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The interactions between pentacene and the Si(00X-(9 surface have been investigated using Fourier
transform infrared spectroscopy (FTIR), ultraviolet photoelectron spectroscopy (UPS), and X-ray photoelectron
spectroscopy (XPS). The pentacene molecules in the first layer react with the Si surface atoms through the
C=C double bonds and via cleavage of B bonds. This chemisorption is accompanied by disruption of the
conjugatedr electron system. The disrupted interfacial layer is stable throughout deposition and evaporation
of thicker pentacene films. Pentacene molecules in layers beyond the first layer adsorb molecularly and yield
well-defined valence band features that are characteristic of a conjugatedtron system. Functionalization

of the Si surface with a monolayer of cyclopentene inhibits dissociation of subsequently deposited pentacene
molecules.

Introduction The chemical nature of the substrate also plays a role in the
¢ adsorption of the pentacene layens pentacene crystal growth
is improved when the substrate is less reactlRecent studies
have shown how to form well-defined, ordered organic mono-

. . . . . i 20
organic molecules in particular have been a focal point in order 12Y€rs on the Si(001) Sﬂrfaéé_' When these molecules have
to develop electronic devices such as organic thin-film transistors ©NlY @ single olefinic (E=C) group, the resulting film exposes
(OTFTs)34 only saturated organic groups that are very unreactive. A recent
Metal and semiconductor substrates are a natural starting poinStudy showed that a monolayer film formed by reaction of
for investigating organic thin-film deposition processes because cyclohexene significantly improved the nucleation and growth

these provide a means of integrating organic electronics with ©f Pentacene crystals on the Si(001) surféice.
conventional silicon-based electronics. One of the most promis- H€re, we have used infrared spectroscopy (FTIR), valence

ing organic semiconducting materials is pentacene, which is a °2nd photoemission (UPS), and core-level photoemission (XPS)
planar molecule consisting of five fused aromatic rings. This SPECtroscopies to investigate the changes in chemical and
planar geometry enhances the ability to pack into a highly electronic structure that occur when pentacene is deposited onto
ordered crystal structufed which in turn leads to high electrical ~ ¢/ean and chemically modified Si(001) surfaces. Our results
mobility.%10 Recent experimental results have investigated the show that the initial layer of pentacene molecules involves some
growth on metals and silicaht12 On silicon, growth condi- dissociation and involves strong-SC bond formation that leads
tions were identified that lead to highly crystaliine filfhs, t© @ Poorly defined interface, while pentacene deposition on
However, the basic chemistry at the interface between the organic-modified surfaces occurs without dissociation. More
substrate’ and pentacene has not been well understood. insight into these areas along with the aforementioned previous
In the deposition of inorganic films it is widely recognized work provides a comprehensive view of the interactions of

that the first interfacial layers play a particularly important role Pentacene at the clean Si(001) surface.
by controlling the “wetting” of one layer by another. For molec-
ular systems the situation is complicated by the fact that mole-
cules have lower symmetry. Thus, nucleation and subsequent The adsorption of pentacene at the Si(001) interface was
growth of organic films involve a delicate balance of forces. A studied using three techniques: Fourier transform infrared
recent study showed that when pentacene is deposited directlyspectroscopy (FTIR), ultraviolet photoelectron spectroscopy
on to the Si(001) surface, the initial molecular layer was not (UPS), and X-ray photoelectron spectroscopy (XPS). All
effective at nucleating a crystalline fildi. This has been  experiments were carried out in ultrahigh vacuum (UHV)
attributed to a strong interaction of the first layer with the surface chambers with base pressure3 x 101° Torr. Lightly doped
dangling bond3? disrupting the electronic and physical structure p-type Si(001) (B-doped, 182-cm), polished on both sides,
of the interface and inhibiting nucleation of pentacene crystals. was used for all IR measurements. N-type Si(001) (As-doped,
0.005 Q-cm, Virginia Semiconductor) was used for all XPS
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Organic monolayers and thin films on surfaces have been o
significant interest in the effort to improve and expand existing
microelectronics technology? Thin films of semiconducting

Experimental Section
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Once in a vacuum, samples were degassed overnight at 850 K

and annealed to 1400 K to remove the oxide layer. This process I 2x10°
has been shown to produce a clean, reconstructed Si(004)-(2 (a) Bulk pentacene +200
1) surface??
. . A

Pentacene (98%, Fluka) was dosed in a vacuum by sublima- (b) Monolayer pentacene
tion from a boron nitride crucible. A tungsten wire was used to ®
resistively heat the crucible, and the temperature was monitored g \/\
by an internal thermocouple. The crucible and its contents were £
outgassed overnight at 380 K prior to evaporation in order to § (c) Multilayer pentacene 5
remove any higher vapor pressure contaminants. Pentacene was A\
evaporated normal to the sample at a horizontal distanee3of
cm to ensure relatively uniform coverage of the surface. (d) Multilayer pentacene, after heating

Because of the chamber geometry and the directed dosing,
exposures at the surface are higher than those reported. In 2100 2200 2900 3000 3100

multiple-dose experiments, exposures are given as a sum of Wavenumber (cm’)

individual doses. Heating of the samples after dosing was doneFigure 1. FTIR spectra of (a) bulk pentacene (by diffuse reflectance
resistively, with the temperature determined by comparison to in KBr) and the Si(001)-(2< 1) surface after exposure to (b) 0.008 L
a previously obtained calibration curve relating power dissipated Pentacene and (c) multilayer coverage of pentacene. Spectrum (d) is
across the sample to its temperature as measured by the result of heating the sample from (c)*880 K to desorb pentacene

arnultilayers.
thermocouple.

