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Ceo Single domain growth on indium phosphide and its reaction with atomic hydrogen
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The growth of G fullerene films on InP001)-(2 X 4) was studied under ultrahigh vacuum conditions. The
spectral signature of theggfilms was measured using high resolution electron energy-loss spectroscopy. Our
data show that the molecules are bonded weakly to the substrate, leading to three-dimé8Bipohister
formation of G at the initial stages of deposition. This is indicated by spectroscopic and microscopic obser-
vations. Surprisingly, low-energy electron diffraction and scanning tunneling microscopy measurements reveal
that further molecule deposition forms a well ordered single domain film. From the analysis of our microscopic
data, we have determined that thgy@lm has an fcc(111) orientation. The influence of structural inhomo-
geneities and indium clusters, which are the most prevalent defects of tf@0IHP2 X 4) surface, on the
molecular film properties was studied. A shift of the substrate carrier plasmon under annealing was detected.
The stability of the G film under exposure to atomic hydrogen was investigated. High reactivity of the
molecules was detected. Further exposure does not change the surface, which indicates the formation of a
stable coverage by the chemical modification.
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[. INTRODUCTION sponds to a 0.87 nm intermolecular distance in a close
packed latticé'® with the unit cell dimensions of thé2
Since their discovery, caged carbon structtifésave at- X 4) reconstructed In@01) surface(0.83x 1.66 nn?),17-1°
tracted much scientific interest. Strong research activities ifakes this substrate very promising for the growth of com-
the field are stimulated by the promising properties ofmensurate close packed fullerene overlayers. Remarkably,
fullerenes. Ther-type conductivity of the g, fullerene$ ex-  the single domain molecular film formation we registered by
cites an interest in its incorporation into electronic technol-both STM and LEED, which could be interesting for the
ogy. The design of electronic devices is one possible applielevelopment of a technique for fullerene crystal growth. The
cation of these materiafs® For most technological molecular layers formation is strongly dependent on inter-
applications based on thin molecular films the key problem igace interactions. Strongly interacting substrates usually limit
the formation of homogeneously ordered structures, becauske molecular mobility along the substrate during film forma-
the defect density is crucial for the performance of devices. tion, thus leading to the appearance of grains; whereas
From this point of view, the search for complementary ma-weakly interacting interfaces in many cases lead to island
terials and growth parameters, which allow the manufacturformation on the substrate. Therefore, the molecule-substrate
ing of well ordered molecular structures, is a very relevantinteraction plays an important role in the film growth process
topic. This problem has stimulated a great number of invesand was studied in this work by spectroscopic techniques.
tigations related to fullerene structures on The data are important for the discussion of the mentioned
semiconductor&:®® Cq, growth on gallium arsenideor  remarkable @, structure formation.
cleart® and hydrogenatéd™® silicon was studied in great For technological applications the stability of the growth
detail. Indium phosphide as a substrate for the formation ofmode with respect to the density of common substrate de-
Cso films has not received large attention yet, in contrast tdects is an important question. Reproducibility of the struc-
some other semiconductor surfaces. Only two studies dfures at various conditions can restrict possible applications
Ceo/ INP have been reported, a spectroscopic study by Chaof these materials and therefore the influence of defects on
et al'* and the paper by Dmitrukt al!® the molecular film growth attracts much interest. The
Due to the investigations of the fullerene films grown onInP(001)-(2 X 4) surface reconstruction is obtained by phos-
indium phosphide substrates is at the very beginning, thehorus depletion during substrate heafifif? which may
technological applications of this structures have not beemlso lead to the formation of indium clusters on the surface.
developed yet. Here we only refer to the possible applicaThe metallic indium clusters are normally the most frequent
tions of G, for molecular field-effect transistors and solar defects of this reconstructed surface. We have studied the
cells, where thin InP films could serve as templates of thénfluence of these metal clusters on the growth gf @ul-
well ordered molecular films. A more detailed discussiontilayers.
about possible applications of the particulagonP struc- The last part of our contribution is related to the formation
tures for device production is beyond the scope of this papeof a stable passivating film of theggstructures. Manufac-
In this contribution we present spectroscopic and structuring of electronic devices is often related to various chemi-
tural investigations of g growth on InR001). The good cal treatments and influences of environmental factors which
correspondence of theggdiameter(0.71 nm, which corre- strongly decrease the performance of the devices. As re-
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ported in Ref. 5 and 6, the main problem of thin-film tran- probe. Micrographs of crystal substrafésP(001), Si(111),
sistors based onggstructures is their instability under atmo- Ag(111)] with atomic resolution were used for STM calibra-
spheric conditions. The penetration of contaminants can b&on. The long-range order was investigated by LEBLSI
related to the fullerene activity with respect to the attachmenErLEED 1000-D.

