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Electronic structure of a heterostructure of an alkylsiloxane self-assembled monolayer on silicon
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We report on the experimental and theoretical determination of the energy offsets between a silicon substrate
and a monolayer of alkyl chains chemically grafted orisilf-assembly techniquelnternal photoemission
experiments show that energy offsets between the silicon conduction band and the lowest unoccupied molecu-
lar orbital are 4.1-4.3 eV. Similarly, the energy offsets between the silicon valence band and the highest
occupied molecular orbital of the alkyl chains are 4.1-4.5 eV, irrespective of the alkyl chain [&ogth12
to 18 carbon atomsThese results are confirmed by theoretical calculati{tims local-density approximation
and tight-binding methods These rather similar values are explained by the fact that the canpptevel
tends to align with the silicoisp; level to achieve the charge neutrality and that the band structures of the
carbon and silicon are almost centered on their respestpselevel. These results validate the proposed
concept making use of these self-assembled monolayers as ultrathin insulator in nanometer-scale electronic
devices[C. Boulaset al, Phys. Rev. Lett76, 4797 (1997; D. Vuillaume et al,, Appl. Phys. Lett.69, 1646
(1997]. [S0163-18208)03648-0

[. INTRODUCTION decreasing the number of carbon atoms from 9.3 to 9.9 eV
(18—12 atomps The energy barriers for electrons and holes
The development and understanding of the electroni@re of the same magnitude. This is due to two factGyshe
properties of organic insulating films with thicknesses in thecarbonsp; level tends to be aligned with the silicay;
nanometer rangésay, <3 nm) are two key issues for the level to achieve the charge neutrality afiid the band struc-
future of molecular nanotechnologies and molecular electures of the carbon and silicon are almost centered on their
tronics. We have recently reported that self-assembled mondespectivesp; level.
layers(SAM’s) of alkyltrichlorosilane molecules chemically
grafted on silicon substrate can act as very efficient insulat-
ing barriers provided their fabrication and their molecular [l. EXPERIMENTS
architecture are well controlledLeakage currents through
these SAM’s embedded in metal-insulator-silicon hetero-
structures are very lowl0 8-107 A/cm? or, equivalently, The SAM’'s of a series of n-alkyltrichlorosilanes
a dc conductivity in the range 18°-10 14 S/cm) irrespec- [ CHs-(CHy),-SiCl;] were chemisorbed on a solid substrate
tive of the SAM thickness in the range 1.9-2.6 nm. This isby the retraction method from solution introduced by Big-
due to tunneling energy barriers in the 4—4.5 eV range, &low, Pickett, and Zism&rand later developed by Maoz and
value so high that carrier tunneling though these ultrathirSagiv? As the solid substrate we used silicon wafers covered
insulators is put at a nonmeasurable and negligible fevelby its native oxide, since such an oxide surface is hydroxyl
These high tunneling barriers arise from the large band gafich, a condition that is mandatory for a good silanization
expected for these alkyl-based materials. In this paper wé.e., the chemical grafting of the alkyltrichlorosilane mol-
report on detailed experimentinternal photoemissionin ~ eculeg. The substrates were degenerat@dsistivity of
order to determine the electronic structure of the ngatal 1072 © cm) to avoid any band bending in the substrate dur-
SAM/silicon heterostructures, i.e., the energy offset betweeing electrical measurements. The thickness of the native ox-
the silicon conduction ban@CB) and the lowest unoccupied ide was measurefby ellipsometry and x-ray photoelectron
molecular orbital(LUMO) of the molecular monolayer and spectroscopy/(XPS)] in the range 1-1.2 nm for all the sub-
the energy offset between the silicon valence barigl) and  strates used during the course of this work. The thickness
the highest occupied molecular orbif#lOMO) of the mo-  calculations by XPS were performed taking a value of 3.8
lecular monolayer. This is done as a function of the length* 0.4 nm for the electron escape depth in S#dd compar-
(number of carbon atomsf the alkyl chains, i.e., as a func- ing the S}, peak intensities for SiQand pure silicon. The
tion of the SAM thickness. These results are compared witlnative oxide surface provides a dense array- 5(
theoretical calculations(local-density approximation and X 10 cm?) of reactive hydroxyl groupg$OH), which are
tight binding. Experiment and theory are in close agree-the natural grafting sites for the alkyltrichlorosilane mol-
ment; they confirm and extend our preliminary results thaecules dissolved at low concentrations (#8102 M) in
tunneling energy barriers are very high, slightly dependenan inert organic solvent. In order to analyze monolayers
on the alkyl chain length. These energy barriers are 4.1-4.®ith different thicknesses, we have used reagents with
and 4.1-4.5 eV, for electrons and holes, respectively. Théifferent chain lengths:n-dodecyltrichlorosilane (DTS),
HOMO-LUMO gap of the SAM's slightly increases when CH;(CH,),;SiCls; n-hexadecyltrichlorosilane (HTS),