FTIR spectra were measured using a Mattson RS-1 spec-yere fit using IGOR, a commercial software package (Wave-
trometer with a liquid nitrogen-cooled InSb detector. Infrared metrics) where peaks were fit to a mixed Gaussigorentzian
light passed in and out of the UHV chamber through BaF shape with the goodness of fit determined by achieving a
windows. Samples were 0.8 cm 2.0 cmx 0.5 mm in sizé  reducedy? value close to 23 The number of peaks was
with the small ends polished at %t act as a prism inamultiple jncreased until no significant improvement in the redugéd
internal reflection geometry. Spectra shown were obtained with \as evident upon addition of another peak.

4 cnrt _resolution. The geometry of the chamber prohibited  App images were obtained using a Digital Instruments
measuring a background spectrum before the sample was doseﬂlanoScope IV microscope in tapping mode with a silicon

with pentacene; therefoye, background spectra were measureg,nilever. Samples were prepared in UHV and removed for
at the end of each experiment, after annealing the dosed Samp'%nalysis in air.

to >800 K to dissociate the surface species. Cyclopentigne-
(98%, CDN Isotopes) was dosed through a variable leak valve
and adsorption to the surface was confirmed prior to dosing
pentacene. Diffuse reflectance IR measurements were performed 1. FTIR Data. Figure l1a shows the FTIR spectrum of
on a Bruker Vector 33 system with a liquid nitrogen-cooled pentacene crystals at low concentration in KBr, measured using
InSb detector and at 4 crhresolution. diffuse reflectance infrared spectroscopy. Peaks are observed
UPS was carried out using a differentially pumped He | source at 3045 and 3074 cnt with a shoulder near 3022 cth The
that produced photons at 21.2 eV. Emitted photoelectrons wereregion above 3000 cnt is a region often associated with-E
detected by a Physical Electronics hemispherical analyzer stretching vibrations osp*-hybridized carbon atoms, and the
coupled to a 16-channel detector. Binding energies are reportedstrong absorption bands in this region are consistent with the
with respect to the Fermi energy of the system, which was fact that all carbon atoms in pentacenesehybridized. There
determined by fitting the low binding energy cutoff from the is also a small amount of absorption between 2800 and 3000
Ta clips on the sample holder to a Fermi-Dirac distribution cm™*, but this is very weak in intensity compared to the peaks
function. All other spectra were shifted by this energy, which above 3000 crm.
was typically 0.4 eV. The pass energy for all spectra was 5.85 Figure 1b shows an FTIR spectrum of a silicon sample after
eV, yielding a resolution of 0.09 eV, and electrons were exposure to a small dose (0.005 L) of pentacene. In addition to
collected at 10 from the surface normal. Peak energies are large peaks at 3019 and 3054 chnthe spectrum shows
reported from direct measurements of the spectra and are nosignificant peaks at 2870 and 2922 c¢hhand the appearance
based upon any fitting algorithm. XPS spectra were measuredof an absorption feature at 2091 chThe region from 2800
immediately before the UPS spectra at each level of exposure.to 3000 cnT? is characteristic o§p*-hybridized G-H stretching
XPS was performed using a Physical Electronics setup with vibrations, and the presence of new peaks in this region suggests
monochromatized Al K radiation at 1486.6 eV. This source is that when pentacene molecules interact with Si(001) at least
mounted on the same chamber as the ultraviolet source and usesome of the C atoms undergo a change fresp to sp®
the same detection scheme for determining core level binding hybridization. The 2091 cnt peak matches the frequency of
energies as was described above. Si(2p) spectra were recorde8i—H vibrations. The presence of this peak demonstrates that
and used as an internal standard by correcting each spectrunat least some of the pentacene-€ bonds are cleaved upon
to binding energies of 99.4 and 100.0 eV for the,2and 2p/, adsorption.
lines, respectively. C(1s) spectra were then corrected by the same To test whether this initial interfacial layer is stable, the
value as the corresponding Si(2p) spectrum. The takeoff anglesample was heated to 400 K for two minutes. No changes in
of all measured photoelectrons was’ 383° from normal). A frequency or intensity were observed. Because under these same
pass energy of 11.75 eV was used for the hemispherical conditions pentacene multilayers will desorb from the surface
analyzer, yielding an instrumental resolution of 0.18 eV. Spectra (vide infra), the results of this experiment indicate that the 0.005

Exposures were determined from the background chamber M
pressure and are reported in Langmuir ((11 x 1076 Torr-s).
1 1 I 1 1