of radicals in solution or gas phase, as well as to a simple In this work, XPS was mainly used to determine the
embedding in the molecular structure. This problem stimuthickness of the adsorbed film. The spectrometer was ad-
lates interest into the chemical activity of fullerene structuredusted in these experiments such, that the full width at half
and the production of protective layers in order to avoid theMaximum of core level peaks was 1.5-2.0 eV. The attenua-
destruction of the films. For example, alumina coverage wa&o" of the substrate peak intensities with respect to the ad-

studied in Ref. 24. Protective films can also be produced b);orbate related features at different coverages allows us to

a surface reaction ofgwith atomic hydrogen. This reaction calculate the molecular film thickne¥sIn order to achieve
has been studied previougi2’Also, Cy, film annealing or better accuracy, the method was preliminary applied to cali-

. . . brate our Gy source. For this purpose an Ad1) substrate
e-beam bombardment result in reactions with hydrogen fromWas used, because the molecules form a film with homoge-

the residual gas. Corresponding products were studied 'Reous thickness on this substraté2 The evaluation of the
Refs. 11 and 13. However, attention was mainly attracted tg pg data(attenuation of the substrate core level Agieak
hydrogenated fullereneggH,, formation, while in our experi- intensity at a binding energiiz=368 eV with respect to the
ments the emphasis is in molecule cage cracking and thgglecule related Cdintensity atEg=284 e\) of consecu-
properties of the products, which could serve as a protectivgyely deposited portions of g was used for the calibration
layer for fullerene film against degradation in ambient con-of molecular source dosing. By using @d.1) as a substrate,
ditions. the calibration procedure can be verified by an alternative
technique. The vibrational signature of thgy@g(111) in-
terface differs from a multilayer spectrum. Thg Raman

The experiments were carried out in an ultrahigh vacuuninode of G reveals itself in dipole spectra at 1445 Crdue
(UHV) system equipped with an analytical chamiease to an interfacial dynamic charge transfer mechani&rep,
pressure of & 107 mbap and a preparation chambgrase ~ The mode is the most intensive for the coverage of 1 ML and
pressure X 10719 mbay. The system includes a number of this effect allows confirmation of the film thickness values
surface sensitive techniques: high resolution electron energy€asured by XPS by comparison with the corresponding
loss spectroscopyHREELS), scanning tunneling micros- HREEL spectra. In addition to the preliminary molecular
copy (STM), x-ray photoelectron spectroscopyP9), ultra- ~ Source calibration the film thicknesses of;@nP(002)
violet photoelectron spectroscopPS, and low-energy Structures were also evaluated from the XPS data. In this
electron diffraction(LEED). case the attenuation of the lthPeak (Eg=444.5 eV} with

Spectroscopic properties were measured by a HREEL®spect to the Cdpeak was determined. The obtained values
Delta 0.5(developed by Ibach’s grolipThe device allows correspond reasonably wel25%) to those expected from
measurement of vibrational spectra with a nominal resolutiorsource calibration.
up to 8 cmit in straight-through geometry. Unfortunately, in A hot capillary source of atomic hydrogen was employed
reality, the sample has low scattered signal. Therefore, thtor the surface treatment. The device provides much more
resolution needs to be decreased in order to offer a drastefficiency than the well known hot filament technigifahis
cally high signal. Also low-energy excitations such astechnique allows a decrease in the exposition time and there-
phonons and plasmons broaden all spectral feaffilesthe  fore a decrease in the surface contaminations by residuals
case of InP surface satisfactory statistics reaches at a fulind heating during the procedure. The outer part of our
width at half maximum(FWHM) of about 30 cri* of the  atomic hydrogen source is well shielded by a closed water
elastic peak. cycle, the outer window in the cooled shell has a diameter of

Both specular and off-specular regimes were exploited foebout 3 mm. The distance between sample and local source
registering dipole and impact active molecular vibrations,was about 8 cm. Nevertheless the temperature was not moni-
respectively?® For the precise analysis of peak positions thetored during the treatment, taking into account short exposi-
HREELS data were deconvoluted using Razor Library softtion time, cooled shield and small aperture of the atomic
ware with the implementation of the Richardson-Lucy maxi-hydrogen source we would not expect a significant increase
mum likelihood algorithn?? In the process of deconvolution of the sample temperature. For the quantitative estimation of
the reduction of the spectrometer broadening was done bihe atomic hydrogen dosing we take into account theyés
subtracting the instrument response function from the experipressure in the UHV chamber and the exposure time
mental data. The instrument response function was defindd Langmuir(L)=10" Torrx s] with respect to the hot fila-
from the elastic peak of the measured spectrum. Because tingent technique.
accuracy of this procedure is limited, we also present the raw Cgq was deposited from a Knudsen cell. The source was
spectra for some curves. These data are shown where tliegassed by heating at 600 K for about 20 h before deposi-
principal peaks are rather weak in order to allow the readetion of the molecular film. A deposition rate of 0.25 ML/min
to judge the applicability of the algorithm in these cagEe  at a source temperature of 670 K was used. During the
below). evaporation the sample was kept at room temperature with

For the characterization of the surface structure, STMhegligible increase due to a distance of about 25 cm between
(Omicron variable temperature STMvas used as a local sample and shielded local heater.

