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Pentacene ultrathin film formation on reduced and oxidized Si surfaces
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We have compared the nucleation of pentacene on reduced and oxidized Si surfaces by a combination of
x-ray reflectivity measurements and atomic force microscopy. For the reduced surface, the nucleation density
is 0.007 um™2. Second monolayeiML) formation starts at a coverage ©=0.6 ML, and the first layer is
completely closed at a total coverage of 2 ML. For the oxidized surface, the nucleation density is larger by a
factor of 100(0.7 um™~2). Second ML formation also starts @=0.6 ML, but the first layer closes already at
1.1 ML coverage, indicating nearly ideal layer-by-layer growth. For both terminations, the electron density
obtained for the closed first monolayer is only 75% of the bulk value, indicating a reduced mass packing
efficiency of the layer. Second ML islands are aligned relative to each other on an area limited by the lateral
size of first ML islands, which act as templates for epitaxial growth.
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I. INTRODUCTION thermal beam-deposition energiésHere, we demonstrate
that similar full first layer coverage and layer-by-layer
Organic/inorganic interfaces are currently under investigrowth may also be achieved for clean oxide and H-
gation due to their critical role in molecular and bioelectronicterminated Si surfaces. We also demonstrate that different
technology 3 Among the various materials being studied, substrate terminations, having dissimilar surface energies,
pentacene (§Hy4), a long, flat, aromatic moleculsee Fig. resulf[_in completely different morphologies and nucleation
1) is particularly promising for electronic applications. Pen-densities.
tacene forms good crystals if deposited onto flat, inert sur-
faces, resulting in highly anisotropic transport propetiies. Il. EXPERIMENTAL DETAILS
Pentacene is used to fabricate organic thin film transistors A. Substrate preparation
(OTFT's) in applications where large area coverage, me- | ) o )
chanical flexibility, and room temperature processing are Since pentacene film formation is controlled by relatively
required>® In such devices, high field-effect mobilities up to weak van der Waals Interactions, nucleation of _the f|_rst
1.5 cnf/(Vs)’ have been reported along with a variety of monolayer(ML) Is extremely sensitive to defec.ts or impuri-
OTET configurations and desigh&? ties on the substrate surface which act as pinning centers.
Charge transport in an OTFT is confined to the first feWH_eterogengpus surfaces Iegd oa .Wlde range of mqrpholo-
monolayers in close proximity to the gate oxidéhe gies and piling up of material, making the interpretation of

. . properties, such as field effect mobility, difficult. To mini-
channe)l.’® Extensive work has been devoted to determmeﬁ1 P Y

- : ize the influence of surface impurities, we have applied the

and optimize the charge transport properties of mesoscopic
pentacene filmsthickness range from 10 nm toam)*t-14
and to relate these properties to the crystalline structure an1a)
morphology. However, in order to disentangle structural as-
pects from fundamental limits of charge transport in organic
materials, the confinement of the charge transport toward:
the gate oxide demands a detailed study of the early stages ¢
film formation since these layers dominate charge transport

In this paper we report a combined atomic force micros-
copy (AFM) and synchrotron x-ray reflectivity differential
study of pentacene film formation on two different surface

terminationgFig. 1(e,f] prepared by applying standard wet )
etching techniques to a thermally oxidized Si wafer. In our Dielectric

OHOH OH OH OH OH

few monolayers. Our work is complementary to recent ex- Substrate ~ s‘;?*

analysis, we focus on the coverage and structure of the firs = Gde HHHHHH

periments, in which photoelectron emission microscopy

(PEEM) demonstrated that pentacene film formation can be FIG. 1. (a) Molecular structure anb) and(c) crystalline struc-
improved considerably by making use of a cyclohexane terture of pentacene(d) Typical OTFT geometry(top contack, (e)
mination of clean $D01) surface®’ or by means of hyper- O/OH terminated Silicon oxidef) H atom terminated Si.
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successfully. Reoxidatioristep 1ll) gives rise to a pro-
10°h nounced dip and bump structufgig. 2(d)]. Gentle heating
> of the sample te-350 °C removes part of this structyreig.
B 10°; 2(e)]. Therefore, it is reasonable to conclude that a water
S . layer is also present after reoxidation. A least square fit
€ 191 analysis of the reoxidized sample before and during heating