A. Sample preparation
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CHy(CH,);5SiCl;;  and n-octadecyltrichlorosilane(OTS),  ing to the same process as in the present study, théyaire
CHy(CH,),,SiCl;. The solvents, series af-alkanes from vs=2849—2850 cm' and »,=2916—2918 cm', respec-
hexane to hexadecane, were dried with molecular sievedvely, close to the values measured on alkane crystals but far
prior to use. We used carbon tetrachlori@8% by volumé below the positions_ for liquid alkanes, which are at 2856 and
as cosolvent to help in solubilizing the polar SjGlead 2928 cm*, respectively. In the present study, we measured
groups. Extensive wet cleanings with organic and aqueouEOU”e_r transform |nfra2red spectra using .thg attenuated total
chemicals and dry cleanings by combining ultraviolet irra-reflection (ATR) modé? and we found similar valuesv,
diation and ozone atmosphere were performed before start: 2918+ 1 cm * and »;=2850=1cm %) for our SAM's.
ing the silanization procesfi.e., the chemical grafting of We have also checked by XPS that the cleaning process does
trichlorosilane molecule$ These carefully cleaned silicon Nnot affect the oxide layer, which is therefore always present,
substrates were then dipped into the freshly prepared soliith the same thickness, as a sublayer below the SAM.
tion and the chemical reaction was allowed to proceed to We fabricated the metal/SAM/silicaiMS$) structures by
completion. Typical reaction times were 60—90 min. This€vaporating aluminun{100x 100.m? 10-100 nm thick
silanization process leads to well-ordered SAM's with thecounterelectrodegaluminum or gold directly onto the
molecules in their all-trans conformation and their long chainSAM'’s through a shadow mask under ultrahigh vacuum
axis oriented roughly perpendicular to the solid substfate.(10°° Torr). To cause the least damage to the organic lay-
There are two important controlling parameters to ensur&'s, a low deposition raté6—8 A/3 was selected. We have
good deposition. First, the temperature of the reactive batshecked that these SAM'’s sustain this vacuum without dam-
has to be maintained below a critical temperafude de- age. The heating of the sample during the evaporation was
posited the OTS, HTS, and DTS at 14 °C, 10 °C and 2 °Calso moderate enougffess than about 50 9Cso it did not
while the corresponding critical temperature3c) are Create damage to the alkylsilane molecules. A thermal stabil-
29°C, 24°C, and 7 °G=3 °C), respectively. Second, the ity up to 350 °C(under inert ambienthas been reported for
substrate to be covered has to be prehydrated with a molecthese organic films? As we have reported elsewheferea-
larly thin layer of watef The role of this surface water is sonably good capacitance-voltage characteristics are ob-
twofold: (|) It allows the transformation of chlorosilane tained for such MSS structures with interface states denSity
head groups (-Sig) into trisilanol groups[-Si(OH)s] by  ©f the order of 16' cm 2 eV ! and insulator charges lower
hydrolysis and(ii) it provides a fluid substrate for the mol- than 18° cn?, despite the use of a native oxide to graft the
ecules, which gradually adsorb on the silicon wafer, and alorganic molecules onto the substrate. These organic mono-
lows them to rearrange laterally in the plane of the monoJayers can also sustain electric fields as high as 9-12 MV/cm
