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Abstract: The quantitative characterization of the chemical composition (bonding at grafted and ungrafted
sites, surface coverage) is a key issue for the application of silicon—organic monolayer hybrid interfaces.
The primary purpose of this article is to demonstrate that X-ray photoelectron spectroscopy (XPS) requires
to be truly quantitative to deal with two main questions. The first one is accounting for X-ray photodiffraction
(XPD), a well-known phenomenon that is responsible for azimuthal variations of the XPS signal intensity.
A simple procedure is proposed to account for XPD in angle-resolved measurements. The second critical
point concerns the choice of photoelectron attenuation lengths (AL). This article demonstrates that
n-alkanethiol self-assembled monolayers on Au(111) can be used as a reference system to derive the
effective monolayer thickness on silicon substrates and that one may use the empirical relationship
established by Laibinis and co-workers to calculate the relevant ALs (Laibinis, P. E.; Bain, C. D.; Whitesides,
G. M. J. Phys. Chem. 1991, 95, 7017). A self-consistent approach is presented to justify the above assertions
and to give a complete compositional description of alkyl and alkoxy monolayers directly grafted on atomically
flat H—Si(111) surfaces. Direct evidences are provided that a Si—C and a Si—O—C linkage is formed,
respectively, after reaction with decene and decanol and that the ungrafted sites remain saturated with H
atoms. Moreover, the quantitative spectra analysis of satellite peaks at fixed polar angle and three
independent angle-resolved Si2p and C1s spectra all give the same surface coverage very close to its
theoretical limit.

1. Introduction immobilized on the silicon surface. The fact that monolayers
prevent silicon etching is a further argumét!2 In the context

of applications of such hybrid interfaces, particularly for bio-
eelectromcs comparing different derivatization routes becomes
an issue to obtain the maximum possible coverage and prevent
the degradation of interface properties in the long term. Keeping
a very low density of interface statés!*is particularly essential

Since the early work of Chidsey and co-workér$ hybrid
interfaces coupling electronically an organic monolajiezctly
with a silicon substrate have received increasing interest becaus
strong Si-C covalent bonding can easily be achieved via various
chemical reaction%® Direct proof of the covalent coupling

between the silicon surface and the molecular moieties ist . device functioning. A timizati fthe interf
generally difficult to obtairf,#7° and the robustness of 0 Improve device functioning. An optimization ot the interrace

monolayers is often taken as proof of the covalent molecular ri?u':]esrgu?n“?/mgr:hs Ck? mrﬁiofr't'or: Emrglﬁﬁlijr:ar dr(]anrs?/,cljlnli(tage
anchoring because the organic moieties seem to be irreversibly>"'-© olecu e{? che _S y atremaining u gg € S es).
Structure-sensitive techniques such as X-ray diffraction or
TInstitut d’Electronique, de Micrdectronique et de Nanotechnologie.  scanning probe microscopy are ineffective to determine a surface

* Laboratoire de Physique de la MateCondensa ; ; il
(1) Linford, M. R.. Chidsey, C. E. DJ. Am. Chem. Sod993 115 12631, coverage in the case of organic monolayers on silicon surfaces

(2) Linford, M. R.; Fenter, P.; Eisenberger, P. M.; Chidsey, C. EJDAm. because layers are generally disordered on the moleculaPscale.
Chem. Soc1995 117, 3145. i

(3) (a) Terry, J.; Linford, M. R.; Wigren, C.; Cao, R.; Pianetta, P.; Chidsey, The system brOmOPhenyl mono'.ayers on Si(111) seems to be
C. E. D.Appl. Phys. Lett1997 71, 1056. (b) Terry, J.; Linford, M. R.; one exception with the observation of smallk21 molecular
Wigren, C.; Cao, R.; Pianetta, P.; Chidsey, C. EJDAppl. Phys1999
85, 213.

(4) Cicero, R. L.; Linford, M. R.; Chidsey, C. E. Rangmuir200Q 16, 5688. (10) Yu, H.-Z.; Morin, S.; Wayner, D.; Allongue, P.; Henry de Villeneuve, C.

(5) Forareview, see: Wayner, D. D. M.; Wolkow, R. A.Chem. Soc., Perkin J. Phys. Chem. BR00Q 104, 11157.
Trans.2002 2, 23. (11) Allongue, P.; Henry de Villeneuve, Electrochim. Acta200Q 45, 3241.

(6) For a review, see: Buriak, CThem. Re. 2002 102, 1271. (12) Allongue, P.; Henry de Villeneuve, C.; Cherouvrier, G.; CortesJR.

(7) Webb, L. J.; Lewis, N. SJ. Phys. Chem. B003 107, 5404. Electroanal. Chem2003 550-551, 161.

(8) Zharnikov, M.; Kuller, A.; Shaporenko, A.; Schmidt, E.; Eck, Wangmuir (13) Boukherroub, R.; Morin, S.; Sharpe, P.; Wayner, D. D. M.; Allongue, P.
2003 19, 4682. Langmuir200Q 16, 7429.

