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Surface Potential and Local Conductivity Measurements of
Micropatterned Aromatic Monolayers Covalently Attached to n-
Si(111) via Si-C and Si-O bonds
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Department of Materials Science and Engineering, Graduate School of Engineering, Kyoto
University, Kyoto 606-8501, Japan

E-mail: sugimura.hiroyuki.7m@Xkyoto-u.ac.jp

The surface potentials and local conductivity of self-assembled monolayers (SAMs) formed
using aromatic molecules covalently bonded to n-type silicon (111) via Si-C and Si-O bonds
were measured using Kelvin probe force microscopy (KPFM) and conductive AFM (CAFM).
Surface potential measurements were done using micropatterned SAMs with hexadecyl
SAM as reference to eliminate surface potential variations due to the cantilever tips.
Micropatterning was conducted via vacuum ultraviolet (VUV) photolithography at A = 172
nm. Ellipsometry, X-ray photoelectron spectroscopy, static water contact angle and atomic
force microscopy tests show that the aromatic SAMs were well-organized despite the short
molecular lengths of the precursors. KPFM results show that Si-C bonded SAMs have higher
surface potentials compared to Si-O SAMs, which is in agreement with dipole moments
estimated by Molecular Orbital Package (MOPAC) semi-empirical computations. CAFM
scans showed conductive domains for the aromatic SAM regions, and Si-O SAMs exhibited

higher current than Si-C SAMs.
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1. Introduction

The control of the chemical and physical properties of surfaces is a growing field in
surface science and nanotechnology. One method to control surface properties for specific
applications is through the use of self-assembled monolayers (SAMs), which are ultrathin
2D films composed of semirigid molecules chemically anchored to a substrate!-?. Some
applications of SAMs include friction control®¥, corrosion prevention®-® and biosensing”®),
and recent studies have also probed its applications in molecular electronics”'?) where they

have been found to be helpful in improving charge injection between material interfaces.

Several studies have shown that organic molecules adsorbed on a substrate introduces a
dipole moment to the surface'?»'¥-15, which can easily be adjusted through the substitution
of different functional groups'®~'®. This dipole layer at the surface constructs a potential
shift, leading to changing the substrate work function!'®?? and improving the efficiency of
charge carrier injection in electronic devices'>?D. In addition to the intrinsic dipole moment
of the precursor molecule, a change in the work function or surface potential may be affected
by the docking chemistry of the SAM'922) packing of the molecules? and depolarization
between neighboring molecules?®. While the intrinsic dipole moment of the precursor
molecule can provide initial insight on the resulting surface potential, the chemical bonding
of the adsorbate to the substrate often results in charge rearrangements at the interface, which
can lead to differences between the dipole of the precursor molecule and the dipole of the
SAM itself'®). In this case, the contributions to the net dipole moment of the SAM depend
on the strength of the interaction between the molecule and substrate'®?? and the

polarizability of the molecule backbone®®.

Although many studies have focused on thiol SAMs on metal substrates such as gold and
silver'?:19260:29 " recently the use of semiconductor substrates has been attracting
interest'®-23-3032) Duye to their more complex energy band systems, the effects of SAMs on
the work function of semiconductors can be affected by several factors such as band bending,
and doping level and type, which requires more in depth studies to be fully understood*3)-39,
Semiconductors have many applications in electronic devices and understanding how certain
modifications can tune its device characteristics can help advance modern technology.
Among semiconductors, silicon has been attracting much attention due to its wide use in
present electronics®?). The study of interfaces between silicon and organic materials plays an

important role in emerging research fields such as molecular electronics and biotechnology.
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SAMs can be grafted on silicon in several ways. Many studies have used silanes where an
oxide layer exists between the silicon substrate and the adsorbate®-37-3®. In molecular
electronics, these types of SAMs are often used as electrical insulators or dielectrics®?40),
where the thickness can easily be controlled through the molecular length of the precursor
molecule. Direct attachment of the molecule to the silicon substrate is also possible through
covalent bonds such as Si-C*V49_ Si-O*D4245) = §j-§4D46) - §1_N*D45) and Si-Te*®). The
chemical bond between silicon and the SAM molecule is known to affect the energy levels
of the molecular orbitals which can affect the surface potential of the substrate, as well as
the conduction through the molecule!©-22:49:4048) Alkyl-SAMs grafted directly to the silicon
substrate with Si-C bonds display high chemical resistivity*?#99_ Grafting the molecules
directly to silicon without the intermediate oxide layer can provide electrical connections
between the SAM and substrate®?). The saturated 6 bonds in the molecule result in the SAMs
with low conductivity, and thus they are capable of sustaining high electric fields before
breakdown®?. When unsaturated bonds are present in the precursor molecules, such as in the
case of aromatic molecules, other electrical properties of silicon may be achieved*”>3-%),
Similar to surface potential, the electronic properties, such as conductivity, of the surface

may be affected by SAM parameters including the molecule-substrate bond*?.

