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In this work we employ the state of the art pseudopotential method, within a generalized gradient approxi-
mation to the density-functional theory, to investigate the adsorption process of acetonitrile on the silicon
surface. Our first-principles calculations indicate thatzCN adsorb via g2+2] cycloaddition reaction
through the G=N group (di-ocy mode) with an adsorption energy around 37 kcal/mol. Although the
di-ocny model is found to be the most probable adsorbed structure from the energetic point of view, we have
also found that the adsorption via the Si-N dative b@idNy,; mode) is also possible. Based in our energetic
analysis, and in the spectroscopy data by Bournel and co-workers, we suggest the existence of a mixed domain
surface composed by both the di-y and Si-Nj;; adsorbates, although the existence of the latter structure is
disregarded by the core level shift analysis by Tao and co-workers. Possible reasons for the contrast between
available data are addressed. We present theoretical scanning tunneling microscopy images of the possible
adsorbed systems and suggest that this experimental procedure could possibly identify the existence of the
proposed mixed domain structure. In addition, the electronic structure and surface states for bottithe di-
and Si-N;;; models are discussed in detail.
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I. INTRODUCTION is isolectronic to acetylene. Therefore, it is expected that

The increasing number of studies devoted to the chemiscHs~ C=N would also undergo 2 +2]-like cycloaddition
try of organic molecules on silicon surfaces is not only re-reaction but via the cyano group, as there are no double
lated to the understanding of its fundamental aspects, b@&arbon bonds in this molecule. Recent experimental works
also to its importance in various technological applicationsjnvolving synchrotron radiation photoemission spectroscopy
such as insulator films, resistance of nanolithography, chemi®PES and near edge x-ray absorption fine structure spectros-
cal and biological sensors, and molecular electronics. Eacbopy (NEXAFS) (Refs. 9 and 1P and temperature pro-
of these requires the development of a well defined organigrammed desorptiogTPD), x-ray photoelectron spectros-
layer on the semiconductor surface. As these organic layeopy (XPS), and high-resolution electron energy-loss
are basically formed by exposing the semiconductor surfacepectroscopyHREELS (Ref. 11 suggest that indeed this
to organic compounds, the understanding of the first stagemolecule is molecularly adsorbed on(@&1 through the
of the interaction between the surface and the organic struéz=N group in a dio configuration, leaving a €N func-
ture is crucial in order to improve its quality. The majority of tionality on the surface for further reaction and modification.
the reactions between semiconductor surface and hydrocatdthough both experimental studies point out to this similar-
bon molecules occur at or near the dangling bonds of théy between acetylene and acetonitrile, the TPD, XPS, and
reconstructed surface. In the case of silicon,(8@]) surface  HREELS measurements by Tao and co-workers and the PES
reconstruction is based on dimers, where a strongond and NEXAFS spectroscopy data by Bournel and co-workers
between the two dimer atoms and a weakbond is ob- indicated the possibility of multiple chemisorption states.
served. It is now well established that the—GC double  While the former proposed interdimer and intradimer adsorp-
bonds in hydrocarbons break the dimebonds and lead to tion models, the latter clearly indicated the possibility of a
the formation of new surface bonds that are often energetiN—Si dative bond configuration. In addition, Bournel and
cally favorablet Making use of this reaction, it is possible to co-worker$1° observed that all Si-Si dimer states disappear
produce well ordered organic films/Si structures with a stableipon adsorption of acetonitrile, indicating a saturation cov-
and uniform interface. More importantly, the novel organicerage around 1 monolayéviL ).
films on silicon introduce the possibility for an entirely new  From the theoretical point of view, two cluster calcula-
device physics based on utilization of their varieties of func-tions were carried out by Tao and co-workérand Lu et
tional groups. al.*2In these two studies the theoretical findings are in agree-

The majority of works so far focused on the interaction of ment with the experimental observation of 2+ 2]-like cy-
simple alkenes with the silico001) surface. In particular, cloaddition reaction via the cyano group, but in both cases,
acetylenéand ethylené&;® are among the most studied ad- only a small number of possible adsorption sites were con-
sorbates on the silicon surface. Both molecules are adsorbeitlered. It is worthy pointing out that in Tao’s work a pos-
via a [2+2]-like cycloaddition reaction via the breaking sible N-Si dative bond configuration was not under investi-
of the weaks bond of the Si-Si surface dimer. Acetonitrile gation, while in Lu’s investigation, this structure was only
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considered as a possible transition state for[he2]-like  the free Si00)-(2x2) surface and Ea=agSHscN
cycloaddition reaction via the cyano group structure. In this+bESHESN, where ESHSCN s the total energy for a CYEN
work we employ the state of the art pseudopotential methodnolecule in a box of side 22 a.u., aif 3" is the chemi-
within a generalized gradient approximation to the densitysorption energy of a C)CN molecule on the §001) sur-
functional theory, to investigate the adsorption process oface. The coefficienta andb are appropriately chosen for a
acetonitrile on the silicon surface. A detailed analysis of thegiven configuratiort?

