm thi ck Si cappi ng layer. The substra te tem perature
duri ng multi layer growth was 5 5 0 £ C, for growth detai ls see [16]. In AFM pi ctures
of the surface we can resolve a one-dim ensional ri ppl e pattern, the ri ppl es are
perpendicul ar to the miscut di recti on [100]. The surface rippl es corresp ond to
one-dim ensional quantum SiGe wi res buri ed at the SiGe/ Si interf aces below the
surf ace.

The GISAXS and GID exp eriments were perform ed at the TR OIKA I I beam -
l ine at ESRF using the wa vel ength 1.55 ¡A. Fi gure 7 shows the m easured inten-
sity distri buti on in reci procal space along the l ine perpendicul ar to the wi res for
vari ous Q z .

Fig. 7. GI SA X S scans measured across the SiGe w ires in a SiGe/Si superlattice (p oints)

and their Ùts (lines).

The latera l orderi ng of the wi re positi ons givesri se to intensi ty m axi ma. From
thei r distances and wi dths we determ ined the m ean wi re distance (9 0 0 Ï 5 0 ) ¡A
and the root m ean square devi ati on of wi re positi ons (1 5 0 Ï 5 0 ) ¡A, theref ore, the
wi re positi ons are correl ated up to the 6th neighbor. The heights of the satel l i tes
depend on the shape of the wi re cross-secti on. From the num erical analysis i t
fol lows tha t the wi res have a tri angular shape, the slope of thei r side wal ls is
about 6 £ (Fi g. 8) [22].
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Fig. 8. The shape of the cross-section of the SiGe wire.

Thi s Ùndi ng indi cates tha t the wi res could not be created onl y by a bunchi ng
of the monolay er steps at a vi cina l growi ng surface, since the bunchi ng pro cess
could pro duce the wi res wi th the slope of the side wal ls smal ler tha n or equal to
the miscut (3 : 5 £ in our case).

The chemical com positi on of the wi res has been studi ed by m eans of the GID
m etho d. W e ha ve chosen 400 di ˜ra cti on, the di ˜ra cti on vecto r was perpendi cular
to the wi res. In thi s di ˜ra cti on we have recorded a distri buti on of the scattered
intensi ty in (Q x Q z ) pl ane perpendicul ar to the sam ple surface, the Q x axi s is
para l lel to the di ˜ra cti on vecto r h = [4 0 0 ]. The intensi ty map is shown in Fi g. 9.
The periodici ty of the latera l wi re positi ons gave ri se to latera l satel l i tes and the
verti cal superlatti ce periodicity caused a verti cal modulatio n of these satel l i tes.
Since the repl icati on of the positi ons of the wi res at di ˜erent interf aces occurred
in a di recti on inclined by the angle of about 5 £ f rom the growth di recti on, the

Fig. 9. T he recipro cal space map of a SiGe/Si multilayer taken in the GI D geometry ,

400 di˜raction (lef t) and the linear scans extracted from the map along the lines 1

and 2 (right, p oints). T he full lines in the right panel denote the simulations .
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m axi m a at di ˜erent latera l satel l i tes are arra nged in intensi ty \ sheets" m aki ng
the angle 5 £ wi th the horizonta l di recti on. These sheets are denoted by 1 and 2 in
Fi g. 9. From the m aps we have extra cted l inear intensi ty scans along the sheets
(Fi g. 9, ri ght panel ) and we have simulated them using Eqs. (8), (9), (11). In
the simulati ons, we to ok the shape of the wi res from the GISAXS m easurem ents
and we have adjusted only the Ge concentra ti on x in the wi res as a sing le free
parameter. From the Ùt x = (2 0 Ï 1 0 )% fol lows, so tha t the Ge content in the
buri ed wi res is much smal ler tha n the nom inal v alue 45%.

4. Su m m ar y

W e have demonstra ted tha t the shape, positi on and chemical compositi on
of self-assembled quantum dots and wi res in semiconducto r superlatti ces can be
studi ed by surface-sensiti ve GISAXS and GID . The GISAXS m etho d is sensiti ve
m ainly to the shape and positi on of the self-assembled objects, whi le GID is af-
fected by the stra in Ùeld in these obj ects and around them caused by the mutua l
latti ce mismatch. Since the self -assembled obj ects are extrem ely smal l , the scat-
tered intensi ti es are usual ly very weak. Theref ore, the X- ray experim ents can be
perform ed onl y using a synchro tro n radiati on.
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