Il. EXPERIMENT
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INP(001) substrates were from MCP Wafer Technology, 0 I%)nergy:bc())ss (m:;vg 00
__8 50 20

X60 op X200

Ltd. and Crystec, GmbH. Undoped samples with an intrinsic
carrier concentration lower than *f@xm = and S doped with

a carrier concentration of 3cm™ and 2x 10'8 cm™3 were
used. The frequencies of the carrier plasmon for the doped
samples are 760 and 407 cinrespectively, due to the car-
rier plasmon energy depending on the dopant concentration.
The clean In001) surface was prepared similarly to earlier
studies?%-23At first, InP was etched in 40% HF for 30 s, then
rinsed in distilled water. The samples were preliminary
heated at about 370 K for 10 h in order to remove surface
contaminations. Gentle sputtering by Ar ions at an energy of
0.5 keV for 6 min with a sample current densityu®\/cm?

at an ion beam angle plus and minus 45° with respect to the
sample normal was used as the next cleaning step. Formation
of InP(001)-(2 X 4) was completed by substrate heating up to
670 K for 5 min.

Intensity (arb. units)

IIl. RESULTS AND DISCUSSION

A. Interface interactions

1 1 " 1 " 1
In this paper the discussion of the spectroscopic properties 0 S%avenu;?::r (cm.1;5°0
of Cgq films on InR00Y) precedes structural studies in order
to clarify the interaction picture at the molecule-substrate F|G. 1. HREEL spectra of §/InP(001)-(2x 4) (primary beam
interface. Data obtained at various coverages were compare@ergy 4.5 eV, incident angle 64° with respect to surface ngrmal
to study the interface spectral features. The response fromagnified parts of the spectra are deconvoluted, the raw spectrum
the interface can be registered at about 1 ML coverages depicted by open circlegsee text (a) Clean InR001), (b) 1 ML
whereas this signal is attenuated at higher film thicknesse§go, and(c) 10 ML, in the specular regiméd) 10 ML, off specular
and at about 10 ML only bulk properties of the film are (6.9°). The four molecular dipole activé;, modes, Fuchs-Kliewer
studied. phonon(FK, 2FK), carrier plasmoriCP), and its imaginary shift are
Initially, XPS peak positions and shapes were carefullymarked(see text Only one molecular vibrational ling529 cni*)
measured for various coverages in order to study the chemis shifted in the interface spectrum with respect & Bulk.
cal interaction of Gy with InP. Chemical bonding in most
cases causes energy shifts of the core levels of interacting The spectra of the & monolayer and multilayer mea-
species, then the lines of corresponding core levels should #ired in specular geometry are shown in Figb,b), respec-
shifted. In our experiments such shifts were not registered itively. Because only the dipole active modes are registered in
contrast to Ref. 14. Note, that due to inhomogeneities of thgpecular geometry, the response frorg, @ these curves
film structure at nominal coverages of about 1 Ndee be- consists of four peaksindicated by arrowswhich corre-
low), slightly shifted substrate components from areas covspond to the well knowrT,, vibrations of G2 These
ered by G, could be hidden by nonshifted components frommodes become stronger in the multilayer spectra. These di-
the clean substrate. Even regarding this effect, only wealole active modes at 529, 577, 1181, and 1428'are well
bonding could follow from our measurements. Moreover,resolved in spectrurtc) and their positions fit to previously
predominant @ bonding to indium or phosphorus was not reported experiment&t3841.42and calculate®*° data. The
detected in our experiments. measured HREELS peak positions coincide with accuracy
The interfacial interaction is also revealed in the vibronicless than 5 cit (see Table )l to the reported optical spec-
spectra. In case of specific bonding to the substrate the viroscopy data, which are the most accurate among the vibra-
brational frequencies of molecules at the first monolayer aré@onal spectroscopy techniques. In spectriibnthese modes
shifted with respect to the multilayer spectrum. A set of de-are also registeredthe peak at 1181 cmh is not strongly
convoluted vibronic HREEL spectra ofs@InP(001) is pre-  pronounced in this curve due to the weakness of the signal
sented in Fig. 1. The peaks related to (0@ are present in It is important that the firsT;, mode is shifted to 512 ch
all spectra, also the vibration signature of clean(0@®) is  in the monolayer spectrum, while all other peaks are at the
shown in(a) as a reference. The Fuchs-Kliew@&K) optical ~ same positions within experimental accurgaiout 5 cm?).
phonon at 339 ciit and its double loss dominate the Also the relative peak intensities changed due to the interface
spectrun?®??2 The broad peak related to the carrier plasmoninteraction. Note that g deposition leads to 3D cluster for-
(CP) is centered at 760 crh(the carrier concentration in this mation even at low coveragésee below and the spectral
case was 18§ cm3). The plasmon energy is sensitive to sur- features of the interface are slightly distorted already at sub-
face treatment and is discussed in detail belsee e.g., Ref. monolayer coverages. This effect decreases the accuracy and
20). makes the spectral analysis more complicated.
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TABLE I. Cg vibration frequenciescm ™) measured by HREEL, infrared and Raman spectroscopies in
comparison with calculated valuésee text Dipole active modes are marked by bold faced numbers.

