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A synthetic strategy for fabricating a dense amine functionalized self-assembled monolayer (SAM) on
hydroxylated surfaces is presented. The assembly steps are monitored by X-ray photoelectron spectroscopy,
Fourier transform infrared- attenuated total reflection, atomic force microscopy, variable angle spectroscopic
ellipsometry, UV-vis surface spectroscopy, contact angle wettability, and contact potential difference
measurements. The method applies alkylbromide-trichlorosilane for the fabrication of the SAM followed by
surface transformation of the bromine moiety to amine by a two-step procedure: SN2 reaction that introduces
the hidden amine, phthalimide, followed by the removal of the protecting group and exposing the free amine.
The use of phthalimide moiety in the process enabled monitoring the substitution reaction rate on the surface
(by absorption spectroscopy) and showed first-order kinetics. The simplicity of the process, nonharsh reagents,
and short reaction time allow the use of such SAMs in molecular nanoelectronics applications, where complete
control of the used SAM is needed. The different molecular dipole of each step of the process, which is
verified by DFT calculations, supports the use of these SAMs as means to tune the electronic properties of
semiconductors and for better synergism between SAMs and standard microelectronics processes and devices.

Introduction

Self-assembled monolayers (SAMs) of organic molecules on
various types of substrates have been studied extensively in the
last years because of their possible applications ranging from
nanotechnology fabrication techniques to fundamental surface
science.1 Alkylsiloxane SAMs2 and alkanethiol SAMs3 have
emerged as the two types of most widely studied SAMs, where
the first is applicable to hydroxyl baring surfaces and the second
to metallic surfaces.

Organosilane SAMs have been widely applied to control
surface properties such as hydrophobicity/hydrophilicity and
surface charge/polarity,4 for the fabrication of optically nonlinear
materials,5 as templates for growth of multilayer structures in
the molecular layer epitaxy technique,6 and as means for tuning
the electronic properties of metals/semiconductors.7

The chemical functionality directed from the surface up has
a crucial influence on the resulting surface properties and is
used in turn for directing crystal growth,8 as templates for the
growth of conducting polymers such as polyaniline,9 for
applications in chromatography10 and immobilization of mol-
ecules of interest such as single and double DNA strands,11

enzymes, and antibodies,12 and as a culturing substrate for
neurons. In addition to their chemical functionalities, SAMs have
been shown to be a promising method for micro- and nano-
patterning through the application of various lithographic
techniques.13

Of the many known organosilane SAMs, amino-terminated
SAMs have been used frequently for the fabrication of patterned
surfaces of biomolecules, such has enzymes14 and peptides,15

and selective electroless deposition of metals16 and nanopar-

ticles.17 The chemical and physical natures of the aminosilylated
thin layer are a consequence of the layer structure, ordering,
and density and plays an important role in the utilization of the
resulting layer in the above-mentioned uses. The reaction
between silanol surface groups found on glass and silicon oxide
substrates has been studied extensively by means of X-ray
photoelectron spectroscopy (XPS) and near edge X-ray absorp-
tion fine structure,18 spectroscopic ellipsometry,19 diffuse re-
flectance Fourier transform spectroscopy,20 solid-state 13C
NMR,21 Kelvin probe force microscopy,22 and attenuated total
reflection Fourier transform infrared (FTIR-ATR) spectros-
copy.23

The use of a precursor molecule that contains both the surface
reactive group of chlorosilane and the amine functionality which
could have been the ideal solution for the fabrication of an amine
monolayer is not possible because of the reaction between the
amine and chlorosilane moieties, and thus no such molecule
exists. Most techniques used today for the fabrication of an
amine-terminated SAMs are solution oriented and use chemi-
sorption of aminoalkyl- and aminophenyl-functionalized alkoxy-
silanes on oxide-containing surfaces such as alumina, indium
tin oxide, quartz, silica, glass, mica, or silicon dioxide.24 The
preparative route to silylated surfaces has a remarkable effect
on the quality of the molecular layer. It affects the coating
morphology which includes layer thickness, surface density,
orientation of the surface molecules, and the type of interaction
between the surface groups and the precursor molecules.25 The
presence of water has a significant influence on the mechanism
of molecular layer formation and therefore on the structure of
the deposited layer, especially with alkoxysilanes.26 An immense
problem in the fabrication of aminosilylated SAM on the surface
of oxides is the acid-base interaction between the NH2

headgroup of the precursor and the silanol groups on the
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surface,27 resulting with molecules standing on their “head” and
exposing the trialkoxysilane functionality to further react on the
surface.