layer. This last step is necessary to form a densebefore breakdown.
homogeneous, adsorbed layer of molecules. Once this dense
layer is formed, the molecules can subsequently react to
form in-plane cross links by condensation of neighboring
SiOH groups into siloxane Si-O-Si linkages and with the Based on the pioneering work of Pow&llinternal pho-
hydroxyl groups of the solid substrate to form covalenttoemission(IPE) experiments at variable excitation wave-
bonds of the typeR-Si-O-Si[whereR is the -(CH),CH;  lengths allow the measurements of the energy barrier heights
chain|. The final state of the SAM’'s is a dense plane ofat both interfaces with metal and silicon. The IPE measure-
extended hydrocarbon chains chemically linked into a two-ments were performed under monochromatic light excitation.
dimensional network and grafted to the solid substrate at &xperiments were performed with a 150-W xenon lamp and
certain number of hydroxyl sitegvhich has yet to be deter- an ORIEL monochromator working in the range 200—800
mined. nm (~1.5-6 eV). The light beam was chopped at 3—-5 Hz to
The critical surface tensiSny, of the silane-treated sur- allow the use of lock-in detection, which brings the photo-
faces were found to bg,=20.5+ 0.5 mN/m, consistent with current detection sensitivity down to a few T8 A. A small
a top layer of methyl (-CH groups, as it should be if the negative voltagg—100 to —500 m\) was applied to the
alkyl chains are densely packed. Ellipsométsnows that metal electrode to photo-inject electrons from the metal over
the films were composed of a single monolayer with thick-the energy barrier at the metal/SAM interface. On the con-
nessd=2.65, 2.1, and 1.88+0.25 nm for the OTS, HTS, trary, a small positive bia€l00—500 mVY was used to pho-
and DTS chains, respectively. In the calculation of the SAMtoinject electrons from the degeneratedype silicon. The
thickness, we have used a value of 1.50 for the SAM refraclight beam was passed through a beam splitter and the inci-
tive index at 633 nm%’ The optical function of the oxidized dent flux was simultaneously measured by a calibrated pho-
substrate has been independently determined by measuringadiode.
bare wafer cleaned by rigorously the same surface cleaning Typical photoconductivity curves are shown in Fig. 1
process. Such values are in good agreement with the formul&ig. 2) for the OTS, HTS, and DTS SAM'’s with positive
d(C,)=0.126(—1)+0.478 nm, where is the number of (negative bias applied on the aluminium electrode. In the
carbon atoms in the alkyl chaitmere 12—18 valid for hy-  first case(Fig. 1), the photocurrents are due to electrons in-
drocarbon chains oriented perpendicular to the solid subjected from the silicon CB into the LUMO of the organic
strate and extended in their all-trans conformatibfhe  SAM over the energy barrier height, between the silicon
chain packing order within the monolayer is best revealed byCB and the LUMO(A ., is the CB/LUMO offset. According
the infrared peak positions corresponding to symmatfic  to Powell*® above the photoinjection threshold, linear varia-
and antisymmetricd™ stretching of the methylene (-GH tions are expected when plotting the cubic root of the pho-
groups. On similar OTS monolayers rigorously made accordtoresponséthe photocurrent normalized to the incident pho-

