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We develop the theory for grazing incidence small-angle x-ray scattei@IGAXS) from
nanometer-sized naked islands on a flat substrate in the framework of the distorted-wave Born
approximation(DWBA). The scattered wave amplitude is composed of four terms, including all
combinations of scattering from the islands and reflection from the substrate. We apply this theory
to x-ray measurements on Ge islands grown diX), and show that we can determine the full
triangular symmetry of these islands. The results also show that the DWBA must be used for smooth
substrates near the angle of total external reflection. We finally discuss the advantages of GISAXS
as compared to transmission small angle x-ray scattering for determining the symmetry of
nanostructures. €999 American Institute of Physids$S0021-897€9)02022-§

I. INTRODUCTION tering data is less direct than that of real space images and
needs an appropriate theory.
The self-assembled growth of nanometer-sized islands | the past, GISAXS data have been analyzed in the
has recently become a strong field of research, mostly due @5 mework of the Born approximatiofBA) in order to de-
the possibility of pbtaining _well-defiped nanostructures withyo-ina the structure of these small islafdse present here
new optoelectronic propertiésThese islands are usually ob- o scattering cross section calculated in the distorted-wave

tained by heteroepitaxial growth, with a small difference in Born approximation(DWBA). In the application of this

lattice parameter between the substrate and the material bﬁfeory to GISAXS of triangular Ge islands on ai1) sur-

ing deposited. The resulting strain at the substrate/film imerface we show that the DWBA has to be used in case one is

face eventually leads to the formation of self-assembled IS% orking near the anale of total external reflection on ve
lands, in the well-known Stranski-Krastanow mode of 9 9 ry

growth? smooth surfaces, i.e., when the substrate reflectivity is high.

Morphological characterization of these islands is usu- This article is organized as follows. In Sec. Il we discuss

ally done using scanning probe microscopy techniques oﬁhe theory of small angle x-ray S(?attgrln_g from nanq;truc_—
x-ray scattering. The latter has advantages, e.g., there are figes on a flat substrate under grazing incidence condltlons in
tip artifacts, it can be used even for buried islands, and th&e framework of the DWBA. We show that the scattering
whole sample surface is analyzed leading to much better st§/0SS section can be considerably different from the Born
tistics for averaged values. X-ray scattering has been used gPProximation, which is also retrieved in the limiting case of
determine both the size and shape of these islands usirgnishing substrate reflectivity. In Sec. Il we apply our
grazing incidence small angle x-ray scatteri@SAXS).>4  theory to Ge islands on boron-terminated13), previously

In addition, x-rays can reveal the inner crystalline structureanalyzed by atomic force microscofFM). Shape, sym-

of the islands, their orientation and strain state when used imetry and orientation are determined by fitting the DWBA
either grazing incidence diffractidmr crystal truncation rod  structure factor of pyramidal islands to the x-ray data. In Sec.
(CTR) x-ray scattering:” Amorphous oxide layers covering 1V we discuss the advantage of GISAXS as compared to
the island, for example, can also be separated from a crySSAXS for the analysis of symmetry properties. Finally in
talline core. Especially from analyzing CTRs, facet anglesSec. V we present our conclusions.

can be determined with much higher precision than in scan- The geometry of GISAXS is shown in Fig. 1. The
ning probe microscopy. However, the interpretation of scatsample is positioned in an angte with respect to the in-
coming x-ray beam. In our experiments, the scattering from
aElectronic mail: rauscher@stat.physik.uni-muenchen.de the islands near the forward direction is collected by a one-
YAlso with Universidade Federal de Minas Gerais. dimensional position sensitive detector parallel to the surface
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position-sensitive
detector

(c) term 3 (d) term 4

FIG. 1. Scattering geometry of grazing incidence small angle x-ray scatter-

ing used to study nanostructures deposited on a substrate. The incident be%. 2. The four terms of the scattered amplitude according td Ej. (a)
impinges on the surface at an angieand the scattered intensity is mea- The incoming beam is scattered in the island and goes directly to the detec-
sured as a function of the exit angig with respect to the substrate and 2 o This term is the scattered amplitude in the Born approximatirThe
with respect to the plane of incidence. The angles are mapped to the MQgattered beam is reflected by the surface and goes then to the de@ctor.
mentum transfeq= (g ,dy ,d,)- The incoming beam is reflected before it is scattetdThe incoming and
the scattered beam are reflected. Although the reflection of x-rays may occur
inside the islands, as ift), for example, in the DWBAR' andR' are the
vacuum/substrate reflectivities. The arrows inside the islands indicate the net
at an exit anglex; . In this way, we measure the small angle momentum transfer.

scattering in @ scans for different angles, «; and a; .

