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Suppression of Charge Carrier Tunneling through Organic Self-Assembled Monolayers
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Self-assembled monolayers of long chain alkanes deposited on silicon wafers using an optimally
designed procedure exhibit very large energy barriers.§ eV) to carrier tunneling. The dc
conductivity is found to be-4.6 X 107" S/cm, close to that of bulk polyethylene, and independent of
monolayer thickness. This demonstrates that the tunneling contribution to the overall conductivity can
be made negligible when the organic structure is densely packed and highly ordered. Distinctly higher
conductivity values are observed with disordered monolayers. [S0031-9007(96)00387-0]

PACS numbers: 73.40.Gk, 72.20.—i, 73.40.Qv

The design of nanoscale devices requires the well16, and 18 (and referenced ag,CCis and Gg), have
controlled fabrication of very thin layers (less than fewbeen deposited on naturally oxidized silicon wafers using
nm) of various materials with well-controlled architec- the Zisman-Sagiv method of retraction from solution [3].
ture. In this downsizing approach, inorganic materialsTwo key points must be followed in order to obtain a
are most popular; however, they have limitations. Fordensely packed monolayer with highly ordered aliphatic
instance, when the thickness of a silicon dioxide insuchains [4]. First, the temperature of the deposition
lating barrier is reduced below 3—4 nm, high tunnelingshould be maintained below a critical valdé which
currents start to appear, which preclude their use in redepends on the chain length. Second, the solid substrate
liable devices. It has been suggested long ago that oshould be prehydrated with a nanometer-thin layer of
ganic materials could be useful substitutes in this domainyater. The rest of the procedure is standard: The
because of their low intrinsic electrical conductivity, andcleaned substrates (by combining dry ultravipéztone
their possibility of forming monolayers and multilayers of and wet HSO,/H,0O, processes [4]) were dipped in a
nanometer thickness [1]. The pioneering measuremenfseshly prepared mixture of hexadecd@€l, (70:30)
on monolayers of long chain fatty acids [2] have shownand 103M of n-alkyltrichlorosilane for 90 min. The
that their charge transfer characteristic was dominated bgritical surface tensiony. of the silane-treated surface
carrier tunneling. Charge transport in organic moleculesvas found to bey. = 20.5 + 0.5 mN/m, consistent
is also a key feature to the development of molecular elecwith a top layer of methyl groups, as it should be if the
tronics. In this Letter, we demonstrate that tunneling carsilane molecules are densely packed. Ellipsometry shows
be avoided by controlling the layer organization and packthat the films were composed of a single monolayer with
ing density within the organic layer. We show the amaz-thickness [5]d = 2.65, 2.1, and 1.83*0.25) nm for the
ing, and spectacular, result that the low electric field dd&C.g C,6, and G, chains, respectively, in good agreement
conductivity of optimally prepared self-assembled organiovith the formula d(C,) = 0.126(n — 1) + 0.478 nm
monolayers (SAMs) is independent of film thickness, andvalid for hydrocarbon chains oriented perpendicularly
comparable to the conductivity of bulk material counter-to the solid substrate and extended in their all-trans
parts, even though our films are only 1.9-2.6 nm thickconformation [6]. The high chain packing order within
We demonstrate that the interfacial tunneling energy barthe monolayer is best revealed by the infrared peak posi-
rier heights are indeed large enough to justify a negligitions corresponding to symmetrit™ and antisymmetric
ble contribution of tunneling. The determination of thed™ stretching of the methylene groups. They are at
HOMO-LUMO gap between the highest occupied molec-2849-2850 and 2916-29%t% !, respectively, close
ular orbital and the lowest unoccupied molecular orbitalto the values measured on alkane crystals but far below
of our SAMs of alkyl chains agrees with tight-binding the positions for liquid alkanes which are at 2856 and
calculations for all trans hydrocarbon chains, and we thu928cm ™!, respectively [4]. Electrical measurements
demonstrate that we have achieved nearly perfect, defe(turrent density—voltage,/-V, characteristics) were
free, insulating monolayers. On the contrary, we measurperformed on metdinsulatoy/silicon (MIS) structures
much lower values of the tunneling barrier heights andbtained by evaporating aluminunm0Q uwm X 100 wm,
much higher dc conductivities when the experiments ard0 to 100 nm thick) counterelectrodes directly onto the
repeated on deliberately disordered monolayers. SAMs under ultrahigh vacuunil0—® Torr). To cause

