-

View metadata, citation and similar papers at core.ac.uk brought to you byﬁ CORE

provided by Online Research Database In Technology

Technical University of Denmark DTU
oo

Structural defects and epitaxial rotation of C-60 and C-70(111) films on GeS(001)

Bernaerts, D.; Van Tendeloo, G.; Amelinckx, S.; Hevesi, K.; Gensterblum, G.; Yu, L.M.; Pireaux, J.-J.;
Grey, Francois; Bohr, Jakob

Published in:
Journal of Applied Physics

Link to article, DOI:
10.1063/1.363241

Publication date:
1996

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):

Bernaerts, D., Van Tendeloo, G., Amelinckx, S., Hevesi, K., Gensterblum, G., Yu, L. M., ... Bohr, J. (1996).
Structural defects and epitaxial rotation of C-60 and C-70(111) films on GeS(001). Journal of Applied Physics,
80(6), 3310-3318. DOI: 10.1063/1.363241

DTU Library
Technical Information Center of Denmark

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

e Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
e You may not further distribute the material or use it for any profit-making activity or commercial gain
e You may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


https://core.ac.uk/display/13718337?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1063/1.363241
http://orbit.dtu.dk/en/publications/structural-defects-and-epitaxial-rotation-of-c60-and-c70111-films-on-ges001(4b5ad425-f34b-416d-ae7d-4d4574f617e3).html

Structural defects and epitaxial rotation of C 5, and C,4(111) films
on GeS(001)

D. Bernaerts,? G. Van Tendeloo, and S. Amelinckx
EMAT, University of Antwerp RUCA, Groenenborgerlaan 171, B 2020 Antwerp, Belgium

K. Hevesi, G. Gensterblum, L. M. Yu, and J.-J. Pireaux
Laboratoire Interdisciplinaire de Spectroscopie Electronique, Institute for Studies in Interface Sciences,
Facultes Universitaires Notre-Dame de la Paix, B-5000 Namur, Belgium

F. Grey and J. Bohr
Technical University of Denmark, DK 2800 Lyngby, Denmark

(Received 30 April 1996; accepted for publication 11 June 1996

A transmission electron microscopy study of epitaxigh @xd G, films grown on a Ge3001)

surface is presented. The relationship between the orientation of the substrate and the films and
structural defects in the films, such as grain boundaries, unknown in Qylan@d G, crystals, are
studied. Small misalignments of the overlayers with respect to the orientation of the substrate,
so-called epitaxial rotations, exist mainly in3ilms, but also sporadically in theggoverlayers. A

simple symmetry model, previously used to predict the rotation of hexagonal overlayers on
hexagonal substrates, is humerically tested and applied to the present situation. Some qualitative
conclusions concerning the substrate-film interaction are deduced.996 American Institute of
Physics[S0021-897696)04518-5

I. INTRODUCTION particularly adequate for 4 film growth with a lattice mis-
match of about 0.998 while C,, is at its best on Mog® or
Investigation of solid state properties of fullerehse-  mica®!
quires high quality crystalline materials which could not be  Structural studies have shown crystalline defects of
easily achieved. Therefore the heteroepitaxial growth ofullerenes films lited from the mi¢@02)3 3 or
fullerene films attracted much interest. Several substrate®lgO(001)** substrate surface. However, lifting the films
have been used: metallic single crystals, conventional, an@inders the investigation of the role of the substrate. Beyond
layered semiconducting materials. Metallic substratehe grain boundaries caused by substrate surface Stefps,
yielded single-domain epitaxyCu(111),>° Au(110,° and influence of the substrate is very important to explain stack-
Ni(1107] or multidomain epitaxy[Au(110),2-%° Ag(11D,2  Ing faults. The energy d|fference. betwge.n fcc and hcp pack-
Cu(100,° and Cu110°] of Cq,. Depending on the lattice ing is so_small that the Igast lattice misfit or deposit pertur-
mismatch and on the strength of the interface interaction, thBatIon .mlght cause stacklng faufts. . .
flms consist in strained or deformed hexagonal Th|§ work presents a high resolution transml'ssmn elec-
1 . . : tron microscopy (HREM) study of fullerene films on
monolayer$!! sometimes leading to changes in the substrat<=G ; : . )
210 . ) eS001) and investigates the relationship between the lat-
surface reconstructioh: Dye ,to the high step dens.lty.of-the tice mismatch and the observed epitaxial rotations. Although
metal surfaces, the domain size of the overlayers is limited t

