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Relaxation dynamics in covalently bonded organic monolayers on silicon
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We study the dynamic electrical response of a silicon-molecular monolayer-metal junctions and we observe
two contributions in the admittance spectroscopy data. These contributions are related to dipolar relaxation and
molecular organization in the monolayer in one hand, and the presence of defects at the silicon/molecule
interface in the other hand. We propose a small signal equivalent circuit suitable for the simulations of these
molecular devices in commercial device simulators. Our results concern monolayers of alkyl chains considered
as a model system but can be extended to other molecular monolayers. These results open door to a better

control and optimization of molecular devices.
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I. INTRODUCTION

Molecule-based devices are envisioned to complement
silicon devices by providing new functions or already exist-
ing functions at a simpler process level and at a lower cost by
virtue of their self-organization capabilities. Molecular
monolayers represent a widely used systems covering a large
range of applications such as molecular memories,!
switches,?™ nanodielectrics for organic and carbon nanotube
transistors,®® or biosensors.? The physics and engineering of
the molecule/electrode contact has long been recognized as a
key issue, and this has been mainly studied through the im-
pact on the static (dc) characteristics of these molecular
devices.!®!! Here we use admittance spectroscopy to study
quantitatively the dielectric response of highly ordered
monolayers grafted on silicon in a parallel-plate-capacitor
structure with different interfaces and electrodes. We study
both the contribution of dipolar relaxation, molecular reorga-
nization in the monolayer, and the contribution of defects at
the silicon/molecule interface. We propose a small signal
equivalent circuit suitable for the simulations of these mo-
lecular devices in commercial device simulators. Our results
concern monolayers of alkyl chains considered as a model
system but can be extended to other molecular monolayers.
These results open door to a better control and optimization
of molecular devices.

Dielectric properties of organic monolayers sandwiched
between two contact electrodes in a parallel-plate structure
are a key issue for a complete understanding of the electronic
properties of any nanodevices using functional molecules.
Up to now, only dc characteristics (e.g., current-voltage
curves) were used to access electron transport through the
monolayers and especially to emphasize the role of the
molecule-electrode interface.!>'* The dynamic electron-
transport properties in molecular junctions have only been
studied by inelastic electron spectroscopy to characterize the
interaction between electrons and the molecular vibrations in
the infrared region (>10'> Hz).!>-!7 However, other relax-
ation phenomena in the intermediate frequency range
(1-10° Hz) are also important to assess the molecular orga-
nization and the presence of defect in the monolayers. Per-
manent molecular dipoles tend to relax to be oriented with
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the electric field direction.'® Their dynamics is expected to
depend on the molecular packing and organization (e.g.,
presence of domains and clusters) in the monolayers. We
note that dynamic relaxations were previously characterized
for alkyl monolayers grafted on porous glass!® and on thick
oxide using a lateral electrode configurations.”’ These au-
thors were able to distinguish the dipole relaxation coming
from the bottom and top of the organic monolayers'® and to
follow the dependence of these dipole relaxation as a func-
tion of the monolayer density.?® At lower frequency
(<1 kHz), other phenomena regrouped under the name “in-
terfacial polarization” have to be considered. For instance,
we recently showed that electrically active defects can be
observed in monolayer through the measurement of the low-
frequency noise (<100 Hz) of the tunneling current,?! and
we showed how they can modify the tunnel current in the
molecular junction.

II. EXPERIMENTAL SECTION

The electric polarization of a solid has several contribu-
tions that may be termed intrinsic, e.g., electronic, ionic or
dipolar polarization, or extrinsic e.g., polarization caused by
defects or traps. Those contributions act in different fre-
quency regions and show particular signatures in the dielec-
tric constant or susceptibility (Fig. 1) as shown in many
textbooks.?> The real part of the response function describes
polarization while their imaginary part takes account for dis-
sipation. Here, we used admittance spectroscopy® which is a
very sensitive measurement technique for probing molecular
relaxation processes on a wide range of time scales. This
method characterizes molecular scale dynamics through its
relationship to transient changes in the dielectric properties
of a macroscopic sample. The method is sensitive enough to
measure the ac admittance Y,,=G,,+jC,,» of a molecular
monolayer junction (containing less than 10'" molecules) in
the range 20—10° Hz (see Sec. Il B) and as function of a
superimposed static potential in the range 0-1 V. G,, and C,,
are the measured parallel conductance and capacitance.