Il. THEORY OF GRAZING INCIDENCE SMALL ANGLE nent of the wave vector in the substrate is,
X-RAY SCATTERING =— \/nszkoz—|k”|2 and the Fresnel reflectivitiR: and trans-

) ) ) mittivity Ty are given by
In order to calculate the scattered intensity from islands

deposited on a substrate, either in the BA or the DWBA, we 2k, k,—k,
consider the sample substrate as a semi-infinite and homoge- Tr= and Rg=——. (4)
neous medium extending over the lower half spac®. We kz ke kztkz
describe the incident beam by the wave vector For interfaces with a finite widtlr>0, the reflectivity
=ko(Ccose;,0,—sing;) with modulusk,, corresponding to  and transmittivity are modified according’to
the vacuum wavelength=2=/k,, and the scattered wave . . )
by k'=ko(cos ¥ cosas,sin 20 cosa;,sinas) of equal R=Rpe 274 and T=Tpe V2 (ke k", 5)
modulus, see Fig. 1. The scattering vector is denoted by  These formulas hold for microscopically rough interfaces
COS 20 COSar; — COS; with rms roughness, too, as long as the correlation length
q=k'—ki=k, sin 26 cosa; _ (1) is much smaller than 2/|q)|, whereqgj=(qy,qy) is the
component of the momentum transfemparallel to the sur-

sinas+sing; ¢
ace.

For small scattering angles the atomistic structure of the me-  Now, we treat the islands as a perturbation and obtain in
dium can be ignored and since the index of refraction isirst ordef® the scattered amplitude

approximately one for hard x-rays, i.e;1=0(10"®), po-

ik

larization effects are negligible, too. WS(r)=—k2 (1—n?2) o

In this approximation, the amplitude of the electromag- 0 A 4y
netic fieldW (r), i.e., either the electric or magnetic compo-
nent, satisfies the stationary wave equation X f d3rwO(r, — kM xa(r"HWwO(r’ kh.

[VZ+n%(nkg]¥ (r)=0 @ ®)
with the index of refracti_onnz(r):n(z)(_z)+(1—n§)XA(r). Since the islands are located on top of the surfaieg(r,
The substrate is described Imy(z), i.e., ng(z) is one for —k) andWO(r k') are given by the expression for-0 in

z>0 and the index of refraction of the substraig for g4 (3) and thus both consist of two plane waves, an incom-

z<0, respectively. The term, is the index of refraction of jnq and a reflected part. The scattered amplitude is therefore
the islands and the characteristic step functiorfr) is 1 a sum of four Fourier integral transforis
inside and O outside the islands. For the bare substrate, i.e.,

for r)=0, the wave Eq.(2) is solved by the Fresnel ~ i —igrr—i(=K +kf
func)gi%(n) 2 d XA(qlbik'zikD:f dre~tarnTI ez (1) (7)
. " e*Z+Ree k2 if z>0 with each of the four combinations of signs corresponding to
Wo(r,k)=e"I"I Tk if 7<0 3 one of the four combinations of incoming and exiting beams,
F ’

as illustrated in Fig. 2. Written in terms of the Fourier trans-
with ry=(x,y), for an incoming plane wave with wave vec- form of the characteristic function of the islarigs(q) .9, ),
tor k= (k| ,k;) andk,= — \/k02—|kH|2. The vertical compo- i.e., the shape factor, the scattered amplitude is given by
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i kor 5 height [nm)]
veqr)=— ké(l— ni) 4—7ﬂ[7(A(QH,Qz) 25.00 - 30.00
. 4 20.00 -- 25.00
+RYa (0, = po) +R¥a(q),py) 15.00 - 20.00
) 10.00 -- 15.00
+R' R™Ya(q),—0y)] (8 _ - -3’0_(_)05;0(1)0'00
with pz=ki+ Kk}, whereq, corresponds to the net momen- g & I -5.000 - 0
tum transfer perpendicular to the substrate surface. The re->  *7 I -10.00 -- -5.000
flectivities for the incoming and outgoing waves are denoted - - =;(5)gg - :233
R' andR', respectively. Here we point out that the value of 1 <
p, can be considerably smaller thap, e.g., p,=0 for it <|<1TO>
a;= ay since therk,= —k{. 0 B i >
Each term is related to one of the scattering processes ¢ L % y 4 a
illustrated in Fig. 2. The first term consists of a single x-ray X [pm]

scatt.erllng event in .an island. _The second term reflects thlglG. 3. Two-dimensional plot of an atomic force microscopy measurement
possibility of scattering by an island and subsequent reflecos Ge islands on boron-terminated SL1). Most islands exhibit a triangular
tion from the substrate. In the third term the reflection by thepyramidal shape oriented in the 10) direction (see arrows This full
substrate occurs first, and then the x-rays are scattered by arentation of the islands allows us to determine their symmetry using
island. Finally the fourth term is related to a double reflection®/SAXS:

by the substrate, with the scattering at an island in between.