28 o %pitaxial Go(111)/GeS001 have been reported to be single
a few tens of nanometers. Si and GaAs are the two CoN- .ystajline?! the present HREM experiments show the occa-

ventional semiconductors used for growing fullerene filmsgiona| presence of epitaxial rotations. Similar epitaxial rota-
and although the step density is much lower, onlytions are more frequently observed in,@pitaxial films due
multidomairt>~**or small-grain crystallin€~*®islands could  tg the larger lattice mismatctabout 6.4% The observed
be grown. Heating the substrate resulted in well-orderedotation angles can be explained by a simple symmetry
films with domain sizes exceeding 100 APt **The best model developed by Gregt al3®

crystalline quality was obtained for films grown on lamellar

substrates like Ge801),182t GaS€0001),%2% || EXPERIMENT

Mo0S,(0001),2224-26and mic#001).2’~31 The low surface en-
ergy of these materials and the absence of unsaturateﬁ/I
chemical bonds at their surface relax the lattice matchinggN
conditions required for epitaxial growth and favor surface
diffusion of the deposited molecules. The surfaces of thes
layered materials show up as large terraces with low ste
density allowing the growth of very large islands up tah

in diameter for G, on Mo0S,.?® The Ge$001) crystal seems

HPLC purified G¢(>99.9%9 and Gy(>98%) powders
ER Corp., Tucson, AZ were loaded in a Knudsen cell
hich had been outgassed at 450 °C for 12 h prior to depo-
sition. The basic pressure in the chamber wad.a ° Torr.

The fullerenes were then sublimated-420 °Q onto a
Preshlyin situ cleaved Ge®01) single crystalGeS tempera-
ture ~180 °Q. An outstanding crystallographic quality was
observed by LEED for the clean substrate and for the thin
and thick G films; the LEED patterns were diffuse for the
aElectronic mail: diber@ruca.ua.ac.be Cy, films 213" Preparation of the samples for TEM was done

3310 J. Appl. Phys. 80 (6), 15 September 1996 0021-8979/96/80(6)/3310/9/$10.00 © 1996 American Institute of Physics

Downloaded-05-Aug-2009-t0-192.38.67.112.-Redistribution-subject-to-AlP-license-or-copyright;-see-http://jap.aip.org/jap/copyright.jsp



FIG. 2. () Schematid001] diffraction pattern of GeSb) Schematid111]
pattern of G,. (c) Schematic pattern of aggoverlayer on Ge$001). On
every GeS spot thedg[111] pattern is superposed.

FG. 1. Selected | ifract 2 20 m thickion ing to its[111]* pattern[Fig. 2(b)]. The result is 4001]*
. 1. Selected area electron diffraction pattern of a 20 nm thigkfi ; *
on a GeS00)) surface, taken along tH@01]-zone of GeS. The black dots pattern of GeS, with thElll] pattern of Go superposed on

indicate the hexagonal structure of thg,{111] pattermn around the central €Very SpOl[Fig.-Z(C)]. All the observed spots can readily be
spot. explained in this way.

The relation(in reciprocal coordinatesetween the ori-

entation of the overlayer and the substrate found from Fig. 1
by polishing and ion milling the substrate side of the sampleI Y g

until a small hole was formed. The resulting Wedge-shapeds

crystal areas contain both the fullerene film and substrate. Cgd 111]*1Ge§001]*,
Only plan view samples were prepared. A Philips CM20 — — .

electron microscop&00 kV) was used for the observations. Ced 101]*11Geg010]*,

No special care was taken to protect the films from the in- C60[1_2T]*||Ge55100]*,

fluence of air, but the samples were stored as much as pos-

sible in the dark. Rusakowet al3® showed that only a com- confirming LEED experiment’?* All observed diffraction
bination of exposure to air and intense light has an influenc@atterns are consistent with the fcc-structure @f,Gwith
on the structural properties ofggand Gy films. Moreover,  lattice constanaic = 1.41+ 0.02 nm, corresponding to the
we did not observe the rapid amorphization of the films undattice constant of bulk g. It has been observed that the
der influence of the electron beam, indicating the high purityery first monolayer of the & overlayer adopts its bulklike
of the films and the absence of changes caused by air atructure'® which is confirmed by our results. The ED-

