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Abstract: We have controllably modulated the drain current (ID) and threshold voltage (VT) in pseudo metal-
oxide-semiconductor field-effect transistors (MOSFETs) by grafting a monolayer of molecules atop oxide-
free H-passivated silicon surfaces. An electronically controlled series of molecules, from strong π-electron
donors to strong π-electron acceptors, was covalently attached onto the channel region of the transistors.
The device conductance was thus systematically tuned in accordance with the electron-donating ability of
the grafted molecules, which is attributed to the charge transfer between the device channel and the
molecules. This surface grafting protocol might serve as a useful method for controlling electronic
characteristics in small silicon devices at future technology nodes.

Introduction

Although a number of alternatives to silicon-based materials
have been proposed,1-3 silicon remains the stalwart of the
electronics industry. Generally, the behavior of silicon is
controlled by changing the composition of the active region by
impurity doping,4 while changing the surface (interface) states
is also possible.5-8 As scaling to the sub-20-nm-size region is
pursued, routine impurity doping becomes problematic due to
its resultant uncertainty of distribution.9,10 Provided back-end
processing of future devices could be held to temperatures that
are molecularly permissive (300-350 °C)11 and taking advan-
tage of the dramatic increase in the surface-area-to-volume ratios
of small devices, it is attractive to seek controllable modulation
of device performance through surface modifications.

Several techniques have been used to covalently attach
molecules directly onto silicon surfaces.12-15 The Si-C bond
formed using these methods is both thermodynamically and
kinetically stable due to its high bond strength (3.5 eV) and
low polarity.15,16 The majority of research in this area has
focused on the grafting methods or the influence on the surface
(or interface) properties of bulk semiconductors. Related work
is in the use of semiconductor devices as sensors, specifically
the chemically sensitive field-effect transistors (CHEMFETs)17-20

and the molecularly controlled semiconductor resistor based on
transistors.21-23 In these devices, however, the chemicals or
molecules are usually attached on the gate metal and/or insulator
layer of a field-effect transistor (FET), between source and drain
of an ungated FET, or on the surface metal of Schottky diodes.
So far, little research has been conducted showing controlled
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modulation of semiconductor devices by grafting molecular
layers onto oxide-free active device areas, and particularly via
silicon-sp2-hybridized-carbon bonds. Because there is no
intervening oxide between theπ-rich molecules and the silicon,
sequentially tuned molecular-structure changes can predictably
regulate the device performances over a wide range. Further-
more, gating a FET can increase the sensitivity of sensors to
adsorbed chemicals.21 In this contribution, an electronically
controlled series of molecules, from strongπ-electron donors
to strongπ-electron acceptors, were prepared and systematically
covalently attached as molecular monolayers onto the channel
region of pseudo-MOSFETs (back gated), and the device
modulation was studied.

Experimental Section

Device Fabrication.The pseudo-MOSFET devices were fabricated
using a silicon-on insulator (SOI) wafer (Figure 1). The handle wafer
was p-Si (boron doped,〈100〉, 14-22Ω cm, 675µm thick). The device
layer was the nearly intrinsic p-Si (boron doped,〈100〉, >2000Ω cm,
450 nm thick). The BOX thickness was 1000 nm. The source and drain
electrodes (80× 80 µm2) were highly doped with boron at a level of
about 1020 cm-3 (∼10-3 Ω cm) and about 130 nm deep to get an ohmic
contact. Thus, the isolated devices had p++ junctions. To avoid
destroying the grafted molecules and interfering with their influence,
we used this simple back-gating design instead of a more complicated
and potentially damaging top-gate fabrication or a complicated and less
robust air bridge gate design. The back contact of the structure was
achieved by sputter-coating a 200 nm Au layer.