In this study we investigated the effects of Si-C and Si-O bonding of aromatic SAMs
attached directly to silicon on the surface potential and conductive properties. We have
chosen to use styrene (CsHsCH=CHb>), 4-phenyl-1-butene (C¢Hs(CH2).CH=CH>), benzyl
alcohol (C¢HsCH»-OH), and 3-phenyl-1-propanol (CsHs(CH2)3-OH) as our aromatic
precursors. Measurements of the surface potential of SAMs were conducted using Kelvin
Probe Force Microscopy (KPFM). This method allows us to map the local surface potential
distribution of the sample surface simultaneously with its topography. Conductive AFM
(CAFM) was used to measure the current passing through the SAMs. To account for any
variations that may occur during KPFM and CAFM measurements due to changes in the
cantilever tips, micropatterned SAMs were used with 1-hexadecene (CH3(CH2)13CH=CH>)
SAM acting as the reference. Due to the Si-C bond of the SAM, which is resistive to HF
etching, it has shown to be suitable for use as a photoresist and reference SAM in our past

KPFM measurements?2-35),
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2. Experimental methods
2.1 Materials

The substrates were phosphorus doped n-type Silicon (111) wafer with resistivity
range of 1-10 Q cm from Electronics and Materials Corp. Styrene (>99%, stabilized with
TBC), benzyl alcohol (>99%), 4-phenyl-1-butene (>98%), and 3-phenyl-1-propanol (>98%)
were purchased from Tokyo Chemical Industry and were used as the SAM precursors.
Ethanol (99.5%), and mesitylene (98%) were purchased from Nacalai Tesque. Hydrofluoric
acid (HF) and ammonium fluoride (NH4F) for the hydrogen termination were purchased

from Morita Chemical. All chemicals were used as received and without further purification.

2.2 Sample Preparation

The method for the preparation of the micropatterned SAMs are shown in Fig. 1. Si(111)
wafers were cut into 1 X 1 cm? before being ultrasonically cleaned in ethanol and ultrapure
water (UPW) for 20 minutes each. This was followed by photochemical cleaning in ambient
environment using vacuum ultraviolet (VUV) light from a Xe-excimer lamp source (UER
20-172V, Ushio) to remove organic contaminants on the surface of the wafer. Hydrogen-
terminated silicon (H-Si, Fig. 1a) was prepared by etching the substrate in a 5% HF solution
for 5 minutes in the dark, followed by immersion in a 40% NH4F solution for 60 seconds.
The NH4F solution was heated to 80°C prior to the substrate immersion to eliminate the

dissolved oxygen, which may result in the etch pits on the substrate.

VUV light

W

HD SAM silicon oxide aromatic s:M \

T
HHHHHHHHH HH g bHH
; ) _) _) [r——
silicon (111)

Hydrogen X VUV irradiation Silicon oxide is left Etching to Grafting of
termination SAM formation with photomask behind after irradiation remove oxides second SAM

(a) (b) (c) (d) (e) (f)

Fig. 1. Schematic illustrations for forming the micropatterned SAMs using VUV
photolithography

The reference SAM in this study was formed using neat 1-hexadecene (HD) as a precursor
and will be referred to as HD SAM in this paper (Fig. 1b). The H-Si substrate was first placed
in a custom-made quartz vessel which consisted of a rectangular quartz cell (5 mm thickness)

attached to a cylindrical tube with a volume of about 100 ¢cm?. The H-Si substrate and 1-
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hexadecene precursor were placed inside the vessel and irradiated with UV light (high
pressure Hg lamp, REX-250, A =240 - 440 nm, Asahi spectra) for 1 hour at the intensity
of 100 mW c¢m. To minimize any unwanted oxidation of the silicon substrate, the vessel
was purged with N> gas at least 30 minutes prior to irradiation, and the gas continued to flow
for the entire irradiation process. After irradiation, the substrate was removed from the vessel
and ultrasonically cleaned using ethanol and UPW for 10 minutes each to remove any
physisorbed molecules on the surface. The resulting SAM formed on the silicon substrate

was used as the reference material for all KPFM in this paper.

chromium

quartz

16_u>m 10 um

y

Fig. 2. Schematic illustration of photomask used during VUV irradiation

The HD SAM underwent micropatterning via VUV photolithography with a Xe-excimer
lamp (UER20-172V, Ushio) with a wavelength of 172 nm and intensity of 10 mW c¢m™,
Figure 1c shows the schematic of the micropatterning process. A photomask consisting of
100 nm thick chromium pattern attached to a 2 mm thick quartz plate, whose transparency
at A =172 nm was 93%, was used to cover regions of the HD SAM while allowing VUV
light to irradiate the uncovered regions (Fig. 2). The sample was placed in the VUV
irradiation chamber at a distance of 5 mm from the lamp window. The pressure inside the
chamber was kept at ~10° Pa and the sample was irradiated for 30 minutes. Photo- excitation
by the VUV light irradiation converted the oxygen molecules inside the chamber to a more
reactive singlet and triplet states (O(1D) and O(3P)). This excited oxygen degraded the
uncovered monolayer and left the region to contain silicon oxide (Fig. 1d). The silicon oxide
was removed through another round of HF and NH4F etching for the hydrogen termination
(Fig. le), allowing a new SAM to be grafted in the irradiated place. Although the etching
process after VUV photolithography was very similar to the one described above, the etching
time in HF was shortened from 5 min. to 3 min., and etching time in NH4F was shortened
from 60 s to 45 s to minimize the damage on the remaining HD SAM. After the etching, a
new SAM was attached to the H-Si regions using the same method described earlier (Fig.

