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Abstract

The feasibility of modulating the electrical properties of metal-semiconductor (MS)
junctions was examined via the preparation of self-assembled monolayers (SAMs) at the
interface. In this thesis, metal-monolayer-semiconductor junctions were prepared using a
hanging mercury (Hg) drop electrode in contact with an oxide-free silicon substrate (H-
Si=), where the mercury drop was subsequently modified with alkanethiolate SAMs. It
has been demonstrated that the electrical properties of an Hg-S-C18|H-Si= junction can
be tuned from rectifying to ohmic or vice versa by manual manipulation of the size and
shape of the Hg drop. Evaluation of the rectification ratio (R), ideality factor () and
barrier height (q¢err) enables the determination of the threshold value of the surface area
change of the mercury contact. In addition, the effect of variation of the alkyl chain length
of the alkanethiolate SAMs on the Hg electrode was studied. Both g¢er and R were
found to depend on the alkyl chain length and changed gradually upon aging. This
augment the potential for molecularly tuning the electrical properties of classical MS

junctions without complicated materials assembly or device fabrication.

Keywords: Mercury, Self-assembled monolayer (SAM), Hydrogen-terminated silicon,
Ohmic, Rectifying
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1. Introduction

The rapid development of large-scale integrated circuits has made modern
electronic devices easier to build and to modify. The effect of scaling-down the
dimensions of a semiconductor device has attracted tremendous attention from all over
the world, as it eventually will result in more portable and lighter devices. Substantial
efforts have been made on developing new fabrication methods or materials required to
construct newer and smaller electronic devices. Nanoscience approach is one of the
most popular choices, e.g., using carbon nanotubes (CNTs) and nanowires (NWs) for
electronic devices.!® These 1D structures can be used as building blocks for
nanodevices, and attaching electric contacts (such as metal) to an individual nano-

device is a first step towards integration.

Nowadays, scientists are also examing 2D nanostructures such as monolayers,
particularly their effects on metal-semiconductor (MS) junctions. Here, metals serve as a
necessary component to connect the semiconductors to the “outside world”. They may
work as interconnects and provide the pathways to pass electrical signals to and from a
device. Under proper conditions, they are also able to produce rectifying junctions that
can be used to control the response of semiconductors by allowing current flow in only
one direction, or ohmic contacts that allow electrons or holes to enter and leave the
semiconductors with little resistivity. MS junctions have long been used in integrated
circuits such as gate electrodes in typical metal semiconductor field effect transistors.*
The electrical properties of a MS junction can be tuned by assembling organic
monolayers on semiconductor surfaces.® These monolayers are certainly an appealing
system for us to study as they may help us to achieve the goal of constructing
molecular electronics (i.e., to use individual molecules as component elements in an
integrated circuit).® However, the development of practical molecular electronic devices
for the market is still in its infancy, with many fundamental questions remaining. The
electrical properties of such metal-monolayer-semiconductor junctions, particularly the

charge transport mechanism across the interface, are of practical importance. The aim

1



of this thesis is to investigate the effect of different monolayers embedded in metal-

monolayer-semiconductor junctions on the observed electrical properties.

1.1. Metal-Semiconductor (MS) Junctions

1.1.1. History and Applications

The MS junction is also known as Schottky diode after Walter Schottky (1886-
1976), a renowned German physicist. In fact, MS junctions were first reported by Karl
Ferdinand Braun in 1874,” who studied the electrical properties of metallic contacts on
copper, iron or lead sulfide crystals and found that the total resistance of the device
varied with the direction of the applied voltage and surface conditions. By sharpening a
metallic wire in contact with an exposed semiconductor, the rectifying behaviour could
be enhanced, resulting in the point-contact diode. Point-contact diodes were used as
radio wave detectors,® frequency converters and low-level microwave detectors in the
early days of wireless technology.® Numerous experimental and theoretical studies of
MS contacts have been carried out since the early 20" century, driven by the above

mentioned applications.*®

1.1.2.  Electrical Properties of MS Junctions

Our understanding of the rectifying behavior of MS junctions was based on the
contributions of Schottky who postulated a potential barrier at the metal-semiconductor
interface.! The mechanism of barrier formation and models of calculating the barrier
height were explained by Schottky'? and Mott®® in their subsequent seminal work. Here |
will only give a brief introduction to the electrical properties of MS junctions.

