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By means of density functional theory calculations, we investigate work functions, energy level alignments,
charge transfers, and tunneling characteristics of @Rd Ck-terminated alkane- and diphenylthiol monolayers

on Au(111). While the alignments of the energy levels and the charge transfers at themudéadule interface

are found to be determined by the value of the clean Au surface work function relative to the HOMO ionization
potential (IP) at the thiolate end of the monolayer, the change of work function for the modified Au(111)
surface is dominated by the properties of the thiolate monolayer, including the character, saturated or conjugated,
of the molecule and the chemical nature and orientation of the terminal group. The tunneling currents through
the adsorbed molecular monolayers are calculated using the Teksaffiann approach. The computed
difference between the-V characteristics for the GHand Chk-terminated alkanethiol monolayers agree

well with available experimental data. The energy barrier at the metalecule interface, the molecular
electronic structure, and the IP of the terminal group are the key parameters which determine the tunneling
properties.

1. Introduction (CP-AFM)—of prototype SAMs of thiol molecules on the Au-
(111) surfacé®282% We theoretically investigate how the
interface barrierAE, and the effective work functiord, depend

on the molecular properties, by considering conjugated (diben-
zenethiol) and saturated (alkanethiol) molecules with different
terminal groups (X= CHjs, CF;) as model compounds. Unlike
CHgs, the CFk terminal group has an intrinsic dipole; thus, the
molecular dipoles of the GRerminated alkanethiols show an
even—odd dependence on the number of methylene groups in
the chaint®3°We evaluate thé—V curves through the molecular
monolayer within the simple TersefHamann approach and
elucidate their relation to the interface and molecular electronic
structures.

There is currently considerable interest in using self-
assembled monolayers (SAMs) of dipolar organic molecules
to tailor the effective work functions of metal and semiconductor
surfaces and to control the energetic barriers for charge
injection1=22 There is experimental evidence that the work
function can be tuned by using molecules with different
characteristics, e.g., different terminal functional grotigs)13.19.21
while the atomic scale contact between the molecule and the
metal determines the alignment of the frontier orbitals of the
molecule with respect to the metal Fermi enefgy10:11.14.2325
In particular, the energy separatigkE betweenEg and the
closest molecular level (typically the highest occupied molecular
orbital, HOMO) is one of the main parameters governing the
overall characteristics of molecular devid€g?25Recent theo-
retical studies have addressed the origin of the work function = The calculations have been performed within the plane wave
changes and interface barriers induced by the adsorbed monopseudopotential approach using density functional theory (DFT)
layers, and detailed analyses have been reported for a fewin the generalized gradient approximatf@nDetails of the
representative casé®?’ However, a number of interesting issues method and the parameters used in the present work, such as
have not been theoretically addressed yet, e.g., the differencesinetic energy cutoff for the plane wave basis set as well as the
in interfacial electrostatics between monolayers of saturated andpseudopotentials, have been reported previotfslyrepeated
conjugated molecules of similar length and termination, or slab geometry was used to model the Au(111) surfaces, with a
between monolayers of aliphatic molecules of different lengths separatiord, of ~33 A between successive Au(111) slabs, and
and terminations. Most important, no theoretical study is the theoretical lattice constant obtained in ref 32. We used a
available on the correlation between the interface electrostaticssurface ¢/3 x +/3) R30° unit cell with one adsorbed diben-
and the electron tunneling characteristics of the molecular zenethiolate (SR, with X = CHs, CF;) or alkanethiolate
monolayers, which are among the properties of greatest practica( SG\H2,X, with n = 4, 5, 7 and X= CHjs, CF;) every three

2. Computational Details

and fundamental interest for these systems. surface Au atoms, corresponding to full monolayer coverage
In this work, we try to bridge this gap by a parallel study of (see Figure 1). The molecules in the gap between two slabs are
the interface electronic properties and theV tunneling adsorbed through a-SAu bond on one Au(111) surface, while