'Results
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Figure 2. UPS spectra of the Si(001) surface after exposure to different

amounts of pentacene: (a) O L, clean Si(001)«(2), (b) 0.008 L, (c)
0.04 L, (d) 0.07 L, and (e) 0.2 L. Spectrum (f) was obtained after heating
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bond that forms upon surface reconstructidfter limited
exposure (0.008 L, Figure 2b) to pentacene, the intensity of the
0.8 eV peak decreases notably, but is still recognizable as a
slight bump in the spectrum. This implies that some of the
surface dimers have reacted with the adsorbed pentacene, but
that some of them remain unreacted. The appearance of peaks
at 6.6 and 8.9 eV indicates that pentacene molecules have
adsorbed on the surface, as this region has been shown to be
characteristic of carbon bonds?®

After further pentacene exposure (Figure 2c), theSidimer
peak at 0.8 eV disappears. It is clear that other changes have
taken place in the region below 5 eV as the originally featureless
spectrum exhibits small peaks at 2.9 and 3.4 eV. After 0.07 L
exposure (Figure 2d), peaks at 1.2, 2.4, 2.9, 3.5, and 4.0 eV
appear in the spectrum and then grow in further, but do not
change in position or relative intensity by 0.2 L exposure (Figure
2e). These low binding energy peaks correlate well with the

to 400 K and spectrum (g) after heating to 650 K to desorb pentacene '€lative energies of the 3h 2a,, 3bsg, 2k, and 3Ry orbitals

multilayers. On the right is a blow-up of the-® eV range. Above the
spectra are the five lowest energy pentacer@bitals, shifted down
by 5.4 eV from the gas-phase values reported in ref 26.

L nominal exposure does not produce multiple pentacene layers,

and yields a thermally stable interfacial layer.
Figure 1c shows an FTIR spectrum of a multilayer thin film

of pentacene deposited on the clean Si(001) surface (nominal

exposure 0.009 L). This spectrum has peaks at 3019 and 305
cmtand a smaller peak at 2919 chthat all arise from G-H
species, and a peak at 2087 ¢nthat is attributed to SiH
species. A comparison of the multilayer (Figure 1c) and
monolayer (Figure 1b) spectra shows that most of theHC
modes have approximately the same frequency,
large changes in the relative intensities of the peaks. In the
spectrum of the multilayer film (Figure 1c), the intensity of the
peaks in thesp?-hybridized region ¥ 3000 cnt?) is much more
intense than those in trep*-hybridized region £3000 cnT?),
while in the monolayer film (Figure 1b) these peaks are closer
in relative intensity. The large intensity of peak8000 cnt?
relative to those<3000 cnt! in Figure 1c indicates the
formation of a multilayer pentacene film. To confirm the
formation of a multilayer film, samples were analyzed by ex
situ atomic force microscopy (AFM) (see below).

The multilayer sample in Figure 1c was heated to 350 K for
5 min. Although our estimated temperature is slightly lower
than the value of 380 K reported as the peak desorption
temperature from thick multilayer film<€,our data and existing
vapor pressure dathindicate that thin multilayer films desorb
within 5 min at the temperature of350 K used in our
experiments. After heating, the FTIR spectrum (Figure 1d)
shows that the large peaks above 3000 tare much smaller
and three peaks are now visible at 2880, 2919, and 2978.cm
A peak centered at 2880 crhis also present, slightly broader
and slightly shifted from that in Figure 1b. The decrease in the
intensity of the 3019 and 3054 crhpeaks indicates that most

but there are .

of pentacen® 28 when a static shift of 5.4 eV is included to
account for the difference between the ionization potential of
gas-phase and surface-bound molecules. This strong correlation
suggests that intact pentacene molecules are present at the
surface of the multilayer film. The absence of any further change
after a nominal exposure of 0.07 L implies that the electronic
structure has reached a bulklike state where further deposition
of pentacene does not cause the spectrum to change. The

“%lectronic structure at this point is much different than that of

the low coverage spectrum, suggesting that the initial layer of
molecules is significantly different electronically than a thicker
film.

The valence band character of the sample after heating is
given in Figures 2f and 2g. The sample was heated for 10
intervals of two minutes each. Temperature was increased for
each successive interval, with a complete range from 300 to
650 K. After each interval the sample was allowed to cool to
room temperature. Two representative spectra are shown in
Figure 2. Figure 2f was obtained after the sample had been
heated to 400 K and Figure 2g was taken after the final heating
period (650 K). A broad peak at 3.3 eV appears in both of these
spectra and is the only feature below 5 eV. This peak has been
seen in other work and has been attributed to the silicon
substraté#29None of the other peaks below 5 eV that existed
prior to heating (Figure 2e) show up after heating (Figure 2f or
2g). Broad peaks at 6.6 and 8.8 eV are seen in both spectra,
making them appear similar to Figures 2b and 2c. With mild
heating, the general shape of the spectrum changes from that
of a bulk film (Figure 2e) to resemble a low coverage spectrum
(Figure 2c). With further heating, the shape changes to look
more like that of the submonolayer film (Figure 2b). These
changes show that desorbing pentacene from a multilayer
interface results in an electronic structure very similar to that
observed at submonolayer coverage on the clean Si surface.