B. Internal photoemission experiments
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FIG. 1. Cubic root of the photorespongghotocurrent divided oton energy (eV)

by the photon flux versus the photon energy for three OTS, HTS,  F|G. 3. Raw data of the photocurrents versus photon energy for

and DTS monolayers. A positive bi&s00-500 mV is applied on  the OTS, HTS, and DTS monolayers under negative bias applied on
the metal counterelectrode to photoinjected electrons from the silithe metal counterelectrode. The full line is a typical photon flux

con conduction band. measured by a calibrated photodiode for a HTS sartgitailarly
shaped curves apply for OTS and DTS with small measure to mea-
ton flux). In the second cas@-ig. 2), the photocurrents are sure variations in amplitude depending on the optical bench align-
due either to electrons injected from the Fermi levEet () men).
of the metal, provided the photon energy is higher than
the energy barrier between the metal Fermi energy and th&.2+0.15 eV. From the known electron affinities of the Al
LUMO of the molecules, or to holes injected from the de-(d,,=4.3 eV) and Si electrodesl,,=4.05 eV) 1® we know
generated silicon, provided the photon energy is higher thathat A, and A, must differ by about 0.25 eV and thus the
Ap+Eg, Eg being the silicon band gap anx, the energy lowest threshold of 4.3 eV can be unambiguously attributed
barrier height between the silicon VB and the HOMO ofto A,, and the 5.2-eV threshold td,,+Eg and thenA,, is
molecules (the VB/HOMO offsei.’ In that case, above 4.1+0.15 eV for the OTS monolayer. For the HTS and DTS
threshold, a linear variation is expected when plotting themonolayers, the two thresholds are less visitdaly the
square root of the photoresporiSeThe values of these dif- DTS monolayer is shown in Fig. 2 for clarjtyHowever,
ferent thresholds can be derived from the intercepts of théhey are more distinguishable on the raw photocurréfigs
extrapolated photoresponse with the photon engrayis. In  3) as a second hump on the curves at photon energies higher
Fig. 1 we obtain A;,=4.1+0.15, 4.2:0.15, and 4.3 than 5 eV. We ascribe these second humps to additional
+0.15 eV for the OTS, HTS, and DTS monolayers, respecphotocurrents over a barrier highest in energy because the
tively. Similarly, in Fig. 2 two successive threshol@srows  photocurrents increase while the photon flux received by the
A andB in Fig. 2) are clearly observed for the OTS mono- sample decreasd§ig. 3). We have never observed such a
layers, the first one at 4230.15 eV and the second one at second hump in the raw photocurrent curves when injecting
electrons from the silicon CB. The lowest thresholdsare

T T at 4.5+ 0.15 eV and the highest ones are at5015 eV for
- 2540 A DTS both HTS and DTS monolayers. Thus we deduce tats
= J o OTS 4.5+0.15 eV in both HTS and DTS cases. Notice that for the
o 200 OTS monolayer, the values deduced from the raw data in
8 [ Fig. 3(A,~4.3 eV andA,+Eg~5.2 eV) are in good agree-
S 15310 ment with those determined from Fig. 2 using the “normal-
2 i ized” data. Thus we can be confident of the values given for
§ 1.010T HTS and DTS from the raw data. All the measured values
g i are summarized in Table I. The reason for which the hole
s 5.0x10 contribution at energy higher than 5 eV is smaller in DTS
o  andmtess 2L and HTS monolayergand thus less visible in the normalized

0.0 Vi s 1 1

data in Fig. 2 than in the OTS one is not clear.
From all these energy barrier heights, we can easily de-
Photon energy (eV) termine the HOMO-LUMO gap of the SAM of alkyl chains.

FIG. 2. Square root of the photoresporipotocurrent divided 't 1S €qual toAe+A,+Eg. Using the above results fa,
by the photon fluxversus the photon energy for the OTS and DTsandAp, one obtains a value in the range 9.3-9.9(&\0.3
monolayers. Negative bigs-100 to —500 m\) is applied on the ~ €V) for the OTS, HTS, and DTS monolayefFable ). We
metal counterelectrode, electrons are photoinjected from the metdtave carefully checked that these results are independent of
and holes are photoinjected from the silicon substrate. Arraws the nature of the metal electrode. For golg,=5.1 eV and
indicate the energy thresholl,, that electrons are to overcome to We have indeed observed that, is shifted accordingly to
be injected in the monolayer and arrosindicate the energy 4.7—4.9(%=0.15 eV (Fig. 4), while A, and A,, are not af-
thresholdA,+ E¢ for hole photoinjection. fected.

