
VOLUME 76, NUMBER 25 P H Y S I C A L R E V I E W L E T T E R S 17 JUNE 1996

que du
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 (,4.5 eV) to carrier tunneling. The dc
conductivity is found to be,4.6 3 10215 Sycm, 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
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The design of nanoscale devices requires the w
controlled fabrication of very thin layers (less than fe
nm) of various materials with well-controlled archite
ture. In this downsizing approach, inorganic materi
are most popular; however, they have limitations. F
instance, when the thickness of a silicon dioxide ins
lating barrier is reduced below 3–4 nm, high tunneli
currents start to appear, which preclude their use in
liable devices. It has been suggested long ago that
ganic materials could be useful substitutes in this dom
because of their low intrinsic electrical conductivity, a
their possibility of forming monolayers and multilayers
nanometer thickness [1]. The pioneering measurem
on monolayers of long chain fatty acids [2] have sho
that their charge transfer characteristic was dominated
carrier tunneling. Charge transport in organic molecu
is also a key feature to the development of molecular e
tronics. In this Letter, we demonstrate that tunneling c
be avoided by controlling the layer organization and pa
ing density within the organic layer. We show the ama
ing, and spectacular, result that the low electric field
conductivity of optimally prepared self-assembled orga
monolayers (SAMs) is independent of film thickness, a
comparable to the conductivity of bulk material counte
parts, even though our films are only 1.9–2.6 nm thi
We demonstrate that the interfacial tunneling energy b
rier heights are indeed large enough to justify a negl
ble contribution of tunneling. The determination of th
HOMO-LUMO gap between the highest occupied mole
ular orbital and the lowest unoccupied molecular orb
of our SAMs of alkyl chains agrees with tight-bindin
calculations for all trans hydrocarbon chains, and we t
demonstrate that we have achieved nearly perfect, de
free, insulating monolayers. On the contrary, we meas
much lower values of the tunneling barrier heights a
much higher dc conductivities when the experiments
repeated on deliberately disordered monolayers.

SAMs of n-alkyltrichlorosilane molecules
[CH3(CH2)n21SiCl3] with various chain lengths,n  12,
0031-9007y96y76(25)y4797(4)$10.00
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16, and 18 (and referenced as C12, C16, and C18), have
been deposited on naturally oxidized silicon wafers us
the Zisman-Sagiv method of retraction from solution [3
Two key points must be followed in order to obtain
densely packed monolayer with highly ordered alipha
chains [4]. First, the temperature of the depositio
should be maintained below a critical valueTc which
depends on the chain length. Second, the solid subst
should be prehydrated with a nanometer-thin layer
water. The rest of the procedure is standard: T
cleaned substrates (by combining dry ultravioletyozone
and wet H2SO4yH2O2 processes [4]) were dipped in
freshly prepared mixture of hexadecaneyCCl4 (70:30)
and 1023M of n-alkyltrichlorosilane for 90 min. The
critical surface tensiongc of the silane-treated surfac
was found to begc  20.5 6 0.5 mNym, consistent
with a top layer of methyl groups, as it should be if th
silane molecules are densely packed. Ellipsometry sho
that the films were composed of a single monolayer w
thickness [5]d  2.65, 2.1, and 1.83s60.25d nm for the
C18, C16, and C12 chains, respectively, in good agreeme
with the formula dsCnd  0.126sn 2 1d 1 0.478 nm
valid for hydrocarbon chains oriented perpendicula
to the solid substrate and extended in their all-tra
conformation [6]. The high chain packing order withi
the monolayer is best revealed by the infrared peak po
tions corresponding to symmetricd1 and antisymmetric
d2 stretching of the methylene groups. They are
2849–2850 and 2916–2917cm21, respectively, close
to the values measured on alkane crystals but far be
the positions for liquid alkanes which are at 2856 a
2928cm21, respectively [4]. Electrical measuremen
(current density–voltage,J-V , characteristics) were
performed on metalyinsulatorysilicon (MIS) structures
obtained by evaporating aluminum (100 mm 3 100 mm,
10 to 100 nm thick) counterelectrodes directly onto t
SAMs under ultrahigh vacuums1028 Torrd. To cause
the least damage to the organic layers, a low deposit
rate s8 Åysd was selected. The silicon wafer wasn type
© 1996 The American Physical Society 4797
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highly doped (degenerated,r , 3 3 1023 V cm). The
native oxide thickness was found to be1.0 6 0.2 nm,
as measured by x-ray photoelectron spectroscopy (X
taking a value of3.8 6 0.4 nm for the electron escap
depth in SiO2 and comparing theSi2p peak intensities fo
SiO2 and pure silicon [7]. It was also checked by XP
that the cleaning process does not affect the oxide la
which is therefore always present, with the same th
ness, as a sublayer below the SAM. Photoconducti
experiments [8] were also performed by illuminating t
structure through an optically transparent, 10 nm th
aluminum electrode with monochromatic light (using
150 W Xe lamp and a monochromator working in t
0.2 0.8 mm wavelength range,,1.5 6 eV).