3. XPS Data.Figure 3 shows the C(1s) XPS spectra of the

of the pentacene desorbs during heating. However, the residuafame Si(001) sample and the same pentacene exposures as the
presence of the three peaks below 3000 thimdicates the ~ UPS spectrain Figure 2. At low exposure, a single carbon peak
presence of a chemisorbed layer that is spectroscopically similarappears at 284.6 eV (Figure 3b). The spectrum evolves from
to that prepared by submonolayer deposition onto the cleanthis single peak at 0.008 L to four peaks at 283.9, 284.4, 284.7,
surface, as in Figure 1b. and 285.3 eV at 0.2 L exposure (Figure 3e). The appearance of
2. UPS Data. Ultraviolet photoemission was used for hew peaks as the pentacene layer grows thicker shows that the
examining the valence band characteristics of pentacene ad-chemical environment of the molecules in the thicker film is
sorbed on Si(001). UPS spectra as a function of pentacenedifferent from that of the interfacial molecules.
exposure and temperature are shown in Figure 2. The clean The C(1s) XPS spectrum after heating the same sample to
silicon surface (Figure 2a) exhibits few features other than a 650 K is shown in Figure 3f and it is fit to a single peak with
sharp peak at 0.8 eV, which is attributed to the=Si dimer a binding energy of 284.6 eV. The comparatively low binding
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Figure 3. XPS spectra of the Si(001) surface after exposure to different
amounts of pentacene: (a) 0 L, clean Si(001)«(2), (b) 0.008 L, (c)
0.04 L, (d) 0.07 L, (e) 0.2 L. Spectrum (f) came after heating the sample

Figure 4. 15um x 15um AFM image of pentacene multilayers on
clean Si(001). The height difference between features is between 1 and
1.5 nm, suggesting that each represents a single molecular layer step.

Measured C/Si area ratios for each exposure level are given

to 650 K to desorb pentacene multilayers. in Table 1. An approxima_lte value for the escape depth was
calculated from the inelastic mean free path for an electron with
TABLE 1: C/Si Ratios and C Surface Densities for Various kinetic energy of 1400 e¥ emerging at an angle of 33rom

Pentacene Exposures the surface normal. The number of pentacene molecules per
exposure o 0l22 square centimeter for each exposure level was then calculated

(L) AdlAsi (C atoms/crd) (molecules/crf) from eq 1. As shown in Table 1, the C/Si ratio increases with
0.008 0.061 6.1 104 28x 1043 increasing exposure and then upon heating returns to 0.23, a
0.04 0.38 3.8x 10 1.7 x 10 value between those measured at 0.008 and 0.04 L exposure
8-37 2%-6 (0.061 and 0.38, respectively). These experiments indicate that

the strongly bonded organic layer produced by depositing a
multilayer film and then desorbing the thermally labile com-
energy of this peak is identical to that observed at the lowest ponent is similar in number density of molecules to that for
coverage of pentacene on the clean surface and the area ighich the UPS data show a transition from a “disrupted” to a
slightly larger. pentacene-like electronic structure.

XPS data were also analyzed quantitatively to determine 4. Atomic Force Microscopy Data.Figure 4 is an AFM
actual coverage of the pentacene layer at each step in the dosingnage after a nominal exposure of 0.04 L pentacene on clean
procedure and thereby to determine at which point a complete Si. Three layers are visible, indicating the formation of a
monolayer had formed. Peak areas in XPS spectra are propormultilayer film, and the height of each layer is between 1 and
tional to the number of carbon and silicon atoms in the area of 1.5 nm, roughly the molecular height of pentacene. Some
the analysis, so the C/Si area ratio can be used to approximatecrystals are as large as a few microns in length, which makes
the number of pentacene molecules in a given area. The ratiothem comparable to those seen in past studli@his image
of the carbon Ac) and silicon fAs) areas Ac/As;, the number suggests that the manner of deposition employed in this study
density of silicon pg;, the electron escape depthy, the atomic produces multilayer pentacene films consistent with those seen
sensitivity factorsSs; andS:, and the surface density of carbon  in previous work.

0.2+ heating 0.23 2.% 101 1.1x 10

atoms,o, are related by the equation: 5. Pentacene on an Organic-Functionalized Si Surfac&o
determine how organic functionalization of the Si(001) surface
Ac _ oSy 1 affects the formation of subsequent interfaces to pentacene, we
A_Si_Psrtesc‘Sc @) performed experiments on Si(001) surfaces that were first