The electrical properties of MS junctions depend on the type of metal and
semiconductor incorporated. As silicon is one of the most frequently used semiconductor
materials in electronic devices, it is chosen as the example to show how the potential
barrier is formed at a MS interface. This potential barrier is responsible for controlling the
direction of the current conduction as a result of work function differences between the
metal and the semiconductor. The work function (¢) is defined as the energy required to

remove an electron from the Fermi level (Ef) to vacuum. It is the minimum energy



required to remove an electron from the surface of material. The Fermi energy level is
defined as the highest energy state at which electrons are occupied at 0 K, where all
states below Er are filled with electrons and all states above Er are empty. If the
temperature is above absolute zero, electrons can be excited by the thermal motions of
the atoms and jump to higher energy levels, resulting in a change in the distribution of
electrons among the available energy states. This can be calculated by the Fermi-Dirac

distribution function (fr(E)):141°

1
F)=————
fF( ) 1 n exp(E;fF)

(1.1)

The function fe(E) takes into account the effects of the particles being
indistinguishable (i.e. they are identical) and the Pauli exclusion principle (no two
electrons may occupy the same quantum state). It gives the probability that a quantum
state at the energy E will be occupied by an electron. Under this condition, Eris the
probability of 0.5 of a state being occupied. In a metal, Er is in an allowed half-filled
highest occupied band in which there are many electrons available for conduction,
leading to a high conductivity. In an intrinsic semiconductor, Eris located at half of the
band gap of the semiconductor and for an n-type semiconductor, Ef is closer to the
conduction band than to the valence band. The conduction band (E;) is the energy level
in which electrons are mobile and thereby carry an electric current. The valence band
(Ev) is usually located below the E. of a semiconductor, which is the range of energy
states that filled with electrons at absolute zero temperature. The electron affinity of a
semiconductor (qxs) is the energy difference between the bottom of the conduction band
and the vacuum level. In Figure 1.1, the metal’s work function (géwm) is assumed to be
larger than the semiconductor’s work function (q¢s). Therefore, before contact (Figure
1.1 (a)), the Fermi level in the semiconductor is above that in the metal. When the metal
and the semiconductor are brought into contact with each other, their Fermi levels need
to align themselves through the systems in thermal equilibrium. Electrons will flow from
the conduction band of the semiconductor into the lower energy states in the metal,
leaving some region (named as depletion region) in the semiconductor positively

charged. The formation of the depletion region will lead to the bending of the



semiconductor bands, resulting in a barrier (q¢sn) seen by electrons in the metal trying to

move into the semiconductor.

(@) Eyp P
qq)s qXS
ady E.
—————————————— EF
EF=v
EV
Metal Semiconductor
(b) EVaC ..................
q¢Bn quI
H EC
S T O o P
Depletion: Ev
| region “:
Metal Semiconductor

Figure 1.1 Energy-band diagram of a metal and semiconductor (a) before contact
and (b) after contact. Eris the Fermi level and Ec and Ey are the
conduction band and the valence band of the semiconductor. qém, qos,
dys and qé¢n are the metal work function, the semiconductor work
function, the electron affinity of the semiconductor and the energy
difference between Ec and Ef, respectively.



For ideal Schottky junctions, the barrier height qoen is the energy difference
between the metal work function and the semiconductor’s electron affinity if the image-
lowering effect and surface states are not considered. The barrier q¢en is also known as
the Schottky barrier:

45, = 40y, — aXs (1.2)

where q is the elementary charge. Vy,i is the built-in potential barrier on the
semiconductor side which is seen by electrons moving from the conduction band of the

semiconductor into the metal:

qVpi = q0y, — 4P (1.3)

If a positive voltage is applied to the metal with respect to the semiconductor,
which is the forward bias condition, electrons will transfer more easily from the
semiconductor into the metal as the barrier on the semiconductor side is reduced by the
applied voltage (Vi) (Figure 1.2 (a)). On the other hand, for a reverse bias condition a
positive voltage is applied to the semiconductor and the Schottky barrier q¢sn will not be
influenced by the reverse bias (Vr). Therefore, electrons moving from the metal to the
semiconductor will overcome the same barrier height as the metal-semiconductor after
contact (Figure 1.2 (b)).



Metal Semiconductor

Figure 1.2 Energy-band diagram of a MS junction under (a) forward bias and (b)
reverse bias. Ve is the magnitude of the forward bias while Vr is the
magnitude of the reverse bias.

The current transport mechanism for a MS rectifying junction is due mainly to the
flow of majority carrier electrons over the potential barrier which can be explained by the
thermionic emission theory. If we assume that the barrier height is much larger than kT
and thermal equilibrium is not affected, the total current density (J) given by the

thermionic theory is as follows:

] =Jsom —Juss (1.4)



where Js_w is the current density from semiconductor to metal for the concentration of
electrons with energies sufficiently high to jump over the barrier while Jy_.sis for

electrons moving from the metal into the semiconductor. Js_.» can be written as

R —q%pn (ﬂ)
]S—)M _A T eXp( kT eXp kT (1.5)

where A* is the Richardson constant of the thermionic emission theory, V is the applied
voltage, k and T are Boltzmann’s constant (1.38x10%* m?kgs2k') and absolute
temperature. For ideal Schottky junctions, the barrier height q¢en is the energy difference
between the metal work function and the semiconductor’s electron affinity if the image-

lowering effect is not considered.