A. Sample manufacturing

We prepared high-quality alkyl chain monolayers on both
oxide-free silicon wafers and on ultrathin (0.6-nm-thick)
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FIG. 1. (Color online) Frequency dependence of real, &, (or x'),
and imaginary, £ (or x”), parts of the permittivity in the presence
of interfacial, orientational, ionic, and electronic polarization
mechanisms. Inset: left: a band diagram with a two-level tunneling
system illustrate the interfacial polarization mechanism and middle:
the small dipole linked to each alkyl chain tends to orient with the
electric field. It creates a dipolar polarization; right: schematic view
of the experimental setup, parallel-plate-capacitor structure, on
Si-n/alkyl chain monolayer/Al or Hg molecular tunnel junction.

thermal oxides. This allowed us to compare two types of
silicon/molecule interfaces. On both cases, we used an 18-
carbon atom chain (octadecene, OD, on silicon, and octade-
cyltrichlorosilane, OTS, on oxidized silicon). The chemical
structures of the molecules are shown in Fig. 2. Samples A
and B: Si-C linked alkyl monolayers were formed by ther-
mally induced hydrosilylation of alkenes (octadecene, see
Fig. 2) with hydrogen-terminated Si surfaces, adapting a pro-
cedure described elsewhere.”* We used n-type doped
(0.02-0.5 Q cm) Si(111). Two categories of devices, re-
ferred to as A and B, with different dc tunnel conductance G,
(low and high, respectively) are selected with the aim to
evaluate its impact on the dielectric response. These two
types of samples are selected (after dc current-voltage mea-
surements) from the same batch as a result of the inherent
dispersion already observed with such a chemical approach.
Sample C: a 2-nm-thick oxide was thermally grown on
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FIG. 2. (Color online) Schematic representation of (a) OD mol-
ecules grafted on Si substrate, (b) OTS on oxydized silicon sub-
strate, and (c) stick and bowl model of the molecule and a Si
cluster.
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TABLE 1. Water contact angle (6y0), measured thickness (d),
and theoretical, expected thickness for a monolayer with molecules
in the all-trans conformation tilted by an angle # with respect to
surface normal [#<<15° and 30° for OTS on slightly oxidized Si
(sample C) and OD on Si:H (samples A and B), respectively].

Oroo d dy cos(6)
Samples (deg) (nm) (nm)
A and B 11 (=1) 2.18 (*0.15) 22
C 109 (£1)  2.50 (+0.15) 26

n-type doped (1-3x103 Q cm) Si(100) in dry O, at
720 °C and chemically thinned to 0.6 nm at 0.64 A/min by
a HF(0.1%)/HC1(2.5%) solution. A monolayer of OTS—see
Fig. 2—was formed by reacting in solution the freshly pre-
pared oxide surface with 107> M of OTS in a mixture of
hexadecane/CCl, as reported elsewhere.?>2¢ In that case the
alkyl chain is bonded to the substrate through siloxane (Si-
O-Si) bonds. The quality of the monolayers was assessed by
spectroscopic ellipsometry and water contact angle measure-
ments (Table I). We selected only monolayers with a water
contact angle larger than 110° and a thickness close to
dy cos 6 (within +3 A) where d, is the expected length of
the molecule in its all-trans conformation and € is the tilt
angle between the long axe of the molecule and the normal
to the surface (<15° and <30° for OTS on oxidized Si and
OD on Si:H, respectively).?”-?® We also prepared a control
experiment sample (no organic monolayer) with a 3-nm-
thick thermal oxide using the same oxidation process as for
sample C (dry O, at 720 °C). A 50-nm-thick aluminum con-
tact pads with different surface areas between 9 X 10~ and
4% 1072 cm? were vacuum (107 Torr) evaporated at 3 A/s
on top of the alkyl chains or they were contacted with a
hanging Hg drop. In case of evaporated metal electrodes, the
devices were contacted with a micromanipulator probe sta-
tion (Siiss Microtec PM-5) placed inside a glove box
(MBRAUN) with a strictly controlled nitrogen ambient (less
than 1 ppm of water vapor and oxygen). The hanging naked
Hg drop was formed using a controlled growth mercury elec-
trode system (BASIi) in a glove box, the sample was placed
on an elevator stage and put into contact by moving it up-
ward. The junction size was estimated by measuring the Hg
drop profile by a calibrated USB webcam. The Hg drop con-
tact method has been demonstrated to be shortage free and
reproducible.!-?*3% All electrical measurements were con-
ducted in dark. Some OTS samples were submitted to a ther-
mal annealing at 200 °C in N, for 1 h. We measured about
20 samples of each type to assess the dispersion of the junc-
tion parameters, the curves shown in the figures are repre-
sentative of the average behavior.