SAMs of n-alkyltrichlorosilane molecules the least damage to the organic layers, a low deposition
[CH4(CH,),—1SiCk] with various chain lengths; = 12,  rate(8 A/s) was selected. The silicon wafer wagype
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highly doped (degenerateg, ~ 3 X 1072 Qcm). The earJ-V dependence in a low electric field limit (here ob-
native oxide thickness was found to BedD = 0.2 nm,  served for|V| < 100-150 mV) [10] allowing the deter-
as measured by x-ray photoelectron spectroscopy (XPSination of a conductivityg = d(8J/8V)y—o, Which is
taking a value of3.8 = 0.4 nm for the electron escape expected to be exponentially dependent on the film thick-
depth in SiQ and comparing th8i,, peak intensities for ness [11]. Thusyg values have been plotted in Fig. 2 as
SiO, and pure silicon [7]. It was also checked by XPSa function of the SAM thicknesses. The fact that they
that the cleaning process does not affect the oxide layeasll fall on a horizontal line, with an average conductivity
which is therefore always present, with the same thickvalue o ~ 4.6 X 107 = 3 X 1075 S/cm, is particu-
ness, as a sublayer below the SAM. Photoconductivityarly striking. First, it disproves the possibility of direct
experiments [8] were also performed by illuminating theelectron tunneling through these ultrathin SAMs. Second,
structure through an optically transparent, 10 nm thickpur o value fora ~ 2 nm thick SAM is four decades
aluminum electrode with monochromatic light (using alower than that previously reported for hydrocarbon-based
150 W Xe lamp and a monochromator working in themonolayers of similar thickness deposited on aluminum
0.2-0.8 um wavelength rangey1.5-6 eV). substrate instead of silicon [2]. Our values are on the
Extremely lowJ values of 107! to 1078 A/cm? are  low side of those published for much thicker multilay-
obtained for Gg, C16 and C, samples (Fig. 1, curved).  ers of similar alkyl chaing2 X 10~5-10"'* S/cm) [2];
Measurements performed over a period of a few days tthey are also only 10 times larger than the bulk polyethyl-
one year after the device fabrication showed no signifiene value X 107! S/cm [12]. Therefore, the conduc-
cant long term instabilities (Fig. 1), in contrast to earliertion in a ~2 nm thick monolayer appears to be on a par
experiments on Langmuir-Blodgett monolayers [9]. Alsowith that of bulk organic materials.
indicated are thd values measured in the absence of the Photoconductivity experiments at variable excitation
SAM: In curve B, the top electrode has been directly wavelengths allow measurements of the tunneling energy
evaporated on the native oxide layer, whereas in curvbarrier heights at both interfaces with metal and silicon
C, the SAM has been first deposited as usual, then voli8]. Typical curves are shown in Fig. 3(a) [Fig. 3(b)]
untarily removed by extensive UV-ozone photochemicafor C,;g3 SAMs with positive (negative) bias applied on
cleaning before evaporating the aluminum electrode. Irthe aluminum electrode. In the first case [Fig. 3(a)],
both cases) takes values as large a6~ '-10> A/cm?,  the photocurrent is due to electrons injected from the
establishing that the data of curvésare controlled by conduction band (CB) of the silicon into the LUMO of the
the SAM itself and not by the native oxide sublayer.organic SAM over the energy barrier height. Above
Usual tunneling theory in the MIS device predicts a lin-the photoinjection threshold, linear variations are expected
when plotting the cube root of the photoresponse (the
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FIG. 1. Curve A: current density (absolute value) versus Monolayer thickness (nm)

voltage characteristics for & Ci and G, SAMs prepared

according to the procedure described in Ref. [4] and measureBIG. 2. Low field dc conductivityd = d 6J/8V atV — 0)

after a few days. Solid curve is for a;£SAM measured one versus calculated monolayer thickness (see §6pr Ci, Cis,