HREELS HREELS IRS Raman Calcul. Calcul.

(this work) (Ref. 41 (Ref. 37 (Ref. 42 (Ref. 39 (Ref. 40
529 532 527 533 547 528
577 579 580 578 595
959 968 962 962 994 989
1085 1097 1100 1080 1153 1123
1181 1183 1187 1208 1222
1248 1258 1259 1251 1250 1288
1336 1330 1346 1396 1337
1428 1429 1445 1489
1506 1502 1502 1534 1538
1561 1565 1571 1577 1575 1609

The relations between the vibrational frequency shifts and It is important to note in this paper that the large ratio
the charge transfer were carefully studied for structures sucbetween infrared and Raman mode intensities in the dipole
as Gyo doped with alkali metals and adsorbed on metalspectra measured by HREELS points to the well ordered
substrate43-4° There is an almost linear dependence of thesurface. This is related to the effect reported by Lu€as.
peak shift due to a charge transfer, namely, —10.1'qoer  Increased surface disorder results in a broadening in angle of
electron for theT,(1) mode and -14.5 c per electron for  the dipole lobe, where electrons scattered by the dipole
the T,,(4) mode, while theT,,(2,3) are almost not sensitive mechanisminfrared active modgsare focused. At the same
to charge transfé At the same time, a distortion of mol- time, the angle distribution of the electrons scattered by the
ecules at the interface can modify this behavior. Thempact mechanisniRaman active modgss not sharp and
Ceo/ INP(100-(2x 4) interface shows a shift of about not strongly affected by the surface order. Therefore, the bet-
17 cni? only for the T,,(1) mode, this value is lower than ter the long-range order in the film, the higher the intensity
for the weakly interacting substrates such as metals, conff the infrared active modes relative to the Raman active
pare, e.g., a redshift of 24 cifor noble metal substrates modes. For the g films the intensity ratio betweei (1)
and 32 cm’ for Ni(110).43 This shift reveals the existence of and Raman losses at 529 and 760 tmespectively, serves
a distortion of the molecule at the interface, but this effect isto characterize the surface ordering. The highest reported
weak, which is expected because the In-rich substrate is eletatio was up to 23 for well ordered films deposited on GeS
tron deficient and therefore almost no large charge transfer igRef. 47 and between 11 and 15 for layers on hydrogen
possible. The weakness of thgg@listortion at the interface terminated silicor(see, for example, Ref. 11in the spectra
confirms that the bonding betweengCand InR001)-(2  presented in Fig. 1, the mode at 760¢ris obscured by the
X 4) is not strong if compared to metals, for example. Thissurface carrier plasmon loss. Thus it is more convenient to
conclusion is in general agreement with the Raman spectrognalyze this Raman peak in the spectra of Fig. 2, where the
copy data of G, deposited on the unreconstructed (01 plasmon is shifted due to higher carrier concentration of the
surfacet® substrate. Inspecting Fig(d, the estimated’;,(1)/Raman

A number of dipole nonactive modes excited by impactintensity ratio is about 20, which indicates the high molecu-
scattering are resolved additionally in the off-specular speclar order of Go/InP(002) films.
trum, as shown in Fig.(#@). The measured peak positions are
presented and compared with referred data in Table I. All
molecular vibration energies correspond to previously re-
ported peaks of HREEt! infrared®”3® Ramar? spectro- As was noted, the carrier plasmon position and intensity is
scopic, and calculaté¥*° data. A few molecular vibrations sensitive to the surface treatment. In our experimengs C
below 800 cm'® are hidden by the substrate peaks. For ex-adsorption on clean InP does not change the plasmon energy
ample, the peak at about 760 ¢thfits to the carrier plasmon (see Fig. 1, but the excitation is strongly damped in the case
position, and the resulting plasmon frequency seems to bef a thick adsorbate laydcurves(c) and(d)]. So, the mol-
slightly shifted in the off-specular spectf&ig. 1(d)]. The ecules do not change the charge distribution at the semicon-
spectral signature of the real molecular structure gfatthe  ductor interface, which corresponds to the weak interaction
interface is characterized by the appearance of mode combetween G, and InP concluded in the previous section.
nations and the same frequencies could be related to various On the other hand, the formation of indium clusters by
vibrations or their combinations. Detailed analysis of elec-annealing®-23 leads to a plasmon modification. In our ex-
tron energy loss peak intensities with respect to excitatiopperiments, the plasmon energy shifts from 815 to 925%m
mechanisms can shed light on this problem, but this is noand the intensity increases, as is shown in Fifspectra(a)
included in this contribution. and (b)]. These changes could be related to the dopant drift