light. 38 pattern of Fig. 1 was observed in all parts of the film, except
in a few small, disordered, and rotated grains, indicating the
Ill. OBSERVATIONS good crystallinity of the film in regions with dimensions of

the order of a micron or larger. The reason why the G839
face is such a good template for gy@verlayer was dis-
1. Ceo(111) overiayer on GeS(001) cussed previousl$f?! The substrate lattice parameter in the
Selected area electron diffractid@AED) experiments a-direction (0.429 nm matches very well half the distance
make the determination of the orientation-relation betweerbetween thd101] Cg, rows (0.86 nn) of the close-packed
the adsorbate and the substrate possible for very small areasierlayer. The Ge®01) surface can be considered as an
A typical SAED-pattern for a g, overlayer on a Ge®01) arrangement of one-dimensional grooves, parallel tokthe
surface shown in Fig. 1, is observed with the electron beanaxis and with a periodicity of 0.429 nm. TH#&01] rows of
normal to the substrate surface. The incoming electron beafg, molecules can align with these one-dimensional
is diffracted by the substratérthorhombic structure with grooves® and by systematically skipping every second, it is
a=0,429 nm,b=0,364 nm, ancc=1,047 nm according to  possible to complete the monolay&ig. 2 and Fig. 5 of Ref.
the [001]* diffraction pattern of Ge§Fig. 2@] with the  18). The accurate alignment of the film with respect to the
extinction conditions for the space group PciiNo. 62 of  substrate is clear from the symmetrical appearance of the set
GeS (bright spots in Fig. 1 The diffracted beams act as of spots indicated in Fig. () (equal length ofg}, and
incoming beams for the g crystal and are diffracted accord- g},).

A. Diffraction experiments

J. Appl. Phys., Vol. 80, No. 6, 15 September 1996 Bernaerts et al. 3311
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FIG. 3. Selected area electron diffraction patterns of a 20 nm thigkfitn on GeS (001), along the[001] direction of GeS.(a) Orientation I,
(b) orientation II.

2. C,y(111) overlayer on GeS(001) first monolayer about the normal to the substrate surface.

: . . This results in the following relations
C,o molecules can align their long axis normal to the

(001) GeS surface upon deposition, resulting in intermolecu- ~ Czd 111]*1Geg001]*,
lar distances(in the first monolayer comparable to the S —
Ceo—Cyo distance and we expect the same alignment of the Crd 121]*1Ge$0107*,
overlayer with the substrate. Instead of fcc, the structure of C70[10T]*||Ge5’[100]*,
the overlayer would be rhombohedral or hexagonal with a _ _ ] ] ] )
c/a larger than the ideal valu8:4L Another possibility is that (orlentat|or_1 I). For this orle_ntatlon _the a_llgnment with the
the molecules rotate isotropically and form a hcp or fcc Crys_substrate is not perfect either. Diffraction patterns along
tal, with the Gy—C,, distance somewhat largét.05 nm). other zone axes _show that the structure of the overlayer is
The misfit between &s.sand the distance between 1] also fcc with a lattice parameteg, = (1.49+ 0.02) nm and
C,o rows (0.91 nm) becomes larger, influencing epitaxy. again no indication for the presence of orientationally
Typical ED patterns for a £ overlayer on a Ge®01)  aligned G, molecules was found.
surface are shown in Fig. 3, and are all consistent with a fcc  In some smaller parts of the film, other overlayer orien-
structure, possibly with some stacking disorder in th#l)  tations were found; the rotation anglé®bserved for differ-
planes parallel to the surface. No indication for crystal part€nt grains are listed in Table I. Angles in the complete 0°—
with orientationally aligned ¢ molecules was found, al- 30° range could be found from the ED patterns, although
though we cannot completely exclude the presence of soméalues foré around 1° and especially around 2° were most
monolayers with aligned molecules. The effect of the largefrequently observed. In the,goverlayer, large grain®f the
lattice [ac70 = (1.48 = 0.02) nnj parameter is clear in Fig. qrder of at least one square mi_c}cwith a uniform orienta- .
3(a). Furthermoreg®, and q*,, [indicated in Fig. 2c)] are tion on t.he su.bstrate are mterrmxed W|th smaller ones having
not equal in length, indicating that the overlayer is rotated@ther orientations, which explains the diffuse LEED patterns.

about the surface normal over a small angleHowever,
since 4 is small, the relation between the orientation of the
film and the substrate as observed foy, & still approxi-
mately valid. We will call this orientation I.