functionalized using cyclopentene molecules and then exposed
This equation assumes that the pentacene film is thin enoughto pentacene. Previous studies have shown that cyclopentene
that it does not attenuate the signal from the underlying bulk forms an ordered, self-terminating monolayer on the Si(001)
Si. Direct measurements in our XPS system of the attenuationsurface via reaction of the=€C double bond with the dangling
of the Si signal induced by pentacene overlayers shows that anbonds of the Si(001) surface, thereby leaving the surface
exposure of 0.2 L yields an average thickness-66 A. On terminated with a saturated hydrocarbon monolayero
the basis of this result, we estimate that at pentacene exposureslistinguish the initial organic layer from the subsequent pen-
of <0.07 L there is no significant attenuation effects and eq 1 tacene layers in infrared spectroscopy, we used cyclopentene-
should be valid. For the higher exposures (0.07 and 0.2 L), this ds, where all hydrogen atoms were replaced with deuterium.
simple model for surface density breaks down, as evidencedIsotopic labeling yields clearly separated spectra for the
by attenuation of the Si(2p) signal and the plateauing of the interfacial monolayer and the subsequent pentacene layers.
C(1s) signal. While in principle the attentuation effects can be  Figure 5 shows IR spectra from a Si(001) surface that was
corrected for if the layers are planar, the presence of local heightexposed to saturation coverage (10 L) of cyclopentine-
variations due to island formation makes this difficult in practice. followed by deposition of pentacene (nominal exposure 0.2 L)
These electron attenuation effects make analysis of high on top. Previous experiments showed that the 0.2 L exposure
exposure data complicated, but they do not affect analysis ofis sufficient to form a multilayer thin film. Because our
the first monolayer of adsorbed pentacene molecules, which isexperimental apparatus does not allow pentacene to be evapo-
the focus of this paper. rated onto the sample when in position for obtaining FTIR



11146 J. Phys. Chem. B, Vol. 107, No. 40, 2003 Weidkamp et al.

@ visible after heating to 700 K suggests that some pentacene

S — . .

RASEad (b) molecules did not desorb with the rest of the pentacene
molecules at 415 K; these remaining molecules undergéiC
bond cleavage when heated to 700 K, leading tetBspecies

| 5x10" on the surface.

] . .

3 Discussion

g (© 1. Bonds Formed at the Interface with Clean Si(001)Our

M:"":(d, data show that the interaction between pentacene and the Si(001)

W surface involves an initial layer of molecules whose electronic
. (e structure and crystallinity differ significantly from those of

AVa ~— thicker multilayer pentacene films, in agreement with previous
~ T studies®1-14 By applying more chemically sensitive methods

| — T T T to this problem, we are able to gain additional insight into the

2100 2200 2900 3000 3100 chemistry of the interfacial layers and their resulting impact on

Frequency (cm ) electronic properties of the interface and crystal growth.

Figure 5. FTIR spectra of the desorption of species from a Si(001)/ FTIR spectra (Figure 1) show a clear difference irk
?y)cIé);)senéefneigslpentac(g;\i1|r;teKrf?ce5aft¢r h(e?tl{‘l%t& ter;dp_e_ratulrel% of stretching vibrational absorption between low pentacene cover-
a or min, or min, (C , additional :

min, (d) 625 K for 10 min, (€) 700 K for 10 min, (f) 750 K for 5 min, aﬁe and m.”r:t'('jay‘?‘r Cf"erlage' Thke valence \t}a“d.SpeC”“m also
and (g) flash to 1000 K. changes with dosing level as peaks in the5(V region appear