structural, electronic, and vibrational structures of possible

adsorbed systems are discussed and compared to available . RESULTS

experimental results. In addition, theoretically scanning tun-

neling microscopySTM) images are presented, with a view A. Preliminary results

to contribute to further experimental investigations. For bulk silicon our first-principles calculations produced
5.42 A for the equilibrium lattice constafa,), 0.86 GPa
Il. THEORETICAL CONSIDERATIONS for the bulk modulugBM), and 4.39 eV for the cohesive

) _energy, all in good agreement with the experimental values

The surface was modeled in a supercell geometry, Withyresented in Ref. 20. The calculated theoretical lattice con-
an atomic slab of six Si layers and a vacuum region equivastant obtained for the bulk silicon is used in surface calcula-
lent to eight atomic layers. The unit cell for th2X 2) sur-  tions, The clean $001)-(2 2) surface is characterized by
face structure is spanned by vect@s=a(1,1,0 anda,  gjternated tilted Si-Si dimers, i.e., one dimer component is at
=a(-1,1,0. The theoretical value of the bulk Si lattice con- g higher position than the other, but neighboring dimers
stanta was used in the surface calculations. On the top sidgresent opposing tilting directions. The tilting of the dimer
of the slab we placed the GEN molecule in different con-  allows charge transfer from the “down” atotwhich be-
figurations, and the back surface was passivated by H atomgmes more planar @p? bonded to the “up” atom(which
arranged in a dihydride structure. Additionally, we made calhecomes nearly pyramidal sfp® bonded. Thus, the down
culations for a single CECN molecule placed in a cubic box Sj atom dimer is electron deficient, while the up Si atom is
of 22 atomic unitga.u) side. The pseudopotentials for Si, C, electron rich. Our calculations support this model: the Si-Si
N, and H were derived by using the scheme of Troullier ancimer is found to have a bond length of 2.30 A and a ver-
Martins'® and the electron-electron exchange-correlation intjcal buckling of 0.73 A, indicating a tilt angle of 17.8°. To
teractions were considered by using a generalized gradiefést the reliability of the carbon, nitrogen, and hydrogen
approximatiof of the density-functional theory. As for the pseudopotentials, we performed additional calculations. For
surface calculations, the single-particle orbitals were eXcubic diamond we obtained 3.6057A, 4.534.42GPa, and
pressed in a plane-wave basis up to the kinetic energy of 2q7.37)ev for the cubic lattice constant, bulk modulus,
35 Ry. For the Brillouin-zone summation, four spedi@al  ang cohesive energy, respectively, in good agreement with
points were used for surface calculations while for the isope experimenta? values given in the parenthesis. Further-
lated molecule we considered eight spe&igloints. Increas-  mgre, our calculated bond lengths for the SHCN mol-
ing the energy cutoff to 50 Ry or the number of spe&al ecyle are c-C=1.44 A, C—-N=1.59 A, and G—H

points to 16 did not result in total energy differences by more-=1 11 A, in good agreement with available experimental
than 0.1%. The electronic and ionic degrees of freedom wergg520

relaxed by adopting the scheme described by Bockstetdte
al.’® The atoms were assumed to be in their fully relaxed
positions when the forces acting on the ions were smaller
than 0.005 eV/A. The relaxed adsorption geometries were In order to investigate the interaction of acetonitrile with
used to calculate the zone-center vibrational modes withithe silicon (001) surface, we have considered a series of
the frozen-phonon schem& For setting up the dynamical possible adsorption sites. As many of the considered struc-
problem we considered the adsorbed syst@H;CN) and tures are found to be highly unstabi'om the energetic
the Si dimer atoms. In order to obtain STM images from thePoint of view), in the present work we will focus our atten-
calculated eigensolutions, we employed the Tersoff-Hamankon only in selected adsorbed structures obtained via an exo-
formalism, as described in a previous wéfkhe most prob-  thermic process, i.e., the adsorbed system is lower in energy
able pathways and predicted energies from the gas-pha¥éen compared to the products: the free molecule and the
molecule to the adsorbed states were obtained by using Rare silicon(001) surface. In Fig. 1, we present the sche-
constraint dynamics scheme in which atomic movementatic views of four possible models for the adsorption of a
along the pathway is a response to forces in a local regiofiingle CHCN on the S(001):(2x 2) surface(corresponding
around it. The constraint is set only for the carljonhydro-  to 0.5 ML coveragg (a) [2+2] cycloaddition via the C
gen atoms during the adsorption and dissociation processes=N group (di-ocy); (b) Si—-N dative bond(Si-Ng,y); (€)