Silylated surfaces can be prepared in the gas or liquid phase;
the latter case includes the sol-gel, aqueous, and organic solvent
methods. The sol-gel synthesis results in a largely irreproduc-
ible product where the layer thickness and surface density of
organosilanes cannot be precisely controlled. Furthermore, in
the aqueous procedure at ambient conditions, uncontrolled
condensation reactions result with an unpredictable thickness.
The surface silanol groups hydrogen bond to the hydrolyzed
alkoxy groups resulting in the formation of siloxane bonds and
eventually leads to a three-dimensional (3D) polymeric network.
It has been shown through theoretical calculations that in order
to achieve a full, dense, and ordered monolayer, cross polym-
erization should be avoided.28 Surface-saturated layers of
aminosilanes can be deposited on silica under completely dry
conditions, that is, in dried organic solvent or in the gas phase.
The use of a gas phase reaction can therefore be beneficial,
under which no solvents are needed and the precursor molecules
which are possibly hydrolyzed cannot be vaporized at low
deposition temperatures, resulting in a true monolayer structure.
The vapor phase technique was first proposed by Haller29 which
showed deposition of (3-aminopropyl)triethoxysilane (APS) by
heating a 5% solution of APS in toluene. The quality of the
aminosilane SAMs produced by these methods has shown
microstructural defects such as holes or aggregates.30 Another
methodology for the fabrication of a dense, true monolayer

amine-functionalized SAM was developed by Sukenik and
Balachander24 and uses bromoalkyltrichlorosilane deposited on
the surface which is then substituted in situ to azide followed
by reduction to the free amine by LiAlH4. In this method
prolonged contact of the reducing agent with the SAM may
result with damage to the SAM, or even precipitation of salt
on top of the layer. An alternative methodology was developed
by Dressick and Calvert31 and uses photochemical transforma-
tion of an organized (p-chloromethyl)phenylsiloxane SAM by
irradiation with 193 nm deep-UV light to aldehyde followed
by reductive amination for the formation of an amine-terminated
monolayer. This alternative route requires the use of deep-UV
instrumentation and as already showed difficulties that are
mostly connected to the time of exposure, leading to cleavage
of Si-O and C-O bonds.24

To incorporate SAMs of various technologies, and especially
amine-terminated SAMs which present a very versatile chemical
accessibility, in standard microelectronics fabrication processes
and harnessing these methods in the fabrication of new types
of devices and especially in the field of molecular and organic
electronics, there must be a complete compatibility between the
processes, regarding the solvents, materials, and physical
conditions during the deposition. Therefore there is a need for
a simple and accessible (in chem. labs) synthetic route to amine-
containing SAMs with a defined and exact structure. The
procedure we chose for the fabrication of a dense, amine-
functionalized SAM is based on hidden amine functionality
inside the layer (Figure 1). The phthalimide, which is found as

Figure 1. Modular synthetic route for the construction of amine-terminated SAMs.
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protecting group at Gabriel synthesis procedures,32 seems small
enough and can formπ-stacking and therefore was chosen as a
candidate for the process. The strategy uses the protection group
not in the process of the deposition of the layer because the
bulky precursor damages the density of the resulting layer as
was already shown by Grunze.33 Our methodology is modular
and first uses a (3-bromoalkyl)trichlorosilane, a precursor which
is known to from an ideal and dense SAM, substitution the
bromine with a hidden amine by SN2 reaction, followed by
hydrolysis to yield the free amine. The resulting monolayer
retains the density of the original trichlorosilane SAM, but with
a complete altered functionality, the amine.