(9) Fellah, S.; Teyssot, A.; Ozanam, F.; Chazalviel, J.-N.; Vigneron, J.; (14) Gorostiza, P.; Henry de Villeneuve, C.; Sanz, F.; Allongue, P. To be
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domains by STM2 X-ray reflectivity!® is a powerful technique

to measure the true thickness of ultrathin films and the material
density. Ellipsometry gives only qualitative indications and
cannot be considered as really quantitative if performed at one
single wavelength? Electrochemical capacitance measurements

are rapid and give qualitative information about the surface
coverag€e9-1214 X-ray photoelectron spectroscopy (XPS) is
evidently a central surface technique combining both chemical deha
and thickness sensitivity. Making XPS quantitative requires,
however, dealing with two important questions. The first one
concerns X-ray photodiffraction (XPD),kauilt-in phenomenon

in XPS at ordered surfac€shat has been used to investigate
the atomic structure of solid-state interfaces and surtéees
well as the conformation of organic molecules at solid
surfaces’~1° Truly quantitative XPS measurements require (a)=Si-Cc10 (b)=Si-0-C10
accounting for XPD because it is responsible for azimuthal Figure 1. Optimized ball-and-stick molecular models of an-8i10 (a)
variations of the XPS signal intensity. This point has never been ai':\’N Sai;(?s_hc(:)tv% (i*rJ]) g;:tincg;ited on Eﬁi(lr%)'lg'ctﬁ) sigftvaghzfi‘r? I:ntog]
considered in recent XPS studies. The second issue CONCEINg “ine'c itace normal (see eq”s’*'g and 4)'? J 9
the photoelectron attenuation length (AL) in the organic film.

AL can be calculated! but the result is not yet totally consistent  from Siltronix (France). Before organic modification, an atomically
with the existing experimental valuésALs have been mea- flat surface was prepared by controlled chemical etching infN&s
sured forn-alkanethiol self-assembled monolayers (SAM) on described elsewhefé:?® Samples were first cleaned in hot$0y

Au(111) and some other substraté=?4 and an in-depth XPS  (95%): KO, (30%) [2:1 in vol] mixture and copiously rinsed with 18.2
analysis was performé4. MQ-cm water. The H-termination was obtained by immersing the
silicon in VLSI grade 40% NgF containing 50 mM (NH).SO; as
oxygen scavenger:?

The alkyF® and alkoxy® monolayers on HSi(111) surface were
obtained by promoting the well-established reactions:

This work describes a simple experimental procedure to
account for XPD in angle-resolved XPS measurements. It also
describes three independent methods that aim at justifying that
the AL of Si2p photoelectrons can be calculated using the
empirical formula established by Laibinis and co-worl@rs. =Si—H + H,C=CH,~(CH,),_5~CH; — =Si—(CH,),,_,—CH;
Thanks to these two precautions, we present a truly quantitative (1)
XPS study of alkyl and alkoxy monolayers directly grafted on . )
atomically flat H-Si(111) surfaces. The complete compositional =Si—H + HO—=(CH,)g=CHj; — =Si=0—(CHp)o=CH, + H,
description of the interface is first achieved from the spectral @
decomposition of Si2p and C1ls core level spectra at a fixed In both cases, the neat reagent was flushed withina Schienk

polar angle. Th(_a resultg provide direct eyldence that—aCS.I tube heated at 100C to eliminate oxygen and water traces. After
and a Si-O—C linkage is formed, respectively, after reaction  ¢oojing to room temperature under continuousfiNshing, the freshly
with decene and decanol and show that the interface is free ofprepared H-Si(111) sample was introduced into the reactor. In the
oxide. In a second approach, the different angle-resolved case of the reaction with alkenes, 10% oHGAICI, was also added
methods are used to determine the surface coverage. All methodss catalyst (1 M solution in hexane, Aldrich). The two reactions were
give self-consistent results, and it is found that both kinds of performed at 90C overnight (ca. 17 h) with the Schlenk tube carefully
monolayers are very dense with a molecular density quite closesealed to avoid contamination with oxygen or water traces. The sample

to its theoretical limit. A significant chain length dependence Was finally rinsed in tetrahydrofuran (THF) and 1,1,1-trichloroethane
is also found (TCE), and it was blown dried with N A first rinse with CRCOOH

(3% in THF) was necessary to neutralize residugt4aICl, in the
2. Experimental Section case of the reaction with alkenes. Samples modified by alkyl and alkoxy
monolayers will be hereafter designated=8i—Cn (8 < n < 16) or
=Si—0—C10, wheren is the number of carbon atoms.
In Figure 1 we show ball-and-stick molecular models of the two

2.1. Sample Preparation Silicon samples were cut from 1@-cm
n-type Si(111) wafers with 0?2miscut angle alongl1—20purchased

(15) For a review, see: Tolan, M-ray Scattering from Soft Matter Thin Filns interfaces after optimization of the bond geometry (length and angles)
Springer: Berlin, 1999. ) using Alchemy Il software (Tripos Inc., St Louis, MO). A slab
(16) foradetalled review on XPD, see: WestphalSGf. Sci. Rep2003 50, consisting of a few silicon atoms assembled within a monolayer
17) Umbach, EProg. Surf. Sci199], 35, 113. accounted for the silicon (111) surface. One single molecule was
(18) Bonzel, H. PProg. Surf. Sci1993 42, 219. attached on top. The total energy was minimized around an initial
(19) Barlow, S. M.; Raval, RSurf. Sci. Rep2003 50, 201. - '?1 iy oy vl _ |
(20) Jablonski, A.; Powell, C. Burf. Sci. Rep2002 47, 33. configuration. The chain is shown stretched with no twist as expecte