B. Carrier transfer at the interface
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The plasmon behavior can also be related to a strong se-
lective interaction of the fullerene only with metal clusters
on the complex structure. It is well known that the interac-
tion of Cgo with metals leads to a charge transfer into the
adsorbed molecules. This was reported for a number of met-
als such as copper, silver, gold, and niéké?3443-4and the
same effect for indium is expected. Negatively charged mol-
ecules decrease the carrier concentration in areas around the
borders of the metallic clusters. If this boundary is relatively
spread(in other words, if the clusters are small, which cor-
responds to our STM data, see belpthe interface effect
can produce a significant influence on the average carrier

concentration near the surface and may lead to the registered
decrease of the carrier plasmon frequency. The influence of
Cgo to semiconductor properties is mediated by metal clus-
ters. A detailed understanding of the effect requires addi-
tional quantitative studying, for example, calculation of the
energy shift as a function of the amount of the transferred
charge by means of dielectric theory, which is beyond the
scope of this work.

Intensity (arb. units)
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C. Structural properties

One can expect 3D cluster growth ogg3on InR00D)-

FIG. 2. HREEL spectra of &/InP(00D)-(2x 4) after consecu- (2% 4) as a consequence of the weak interaction at the inter-
tive surface treatmerispecular regime, the same spectrometer setface. The Vollmer-Weber three-dimensional growth was re-
tings as in Fig. L Magnified parts of the spectra are deconvolutedported in Refs. 14 and 15. Our XPS data analysis also indi-
(see text (a) Clean InR001); (b) InP(001) annealed(5 min at  rectly points to this growth mode: Using a model of a
670 K) for In cluster formation;(c) 1 ML and (d) 10 ML of Cqy  homogeneous molecular layer at small coverages, the evalu-
deposited on the In-IN@01); (e) 10 ML Cgo annealed5 min at  ation of the XPS spectra provides smaller film thicknesses
650 K) for molecular layer removal. Carrier plasm@@P), Fuchs-  than expected from the molecular source calibration. On one
Kliewer phonon(FK, 2FK) and Ty, peak positions are markédee  hand this could be related to different sticking coefficients of
text. Cso to INP(001) and to our reference Ag11) substrate. On

the other hand, it could result from an island growth mode,
toward the surface during the heating procedure which apwhere discrepancies between the madek Sec. )land the
parently leads to an increase of the carrier concentration neagal structures lead to a decrease of the calculated thick-
the surface(detected by HREELS The plasmon behavior nesses. Also, no molecular structure was registered by LEED
could also be explained by a decrease of the depletion layext coverages of about 1 ML. Therefore, direct microscopic
thickness by small metal clusters on the substrate. In thistudy is required.
contribution we do not discuss this effect in detail. Note, that STM micrographs of In®01) after about 1 ML nominal
only on the modified surface, thegCdeposition leads to a dosing of G are shown in Fig. 3. The high mobility of
decrease of the carrier plasmon frequency fromfullerenes on the substrate allows them to form well ordered,
925 to 885 crmit [curves(c) and(d)] in contrast to the clean close packed molecular structures during the initial stages of
InP substratésee Fig. L The effect is reversible, removing deposition[see imagga)]. At the same time the growth of
the molecules from the surface by annealing restores the inBD clusters is registered. The edges of molecular terraces on
tial position of the carrier plasmdicurve (e), compare with  the flat substrate are marked by arrows in imége Distor-
(b)]. Some increase of the plasmon intensity aftgp @-  tions in the STM pictures appear due to a movement of mol-
moval is related with an increase of the indium cluster denecules by the probe at the cluster boundaries. The high mo-
sity, because the molecule desorption requires almost theility of Cg, corresponds to weak bonding to the substrate.
same temperature as phosphorus evaporaf@s0 and Further G, deposition leads to a growth of molecular
670 K, respectively clusters. Under these conditions the process could lead to a

The influence of G, on the carrier plasmon position only formation of multidomain mosaic structures resulting from
after substrate annealing could also be related to dopant drifandomly distributed clusters. This may take place on amor-
toward the surface, which in our case leads to the appearanpfious substrates or in the case of negligible molecule-
of sulfur atoms on the substrate surfacggy @dsorption on  substrate interaction. In contrast, our LEED and STM data
the defects can strongly modify the density of surface stateshow that G, forms a single domain multilayer on
even if the concentration of these defects is relatively lowInP(001)-(2 X 4) with orientational correspondence between
The resulting modification of the depletion layer thicknessthe substrate and the molecular structures. This remarkable
leads to the plasmon energy shift. well ordered layer in shown in Figs. 4 antbh where STM
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FIG. 3. STM micrographs of g clusters on InFO0Y) at 1 ML
coverage(a) 2D cluster(6 X 4 nn?,U+=-3.2 V,I1=0.1 nA), close
packed molecules are resolvathit mesh is marked by a hexagon,

an elongation in the horizontal direction is obviously related to th

device drif), (b) 3D cluster (11X 7 nn?,U;=3.1 V,I1=0.1 nA),
molecular terraces boundaries are marked by arrows.

and LEED images of a 10 ML £&/InP(001) film are pre-
sented, respectively. Relatively largm a range of a few
thousand nrf) flat terracegFig. 4(a)] are formed by well
ordered moleculeld=ig. 4(b)] with structures clearly resolved