B. Admittance spectroscopy measurements

The dc voltage bias (0-1 V) superimposed with a small ac
signal (10 mV,g) was applied on the metallic electrode, the
Si substrate was grounded, and the complex admittance was
measured using an impedance-meter Agilent 4284A in the
range 20—10° Hz. Measured conductances and capacitances
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are corrected from a small series resistance Ry (typically in
the range 5-70 () for our experimental setup) according to
standard procedures.’!

The Agilent 4284 A provides directly the parallel conduc-
tance and capacitance values, G,, and C,,, which are normal-
ized by the contact surface area. To remove the series resis-
tance, Ry, contribution and extract intrinsic dielectric
properties, G,, and C,, are corrected using Egs. (1) and (2) to
give the corrected conductance and capacitance at each mea-
surement pulsation

Gc(w) =Gm_RSC31(1 _RSGm)wz’ (1)

1-V1-(Q2C,Rsw)?
C =
(@) 20, (Rsw)?

(2)

We get a corrected admittance per surface unit Y,
=G, jC.w, from which we deduced two quantities C' and C"
related to the real and imaginary parts of the dielectric sus-
ceptibility of the monolayer y=x'(w)+jx"(w), by

!
EoX

4 G _G
C,=Cc—Coo=7 and C”=%=”—T

d w > ()

where C.. is the high-frequency part of capacitance due to
ionic and electronic contributions (Fig. 1), Gy is the tunnel-
ing conductance per surface area [measured from dc current-
voltage curves or from lim, ,, G.(w)], d is the monolayer
thickness, g, is the vacuum permittivity, and  is the mea-
surement pulsation. There is still a small parasitic effect (in-
crease in C’ and C” at high frequencies) which is due to the
sample environment (cables). It is a known effect®” but since
it only affects the highest frequency part of the curves, we let
it as it is.

III. THEORY

In the limit of a response that is linear in the applied
electric field (weak ac field), the complex dielectric suscep-
tibility is related to the relaxation function, ¢, which is the
response function of the system after the abrupt removal of a
constant electric field

X(0) = x'"(0) + jx"(0) =&, (0) - &,(*)
=(xo— Xoo){ 1+ f P(1)e “”dt} . (4)
0

We are interested in the low frequencies part of the dielectric
susceptibility attributed to defect or dipolar relaxation (see
Fig. 1). x, is the value at zero frequency and x..=0 since at
high enough frequencies the mobile dipoles cannot follow
the field anymore and do not contribute to the polarization.
g,() is the part of the relative dielectric constant due to
ionic and electronic contributions; more precisely, it is de-
fined for intermediate frequencies large enough for the di-
poles to be “frozen” and not contributing to the polarization
but small enough not to consider dissipation from the ionic
and electronic degrees of freedom.

In the simplest case, considered long ago by Debye,? the
relaxation function is given by a single exponential
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FIG. 3. (Color online) [(a) and (b)] C'«x" and C" )" graphs
with frequency dependence for samples A (alkene monolayer with
low density of interfacial defects). Experimental data are the dots,
with and without the dc tunnel contribution. Fits (lines) include a
contribution from interfacial relaxation and dipolar relaxation as
indicated. The dc tunnel conductance contribution [plotted as G/ w,
see Eq. (3)] is also represented in C” graphs. The dc bias voltage is
Vd0=0'2 V.

