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Abstract. A problem of increasing interest in the last yedsth for mass-spectrometry and for deposition rginic
semiconductor films, is to increase and control fthe of large organic molecules seeded in a cagis expanding
towards a skimmer. This paper deals with experiadeartd numerical investigations on the dependehkmetic energy
of Pentacene molecules from the gas flow rate. &ene is a very important molecule in the field cofanic
semiconductors where it plays the role of a praiegl system for molecular electronics. The nunariesults
concerning the flow rate of helium through an ojiied capillary as well as the kinetic energy of tieane molecules in
the beam are in qualitative agreement with thelt®sfimeasurements paving the way to the optirgradf the device.
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INTRODUCTION

Supersonic beams of organic molecules are becowofirgcreasing importance in several fields suchthes
somewhat more conventional mass-spectrometric padtr®scopic studies, as well as in the more neuelies
involving synthesis of thin films, because theyegiwnprecedented control on parameters that resubietvery
important in particular for the growth and depasition solid surfaces. The demand of sources wejineered to
reproducibly give high and controlled flows of largrganic molecules seeded in a carrier gas expgndwards a
skimmer, is hence strongly increasing both for nsgsctrometry and for deposition of organic semnicator
films.

The main goal that one would like to address isgtmize the free jet expansion of the seededupsecs to
best control their final energy state together waitivell shaped beam profile. To this end, we dbsdri this paper
experimental and numerical efforts to understamddbpendence of the Pentacene kinetic energy tendriving
pressure for a particular nozzle geometry. Thimifact crucial to better control the surface pssss leading to
molecular assembling at the different stages dirafilm growth. Original supersonic molecular bearperiments
on Pentacene film deposition were carried out IN-[ENR with the use of capillary to form the carrigas flow.
These pioneering studies have shown the importafidénetic energy of the impinging molecules inrtHilm
formation [1].



EXPERIMENTAL SET-UP

Figure 1 shows the basic scheme of the depositiparatus that has been used to both deposit thecalat
films and simultaneously characterize the energiribution of the species seeded in the superdmam.

The apparatus has been designed essentially ie sitages of differentially pumped vacuum chambemsrder
to make compatible on one hand the large fluxehénchambers where the beam is formed and skimnited an
the other hand, the UHV conditions that are usettiéndeposition chamber needed in order to redueentinimum
any possible contamination during the growth. Tingt fzacuum chamber is the one requiring the largamping
speed to evacuate the heavy gas load coming fremdhzle. The pumping speed used here is about 12)0Che
background pressure is about®ifibar which increases during source operation b=ivi®® and 106° mbar. Up to
three hyper-thermal supersonic beam sources, glyifdesigned for organic materials, can be hdueehis first
chamber. The sources can be heated and tempecanirelled independently. After the expansion tearh enters
the second chamber through a skimmer, placed aitak® mm in front of the source, which also defitbs
geometry of the beam while ensuring the needeereifitial pumping in the second chamber. Differdimmer
diameters ranging from 0.3 mm to 1.5 mm have besed Wepending on the type of the experiment. Thanskr
can be heated up to about 250°C in order to atl@ddeposition on its surface of molecular laydrinoreasing
thickness that would modify the shape of the hwiterfering with the jet expansion, and finally tdwventually
clog it up. The second vacuum chamber allows bottifferentially pump the system, eliminating themaining
excess of carrier gas, and to better define thenbgeometry trough a second skimmer. Here the baakgr
vacuum is typically in the IYmbar range while the pressure during beam operaiieases typically in the range
10°and 10’ mbar.
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FIGURE 1. SUMBE Experimental Apparatus.

The third chamber houses the time of flight masrspmeter (TOF-MS) used for the beam charactéoizaa
microbalance, the sample manipulator and a spedpisellipsometer. The in line configuration of FMS allows
collecting the mass spectra needed for charaatgritie supersonic molecular beam. The moleculdzation is
achieved by the fourth harmonic of a Nd::YAG laseby using a tunable Titanium Sapphire laser idiclg second
and third harmonic generation. We use multiphotomization processes to achieve a very high seasitime
resolved, soft detection of the molecular spediég. system gives also on-line precious informatibaut the purity
of the beam, the presence of clustering, etc. TBE-MS gives also, in this configuration, via aifitt procedure
based on the instrument function carefully calibdathe kinetic energy and velocity distributiorighe molecules
in the supersonic beam.