PHYSICAL REVIEW B 71, 045410(2005
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FIG. 5. Images of LEED pattern&) InP(001)-(2 X 4) (primary
beam energy¥,=70 eV) shows thg?2 X 4) reconstruction, smooth-
ing of X2 reflexes corresponds to structural defects marked in the
drawing of this figure;(b) 10 ML of Cgy/InP(001) (Ep=12 eV)
shows single domain hexagonal molecular struct(zeschematic
drawing of Go/INP(001)-(2 X 4). Substrate reconstruction is shown
by small filled circles which correspond to P atoms, empty ones to
In (the unit cell structure is presented in accordance with Refs. 17
and 18. The widespread shift of row of2x 4) unit cells[corre-
sponding to the features of the LEED patteiay, see text is
marked by the arrow. Arrangement of4Js labeled by circles and

€the hexagon shows the molecular cell. Mutual disposition of the

molecular rows with respect to the substrate grooves does not fol-
low from our experimental data and is shown here only tentatively.

well known fcc structure with{111) orientation?8 Unfortu-
nately, black-and-white representation does not allow to
show with a good contrast the molecular lattices of a few
terraces in one image, due to a large difference between the

in high resolution images. Comparing the mutual displacejniermolecular corrugation deptabout 0.1 nmand terrace
ment of the molecules in the neighboring terraces we haV'%teps(about 1.0 nm

found anABC structure of the &, film. It corresponds to the

FIG. 4. STM micrographs of 10 ML £/InP(001). Terraces
formed by the molecules ata) moderate (75X 35 nn?, Ut
=3.1V, ;=96 pA) and (b) high (25x20 nn?,U;=3.1V,I¢
=96 pA) resolution images are clearly resolved.

The orientation of molecular rows is the same on all ter-
races, which indicates a correlation between molecular and
substrate ordering, but local probing by STM does not suffi-
ciently prove long range surface order. The existence of the
LEED pattern[see Fig. ®b)] reveals long-range single do-
main order, while the hexagonal symmetry of the reflexes
corresponds to our microscopic data. The comparison of sub-
strate and adsorbate LEED patterns indicates that the C

rows are parallel to thgl10] direction of the(2x 4) recon-
structed InFO0Y).

Nevertheless, intermolecular interaction dominates the
structure formation, a correspondence between the substrate
order and fullerene film growth is observed. The correlation
leads to the formation of the single domaigy@dlayer, and
the following growth model can be proposed. As was shown,
small ordered molecular clusters appear at the initial stages
of the deposition, and further growth forms 3D molecular
islands. They merge in a single domain structure as if the
initial small clusters were oriented and separated in a proper
way. The order may only follow the substrate structure if the
substrate parameters are appropriate and if the interaction
with the adsorbate is strong enough. At the same time, the
interface interaction should not restrict the adsorbate mobil-
ity. Due to a good correspondence of the parameters of the
Cgo fcc lattice (0.87 nm and the (2X4) reconstructed
INP(001) (0.83 nm), the molecules most likely fill the
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grooves of the substrate surfa®gsee Fig. 5a)], which play

the role of a template for the initial cluster formation. The
role of the substrate lattice period for the templating was
confirmed by the following experiment. TH& X 4) recon-
struction was destroyed by the surface etching by atomic
hydrogen, which leads to the formation of ax 1) surface.
The structure of the latter surface does not match thecc
lattice, and the &, deposition on this substrate under the
same conditions does not form any molecular structure with
long-range order. This observation is in accordance with Ref.
15, where the g clusters grow on the unreconstructed
InP(001) surface prepared by washing in ethanol, de-ionized
water and acetone. The correspondence of substrate and ad-
sorbate dimensions together with the appropriate interaction
strengths form the conditions for such an unusual growth
mode of a single domain molecular structure.

FIG. 6. STM micrograph of 10 ML g, on annealed5 min at
670 K) InP(001) (47X 47 nn?,U=3.1 V,I1=12 nA) shows drop-
D. Stability of the growth mode lets on the flat terraces, which are related to metallic indium clus-

. ... ters. The high resolution imagénsed (11X 8 nn?,Ur=4.5V |1
Substrate defects are one of the most important limitations 5 15 g of the terrace between the clusters indicates the exis-

for the growth of high-quality molecular films. The forma- tence of a well ordered molecular film.
tion of the (2x 4) reconstruction by heating leads to a sur-

face structure with two kinds of widespread defects: a break(-:60 on the annealed substrate covered by indium clusters

age Of. the(2>4) periodicity and a mgtallic indiurr_]_cluster leads to the formation of the same structure as on the clean
formation. The appearance of these lnhomogen_emes aIV\_’aXﬁP(OOD. The film still has a hexagonal LEED pattern, just
takes place and was registered by spectroscopic and miCrgse 1ackground becomes stronger. High resolution imaging

scopic techniques. shows a molecular structure between the defects, which like-
The first kind of substrate defects is related to the break- !