1f). The precursors to form the SAMs were styrene (1 M solution), benzyl alcohol (neat), 4-
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phenyl-1-butene (1 M solution), and 3-phenyl-1-propanol (2 M solution). The solvent for
these precursor solutions was mesitylene. The SAMs in the study will be referred to as
Styrene SAM (styrene), BA SAM (benzyl alcohol), 4P1B SAM (4-phenyl-1-butene), and
3P1P SAM (3-phenyl-1-propanol). The diagram of the SAMs grafted to silicon is shown in
Fig. 3. Two of the SAMs (styrene SAM and 4P1B SAM) are grafted to silicon via a Si-C
bond while the other two (BA SAM and 3P1P SAM) are grafted via a Si-O bond. The SAMs
were also individually investigated to determine its quality using X-ray photoelectron
spectroscopy (XPS, ESCA-3400 Kratos Analytical), static contact angle meter (DM 500,
Kyowa Interface Science CA-X Co.), atomic force microscopy (AFM, MFP-3D, Oxford
Instruments), and ellipsometry (FE-5000, Otsuka Electronics).

o7 57

i
i(111
styrene  4P1B BA  3P1P
Si-C bonded Si-O bonded

Fig. 3. Diagram of the molecules grafted on Si substrate via Si-C and Si-O bonds

Kelvin Probe Force Microscopy (KPFM) based on amplitude modulation (AM) AFM was
used to map the topography and surface potential contrasts of the micropatterned SAMs
using a two-pass procedure. The topographic line was acquired first using AM mode while
the surface potential measurements were acquired afterwards using lift mode. Measurements
were conducted in ambient environment with a Rh-coated silicon cantilever tip (SI-DF-3R,
Hitachi Hitech). The cantilever resonance frequency was approximately 27 kHz. The AC
bias voltage with an amplitude of 1.0 V was added between the sample and the tip at around
the same frequency as the cantilever. The scanning probe rates were ranged from 0.5 to 0.8
Hz. To ensure reliability of data, a minimum of 3 samples for each system was prepared and
at least 3 measurements were taken at different positions on the sample surface. Since KPFM
measurements may be affected by contaminants or adsorbed water on the surface, samples
were analyzed immediately upon preparation to minimize these effects’®%),

To observe the electrical conductivity of the SAMs, the samples were scanned using
conductive atomic force microscopy (CAFM) based on contact-mode AFM. A Rh-coated
silicon cantilever tip (SI-DF-3R, Hitachi Hitech) with a spring constant of 1.6 N m™' was

used. A transimpedance amplifier with an 82 MQ feedback resistor was used to convert the

6



© 00 I O ot

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

Template for JJAP Regular Papers (Jan. 2014)

current signal to the voltage. The tip load was kept at 4.35 nN. A -1.0 V bias was applied to

the tip relative to the grounded silicon substrate.

3. Results and discussion
Formation of aromatic SAMs

First, we describe the result on single-component SAMs. Since surface potential
measurements are very sensitive to the SAM quality, ensuring the quality of our SAMs is
important before KPFM measurements. Table I shows the water contact angles (WCA),
ellipsometric thicknesses and atomic concentrations of the SAMs formed for this study. The
values reported for these measurements are the average of multiple samples with their
statistical errors. The atomic concentration was measured by XPS. The properties of H-Si
are also shown for comparison. The H-Si substrate has a WCA of about 85.5 degrees. After
the HD SAM formation, this increased significantly to 106.0 degrees, suggesting that the
surface consisted of a dense methyl-terminated surface*?-?%9, For the Si-C bonded SAMs
(styrene and 4P1B), the WCA was about 85 degrees, while for the Si-O bonded SAMs (BA
and 3P1P) it was about 82 to 83 degrees. These WCA values were much smaller than HD
SAM’s and were close to the H-Si value. However, they are close to the expected value
obtained by Popoff on their phenyl terminated SAM formed on oxide-free silicon (between
80 to 81 degrees)®"). The phenyl headgroup is much less hydrophobic than the methyl
headgroup, which results in a lower WCA®?). Since the WCA of the aromatic SAMs were
very close to that of H-Si, it is difficult to conclude if the molecule was grafted based on this

test alone, thus XPS analysis was conducted.