Extremely lowJ values of10211 to 1028 Aycm2 are
obtained for C18, C16, and C12 samples (Fig. 1, curvesA).
Measurements performed over a period of a few day
one year after the device fabrication showed no sig
cant long term instabilities (Fig. 1), in contrast to earl
experiments on Langmuir-Blodgett monolayers [9]. A
indicated are theJ values measured in the absence of
SAM: In curve B, the top electrode has been direc
evaporated on the native oxide layer, whereas in cu
C, the SAM has been first deposited as usual, then
untarily removed by extensive UV-ozone photochem
cleaning before evaporating the aluminum electrode.
both cases,J takes values as large as1021 102 Aycm2,
establishing that the data of curvesA are controlled by
the SAM itself and not by the native oxide sublay
Usual tunneling theory in the MIS device predicts a l
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FIG. 1. Curve A: current density (absolute value) vers
voltage characteristics for C18, C16, and C12 SAMs prepared
according to the procedure described in Ref. [4] and meas
after a few days. Solid curve is for a C16 SAM measured one
year after fabrication (stored in ambient air). CurvesB: same
as A but for a structure where the aluminum has been dire
deposited on the native oxide of the silicon substrate. CurvC:
same asA but after deliberately removing the SAMs from th
substrate by UV-ozone irradiation. All measurements at 295
Typical error bars (including data dispersion over more than
samples) are indicated for the C16 (similar for C18 and C12).
4798
),

r,
-

,

o
-

e
l-
l

earJ-V dependence in a low electric field limit (here o
served forjV j , 100 150 mV ) [10] allowing the deter
mination of a conductivity,s  dsdJydVdV!0, which is
expected to be exponentially dependent on the film th
ness [11]. Thus,s values have been plotted in Fig. 2
a function of the SAM thicknesses. The fact that th
all fall on a horizontal line, with an average conductiv
value s , 4.6 3 10215 6 3 3 10215 Sycm, is particu-
larly striking. First, it disproves the possibility of dire
electron tunneling through these ultrathin SAMs. Seco
our s value for a , 2 nm thick SAM is four decade
lower than that previously reported for hydrocarbon-ba
monolayers of similar thickness deposited on alumin
substrate instead of silicon [2]. Ours values are on th
low side of those published for much thicker multila
ers of similar alkyl chainss2 3 10215 10214 Sycmd [2];
they are also only 10 times larger than the bulk polyet
ene value2 3 10216 Sycm [12]. Therefore, the conduc
tion in a ,2 nm thick monolayer appears to be on a p
with that of bulk organic materials.

Photoconductivity experiments at variable excitat
wavelengths allow measurements of the tunneling en
barrier heights at both interfaces with metal and sili
[8]. Typical curves are shown in Fig. 3(a) [Fig. 3(b
for C18 SAMs with positive (negative) bias applied
the aluminum electrode. In the first case [Fig. 3(
the photocurrent is due to electrons injected from
conduction band (CB) of the silicon into the LUMO of t
organic SAM over the energy barrier heightDe. Above
the photoinjection threshold, linear variations are expe
when plotting the cube root of the photoresponse
d

.
0

FIG. 2. Low field dc conductivity (s  d dJydV at V ! 0)
versus calculated monolayer thickness (see [6])d for C12, C16,
and C18 SAMs. The hatched area contains the data meas
on deliberately disordered SAMs. The dot-dashed line indic
the calculated tunnel conductivity, using an energy barrie
D  4.3 eV (from photoconductivity data of Fig. 3),s0 
92 Sycm, andb  1.018 eV21y2 Å21 as derived from Ref. [2].
The s0 value is an average obtained by fitting the thickn
dependence of all the conductivity data in Ref. [2].
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FIG. 3. Photocurrent response versus incident photon en
for the C18 SAMs (Al gate) in the positive (a) and negative (
bias mode (range6100 500 mV ). The squares correspond
a highly ordered SAM prepared below the critical temperat
TC, while the circles are for a disordered SAM prepared ab
TC. The energy band diagrams for the metal/SAM/silic
structure are also represented (see text for more details).
measurements at 295 K.