year after fabrication (stored in ambient air). Cun&&ssame and Cg SAMs. The hatched area contains the data measured
asA but for a structure where the aluminum has been directlyon deliberately disordered SAMs. The dot-dashed line indicates
deposited on the native oxide of the silicon substrate. CGrve the calculated tunnel conductivity, using an energy barrier of
same asA but after deliberately removing the SAMs from the A = 4.3 eV (from photoconductivity data of Fig. 3)gy =
substrate by UV-ozone irradiation. All measurements at 295 K92 S/cm, andB = 1.018 eV~ /2 A~ as derived from Ref. [2].
Typical error bars (including data dispersion over more than 50rhe o, value is an average obtained by fitting the thickness
samples) are indicated for the,gXsimilar for C;g and C,). dependence of all the conductivity data in Ref. [2].
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3,0 3,5 4,0 4,5 5,0 5,5 6,0 attributed toA,, and the 5.1 eV threshold t4, + Eg,
— 71 T 1 r r r 17 and thenA;, is 4 = 0.15eV. The measured values
Lumg_- ¢ Electrons for the C,s and C, SAMs fall in the same range,

A within the error bars. These values readily explain our
observation of a dc conductivity independent of the
hydrocarbon chain length. The tunneling conductivity
o, = ooexp—B~+/Ad), calculated using the abovA
values and taking the same parametefs and 8 as
in Ref. [2], is always smaller than the conductivity
experimentally measured here (see Fig. 2, dot-dashed
line).

The HOMO-LUMO gap of the SAM of alkyl chains is
equal toA, + A, + Es. Using the above results, one
obtains a value in the range of 9.2 to 9.9 €¥0.3 eV)
for all Cq,, Ci and CGg SAMs. For all-trans alkane
chains, semiempirical calculations in the tight-binding
approximation predict (at-1 eV) ~11 and ~12 eV for
C.s and Cy, respectively [14]. The agreement with
our experimental results is rather good. That leads to
the important conclusion that we have experimentally
achieved a highly insulating character for these SAMs as
theoretically predicted. Moreover, our values measured
on SAMs are also in good agreement with those measured
by photoconduction in bulk polyethylerie-8.8 eV) [15].

We have carefully checked that this result is independent
of the nature of the metal electrode. For gofb,, =

5.1 eV, and we have indeed observed tlAgt is shifted
accordingly to 4.7—-4.9+0.15) eV, while A, andA, are

FIG. 3. Photocurrent response versus incident photon energyot affected. Similarly, since the SAM is deposited on
for the C;s SAMs (Al gate) in the positive (a) and negative (b) top of a ~ 1 nm thick SiO, oxide layer, it is legitimate
bias mode (range-100-500 mV). The squares correspond to tg ask to which extent our electrical measurements are
a highly ordered SAM prepared below the critical temperature

T¢, while the circles are for a disordered SAM prepared aboveaﬁeaed by this inorganic layer. Literature quotes the

Te. The energy band diagrams for the metal/SAM/silicon Al /S|Q2 interface barrier to be quite low, around 3.2 eV
structure are also represented (see text for more details). Afor thicknesses above 3 nm [13], and even smaller for
measurements at 295 K. thinner layers [16]. Such values are negligible when
compared to the tunneling barrier heights measured in the
present experiments. Similarly, the resistivity of the SiO
photocurrent normalized to the incident photon flux) [8].layer (1 to 10 Q cm for 2.9 to 3.5 nm thick state-
In the second case [Fig. 3(b)], the photocurrent is duef-the-art oxides [17], and even smaller for a 1 nm thick
either to electrons injected from the Fermi lev&ls,)  oxide) introduced in series with the organic layer is 5 to
of the metal, provided the photon energy is higher tharé orders of magnitude smaller than the resistivity of the
A,,, or to holes injected from the degenerated siliconpresent SAMs.
provided the photon energy is higher thdn, + Eg, Finally, we have investigated the influence of molecu-
Es being the silicon band gap. In that case, abovdar disorder on the insulating properties of the SAM by
threshold, a linear variation is expected when plottingrepeating the experiments on, {dnonolayers voluntarily
the square root of the photo response [8]. The valueprepared at temperatures higher than the critical tempera-
of these different thresholds can be derived from thdure (at 10C while T¢ is ~7.5 °C) of optimum deposi-
intercepts of the extrapolated photoresponse with th&on. In such samples, the surface coverage is only 90%
photon energyx axis. In Fig. 3(a), we obtaimlA, = to 95% of the close packing state and the hydrocarbon
4.1 = 0.15eV. Similarly, in Fig. 3(b), two successive chains no longer are in their extended all-trans confor-
kinds are observed at.3 = 0.15 and 5.1 = 0.15 eV. mation, but rather exhibit gauche defects [4]. Figure 2
From the known electron affinities of the Alb,, = (hatched area) shows the measured conductivities for such
4.3 eV) and Si electrode#4.05 eV) [13], we know that liquidlike alkane monolayers. The data points are scat-
A, and A, must differ by about 0.25 eV, and thus tered over a wide range betweéf'* to 10719 S/cm,
the lowest threshold of 4.3 eV can be unambiguouslywith a large number of samples exhibiting conductivity