The atomic concentration of H-Si and the SAMs are shown in Table 1, while Fig. 4 shows
the C Is, O 1s and Si 2p peaks obtained from XPS analysis. The binding energies and
intensities were referenced and normalized to the Si 2p peak of bulk silicon at 99.5 eV. The
C Is peak of all SAMs shows a substantial increase compared to H-Si suggesting that the
precursor molecules were successfully grafted on to the substrate. The C 1s atomic
concentrations of the aromatic SAMs were much less than that of HD SAM, because the
precursor molecules itself consist of less carbon atoms. A study by Harada et al. found that
despite the difference in molecular structure, long alkyl SAMs and aromatic SAMs
experience similar limitations when it comes to surface coverage*”. Highly ordered SAMs

are characterized by dense packing of the molecules on the surface, due to strong

7
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intermolecular interactions in the film, as seen in Fig. 5. For alkane SAMs, strong Van der
Waals forces are present between chains, which allows them to pack densely on the surface.
This was confirmed by the high water contact angle of our HD SAM due to the dense methyl
terminated surface*?-?-%9, For phenyl monolayers, it is thought that the primary
intermolecular force between molecules is the m—mn stacking of the phenyl rings, which also

results in a dense and ordered monolayer.

Our XPS results show that the carbon concentration increased from 5.4% (for H-Si) to
about 20-24% (for Si-C bonded SAMs) and 17-19% (for Si-O bonded SAMs), indicating the
presence of an organic film on the surface. The higher carbon concentration of the Si-C
SAMs compared to the Si-O SAMs may be due to the presence of more molecules grafted
to the surface as a result of greater packing, or may simply be due to the additional carbon
atom in the molecular precursor. Nevertheless, the increase in carbon concentration of the
SAMs compared to the H-Si sample suggest that the precursor molecules were successfully
grafted to the substrate and that the SAMs were formed with 1 hour of UV irradiation. The
Si 2p spectra of all the SAMs show a single peak centered at 99.5 eV, with no peak present
at 103 eV, indicating that the underlying Si substrates were well passivated with the precursor
molecules (Fig. 3). The O 1s concentration for the Si-O bonded SAMs was higher than the
Si-C bonded SAMs, which is expected due to the -OH group present in the head group of
the SAM precursor. The presence of the O Is peak in all the SAMs suggests that although
the substrate was passivated and no peak at 103 eV was present, trace amounts of silicon
oxide might be present. A spectroscopic study on aromatic SAMs on Si(111) found that the
trace oxidation detected by XPS originated from oxidation of the silicon surface during the
SAM growth and not from contamination or oxidation of the sample as it was loaded to the
UHV XPS chamber*”). Complete inhibition of the oxidation of the silicon substrate was not
achievable due to the 50% molecular packing of the aromatic SAMs that has been reported
in several literature*)#7-33), This amount of coverage for aromatic SAMs is considered

densely packed.
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Table I. Water contact angle (WCA), ellipsometric thickness and XPS atomic
concentration of formed SAMs
Sample WCA (°) | Ellipsometric | XPS Atomic Concentration Precursor
thickness Cls(%) |O1s(%) |Si2p (%) | molecule
(nm) length (A)
H-Si 855+1.8 | 1.49+£0.1 54%0.8 32+£03 |914£1.1 |-
HD SAM 106.0+1.8 | 2.53 £0.24 335+24 [63+£1.2 [602£3.0 |20.59
Si-C bonded SAM
Styrene SAM | 854+ 0.8 |2.05+0.02 208+13 [3.6%£13 |755+£03 |7.29
4P1B SAM 84.7+0.7 |2.10£0.18 239+1.0 [|5.0+1.2 |71.1+2.1 |9.46
Si-O bonded SAM
BA SAM 82.0+£0.6 | 1.92+0.11 17.5+2.1 |50£2.1 |77.5£2.7 |7.17
3P1P SAM 82.5+2.1 | 1.99+£0.04 183+04 | 7.5£0.5 [742+£09 |9.20
Cis O 1s Si2p
= 3 : :
< 3 > >
- 2 2
— 3P1P
— BA
= El El
< 9 & 8
N 2 = 2z
L? gif -% W/\%M .% Vj\\
»n = S <
— 4P1B
—— Styrene
200 288 286 284 282 280 540 538 536 534 532 530 528 104 102 100 98 9
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
Fig. 4. XPS spectra of the Si-O and Si-C bonded SAMs obtained from each precursor.
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disordered ordered highly-ordered
(very loosely packed) (loosely packed) (densely packed)

Fig. 5. Possible packing arrangements of molecules in SAMs

HD

2.53

4P1B
styrene

3P1P
BA 2.10

Ellipsometric
thickness (nm)

Molecular length
of precursor from
MOPAC (nm)

0.72 0.92 0.73 0.95 2.06

Fig. 6. Ellipsometric thickness of SAMs with MOPAC molecular length of precursors