only after the first monolayer is complete (Figure 2). In addition,

spectra, the pentacene-covered sample was prepared first anthe C(1s) core level spectrum changes dramatically as more
then transferred within the ultrahigh vacuum chamber to the Pentacene is deposited on the surface (Figure 3). These three
FTIR stage. A set of FTIR spectra was then recorded in which Pieces of evidence make it very clear that the initial layer of
the sample was annealed to an elevated temperaturesfarin, pentacene on the Si(001) surface is different chemically and
cooled back to room temperature, and another FTIR spectrumelectronically from a thin film of pentacene, thus corroborating
was measured. While these data can be presented in severdirevious results?
ways, in Figure 5 the spectra show the results in which the  Since most surface analysis methods such as UPS are more
previous FTIR spectrum in this set was used as a background.easily applied to thin films than to buried interfaces, it is
Each spectrum therefore represents the change in the spectruri’mportant to establish whether the initial interfacial layer changes
resulting from the specific heating cycle of interest, with positive when additional pentacene is deposited on top of it. We
peaks indicating an increase in vibrational intensity after heating, determine this by comparing the FTIR spectrum at low coverage
and negative peaks indicating a decrease in intensity. (Figure 1b) with both that of a thicker multilayer film (Figure
After heating the sample to375 K (Figure 5a), there is a  1c) and that after the thick film is removed via low-temperature
small, broad negative feature between 3013 and 3054.cm annealing (Figure 1d). The most significant observation is that
Heating to 415 K yields two very large negative peaks at 3019 Figures 1b and 1d both show peaks at 2870 and 2919,dm
and 3052 cm! (Figure 5b); because there is no corresponding the region commonly ascribed to the-€l stretching vibrations
increase in intensity of any other features, we associate theseof sp-hybridized carbon atoms. No significant structure is
changes with desorption of the pentacene molecules from theobserved in this region in the multilayer film (Figure 1c). The
multilayer film. Ten additional minutes of heating at that same spectrum after the excess layers have been desorbed from the
temperature (415 K) results in only a small change in absorption multilayer film shows an additional peak at 2980 crand also
at frequencies 3000 cnt? (Figure 5c), but there is also a small  shows higher intensity in the SH region (~2090 cm?)
negative peak at 2203 crh This peak does not appear in any compared with the spectrum produced by submonolayer deposi-
prior spectra and it is in the frequency region characteristic of tion.
C—D species’t34 After heating the sample to700 K (Figure On the basis of the infrared spectra, we conclude that the
5d), the negative peak attributed to desorption efiCspecies interfacial layer has much mosg*-hybridized carbon than the
is much larger and is located at 2211 ¢min addition, two multilayer spectrum. This increasesp*-hybridized carbon can
positive peaks appear at 2082 and 2106 £nn the region arise without dissociation via the interaction of trreC double
characteristic of StH absorption, indicating possible dissocia- bonds with the S&Si bonds of the silicon surface to form a
tion of pentacene and attachment of H atoms to the surface.variety of cyclic interface structuré$1®35However, the pres-
Heating to 800 K does not produce any changes in thé&C ence of St-H vibrational modes also suggests that cleavage of
stretching region, but leads to a slight increase in intensity for C—H bonds occurs. We conclude that heating of a multilayer
peaks in the SiH stretching region (Figure 5e). At 850 K  pentacene thin film results in molecular desorption of all
(Figure 5f), the SiH peak is negative, suggesting that this molecules but those bound at the interface and that these
temperature is hot enough to remove H atoms bound to theinterfacial molecules are chemically unchanged from their initial
surface. Flash annealing the sample up-i®00 K (Figure 59) adsorption.
shows a slight negative peak in the-$l region; however, the As a point of comparison, we note that benzene, also an
small intensity of the peak suggests most of the adsorbed Haromatic molecule with onlysp?-hybridized carbon atoms,
atoms had already been removed during the previous heatingadsorbs to the Si(001) surface and shows infrared vibrational
cycle. modes at 2899 and 2944 cinthat are similar to those we
These data show that under the conditions employed here,observe here for pentace#e®In the case of benzene, however,
pentacene multilayers are removed at temperatures between 37adsorption occurs entirely through the=C bonds without any
and 415 K; more extensive heating leads to partial removal or true bond cleavage; as a consequence, benzene can be reversibly
dissociation of the cyclopentemiglayer. The small StH peak adsorbed onto and desorbed from the Si(001) sufatke.
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bond formation disrupts the crystallinity of pentacene films, it
is important to note that formation of chemical bonds to the
underlying silicon and the transition &p*-hybridization must
also disrupt the planarity of the pentacene molecules. In
polycyclic aromatic solids such as pentacene, the energy of
crystallization arises largely from the van der Waals forces
between adjacent molecules. The o interaction of adjacent
molecules can occur most efficiently when the molecules are
in a planar geometry. Thus, molecules that are bound directly
to the surface and are no longer planar are likely to serve as
poor sites of nucleation due to their disrupted shape. A recent
study reported intense emission at 4.4 eV in UPS measurements
of pentacene on SnaSurfaces, and attributed this high intensity

g to molecules lying nearly parallel to the surface pléhka our

experiments we observe almost no intensity at this energy at
\ submonolayer coverage, and only a weak peak at 4.0 eV

(comparable to the intensity of the other pentacene-derived
Figure 6. Cartoons of (a) pentacene forming covalert$t bonds to peaks) in multilayer films. This result, combined with our
the silicon surface and deforming from its planar geometry, and (b) observation of AFM-based step heights ofl.5 nm for
pentacene interacting with a cyclopentene-modified silicon surface. multilayer films, indicate that on silicon surfaces the pentacene
Becal..lse the reactive dangllng .bondS have been terminated W|th anmultllayers |nv0|ve molecules a“gned Closer to the Surface
organic monolayer, pentacene is free to adopt a more electronically normal, as depicted in Figure 6b. Although our data suggest
favorable crystal structure. .~ ) . .

that on silicon the first monolayer of molecules lie approximately

flat on the surface (as in Figure 6a), the absence of intense
emission at 4.4 eV is consistent with the presence of significant
molecular distortions from planarity and disruption of the

Toluene and xylene, with one and two methyl groups external
to the aromatic ring, have been shown to adsorb in a similar
manner but less reversibly and with some dissociation-eHC . .
bonds in the methyl grous.Pentacene exhibits slightly different e_k_ectron system due to covalent bond formation to the underlying
behavior, undergoing some—<H bond cleavage from C atoms SI|ICOI’1.. ) .

in the fused ring system. This cleavage results in nearly The idea of disrupted molecular structure leading to poor
irre versibleadsorption of the pentacene species to the Si(001) crystal structure may be one that applies to many areas of surface
surface, an interaction which is likely stronger than that of chemistry. Deposition onto a reactive substrate often leads to a
toluene and xylene based on the thermal stability of the initial chemical reaction on the surface, which in turn results in a
layer. This correlation to other aromatic molecules substantiatesPhysical change in molecular shape of the adsorbate. Itis highly
the conclusion that bonds are formed between the interfacial likely that this change in shape then affects the ability of
molecules and the substrate, but it also provides insight into SUbsequent layers to adopt their ideal crystalline phase. In
how molecules with common characteristics can behave dif- addition, the surface reactivity of the substrate prior to deposition

ferently on the Si(001) surface. inhibits diffusion of the initial layer and therefore leads to a
2. Disruption of Electronic Structure and Molecular Shape higher density of nucleation sites and an increased number of
at the Interface—Influence on Nucleation and Crystal grain boundaries.