The energetic barriers are estimated following the phenomeyano+methyl dissociative modétyan-mej;o); and (d) [2
enological approach in the form of the Arrhenius equdfion +2] cycloaddition via the C—C grouftli—occ) with hydro-

(for a more complete description see Ref).IBhe adsorp- gen dissociation. We have further considered the possibility
tion energy for the CECN molecule was calculated as of end-bridge adsorbed structures, i.e., the;CN molecule
E29S = [Econi— (Erer+ E2®)], whereEgypy is the total energy  bonded to the silicon atoms from two adjacent dimers in the

conf™
for the considered configuratiok,,; is the total energy for dimer row direction and oriented perpendicular to the dimer

B. CH3—-CN:Si(2X 2)-(001) surface
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FIG. 1. Schematic views of possible models for the adsorption of a sing€RHhholecule on the $001): (2 X 2) surface(correspond-
ing to a 0.5 ML coverage (a) [2+2] cycloaddition via the &N group(di-ocy); (b) Si—N dative bond(Si—Nyg); (¢) cyano +methyl
dissociative mode(cyan-mej;s); (d) [2+2] cycloaddition via the €&-C group (di- occ); (e) end-bridge adsorption via the-€C bond
(end bridgec); and(f) end-bridge adsorption via the=EN group (end bridgey).

row, first proposed by Dyson and Snfittor the adsorption 10Y° s7'1° we have estimated that, for complete adsorption
of acetylene on the silicog001) surface. For the CECN  and with no zero-point correction, an activation barrier of
molecule, there are two possible end-bridge adsorption struet2 kcal/mol corresponds to a thermal activation in the
tures: via the G-C bond(end bridgec) as in Fig. 1e), or  range of 603—-696 K. As in all experimental works the ad-
via the G=N group (end bridgey) as in Fig. If). At this  sorption process occurred at room temperature and the cal-
point, it is also worth emphasizing that a possible dissociaculated energy barrier corresponds to a thermal activation
tive adsorption model whose final configuration would resultmuch higher than that, we understand that the cyanpmnet
in a isocyano and a methyl group bonded to the silicon atomsonfiguration is unlikely to be observed. For theodiy ad-
of the Si-Si surface dimer, as suggested by Bournel andorbed model, on the other hand, our calculations suggest a
co-workers’1® was found to be unstable, i.e., our molecular
dynamics simulations indicate that all possible precursor
states for this configuration always ended up in thergli-
adsorption model. Therefore, we are not going to address
such dissociative adsorption structure.

Our total-energy calculations performed for the selected
models for the acetonitrile adsorption on the(0Bi)-(2
X 2) surface indicates that the cyan-getonfiguration cor-
responds to the most probable structure from the energeth0
point of view, with an adsorption energy around
48 kcal/mol(against 37 kcal/mol for the diy configu-

Ads. energy (kcal/mol) (=93)

ration). This is in contrast with the experimental findings by di-o,,
Bournel and co-workePs° and Tao and co-workefs,indi- G
cating the diecy as the most probable adsorbed structure. In ¥ di-0, (37) o

sorption and dissociation paths for all considered structures
According to our calculations, the dissociative adsorption
leading to the cyan-mgi model would involve the forma-
tion of a precursor state whose adsorption reaction presents FIG. 2. Profile of the energy surface diagram for possible ad-
an activation barrier of 42 kcal/m@Fig. 2). Considering sorption models of a single GBN molecule on the $001):(2

the phenomenological approach in the form of the Arrhenius<2) surface. The values in parentheses correspond to the adsorp-
equation, with the choice for th& factor between 1§ and  tion energies in kcal/maiwithout zero-point corrections

order to elucidate this point, we have estimated possible ad % ¥ 48)