Patterns as in Fig.(B) were also observed for some{C
grains, consistent with a rotation of theverlayer over Figure 4a) shows a HREM image of a perfectly crystal-
6#=90° (or 30° which is an equivalent configuration for the line part of a Gy(111) film on GeS001), viewed along the

B. High resolution experiments

1. [111] zone of the overlayer

3312 J. Appl. Phys., Vol. 80, No. 6, 15 September 1996 Bernaerts et al.
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TABLE |. Observed rotation anglegfor different Gy and G grains with concluded from the mo'irpattern. The direction of the cor-

respect to the orientation of the substrate, as determined from ED patter : e * * e indi
and HREM images#=0 was chosen for the configuration with rows of the %Spondmg MOIrgectorsy,; andar, is indicated. From the

closed packed moleculéthe [101] rows) aligned with the grooves on the Orientation of these vectors, it is possible to determine the
GesS surface parallel to the axis. For G films, only rotation angles dif-  orientation of the substrate by comparing it with Figc)2

ferent from 0 are given. This confirms the relations between the orientations of the
Ceo Cro substrate and the film.
0.0:03 110429 104 Irr?ages.of the overlayer aIOﬁg tlﬁb.ll] dlrect.|on revgal
5.940.5 0.1-0.4 12604 12.8-0.4 the orientation differences of neighboring graifgy. 5). If it
14.7+0.5 0.2:0.4 1.8:0.42x)  13.1+05 is then possible to determine the orientation of the substrate
15605 0.3-0.4 2.0:0.4 14.7:0.5 by directly imaging the lattice or by using the mofringe
0.4=0.4(2X) 2.2+0.42X)  27.7+0.5 (by y ging ) g ges

we can measure the rotation anglefor the different do-
mains. For both g, and G, films, rotated domains have
been observed, although these grains were very small and
rather exceptional in the case of{CWhere it was possible
[111] zone of the overlayer. The bright spots clearly reflectyy getermine the orientation of the underlying substrate, the
the sixfold symmetry of the close-packetill) planes. In  yation angley was measured and included in Table 1. This
Ref. 42 it was mentioned that dark details in HREM IMageSyathod is most sensitive and accurate for relatively large
of fullerene crystals, taken at Scherzer defocus, correspond . .. o
to electron-rich regions of therojectedstructure of the crys- rp tatlon_ a_ngles, althoughi~2° was also observed_ forsg

tal. Bright image details can be identified as eIectron—pooJ'Ir_nS' similar to the ED results. All observed domam.bound-
regions, such as the centers of the spherical molecules. FGfi€S are “smeared out” over a several molecule diameters
the projection of a fcc crystdl..ABC... stacking along the ~ Wide region. In some casd#igs. Ja) and Sc)] a moire
[111]-axis, we thus expect bright spots at the positions of thdattern in this transition region is observable, indicating that
molecules of the first monolayéA-type layey, as well as at  the domain boundary is inclined with respect to the substrate
the positions of the molecules of tleand theC layers. The surface or is not planar. Furthermore, the boundaries are not
resulting pattern is a hexagonal array of bright spots with along well-defined crystallographic directions although it is
spacing of/6/6ac, = 0.58 nm. Although the structure of the impossible to determine the structure of the domain edges at

substrate is not resolved in Fig(a}, its presence can be the level of the first monolayer.

2.3x04 28.0-0.5

ﬂ."c"io"."lbﬁsowx¢ot 'TEET R B S RS B
o R Y R AR LA SRR R A i

PEEOERPPL gV F syt rpipnPan

FIG. 4. (a) [111] high resolution(HREM) image of a G, overlayer on Ge$001). By looking along the dark arrows, the moire fringes become visible. The
direction of the corresponding moikectors is also indicateperpendicular to the fringgsThese vectors are also indicated in Figc)2(b) Schematic
representation of the first monolayer of;@olecules on the Ge®01) surface. The centers of the molecules are indicated by black dots, while the projected
positions of the centers of the molecules of the second and the third layers are also indicated.
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FIG. 5. [111] HREM images of domain boundaries ingg(a), (b), and(c)] and G (d) films. In (d), one part is oriented on the substrate according to
orientation I, while the other part adopts orientation 1l. The scale bars indicate 4 nm.