Formation. The above experiments show that the initial A recent study showed that when depositing pentacene on a
pentacene layer forms covalent bonds to the underlying silicon clean Si(001) surface, nucleation of bulk pentacene-like crystals
surface, and that this bond formation necessarily disruptathe does not occur until after an initial coverage ®20% of a
conjugation within the molecule. Valence band photoemission “monolayer equivalent®! After this “dead layer” has been
data provide information on how these changes in hybridization formed, subsequent deposition leads to many layers of penta-
alter the electronic properties of the film. While bulk valence cene, such as those shown in Figure 4. In these earlier
band spectra of pentacene and other conjugatedectron experiments, 20% of a monolayer equivalent was based upon
systems typically showt electron bands between 0 and 5 eV, the amount of pentacene needed to produce a complete layer
no significant structure is observed from pentacene on Si(001) in an orientation similar to a single-crystal orientation. However,
until reasonably high coverage (0.07 L, Figure 2d). The absenceSTM experiments at low coverage, along with our studies
of significant conjugatedr structure in the interfacial layer = showing a high degree of electronic disruption, indicate that
means that the electronic properties that make pentacenethe molecules are likely lying approximately flat on the surface.
desirable for organic electronics applications (e.g., high electron In this case 20% of a monolayer equivalent actually covers an
mobility, good s overlap) will be different for the interfacial  area substantially larger than 20% of the surface. If each
layer than for bulk pentacene. Such an interface is likely to be pentacene molecule is modeled as a rectangle 14.1 A by 5.0 A
a hindrance to some electronics applications. (the approximate length and width of a pentacene molégule

A more detailed, atomistic picture can be made on the basisa full monolayer of flat-lying molecules would correspond to
of scanning tunneling microscopy images, which show that at 1.4 x 10'* molecules/crh For comparison, our XPS measure-
submonolayer coverage, pentacene molecules lie approximatelyments suggest that the monolayer corresponds to a molecular
flat on the Si(001)-(2< 1) surface439Calculations have shown  density of 1.1x 10 molecules/cr® while 20% of a crystalline
that covalent bonding between the carbon atoms in pentacengpentacene monolayer corresponds t0:8.203 molecules/crh
and the dangling bonds from the substrate gives charge Within the combined error limits of each measurement, the data
distributions that can explain the STM imagé€sigure 6a is a are consistent with a model in which the initial pentacene
schematic representation of a pentacene molecule bound to thenolecules interact strongly with the surface, lying approximately
surface through covalent bonds. To understand why this covalentflat and excluding further adsorption within an area slightly
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larger than the planar projection of the molecule. Once this layer  (3) Dimitrakopoulos, C. D.; Mascaro, D. IBM J. Res. De. 2001,
is completed, further pentacene molecules adsorb, forming more#> 11-
weakly bound pentacene layers. (4) Katz, H. E.; Bao, ZJ. Phys. Chem. B00Q 104, 671.

3. Pentacene on Chemically Modified SiliconThe passi- 196(15)14(:%”5pbe|" R. B.; Robertson, J. M.; Trotter, Acta Crystallogr.

vating effect of an organic monolayer can improve the nucle- (6) Campbell, R. B.; Robertson, J. Mcta Crystallogr1962 15, 289.
ation and growth of pentacene on the Si(001) surface by (7) Holmes, D.; Kumaraswamy, S.; Matzger, A. J.; Vollhardt, K. P.
reducing the surface energy of the=Sli double bonds, leaving  C. Chem. Euro. J1999 5, 3399.
only a simple hydrocarbon-like surface that has no available  (8) Mattheus, C. C.; Dros, A. B.; Baas, J.; Meetsma, A.; de Boer, J.
reactive sites for bonding to pentacéheBy reducing the L. Palstra, T. T. MActa Crystallogr. C2001 57, 939.
possibility of bond formation with the pentacene layer, the _ (9 Lin, Y.-Y.; Gundlach, D. J.; Nelson, S. F.; Jackson, T.INEE
crystal formation can more readily be controlled by the Electron Daice Lett. 1997 18, 606.
. . . (10) Gundlach, D. J.; Lin, Y. Y.; Jackson, T. N.; Nelson, S. F.; Schlom,