characteristicsas measured, e.g., by scanning tunneling mi- a vacuum gap of at least 21 A separates the apex of the molecule
croscopy (STM) or conductive-probe atomic force microscopy from the bottom surface of the next slab (see Figure 1). In this
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Figure 1. Computed geometries for the investigated conjugated and BRI '_ ‘“_ _ -
saturated molecular monolayers with different terminal groups=(X AWSCSHIOCFY/Au —~ —
CHs, CR;) on Au(111). Aul.../Au
15 = Au/SC5HI10CH3//Au —
way, we make sure to eliminate all interaction between the 10 - AD =120V "
molecular terminal and the next Au surface. The Brillouin zone
was sampled with 48 specikipoints for the {/3 x +/3) R3(° s &
cell. In the geometry optimizations, all coordinates were relaxed = AD =1.02ev
until each component of the residual force on each atom was 8
smaller than 0.03 eV/A. 5
£
3. Results and Discussion _
Despite extensive research over many yéatise headgroup iy
structure for adsorbed thiolates on Au(11l) is not fully 220 LIl
established yet. Different adsorption sites for the S headgroup AuAu SC CC CC CH(F) AuAu
have been proposed, e.g., recent photoelectron diffraction
experiments have found evidence for adsorption at top ites, U LI L L U
while the bridge-fcc site is the most stable one according to Au/SCAHBCF3//Au
state-of-the-art DFT calculatiof&:37 In this work, we restrict 15 _Aul./Au x
our consideration to the theoretically optimized structures. For AuwSC4HBCH3//Au
all investigated molecules, the sulfur headgroup is at the bridge . P AD =0.63 eV o
fcc site, and the SAu bond lengths are~2.49 A. For the Z sk ¥ l
alkanethiolate monolayers, our calculations yield a tilt angle of _‘;’
about 23, against an experimental value of abouf.30For 2 ok AD=-1.02¢eV
the SPhX monolayers, the optimized geometry at full coverage 2
shows practically no tilt of the molecular axis. e
For each adsorbed monolayer, the work functidhas been 1o b
calculated from the energy difference between the value of the
electrostatic potential in the vacuum region and the Fermi energy -15 H -
Er (see Figure 2). The dipole layer arising in the vacuum gap - RISIRT
region because of the periodic boundary conditions was ™ AuAu SC CC CCHF) P—

_Subtracted. The positionE of the molecular HOMO (which Figure 2. Plane-averaged electrostatic potential for the clean (black
IS most_ly derived from_th Sp orblt_als) relatlye - was line) anél modified Au(111) surfaces (red/green line: CHFs-
determined from the highest occupied peak in the projected g minated molecular monolayers). The energy zero is set at the Fermi
density of states (PDOS) onto the S atom (see Figure 3). Theenergy. To show the everndd effect for the Cirterminated alkanethiol
resulting values oAE and A® for the different monolayers  monolayers, results for both 10X (X = CHs, CFs; middle panel)

are reported in Table 1, whered is the work function change ~ and SGHeX (bottom panel) are presented.

with respect to clean Au(111). For the latter, our calculated value
is 5.4 eV (experimental value: 5.31 &Y. In agreement with  between the work functions of conjugated and saturated
recent theoretical studi&2” we find thatAE has practically =~ monolayers. Moreover, for saturated molecules withs CF
the same valueAE ~ —0.96 eV, for all the investigated termination, an evenodd effect with respect to the number of
molecules, despite the large differences in their physical and methylene units in the molecular chain is present.

chemical characteristics. By contrast, the valuAdf depends To provide a rationale for these results, we consider the
markedly on the terminal group: the work function increases isolated monolayers of SPKand SGH2,X molecules (radicals)
(AD > 0) for the Ck-terminated molecules, while it decreases in the same geometries they have when they are adsorbed on
(AD < 0) when the terminal group is GHFigure 2). Table 1 the Au(111) surface. Following ref 26, we notice that for a two-
also shows small differences (a few tenths of an electronvolt) dimensional layer of dipolar molecules the space can be divided
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Figure 3. Projected density of states for different adsorbed molecular monolayers on Au(111). The dashed green (blue) line is the PDOS for the
whole adsorbed molecule (the S headgroup only).

TABLE 12

AE (V) A® IPonoiayefS) [ARO) AViac IPI(s) AIPT(X)
SPhCH ~0.96 ~1.25 7.2 415 ~3.05 5.1 0.0
HSPhCHs 6.2 5.35 ~0.85
SCHHCHs ~0.96 ~1.02 7.2 5.4 -18 5.3 0.2
SCH1CHs ~0.96 ~1.02 7.2 5.4 18 5.3 0.2
SCH1CHs ~0.96 ~1.02 7.2 5.4 18 5.3 0.1
SPhCF, ~0.96 1.25 7.2 7.2 0.0 7.6 0.0
SCH,CFs ~0.96 0.63 7.2 75 0.3 7.0 0.2
SGH1CFs ~0.96 1.20 7.2 8.3 11 7.6 0.1
SCH1CFy ~0.96 1.20 7.2 8.3 11 76 0.1