(Photoresponse)'? (arb. unit)

(Phol:oresponse)"2 (arb. unit)

0
3,0 3,5 4,0 4,5 5,0 5,5 6,0
Photon energy (eV)
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up to 4 orders of magnitude higher than the conductiv-
ity for the corresponding “high quality” ¢ SAMs. The
photocurrent curves are shifted towards smaller values of
the energy barriers heightd;,, and A, have dropped to

~3 and~3.8 eV, respectively [Fig. 3(b), circles]. There-
fore, there is a clear correlation between the structural[s]

quality of th(_e depositgd monolqyer a_m_d its electricql trans- 633 nm for the close packed SAMs (see Refs. [1,4]).
port propertlgs. At th's stage, it is difficult to quan'[.lfy the The optical functions of the oxidized substrate have been
amount of disorder induced by the temperature increase ingependently determined by measuring a bare wafer
during the self-assembly of the monolayer. In particular,  cleaned rigorously by the same surface cleaning process.
we cannot clearly relate our results to a specific type of [6] S.R. Wasserman, Y.T. Tao, and G. M. Whitesides, Lang-
defect among those investigated so far [18]. We surmise  muir 5, 1074 (1989).
that the extra free volume between the chains in disor-[7] R. Saoudi, G. Hollinger, A. Gagnaire, P. Ferret, and M.
dered SAMs allows the incorporation of metal atoms in  Pitival, J. Phys. Il (France}, 1479 (1993).
the monolayers during the counterelectrode evaporation[8] R.J. Powell, J. Appl. Phystl, 2424 (1970).
resulting in a smaller effective barrier height and thus in [°] E%l.gl—él)Tredgold and C.S. Winter, J. Phys. D, L185
Iargirtlﬁ:wﬁsguvr\:g?:\v[égs]ﬁown that organic monolayerilo] J. G. Simmons, J. Appl. Phy84, 1793 (1964).

’ - T11] The crossover of the curves at higher field may be due
prepared by the self-assembly method have tunnelin

. . : . S to the onset of the field-assisted transport mechanism in
barrier heights which are close to the theoretical limit. As the thinnest SAMs (), resulting in more complicated

a consequence, the conductivity by direct electron tunnel-  yoltage dependence: By(versusV, In(J/V?) versusl/V

ing is totally suppressed even though the self-assembled relationships in case of tunneling (medium and high
monolayers are only-2 nm thick. We believe that the field regimes, respectively). Note that a(Jdn versus
present experiments offer the first quantitative justification V1/4 relationship has been frequently reported in organic
of the old intuition that organic monolayers can constitute ~ monolayers and multilayers: G.G. Roberts, P.S. Vincett,
exceptional insulators at a nanometer scale, once a good and W.A. Barlow, J. Phys. A1, 2077 (1978); R.H.
control of their molecular architecture has been achieved. ~ 17€dgold, A.J. Vickers, and R. A. Allen, J. Phys.10, L5
These insulating performances can presently be matched (1984) A detailed discussion of the exdleV relationship
only with inorganic oxide layers which are at least 2 time is beyond the scope of this Letter.

. . LT 2] Polymer Handbookedited by J. Brandrup and E.H.
thicker [17]. This enables us to foresee their widespreal ] |mn{ergut (Wiley NewlYork 31/975)_ 1P

application in future nanoscale inorganic and organiqi3) s.m. Sze,Physics of Semiconductor DevicegWiley,
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by heating the SAMs. In our case, after heating our below
Tc SAMs (in the same condition as Haram al.. 495 K

in vacuum for 15 min), we did not observe any change
in the measured conductivity. However, the experiments
were not performed strictly in the same way, in Haran’s
work an electrolyte is used as the counterelectrode. We
suspect that the conductivity decrease in Haran’s work
may be due to removal of water from the organic layer.