The thickness of the SAMs was measured using ellipsometry. It should be noted that
thickness measurements using ellipsometry often come with uncertainties due to the
unknown refractive index of the SAM. However it provides a good basis for comparison
between samples. The ellipsometric measurements showed that HD SAM had a thickness of
2.53 nm. The thicknesses of the aromatic SAMs were lower — about 2.05-2.10 nm for the Si-
C bonded SAMs, and 1.92-1.99 nm for the Si-O bonded SAMs. This is expected since the
precursor molecule for HD SAM has a long hydrocarbon chain that form straight up from
the surface as opposed to that of the aromatic SAMs which consists of a benzene ring and a
short methyl chain (about 1-2 units long). The increased thickness of the samples from H-Si
suggests that the SAMs were successfully grafted to the substrate. The ellipsometry results
showed that the Si-C bonded SAMs were slightly thicker than the Si-O bonded SAMs. This
is in agreement with the estimated molecular length of our precursor molecules from our
MOPAC semi-empirical computations (Table I). Additionally, the reported bond length of
Si-C (1.90 A) is slightly longer than that of Si-O (1.64 A)®®). The computed molecular length
and reported bond lengths of Si-C and Si-O are in agreement with our ellipsometry
measurements where Si-C SAM was slightly thicker than Si-O SAM. However the

difference in the estimated molecular length between the Si-C and Si-O precursors with the

10
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same amount of methylene spacer (styrene/BA and 4P1B/3P1P) is very small and the
ellipsometry measurements gave a more noticeable difference (Fig. 6). Combined with the
lower WCA of the Si-O SAMs, these results might suggest that the molecules for Si-O SAMs
were slightly more tilted than the Si-C SAM, possibly due to lower molecular density.
Previous studies on Si-C bonded alkyl-phenyl molecules suggested that the more tilted
molecules resulted in a lower WCA*)-3) The more vertically-oriented molecules displayed
greater hydrophobicity due to the increased exposure of the C-H bonds, as opposed to the
tilted molecules that had the phenyl ring more inclined. It is possible that the Si-O SAMs
experienced more tilting compared to the Si-C SAMs due to the difference in their packing

densities, as shown in our diagram in Fig 6.

The topography of the SAMs was observed using AM-AFM. Figure 7 shows AFM images
of the SAMs surface. Clear terraces and atomic steps were observed for all samples. The
step height for all samples were measured to be around 0.3 nm, which is in agreement with
the theoretical 0.31 nm value of monoatomic steps on Si (111) surfaces®. This suggests that

all SAMs formed uniformly on the H-Si substrate.

-400 200 0 200 400 0.2 um
pm

Fig. 7. AFM images of the terrace step structure of (a) styrene SAM, (b) 4P1B SAM, (c)
BA SAM and (d) 3P1P SAM

From the XPS, AFM, WCA and ellipsometry results, it can be concluded that these

aromatic molecules formed highly-ordered monolayers on n-Si(111) despite the short alkyl

11
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chain length and the bulky phenyl group. Although short-chained monolayers have been
found to form disordered SAMs, in our study the SAMs exhibited high-order even with the

short chains, which can be attributed to the m—r stacking of the aromatic rings>®.

Individual characterization of all the SAMs in this study showed that they were formed
uniformly with minimal oxidation of the silicon substrate. This is crucial since even slight
oxidation of the underlying silicon substrate can heavily affect the KPFM measurements>>)
as well as conduction through the monolayer*”®3. As such, it is possible to proceed with

KPFM analysis and CAFM using the SAMs formed above.

Surface Potential Measurements

From here we will discuss the results on the micro-patterned SAMs. The surface potential
of aromatic SAMs was measured against HD SAM using KPFM analysis. Figure 8 shows
the topography and surface potential images of the samples and the results are summarized
in Table II. The topography and surface potential values reported here are the average of
several samples with their statistical errors. For the topography measurements, the higher
regions (brighter) correspond to the reference HD SAM while the lower regions (darker)
correspond to the aromatic SAMs. Ellipsometry measurements in Table I have shown that
all the aromatic SAMs had a lower thickness than the reference HD SAM, which was
confirmed in our KPFM/AFM results. Additionally, the aromatic SAMs which were grafted
after the VUV photolithography and etching were attached to regions of the substrate which
had been lowered due to etching (Fig. 1f). Thus, the reference HD SAM has a higher
topography than any of the aromatic SAMs used in this study. Our previous experiments
have shown that the VUV photolithography process and the etching lowers the topography

of the irradiated silicon substrate by about 1.38 nm>>.

12
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Fig. 8. Simultaneously obtained (a-d) surface potential and (e-h) AFM height images of
the micropatterned samples, corresponding to (a,e) styrene SAM, (b,f) 4P1B SAM, (c,g)
BA SAM, and (d,h) 3P1P SAM. We used HD SAM as a reference for all samples.