¢Dehye(t) = e_ﬂf’ (5)

where 7 is the characteristic time of relaxation. This is for
instance the relaxation function of a rigid polar molecule in a
viscous isotropic fluid. Such simple response yields

l+jor
XDebye(w) = XOI _ szz . (6)

The real part of Debye’s susceptibility shows a plateau at
low frequencies below 1/7 and decreases as w2 above 1/7.
Its imaginary part shows a peak at 1/7: it increases as w in
the prepeak region and decreases as w™! in the postpeak re-
gion. However, this type of response is not usual in con-
densed matter. Instead, fractional power laws are most often
observed,

x() = (jo)"' for o> w,,

x(0) = x(@)  (jw)"

w, being the peak of maximum loss. This is the well-known
“universal” dielectric response pointed out by Jonscher.'®
Our data clearly show two contributions (Figs. 3-5). We
write

for o < w), (7)
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FIG. 4. (Color online) [(a) and (b)] Same as Fig. 3 for sample B (alkene monolayer with a large density of interfacial defects contacted
by an Al electrode) and [(c) and (d)] sample B contacted by a Hg drop. The dc bias voltage is Vy4.=0.2 V.

x(0) = x1(0) + x2(w), (8)

where 1 and 2 refer to the first and second (at higher frequen-
cies) peaks as shown in Figs. 3-5 and are discussed below.

A. Peak 1, interfacial contribution

The first peak in the dielectric response (Fig. 1) is usually
attributed to interface defects.’! The internal dynamics of
such defects, modeled by two level systems, results in a De-
bye contribution to the dielectric susceptibility?!

_¢’Ny 1
T kT 1-jor’

xi(w) )
where Ny is the defect density, 1/27f; =7, with f; the fre-
quency of the peak 1 maximum, kg the Boltzmann constant,
T the temperature, and ¢ the electron charge. The character-
istic time 7, of relaxation may be due to thermal excitation or
interaction with the phonons of the bath, for instance.

B. Peak 2, molecular contribution

This contribution usually follows the universal behavior
of Jonscher.** The response is then characterized by three
parameters: the prepeak and postpeak exponents, m and n,
respectively, and the peak position, f, (as shown in Fig. 1).
Several phenomenological expressions have been proposed
to mimic the universal dielectric response.”?> A suitable ex-
pression that models remarkably well our data is the

Dissado-Hill dielectric susceptibility.?> It reads

I'd+m-n)
L'(m)I'(2-n)
X,Fi[1=n,1-m2~-n,(1-jor)™"] (10)

x2(0) = xo (1-jor)"!

with 1/27f,=m, f, being the frequency of the peak 2 maxi-
mum, and I' the gamma function (n and m are defined
above). Equation (10) follows the asymptotic limits given by
Eq. (7). ,F, is the Gauss hypergeometric function with 0
=m=1 and 0=n=1. Dissado and Hill have proposed this
function based on some qualitative arguments. Their function
has proven to model successfully numerous data of very dif-
ferent systems. Moreover they have tentatively related the n
and m exponents to structural characteristics. Derived from
the generic arguments they have developed we propose be-
low a qualitative model to understand dissipation in our de-
vice.

IV. RESULTS

Figures 3 and 4 show C' and C” for two representative
samples hereafter denoted as samples A and B. They are both
made of OD on Si but differ by their level of measured dc
tunnel current (see above, Sec. I A). We distinguish three
contributions corresponding to peaks in the dielectric loss C”
and steps and plateaus in the capacitance C’. The first peak
in C” (filled in yellow) corresponds to interfacial relaxations
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FIG. 5. (Color online) Same as Figs. 3 and 4 for and sample C
(OTS monolayer with/without annealing). The dc bias voltage is
VdC=O'2 V