The three latter shape factor terms are accordingly multiplied

by different substrate reflectivity coefficients, since each time

the x-rays are reflected by the substrate they are attenuatgftrahigh vacuum(UHV) system'? The substratekept at

depending on the incident angle. The arguments in the shapgg - c) was a $111) wafer, on which a 1500 A Si buffer

factors of the four terms are the net momentum transferqayer was grown, followed by 1/3 monolayer of boron. Sub-

considering all scattering and reflection processes. sequently a 150-A-thick Ge layer was deposited at a rate of
We emphasize here that the scattered amplitiid&in 0.25 A/s yielding triangular pyramidal island.

E_q. (8). 's not only a fun_ction of the momentum transigr . The morphology of this sample was analyzed with an
§|ther |ni the vzficuu_m orin t_he substrate, but depends eXpIICzitomic: force microscope, as can be seen in Fig. 3. The sub-
itly on k; andk, . Since the islands are on top of the surface,

and b. are real and the substrate’s index of refractionstrate surface is filled with triangular pyramids with well-
9. Pz . L defined{113 facets'* with a base sidd.~2500A and a
enters in the formula only in the reflectivities, in contrast to

the theory of diffuse scattering of buried structut®3here, heightH=300-500A. Some of the islands exhibit a small

the amplitude is mediated by the transmission function rathe@lil)t_terra;:ethon _t(:p. (‘jl'here 'S’ ?)rll o_b\gousdurllldnt're]ctlonzgl f”;
than the reflectivity. entation of the islands, probably induced by the substrate

The diffuse differential cross section is then given by terraces. ThIS orlentatllon is esgentlal to determine the island
symmetry in a scattering experiment. In our sample the sub-

d—U:r2|\PS°(r)|2= oll—n} S(qr k! k) ©) strate miscut was approximately 0.14° off tl1) direc-

a0 (4)° A%z, K2), tion. The substrate terrace ledges cutttaxis in Fig. 3 at an

angle of 7°=5° with ledges running from the upper left to

with the structure factor the lower right and steps facing upwards.

S(qu,k;,kiz)z|’)“(A(q‘|,qz)+ Rf’)}A(q”,— p,) The GISAXS measurements were performed at the sur-
- e face x-ray beamline ID-3 at the European Synchrotron Ra-
i ipf _ 2
+RXa(0).p) + RR¥a(0), ~62) | diation Facility(ESRP in Grenoble, France. The sample sur-

(10)  face was illuminated at a grazing angle with a highly
The structure factor in the Born approximation is given collimated x-ray beam of wavelengit=1.22 A. The scat-
by the same equation only wiR"=0, i.e., by the absolute t€ring anglea; was set to a different value than to collect
square of the first term. This means that the BA is valid wherPnly diffuse intensity, as in Ref. 15. The diffuse x-ray scat-
the Fresnel reflectivities are small, either because the incf€ring from the islands was measured with a position-
dent and exit angles are much larger than the angle of tot&ensitive detector aligned parallel to the sample surface as a
external reflection or the substrate surface is very rough. Ifunction ofq, .

this case the three latter terms in Efj0), which are multi- In Fig. 4 we show the x-ray data taken for several azi-
plied by substrate reflectivity coefficients, are negligible andmuthal angles» but with constanty;=0.44° anda;=0.7°,
the first term becomes dominant. i.e., 0,=0.102A ! and p,=0.023 A 1. We show selected

scans in this geometry, where the symmetry properties of the
patterns change witk. The directionw=0° corresponds to
the (110) direction being parallel to the incident beam, see
We applied our theory to x-ray scattering from Ge is-Fig. 3. At o= —30° the scattering pattern is symmetrical.
lands on Si111) prepared by molecular beam epitaxy in an For «=0° the scattered intensity from the islands exhibits

Ill. GISAXS FROM NAKED TRIANGULAR Ge ISLANDS
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FIG. 4. GISAXS from our Ge triangular islands and severangles. Note
the outer and inner shoulders on the right of the central peak fowthe
=0° scan, corresponding to tH&13 CTR for g, and p,, respectively
(their positions are indicated by arrowd he triangles indicate the orienta-
tion of the islands with respect to the incoming be@mow).