Figure 2 shows the hyperthermal supersonic beamtsa@nd its mounting. The set-up was specificadlgighed
to produce supersonic molecular beam of organienads. It consists of a quartz tube of about 1afrdiameter
and about 12 cm long. The nozzle, the most crifeat of the whole source, is produced at the destge of the
tube. Its size has been optimized in order to aehiéor our given pumping speed, the maximum fodnginx
together with best beam control and performance fjpical nozzle used is a cylindrical capillarge tlength of
which is about 3-4 times the diameter (6®). The row organic material, usually in the formeaopowder, is
contained in an open capsule (made of quartz)ipoei in the quartz tube close to the nozzle. Tdatihg needed
to purify and sublime the organic material is pdad by two independent heating elements. The dingt is a
tantalum foil surrounding the quartz tube while #aeond one is a tantalum filament in a contadt wié front edge
of the quartz tube around the nozzle. Two thermplesuand appropriate feedbacks on the electrioakpsupplied
to the heaters give the needed temperature coatmlstability to better than 1%. Our configurataliows an



adequate control on both seeding (degree of sutiimaand kinetic energy of the molecules in tharbe The
empirically and experimentally optimized conditicer® just the starting point for further improvensetihat could

come from a better understanding of the workingd@ions. These further improvements could come fribe
modeling studies that are the subject of presenk.wo
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FIGURE 2. A schematic representation of the supersonic matdebeam source.

Organic Supersonic Beam Characterization

As already mentioned, the major aims of the beaarnatterization are: 1- to determine the presendehaence
minimize unwanted chemical species or processes asiaissociation and/or clustering (since in tkgeement
discussed here we addressed the growth in absécbestering); 2- to measure the kinetic energyhaf molecules
and the degree of ro-vibrational cooling. To thisd ewe systematically carried out TOF-MS studies tria
photoionization of the species present in the beBigure 3 shows a typical TOF-MS spectrum obtaiihgd
photoionizing a supersonic beam of Pentacene seiedété using the @ harmonic of a Nd::YAG laser. The
spectrum was measured after a period of severakhafuout-gassing of the material in the sourcaaithe point

that no traces of solvents were anymore visible @mlg the peaks of He(carrier gas) and of Pentacene molecules
were visible.
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FIGURE 3. Typical mass spectrum of Pentacene molecules déedeHe beam. The inset shows the moleculartsireic




Using a computer code that accurately simulatesTi®&-MS calibrated response, we could fit the peaks
positions, and shapes in order to obtain the ldnetiergy distribution of the molecules. The lingtimalues, for a
high carrier gas pressure, of such computer simomstare consistent with the formula [2] describthg kinetic
energy due to the aerodynamic acceleration of tpersonic expansion of the molecules m the much lighter
carrier gas ny.

\
where R is the gas constant, T is the temperatudeng, and m, are respectively the organic molecules and the
average (organic molecules plus carrier gas) molasses. Since the aerodynamic acceleration of ¢aeyh
molecules is due to the number of collisions with atoms of the much lighter carrier gas therevslacity slip
bet4ween the two species that goes to zero as #ssyre of the carrier gas is increased (dilutiogelathan 16 or
10” mbar).

NUMERICAL SIMULATION

In the experiments described above the accelerafi®®ntacene molecules was performed by seedihglinm
as a carrier gas. The flow of helium was formedabgapillary nozzle with diameted)(in the range of 50 - 60
microns and a lengthL}, of 4 - 5 diameters. For theoretical calculatitims parameters of the capillary were set as
follows: d = 55um, L = 200um. The distance between the capillary exit andsitiemer inlet was 10 mm while the
skimmer diameter was set to 0.5 mm.