(21) (a) Jablonski, A.; Salvat, F.; Powell, C. J. NIST Electron Elastic-Scattering for dense layers. In the case of the alkyl chain the measured chain tilt

Cross-Section Database, version 3.0; National Institute of Standards and ; ; ; ; ;
Technology, 2002. http://www.nist govisrdinisté4.htm. (b) Lesiak, B.. is 35.5 from the surface normal, which is consistent with other

Kosinski, A.; Krawczyk, M.; Zommer, L.; Jablonski, A.; Zemek, J.; Jiricek,

P. P.; Kver, L.; Toth, J.; Varga, D.; Cserny Appl. Surf. Sci1999 144— (26) Wade, C. P.; Chidsey, C. E. Bppl. Phys. Lett1997, 71, 1679.
145 168. (27) Fukidome, H.; Matsumura, M.; Komeda, T.; Mamba, K.; Nishika, Y.
(22) Bain, C. D.; Whitesides, G. Ml. Phys. Chem1989 93, 1670. Electrochem. Solid-State Left999 2, 393.
(23) Lamont, C. L. A.; Wilkes, JLamgmuir1999 15, 2037. (28) Munford, M. L.; Corts, R.; Allongue, PSens. Mater2001, 13, 259.
(24) Laibinis, P. E.; Bain, C. D.; Whitesides, G. NI. Phys. Chem1991, 95, (29) Allongue, P.; Henry de Villeneuve, C.; Morin, S.; Boukherroub, R.; Wayner,
7017. D. D. M. Electrochim. Acta200Q 45, 4591.
(25) Hansen, H. S.; Tougaard, S.; Biebuyck, X Electron Spectrosc. Relat. (30) Boukherroub, R.; Bensebaa, F.; Morin, S.; Wayner, D. D.LEhgmuir
Phenom1992 58, 141. 1999 15, 3831.
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Figure 2. Typical contact mode AFM image (dm x 1 um) showingthe ~  Figure 3. Definition of rotations used for XPS measurementsis the
staircase structure of the Si(111) surface after the organic modification with zkeoff (or polar) angle, and the azimuth andleorresponds to a rotation
an alkyl monolayer. All modified surfaces look the same, and prolonged around the surface normaly = Agy/sin 6 is the surface area analyzed at

tip scanning does not remove adventitious material from the surface. the takeoff angl®.
modeling3! The neighboring surface sites are assumed to be occupied & 5000F T T T T . 5
by H-atoms to be consistent with experiment (see section 4.1). Linford g
and Chidse¥ hypothesized that the tilt angle is 4%o fit with the S 4000} .
thickness derived from X-ray reflectivity. Neglecting the radius of the ‘2 o
hydrogen atoms of the terminal methyl groups, the projected length % 3000+ (@)6 =55
dchan 0N the surface normal in Figure 1a may be expressed as: % w
c 2000F
depan (A) = 1.89+ [/2 — 1]2.54 cos(35.9 + ' (b) 6 = 25°
1.56 sin(19) + 1.1 (3 S 1000F .
19) ©) S Si2p
wheren is even The bond lengths and angles used in this expres- 00 80 120160240 300360
sion were measured from Alchemy lIl. In the case of an alkoxy ]
monolayer, the tilt angle is smaller (28)5because the measured azimuth @ (°)