o e S ; wise was registered on clean I(g&e inset Fig. 6 Note, that
age of the periodicity in th¢110] direction[see Fig. &)], the vibration signatures of ggon INR001) with and without

while the order in th¢110] direction is much better. This is the clusters are identicétompare the corresponding curves
directly visible in the LEED images of the substrdféig.  in Figs. 1 and 2 with the exception of the carrier plasmon
5(@)], where the(1x4) pattern is well resolved and tH@  modification (see above The stability of the G, growth

X 4) order does not form clearly visible reflexes in reciprocalmode with respect to widespread defects makes indium
space(marked by the grey arrows in Fig).5n real space phosphide more attractive for possible applications in tech-
this defect may correspond to shifts of unit cell rows in thenology.

[110] direction, which was registered by ST(dee also Ref.
48). This kind of disorder does not destroy the grooves in the E. Cgo etching by atomic hydrogen

[110] direction, which serve as a template fog,@rdering, In the Introduction the chemical instability of fullerene
and fortunately the molecular structure is not disturbed bystructures was mentioned. The problem induces, on one
the first kind of substrate disorder. hand, the study of the chemical activity of the molecular
The second kind of InP01)-(2x 4) widespread defects structure with respect to different reagents and, on the other
is the appearance of metallic indium clusters. As was notedjand, the search for the protection of thg, @m.2* In this
the preparation of this substrate by heating is related to phosvork, we study the surface reaction ogvith atomic hy-
phorus evaporation and leads to an In-righx 4) recon-  drogen which can lead not only to fullerene hydrogenation
struction and simultaneous indium cluster formation. Thes®ut also to cage destructidh!®25-2"The exposure to atomic
two processes are coupled, and even the carefully prepardydrogen leads to drastic changes of the vibronic spectra,
samples present some amount of metallic indfdnm order ~ which we discuss in terms of a protective layer for the mo-
to register the influence of this kind of defect on thg layer  lecular structure.
formation, we increase the density of indium clusters by The process of the molecular film hydrogenation is illus-
heating the sample to temperatures that are higher than negated in Fig. 7. Curvea) corresponds to the &/InP(001)
essary for preparation of a clean substi@&e0 K instead of multilayer, the fullerene signaturgdipole active modes
650 K). The STM data show that annealing causes the ap¥.,(1)—Ty,(4)] is marked by arrows. The intensities of the
pearance of objects with a very wide distribution of sizessubstrate featuregFK, 2FK, and carrier plasmon at
(from about 10 to more than 500 nran the flat InP terraces 407 cni') are strongly damped by the molecular film, so the
which we relate to the clustefsee Fig. 8. Thus, the metallic relative peak intensities allow us to monitor film thickness
indium droplets could possibly prevent the growth of a singlechanges due to the surface treatment. Specthywas mea-
domain molecular film in between these clusters. Our obsersured after only 2 L exposure of hydrogen. The appearance
vations indicate that this does not take place. Deposition 0bf bands at 1000—1500 cthand 2800—-3000 cm corre-
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FIG. 7. HREEL spectra of g/InP(00D)-(2X 4) after atomic FIG. 8. HREEL spectréprimary beam energy 4.5 eV, incident

hydrogen exposuréprimary beam energy 4.5 eV, incident angle angle 64° with respect to surface norpnabf (a) 20 ML
64° with respect to surface normaMagnified (X60) parts of the  Cgo/INP(001)-(2X 4) 20 L exposed to atomic hydrogen; this sur-
spectra are deconvoluted, the raw spectrum is depicted by opeace after(b) 10° L molecular oxygen exposure; afid 2 h in air.
circles(see text (a) 20 ML Cgo/InP(00D); (b) the sample after 2 L  Magnified (X25) parts of the spectra are deconvoluted, the raw
hydrogen expositiorisee texx, (c) 6 L; and(d) 20 L. The G di- spectra are depicted by open circlese text The G, dipole active
pole activeT;, modes, substrate related carrier plasn@@®) and  T,,(1,2 modes, substrate related carrier plasm@®p), Fuchs-
Fuchs-Kliewer phonoifFK, 2FK) are markedsee text Kliewer phonon(FK, 2FK), and the mode at 880 cthare marked