Molecular Grafting. Compounds1, 2, and 3 were synthesized
according to literature methods.24-26 The synthesis of4 is given in the

Supporting Information. The molecules1-4 were directly grafted onto
the active area in the channel region of the device using the method
reported previously.13 Before the molecular grafting, the devices were
etched in an Ar purged buffered oxide etch (BOE, J. T. Baker, 10:1,
CMOS grade) for 5 min to remove the oxide layer and form the
H-passivated silicon surface. The grafting process was carried out by
exposing the freshly etched samples to a 0.5 mM solution of the
diazonium salt (1-4) in anhydrous acetonitrile (CH3CN) in the dark
under an inert atmosphere. The grafting time depends on the molecule
that was used and that was carefully calibrated. Before the grafting of
molecules (1-4) onto the channel, we first studied the grafting protocol
on a p-Si wafer (with the orientation of both〈100〉 and〈111〉) so as to
ensure that a molecular monolayer (not a multilayer) was being formed
(see Supporting Information). The grafting time was 5 h for compound
1, 45 min for2 and3, and 2 h for4. Molecular layer thicknesses were
monitored using a single wavelength (632.8 nm laser) Gaertner Stokes
ellipsometer with an incident angle of 70°. X-ray photoelectron
spectroscopy (XPS, PHI 5700 XPS/ESCA system) was used to ensure
the molecules were directly grafted on the silicon surface. The
ellipsometric and XPS results are given in the Supporting Information.
After the molecular grafting, the samples were rinsed thoroughly with
CH3CN to remove the residual diazonium salt and the physisorbed
materials, and then dried with an N2 flow.

Device Testing.The samples were tested with a probe station (Desert
Cryogenics TT-prober system) under a vacuum<5 × 10-6 Torr. The
metal tips (ZN50R-25-BeCu or ZN50R-25-W, Desert Cryogenics) were
softly probed directly onto the source/drain contacts using micron
manipulators. The DCI(V) data were collected by using a semiconduc-
tor parameter analyzer (Agilent 4155C). First, all of the devices were
tested immediately after the BOE etching and before the molecular
grafting. To get a freshly cleaned surface for molecular grafting, the
devices were then subjected to a second short etching with BOE
(30-60 s) and were transferred into the glovebox for grafting. A second
DC I(V) measurement was done after the grafting was completed.
Devices with no molecules (H-passivated surface) were prepared and
tested as the control samples. To study the influences from the second
etching on the device performance, the control samples experienced
the same treatment history as the devices under test, but without the
molecular attachment, and the DCI(V) measurements were carried out
after each BOE etching. Both molecular grafting and testing were done
at room temperature.

Results and Discussion

Although not the optimal design for large-scale fabrication,
the pseudo-MOSFET serves as a proof-of-concept device for
performance modulation by monolayer molecular grafting,
obviating more rigorous designs for grafting within top-gated
configurations. Note the pseudo-MOSFET structure can produce
pure MOSFET-like characteristics,27 which is confirmed by our
experimental results. In a pseudo-MOSFET, the bulk p-Si
substrate (handle) acts as a gate terminal and is biased (Vg),
through the Au back contact, to induce a conduction channel at
the upper interface of the buried oxide (BOX). This BOX is
used as a gate dielectric layer. As in our case, an accumulation
channel (p-channel) was activated when both the gate (Vg >
VT) and the drain were negatively biased. Because the transistor
body is the nearly intrinsic p-Si layer (>2000Ω cm and 450
nm thick), the channel is assumed to be completely accumulated.
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Figure 1. (a) An optical micrograph of some devices on one chip. Boxed
regions indicate the source and drain, between which sits the channel. The
data shown in this contribution were collected with Row 0, for which both
the length and the width of the channel are 100µm and the active area for
molecular grafting is 110× 110µm2. (b) Schematic side-view representation
(not to scale) of the device. The molecules were grafted between source
and drain electrodes.VS, VD, andVg refer to the bias applied on the source,
drain, and gate, respectively.
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The source and drain areas were highly doped (1020 cm-3) to
ensure ohmic contact when metal tips were brought to probe
the source and drain electrodes. Because the doping levels of
the junctions are much greater than that of the channel, the influ-
ences of the source and drain parasitic series resistances were
negligible. The molecules (Figure 2a) were grafted in the chan-
nel region between the drain and source electrodes. The di-
azonium portion of the molecule was lost, resulting in a direct
aryl-silicon bond (Figure 2b), as we have described previously.13

Figure 3 shows the typical transfer characteristics of the
devices under test before and after the grafting of molecular
monolayers. It is assumed there are no short- or narrow-channel
effects because both the length and the width of the device
channel used here were 100µm. For compounds1-3, the drain
current under the same gate bias decreased after the molecular

grafting. The amplitude of this decrease is in the order of1 >
2 > 3. Yet ID increased slightly after the grafting of4. The
hystereses observed in theID-Vg curves are very similar in
amplitude and shape before and after the molecular attachment
(Figure 3). Therefore, these hysteretic effects are caused by the
device itself, not by the molecular grafting.