Si—O—C bond angle is 118°3(Figure 1b). This is again in close  Figure 4. Integrated Si2p intensity as a function of the azimd@tfor two
agreement with previous modéfs-or such a layer the projected length  different polar angles. The origin @b is arbitrary. The 120 periodicity
reads (evem): arises from X-ray photodiffraction in specific crystallographic directions
of the silicon substrate.
Aepan (A) = 1.64+ [/2 —1]2.54 cos(25.9 + 1.1 sin(19) (4)
oriented pyrolytic graphite (HOPG) sample to serve as reference spectra
2.2. Atomic Force Microscopy. The surface morphology was in angle-resolved studies. The ratio of the Si2p and Cls core level
inspected by contact mode AFM (PicoSPM from Molecular Imaging, intensity was then calculated to cancel intensity variations related to
Phoenix, AZ) in a nitrogen atmosphere. StandagtlStantilevers with transmission changes with the detection angle.
a spring constant 0.12 Nrh(Nanoprobes) were employed. A successful The occurrence of XPD during XPS measurements may easily be
surface modification leads to a staircase structure (Figure 2) identical put in evidence by plotting the signal intensity as a functiorbofin
to that of the H-terminated substrate, with atomically smooth terraces Figure 4, the 120periodic variations of the Si2p intensity measured
separated by monatomic steps (3.14 A). There were, on average, onlyon a H-terminated Si(111) surface arise from the threefold symmetry
10—-20 protrusions per square micrometer of uniform height 0.3 nm of the bulk silicon substrate. The intensity is remarkably enhanced by
that were assigned to nanometer-oxide clusters, the surface coverageXPD in certain azimuths due to cooperative interferences in corre-
of which was below detection limit of XPS<(1%). A uniform organic sponding crystallographic directions. The phenomenon of XPD is indeed
coverage may be inferred on the nanometer scale due to the absenceery similar to EXAFS!® a spherical wave is directly emitted from an
of any contrast in friction images. Moreover, a prolonged tip scanning atom of the substrate, after the absorption of one X-ray photon, and is
on the same place does not remove adventitious contamination oralso elastically scattered at the near neighboring até®sth the direct
physisorbed molecules atop the monolayer. The modified surfaces areand indirect waves interfere, and the resulting interference pattern is
therefore clean on the molecular scale. correlated to the interface atomic structure of the surface. One
2.3. XPS MeasurementsXPS measurements were performed using immediate consequence of Figure 4 is that successidéndependent
a Physical Electronics model 5600 spectrometer. A monochromatic Al characterizations of the Si2p signal of thery sameH-terminated
Ko X-ray source and an analyzer pass energy of 12 eV were used.sample would obligatorily lead to scattering of the Si2p signal intensity
The acceptance angle was°1Zhe resolution of the spectrometer is measurements due to the random valueboif the sample is placed
0.55 eV as measured from the full width at half maximum (fwhm) of without paying attention to its orientation on the support. Accordingly,
the Ag3d5/2 line. The intensity of XPS core levels was measured as the standard deviation of Si2p intensity would be as large as 30% for
the peak area after standard background subtraction according to the? = 55° or 25°. A similar effect is also anticipated after the organic
Shirley proceduré® The sample holder was modified to allow the modification with the supplementary complication that short-range
rotations shown in Figure 3. The analyzed surface Agg#s a disk of atomic order in the organic layer may defocus the propagating wave.
diameter 0.4 mm aff = 90°. The takeoff angl® is defined with a In other words, the periodic variations observed in Figure 4 might be
precision+1°. The typical sample size is & 1 cn?. In the same set altered in an unpredictable way at the modified surface.
of experiments and using the same experimental conditions, the Si2p As a consequence of XPD, attenuation measurements are dependent
core level spectrum was recorded on a reference H-terminated Si(111)on the azimuthd®, which does not allow anymore the use of eq 7
sample and the Cls core level spectrum was recorded on a highly(section 3) to determine the attenuation length or the film thickness.
To account for the influence of XPD at a given polar anglee have

(31) Sieval, A.; van der Hout, B.; Zuilhof, H.; Suder, E. J. R.Langmuir averagedthe XPS signal by rotating the sample around its surface
2001, 17, 2172. . . i )

(32) Pe, Y.; Ma, J.; Jiang, YLangmuir 2003 19, 7652. normal to make it exclusively sensitive foand independent ab. A

(33) Shirley, D. A.Phys. Re. 1972 B5, 4709. motorized sample holder was installed in the spectrometer, and a large
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acceptance angle of 14vas used* All XPS spectra were acquired = gML/g HOPG _ Br1 — expl—d/A sing
with this technique, which proved to be very efficient in the study of Rews= & /% B{ Pl ML(EClg I}

Il -V semiconductor interfacée8. (11)
3. XPS Quantitative Analysis with
This section describes different methods to analyze XPS data. B = pcmAmL (Ec19/[oc Hopdthopd Ec1d)] (12)

The reader may consult reviews for more det#il3he first

method consists of measuring the attenuation of the Si2p signal A plot of Reisas a function of 1/(si) therefore gives access
after the organic modification. Within the continuum model, t0 pcmL andd. Itis easy to show thaic,u. may be converted
the Si2p signal intensity at the H-terminated and modified into a surface coveragéw. using:

surface is given by: Oy = P d/NVDg (13)
, i

SsiH = KAgWsizpsisi(Esizp) (5) The last independent determination of the surface coverage
. consists of using theelative intensities opecificsatellite peaks
§" = KAsizpsitsiEsizp eXPl=dy (Espp sin6] (6) resolved in high-resolution core level spectra (section 4.1). For
instance, the molecular coverage of an alkyl layer is equal to
the surface density of-€Si bonds, which form onatomic plane
allalys ! : - of carbon atoms located at the interface (see Figure 1a). The
photoionization cross section for Si2p photoelectrpasis the C1s XPS signal intensity related to these carbon emitters is
atomic volume density in siliconiy (Esizp) and4si(Esizy) are, proportional to the total number of emitting centers times an

respectively, the attenuation lengths of Si2p photoelectrons in exponential photoelectron attenuation factor to account for the
the organic monolayer and in silicor, is the monolayer presence of the organic layer. It reads:

thickness, and is the polar angle (Figure 3).
Dividing eq 6 by eq 5 yields the attenuation of the Si2p signal: S g = Ko {AqgNc_s/Sin 8) exp[—d*/ A, (E¢,d sin 6]
(14)

whereK is an instrumental constamyg is the (circular) surface
area analyzed for a takeoff angle = 90°; osipp is the

ML H .
=8, /S, = exp[-d/A,, (Es,.) SinO 7
Ai=STTS Pl m (Esizp ] (7) whereNc_s; is the surface density of interfacial<Si bonds,