It is widely appreciated that the work function (Φ), the
minimum energy required for an electron to escape into vacuum
from the Fermi level (EF) of a substrate depends on the
conditions of the surface, both morphologically and chemically.
Adsorption of molecules or atoms on a metal/semiconductor
surface can affect the electronic properties of the surface in
several ways. In principle the straightest effect is that of a
molecular dipole on work function. Recently Kobayashi34 has
shown to be able to control the carrier density in the conduction
channel of an organic field effect transistor by the use of SAMs
with a different terminal group that is characterized by a different
molecular dipole. Another work reported by Cahen,35 has shown
that the effective barrier height of n-type GaAs semiconductor
diodes can be tuned by using a series of multifunctional
molecules whose dipole is varied systematically.

The different stages of our proposed process are also
characterized by a different dipole moment of the SAM (due to
the changed functionality) and thus present an added advantage
to our methodology and allow control over the surface electronic
properties, as is shown by the CPD measurements.

Materials and Methods

(A) General. (1) Substrate Cleaning.Quartz (Chemglass)
and n-Si 〈100〉 (Virginia Semiconductors) substrates were
cleaned in aqueous detergent, rinsed copiously with triple
distilled water (TDW), in hot (90°C) piranha solution for 30
min (3:7 by volume of 30% H2O2 and H2SO4, caution: strong
oxidizing solution, handle with care). The substrates were then
rinsed with TDW and further cleaned with H2O/H2O2/NH3 (5:
1:0.25) solution while sonicating for 5 min at 60°C. After
subsequent washing with TDW, the substrates were immersed
for 5 min in pure acetone and then in pure methanol and finally
dried under a stream of nitrogen.

(2) Chemicals. (a) Coupling Agents.(11-Bromoundecyl)-
trichlorosilane (BUTCS) and (3-bromopropyl)trichlorosilane
(BPTCS) were purchased from Gelest and vacuum distilled
before use.

(b) Solvents. n-Hexane, toluene, and dimethylformamide
(DMF) were distilled and dried on sodium under nitrogen
atmosphere. HCl, H2O2, and 2-propanol were purchased from
J. T. Baker and used as received.

(c) Reagents.Potassium phthalimide, methylamine 40% in
water, and sodium borohydride were purchased from Aldrich
and used as is.

(B) SAM Preparation. (1) Brominated Monolayer Prepa-
ration. SAMs of BPTCS (1a) and BUTCS (1b) were formed
by immersing freshly cleaned Si/SiO2 (silicon’s native oxide)
or quartz substrates in a 1% (v/v) hexane/toluene solution
respectively for 20 min under inert conditions in a Schlenk line
system. Upon completion of the reaction, the substrates were
washed three times with toluene/hexane, sonicated for 1 min

in acetone in order to remove any excess of coupling agent,
and allowed to dry in an oven at 110°C.

(2) Monolayer Functionalization to Phthalimide. SAMs
1a and1b were modified by dipping the substrates for 3 h in
dry DMF 18 mM potassium phthalimide solution at 60°C under
inert conditions. Upon completion of the reaction, the substrates
were washed with DMF, DMF/TDW water mixture, and TDW,

Figure 2. XPS spectra of the substitution reaction of1b to 2b (see,
step ii, Figure 1): (A) bromine spectral region; (B) carbon spectral
region.

Figure 3. Water contact angle on a clean Si/SiO2 surface (A) and on
undecyl-based SAMs:1b (B), 2b (C), and3b (D).
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sonicated for 1 min in 2-propanol, and finally dried under
nitrogen flow.

(3) Monolayer Functionalization to Amine. SAMs 2a and
2b were immersed in 40% methylamine in water for 1 min,
washed with TDW and DMF/TDW mixture, sonicated in
2-propanol for 5 min, and finally dried under nitrogen flow.