Another type of domain boundary, unknown for bullpC towards the domain boundarjor which the minimal dis-
or G, crystals, observed in bothggand G, overlayers is  tance between the centers of the molecules in the first mono-
shown in Fig. 6. The orientation of the underlying substratdayer of the domains is 1 nm, the norma},€Cs, distance
was determined, using moiriginges. The grains on both for the bulk material. The resulting structure of the first
sides of the boundary have the same orientation, but ammonolayer is shown schematically in Fig. 7. Grain bound-
slightly translated with respect to each other. The grairaries, both in the plane normal to the substrate surface or
boundary is parallel to thgL10] direction of the G, layer.  inclined were observed. The possible existence of this kind
Occasionally the boundary was observed to make a kink obf defect was already proposed by Gensterbktral 8
60°, thus following another close-packgtl0] row of Cgq During the growth of the overlayer, several domains
molecules[Fig. 6b)]. In the previous paragraph we men- nucleate on the GeS surface and the first monolayer is pro-
tioned that the close packdd01] rows of G, molecules gressively completed. The nucleation sitesld or even
were perfectly aligned with the one-dimensional grooves ingrooves of the domains determine whether different do-
the substrate surface, hereby systematically skipping evemnains can join, or alternatively a domain boundary will be
second. By numbering the grooves, only the even numberefbrmed. The formation of a boundary will only occur if it is
grooves are occupied by some domains and the odd nunmather difficult for the molecules to move from one groove
bered grooves by others; domain walls will be formed wheranto another. However, the fact that the smallest distance
the domains join. The resulting translation vectoican be  between molecules of both domains is close to 1 nm, the
described in terms of the lattice vectors of the substratenormal distance for g, suggests that theggmolecules can
A=a+xb. A value forx consistent with the images is= move easily parallel to the axis of GeS, i.e., within one
—0.266(the minus sign indicates that the structure is shiftedgroove.

3314 J. Appl. Phys., Vol. 80, No. 6, 15 September 1996 Bernaerts et al.
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FIG. 6. [111] HREM image of translational domain boundaries ig,dn

(b), the domain boundary has a kink of 60° on K. FIG. 8. [011] image of G film. (a) A Frank partial(FP) and its associated
stacking fault(SP. In (b) a stepped stacking faularrow) is visible. Part | is
imaged along th¢011] direction; grain Il is shown along the 14] zone.

2.(011) zones of the substrate

HREM images taken along @11) zone-axis parallel to
the substrate surface would show the stacking of the closetots are continuous across the intermediate region. The pat-
packed layers on the substrate surface, but require crosgern of region Il does not correspond to any of the simulated
section samples. Images taken along inclifedil) zones images and thus cannot be attributed to a variation in thick-
show the stacking of close-packed layers which are inclinethess or defocus. However, the pattern is very similar to im-
with respect to the substrate surface. Most defects commonlyges obtained for crystals of cagelike silicon structures re-
observed in bulk g or Cy, crystals, i.e., cohereritnicro-)  cently observed by TEM® Part | corresponds to th@11]
twin boundaries and stacking faults, were found to exist inmage of the G, crystal, while part Il is an image of [d414]
the G and G, overlayers on GeS. Figure(@ shows a zone. These images occur when there is a coherent twin
Frank partial dislocation and its associated stacking fault an@resent in the stacking of thﬂlj} planes which are not
in Fig. 8(b) a stepped stacking fault is visiblarrow), which  parallel to the[011] direction?® The continuous transition
results in the formation of a dipole of stair-rod dislocatiéfhs. between the two types of patterns is caused by the overlap-
In Fig. 8b) we can observe regions with different image ping [011] and[114] patterns and by the inclination of the
detail. The pattern of bright dots in region | is very similar to twin interface with respect to the electron beam.
the simulated pattern shown in Fig. 3 of Ref. 42 for a crystal
thickness of~5 nm and a defocus value 660 nm. How-

ever, the dot pattern in part Il is much denser but the rows OIV DISCUSSION

Fullerene films grown on different substrates were fre-
quently observed to be rotated on the surface of the substrate.
The preference for specific rotation angles of fullerene films
grown on heated glass was attributed to the high symmetry
grain boundaries present for these orientatf§rishe rota-
tion angles were only determined by the symmetry of the
overlayer and not influenced by the substrate. For the much
larger grains in the epitaxially grown films this effect be-
comes less important and the orientation of the overlayer is
determined by the substrate. However, even for these large
grains, small misalignments with the substrate were ob-
served. This was attributed to the relatively large misfit be-
tween the lattice parameters of the overlayer and the
substraté?° but was never studied in detail.