Ay = Ago/sin 6 accounts for the elliptic shape of the analyzed
surface area at a polar anglésee Figure 3), and* ~ dcpain

— 1.89 A'is the depth of the plane of carbon emitters measured
from the top of the monolayer (see Figure 1). All other symbols
have been defined above. Dividing eq 14 by eq 9 gives the
O = (dDg)/(depanDaw) ®) relative intensity of the G-Si related peak in Cl1s spectra:

Re_si = G exp[~d*/ Ay (Ec;d sinO]/{1 —
exp[~d/dy, (Ec,d sin6]} (15)

A plot of —Ln(As) as a function of 1/(sir¥) can therefore be
used to determine the film thickness. This approach is described
in section 4.2. To compare the different methods, it is convenient
to convertd into a surface coveraghy. using the relationship:

wheredcnain is the projected chain length (Figure 1) defined
by the appropriate equation (3 or Dg; = 7.8 x 10 cm 2 is
the surface atom density on Si(111), dbg, = 4.63 x 104 with
cm~2 is the surface density of alkanethiols in a perfect SAM
on gold (Table 3). G = Ne_gs/[Au (Ecrdpc m Sin 0] = di[ndy, (Ec,dsin 0]

The second angle-resolved method aims at determining the (16)
volume density of carbon atoms in the monolayer. This ) ) ) L
approach, encountered much less often in the literature, requires The right-hand side term of eq 16 was obtained by combining

the use of a reference sample. We used an HOPG sample (se§9S 13, 16 and 19 below. The thicknassvas derived from
section 4.3). In analogy with the above equations, the C1s peakc-si Py solving numerically eq 15 and the surface coverage

intensities arising from the organic film on silicon and from calculated using eq 8. ) .
the HOPG substrate are given by: In the case of alkoxy monolayers, the relevant signal arises

from silicon atoms involved in SiO—C bonds provided the
ML _ _ interface is oxide-free. Those Si emitting atoms again form one
% KAsgcsPe mm (Eci {1 _ atomic plane of surface densiNgi-o-c at a depttd measured
exp[~d/dy (Ec,d sinb]} (9) from the top of the monolayer. In analogy with eq 14, the Si2p

SCHOPG= KAagere sordordEctd (10) ;(rli;sgi:gzatl) )l/r:ltensny and relative intensity of the satellite peak

wherepc mL andpc Hopcare the carbon density in the monolayer S5 o =

and in HOPG, andiyi(Eci9 an_dleopG(Ems)_ are the escape _ Ds0sizdAecNsi_o_/sin 6) exp[_d/;LML(ESin) sin6] (17)
depths of C1s photoelectrons in the organic monolayer and in

HOPG. All other symbols were defined above with the Rsi—o-c = Nsi—o-c/[psisi(EsizpSin 0] (18)
appropriate index. Dividing eq 9 by eq 10 yields:

The relationship between the surface densitigss; and

(34) Seelmann-Eggebert, M.; Richter, HRhys. Re. 1991, B43 9578. Nsi—-o-c and the surface coveradg is simply given by:
(35) Dehaese, O.; Wallart, X.; Schuler, O.; Mollot,F.Appl. Phys1998 84,

2127. _
(36) Fadley, C. SProg. Surf. Sci1984 16, 275. O = Ne_sf/Ds; Or Ngi_o_/Ds; (19)

7874 J. AM. CHEM. SOC. = VOL. 127, NO. 21, 2005
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Table 1. List of Parameters Used for the Quantitative Analysis of
XPS Spectra
symbols value
organic monolayer AmL (Esizp)? 395A
AmL (Eo19 30A
L (Ec19 354 A
silicon 2si (Esizp) 19A
osi 5 x 10?2 atoms/cm
HOPG Aropc (Ec19 17 A
PC,HOPG 1.13 x 10?3 atoms/cr

a Calculated from eq 20.

Exploiting the above equations requires the precise knowledge
of photoelectron ALs at the relevant kinetic energies. For silicon,
we used an average value of 19 A between the 16 A reported
by Hochella et af” and the 23 A reported by Katayama eB&l.
For HOPG, the value of 17 A was employed by averaging the
A-value of 13 A derived from the formula of Seah and Défich
and the 21 A derived from the formula given by Tanuma et
al2%40The tabulated atomic densitigs; and pc Hopc are also
given in Table 1. ALs in organic monolayers have been
measured adelectedinetic energies (e.gEauaf7/2) from angle-
resolved measurements on SAMs of thiols on different single
crystal surface$* As will be justified later in the text, we will
use the empirical formula

AL (Ex) =9+ 0.02E, (20)

to calculate the ALs necessary for this work, in particular
AmL(Esizp)- AmL (Ex) is expressed in angstroms, and the kinetic
energyEx is expressed in electronvolts. In the case of an Al
Ko source (1487 eV), the equation becomigs (E) = 9 +
0.022(1487— E), with E being the binding energy of the
considered element. Thus calculated Allg (Esizp), AmL(Eo19),
andAuL (Ec19 are given in Table 1.