3.0 35 4.0 45 5.0 55 6.0
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TABLE I. Internal photoemission determination of the energy
barriers for electrons at the AI/SAM interfacd () and Si/SAM 0 i Tz
interface (\;) and for holes at the Si/SAM interface\(). The - o
HOMO-LUMO gap of the alkyl SAM’s is calculated according to - o
A+ Ap+silicon band gagl.1 eV). 3 -4 |.CBg
) Vig
HOMO-LUMO gap g’ Si
Monolayer A, (eV) A (eV) Ay (eV) (eV) 5 st o o1S
oTS 4.3-0.15 4.1-0.15 4.1-0.15 9.3-0.3 i DTSy /
HTS 45015 4.2:0.15 4.5-0.15 9.8:0.3 " HTS
DTS 45:0.15 4.3:0.15 4.5-0.15 9.9£0.3 2 10 18 26
Number of carbons in the chain
Since the SAM'’s are deposited on top of ai-nm-thick FIG. 5. Energy diagram of the silicon/alkyltrichlorosilane SAM

SiO, oxide layer, it is legitimate to ask to what extent this heterostructure as a function of the alkyl chain length. Closed

inorganic layer affects our measurements. The role of thi§rcles are the LUMO and HOMO levels of the OTS, HTS, and

oxide is primordial to provide an hydroxyl-rich surface that DTS SAM's measured by IPE. Solid lines are the calculdtight-

is mandatory for a successful chemical grafting of theblndlng) LUMO and HOMO levels. Open circles are the LUMO

n-alkvltrichlorosilane as explained in Sec. Il A. Literature and HOMO levels for a chain of 12 carbon atoms calculated by the

quotgs the Si/SiQinterface Earrier to be ar.ound-3 > eV for LDA. Dotted lines are the experimental values of the silicon CB
. ; . and VB.

thicknesses above 3 n(Ref. 16 and even smaller for thin-

ner layerst’” Using electron-energy-loss spectroscopy . . . .

(EELS), we showed that the gap of the ultrathin native oxide, So, 'f_ we neglect the native ox_ldésee th? theoretical

(~1 nm) on our silicon wafers is about 7 elRef. 18 and justification in Sec. lll, the energetic band diagram of the

thus the barrier heights are reduced accordingly. Such valué\éSS structure deduced from our IPE measurements is sche-

: : : : tically shown in Fig. 5. Irrespective of the chain length
are smaller than the tunneling barrier heights measured in t a )
present experiments. The energy offdetat the interface ere between 12 and 18 carbon atgritse LUMO band lies

obeys a transitive lavhg; saw=As; sio, + Asio, sav (See Sec. around at the vacuum level, a result in agreement with the

. . . known electronic structure of bulk polyethyleffeHowever,
[l for more detail3 and since the IPE technique measure

Sthe HOMO-LUMO gaps we have measured for monolayers

the highest energy barrier in the heterostructure, the Sj/SiO, slightly higher than those measured in bulk polyethylene