and the second peak (in blue) to molecular relaxations. The
contribution of the dc tunnel conductance is filled in green [it
follows a 1/f behavior, G/ contribution in Eq. (3)]. In all
curves, we observe in the high-frequency part an increase in
both C’ and C”, which is due to a parasitic inductance (see
Sec. IIB). The first peak is well fitted with the Debye
model® describing a set of identical noninteracting defects
whose dynamics is reduced to tunneling between two mini-
mal configurations (see Sec. III on theory). It can be linked
to the bias dependent 1/f noise increase due to a peaked
density of defect previously reported for this device.?' The
amplitude of this peak varies from device to device: the in-
terfacial relaxation contribution is relatively weak for sample
A and strong for sample B. We note an increase in the C”
peak and the C’ plateau by about 30 times. This increase is
strongly related with an increase in the dc tunnel conduc-
tance Gy by three orders of magnitude. Device B was se-
lected (see Sec. IT A) to illustrate this point. The second peak
was fitted with a Dissado-Hill expression® (see Sec. III). The
imaginary part of this phenomenological expression shows
fractional power laws, @™ and ", in the prepeak and post-
peak regions, respectively. Such behaviors are the signature
of strongly constrained dynamic of relaxation due to interac-
tion between the relaxing quantities and their environment.
The n and m exponents have been related by Dissado and
Hill to structural characteristics. The dipolar relaxation con-
tributions to C’' and C” are similar for samples A and B,
which means that they have a similar molecular organization
and packing. Since the nature and technology used to form
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the top contact on the monolayer can strongly influence and
even degrade the electronic properties of the molecular
junction, '3 we also tested samples A and B using a hanging
Hg drop. The results (Fig. 4) are almost similar as for the
evaporated Al electrode. The dipolar relaxation contributions
to C' and C” have almost the same amplitude, however, the
interfacial peak position is shifted by the difference in work
function between Al and Hg (see later, discussion section).

The interface with the Si is also playing an important role.
The presence of an ultrathin oxide layer (0.6 nm) between
the molecule and the Si electrode electronically decouples
the molecule from the Si while a stronger electronic coupling
is obtained without the oxide. These features induce changes
in the dc current-voltage characteristics.” Figure 5 shows the
measured C’ and C” for sample C (OTS on a slightly oxi-
dized Si, see Sec. Il A). The interfacial relaxation is still
observed with almost the same amplitude as for sample A.
This means that this contribution comes from the molecule
and is not strongly related to the nature of the substrate (no
peak from oxide as checked on a reference Si/SiO, sample,
see Sec. V A). Finally, the sample C was annealed at 200 °C
under N, atmosphere. We observed a strong decrease in the
interfacial relaxation peak (Fig. 5).

V. DISCUSSIONS
A. Peak 1, interfacial contribution

According to the above considerations and previous lit-
erature on other semiconductor-insulator-metal results,?! we
assign the interfacial relaxation contribution (peak 1) to de-
fects, traps, localized at, or near, the interface between the
monolayer and the substrate. This hypothesis can be consid-
ered for several reasons: (i) we have already pointed out the
link between interface-trap assisted tunneling current and
low-frequency noise in these molecular junctions,?! consid-
ering traps energetically localized in the highest occupied
molecular orbital-lowest unoccupied molecular orbital gap of
the alkyl monolayers and (ii) interface traps in other inor-
ganic tunnel barrier usually respond in this frequency
range.31 We note, however, that we did not observe (Fig. 6) a
significant interfacial relaxation peak in this frequency range
for a reference sample (i.e., a 3-nm-thick thermal oxide with-
out any molecular monolayer, see Sec. II A), which means
that the observed peaks are due to some defects related to the
organic monolayer and not at the Si/SiO, interface nor bur-
ied in the SiO, layer. The nature, origin, of which remains to
be discovered. One possible origin should be interface de-
fects at the molecule-substrate interface (e.g., dangling or
distorted bonds).?®3° Because covalently bonded organic
monolayers are organized in domains with grain boundaries
and they present also pinholes, another possible origin could
be surface states coming from substrate surface atoms be-
longing to these regions where molecules are absent. It has
been previously observed and calculated that these pinholes
can play an important role to determine the overall electrical
behavior of the monolayer devices.*>*! We can note that the
fact that the first contribution is very close to a Debye re-
sponse is attributed to a distribution of defects with a time
constant response strongly peaked around the frequency fi:
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FIG. 6. (Color online) Same Figs. 3-5 for the reference samples
(3-nm-thick SiO,, no monolayer). No interfacial relaxation (peak 1)
can be detected. The dc bias voltage is V4.=0.2 V.

one type of defects seems to dominate the dielectric response
in this frequency range. We can deduce the trap density, Ny,
from the following equation:?®