allows to quantify this conclusion; for the fresh reoxidized
sample we find a surface region of 11 A with decreasing
electron density, while for the hot reoxidized sample the ex-
tent of this region is only 7 A. We therefore conclude that the
fresh reoxidized surface consists 67 A chemical oxide
and a~4 A water overlayer.

— e e e e

FIG. 2. X-ray reflectivity data of the chemically treated Si wa- _ _
fer. (@) Thermal oxide after cleaning in aceton@®) Hydrophilic B. Atomic force microscopy

oxide termination obtained by step (c) H-termination resulting Films analyzed with AFM(Digital Instruments Nano-
from step II. (d) Hydrophilic reoxidation layer after step ll(e) scope Il SPM were evaporated in an ultrahigh vacuum
Hydrophilic reoxidation layer while keeping the sample at champer, The deposition rate was monitored with a quartz
~350°C. crystal microbalancéQCM) and was kept constant at 1.25

X 10" nm/sec(or 1 ML/20 min assuming 1 M&1.5 nm

for all experiments. The substrate was held at room tempera-
ture during deposition. Background pressure during evapora-
tion was 7<10 °Torr. Twelve pentacene films were
evaporated on oxidizetstep ) and reducedsteps | and
substrates, respectively. The film thickness ranged from 0.15
to 2.0 ML. After evaporation, the samples were taken to an
ex situAFM (soft tapping modgefor characterization. Island
nucleation densities and fractional coverage have been deter-
mined from images taken at larger scales than shown here
n(40 um for the reduced surface and 20n for the oxidized
one. A surface root mean squaftem.s) roughness of 0.17

nm was determined from a standard analysis of AFM scans
from bare substrates.

Throughout the text, we express film thicknesses by an
ARG equivalent amount of standing, close packed MLs. Further-
by rinsing in DI water. . N ore, the pentacene layer in direct contact with the substrate

Step | removes organic contamination from the thermalg yermed the first layer. Fractional coverage of a layer

oxide surface. During step Il, the thermal oxide is removeddenotes the percentage of area covered by the deposited
and after rinsing, the surface is reduced by the H atom ter

e e X < material.
mination. Step Il is intended to chemically reoxidize the
topmost Si bilayer in a controlled wa$.

Sample substrates obtained after each of the steps outlined
above plus another substrate only cleaned with boiling ac- X-ray experiments were carried out at the National Syn-
etone(see step)|l were placed in a x-ray vacuum chamber chrotron Light SourcéNSLS) at the Exxon beamline X10B.
(p=1x10"" mbar) within less than 10 min after prepara- Pentacene films were evaporat@dsitu in a transportable
tion to verify the outcome of the chemical treatment by x-rayvacuum chamber equipped with a 270° beryllium window, a
reflectivity measurements. The reflectivity daidot9 and  Knudsen cell, a quartz crystal microbalan€@CM), and a
least squares simulationgsolid lines are summarized sample holder that allows temperature control from 200 to
in Fig. 2. 500 K. Deposition rate and substrate temperature were the