FIG. 5. Scans in GISAXS geometry varying and a; with constantp, .
The peak moving to the left for increasing corresponds to the direft13
CTR, whereas the smaller shoulder, i.e., the reflected C3eR arrow,
tends to disappear due to the decreaséRiofor large incident and exit
angles.

\/gefi v3qyalé

~ q,.8)=
Xi(dx Ay ) qX(CIf—3CI§)

two shoulders on the right side of the central peak where the
strongest corresponds to tH&13 crystal truncation rod

(CTR, due to the faces of the pyramidor q, =q, x| g,e'3 %2 q, cos 9

=0.102 A1, whereq, is the momentum transfer perpen- 2

dicular to the surface. The smaller shoulder near the central g,

peak corresponds to the same CTR reflected once by the —iv3qysin N ) (13)

substrate surface, i.e., stemming from a smaller momentum
transferq, =p,=0.023 A1, These shoulders move to the Only the integration over triangular sections with linearly

left after the sample has been turnedste 60°, and returnto  deécreasing sidea(z) =(1— z/h)L in the z direction re-
their original position foro=120° (not shown here The  Mains for numerical integration

patterns are symmetrical when= —30°, 30°, 90°, 150°, ~ h(1-Liop/Lhod o
etc. The symmetry properties of these patterns indicate the Xa(qx’qy’qz):j dZxui(x, Ay a(2)) €97,
triangular symmetry of the islands and their unidirectional (12)
orientation.

For the fits of the scattering profiles we neglect possible\'\{herel‘bOI ar_'dLIOP Correspond to the bqttom and top triangle
correlations in the positions of the islands since these cannc?t'deS an_cH is the height of the pyramid. .
The importance of the use of the DWBA can be seen in

be resolved in our & scans. Thus, the scattered intensity is . .
Fig. 5 as we increase the values @&f and «; at the same

_essentially a function of t_he Fourier transform of a Singletime. These scans were performed with a constant offset be-
island. Because of the triangular symmetry and &3 eenq, anda; of 0.36° corresponding to a constant value
CTR, we .ass.ume a.trlangu!ar pyramidal shape for the isgq, p,=0.032 A1, As we variede; from 0.1° to 0.9°,q,
lands, which is consistent with the AFM measurements. A$anged from 0.047 A to 0.191A"%. We can clearly ob-
indicated by the AFM, we include a top terrace in our nu-serve the smaller second shoulder near the central peak van-
merical Fourier transformation of the pyramid’s characterisishing ase; is increased. This is a result of the decrease of
tic step function. The Fourier transform of an equal sidedthe substrate reflectivity. The small shoulder also does not
triangle with side lengtta is known analytically move since our scans were performed with fixgd At the
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FIG. 6. Comparison of the GISAXS pattern from our islands to the compo- 0.15—
nents of the DWBA. The circles represent & an from the triangular Ge : L T S N N B
islands with ¢;=0.385°, a;=0.74° andw=60°. The dashed line corre-
sponds to the first term of Eq(10) which is also the BA forq, 015 -01 -005 0 1 005 01 015
=0.101 A~%. The dotted line is the third term, with,=0.032 A%, The q, [A 1
solid line is the sum of all four terms. The curves are offset by one order of
magpnitude for clarity. FIG. 7. Theq,-q, mapping of the structure factor of our triangular islands

in BA for gq,=0 yielding a sixfold pattern.

same time theq,-{113 CTR moves outwards and is still
clearly visible at much higher values af and a; .

Least-square fits of three selected patterns of Fig. 5 were  Since the scattered amplitude is proportional to the Fou-
performed simultaneoushk,yielding H=(430+30) A, L,,,  rier transform of the islands’ shapsee Eq(8)], it represents
=(2800+200) A, L 1op= (530+ 100) A and a Gaussian size their symmetry perfectly. However, in x-ray scattering ex-
distribution with full width at half maximum (FWHM) periments, only the absolute square of the scattered ampli-
=10%. The fits also included a small diffuse scatteringtude is accessible, i.eS(q). The information about the
Lorentzian term (FWHM:0.015 A1) induced by the buffer ~phase of the scattered wave is lost. In particular, the structure
roughness and a number of structures that have coalé$cedfactor and thus the scattered intensity is the sameyfand