energy barrier is not detected here. The same argument a 3.8 e\).2° From our experiments, we get that the HOMO
plies for aluminum oxide between the SAM and the top al”'band of the alkyl monolayers lies about 5.2—5.6 eV below
minum electrode. This oxide may eventually be formed afterthe Fermi energy of the semiconduct@ssuming that the
metallization when the samples are exposed o air. The efkgrmi energy lines up the bottom of the conduction band in
ergy offset between the Fermi energy of Al and the C&gducfhe degenerated silicpand thus about 9.3-9.9 eV below the
tion band of aluminum oxide (ADs) is about 1.1 eV, 40 um level. All these results are also in close agreement
again much lower than the energy barrier height involved inyi, previously reported data on quite similar alkyl chains
our samples. Indeed, our IPE experiments with gold countergeosited on solids by the Langmuir-Blodgett technique.
e_qutrode(wde supra and thus without this oxide showed (jong et a2t reporting on UV photoemission spectroscopy
similar results. on Langmuir-Blodgett films of cadmium salt of arachidic
acid and Segiet al?? for n-CggH, films have found the
T y T y T T HOMO level at about 10 eV below the vacuum level.

1.0x10"F —0O— Al electrode

g —o— Gold electrode %51

S8.0x10™ Il. THEORY

< [ The electronic structure of the polyethylene chain ¢fGH

§5-0X10"2 has been previously calculated by various methods including

< I semiempirical andab initio methods>> On bulk polyethyl-

§4-0x10‘12 ene, HOMO-LUMO gaps from 9.6 to 19.5 eV and positive

8 [ electron affinities from 0.3 to 7 eV have been reporteee

S2.0x10™ the quoted values in Ref. 20From a careful analysis of

o [ these results, it is found that the position of the HOMO is
00 quite constant over all of these calculatiors9.9 to —13.3

eV (quite constant, at least compared to the scattering of the
calculated HOMO-LUMO gap Ab initio calculations for an
FIG. 4. Photoresponsihe photocurrent normalized to the pho- infinite chains by Karpfef? show the HOMO at about 10 eV
ton flux) for two HTS monolayers, one with an aluminum counter- below the vacuum energy levit momentunk=0) in good
electrode and one with a gold counterelectrode. In both cases, @greement with the results of the angle-resolved photo-
negative bias is applied on the metal electrode and the threshol@mission experiments using synchrotron radiation reported
corresponds to the energy barriky, . by Uenoet al?! and Segiet al?? Recent calculations using

Photon energy (eV)
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the density-functional theory give HOMO-LUMO gaps of mains larger than half the bulk silicon valge-12). This
7.7-8 eV(Ref. 24 and 5.7-6 e\f° gives rise to very small charge transfers across the interface,
In this work we focused on a different topic, namely, thebut also between planes parallel to the interface. A good
calculation of the band offsets at the interface between thapproximation often used in the tight-binding method ap-
silicon and the alkyl chains and on the variations of theseplied to this class of problems is to approximate the self-
band offsets as a function of the chain len¢fitom 4 to 24  consistent potential by its value calculated assuming that all
carbon atoms We cannot simply use the previous calcula-the planes parallel to the interface remain netfitarhis,
tions on bulk material to validate the present experiments fohowever, allows charge transfers between atoms in the same
a monolayer chemisorbed on a semiconductor because wheiane, notably between C and H atoms.
the n-alkyltrichlorosilanes are chemisorbed, a charge transfer (iii) The band offset transitivity for three semiconductors
occurs between the adsorbed molecules and the silicon sup; B, andC (AE g=AEac+ AEcg) has been verified for a
strate(or the oxide layerthat induces electrostatic potential |arge number of heterojunctiodéUsing this result here, we
variations. Thus a new self-consistent calculation of the eleccan strongly simplify our calculation assuming that the
tronic structure of the_ whole structure must be done. This ha&:Hz)n chains are chemisorbed on the Si atoms without any
been performed using two methods: one based on thgio2 layer at the interface ﬁ(ESi-«:HZ)n:AESi-SioZ

density-functional theory within the local-density approxi- . _n .
mation(LDA) and one based on the tight-binding technique.™ AEsio(cry,)- This can be understood in simple terms in

The former one isb initio but is computer time consuming. the zero-charge-transfer approximation applied spamo-