For the acetone cleaned sample, the reflectivity revealsame as for the AFM experiments. Background pressure dur-
the presence of a 96 A thick oxide, in good agreement witing evaporation was % 10" Torr. Pentacene films were
the specificationiFig. 2(a), see Sec. Il C for details about the evaporated on H terminated and reoxidized substrates ob-
x-ray reflectivity measurementsAfter the surface cleaning tained from steps | and I, and I, Il, and llI, respectively. The
(step ), the thickness of thermal oxide is unchand&iy. time between substrate preparation and evacuation of the
2(b)]. Furthermore, an additional water layed~7 A) is  sample environment was less than 30 min. Successive x-ray
adsorbed on the surface, as revealed by a least squaresrfieasurements were performed at 0.0, 0.5, 1.0, and 2.0 ML
[solid curve in Fig. 2b)]. This water layer manifests itself in coverage.
the reflectivity data as a dip a,=0.45 A. After etching Measurements were carried out in reflectivity mode at a
(step I, a featureless Fresnel-like reflectivity curve is ob-wavelength ofA=0.1123 nm. In this mode, the scattering
tained[Fig. 2(c)], indicating that the oxide has been removedvector (@,=4/\ sin®) is along the surface normal. The

following three step wet-etching procedur@sghest purity
chemicals have been purchased from AldricBubstrates
were prepared from silicofl00) wafers with 100 A of ther-
mally grown oxide.

Step I. A clean oxide, hydrophilic termination was
obtained by sonication in acetone for 30 min, boiling
in acetone, followed by boiling in $D,(30%)
+H,S0,(99.99%)(3:1) for 45 min and rinsing in deionized
water (DI water.

Step Il. Reduced, hydrophobic, H atom terminated silico
substrates were obtained by etching ir<&% HF solution
for 30 s followed by etching in &1% HF solution for 3 min
and rinsing in DI watet/

Step Ill. A chemically reoxidized, hydrophilic surface was
obtained by boiling in HN@(70%) for 15 min and followed

C. X-ray reflectivity
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reflected intensities are simulated using a program based on
the Parratt formalism® As a result of such analysis, (tt-
erally averageddepth resolved electron density profile is
obtained. The length scale of the lateral average is given by
the lateral coherence lengtlf|(). Depending on the x-ray
optics, ¢ may easily reach severagim at a synchrotron
source?’ From the rocking width of the specular beam, we
estimate a value of§~2 wm) for our setup at X10B. The
comparison of the as-deduced electron densities with the
tabulated values of, e.g., the bulk crystalline phase of penta-
cene allows for an estimate of the packing density of the
deposited films, as well as for a characterization of the sub-
strate surface obtained from the chemical treatment.

IIl. EXPERIMENTAL RESULTS
A. AFM measurements

Selected AFM micrographs of pentacene films for various
film thicknesses ranging from the submonolayer regime up
to 2 ML are shown in Fig. 3. Films grown on H terminated
and oxidized substrates correspond to the left and right col-
umns, respectively. At a coverage of 0.14 ML, the island
density of the H terminated substrate is 0.Q@# 2 [Fig.
3(a)], while for the oxidized substrate it is 0Zm 2 at a
similar coveragégFig. 3(f)]. Thus, a striking difference in the
nucleation density depending upon the substrate preparation
is revealed. Furthermore, after increasing the film thickness
to 0.5 ML, the new material is incorporated into the present
nuclei keeping the nucleation density almost const&iys.
3(b), 3(g)]. Coalescence of first ML islands starts beyond
film thicknesses of 0.5 ML.

On the oxidized substrate, at a coverage of 1.02 ML an
almost closed first monolayer is formggig. 3(h)] in coex-
istence with some second ML nuclei. As coverage is in-
creased, second layer islands grid¥ig. 3(i)] and eventually
coalescdFig. 3j)]. After second ML coalescence, the film
exhibits some cracklike featur¢Big. 3()].

On untreated substrates, impurities may act as nucleation
centers, favoring the piling up of pentacene molecules and
therefore hampering well ordered layer-by-layer growth, as
shown by the way of example in the inset in Figi)3

The island step heights-15 A) observed with AFM give
a first estimate of the interplanar spacing. The average value
of the step height for the first layer was 163 A for the
H-terminated substrate and 13:8 A for the oxidized Si.
Similarly, the average step heights for the second ldyer,
the step from the first to the second layarere 13.0:3 A
and 15.0-3 A, respectively. These values are comparable
to the molecule length indicating a vertical orientation of
the molecules in agreement with the well known thin-film
phase in which the plane spacindyy, is reported to