photocurrent normalized to the incident photon flux) [
In the second case [Fig. 3(b)], the photocurrent is
either to electrons injected from the Fermi levelsEfmd
of the metal, provided the photon energy is higher th
Dm, or to holes injected from the degenerated silic
provided the photon energy is higher thanDh 1 EG,
EG being the silicon band gap. In that case, abo
threshold, a linear variation is expected when plott
the square root of the photo response [8]. The val
of these different thresholds can be derived from
intercepts of the extrapolated photoresponse with
photon energyx axis. In Fig. 3(a), we obtainDe 
4.1 6 0.15 eV . Similarly, in Fig. 3(b), two successiv
kinds are observed at4.3 6 0.15 and 5.1 6 0.15 eV.
From the known electron affinities of the AlsFm 
4.3 eVd and Si electrodess4.05 eVd [13], we know that
Dm and De must differ by about 0.25 eV, and thu
the lowest threshold of 4.3 eV can be unambiguou
gy
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attributed toDm and the 5.1 eV threshold toDh 1 EG ,
and then Dh is 4 6 0.15 eV . The measured value
for the C16 and C12 SAMs fall in the same range
within the error bars. These values readily explain o
observation of a dc conductivity independent of t
hydrocarbon chain length. The tunneling conductiv
st  s0 exps2b

p
Ddd, calculated using the aboveD

values and taking the same parameterss0 and b as
in Ref. [2], is always smaller than the conductivi
experimentally measured here (see Fig. 2, dot-das
line).

The HOMO-LUMO gap of the SAM of alkyl chains is
equal toDe 1 Dh 1 EG. Using the above results, on
obtains a value in the range of 9.2 to 9.9 eVs60.3 eV d
for all C12, C16, and C18 SAMs. For all-trans alkane
chains, semiempirical calculations in the tight-bindi
approximation predict (at61 eV) ,11 and ,12 eV for
C18 and C10, respectively [14]. The agreement wit
our experimental results is rather good. That leads
the important conclusion that we have experimenta
achieved a highly insulating character for these SAMs
theoretically predicted. Moreover, our values measu
on SAMs are also in good agreement with those measu
by photoconduction in bulk polyethylenes,8.8 eVd [15].
We have carefully checked that this result is independ
of the nature of the metal electrode. For gold,Fm 
5.1 eV , and we have indeed observed thatDm is shifted
accordingly to 4.7–4.9s60.15d eV, while De andDh are
not affected. Similarly, since the SAM is deposited
top of a , 1 nm thick SiO2 oxide layer, it is legitimate
to ask to which extent our electrical measurements
affected by this inorganic layer. Literature quotes t
AlySiO2 interface barrier to be quite low, around 3.2 e
for thicknesses above 3 nm [13], and even smaller
thinner layers [16]. Such values are negligible wh
compared to the tunneling barrier heights measured in
present experiments. Similarly, the resistivity of the Si2

layer (109 to 1011 V cm for 2.9 to 3.5 nm thick state
of-the-art oxides [17], and even smaller for a 1 nm th
oxide) introduced in series with the organic layer is 5
6 orders of magnitude smaller than the resistivity of t
present SAMs.

Finally, we have investigated the influence of molec
lar disorder on the insulating properties of the SAM
repeating the experiments on C12 monolayers voluntarily
prepared at temperatures higher than the critical temp
ture (at 10±C while TC is ,7.5 ±C) of optimum deposi-
tion. In such samples, the surface coverage is only 9
to 95% of the close packing state and the hydrocar
chains no longer are in their extended all-trans conf
mation, but rather exhibit gauche defects [4]. Figure
(hatched area) shows the measured conductivities for s
liquidlike alkane monolayers. The data points are sc
tered over a wide range between10214 to 10210 Sycm,
with a large number of samples exhibiting conductiv
4799
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We
ork
up to 4 orders of magnitude higher than the conduc
ity for the corresponding “high quality” C12 SAMs. The
photocurrent curves are shifted towards smaller value
the energy barriers heights;Dm and Dh have dropped to
,3 and,3.8 eV , respectively [Fig. 3(b), circles]. There
fore, there is a clear correlation between the struct
quality of the deposited monolayer and its electrical tra
port properties. At this stage, it is difficult to quantify th
amount of disorder induced by the temperature incre
during the self-assembly of the monolayer. In particu
we cannot clearly relate our results to a specific type
defect among those investigated so far [18]. We surm
that the extra free volume between the chains in dis
dered SAMs allows the incorporation of metal atoms
the monolayers during the counterelectrode evapora
resulting in a smaller effective barrier height and thus
larger leakage currents [19].

On the whole, we have shown that organic monolay
prepared by the self-assembly method have tunne
barrier heights which are close to the theoretical limit.
a consequence, the conductivity by direct electron tun
ing is totally suppressed even though the self-assem
monolayers are only,2 nm thick. We believe that the
present experiments offer the first quantitative justificat
of the old intuition that organic monolayers can constit
exceptional insulators at a nanometer scale, once a g
control of their molecular architecture has been achiev
These insulating performances can presently be mat
only with inorganic oxide layers which are at least 2 tim
thicker [17]. This enables us to foresee their widespr
application in future nanoscale inorganic and orga
devices.
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