235331-3



MIOTTO, OLIVEIRA, PINTO, DE LEON-PEREZ AND FERRAZ PHYSICAL REVIEW B9, 235331(2004

much lower activation barrigl2 kcal/mol, corresponding disregarded by Tao and co-workétsThe absence of vibra-
to a thermal activation barrier in the range of 175—-201). K tional mode around 2200 crh and the large chemical
As the energy barrier for the dizy adsorbed model corre- shifts observed after annealing at 250 K are the main rea-
sponds to a thermal activation of the same order of the temsons gaven by Tao and co-workers for the impossibility of
perature in which the experiments by Bournel andthe existence of a Siy; like structure. This is in clear dis-
co-worker€1® and Tao and co-worke¥swere carried out, agreement with the NEXAFS™(2) core level state attrib-
we understand that our first-principles calculations are conuted by Bournel and co-workéfSto cyano or isocyano
sistent with the experimental observations. It is interesting t@roups bonded to silicon dangling bonds after the dissocia-
note that our calculated adsorption energy for therglir tion of the molecule or to a N-Si dative bond configuration
adsorbed modeB7 kcal/mo) is larger than the adsorption with a down Si dimer atom. As discused above, the dissocia-
energy of 29.6 kcal/mol predicted by let al,'? and the tion reaction is unlikely to be observed. Therefore we under-
estimated value of 31.6 kcal/mol obtained by Tao and costand that the NEXAFS and PES data from Bournel and
workers. However, the present value is considerably largeco-worker$1° are probably related to a Sig) species. The
then the activation energy for the desorption of glestate  adsorption of the acetonitrile molecule in the $jzNcon-
Eges—29.8 kcal/mol(attributed to a diecy adsorbed struc-  figuration is found to be almost barrierless, with a thermal
ture) obtained in the TPD experiment by Tao and activation barrier around 30 K. For the dicc adsorption
co-workers! if we consider that activation energies for de- model, although we have found a higher adsorption energy
sorption should be compared with the sum of the binding31 kcal/mo), our first-principles calculations suggest that
energy and the activation energy. In the present case our dati@e adsorption in such configuration will take place via the
indicates a desorption energy around 47 kcal/mol, which isame precursor state observed for the cyanzgrabdel. As
larger than the 30 kcal/mol measured by Tao andbhis precursor state adsorption reaction presents an activation
co-workerst! Lu et al,'? cluster calculations predicted that barrier of 42 kcal/mol the diecc adsorption model is un-
the formation of the disc\ adsorbate would happen via the likely to be observed. Indeed we have found that the disso-
distortion of a Si-N,; structure with an energy barrier close ciation pathway leading from the precursor state to the di
to 7 kcal/mol. We could not follow this energy path using —occ model involves a further activation barriéhis time
our present constrain dynamics scheme, as all tentative patlfose to 93 kcal/mol, corresponding to a thermal activation
for the distortion of the &N bond of the Si-N,; adsorbate energy of 1355 Kwhich will make the probability of ob-
lead to its desorption. We understand that the difference beservation of such structure almost null.
tween our results and the predictions by éfual 12 are prob- Ouir first-principles calculations suggest that, for both con-
ably related to the fact that their cluster calculations do nosidered end-bridge configurationge., end-bridge: and
correctly describe some aspects of the free silicon surfacend-bridgey), the nitrogen atom is more likely to be ad-
(such as, the buckling of the Si-Si dimged the limitations  sorbed over the down silicon atom of the Si-Si dimer, as
in their cluster sizgdimer-dimer interactions, for example, schematically indicated in Figs(é) and Xf). This is consis-
are not considered in their calculations due to the smaltent with the fact that the adsorption of electron-rich species,
cluster—SjH;—used by the authoysAt this point, it is  such as NH, with the silicon surface are initiated by the
worth emphasizing that it is well known that the use ofinteraction with the electrophilic surface atom. Our calcu-
pseudopotentials in nonlocal density-functional theory calcutated adsorption energies are found to be 29.5 and
lations is responsible for an underestimation of the calculate86.1 kcal/mol for the end-bridge and end-bridggy ad-
activation energies. The degree of underestimation is systesprbed species, respectively. As the presented calculated ad-
dependent and it was found to be around 10 kcal/mol for s&orption energies are of the same order as those observed for
Si,Hg model of H, desorption form $001).22 One must also the di-o and Si-N;,; adsorbed structures, we have estimated
have in mind that our predicted dissociation pathway shouldhe activation barriers for the adsorption of &N on such
be considered only as a general description of the reactioronfigurations. Our phenomenological approach indicates an
This is because it does not correspond necessarily to thactivation barrier of 375 kcal/mgtorresponding to a ther-
experimentally observed reaction, as local conditions mightmal activation much higher than the system melting point
play a decisive role in this process. For this reason, we unfor the end-bridgg: structure. For the end-bridgg ad-
derstand that we cannot completely rule out a possiblsorbed structure, on the other hand, this activation energy is
Si—Nyaa— di-o¢y reaction pathway. much smaller(36 kcal/mo) and corresponds to a thermal
We also present in Fig. 2 the energetics for the adsorptioactivation energy around 600 K. Still this value is consider-
of CH;CN on the Si-N, and di-occ configurations. The ably higher than those found for the SizNand di-o ad-
Si-Ngat Structure is also found to be energetically favorable sorption models, suggesting that end-bridge adsorbed struc-
with an adsorption energy close to 21 kcal/mol. By addingtures are not likely to be observed in the experimental
to this chemisorption energy our estimated energy barrier foconditions reported in all addressed investigations, although
the adsorption process, we get 23 kcal/mol, which is closéts existence cannot be completely ruled out.
to the TPD desorption energy of 24.6 kcal/mol experimen- We have further extend our study in order to investigate
tally observed by Tao and co-workéts$or the g2 structure  the possibility of the adsorption of a second acetonitrile mol-
attributed by them to a dir-like configuration. The exis- ecule(corresponding to 1.0 ML CECN coverage, i.e., one
tence of a Si-ly, structure is consistent with the photoemis- molecule per Si-Si dimegr For both the diecy and Si-N,4
sion and NEXAFS data by Bournel and co-workéradi- models, the calculated adsorption energy are slightly smaller
cating a N-Si dative configuration, but was entirely (35 kcal/mol and 18 kcal/mol, respectivglithan those
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found for a 0.5 ML coverage. This indicates that there is TABLE I. Comparison of the key structural parameters for ac-
most certainly a critical coverage around 0.5 ML afteretonitrile adsorption on the @l01)-(2x 2) surface. The models are
which the adsorption rate decreases, but nothing forbids thechematically shown in Fig. 1. All bond lengtfd are in angstorm,
completion of 1 ML of adsorbed acetonitrile if the silicon bond angles in degreeds;s; represents the Si-Si dimer length for
surface is exposed to a rich GEIN environment or if the the adsorption site when the other dimer is unreacted.
exposure occurs for a long period of time. This is consistent