Reduced
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FIG. 3. AFM images of pentacene film formation on H termi-

be 15.4 A ) ~nated(left column and oxidizedright column substrates, with the

On the H terminated substrate, second layer nucleation iga| film thickness® ranging from 0.14 to 1.89 ML, as indicated.
observed well before the first layer closes. The fractionalrhe molecular steps associated with the various layers are visible
coverage of each layer as a function of the total coverage ignd selected regions have been labeled for cldsitjstrate, first
summarized in Fig. 4. The solid lines indicate the ideal caseayer, second laygrThe orientation of faceted second layer islands
of layer-by-layer growth in which all of the deposited mate-is indicated by the cross axg&) and(h)]. The heterogeneous film
rial initially goes to the first layer and nucleation of the sec-structure obtained in presence of surface impurities is also shown
ond layer does not take place until first layer completion. Thdor comparison in(i) as an insefsame scale
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vertical dashed lines indicate the actual values at which full
coverage of the first layer is achieved. a

Reduced Substrate

The fractional coverage curve for the H terminated sub- ool = tstLayer
strate[Fig. 4@)] indicates that nucleation of the second and R % 2nd Layer
third layers starts when the previous layer reaches about 60% ';' A 3rd Layer
coverage. The first layer is completed at a total coverage of @ 80 !
6=2 ML. This is similar to reports for pentacene films on E *
clean Si substratés. » 60 } -
For the oxidized substrate, a slight onset of second ML 8 : 1
nucleation is also observed @t+0.6 ML but significant con- ® 40 ¢ I A
densation of the second ML starts only @ét1.1 ML, i.e., c :
once the first layer is complete. Thus, comparing the two § 20 1-
substrates, only the oxidized substrate favors a closed first E R
ML and nearly ideal layer-by-layer growth without the pres- w 0 : 4
ence of significant second ML condensation. Figure 4 will be - !
discussed in more detail at the end of the next subsection in 0002 040608101214 161820
direct comparison to x-ray measurements. Total Coverage (ML)
B. X-ray measurements b) Oxidized Subsfrate
The x-ray reflectivity data obtained for the films deposited . 1 T ; o
100 st Layer

onto the H terminated and reoxidized substrates are shown as
points in Figs. %a) and §b), together with the least-square
simulations shown as solid lines. The electron densities as-
sociated with the simulations are shown in Figéc) 5and
5(d). The four data sets for each sample correspond to the
bare substrate and to nominal film thickness of 0.5, 1.0, and
2.0 ML, as indicated.

The bare H terminated substrate gives rise to a smooth,
featureless intensity distribution which can be readily simu-
lated by the Fresnel reflectivity of a Si crystal exhibiting a

X 2nd Layer
A 3rd Layer

Fractional Coverage (%)

surface r.m.s. roughness o=0.27 nm. The fact that the 0 4 ]
substrate roughness measured by x-ray reflectivity is slightly T

larger than that measured by AFM can be explained by size 00020406 081012 1.4 1.6 1.8 2.0

effects of the AFM tip(typically 10 nm), which systemati-

cally underestimate the peak-to-valley value of the surface Total Coverage (ML)

corrugation. FIG. 4. Fractional coverage for pentacene deposited on H ter-

After deposition of 0.5 ML pentacene, an eye inspectionminated(a) and oxidized(b) Si substrates vs total coverage.
of the reflectivity data for the H terminated substrate reveals
intensity oscillationgFig. 5a), Kiessig fringed!], indicating  [Fig. 5(b)]. A least-squares fit indicates the presence of a
the formation of a well-defined layered structure. A roughsurface region with a thickness of 1.1 nm and a continuously
estimate of the oscillation periodiQ for the submonolayer decreasing electron densitgee solid line in Fig. &)]. We
regime AQ~0.4 A~ or D=27/AQ=16 A) indicates the ~2associate this region with the microscopic reoxidation layer,
presence of a standing phase of thicknBdsig. 1(b)]. The the OH termination and the water adlayer that follows from