Our previous research has also shown that after the micropatterning process, the surface
potential of the newly-deposited HD SAM was lower than that of the reference HD SAM by
15.3 mV>Y. This is most likely due to the damage that occurs on the reference HD region
during the etching process. Figure 9 shows the topographic images obtained on the newly-
deposited aromatic SAM region and the reference HD SAM region. The HD SAM region
sustained some damage due to the etching process, which is seen as etch pits. This resulted
in an increase in the surface potential of the reference HD region due to oxidation in the area
and/or the slight degradation of the SAM. However, this increase was reproducible and

consistent during our experiments and the data is still reliable.

13
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-400-200 0 200 400

pm

0.2 um

Fig. 9. AFM images of aromatic SAMs (a-d) and reference HD SAM (e-h) regions of the
micropatterned surfaces, corresponding to (a,e) HD-styrene, (b,f) HD-4P1B, (c,g) HD-BA,
and (d,h) HD-3P1P. The corresponding HD SAM reference regions (e-h) exhibit damage in

the form of etch pits.

Table II. Surface potential and topography contrast of micropatterned SAMs

Surface potential contrast (mV) | Topography contrast (nm)

HD-HD -153+£1.8 -1.38 £0.09

Si-C bonded
HD-Styrene 452 +£7.1 -1.95+0.10
HD-4P1B -30.3+1.0 -1.91 £0.07

Si-O bonded
HD-BA -52.5+6.6 -2.18£0.30
HD-3P1P -475+33 -2.12£0.25

14
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204

-30 ——

40

-50- +
0

Styrene  4P1B BA 3P1P
Fig. 10. Surface potential contrasts of the SAM with respect to reference HD SAM

Surface Potential Contrast (mV)

In the KPFM measurement, the surface potential difference was measured to be -
45.2 mV, -30.3 mV, -52.5 mV and -47.5 mV for styrene SAM, 4P1B SAM, BA SAM and
3P1P SAM respectively (Fig. 10). Taking the damage exhibited on the reference HD SAM
into consideration, this tells us that the actual contrast from HD SAM was -29.9 mV, -15.0
mV, -37.2 mV and -32.2 mV for styrene SAM, 4P1B SAM, BA SAM and 3P1P SAM
respectively. The surface potential of a SAM is affected by the dipole moment of the
molecules grafted on the surface, the molecular packing and the dielectric constant of the
SAM. The surface potential difference between a tip and a SAM is given by Eq. (1), where
the terms ¢g; and ¢y, correspond to the work functions of the silicon substrate and the tip,
and e is the electric charge!'®967), In the second term, u is the net dipole perpendicular
to the surface, A is the area occupied by the molecule, € is the permittivity of free space
and €g4y 1s the relative permittivity or dielectric constant of the SAM. Since the two SAMs
are deposited on the same silicon substrate, the difference in surface potentials can be
obtained using Eq. (2) where Vsam and Vsamp) are the surface potentials of the aromatic

SAM and reference HD SAM respectively.

_ ¢Si—e¢tip T 1)

V. =
AM
= A€g€sam

HUsam _ HUSAM(HD) ( 2)
ASAME0€ESAM  ASAM(HD)E0ESAM(HD)

Voam — VSAM(HD) =

In the Eq. 1, u represents the net dipole moment of the SAM that is normal to the
substrate®”). In previous studies where molecules were attached to the substrate via the same
bond, researchers used simplified molecule computations to obtain p, without considering

the interfacial dipole moment!”31-67_ This is because the interfacial dipole moment was
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assumed to be constant for all SAMs due to the identical binding group, and thus any
difference in surface potential would be a result of the remaining part of the molecule.
However, in our study it is clear that the effect of the different binding groups played a
significant role. The dipole moment of the aromatic SAMs was computed using MOPAC
semi-empirical computations (Fig. 11-12). In Fig. 11, the dipole moments of only the
precursor molecules were considered, while in Fig. 12 the molecules are grafted to a silicon
atom, as they would be once the SAM has attached to the substrate. It should be noted that
these are semi-empirical computations using only one silicon atom instead of a silicon slab
consisting of several layers, which is usually used in papers doing computational
analysis'®9*94) However, they would provide a general estimate of the dipole moments for
comparison with each other. It is clear that the binding of the molecules to the substrate result
in some charge rearrangement in the molecular backbone which alter its dipole moment. The
nature of the bond is thus quite significant in the final dipole moment of the SAM when it is
grafted to the substrate. The dipole computations including the attachment to a silicon atom
agree qualitatively with the results of our KPFM measurements under the assumption that

the precursors were perpendicularly bound to the Si substrate.

Styrene 4P1B BA 3P1P HD

* prs

0.085D 0.179D 1.691 D 1.696 D 0.543 D

@ Carbon @ Oxygen

Fig. 11. Dipole moments of precursor molecules computed via MOPAC. Arrowhead points

to the negative end of the dipole.