. . (see text
sponds to CH (possible values ok are 1,2,3 bending and

stretching modes, respectivél!328 The intensity of G,  reported by Briihwileet al2® The reaction of ¢, with mo-
modes decreases. At 6 L exposliceirve (c)] the chemical lecular hydrogen at elevated pressure and temperature leads
modification is in an intermediate stage, and at about 20 lto the molecule’s decomposition, as follows from the com-
dosing[curve (d)] we reach a final stage. Further hydrogenplex studies of the reaction produéts.
dosing even up to 100 (not shown does not lead to notable Fortunately, initially in our experiments the single domain
spectral changes. The bands related to, Gtiface species molecular structure was formed. It is unlikely to destroy the
are relatively strong, while the & peak intensities are order of these relatively big molecules by simple hydrogena-
damped, but still resolved. tion at low reagent dosing. Taking into account LEED data
The presented spectroscopic data indicate chemical modihich show that the hexagonal pattern of thg @ultilayer
fication of the Gy molecules, but there is not any evidence disappears after 2 L atomic hydrogen dosing, we may con-
whether it is the hydrogenation or the cages cracking. Thelude that the breaking up of the fullerene cages is caused by
rest of the fullerene vibronic signatuf&ig. 7(d)] can be the surface reaction. The spectral behavior together with the
related to the signal from 45, attenuated by the products of structural study points to the following process: atomic hy-
the surface reaction, as well as to the vibrations of hydrofdrogen easily etches C—C bonds and cracks tis reac-
ullerenes, which are not strongly affected by the hydrogeriion leads to the formation of a complex composition of hy-
attachment. Also, the ultraviolet photoelectron spectroscopyrocarbons on the surface, which explains the broadness of
data(not presented in this artidlesshow relative decreasing the CH, bands related to stretching and bending.
of peaks corresponding to the orbitals of fullerenes. This The intensities of the peaks related to the substrate are not
behavior can be related to the attenuation of thgr€sponse changed by atomic hydrogen exposure. This indicates that
by the products of the cage destruction as in the former caséhe adsorbate thickness does not decrease and mostly higher
as well as to the destruction of the ontyorbitals of Gy by  hydrocarbongwhich do not leave the surfacare the result
the formation of hydrofullereneg¢see also Ref. 25 The  of the process. The products of thgy@tching reaction form
chemical composition of the reaction products does not evia film of hydrocarbon species on the surface and protect the
dently follow from the vibration or photoelectron spec- underlying fullerene layers against further interaction with
troscopies. The molecule destruction by the atomic hydrogeatomic hydrogen. This follows from the saturation of the
was measured by a kind of mass-spectrometry technique arsdirface reaction at atomic hydrogen dosing of about 20 L

045410-8



Cso SINGLE DOMAIN GROWTH ON INDIUM... PHYSICAL REVIEW B 71, 045410(2005

and registering of the & spectral signature at the same time. dicates weak molecule-substrate interaction resulting in 3D
The chemical stability of the film resulting from the;C island growth at the initial stage of deposition. Further
cracking with respect to another reagent is illustrated in Figgrowth leads to a single domain molecular film formation,
8. Spectrum(a) corresponds to 20 ML of £/InP(001) [the  which was registered by LEED and STM. The well ordered
same as in Fig. (d)], curve (b) was measured after 10 structure is attractive for the design of electronic devices
oxygen exposure. Only a few weak features appear, amorigased on these materials.
them, for example, a weak mode at 880 ¢rtsee Fig. 8, In conjunction with possible applications, the stability of
which is possibly related to the adsorption of molecular oxy-the growth mode with respect to surface defects of the sub-
gen in a single bonded configurati#hThen the sample was strate is an important property. Indium clusters are the most
exposed for 2 h in air and loaded back into the vacuunprevalent defects on InP and our data show that these clusters
chamber. The increase of the CHibration bands together do not disturb the g growth in between. At the same time,
with some decrease of substrate related peaks indicate tloeir HREELS data reveal the changes of the surface carrier
appearance of additional contaminations from air. Nevertheplasmon energy. Initially it increases due to the cluster for-
less, the G, spectral signature is still present, which showsmation (the shift is up to 110 cit) and thus decreases after
the stability of the fullerene underlayer also under atmo-the molecule depositiofthe shift is up to -55 cit). The
spheric conditions. The detailed analysis of the spectroscopinalysis of the plasmon behavior shows changes of the car-
data will be published elsewhere. These experiments proveer concentration and depletion layer thickness after the sur-
the possibility of the formation of protective films forgg  face treatment, which can strongly affect the charge flow in
structures without deposition of any other materials. possible applications for electronic devices. The effect could
Our data can not be applied for a detailed analysis obe used for an improvement of semiconducting properties of
surface or bulk contaminations of thg3ilm. For electronic  thin Cgq films, but needs to be investigated in more detail.
applications the penetration of molecular oxygen through the Properties of the molecular films exposed to atomic hy-
hydrocarbon layer requires additional investigations. For indrogen were also studied. We found that g @m exposi-
stance, the efficiency of the proposed treatment could b#on to a relatively small amount of atomic hydrogenfew
tested due to the strong influence of oxygen upon the cormminutes at a total pressure in the range of’IDorr) destroys
ductivity of the fullerene film. In this contribution only the the top molecular layers, while further treatment does not
first experiments related to the protective properties of thehange the surface any more. This observation points to the
hydrocarbon layer are included. We suggest, that the laydormation of a chemically stable hydrocarbon film on top of
formed by the reaction of & with atomic hydrogen prevents the molecular structure, which can serve as a protection
or strongly attenuates diffusion of contaminants. against external contamination. This procedure could be used
for the protection of fullerene related materials in electronic

applications. A detailed analysis of these layers is planned.
IV. CONCLUSION
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