4. Results and Discussion

4.1. Composition of the Interface from Si2p and C1s Core
Levels.In survey XPS spectra (Figure S1, Supporting Informa-

ARTICLES
> 10 :
= (a— Si-H
€ 08h(b) — Si-C10 (a) |
g (c)— Si-O-C10
=
5 06[
Q
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‘6 02¢
c
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binding energy (eV)

)
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Figure 5. (a) Normalized Si2p spectra recorded at a polar afigie25°

(raw spectra are given in Supporting Information, Figure S2). Notice that
the spectra of the HSi(111) and the=Si—C10 samples are quasi-identical
while the one of the=Si—O—C10 sample is slightly different at higher
binding energies. (b) Spectral decomposition of the spectrum c&Bie:
O—C10 layer. The fit residual (dotted line) was shifted downward for clarity.
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Figure 6. High-resolution C1s core level spectra o&=8i—0—C10 (a)

tion) the C1s peak is enhanced and the Si2p peak is attenuate@nd a=Si—C10 (b) sample recorded at a polar angle= 25°. The black

after the organic modification. The oxygen content increases
after reaction with decanol but remains quite low after the
reaction with decene. In high-resolution Si2p spectra (Figure
S2, Supporting Information), the attenuation of the doublet
Si2pz and Si2p»2 (99.5 and 100.1 eV) is clear after the organic
grafting. The important point concerns the absence of contribu-
tion related to oxide or suboxide species in the energy range
101-104 eV even though we uséd= 25° to maximize surface
sensitivity. Subtle differences in interface composition are better
evidenced bynormalizedSi2p spectra. Figure 5a shows that
all spectra quasi perfectly overlap with one another except that
of the alkoxy monolayer, for which a supplementary doublet
(chemical shiftAE = —0.7 eV and relative intensity 11%) is
necessary to fit the entire spectrum (Figure 5b). The C1s core
level spectra present more obvious differences apart from the
main component at 285.2 eV assigned to the aliphatic chains
(Figure 6). In the case of theSi—0O—C10 layer (Figure 6a),
one satellite component is found at higher binding energy (286.1

(37) Hochella, M. F., Jr.; Carim, A. HSurf. Sci.1988 197, L260.

(38) Katayama, T.; Yamamoto, H.; lkeno, M.; Mashiko, Y.; Kawazu, S.; Umeno,
M. Jpn. J. Appl. Phys1999 38, L770.

(39) Seah, M. P.; Dench, W. /Surf. Interface Anall979 1, 2.

(40) Tanuma, S.; Powell, C. J.; Penn, D.urf. Interface Anall988 11, 577.

line is the measured signal. The gray lines correspond to the spectral
decomposition. The fit residual (dotted line) was shifted downward for
clarity.

Table 2. Quantitative Analysis of the Satellite Peaks in Si2p and
C1s Core Level XPS Spectra of Figures 5 and 62

surface Si2p Cls
chemical shift E=07eV E=0.7-09eV E=-09eV
bond assignment  (SIO—C) (C-OH,C-0O-Si) (C-Si)
H-Si(111) - - -
=Si—C10 - 0.08f-¢ 0.07/0.48
=Si—0—C10 0.11/0.52  0.16/0.48 -

aThe chemical shift and the possible bond assignment are indicated for
each peak. The measureelative intensity of satellite components and
the calculated surface coverage using the relevant equations given in sec-
tion 3 are given in the bottom line%(—) = intensity not measurable or
below detection limit¢ Coverage not calculated because the satellite peak
is partly related to contamination (see teXtEstimate assuming that the
intensity is uniquely related to Si atoms involved in—8)—C bonds.
¢ Estimate after correction of the signal arising from adventitious contamina-
tions (see text).

eV, AE = 0.9 eV). Two satellite peaks at 285.9 eXK = 0.7
eV) and 284.2 eV AE = —0.9 eV) are resolved with the
=Si—C10 layer (Figure 6b); Table 2 lists the characteristics of
the above satellite peaks.
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Binding and Coverage at the=Si—C10 Interface. After Table 3. Characteristics of Si(111), Au(111) Surfaces, and
reaction with 1-decene, the formation of interfaciat-Si bonds g"ﬁr’gg?aﬂg'%C‘é'f‘gsgfl?zsgé’ g{)@gﬁggyﬁ}gﬁ eC?F?'Er;ﬁ on the Same
must be anticipated from reaction 1. It is nevertheless practically .
impossible to assess their existence because the Si2p peak is Si111) Au(l1Y) PE?
quasi-identical to that of the H-terminated (Figure 5a). The Surfacedensity — Dsi=7.8x 101 Day =1.39x 10 18.4

relevant information is obtained from the C1s spectrum, in which uni(taégm(s}{\g)rﬁ) 12.8 79 _
the satellite peak with chemical shitE = —0.9 eV may be maximum coverage 0.5 0.33 5.4x 1014
assigned to €Si bonds if one considers the difference in in ML ] o "
Pauling’s electronegativity of silicon (1.9) and carbon (2.55). maximum density 3.9 10° 4.63x 10° 117
LS . ) . . o (molecules/cr)
Assigning this satellite peak to-€Si bonds is also justified by (gjative maximum  0.84 1

its absence in the Cls spectrum of the alkoxy layer (Figure 6a).  molecular density