(C) Instrumentation. Atomic force microscopy (AFM)
measurements were carried out with a Nanoscope IV (DI) in
tapping mode using a tapping etched silicon probe (TESP, DI)
with a 30 N/m force constant. All substrates were imaged in
air. UV-vis spectra were acquired on a Shimadzu UV-3101PC
spectrophotometer using quartz substrates. Contact angle mea-
surements were performed using Si substrates with a FTA125
video-based contact angle meter (First Ten Ångstroms). XPS
spectra were collected at ultrahigh vacuum (2.5× 10-10 Torr)
on a 5600 Multi-Technique (AES/XPS) system (PHI) using an
X-ray source of Al KR (1486.6 eV). Variable-angle spectro-
scopic ellipsometry (VASE) measurements were carried out on
a VB-200 ellipsometer (Woollam Co.) around the Brewster
angle of Si (75°). FTIR-ATR measurements were done on a
Nicolet 740 spectrophotometer equipped with a mercury cad-
mium telluride detector cooled by liquid nitrogen, using 500
scans for each spectrum. Double-side polished single-crystal
silicon was used as a substrate for these measurements with
dimensions of 5 cm× 1 cm × 0.5 cm which allowed about
100 internal reflections inside the substrate. Contact potential
difference (CPD) measurements36 were made with a commercial
instrument, Kelvin probe S (DeltaPhi Besocke, Ju¨lich, Ger-
many), equipped with a vibrating gold electrode (work function
5.1 eV) at ambient conditions in a home-built Faraday cage.

(D) Calculations.Dipole moments and molecular length for
the various models of molecules were calculated by the B3LYP
(Becke three-parameter hybrid exchange37 with Lee-Yang-
Parr correlation)38 density functional theory (DFT) method using
the Gaussian 98 program package39 that incorporates electron

Figure 4. AFM images of clean Si/SiO2 surface (A) and on undecyl-based SAMs:1b (B), 2b (C), and3b (D) (images are 1µm × 1 µm).

Figure 5. UV-vis absorption spectra of the BUTCS SAM at various
steps of the surface reactions.
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correlation, using the contracted basis set cc-pVDZ (correlation
consistent polarized valence double-ú).40 Visualization of the
molecules and the calculated dipole moment is done using
Molekel, version 4.3, available free on the Internet.41

Results and Discussion

The quality and buildup of1aand1b bromoalkyl monolayers
(Figure 1, step i) is clear from the Br[3d] XPS peak at 69.1 eV
(Figure 2A) found in bromoalkanes. CA changes from 15° for
the bare SiO2 to 75° and 90° for 1aand1b respectively (Figure
3B). Ellipsometric VASE measurement at an incidence angles
of 70°/75°/80° showed a thickness of 6 ((0.3) Å for 1a and 14
((1) Å for 1b (a Cauchy model was used as a model for fitting
the experimental data, using a refractive index of 1.45 for the
organic SAM) which are comparable to the calculated length
of 5.2 Å for a bromopropyl and a length of 14.4 Å for a
bromoundecyl segment. AFM imaging after the coupling
reaction shows a very smooth surface with an root mean square
(rms) roughness of 1.1 Å (Figure 4B), thus confirming there is
no polymerization of the coupling agent.

The second stage of the process involves the introduction of
the phthalimide protecting group by substitution with the
bromine atom and the removal of KBr salt (Figure 1, step ii).
The substrates were immersed for 3 h in dry 18 mMpotassium