pentacenepentacene interactions instead of surface-to-molecule p G iEEE Electron Deice Lett. 1997 18, 87.
bond formation. This situation is represented schematically in  (11) Schroeder, P. G.; France, C. B.; Park, J. B.; Parkinson, B. A.
Figure 6b, where the initial layer of pentacene is shown adopting Phys. Chem. 2003 107, 2253.
a crystalline orientation instead of the disrupted planar config- ~ (12) France, C. B.; Schroeder, P. G.; Forsythe, J. C.; Parkinson, B. A.
uration shown in Figure 6a. When the surface is exposed to -angmuir2003 19, 1274.
cyclopentenals followed by pentacene, the absence of available 20(()113211"49%’%'2“ Heringdorf, F.-J.; Reuter, M. C.; Tromp, R. Nature
S|te§ Ieayes '[.h(.? pentacen.e.mollecules unperturbed, so tha’F they (14) Hughes, G.; Roche, J.; Carty, D.: Cafolla, T.; Smith, KIEVac.
retain their originabp’ hybridization and planar geometry. This  sci. Technol. 2002 20, 1620.
is clearly evidenced through the FTIR spectra in Figure &a (15) Ozaki, H.J. Chem. Phys200Q 113 6361.
by the absence of any-€H vibrational features at 2870 or 2919 (16) Kymissis, I.; Dimitrakopoulos, C. D.; Purushothaman,|EEE
cm™! that might be ascribed tep-hybridized carbon atoms. ~ Trans. Electron Deices200], 48, 1060.

The appearance of an intense-D peak at 700 K (Figure 1%;)7 Tg?ifégR' J;; Hovis, J; Lee, S.; Liu, H.; Shan]. Phys. Chem.
5d) indicates that this temperature is hot enough to desorb the ' . . L ) )

L (18) Hamers, R. J.; Coulter, S. K.; Ellison, M. D.; Hovis, J. S.; Padowitz,

terminating monolayer of deuterated cyclopentene. Another b ¢ ."schwartz, M. P.; Greenlief, C. M.: Russell, J. N.. Acc. Chem.
interesting feature that appears in this same temperature regiorrRes.200Q 33, 617.
is the absorption at 2082 and 2106 ¢iriThe fact that they are (19) Bent, S. FSurf. Sci.2002 500, 879.
positive peaks indicates that-SH bonds ar€orming at high (20) Bent, S. FJ. Phys. Chem. B002 106, 2830.
temperatures. This most likely arises from some pentacene (21) Fang, L.; Liu, J.; Coulter, S.; Cao, X.; Schwartz, M. P.; Hacker,
molecules remaining on the surface until the cyclopentene C- Hamers, R. JSurf. 5ci.2002 514, 362.
desorbs and then undergoing a reaction with the exposed surface, 4’(%?45“”3’ R.J.; Tromp, R. M.; Demuth, J. Bhys. Re. B 1986
in a manner similar to submonolayer coverages. This reaction, (23) Himpsel, F. J.; Eastman, D. E.Vac. Sci. Technol979 16, 1297.

however, takes place only when the surface is heated enough ;4 ja, v.: Suuberg, E. MJ. Chem. Eng. Datd998 43, 486.

to remove the passivating layer and open up reactive sites. (25) Uhrberg, R. I. G.; Hansson, G. V.; Nicholls, J. M.: FlodstcS.
_ A. Phys. Re. B 1981, 24, 4684.
Conclusion (26) Boschi, R.; Clar, E.; Schmidt, W. Chem. Physl974 60, 4406.

We have shown that the initial layer of pentacene, an aromatic 55(211)15?'”"’ P. A Brogli, F.; Heilbronner, Eelv. Chim. Actal972

r_nolecule_ with semiconducting properties well-suited to thin- (28) Boschi, R.; Murrell, J. N.; Schmidt, VIDiscuss. Faraday So972
film transistors, adsorbs strongly to the Si(001)(2) surface. 54, 116.

FTIR data confirm the formation of SiC bonds and indicates (29) Xu, S. H.; Yang, Y.; Keeffe, M.; Lapeyre, G.Rhys. Re. B 1999
that there is a limited amount of dissociation of the interfacial 60 11586.

molecules upon adsorption. The chemisorbed layer remains the _(30) Tanuma, S.; Powell, C. J.; Penn, D.Surf. Interface Anal199],
S.ame both Ch.emlca"y and eleammca”y throughou.t the deposi- (31) Villarreal, J. R.; Laane, J.; Bush, S. F.; Harris, WSpectrochim.
tion and heating process. The formation of a chemisorbed layer acta 1979 354 331.

inhibits the growth of pentacene crystals on the clean silicon (32 condirston, D. A.: Laposa, J. D. Mol. Spectrosc1976 63.
surface and is undesirable for organic electronic applications. (33) Schwartz, M. P.; Ellison, M. D.; Coulter, S. K.; Hovis, J. S.;
Passivation of the reactive Si surface with a molecule such asHamers, R. JJ. Am. Chem. So@00Q 122, 8529.

cyclopentene prior to pentacene deposition leads to a surface (34) Schwartz, M. P.; Halter, R. J.; McMahon, R. J.; Hamers, R. J.
that interacts weakly with the thin film and therefore is likely ~Phys- Chem. 003 107, 224.

: ; ot ; (35) Coulter, S. K.; Hovis, J. S.; Ellison, M. D.; Hamers, RJJVac.
to have superior electronic characteristics as well as wider g "5, ol 2000 18, 1965.

application in organic electronics. (36) Lopinski, G. P.; Fortier, T. M.; Moffatt, D. J.; Wolkow, R. A.
) ) Vac. Sci. Technol. A998 16, 1037.
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