VT can be extracted based on the measurement ofID, which
represents the onset of significant drain current and is a
fundamental parameter for MOSFET characterization and
modeling. TheVT values shown here were determined from the
Vg axis intercept of theID,Sat

0.5-Vg characteristics linearly
extrapolated,28-30 as shown in Figure 4a (also see Supporting
Information). Figure 4b shows the representative change inVT

(∆VT) of the devices under test before and after the grafting of
molecular monolayers. It is seen from Figure 4b that theVT

became more negative (usually about 1-2 V) after grafting1,
2, and3, while it became less negative for4, relative to the
control, which was the Si-H surface before molecular grafting.
Although there are slight differences between the values of∆VT

whenVT was extracted from the forward and back scans (Figure
4b) due to the inherent hysteretic nature of the devices
themselves (Figure 3), the same trend in the change ofVT was
observed for the control. The control samples experienced the
same treatment history as the devices under test, but had no
molecules grafted on them, only the hydrogen passivation
remained. For control samples, theVT changed slightly (typically
e 0.3 V) from the first to the second etching. This supports
our assertion that theVT change in the devices under test is not
caused by the etching but by the molecular grafting on the
channel region, which tracks directly with the electron donor
ability of the molecules.

The changes inVT after the monolayer molecular grafting
are consistent with those inID. Attaching compounds1-3 led
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Figure 2. (a) Molecular structures used for grafting atop the pseudo-MOSFET channel. Structures of the starting molecules1-4 used in the present contribution
where1 is the most electron-rich system due to the dimethylamino substituent,2 is slightly lower in its electron donation capability, followed by3, and then
finally 4 bears an extremely electropositive polymolybdate. (b) The mechanism of the reaction of H-passivated Si with aryldiazonium salts is illustrated.13

In this case, the R-group represents thepara-moiety on the grafted aryl ring.

Figure 3. Transfer characteristics of the devices under test before (black)
and after (red) the grafting of different molecular monolayers. The numbers
(1, 2, 3, and 4) in the illustrations correspond to compounds1-4,
respectively. Data shown here were collected under-5 V of VD and are
the average value for 14 devices from Row 0 on one chip, as described in
Figure 1a, and they are characteristic of the hystereses observed in all of
the devices. The gate bias was scanned first from+20 to-20 V (forward)
and then back from-20 to +20 V.
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to a more negativeVT and lessID, while attaching4 resulted in
a less negativeVT and larger ID. Therefore, the channel
conductances were reduced by grafting molecular monolayers
of 1-3, and they were increased by4, scaling directly with the
relative electron-donating ability of the molecules.

During the grafting process, hydrogen atoms on the H-
passivated surface were replaced by the molecules and new
aryl-silicon bonds were formed (Figure 2b). Some H-passivated
sites remain due to steric constraints on the grafting, as seen
by surface IR analysis.13 Nevertheless, the resultant monolayers
are dense enough to provide significant surface-passivation
against electrochemical faradaic charging, and they are even
stable to short buffered oxide or KOH etching.13 Based on this
packing of molecules and on the observed electrical results, the
mechanisms are discussed below.

A molecular monolayer with a positive dipole (here, the sign
of the molecular dipole is arbitrarily chosen to be positive if its
negative pole points away from the surface after grafting) is
induced by compounds3 and 4, while a negative dipole is
induced for1 and2. Although it is realized that the resultant
dipole layer on the surface can create an electrostatic potential
that would produce effects similar to those induced by a gate
bias in a standard MOSFET,31 the model that the molecular
monolayer acts as a top gate is not considered in our case
because it cannot explain why1 and2 have the same effects as
3, or why 3 and 4 (with the same dipole polarity) exhibit
opposite effects. Furthermore, it seems unreasonable to simply
add such a local field to the external field.