Liu and Hamers made the same assignment in the case of Si-

(001) surfaces after molecular adsorption in the UH\The ) ; ) . '

C—Si related peak was more prominent in their spectra because\}:—orrespond'ng o an ideal 2 1 structures Corresponding to aEx
. . 3)R30C structure.d Polyethylene has an orthorhombic crystallographic

shorter molecules were used. In our case, the relative intensitysgcture of unit cellg = 4.96 andb = 7.42). The chains are parallel to

of the C=Si related contribution (7%) is close to expectations the c-axis.

for a chain with 10 carbon atoms. A more precise analysis

requires the use of egs 15, 16, and 19. Numeric&lly,si =

0.07 leads tal = 9.6+ 0.2 A or a surface coverage 6fy. =

0.48+ 0.01 (Table 2). This value is very close to the theoretical

limit of 0.5.31 We usech = 10, 6 = 25°, andAu (Ec19 = 35.4

A (Table 1) in calculation. The value ofy (Eci9 will be

justified a posteriori in sections 4.2 and 4.3. The only XPS signal

in Figure 6b, which cannot be attributed to the very interface,

is the small contribution at 286.1 eV in the C1s spectrum (8%

aData for SAMs on Au(111) and PE were taken from refs-42.

of the main peak), which is assigned to adventitious contamina- : a 405
tion representing less than 0.05 ML. ) o D-'::@icm

Binding and Coverage at the=Si—O—C10 Interface. The L S 03 =
Si2p satellite peak with a positive chemical shift 0.7 eV (Figure B e i =
5b) may be assigned to a-8D—C linkage, as expected from 0.4 -
reaction 2, but also to eventual silanol groups or suboxide e
species. In all cases, the silicon atom is indeed positively charged 00~ % 6 8 101214 16 18°°
due to the electronegativity difference of Si and O. If one number of C atoms

tentatively attributes the relative signaddi-o-c = 0.11 to the Figure 7. Angle-resolved measurements of the Si2p attenuation: (a) Plots
sole Si emitting atoms involved in SO—C bonds, one finds  of —Ln(As) as a function of 1/(si). The chain length is expressed in the

SN — 4 A2 number of carbon atoms per chain (see figure). Solid lines are best linear
the surface densitiisi-o-c = 4.03 16%cm 2 (eq 18) and the fits. (b) Filled symbols: variations of/Av.(Es)) derived from the slopes

Surfﬁ_lce_ coverage is 0-52_ (eq 19). Unfo_rtunately,_a_l CrOSS measured in (a). Open symbols: variations of the layer coveéage
verification cannot be obtained from the sigiRd_c arising calculated using eq 8.

from carbon atoms involved in-©0 bonds using an equation
similar to eq 15. The calculated surface coverage is indeed
~0.97, which is too larg€ and signifies the presence of
adventitious surface contaminations. We ugédy~ dcpan —

1.69 A (see Figure 1 and eq 4). If one tentatively assumes the
same level of contamination as that on the alkyl monolayer,
the surface coverage would be 0.£%(c = 0.16-0.08; see
Table 3), which is close to 0.52. An independent cross
verification of these estimates is obtained from the plef1/ .
sin 6) (result not shown). As in Figure 7, such a method allows 4.2. Monolayer Surface Coverage from Si2p Angle-

- _ : Resolved MeasurementsFrom &) 7 a plot of—Ln(Ag) as a
measuringd from the sloped/Au (Esizp) = 0.251. One findsl
— 9 9”/3\' andfu. = 0 42p v (Esizo ' function of (1/sind) should be a straight line with slofiy, -

In conclusion of this section, the formation ofSt and Si (Esizg) yielding d if A (Esizg) is known. The series of straight
lines displayed in Figure 7a is in perfect agreement with this

((j)e_cgngloir;djr’\aﬁz%elﬁnﬁ;yéttif;te; d rf?(?;tlt(;\r:a :;’)'g;trglegzgsmzr;:i_expectation:dMML(ESizp) is indeed proportional to the chain
tion of Si2p and C1s core levels. In the case of &i—C10 length (Figure 7b) and all best linear fits extrapolate through

the origin, which is a strong indication that monolayers are
) i . homogeneous and do not present extended defects. Note that
41) (a) Liu, H.; Hamers, R. JSurf. Sci.1998 416, 354. (b) Liu, Z. H.; . .
@y IS/I(%Caf‘frey, J. P.; Brar, B.; Wilk, G. D.; Wallace, R. M( I):eldman, L.c.. the slope (0.018% 0.0008) in Figure 7b would correspond to
Tay, S. PAppl. Phys. Lett1997 71, 2764. an AL of Si2p photoelectrongwi (Esizp) = 54.5+ 2 A by

(42) (a) Whitesides, G. M.; Laibinis, P. Eangmuir199Q 6, 87. (b) Ulmann, . . .
A. Ultrathin Organic Filnt Academic Press: San Diego, CA, 1991. (c) assuming that the monolayer thickness dcyain (see Figure

layer, the surface coverage is 0.48 (Table 2) andHsbonds
saturate ungrafted sites. In the case of #&—0—C10 layer,

the estimate of the coverage is more subject to hypothesis about
contaminations and a possible limited oxidation. From cross
correlations we find that the surface coverage is in the range
0.42-0.52. Most of the ungrafted sites are probably saturated
with Si—H bonds because a low density of interface state is
found from capacitance measuremeits.