approximate value of 16 A also compares well with the AFM St€P I”'hA %OOd sir?ulaticl).n of tlk:1e reflectivity data 'ﬁ’ pots)sibled
' L . ~using the Parratt formalism. For convenience, the obtaine
step measurements and with the thin fidig, spacing. In rofiles have been normalized to the electron density of Si

creasing the total coverage to 1 ML, the intensity oscillation 0.70e/A3 (Ref. 22]. The volume of the bulk pentacene unit
become more pronounced while the oscillation perio@ cell is 692 & ,23-2and considering that there are two mol-

remains rather unchanged. This indicates that mainly the firs. ;a5 within the unit cell, and 146 electrons per molecule,
monolayer is filled up during deposition. The reflectivity for (han the electron density of bulk pentacene is CeA&3.
the 2 ML samples shows a doubling of the oscillation periodryys, the density of bulk pentacene relative to that of Si is
and a beating effect, which corresponds to a film that is novy go[vertical dashed line in Figs.(& and 5d)].
twice as thick and exhibits a reduced density for the second | the following, the profilegFigs. Sc) and Sd)] ob-
monolayer. Kiessig fringes have not been reported for pentained for the two surface terminations are compared and
tacene films in the literature so far, indicating the importanceanalyzed. For both terminations, the density of the first layer
of the chemical substrate preparation procedure for a subincreases during deposition up to a maximum value of
stantial improvement of film morphology. ~0.45; the optimal value of 0.6 is not reached. However,
The reflectivity of the bare reoxidized surface is moresince AFM suggests a tightly closed first layer for a film
pronounced, giving rise to a dip- and bumplike structurethickness of 2 ML, the most likely explanation for the ob-
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served low density is a less efficient packing. If the bulk
phase is regarded as the most efficient packing configuration
with a relative density of 0.6, the other extreme of a least
efficient packing(with no voidg could be regarded as made
out of boxlike molecules. Drawing a rectagular box along the
Van der Waals surface of the molecule yields a box of di-
mensions 16.577, 7.447, and 3.885%hat is, a volume per o]
molecule of 479.6 A and thus obtaining an electron density B T
of 0.30e/A3 or a density of 0.43 relative to that of Si. The 1072\ reoxidized
relative density of a full pentacene layer with a nonoptimal 4
packing density should lie somewhere in between 0.43 and
0.6 [i.e., in between the two dashed lines of Fig&)mand
5(d)]. Even though it is well known that the “thin film
phase” obtained in evaporated pentacene thin films differs
from the bulk phasé? a full characterization of the unit cell

is not available yet so as to calculate the relative density of
the thin film phase.

Considering that there is a closed first layer, we take the
relative density of 0.45 obtained from the x-ray simulations .
to define a full ML. Based on this assumption, the fractional 5
coverage of the first monolayer will be estimated and dis- ] i :
cussed now. After deposition of 0.5 ML of pentacene, both ] L i
substrates show the formation of a standing phase of similar <€ 154 ~~x7"-. 7™
density (p/ps;=0.2). This value, compared to the maximum ] Lo
values of 0.45, indicates a fractional coverage of the first :
layer of 0.2/0.4544% for both substrates, in reasonable ] !
agreement with the AFM analysigFigs. 4a) and 4b)], ] ' ™