with the experimental observations by Bournel and di-ocy Si-Nyat
co-worker§1®whose findings indicate that Si-Si dimer states pres cluste(Ref. 12  pres  cluste(Ref. 12
disappear upon adsorption of acetonitrile, suggesting a satu

ration coverage around 1 ML. This was also observed for th@si.si 2.33 2.25 2.36 2.39
adsorption of other hydrocarbons, such as acetylefle.  dc. 1.37 1.29 1.16 1.16
though we have found that the adsorption of a single acetqy_ 127 1.50 1.43 1.45
nitrile molecule in an end-bridgg configuration is unlikely _ 189 198

to be observed, we have investigated the possibility of the > ' '

adsorption of a second molecule in such structure, considefsin 1.90 1.82 183 1.89
ing neighboring acetonitriles aligned in the same and oppodc-+ 111 1.10

site directions. While the adsorption energy decreases C-C-N 156 122 176 180
considerably for acetonitriles adsorbed in the same directiorn; si-N-c 106 170 173
_onIy a small d_ecre_ase is observed for acetonitriles _adsorbeQSi_Si_N 74 79 114 108
in opposite directions, as is the case for theodiand  , ~, ;45 106

Si-Ny,: models. However, the energy barrier for the adsorp-
tion of a second molecule in opposition to the first adsorbed

molecule is slightly larger than that observed for thego, giher hydrocarbons. This indicates that the nature of the
0.5 ML coverage case. Therefore we understand that ou§;_sj and C-H bonds is not decisively affected by the small

calculations clearly_indicate that single or pair_ed end bridgeﬁydrocarbon molecule considered or by the choice of the
structures are not likely to be observed for this system. Oubgqorntion site. While our structural data is comparable to

total energy calqglations suggest that .the interaqtion ofhe findings by Luet al12 for the Si-Ny, adsorbed structure,
CH;CN with the silicon surface will most likely resultin the e same is not observed for the bond length and bond angles
formation of the diecy and Si-Niy structuregwith adsorp-  c4jcylated for the direy Structure. We believe that the dif-
tion energies of 37 and 21 kcal/mol, respectively, for aarence between our results and the predictions bgtlal1?

0.5 ML acetonitrile coverageThis is consistent with the 516 hrohaply related to the limitations on their cluster calcu-
overall experimental picture indicated by Bournel and|iions as discussed above.