C ’N. 1
C=Co+—2L —c +1°T___ . (11)
(1-jor) kgT (1 - jo/27f;)

where C,, is the high-frequency limit of C’, Cp, is the capaci-
tance associated to charges trapped on defects, 7| is a char-
acteristic time constant of these traps, 7T is the temperature,
kg is the Boltzmann constant, ¢ is the electron charge, and f;
is the frequency at the maximum of the peak 1. By doing the
above measurements at various dc bias, the Fermi energy of
the Si is swept along the energy distribution of the traps.
Figure 7 plots the corresponding trap density distribution for
the samples A and B (with Al and Hg drop contacts). Sample
A (with both Al and Hg electrodes) displays a remarkably
low density (in the range 1.2 X 10°-10'" ¢m™2) for a room-
temperature process, almost on a par with the state-of-the-art
Si/Si0, interface, but, in this latter case, obtained after a
high-temperature postoxidation annealing. Samples B (both
Al and Hg electrodes) have a higher density of traps (2
X 10'°-10"> ¢cm™2), and we clearly observed a shift in the
N~V characteristics due to the difference in work functions
between the Al and Hg electrodes. This means that the de-
fects are located near the alkly/Si interface since they are
sensitive to the Si surface potential.’! For V>0, the probed
traps are located at energy close or slightly higher than the Si
conduction band since the Si is in accumulation regime.
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FIG. 7. (Color online) (a) The density of defects Ny, [Eq. (11)]
as a function of Vg for alkene monolayer (sample A with Al and Hg
electrodes, and B with Al electrode and Hg electrodes). Curves
A(Hg) and B(Hg) are shifted by Vpp corresponding to the differ-
ence of metal work function between Al and Hg. (b) Parameters
(sample A/Al) for molecular relaxation m (slope before peak) and f,
(frequency of molecular relaxation peak) are plotted as a function of
Vdc.

B. Peak 2, molecular contribution

The second peak can be linked to molecular relaxation.
We found that the Dissado-Hill function [see above, Egq.
(10)] is appropriate to fit both C' and C”. It is characterized
by three parameters: the prepeak and postpeak exponents,
m and n, respectively, and the peak position (see Fig. 1).
Table II summarizes these parameters (at Vy4.=0.2 V), and
the maximum peak 2 frequency, f,, deduced from the fits for
the three devices shown in Figs. 3-5. According to Ref. 35, n
is ascribed to reflect the order within clusters (n=1 represent-
ing a perfectly ordered cluster) and m is ascribed to charac-
terize cluster size fluctuations (m=0 representing a com-
pletely frozen—no fluctuation—structure). The alkyl chains
have two small permanent dipoles localized at both ends but
most of the molecules are strongly constraint since they are
sandwiched between the substrate and the top electrode. The
amplitudes of the two local permanent dipoles may be
roughly estimated by semiempirical calculations between 0.5
and 1 D (MOPAC software).*> We did the calculation by con-
sidering a single molecule attached to a silicon cluster [88 Si
atoms, see Fig. 2(c)]. These values are clearly an overesti-
mation since screening effects from the metallic electrodes
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TABLE II. Fitted parameters [Eq. (12)] m, n, and C,,. (data measured at low bias, V4.=0.2 V) and
frequency f of the dipolar relaxation peak. Parameters C, for peak 1 [Eq. (11)] and C., [Egs. (3) and (11)].
Sample A: alkene on Si (low density of interfacial defects), B: alkene on Si (high density of interfacial
defects), and C: OTS on Si/Si0, (6 A of SiO,). We did not see any significant variation whether the top
electrode is evaporated Al or hanging Hg drop, so parameter range given in the table takes both cases into
account. n.a. stands for nonapplicable. ( ) This value may be underestimated due to the upper limit (1 MHz)

of our apparatus.

Device A C Reference SiO,
m 0.2-0.3 0.2-0.45 0.1-0.2 0.15

n 0.7-0.8 0.7-0.8 0.8-0.9 na.

7, (kHz) 80-200 60-200 370 103 (%)
C,,r (F/cm?) 5-6X107° 5-6x107° 3-4X%107° 9.4%x107°
Cp (F/cm?) 0.6-4.5x1078 0.2-1.5% 107 0.3-2.5x 1077 n.a.