For insulators, it also suffers from the well-known problem lecular model. The Ssp; molecular orbital must be aligned

of an underestimation of the band g&pFor the computa- With the oxygenp level at the Si-Si@ interface and on the
tion, we used thesoLiD codé’ where the electronic wave other side the oxygep level is aligned with the carbosp;
functions are developed in a basis of atomic orbitals. Weone. As a first-order approximation the valence-band offset
used a double numeric basis é®to atomic orbitals for each does not depend on the presence of a,3&er. Such an
occupied orbital in the free atgnogether with polarization assumption has been verified by first principles using
functions (3d for Si and O and p for H) and the spin- psoLiD:?’ Introducing an oxygen atom between the silicon
density functional of Vosko, Wilk, and Nus&f.All the  surface layer and the first carbon of the (§fchains does
states are calculated self-consistently with respect to theot modify the SikCH,), band offset. Thus we do not in-
charge density and the potent{aicluding core states, which clude the SiQ layer in our calculations. This band offset
will be useful to determine the band offsetdhe tight-  transitivity rule is also well suitable for the band offset mea-
binding technique is semiempirical. It has already been apsurement by the IPE technique as explained in Sec. 11l B and
plied with success to semiconductor heterojunctidndn  the comparison between measurements and the present cal-
spss* atomic basis is used to describe the silicon and carbonulations is thus meaningful.

atoms and ons orbital for each hydrogen atom. The terms  (iv) This last point means that the valence-band offset
of the Hamiltonian matrix are restricted to the intra-atomicdoes not depend very much on the interface orientation and
terms and to the interactions between nearest-neighbor ats variation betweer(100), (110, and (111) interfaces is
oms. We take the parameters of RoberfS8dor Si-Si, Si-O,  quite small. For obvious technical reasons, we replace the
and C-C interactions. The C-H interactiofsso andspos  semi-infinite silicon substrate by a slab containing(1%0)
following the notations of Slater and Kostdrand the en- layers of silicon atoms, which is sufficient to simulate the
ergy E of the hydrogers orbital are fitted in order to get an electronic properties of the bulk silicon. @10 surface al-
electronic structure of the S8z molecule in tight binding in  lows one to simply grow the (CHj, chains normally to the
good agreement with the one obtained in the LDsfter  Si surface. For the LDA calculation, we assume that only
application of a rigid shift of 4 eV of the unoccupied statesone chain is chemisorbed per surface unit cell; the dangling
with respect to the occupied states corresponding to the selbond of the second Si atom in the unit cell is in this case
energy correction of the band gap as discussed hele  saturated by a hydrogen atom. This leads to a density of one
obtain ssoc=-4.95eV, spoc=5.98eV, and Ey= molecule per surface of 20.8%Ahat compares well with the
—3.78 eV. experimental situatioi20—22 & (Ref. 33]. In the tight-

The problem is rather similar to the calculation of the binding case, a (C}J, chain is chemisorbed on each Si sur-
band offset at a semiconductor heterojunction and we shaffce atom, but we neglect the interactions between two
use some of the results obtained for this kind of systtm. neighboring chains.

(i) The screening length of the charge transfer in semicon- The local densities of states obtained using the tight-
ductors is of the order of one interatomic distance. So th&inding method are shown in Fig. 6 for atoms close to the
charge transfer is localized in very few planes close to thénterface. They rapidly converge to the “bulk” values when
interface. one moves away from the interface. Nevertheless, it is diffi-