The rotation angles) observed for g, and G, films
grown on GeS001) are summarized in Table I. Only spe-
cific rotation angles were observed, especigty2° in Cy.

For G, only in exceptional cases was a small rotated do-

FIG. 7. Schematic representation of the domain boundary shown in Fig. gmain observed; the majority of 4 domains was slightly
The dark dots indicate the positions of the spots visible in the HREM imagerotated.
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FIG. 9. (a) Rotation angle as a function of lattice misfiR,sfor ¥,=30°, 60°, and 90° solutions of the symmetry principle for epitaxial rotationPredicted

and observed rotation angles for a hexagonal overlayer on the (@¥$ surface as a function of the intermalecular distance in the overlayer. The
commensurate structures used are numbered. Full lines are the solutions for graid€jfitlcets(facets parallel to 4110) direction), while the dashed lines
correspond to grains witfl1l} facets(parallel to a112) directior). The small rectangles indicate the observed rotation anglesgfaréins, while the circles
correspond to observations or @ilms (Table |).

The existence of epitaxial rotation is known in a numbercommensurate structure occurs whenever the distance be-
of different system&® A very simple model was proposed by tween the molecules of the overlayer fitgsimes(n intege)
Grey et al,® predicting rotation angles for a specific film a lattice parameter of the surface while a second type occurs
and substrate, by starting only from simple symmetry conwhen the distance between rows of molecules fits a lattice
siderations. This symmetry principle states that the energy gbarameter of the substrate. Only some of the commensurate
a finite overlayer on an infinite substrate(iscally) minimal  structures are fundamentally commensur@ach atom of
if the moirevectorsq,, (difference between a reciprocal vec- the unrelaxed adsorbate layer can be placed in a minimum of
tor g, of the adsorbate and; of the substrate surfagare the substrate potentjdl® In this way we arrive at Fig. ®)
perpendicular to the facets or defects in the overlgjley  where the expected low energy configurations for a hexago-
solutiong or perpendicular to for example surface steps innal overlayer on a rectangular Gé¥1) surface are plotted
the substrat¢¥ solutions.*® as a function of the lattice parameter and the rotation angle
We definer ,.=0¢/q, andrg,= 1/ ., depending on the of the overlayer and for overlayers with facets parallel to a
lattice mismatch between substrate and film. The argle (110) direction ({01} facets for the first monolaygr(full
betweengg and g, as a function ofr;, and¥,, the angle lines), and facets parallel to 6112 direction ({11} facets

between the moireectorq,, andq,, is given by?° (dashed lines Only W, solutions are plotted. Commensurate
. —————— structureg1), (4), (5), and(7) correspond to structures of the
COS =T g4 S WatCOSWoy1—r, Sif W, @) second tipe){d(isiaﬁlc)e bet\Evéen rowg ara22b, a and 5/,
or as a function of ., and W, (angle betweem,, andqg,) by  respectively, numbers(2), (3), and(6) are of the first type
) —— (distance between molecules i9,22a, and 3, respec-
COS 6=T o5 SIF W+ cosWy1-r7 sint Vs, (2 tively). Structures1)—(5) are fundamentally commensurate.
According to the symmetry principle, the moivector will Numerical simulation were carried out for the rectan-

be preferentially perpendicular to the overlayer facets or t@ular GeS001) substrate. The interface energyof an over-
defects on the substrate surface which are mostly fountfyer with N molecules on positionsx(,y;) was calculated
along high-symmetry directions of the film and substrate;as @ function of the lattice parameter of the overlayer and of
therefore high symmetry angles fdt, and ¥, are of interest  the adsorbate rotation by the equation