,10 H i i . .
co-workers;*? but while the diecy was also predicted by The'syrface band structure resulting from our calculation
Tao and co-worketd the existence of a possible Si-N dative for the di-o model considering a 0.5 ML coverage is

bond configuration is in clear contrast to their conclusionsgpawn in Fig. 3. We have identified five surface states within

Wif[h a view to explore thig apparent contradiction, we aréy,q fundamental band gap of silicon: these are labelal,
going to refrain our analysis from now on to these two ad—de' Paw and p,. The py, and py, states correspond to the

sorbed species. occupied and unoccupied surface states of the free silicon
In Table |, we present the key structural parameters ob-

tained in our first-principles calculations for the @iy and 2.0
Si-Ng, structures. Upon the adsorption of ¢HCN, the

Si-Si dimer gets elongated by2%, for both adsorption

models, and becomes symmetric. This finding is in agree- 2
ment with experimentat as well as theoretichf findings for Lo Py
other small hydrocarbon molecules, such as acetylene an~
ethylene. It is worth pointing out that the structural data pre-2
sented here correspond to the 0.5 ML coverage adsorbe 2,

= 0.0
)

system. For simplicity, the structural data for the Si-Si &
dimers that do not correspond to an adsorption site are no™ /

discussed, as they are very similar to the values found for the 36 Ps,

free surface, i.e., Si-Si dimer bond length is 2.31 A while the -1.0 D o
tilt angle 17.9, indicating that the interaction between the r T

adsorbate and the neighboring free dimer is not very strong
The calculated C—H bond length ef1.11 A for both the

Py

. . ) . . -2.0
di-ocy and Si-Nj;; models is also in good agreement with 2 T 5 %
early theoretical estimates for other small hydrocarbon mol- ’

ecules and is close to that observed for the free-GH{EN FIG. 3. Surface band structure for the @i, model for the

molecule. Our calculations also indicate that the C-Si bonchdsorption of CHCN on the Sj001)-(2x 2) surface. The shaded
length is approximately 1.90 A for the @iy model, which  area corresponds to the projected bulk band structure, while surface
is again comparable to the C-Si bond length observedtates are denoted as solid lines.
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FIG. 4. Charge density plot for the dicy model for the adsorp-
tion of CH;CN on the Si001)-(2x 2) surface. All charge density
contour plots were obtained at thepoint, except for the, surface
state that was obtained at thepoint. All drawings are in th¢001]-
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FIG. 5. Surface band structure for the SizNmodel for the
adsorption of CHCN on the S(001)-(2x 2) surface. The shaded
areas represent the projected bulk band structure, while surface
states are denoted as solid lines.

[11Q] plane. Bonds in the drawing plane are shown as solid lines.

The contour values are in units of FOelectrons per unit-cell

indeed represents a metastable configuration for the adsorp-

volume. tion of acetonitrile on the silicon surface, as observed in our

. total-energy calculations. This is consistent with the experi-
surface and are localized at the up and down atoms, respefiantal observations of this system by the TPD measure-

tively, of the Si-Si dimer not bonded to the acetonitrile mol- .« by Tao and co-worketsand confirms the suggestions
ecule, and therefore are not discussed here. As seen in Fig. lo 1\ Hamerset all that the irreversible binding of simple

thedOECUplerl stgte(wnh binding e.nlergly arlqundd O'lh QV, organic molecules to the surface is characterized by the for-
and the unoccupieg, state are mainly localized on the ni- i1 of strong covalent bonds in various metastable con-

trogen 'atom'. Theo ;tate with bi_ndi'ng' energies around figurations. For this adsorption model we have identified
0.5 eV is mainly localized on the Si-Si dimer underneath theonly three surface states, namapy,py, and py, (Shown in
1 1 [o]] u

adsorbate, and represent the interaction between $pSi  riq 6 From those, only the state is related to the adsor-

and different CN orbital components of the ¢EN mol- hate, and is mainly localized on the silicon atom not forming
ecule. The main structural difference between the 1.0 an
@s

0.5 ML acetonitrile coverages of the di-y configuration

is the absence of the free Si dimer atoms in the former. Thig
@c
@~

(a) total (b) p

will lead to a surface band structure very similar to that ob-
served for 0.5 ML coverage, where tlpg, and py, surface

states are not observed, as they are related to the free Si-
dimer. In other words, for the 1.0 ML acetonitrile coverage,
the binding energies and the surface states dispersion al
very similar to that observed for the 0.5 ML coverage. In
fact, the differences in the binding energies of these states fo
the two coverages are always smaller than 0.05 eV. Thes
small changes in the surface states observed upon the adsor
tion of a second acetonitrile molecule indicate that adjacent
dimer interactions are minimal, which is consistent with the
small energy difference observed for both structures. Com;
paring the present calculated band structure to that obtaine
for the acetylene adsorption on silicon surf4aee note that

while for acetylene there are no occupied states due to th
adsorbate, the presence of a Si-N bonding induced the pre

ence of thep, state. An occupieg-like state, such apy, is FIG. 6. Charge density plot for the Siz\ model for the adsorp-

also not observed for the acetylene covered system. Thign of CH,CN on the Si001)-(2x 2) surface. All charge density
could indicate that acetonitrile electronic interaction with thecontour plots were obtained at the point, except for thepg, sur-

silicon substrate is stronger than that observed for acetylengace state that was obtained at th@oint. All drawings are in the