In Fig. 6 we show a comparison of the data fgy ~ —d, i..,5(q)=S(—q). In the case of a transmission geom-
=0.101A"! (a;=0.385°, a4=0.74°, andp,=0.032 A1) etry experiment the momentum transfer component parallel
to the separate contributions from the first and third terms ofo the incoming beam vanishes, i.g,=0. This means that
Eq. (10), together with the total calculated scattered inten-the scattered signal is the same, when the sample is turned by
sity. We used the fitted parameters for the islands obtained i480° around the direction of the incoming beam, even if the
Fig. 5, without the size distribution. The second and fourthislands do not have any even rotational symmetry. Thus,
terms are negligible becaus®'(0.74°)=—0.028+5.94  such an experiment cannot distinguish between threefold and
X 10" % is much smaller tharR'(0.385°)=—0.123+3.19  sixfold symmetries, for example. This corresponds to
% 1073i. It can be clearly observed that the dotted line, cor-Friedel’'s law in x-ray diffractior!, which says that the in-
responding to the third term, is similar to the dashed lineversion of a crystal through a center of symmetry does not
which represents the first term, i.e., the BA. However, sinc&hange the diffraction intensity in the kinematical approxi-
the value of the momentum transfer component perpendicunation. As an example we show in Fig. Mg q, mapping
lar to the substratg,=0.032A ! is considerably smaller of the structure factor of our triangular islands as expected
thang,=0.101 A~%, we obtain a pattern shrunk by a factor for a transmission geometry experiment with the incoming
of p,/q,=0.32. beam in thez axis. The sixfold symmetry is obvious.

The main reason for this phase problem is that the mo-
mentum transfer in the direction of the symmetry axis van-
ishes in transmission geometry. This is not the case in a

As can be seen above, we were able to determine thgrazing incidence experiment. There is a momentum transfer
symmetry and orientation of the triangular islands usingcomponent in the direction perpendicular to the surface, i.e.,
GISAXS. In a conventional small angle scattering setup, thig|,# 0, which at the same time is the threefold symmetry axis
could not be accomplished, since there is no momentunof our islands. A rotation of 180° around tlkeaxis does not
transfer component perpendicular to the surface,ggs0. correspond to a change fromto —q and thus can change
To understand this, we present here the discussion of thihe structure factor, i.e.S(dy,dy,q,) #S(—dx,—dy,d,)-
differential cross section in the BA, which is given by the Only the rotation in combination with a reflection at tkeey
first term of Eq.(10). This discussion can be extended to theplane gives us the same structure factog,Aq, mapping of
DWBA by including the three other terms in the structurethe pyramid structure factor fag,>0 is shown in Fig. 8.
factor. The threefold symmetry of the islands clearly appears.

IV. SYMMETRY IN SAXS AND GISAXS
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g
= (A1)
~ dx
S
-0.05 FIG. 9. Mapping of the small angle x-ray scattered intensity indpey,
| plane for constanty;= a.=0.177°. Fora;>«, the {113} CTR (for both
direct and reflected beams visible on the left, whereas fag;<a, we
0.1 observe a pattern symmetric with respect to ghexis.
-0.15
L L L L L L R . . . .
015 -01 -005 0 005 0.1 0.15 Born apprpxmann_. The §cattered am_plltl_Jde is compose_d of
A-l four contributions, including all combinations of scattering
9 [A ] from the islands and reflection from the substrate surface.

FIG. 8. Theq,-q, mapping of the structure factor of the triangular islands in We applied our theory to GISAXS at self-assembled Ge_ IS-
BA for q,=0.101 A~L. The edges of the central triangle correspond to thelands on a §iL11) surface and compared our results with
{113 CTRs of the side facets. AFM measurements. The scattered intensity of the islands
was fitted assuming a triangular pyramidal shape with a
small(111) top facet and113 side facets, in agreement with
However, it is not possible to determine the completethe AFM results. We showed, that the DWBA has to be used
symmetry ofany nanostructure. For example, a triangularwhen the surface reflectivity for the incoming or the outgo-
prism with the symmetry axis perpendicular to the surfaceing beam is high, i.e., near or below the angle of total exter-
would have a structure factor with a sixfold symmetry. It hasnal reflection. Thus shape, size and complete symmetry of
an additional up-down symmetry and its shape does nahe islands could be determined from the x-ray data. A dis-
change when mirrored with respect to tkey plane. All  cussion of the differences between the conventional SAXS
three CTRs of the side faces lie in they plane and form a geometry and GISAXS proves that the small angle analogy
sixfold star. The three CTRs of the pyramid's side facets dao the Friedel law can be circumvented for oriented struc-
not lie in thex-y plane and form a three-dimensional patterntures in grazing incidence geometry.
with threefold symmetry. Therefore the complete symmetry
of a structure cannot be determined if it has an up-down
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