2 HOMO energy relative to the Fermi energVE; work function modification A® (see Figure 2), with respect to the calculated workfunction,
® =5.4 eV, for clean Au(111); left and right ionization potentialéﬁfjglayerand Iljr;gohrfolaye, of the isolated monolayer of neutral SRfor SGHznX
radicals (X= CHjs, CFs); step in the vacuum level across the isolated monolayeVs, ionization potential of the adsorbed SAM,;'ZE; change

of ionization potential of the terminal group upon adsorptiaiRri9n(X). All values are in eV.

into two regions, one adjacent to the S headgroup (hereafterare identical (see Table 1). In contrast, th{ﬁ’i{glaye(S) values
called “left”) and the other next to the terminal group (called strongly depend on the terminal group X as well as on the fact
“right”), with different vacuum levelsVx. and /3" (deter-  that the molecule is conjugated or saturated. Since the level
mined from the plane-averaged electrostatic potential along thealignmentAE is determined by the difference between the clean
dwecuon_perpendlcular to the two_-d|men5|onal layer), so that g, face work function and m:molaye(s)’ it is clearly the same
the step in the electrostatic potential across the molecular layers, ihe various molecules, as found also in refs 26 and 27.
can be expressed asVy,. = VI9"'— V" Consequently, the _ _
ionization potential (IP) of the molecular monolayer now  With respect to the HOMOs (noiayefS)) of the isolated
depends on which side an electron in a certain molecular level Neutral SPEX and SGHznX monolayers, the HOMOs of the
(typically the HOMO) escapes. We shall thus distinguish a left adsorbed layers appear to be shifted upward by more than 1.0
(side of the S headgroup) and a right (side of the X terminal) eV. (Notice, however, that the HOMOs of the adsorbed layers
ionization potential, Iﬁgno,aye(S) and II?ngoh,folaye(S), where S are practically unshifted when compared to the HOMOs of the
between parentheses indicates that the orbital (HOMO) from isolated monolayers of the H-saturated HpPand HSGH2X
which the electron is extracted is centered on the S atom. Thesemolecules; see Table 1 and ref 26). This indicates that some
ionization potentials are calculated from the energy difference charge is transferred from the metal surface to the sulfur
between the energy of the HOMO and t a“c and \/{,‘32‘ headgroup upon adsorption. A significant charge redistribution

vacuum levels, respectively. For the different molecular mono- and the formation of dipoles at the interface is evident in plots
layers with different terminal groups, the',ﬁRO,aye(S) values of the difference charge density (not shown).
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Figure 4. Calculated tunneling current per molecule as a function of the applied bias for conjugated (a) and saturated (b) molecular monolayers
with CH; and CF; terminal groups. Lower panels show the correspondifddvdcurves, obtained by numerically differentiating theV curves in
the upper panels.

We have also determined the change of IP for the terminal TH’s theory, see ref 39). Here, an additional reason for using
groups upon adsorptionIP9M(X), by considering the position  this simplified approach is that we are mostly interested in
of the highest occupied level in the PDOS for the molecular comparing the currents through monolayers which have all the
terminal before and after adsorption of the molecular monolayer. same barrieAE at the metatmolecule interface. Extending
As shown in Table 1, for the conjugated molecular layers TH'’s theory to finite (but still small with respect to the system
AIPTigh(X) is zero, meaning that the IP of the terminal group is work function) voltaged/, we express the tunneling current per
not affected by the interface dipole. This can be attributed to molecule as
the screening by the delocalized electrons in the conjugated
molecules. For the saturated molecular monolayers, instead,
IPright(X) decreases by about 6:D.2 eV, as the screening of
the interfacial dipole is in this case incomplete.