(i) The electrostatic potential is screened by a quantitycult to accurately determine the barrier heighis and Ay,
equal to the mean value of the static dielectric constants dfom these density of states. This difficulty has been solved
the two materials. This screening is very efficient in the casén the case of the LDA using the material core levels as
of a semiconductor heterojunction when both interface comeommon energy referencésig. 7). Then one has simply to
ponents have bulk values close-+d0—-12. That means that know for each separate material (=1 or 2 the energy
the charge transfer is strongly reduced by the screening. Idifference AEy. between the top of the valence band
the case of the chemisorption of Gkhains on a Sior Si9 (HOMO in the case of the molecyland a bulk core level
surface, it is more difficult to evaluate, but in any case re<(here Is) and for the heterojunction the difference in energy
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FIG. 8. Tight-binding position of thesp; levels in the zero-
charge model. The zero energy is taken at the lsydklevel. The
0.0 AaZ, s : : dotted line shows the position of the Si plane close to the interface.
C1 Fifteen Si planes are used for the substrate. Cuavefscorrespond
| to alkyl chains with 6, 8, 10, 10, and 14 C atoms, respectively.
0.5 L’J‘M
0.0 A : - . . o CH .
Cc2 there is a small variation cxIEUSFf3 between the isolated and
the adsorbed molecules. We have verified that the effect of a
10 variation of the tight-binding parameters of a hydrogen atom
B belonging to the CKlgroup at the end of the chain is quite

0.0 1L MH , , , small. In the foIIowingAEstHp2 is assumed to remain con-
15 10 -5 0 5 10 15 3
Energy (eV) stant.

Let us first look at the variations of thep; energy(Fig.

FIG. 6. Local densities of states near the Si-C interfdbe  8). The electrostatic dipole potential at the Si-C interface
atoms are labeled according to their position in relation to the indges not depend on the length of the chain and its variations
terface. from a mean value are small and strongly localized near the

interface. A small variation also occurs near the carbon atom

AE.. between the two core levels. From this we easily deterfﬂ the free end of the chain. This is due to the extra C-H _bond

; . in the CH; group compared to a carbon atom near the middle
mine Ay, (Fig. 7). of the chain.

We have represented in Fig. 5 the energetic band diagram

Ah:AEc+AE\1/c—AE\2/c- (1) calculated using the tight—pinding met.hod as a function of.the
number of carbon atoms in the chain. The values obtained
using the LDA for a chain with 12 carbon atoms are also

Such a procedure is still easier within the tight-binding andshown for comparison. The band gap of the molecule in the
zero-charge approximations where the LDA core le&ls DA (5.8 eV), in good agreement with previous calculations
are replaced by the self-consistesy; level E;’p3 for each by the LDA [~5.7-6 eV (Ref. 25], is much smaller than
material®* Then the barrier height, is given by AE,, ~ Using the tight-binding method9.55 eV) because of the
+AEisp3_AE12;sp3i WhereAEsp3 is the net energy differ- band-gap problem_of the LDA As the ca_lculation of the

. o self-energy correctio?, to the band gap is far beyond the
ence between thep; levels of the two materials adeUSpS scope of the present paper, we have made a simple estima-
is the energy difference between the top of the valence bangbn using the empirical rule of Fiorentini and Balderesthi,
and thesps level in the materiaky, which is obtained from \yhich establishes thats varies like 9% in eV, wheres is
the bulk band structure. The quantitid€;,, andAEZ;,  the static dielectric constant of the matefUsing the ex-
for the bulk infinite materials and for the semi-infinite ones perimental values = 2.25 for monolayers of alkyl chairfs:®
are equal in the case of an heterojunction. This is also trugie obtainAS =4 eV. Then the corrected LDA gap for a
for the silicon substrate, but the molecular chain is finite ancthain of 12 carbon atoms is 9.8 eV. We obtain that the gap is

almost independent on the length of the molecule when the

WM/M Conduction Band number of carbon atoms is greater than 10. The positions in
’ h

energy of the HOMO and LUMO with respect to the silicon

Energy (eV)
—

n(E) ((states/eV)/atom)

%/ %m Valence Band band structure are in agreement with the experimental data
AEic within 0.3 eV. We confirm that the barrier heiglts andAy,
AE2 ' have a similar magnitude. This is due to two factor§) the
AE, e Core levels carbonsp; level tends to be aligned with the silicaps

level in order to achieve the charge neutrality andl the
FIG. 7. Determination of the valence-band offset from core-band structures of carbon and silicon are almost centered on
level energies. their respectivesp; level.
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