The surface band structure for the SjzNmodel is pre-  [001]-[110] plane. Bonds in the drawing plane are shown as solid
sented in Fig. 5. An inspection of this figure clearly showslines. The contour values are in units of $@lectrons per-unit-cell
that this model has a semiconducting nature, and therefonelume.
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TABLE Il. Calculated vibrational modes for the dicy and Si-Nj,; adsorption models of CY¥CN on the
Si(001)-(2x 2). The gas phase GIEN molecule is also presented. All values are intm

CH3CN on S{001) CHsCN (gas

mode Present ExptRef. 1] Present Expt(Ref. 11

di-ocn Si—Ngat Chem Phys
CHszsym str 3186 3261 3012 3005 3044 3009
CHgasym str 2969 3056 2970 2988 2954
C=Nstr 2317 2218 2214 2268
C=Nstr 1725 1603
CHgrock 1081 1057 1065 1026 991 1041
C-Cstr 855 913 952 915 883 920
Si—Nstr 793 620 835
Si—Cstr 618 695
CCNbend 403 542 412 486 361

the Si-N dative bond. As for the diry Structure, the occu- bate. The agreement between calculated and experimental
pied py, and unoccupiedy, states are due to the free Si-Si vibrational modes data combined to the experimental obser-
dimer. vations via photoemission and NEXAFS of a state possibly
For calculating the zone-center optical phonon modes wériginated from a Si-N dative bond configuratiBisuggests
set up a 4& 48 eigenvalue problem, and identified selectedthat the physisorbed and chemisorbed species could possibly
modes that describe pronounced surface character. The répresent our dircy and Si-Nj, models. In other words, our
sults of our calculations, available experimental data, fotheoretical results, combined with the photoemission and
stretch and bend modes for thediy and Si-N,,; adsorption  NEXAFS data, suggest the possibility of another interpreta-
models, as well the data for the GEN molecule in its gas tion for the HREEL spectra obtained by Tao and
phase, are presented in Table I. As for the acetylene‘caseS0-workers:* We propose that Tao and co-workers have ac-
the vibrational modes of the adsorbates obtained for botfHally observed a mixed domain of the @iy and Si-Nia
structures when an acetonitrile coverage of 1 ML is consid@dsorbed species, instead of a physisorbed and a chemi-
ered are identical to the values calculated for the 0.5 MLSorbed structure. Our mixed domain model would explain
coverage, following the same pattern observed for the strud?0t only the vibrational results by Tao and co-work€rbpt
tural parameters determined for these two models. This 8IS0 their TPD spectra. This is because they have suggested
another clear indication that the interaction between neighthe existence of two chemisorbed specigs:(with binding
boring dimers is not very strong. Therefore we will not ex- energy of 29.8 kcal/moland 82 (with binding energy of
plicitly discuss the results for 1 ML acetylene coverage and24.6 kcal/moj, whose binding energies could not possibly
present only the results for the 0.5 ML coverage. Considepresent a physisorbed system. We would like to emphasize
ering the error bars for both the experimental and theoreticdhat our proposed mixed domain structure is also consistent
procedure' our calculated vibrational moqﬁesented in with the phOtoemiSSion and NEXAFS transitions for aceto-
Table |) for the di-oey Structure are close to the experimental Nitrile obtained by Bournel and co-worké?ssuggesting a
observations by Tao and co-workédtsyhen they are com- possible Si—N dative bond configuration. It is worth point-
pared to the experimentally proposed chemisorbed specié!d out that both the experimental works by Bournel and
Surprisingly, the same is observed when the $irMtructure  co-worker81°and by Tao and co-workefsclearly indicate
vibrational modes are compared to the experimental obsefhe possibility of the existence of a mixed domain structure,
vations by Tao and co-workers’ for the physisorbed specie. I18Upporting our theoretical proposal.
is interesting to note that Tao and co-workers analysis of In the next step of our study, we simulated the STM im-
their core level shift data suggests that the physisorbed addes for our most probable structures, i.e.,;GHCN ad-
sorbate is mainly related to van der Waals bonded specie§orbed via a CN2+2] cycloaddition(di-ocy) and via the
disregarding the existence of a possible SizNstructure.  Si-N dative bond Si-Ng,). STM images were obtained from
However, this analysis is in contrast to the core level transithe calculated electronic eigensolutions, following the
tions observed and discussed by Bournel and co-wotkers Tersoff-Hamann formalism, as described in Ref. 17. Figure 7
and the theoretical analysis by leial? We can only specu- shows the theoretical STM image for the filled states
late that the annealing process carried out by Tao an@fthe CH—CN:Si(001)-(2X 2) system, considering th@)
co-workerd! before the core level shift analysis might di-ocy and(b) Si-Ngy adsorption models. Th@ X 2) recon-
have led to the desorption of a considerable amount of thetruction is easily identified in both images and is indicated
Si-Nga @dsorbate, reducing its signal accordingly. If this isby the dashed rectangles. It is worth pointing out that the
the case, the vibrational modes experimentally observed armaresent image is much richer than a constant-current experi-
attributed to a physisorbed specie by Tao and co-workerment. In contrast to experimental conditions, in our simula-
might be reinterpreted as the signature of the $j-Hdsor- tion all tunneling currents are considered and represented by
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fore, we understand that a simple STM experiment could
possibly prove the existence of a mixed domain surface for
the adsorption of acetonitrile on the silicéd01) surface.