10°7 \ H terminated

12 ML

=1 ML
sl iy ML
bare

Intensity

Intensity

——-- 2ML
EERES 1ML

— bare

which also revealed no difference in fractional coverage at 30 Tr=-w
this stage. ] I
At a film thickness of 1 ML, the first monolayer densities < P!
differ. In turn, the fractional coverage of first monolayer on - ] N TR
the reoxidized surface i€.38/0.45-84%), while for the H N ] ‘. E
terminated substrate it is on(§.3/0.45=67%). This trend of 0] (d) s
faster closing of the first layer for the oxidized substrate is 1 _ ! _ _ —
again in good agreement with the AFM observation. 00 02 04 06 08 1.0
Finally, at a film thickness of 2 ML, the fractional cover-
age of the second layer on the H terminated substrate is p(2)/p..
(0.27/0.45-60%), in reasonable agreement with the AFM Si
measurement. For the reoxidized substrate, however, the F|G. 5. X-ray reflectivity.(a), (b) Reflectivity data for a nominal
fractional coverage of the second layer(@14/0.45-31%)  film thickness of 0, 0.5, 1, and 2 ML pentacene on a H terminated
only. This is considerably less than the respective value oband reoxidized surface, respectively), (d) Normalized electron
tained from the AFM measuremelif0%). The deviation density profile p(z)/ps] obtained from the least-squares analysis
may partly result from a variation in the deposition rate,[solid lines in(a), (b)]. The vertical dashed lines indicate the density
which, however was checked regularly during depositionof bulk-crystalline pentacenigp(z)/ps;=0.6] and the density of a
Also, the quality of the fit is worst for the 2 ML sample, boxlike molecule p(z)/pg;=0.43).
indicating that eventually the description of the sample by a
well-defined layered structure is no longer fully appropriate.by diffusion limited aggregation theor(gDLA) 2" as ex-
pected for systems incorporating deposition, diffusion and
IV. DISCUSSION aggregationfDDA) in the submonolayer reginfé:=°
For the oxidized substrate a strong increase of the nucle-
ation density is observed. While the possible influence of
For the deposition of pentacene on redudetlitermi-  localized pinning centers of unknown origin can not be ex-
nated and oxidized substrates, respectively, a two orders o€luded, the kind of impurities that cause piling up of penta-
magnitude difference in nucleation dens{®007 um 2 vs  cene aggregatdsnset of Fig. 3i)] are clearly absent in the
0.7 um~?) has been observed. The microscopic mechanisnshemically treated substrates. We therefore conclude that the
which provoke this rather different growth behavior will be difference in nucleation and packing of the first pentacene
discussed now. ML on the two surface terminations results from a hindered
The fractal shape of the islands on the reduced substrate atirface diffusion of the pentacene molecules on the oxidized
low coveragdFig. 3(a@)] resembles the morphology predicted substrate rather than the presence of isolated pinning centers.

A. Submonolayer regime
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Further work to quantify the surface diffusion parameters is3(c) and 3h)]. We associate these axes with the herringbone
in progress. structure characteristic for pentacene crysfhig. 1(c)] and
its polymorphs.
B. Complete first monolayer On the reduced substrates, the nucleation density of the

second-layer islands is higher than the one on the first layer.

On the H-terminated substrate pentacene forms a COMyqying a larger number of islands on the second layer im-
plete full first layer only when the total deposited materlalp”es that a number of those would nucleate on top of a
reaches almost 2 ML as indicated by the dashed lines in Figsi, e first layer island. If they all mimic the crystal structure
5. On the oxidized sample, pentacene completes a closed firsf e underlying island, the result would be a group of

layer already when the total deposited material adds up 10 1.dgong-Jayer islands that have an identical alignment as long

ML. Apparently, pentacene completes the first ML faster on,g ey rest on the same first-layer island. This alignment can