C.. (F/cm?) 4-6%x1077 3-4x1077 3-4x1077 5% 1077

and interactions between molecules have not been consid-
ered. In the case of OTS on oxidized silicon, the dipole is a
little bit larger (1.5-2 D) since the Si-O bond is more polar
than the Si-C bond. The presence of these permanent dipoles,
even small dipoles, should be sufficient to give sizable di-
electric polarization but, in our case, a thin electrode is de-
posited on top of the monolayer. As a result most of the
molecules are strongly constraint and can hardly react to an
electric field: they can be considered as inactive during the
polarization process. However, we assume that some
molecules—or at least segments of some molecules—are
more free. They may be preferentially located at (or near)
some structural defects of the monolayer. The local perma-
nent dipoles of those molecules are then mobile, or partially
mobile, and are consequently able to follow the applied elec-
tric field. They give the most important contribution to the
dipolar polarization. Moreover, when they are reoriented by
the applied field they affect also the rest of the monolayer
due to the van der Waals type of interaction that exist be-
tween molecules. The reorientation of the mobile dipoles and
the disturbance that these motions induce in the surrounding
of the mobile dipoles are both responsible for the observed
dielectric susceptibility. In this picture, the details of the di-
electric relaxation are due to the interaction of the active
dipole with the harmonic modes of the monolayer. They
should be sensitive to the way the monolayer mechanically
reacts to the local constraints caused by the reorientation of
the active dipoles. The measured response is a system aver-
age which contains elements both from the active dipoles
and from the mechanical interaction of these dipoles with the
rest of the structure. The basic case is OTS monolayers
(sample C). m=0.1-0.2 and n=0.8—0.9 exponents are close
to the flat loss limit (m=0 and n=1). These are typical values
for imperfectly crystallized materials and it is well known
that OTS monolayers are polycrystalline with a short-range
order (coherence length of 70 A from x-ray grazing angle
diffraction).*> We estimate (MOPAC software)*? the small di-
pole at the foot of the molecule in the range 0.5-2 D (de-
pending on the OD or OTS samples, see above) when the
alkyl chain is in all-trans conformation and a little higher, if
we include a gauche defect somewhere in the chain confor-
mation. Such a local dipole has been also suggested to ex-

plain the dielectric loss measurements done on alkyl chains
grafted on porous glass'® and thick oxide.?’ A more quanti-
tative comparison of the peak amplitude and frequency re-
mains difficult given the wide differences in the experimental
conditions (low temperatures and disordered, low packing,
monolayers in their cases, room temperature and highly
packed, better-ordered, monolayer in our case) and differ-
ences in the sample geometries (porous glass and planar
electrodes for the quoted works, vertical structure with a
sandwiched monolayer here).

For OD monolayers (samples A and B), the m exponent is
found to be more than two times larger (m=0.2—0.45) at low
electric field. The molecular packing (the density of mol-
ecules is two times higher for OTS than OD) and the mo-
lecular organization (e.g., the tilt angles of the long hydro-
carbon chain with respect to the surface normal, 6grg=15°
and 6pp=34°) differ for the two types of monolayers.?’-?
Therefore, we expect changes in the interaction between the
active dipoles and the inactive part of the monolayers that
should result in different exponents. These variations in m
seem in agreement with the statement of Dissado and Hill
mentioning that the more the structure of the system is me-
chanically rigid the more m approaches 0. This is corrobo-
rated by the behavior of m versus the application of a con-
stant electric field (Fig. 7 for sample A with Al electrodes).
The dipole fluctuations are reduced (frozen) by increasing a
dc field and therefore m should be reduced as observed in
Fig. 7. The peak frequency is also shown to be linearly
shifted to high frequencies. This can be explained in simple
terms assuming the dynamics of the mobile dipoles de-
scribed by a damped harmonic oscillator (see the Appendix).

To summarize: (i) m depends on the nature of the mono-
layer. Since the density of molecules is larger for OTS than
OD monolayer, we expect the OTS monolayer to be more
rigid and therefore mqgrg <mqp. This is indeed what we have
observed (Table II and Figs. 3-5). (ii) m is changed when a
dc electric field is applied perpendicularly to the electrode
surface. We expect the continuous field to rigidify the struc-
ture and therefore my_o<<mpg—. This is the behavior that we
have observed [Fig. 7(b)].
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FIG. 8. (Color online) Small signal equivalent circuit for Si/
alkyl chain self-assembled monolayers/metal junctions.