The fact that grafting molecular monolayers onto the channel
region can change its conductance is mildly analogous, from a

charge perspective, to that of the impurity doping. Considering
an accumulation channel (p-channel) was formed in our pseudo-
MOSFETs, the acceptor-like monolayer (more potent than the
hydrogen atom of the H-passivated control) would decrease the
VT of the pseudo-MOSFET and the donors would increase the
VT. Following this suggestion, the data imply that p-Si gained
negative charges when modified by compounds1-3, while it
gave up negative charges in the case of4. A simple calculation
(Supporting Information) implies that a 1 V change inVT

corresponds to the transfer of about 0.002 elementary charges
per grafted molecule, a value consistent with electrostatic effects
of organic molecules on neighboring bodies.32 Such a charge-
transfer process is dependent on several factors. During the
molecular grafting, Si-C bonds were formed between the aryl
ring and lightly boron-doped silicon. Theπ-electron cloud from
the aryl system is in close interaction with the silicon surface,
and thus the different molecular effects may originate from the
functional group of the attached molecules. Because the
functional groups of1 (-N(CH3)2) and2 (-NH2) are donors,
the density of thisπ-electron cloud is higher than that of3
(-NO2), an acceptor, and4 (polymolybdate cluster), a potent
acceptor.33-36 So it is reasonable that, relative to the H-
passivated surface,1 and 2 act as the electron donor while4
acts as the acceptor. This agrees with our experimental results.
However, it cannot explain the location of3 in Figure 4b. Note
this designation of acceptor for the-NO2 moiety is relative to
a hydrogen atom at the 4-position of a phenyl ring, and here
we are comparing a 4-nitrophenylene (4-C6H4-NO2) as as-
sembled in3 to simply a hydrogen atom directly bonded to the
silicon surface in the H-passivated control. The 4-nitrophen-
ylene, with itsπ-electron cloud from the aryl system in close
interaction with the silicon surface, may still be acting as an
electron donor relative to the H-passivated surface. It is not until
we go to a very strong electron-withdrawing group as in the
polymolybdate cluster4 that we are able to shift the elec-
tron-withdrawing effect sufficiently past that of the control
surface. Indeed, nitrobenzene has a more negative reduction
potential than that of the aryl polymolybdate cluster,33-35

confirming 4 as the most potent acceptor in the series. This
also explains why the change inVT was observed in the series
1 > 2 > 3 > 4.

In addition, replacing the hydrogen atoms on the H-passivated
surface by molecules may generate new surface states. It has
been reported that surface or interface bands can modulate the
thermal excitation of bulk carriers in thin silicon layers.6 Because
a dipole layer is present on the surface and considering the
dipole-dipole interactions, additional charge redistribution at
the surface or interface is induced.25,37-39 This can also affect
the charge-transfer process. The dipole moment may be different
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Figure 4. Electrical output results of the pseudo-MOSFET devices. (a)
Extrapolation method forVT used on the measuredID,Sat

0.5-Vg character-
istics. VT was extracted at its maximum slope point. InsetR displays the
typical transfer characteristics of the devices under test with an applied
drain-source bias (VD) of -5 V. Such aVD was chosen for theVT extraction
according to insetâ, the typical output characteristics of the devices under
test atVg > VT, to ensure the device operation was in the saturation region
(Supporting Information). (b) Representative∆VT () VT (with molecules)-
VT (without molecules)) of the devices under test extracted from both the forward
(b) and the back (9) scans after the grafting of different molecular
monolayers (1-4), as well as on the control samples. Data shown here are
the average value for 14 devices identical to those in Figure 3. The vertical
bars indicate standard deviations for each of the 14 devices tested.
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from molecule to molecule. The tilt angle and coverage or
density of the grafted molecules might also be quite different
between the molecular groups1-3 (all being about the same
molecular size) and molecule4 (being relatively large and more
difficult to pack). All of this leads to unique charge redistribu-
tions and the resulting molecular effects that depend on the
relative structures of the grafted molecules and their resultant
monolayers. Hence, the charge-transfer process is closely related
to the alignment of the molecular and surface energy levels in
the devices.2,40-42

Summary

In this contribution, we demonstrated that, by grafting a
monolayer of molecules atop oxide-free H-passivated silicon
surfaces (channel region), the drain current and threshold voltage
in pseudo MOSFETs can be systematically modulated over a
wide electronic range in accordance with the electron-donating

ability of the grafted molecules. This effect is ascribed to the
charge transfer between the device channel and the molecules.
This could serve as an excellent method to controllably tune
electronic performance in nanoscale devices (large surface-area-
to-volume ratios) through surface grafting where consistent
impurity doping becomes hard to achieve due to doping profile
inhomogeneities between devices.
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