the oxidized substrate because of its larger nucleation deRsqeed be observed on the second-layer islands of Fay. 3
sity. The microscopic mechanism that explains these ﬁndi”gﬁdicating also that even though the packing density is not
can be sketched as follows. When a molecule lands on agyima| there is still crystal structure. When such an aligned
island, it diffuses until it finds another molecule to form a g0, of second-layer islands coalesce, the concentration of
new immobile cluster or, if it does not find a second mol-g4in poundaries would be minimal resulting in local epitaxy
ecule, it will continue diffusing till it encounters a step edge. |imited only by the size of the first-layer island.
If a step edge represents an extra potential-energy barrier . ihe oxidized sample, the nucleation density of the
(Schwoebel barriéf) then the molecule will stay on top of second-layer islands is comparalféven slightly lowe to
the island resulting in a three-dimensiondD) growth  ,5; of the first layer. In this case, on average, there would be
mode. But if the energy barrier is absent or at least well,, 4 second-layer island per first-layer island, or in some
below the thermal energy of the molecule, then the molecul@ases there would be a single second-layer island on top of
will hop off the island to the lower layer. _ more than one islands. Assuming that all first-layer islands
Schwoebel barriers may not be present in pentacengy e random orientations, and considering that the second
growth since second layer nucleation does not occur till thﬁ’ayer islands would copy the crystal structure of the island
total coverage reaches about 60%, and second layer nuclgqqerneath, then all second layer islands would have random
ation does not happen on step edges either, as confirmed Wifjientations as wel[Fig. 3h)]. Eventually, when these is-
AFM. Due to the smaller island size in the oxidized |5nqs grow and coalesce, they will introduce a high concen-
substrates as compared to the reduced ones, once a pentacgfion of grain boundaries that could also lead to some stress

molecule is deposited on a first-layer island on an oxidizeqyiihin the same layer islands. In a similar way, second layer
surface, it has a large probability to diffuse along the islandg|angs that lie on top of more than one first-layer islands

and make it down a step-edge before finding another molyq g face a certain lattice mismatch due to the different
ecule. Thus, the larger nucleation density and the absencgjgnments of the islands underneath inducing some interpla-
of a significant Schwoebel barrier are causing a fastefr syress. Attempts to address the detailed molecular ar-
completion of the first layer in oxidized substrates. Howeverrangement at the grain boundaries from diffuse x-ray inten-
the larger island density that is contributing to a faster closjiies are currently in progress. In this context, it is also
ing of the first-layer is also increasing the concentration Ofimportant to note that not only the grain bounélaries may
grain boundaries once the first-layer islands coalesce singe, .« 4 negative impact on the electronic properties of penta-
the first-layer islands are not oriented with respect tocene, but also the nonoptimal packing density observed

one another. with the x rays may pose intrinsic limits to the field effect
On H-terminated substrates there may not be Schwoeb%obi”ty_

barriers either, since there is no second-layer nucleation on /" results explain a previous transmission electron mi-

step edges and there is no 3D growth. However, since thgrogranh study which indicated that pentacene films opti-
average island size is much Iarger than its oxidized _cou_ntermized for OTFT applications are composed of grains with a
part, it becomes much more likely for a molecule diffusing yy;ca| |ateral size of 400 nm, which are aligned with each

on such a large first-layer island to find other molecules startz over distances of @m .*2 We suggest that the align-

ing a second layer nucl_eation weI.I before finding a step edg9&nent is due to the first monolayer, which can act as a tem-
On the other hand, since the first-layer islands are mucl,ie for epitaxial growth. Since the grain boundary concen-

larger in this substrates, the result is a much lower concerk4iion can reduce the field effect mobility in an OTEThe
tration of grain boundaries once the first layer is Completedoutlined mechanism is important to understand the limita-

tions encountered in the various OTFT configurations.
C. Second monolayer

The low nucleation density observed for the firs_t layer on V. CONCLUSIONS
reduced substrates does not apply for the nucleation of pen-
tacene on pentaceriee., the second ML on the first ML The chemical treatment of Si-wafer surfaces in order to

However, second layer islands apparently keep the crystaibtain oxidized and reduced surfaces promotes homoge-
orientation of the island below them. The morphology of theneous nucleation and growth that is governed by surface dif-
second layer for both substrates is characterized by islandgsion rather than by impurities, roughness or other inho-
having a rhomboid shape with two perpendicular gkégs.  mogenities. AFM images confirmed the formation of a
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closed first layer. X-ray reflectivity indicates that the densitystrated that a reduced surface termination is most promising
of this layer is only 75% of what would be expected from afor growing larger single crystal films.

bulk-like closely packed layer. Faster closing of the first
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