The dipole moments of all the SAMs have the positive pole pointing away from the
surface after grafting, as shown in Fig. 12. This direction increases the potential at the surface
and decreases the electron affinity and work function. This can be imagined as an electron

from the conduction band of the surface being accelerated by the dipole to the local vacuum,
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making it easier for the electron to break free*®. On the other hand, a dipole of the opposite
direction will decrease the surface potential, while increasing the electron affinity and work
function, due to the additional barrier to the electron to escape from the surface. Binding an
alkyl chain to silicon has been found to result in an interface dipole with a positive pole at
the silicon side and a negative pole on the carbon side, due to the higher electronegativity of
carbon®®. In the case of Si-O bonded SAM, there electronegativity difference between the

oxygen and Si is increased, resulting in a greater interface dipole.

Styrene 4P1B BA 3P1P HD
1 e
{ "
1.568 D 1.615D 1.396 D 1.548 D 2.538D
@ Carbon @ Oxygen

Fig. 12. Dipole moments of molecules on Si computed via MOPAC. Arrowhead points

to the negative end of the dipole.

In all the measurements, the aromatic SAMs had a lower surface potential than the
reference HD SAM. MOPAC computations show that the dipole moments of the aromatic
SAMs were lower than the HD molecule (Fig. 12). This is in agreement with our KPFM
results. Aromatic SAMs also typically have a greater dielectric constant compared to alkyl
SAMs, which would lead a lower surface potential®®. Si-O bonded SAMs have a lower
surface potential than the Si-C SAMs due to the smaller dipole moments. Additionally, under
the assumption that the molecules are slightly more tilted as suggested by the WCA and
ellipsometry results, the dipole moment would be reduced even more since only the
component normal to the surface will be considered. Assuming that Si-O bonded SAMs have
a lower packing density compared to Si-C bonded SAMs, this would also result in a larger

Asam, which further lowers the surface potential, consistent with Eq. 1.
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Conductivity Measurements

One difference when using aromatic SAMs as opposed to aliphatic SAMs is that the
conjugation in the phenyl rings provides some degree of conductivity. Several studies have
reported the good electrical conductivity of aromatic SAMs*7-33-3 thus we observed the
conductive properties of our SAMs via CAFM. Figure 13 shows the resulting scans and
Table I1I summarizes the results. The CAFM measurements show variations in the scan thus
histogram plots rather than line profiles were used to measure the average difference between
the aromatic and reference HD regions. Figure 13 shows that the HD SAM regions have
very little current passing through it. Due to the short lengths and partial conjugation of the
molecules, the aromatic SAMs exhibited much higher current in the CAFM scan. The current
passing through the aromatic SAMs ranged from about 9 nA to 64 nA, with the Si-O bonded
SAMs exhibiting higher current than Si-C bonded SAMs. The accompanying topographic
images during CAFM measurements showed slightly greater topographic contrasts between
the aromatic and reference HD SAM compared to that obtained during KPFM measurements.
However, the trend is consistent with those obtained via KPFM, as shown in Fig. 14. Note
that aromatic SAMs are attached to regions of the substrate which have been lowered by

about 1.38 nm due to VUV photolithography and etching (Table II, Fig. 1f).

The larger current passing through the aromatic SAMs can be attributed to the conjugation
in the phenyl headgroup. A conjugated system has overlapping m orbitals with delocalized
electrons. This increases conductivity of the molecule because the electrons can move
around. Aromatic monolayers are known to have superior electrical conductance compared
to aliphatic ones®”. For short conjugated molecules, the conduction mechanism is believed
to be off-resonance tunnelling’?. Studies on conjugated molecules have found that charge
transport in these systems can occur over a greater distance compared to alkanes. On the
other hand, a previous study found that the dominant mechanism of charge transport for
alkanethiol SAMs on Au is through-bond tunelling’!, where current flows along the
backbone of the molecule through the overlapping sigma bonds. An alternative possibility is
chain-to-chain tunneling or through-space tunneling where charges are able to hop between
adjacent hydrocarbon chains. For alkanethiol SAMs, it was found that conductance
decreases exponentially as molecule length increases’®"?. Tunnelling rate decreases rapidly
with distance thus the conductance of longer alkane chains is very low. This would explain

why the HD SAM regions displayed almost no current in our CAFM scans. This would also
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explain why 4P1B and 3P1P SAMs have a lower conductivity compared to styrene SAM
and BA SAM. Increasing the alkyl chain length increases the tunneling distance, which

would result in the decrease of the tunneling current.

One possible explanation why Si-O bonded SAMs exhibited greater currents than the Si-
C bonded SAMs is due to the thinner layer of the Si-O SAMs compared to the Si-C SAMs.
This allows electrons to pass through with more ease, resulting to a higher current*”. Also,
in a previous study on the transport properties of Si-C and Si-O bonds on alkyl/alkyloxy
SAMs on Si (100), Si-O bonded SAMs experienced less length-related damping of the
current passing through the monolayers®®. The Si-O bonded SAMs were also found to have
a lower electron effective mass than Si-C bonded ones. Generally, the mobility of free
carriers in a material and conductivity are inversely proportional to the carrier effective
mass’?, which might explain why our Si-O SAMs exhibited higher currents. However,
further studies will be needed to confirm if this relationship is also applicable to aromatic
SAMs on n-Si(111). Nevertheless, it is clear that the difference in the interface dipole of the

Si-C and Si-O SAMs affected the current transport through the aromatic monolayers.