43) PO B e by vi7 1). This approach cannot be used because this assumption
(44) Dorset, D. LJ. Phys. Chem. R00Q 104, 8346. overestimatesl, andd is indeed smaller thadcyan because
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Figure 8. Angle-resolved C1s measurements on alkyl monolayers on Si- F/gure 9. Angle-resolved C1s measurements on alkyl monolayers on Si-
(111) and HOPG. (A) Plots dRcisas a function of 1/(sim) (see eq 11). (111) and HOPG. (A) Variations aliAw. (Ec19 andB (eq 12) as a function
(B) Plots of —Ln[(B — Rc1d/B] as a function of 1/(sird). For each chain of the cr_]aln length. (B) Corresponding variation®gf derived fromd/Ay.-
length, B was adjusted to obtain a straight line passing through the origin (Ec19 (filled symbols) andB (open symbols).
(see eqg 11). The chain length is indicated in the figures.
— Rc19/B] versus 1/sin9 (Figure 8b) withB as an adjustable

an ideally 2x 1 structure on Si(111) is 16% less dense than a parameter so as to minimize the ordinate at origin of the obtained
(v/3 x +/3)R3C n-alkanethiol SAM on Au(111) and 39% less  straight lines and to be consistent with eq 11. The valu#gf, -
dense than in polyethylene (Table 3). (Ec19 was subsequently measured from the slopes in Figure

Our original idea was to consider the AL of the most compact 8b. The chain length dependence Bf(filled symbols) and
system, but no AL value is available for Si2p photoelectrons in d/AmL(Eci9 (open symbols) are given in Figure 9a.
polyethylene (Table 3). We tentatively assumed that SAMs of ~ The knowledge oB gives directly the volume densipe
alkanethiols are perfect “single-crystal organic monolayers” with no assumption since all parameters pgi are known
(SAMs are close-packed on the molecular scale and present largén €q 12. The corresponding chain length dependendyof
molecular ordered domains) and calculated the Si2p photoelec-(€q 13) is shown in Figure 9b (open symbols). The measure of
tron AL using eq 20. Namely, we injectégh (Esizp) = 39.5 A d/AmL(Ec19 from Figure 8b yields alséw. usingAu (Ecid =
(Table 1) into eq 7 to determindand thendy (eq 8). Within 35.4 A in calculation (Figure 9b, filled symbols). The two
this analysis, we find that 0.43 0y < 0.49 (Figure 7b, open  determinations ofy agree very well. They can be considered
symbols), with a significant increase 6f, as the molecule  independent because the use Bfdoes not involve any
shortens. This trend is a manifestation of surface shielding duringassumption oniui (Eci9. This excellent agreement pertains,
molecular grafting. As soon as a molecular chain is (irreversibly) therefore, to the use of eq 20 to calculatg (Ec19 = 35.4 A.
anchored on the surface, some of the six next-neighboring Additionally, these last determinations are also in close agree-
surface sites become practically inaccessible to moleculesment with those in Figure 7b (open symbols). Hence, all three
arriving from the solution side although the same sites would angle-resolved methods give coherent results and corroborate
be sterically allowed in a real self-assembling process. The @ chain length dependence @f. .
longer the molecular chain, the greater the shielding of the .
surface (Figure 1). Finally, we note the close agreement between’: Conclusions
Om = 0.44 forn = 10 in Figure 7 and the surface coverage  We have demonstrated that accounting for X-ray photodif-
found in section 4.1 (0.48, see Table 2). This constitutes a first fraction is necessary for a truly quantitative XPS analysis of
justification of our approach. Additional arguments will be organic monolayers oorderedsurfaces. By averaging the Si2p
provided later on. XPS signal over the azimuth angle, the Si2p XPS signal intensity

4.3. Monolayer Surface Coverage from Cls Angle- becomes independent of the sample orientation on the sample
Resolved MeasurementsEquations 11 and 12 show that the holder. The second key point concerned the Si2p and Cls
angle-resolved study of the C1s signal on the modified silicon photoelectron attenuation lengths. From three independent angle-
surface and on HOPG allows determination of the volume resolved methods we have established that the corresponding
density of carbon atoms in the monolayers. PlotRgfversus ALs can be calculated using eq 20For the case of alkyl and
(1/sin@) are displayed in Figure 8a for different molecular chain alkoxy monolayers on atomically flat Si(111) surfaces, we have
lengths. They were fitted with a two-step procedure to derive shown that very dense monolayers can be prepared, with a
d/AmL(Eci9 andB. We first determined by plotting —Ln [(B surface coverage very close to its maximum theoretical limit.
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In addition, it was unambiguously established that-aGiand Supporting Information Available: XPS survey spectra of

Si—O—C linkage is formed after reaction with alkenes and as-prepared Si(111) surfaces and high-resolution Si2p core

decanol, respectively, and that the ungrafted sites remainievel spectra of as-prepared different Si(111) surfaces. This

H-terminated. material is available free of charge via the Internet at
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