phthalimide DMF solution under inert conditions. The substitu-
tion was followed by monitoring the XPS of the substituted
substrate, which shows disappearance of the Br[3d] peak at 69.1
eV (Figure 2A), the appearance of the N[1s] signal at 398.5
eV, and a shoulder typical of the C[1s] in the carbonyl moiety
of the phthalimide at 288.4 eV (Figure 2B). The disappearance
of the Br[3d] peak shows a conversion of nearly 100%, which
is very important for the next step (the removal of the
phthalimide to get the free amine). The XPS spectrum was also
scanned at the range of 295 eV which is characteristic to the
K[2p]. The absence of a peak in this region proves there are no
traces of potassium on the surface. The presence of the
phthalimide group is also verified by a change in the CA from
75° to 55° for the 1a monolayer, and from 90° to 68° for the
1b monolayer (Figure 3C). The UV-vis absorption spectrum
shows a new absorption peak at 220 nm characteristic of the
phthalimide moiety (Figure 5). This spectroscopic footprint
enabled us to follow the kinetics of the substitution reaction
between the bromine and the phthalimide as depicted in Figure
6. The process follows first-order kinetics (inset Figure 6) where
θ is the surface coverage. The kinetics shows that after 2 h all
the bromine was substituted with phthalimide. Learning the time
scale for the process allows controlling the degree of the
substitution reaction and in turn obtaining a mixed-monolayer
system with more then one functionality, for example a 50/50
ratio between NH2 and Br functionalities was achieved following
21 min reaction time. The fabrication of mixed monolayers has
already been shown to be very useful in binding macro-
molecules,42 and this technique could prove to be very useful
in this field. AFM imaging of the surface after the substitution
reaction is shown in Figure 4C and shows a clean and flat
surface with an rms roughness of 2.9 Å and a slightly different
morphology than the bromine-functionalized layer. IR-ATR
measurements preformed on the1b-phthalimide layer prove
the existence of the phthalimide, by showing the stretching
vibrations of 11 methylene groups of the undecyl moiety at 2923
and at 2853 cm-1 and a stretching vibration characteristic of
the phthalimide’s carbonyl moiety at 1717 cm-1 (Figure 7).

When attempts were made to remove the phthalimide moiety
to reveal the free amine, a few methods were considered: acidic
hydrolysis43 by refluxing in HCl 20% and then adding base to
get the free amine; use of methylamine44 for a two step

Figure 6. Phthalimide surface coverage (calculated from UV-vis
absorption at 220 nm) change as a function of time during the SN2
reaction of1b SAM. Insert: reaction rate equation and rate constant.

Figure 7. IR-ATR spectra for2b (full line) and 3b (dashed line) SAMs.

8006 J. Phys. Chem. B, Vol. 110, No. 15, 2006 Ofir et al.



hydrolysis; use of NaBH4/2-propanol.45 All techniques proved
to be harmful to the1aderived monolayer and resulted in partial
to complete removal of the monolayer from the surface and
even harsh damage to the surface in the case of sodium
borohydride. The methylamine technique proved to be useful
for the removal of the phthalimide protecting group in the case
of the 1b monolayer as is seen from the absorption spectrum
(Figure 5). The CA changes from 68° to 56° (Figure 3D), a
value comparable to results of other C11-NH2 layers fabricated
by other techniques.46 The VASE derived ellipsometric thickness
after the removal of the protecting group was reduced by 2 Å
compared to the thickness with the protecting group. We
attribute the smaller than expected thickness reduction to a
different packing orientation. Past the hydrolysis no apparent
IR vibration is seen at 1717 cm-1 while a new wide vibration
characteristic of the free amine appears at 3200 cm-1. Also
present are the stretching vibration characteristic for the CH2

at 2923 and at 2853 cm-1 which proves that the alkyl monolayer

is kept unharmed. AFM imaging of the free amine monolayer
again resulted with a flat and clean layer having a rms roughness
of 2.4 Å (Figure 4D).

The effect of the different molecular dipoles, characteristic
of the different process stages, on the work function of highly
doped Si substrates was studied using CPD measurements. The
work function of a semiconductor is determined by three factors
(Figure 8): (i) the electron affinity (EA), the energy needed to
bring an electron from vacuum just outside the semiconductor
to EV at the surface; (ii) the band bending (BB), the electrical
potential difference between the surface and the electrically
neutral semiconductor bulk, often called thebuilt-in potential,
expressed in the band diagram by bending ofEV andEC near
the surface; (iii) the energy difference between the Fermi level
and EC in the bulk. Since our “molecular spacer” (the alkyl
chain) in the three stages stays the same throughout all the
process, there is no real change in the BB (which is associated
with the number of surface states/traps, i.e., the passivation of
the surface with the SAM) at the different steps, and we can
attribute the change in the CPD or work function only to the
change in EA. The change in EA is directly related to the
molecular dipole size and direction of the molecules comprising
the SAM (Figure 8). The effect of the dipole on the measured
surface potential can be extracted from the Helmholtz47 relation

whereN is the dipole density (per square centimeter),µ is the
dipole moment (in debyes),48 θ is theaVerageangle of the dipole
with respect to the surface normal,ε is the effective dielectric
constant of the molecular film,49 and ε0 is the permittivity of
vacuum.50