The numerical simulation of Pentacene motion indarier gas flow was divided into two separatgessa The
first one consists in calculating the parametershef main flow, representing the free jet of heliigsuing into
vacuum from the capillary. The choked flow in thapitlary opened into vacuum was simulated by maghi
procedure in the frames of parabolized Navier-Stadguations (PNS-algorithm) [3] under the assumgptiat the
pressure in the cross section of the capillaryoisstant. At each computational step the pressutieeimew section
providing the constant radius of the capillary wiatermined. The parameter of this calculation ésftbw rate of
helium. A well-known property of such flows is theoked effect consisting in the fact that it is ompible, starting
from a certain distance from the capillary inletdetermine the needed pressure, that indicatedhie state of the
flow. If the position of such effect exceeds théuatcapillary length, the value of the flow ratesld be increased
compared to the previously used one, and decréasbd opposite case. Then a new calculation isethout with
this new corrected value of the flow rate and tfecedure is repeated for as long as the lengtheotapillary with
choked flow at his exit will equal its real lengfhhis approach to the calculation of gas flow tlylow capillary,
opened into the vacuum, has been tested on sexamiahts by modeling the flow in the frames of fo# set of
unsteady Navier-Stokes equations that were solwederically by original algorithm, based on a stagdegrid
(NS-algorithm) [4]. In this approach, there is reed to specify the gas flow rate since it is autizaby determined
during the simulation. The results obtained by ¢he#o approaches were found to be in good agreewiémeach
other. These calculations give the distributiorttef parameters on the capillary exit, being thetistasurface for
further calculation of the flow in the free jet lth the capillary, opened into vacuum. This caltafais also
performed in the frames of parabolized Navier-S¢okeguations [3], with the effect of viscosity arfterimal
conductivity of gas being not taken into accoungttshould not greatly affect the flow in the alrgenf the solid
surfaces in the flow field. Modeling of flow in thiet in the frames of full set of Navier-Stokes atjons is
impossible due to their limited applicability tosdeibe the expanding hypersonic flows. In principhas flow can
be calculated by DSMC-method [5], however, larggistical scatter of flow parameters in the viginitf the axis,
typical of axisymmetric flows simulated by the DSMa&thod, would lead to unreasonably long compsources
for a too wide scattering of the results, importéortthe interpretation of molecular beam experitegpperating
with the small diameter of the skimmer inlet orfic

The final stage of the calculation is to simuldte totion of Pentacene in the jet flow field ofitel. As for
typical experimental conditions the concentratidntlte Pentacene in the flow is small, we can ndgtkeir
influence on the flow of carrier gas, and simuligir movement in the frames of a linear Boltzmaguoation, i. e.
for known distribution of the parameters of the mébow. An effective method for solving a linear IBomann
equation is the well-known test particle Monte Garlethod, the main features of which are describgf, 7]. To
apply this method, a molecular model describingRbatacene-helium collisions should be specifi¢w: Ghoice of



molecular models, adequate to the structure ofdeenk, is not an easy task. This moleculgH, with the
chemical structure shown inside Fig. 3, is of &eafflat rigid shape, containing five rings. A faltcount of the
molecular structure in a model of its interactioithwhelium appears now unrealistic. In this study adopted a
model with a spherically symmetric repulsive intetetular potential, while we consider two extrenases of
possible potentials, namely, the model of hard sgEhéHS-model), the most rigid, and the model ofxiell
molecules (MM-model), the most soft. With all thacertainties discussed about the need of a molestiea
interaction potential, the experimental resultsusthde located within the "fork", formed by thesetextreme cases
considered. The cross section for Pen-He collisionsHS-model was estimated on the basis of datahéavy
hydrocarbon molecules [8] and was found to be abh86x10™ cnf.

For polyatomic Pentacene with large number of medegrees of freedom the model for relaxatiomtsrnal
energy of the molecule in a collision with helius important. To describe this inelastic process khewn
Bornakke-Larsen model [5] was used, assuming thattarnal degrees of freedom whose number is EeguaN - 3
=105 (N = 36 - number of atoms in the moleculejenthe same temperature. The fraction of inelastilisions is
taken to be ¥, whereZ — is a parameter, which should be selected orb#isés of comparison of predicted and
measured values of internal energy. In the firagetof the calculations we have adopted the value o1, i. e.
assuming all collisions to be fully inelastic.

RESULTS AND DISCUSSION
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FIGURE 4. Measured (squares) and predicted (circles) depereteof flow rate discharge coefficient on stagmat
pressure.