VI. ELECTRICAL EQUIVALENT CIRCUIT

We deduced a small signal equivalent circuit for these
Si-monolayer-metal junctions (Fig. 8). A perfect molecular
tunnel junction would be modeled with a tunnel conductance
Gy in parallel with the capacitance C.. The admittance for
the Debye peak (interfacial relaxation, peak 1) is Y,
=jCpw/(1+jw), which corresponds to a capacitance Cp, in
series with a resistance 7,/ Cp, where 7 and Cp, are defined
and given by Eq. (11). The specific admittance for the mo-
lecular relaxation (peak 2) is deduced from the Dissado-Hill

funCtIOIl as
2 )
1 - jw 7 ’

(12)

C,. vV
%ZF (1—”,1-7’1,2_”,

mr —

(1-jor,

where ,F| is the Gauss hypergeometric function [see also Eq.
(10)], and the parameters n, m, C,,, and 7,=(2mf,)~" are
given from the fits of the molecular relaxation peak (Table
II). The quantitative contribution of each of these loss
mechanisms on the total capacitance C’ is obtained by com-
parison of Cp and C,,, with C.. It is clear that the contribu-
tion of Cp, to C' is weak for device A [<10% of C., Fig.
3(a), Table IT] but very large for device B [up to 300% of C.,
at <100 Hz, Fig. 4(a), Table II]. Preliminary studies on
technological issue (thermal annealing, assembly process) let
us think that it can be reduced by thermal annealing (see Fig.
5). The contribution of molecular relaxation C,,, to the total
capacitance is weak but non-negligible (~10% C., at 10 Hz,
low Vg). It is the dominant mechanism of loss for high-
quality junctions (low Cp), as observed for device A at low
V4. However this contribution would dominate in the case of
high-k nanodielectrics® using push-pull molecules with a
larger dipole.

VII. CONCLUSIONS

In summary, we have shown how to distinguish between
the relaxation dynamics of molecules and the dynamics of
molecule/electrode interface by admittance spectroscopy.

PHYSICAL REVIEW B 82, 035404 (2010)

The interfacial relaxation is related to defects found in Si/
monolayer or Si/SiO,/monolayer molecular junctions (not
in Si/Si0,). They are located at the bottom of the monolayer
and at energy close to the conduction-band edge of the sili-
con. Depending on their density, dc electrical characteristics
are more or less affected. Preliminary studies on technologi-
cal issues, such as thermal annealing, let us think that this
interfacial relaxation peak can be strongly reduced. These
results also open the way for a better tuning of the dielectric
response of molecular junctions by choosing and designing
appropriate selection of molecules.
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APPENDIX

When a dc electric field is applied, a linear shift of the
maximum loss frequency is observed [f, in Fig. 6(b)]. This
can be explained in simple terms. We consider a mobile di-
pole, u, with disordered orientation, ¢y, that can be dynami-
cally reoriented ¢(r)= ¢+ S¢(). The dipole is trapped in a
potential assumed to be harmonic H,,,,=kd¢(1)*/2, with k
the elastic constant. It interacts with the electric field, E,. and
Eg4, the ac and dc components, H;,,=—u cos ¢(1)[E,(t)
+E.]. The dissipation is introduced in the simplest way via a
constant friction coefficient, #, that models the interaction

with the bath H ;= 7d¢(t). After an expansion of the inter-
action with the field in 8¢(z), the equation of motion reads

J8(t) + nd(1) + (k + p cos PyEy) (1) = &(t) + YE, (1),
(A1)

where J is the inertial moment of the dipole, y=pu sin ¢y,
&(r) is a random field related to the frictional coefficient by
(&(t)&(t"))=kgTn ({) represents the mean over thermal
noise), T is the temperature, and kp is the Boltzmann con-
stant. In this equation we have replaced the initial dynamical
variable by a shifted variable

Y

S Sp+ ———.
¢ = o¢ k+ uE4. cos ¢y

(A2)
Equation (A1) is the usual classical Langevin equation that
can be solved by Laplace’s transform. Assuming the dipole
dynamics to be overdamped (J—0), the susceptibility is
readily found to be of the Debye type with a characteristic
frequency increasing with E,

k+ pcos doEq.
—77 .

feis (A3)
T
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To get a more general susceptibility of the Jonscher type it is
necessary to consider more complex friction that depends on
time instead of the simple memory less constant taken here.**

PHYSICAL REVIEW B 82, 035404 (2010)

However, with more general friction term the characteristic
frequency of the mobile dipole remains unchanged [Eq.
(A3)].
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