The CPD measurements of the BUTCL-based SAMs are
shown in Figure 9. While there is a change in the BB of the
substrate after the deposition of the Br-terminated BUTCS layer,
this change is of about 50-60 meV, as determined by others.7c

The measurements show a decrease of the substrate work
function after the deposition of the brominated layer, and an
increase of the substrate work function for the phthalimide- and
amine-terminated BUTCS-based SAMs. To verify the tendency
in the CPD results, the molecular dipoles of a series of molecules
that model the molecules on the surface were calculated using
Gaussian 98 (Figure 10 and Table 1). The direction of the dipole
moment of the bromine and phthalimide functional groups
directed from the interface is completely opposite and that of
the phthalimide and amine is the same (the direction but not

Figure 8. Schematic description of the change in the CPD of a
semiconductor upon deposition of dipole film in reference to a metal
probe (Au, work function 5.1 eV) in three possibilities: (a) no dipole
layer; (b) dipole pointing away from the surface; (c) dipole pointing
toward the surface.

Figure 9. The change in CPD as a function of terminal group on
BUTCS SAM compared to a vibrating gold electrode (experimental
accuracy(35 meV).

∆Φ ) Nµ cosθ
εε0

(1)
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the magnitude). The molecular dipole calculated for the free
molecule is a vector in 3D, but when considering the effective
dipole moment in regard to the surface work function, only the
perpendicular component of the dipole is relevant (see Table
1). The change in the CPD holds well with the calculated
perpendicular dipole of the free molecules both for the Br-
terminated molecule and for the phthalimide-terminated mol-
ecule but at first glance falls for the amine-terminated molecule.
The calculated dipole for the amine-terminated molecule is too
small to account for the large change (-0.43 eV) in the CPD,
an even higher change then that of the phthalimide-SAM. This
discrepancy in the results can be explained by a partially
charged/protonated amine layer, as was reported by others.51

The reported amount of protonation (i.e., ammonium group) in
these kinds of SAMs can go up to 20% and can thus change
the effective dipole of the layer. Calculations preformed on a
protonated molecule show a huge increase in the molecular
dipole up to ∼30 D (see Table 1). Considering a 10%
protonation in the SAM brings the average effective dipole to
about 2.9 D.

Conclusions

We presented a new approach for obtaining a SAM with
amine functionality on hydroxylated surfaces using the formation
of a dense monolayer of alkylbromide-trichlorosilane and

transformation of the bromine moiety to amine by a two-step
procedure, SN2 reaction with phthalimide followed by the
transformation to the free amine. The technique has proven
useful for obtaining an amine-terminated SAM based on the
BUTCS but fails to do so for the BPTCS-derived SAM. This
difference is ascribed to the less ordered and less dense SAM
formed by BPTCS, thus making it less durable to the basic
environment at the last step of the reaction, resulting in a partial
or complete removal of the SAM. The reported method holds
a few advantages compared to the method developed by others,
which are mainly the shorter substitution time of the bromine
with phthalimide rather than with azide (3 h compared to 24
h), the removal of the protecting phthalimide group takes less
than a minute while the reduction of the azide to amine takes
16 h, and in our case the hydrolysis is done in a basic
environment so there is no need to add base at the end to get
the free amine. Controlled removal of the protecting group
allows mixed functionality containing monolayers that have a
lot of importance in tuning chemical functionality on surfaces.
The different dipole moment, characteristic for each layer and
especially that of the Br/phthalimide SAM can potentially be
used to tune the electronic properties of surfaces and be used
in optimization/enhancement of standard microelectronic devices
and organic-materials based devices. This method is chemically
compatible with standard microelectronics fabrication techniques
and therefore paves the way for a stronger combination of SAMs
in standard microelectronics and molecular nanoelectronics.
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