Table III. CAFM and topography contrast of micropatterned SAMs

Current (nA) | Topography Contrast (nm)
Si-C Bonded
HD — Styrene 52.3 -2.03+0.11
HD -4P1B 8.9 -1.98 £ 0.07
Si-O Bonded
HD - BA 63.5 -2.21£0.26
HD - 3P1P 17.7 -2.14+ 1.88
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20 um
Fig. 13. Simultaneously obtained (a-d) CAFM and (e-h) AFM height images of the
micropatterned samples, corresponding to (a,e) styrene SAM, (b,f) 4P1B SAM, (c,g) BA
SAM, and (d,h) 3P1P SAM. We used HD SAM as a reference at all samples.

-2.18 nm -2.12 nm -1.95 nm -1.91 nm
-2.21 nm -2.14 nm -22.03nm | -1.98 nm
>
/N
[ — ~
IL38nm
Q B
BA 3P1P styrene 4P1B HD

Fig. 14. Topography contrast between aromatic SAMs and reference HD SAMs obtained
from KPFM (red) and CAFM (blue) measurements

4. Conclusions

Our individual characterization of the aromatic SAMs shows that they were
organized and densely packed despite the short length of the molecules, possibly due to the
n- 7 stacking of the phenyl rings. XPS results show that the underlying silicon substrate is
passivated from oxidation, while WCA and ellipsometry results suggest that Si-O bonded
SAMs are tilted more than Si-C bonded SAMs. Estimated dipole moments obtained via

20
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MOPAC show that the molecules experience charge rearrangement upon grafting to the
silicon substrate, causing a difference in the intrinsic dipole moment of the precursor
molecule and the molecule once it has been grafted to silicon. KPFM measurements found
that Si-C bonded SAMs have a higher surface potential than the Si-O bonded SAMs, which
agrees with our estimated dipole moments. CAFM results show that the aromatic regions
exhibited conductive properties, with Si-O bonded SAMs allowing greater current to pass
through compared to Si-C bonded SAMs. Our results suggest that the Si-C and Si-O binding
of the SAMs resulted in differences in their molecular packing, net dipole moments, surface
potential, and conductivity. Further studies on the band alignment at interfaces and the
electronic transport behavior of these SAMs can give us a clearer understanding of how the
interface dipole can affect the surface potential/work function and conductivity of these

materials.
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Figure Captions

Fig. 1. Schematic illustrations for forming the micropatterned SAMs using VUV

photolithography

Fig. 2. Schematic illustration of photomask used during VUV irradiation

Fig. 3. Diagram of the molecules grafted on Si substrate via Si-C and Si-O bonds

Fig. 4. XPS spectra of the Si-O and Si-C bonded SAMs obtained from each precursor.

Fig. 5. Possible packing arrangements of molecules in SAMs

Fig. 6. Ellipsometric thickness of SAMs with MOPAC molecular length of precursors

Fig. 7. AFM images of the terrace step structure of (a) styrene SAM, (b) 4P1B SAM, (c)

BA SAM and (d) 3P1P SAM

Fig. 8. Simultaneously obtained (a-d) surface potential and (e-h) AFM height images of the
micropatterned samples, corresponding to (a,e) styrene SAM, (b,f) 4P1B SAM, (c,g) BA

SAM, and (d,h) 3P1P SAM. We used HD SAM as a reference for all samples.

Fig. 9. AFM images of aromatic SAMs (a-d) and reference HD SAM (e-h) regions of the
micropatterned surfaces, corresponding to (a,e) HD-styrene, (b,f) HD-4P1B, (c,g) HD-BA,
and (d,h) HD-3P1P. The corresponding HD SAM reference regions (e-h) exhibit damage in

the form of etch pits.
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Fig. 10. Surface potential contrasts of the SAM with respect to reference HD SAM

Fig. 11. Dipole moments of precursor molecules computed via MOPAC. Arrowhead points

to the negative end of the dipole.

Fig. 12. Dipole moments of molecules on Si computed via MOPAC. Arrowhead points to

the negative end of the dipole.

Fig. 13. Simultaneously obtained (a-d) CAFM and (e-h) AFM height images of the

micropatterned samples, corresponding to (a,e) styrene SAM, (b,f) 4P1B SAM, (c,g) BA

SAM, and (d,h) 3P1P SAM. We used HD SAM as a reference at all samples.

Fig. 14. Topography contrast between aromatic SAMs and reference HD SAMs obtained

from KPFM (red) and CAFM (blue) measurements
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