IV. SUMMARY

We have performed first-principles calculations for the
atomic structure and dynamical properties of the adsorption
of acetonitrile on the silicon surface. Our first-principles cal-
culations indicate that C}{€N adsorb via 42 +2] cycload-
dition reaction through the €N group (di-o¢y) with an
adsorption energy around 37 kcal/mol, close to the
30 kcal/mol estimated by Tao and co-work&3he agree-
ment between our calculated vibrational modes and the ex-
perimental HREELS data obtained by Tao and co-workers
further support the existence of a @i adsorbate. We have
further explored the existence of multiple adsorption species
and found that a Si-}y; model is also possible, with an ad-
sorption energy close to 21 kcal/mol. While the existence
of a di-o¢y structure is in agreement with all available ex-
perimental and theoretical data, a possible girfodel is
supported by the theoretical work by Let all? and the
photoemission and NEXAFS experimental data by Bournel
and co-worker$;'°but is clearly disregarded by the TPD and
XPS analysis by Tao and co-workéfsAs our estimated
desorption energies for both structures are considerably dif-

FIG. 7. Theoretical STM image obtained for a bias voltage Offerent (23 keal/mol f‘?f the Si-y species against
-2.0 V for the(a) [2+2] cycloaddition adsorption via the C-N 49 kcal/m_OI for the diecy structurg we suggest that
group(di-ocy) and(b) Si—N dative(Si-Ng,) adsorption models for the annealing process performed by Tao and co-workers
the interaction of a single CJEN molecule with the $001-(2 ~ Might have led to the desorption of a considerably amount of
x 2) surface(corresponding to a 0.5 ML coveragdhe dashed Si-Ngat @dsorbates, reducing its signal accordingly. If this is
rectangle indicates the unit cell, whikk and B indicate the ad- correct and based on our energetic analysis and our calcu-
sorbed molecule and the Si-Si dimer features, respectively. lated vibrational modes we propose that the contrast between

the photoemission and NEXAFS data obtained by Bournel
different brightness. If only the brighter regions are consid-and co-worker$'° and the HREEL, TPD and XPS analysis
ered, only the adsorbat@epicted byB in Fig. 7) and the by Tao and co-worket$could be explained by the existence
Si-Si dimer(A in Fig. 7) can be identified. Note that our free of a mixed domain surface composed by both thegi-and
Si-Si dimer signature is not as strong as in a STM experiSi-Ng,; models. We present theoretical STM images of the
ment as our electronic eigensolutions represents a tiltegossible adsorbed systems and suggest that this experimental
dimer. This is not the case in a STM experiment, where therocedure could possibly identify the existence of the mixed
image is taken in a time scale that is bigger than the dimerdomain structure, as the dicy presents a scattered pattern
flip-flop movement, and so the image has contributions fromn contrast to the sharp image pattern observed for the
both sides of the diméf: Even considering the differences Si-N,, adsorbed species. In addition, the electronic structure
between theoretical and experimental STM images, it is clea@ind surface states for both thediy and Si-N;;; models are
from Fig. 7 that the image pattern obtained for theodjy  discussed in detail.
adsorbate is completely different from the pattern obtained
for the Si-Ny,; adsorbed structure. While for the SiNour
calculations suggest that the final image will be characterized
by a sharp peak, for the dicy structure the resulting image The authors acknowledge financial support from the Bra-
will be more diffused and spread over the Si-Si dimer. Therezilian agencies CNPqg, DPP-UnB, Finatec, and Fapesp.
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