An additional interesting aspect of the results in Table 1 is where ps (X, E) is the local density of states (LDOS) of the
the ever-odd effect for the Ck-terminated alkanethiol mono-  Au(111)/SAM system at zero applied bidsis the surface area
layers (see also Figure 2), as théngj]%laye(s) for SGH1CFs is per moleculeg is the vertical position of the STM tip, andy
about 0.8 eV larger than that for 3€:CFs. From the geometries  is an effective velocity of the tunneling electrons. Fgrwe
of the two adsorbed molecules (Figure 1), we can see that fortake a point in the vacuum gap2.0 A above the apex of the
SGH1oCFs the (local) dipole of the CFterminal is directed molecule, where the tails of the charge density of the successive
along the surface normal, while for YEsCFs, there is an angle  slab are negligible. To estimatey in eq 1, we tested two
of ~50° with respect to the surface normal. Thus, the work different possibilities, either takinges equal to the Fermi
function and IP of the former molecule (even number of C velocity for gold or deriving it from the decay constantar,
atoms) is larger than that of the latter one (odd number of Ef) in the vacuum, and found very similar results.
carbons), as found also experimentafy© The computed—V curves for SPsX and SGHioX (X =

The current-voltage (—V) characteristics of adsorbed mo- —CHs, —CF;) are reported in Figure 4. From these curves, we
lecular monolayers are most frequently measured by STM or numerically calculated the conductandé&lyf, which are shown
by CP-AFM. With reference to this kind of experimental setup, in the lower part of Figure 4. As the applied voltage must be
we have performed calculations of theV curves based on a  small with respect tab, we restrictV to the range-1< V< 1
simple extension of TersoffHamann’s (TH’s) theory of the V. First of all, we remark that the computed current for the
STM.38 The use of this approximate theory can be generally conjugated monolayers is more than a factor of 10 larger than
justified under the condition that the tunneling probability for for the alkanethiols. Within the logic of TersefHamann’s
a valence electron located on the topmost group of atoms toapproach, this is attributed to the larger LDOS arokEpeit the
return to the metal is larger than that of tunneling through the terminal of the conjugated molecules, as indeed suggested by
vacuum gap, a situation that is typically found in relatively short Figure 3 (see also Figures 3a and 6 of ref 40, comparing the
molecules (for an interesting discussion of the applicability of LDOS atEr and the PDOS, respectively, of Phgtand GHs-

Er+ eV
| & evey [, dxdy fEF “dEp (X, ¥, 2" E) 1)
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CHas-terminated molecules similar to those of interest in this
work). Second, by comparing molecules with the same backbon

but different terminal groups, we can see that the tunneling

current for the CHterminal is larger than that for GFin nice
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(10) Ratner, M. ANature (London00Q 404, 137.
(11) Ashkenasy, G.; Cahen, D.; Cohen, R.; Shanzer, A.; Vila\dk.

agreement with recent measurements for decanethiol monolaye&hem. Res2002 35, 121.

on gold?® Again, this difference between the two different
terminations is due to the larger PDOS in proximityEe for
the CH; terminal (which can be clearly seen in Figure 4b of ref

40). It may also be interesting to note that, since the current

within Tersoff-Hamanns’s approach is determined by the

LDOS in the vacuum region above the molecular apex, our

(12) Beebe, J. M.; Engelkes, V. B.; Miller, L. L.; Frisbie, C. D.Am.
Chem. Soc2002 124, 11268.

(13) Bruner, E. L.; Koch, N.; Span, A. R.; Bernasek, S. L.; Kahn, A,;
Schwartz, JJ. Am. Chem. So2002 124, 3192.

(14) Chabinyc, M. L.; Chen, X.; Holmlin, R. E.; Jacobs, H.; Skulason,
H.; Frisbie, C. D.; Mujica, V.; Ratner, M. A.; Rampi, M. A.; Whitesides,
G. M. J. Am. Chem. So002 124, 11730.

(15) Crispin, X.; Geskin, V.; Crispin, A.; Cornil, J.; Lazzaroni, R.;

calculations are not expected to show any significant dependenceSalaneck, W. R.; Bredas, J. 1. Am. ChemSoc.2002 124, 8131.

on the sulfur adsorption site.

In conclusion, using DFT calculations, we have studied how

the interface electronic structure affects theV tunneling

characteristics of monolayers of conjugated and saturated
organic molecules on Au(111). While the energy alignment and

charge transfer at the metaholecular monolayer interface are
solely determined by the work function of the clean metal
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surface and the molecular ionization potential at the thiolate 5404 126 14287.

end of the monolayer, the change of work function appears to

be dominated by the molecular properties. Th&/ character-
istics, calculated within the TersefHamann approach, illustrate

the strong dependence of the tunneling current on molecular

properties for SAMs with the same chemical bond to the gold
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|-V curves and the experiment further suggests that the most

important tunneling barrier for the investigated systems is
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