Fig. 4 illustrates the dependence of flow rate edfum with respect to the experimental conditiohg=£ 490 K).
Results are presented as the dependence of thedtevdischarge coefficient on the stagnation piressAs shown
in the figure, the calculated results agree wethweixperimental data. There is no doubt that tkerdd be a small
mismatch due to the accuracy of the parametersactaizing the capillaryd L), an almost complete agreement
between the calculated and experimental data aihktwise be achieved.

Fig. 5 illustrates a comparison between calculaiad experimental dependencies of the kinetic enerfgy
Pentacene at the position corresponding to the rekiminlet orifice. Calculated curves are given the two
molecular models used to describe the Pen-He ioolfis The data for equilibrium flow i. e. withouglecity slip
between Pentacene and helium flow, representingrétieally maximum possible kinetic energy of Peetze, are
also shown for comparison. The figure shows thatcticulated and experimental data are in qualitagreement:
with increasing stagnation pressure the kineticggnef Pentacene also increases because of theegraanber of
collisions in the flow, which reduces the slip beém the components of the mixture. The experimetatd are in
good agreement with calculated ones obtained WwaHS-model.
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FIGURE 5. Mean kinetic energies of Pentacene as a functi@tagnation pressure at the position of the skimoniice:
comparison between experimental data (circles)thedretical predictions of two molecular models (MMriangles, and HS —
squares) and the data for equilibrium flow i. ehwiit velocity slip between Pentacene and the @bwearrier gas (dashed line).

CONCLUSION

The simulation carried out and the comparison with experimental data shows the feasibility of nliodethe
supersonic expansion of large organic moleculedesk@ He supersonic beams. The good agreemerdvachis
very sensitive to the geometry of the nozzle arel gaometry of the nozzle-skimmer assembly as veetbathe
experimental conditions. We are hence convincetlifzduture work, based on such modeling, we catitdngly
improve control and performance of the sources.mbdeling can hence guide the engineering of bptgibrming
sources that could be tailored for achieving theted conditions to produce organic films layer witle desired
properties.

ACKNOWLEDGMENTS

The present work was supported by the Russian Fdiamdfor Basic Research (grant 09-01-92432) on the

Russian side an@onsortium EINSTEIN on the Italian side and by Pmoia Autonoma di Trento Projects
Nanosmart, FOTOMINA and Fondazione CARITRO ProfeaFNE.

REFERENCES

1. Y.Wu, T. Toccoli, N. Koch, E, lacob, A. Pallaof, Rudolf, and S. lannottBhys. Rev. Lett., 98, 076601 (2007).

2. D.R. Miller, in Atomic and Molecular Beam Methods, Vol. 1, edited by G. Scoles, Oxford UniversityeBs, New York,
1988, p. 14.

3. P.A. Skovorodko, “Nonequilibrium Flow of Gas Mixain Supersonic Nozzle and in Free Jet behindrtRarefied Gas
Dynamics: 20" International Symposium, edited by Ching Shen, Peking University Press, Bgjjir997, pp. 579-584.

4. A. Broc, S. De Benedictis, G. Dilecce, M. VigliotR, G. Sharafutdinov, and P. A. SkovorodBofluid Mech., 500, 211-
237 (2004).

5. G.A. Bird, Molecular Gas Dynamics and the Direct Smulation of Gas Flows, Clarendon Press, Oxford, 1994.

6. M. Perlmutter “Analysis of Couette Flow and Heat Transfer betwearaHel Plates Enclosing Rarefied Gas by Monte
Carlo,” in Rarefied Gas Dynamics: 5" International Symposium, edited by C. C. Brundin, Academic Press, New York,7196
pp. 455-480.

7. P.A. Skovorodko, “Simulation of the Parameters eéd&d Molecular Beam,” iRarefied Gas Dynamics; 24™ International
Symposium, edited by M. Capitelli, AIP Conference Proceedin§2,7American Institute of Physics, Melville, New ko
2005, pp. 857-862.

8. E. McDaniel, A. MasonThe Mohility and Diffusion of lonsin Gases, Wiley & Sons, New York, 1973.