(for the hexagonal g and G films, ¥, is 0°, 30°, 60°, or

90°; for the rectangular Ge®01) surfaceVy is 0°, 40° (if _% 27
gs=b*), 50° (if gs=a*) or 909. Values ford as a function of E(N'¢)_i:1 cos o (Xi+ ¢x)
r,s for the high symmetry angles are shown in Figa)9
Different g, vectors can be compared with differemt 2_77
vectors, and iy, matches withgg (both in length and direc- +co b (it dy) ). ®)

tion), a commensurate structure is formed. For all such cases,
one can define,s and the pattern of solutions shown in Fig. Only the first Fourier components of the substrate potential
9(a) starts at every commensurate structure. The first type dodre used. The energy was minimized with respect to the reg-
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(a) _ | (b)

Rotation angle (%)

FIG. 10. Interface energy simulatidon GeS(001)] for hexagonal overlayers witfl0} (a) and {11} (b) facets as a function of rotation angle and
intermolecular distance in the overlayer. The dark regions are low energy configurations. Elastic effects were incorporated in the model and yielded extra
commensurate structures and the appearance of the smaller low energy lines.

istry ¢= (¢, by) 35 Some elastic relaxation of the overlayer initial nuclei of the film. Compared to the widely studied
molecules on the GeS surface was incorporated in the calcease of epitaxial rotation in monolayer films, there is the
lations using the same simple approximation as in Ref. 36further complication of the multilayer nature of the present
The results for overlayers witfL0} and{11} facets are plot- adsorbate. Experiments carried out in the early stages of
ted in Figs. 108) and 1@b), respectively. Comparison of growth, when the grains of the first monolayer are still sepa-
Figs. 1@a) and 1@b) with Fig. 9b) shows that the symmetry rated, are necessary to determine whether the epitaxial rota-
principle can be perfectly applied for hexagonal films on ation is caused by the facets of the grains, the presence of
rectangular surface. Each line in Figb® originates from defects in the film, or by elastic effects. The observations of
one or more commensurate structures. As not all commenstire higher fullerenes filmé&.g., G, fcc with lattice param-
rate structures have been considered, some of the low energyer 1.53 nmon the GeS surface could be an extra test for
solutions in Figs. 1@) and 1@b) do not appear in Fig.(®). the symmetry model. An expected rotation angle for this film
Observed rotation angles foggand G are indicated in -~ would be 2.7° which corresponds to the 2.06° solution for
Fig. Ab). Most of the points lie within experimental error Cy,,.
(indicated in Table )l on a low energy line. The observed
p.reft_a.rence of & grains tq be rotated over 2° is pa_rtlcularly V. CONCLUSION
significant because this is the expected solution if we con-
sider the substrate surface as a collection of parallel one- HREM images and ED patterns were used to study the
dimensional grooveq2.06° for ¥,=30°. Solutions are structural characteristics of epitaxiajdand G, films grown
found for grains with{10} and{11} facets; for some observed on a GeS(001) surface. The observations confirm the very
angles it is necessary to incorporate elastic effettsictures  good quality of the &, films. The quality of the &, films is,
(6) and(7)]. Although most observed angles can be found byalthough still remarkably high, much lower. Stacking faults
comparing the lattice parameter of the film with gaparam-  and microtwins, commonly observed in bulk fullerene crys-
eter of GeS, some angles can only be reproduced by contals, are present in the overlayers. The presence of grain
parison with theb parameter; the model of the parallel one- boundaries between domains occupying odd and even num-
dimensional grooves for the substrate surface is thubered grooves on the substrate surface implies that the
oversimplified. fullerene molecules align easily along these one-dimensional
There are several conceivable physical mechanismgrooves, but cannot move from one groove into another. Fur-
which can cause epitaxial rotation, all of which would lead tothermore, the rotation of the overlayer domains, mostly ob-
the high symmetry solutions of Fig(l9). The rotation angle served in G, films, but sporadically also in &, was attrib-
alone is not enough to elucidate the physical origin of theuted to the difference in lattice parameter between substrate
rotation. Examples of possible causes of epitaxial rotatiorand overlayer. A simple symmetry model was numerically
are energy minimization due to elastic effects, due to defecttested for the present configuration and used for explaining
within the adsorbate layer or due to the facet structure of théhe observed rotation angles. It was found that the approxi-
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mation of the substrate surface by one-dimensional groove®G. Gensterblum, K. Hevesi, B.-Y. Han, L. -M. Yu, J. -J. Pireaux, P. A.

in which the molecules can move freely, is oversimplified

and that the periodicity along these grooves, as well as elas-
tic effects in the overlayer play a role in the determination ofz:

the arrangement of the molecules on the surface.
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