Since the barrier height for electrons moving from metal into semiconductor
remains the same under both forward bias and reverse bias, the current transport in the
junction will not be affected by the applied voltage. It is equal to the current at the

condition of thermal equilibrium, i.e., V = 0,141

Juos = —A'T?exp <%(I7)~Bn> (1.6)

Then, J is given by

/= [A*Tzexp (%)] [exe (i) 1] (L.7)

1.2. Self-Assembled Monolayers (SAMSs)

The properties of a solid surface may be conveniently modified with self-
assembled monolayers (SAMs). These SAMs are formed spontaneously upon

immersion of a solid substrate into a dilute solution of molecules which have high affinity



toward the surface.'® Early work included the use of alkyl trichlorosilanes which is
moisture-sensitive on hydrophilic glass. This was followed by applying alkanethiols on
crystalline gold surfaces. The organization and properties of these SAMs have been
investigated by means of spectroscopy, microscopy, electrochemistry and many other
surface techniques.'’*®* SAMs are well used in nanoscience and technology because
they have a number of special properties. They are a particular form of nanoscale
organic films because the thickness of SAMs is usually 1-3 nm. They can be fabricated
into nanoscale dimension patterns via soft lithography,? or by microcontact printing
(uCP).2

functional group

- tail

head group —

substrate

Figure 1.3 Idealized representation of a self-assembled monolayer (SAM) on a
solid substrate.

SAM-forming molecules usually have (i) one head group that has a high affinity
to the substrate, (ii) alkyl chains or aromatic rings that play a crucial role in the ordering
or packing of the monolayer on the substrate, and (iii) a functional group which
introduces another possibility for interacting with the environment (Figure 1.3).The head
group initiates the most important exothermic process by chemisorption to the substrate
surface. This results in its apparent pinning to a specific site on the surface through a
chemical bond. As a result of the exothermic head group-substrate interactions,
molecules try to occupy all available binding sites on the surface, and in this process
they push together molecules that have already adsorbed. These adsorbates organize
into ordered and closely packed crystalline (or semicrystalline) structures. Short-range
Van der Waals forces (in case of simple alkyl chains) or long-range electrostatic
interactions (in case of a polar bulky group) are the main forces that bring molecules

together.



Among different kinds of SAMs, alkanethiolate monolayers on gold have been
studied most thoroughly. Alkanethiols (CnSH) have a strong affinity to Au surfaces?? and
chemisorb spontaneously on a gold surface. The energy associated with this
chemisorption is in the order of hundreds of kJ/mol (~128 kJ/mol?%). SAMs of
alkanethiols with n > 11 on gold surfaces form well-ordered, close-packed monolayers.?
26 The most widely used process for preparing SAMS on gold is immersion of a gold
substrate in a freshly prepared dilute (1-10 mM) ethanol solution of thiols for about 12-18
h at room temperature.?’ The formation of alkanethiolates on gold is a relatively fast
process (milliseconds to minutes). These adsorbates will undergo a slow reorganization
process which takes a few hours in order to generate a high density of molecules on the
surface and reduce the defects in the SAM.?”28 In practice, the acquisition of low-defect
density SAMs is quite important because their desired functional behaviors such as
wettability, corrosion and charge-transfer processes are heavily influenced by the
defects. Therefore, the experimental factors (immersion time, concentration of adsorbate,
solvent and temperature) that can affect the structure need to be optimized. Ethanol is
the most commonly used solvent for preparing alkanethiolate SAMs on gold surfaces?’
as most alkanethiols are soluble in ethanol. In addition, it is available in high purity, with
low price and low toxicity. The kinetics of SAM formation can be improved by raising the
temperature. The chemisorption and reorganization of SAM happens in the first few
minutes of the formation, which depends on the temperature.?® The concentration of
thiols and immersion time are inversely related, i.e., high concentrations of thiols in

solution require short immersion time.*

Besides alkanethiols on gold, the self-assembly of organosilane molecules on
hydroxylated surfaces has also been well studied. An organosilane is a molecule
consisting of one Si atom connected with four functional groups, SiRnXa.n, where —R;, is
the organic functional group and —Xa.»is the head group. The head groups are
hydrolysable, (such as methoxy, ethoxy and chloride) and react with hydroxyl groups on
an oxide surface. The preparation of a monolayer of silanes on a surface needs a trace
amount of water. Halogen or alkoxy groups in an organosilane molecule are converted
to hydroxyl (—OH) groups by hydrolysis. The silanols (Si—OH) react with —OH groups on
the surface of an oxidized Si substrate, thereby immobilizing the molecules on the

surface through siloxane (Si—O-Si) bonds. Organic monolayers with low surface energy



on inorganic materials have been prepared by this surface modification chemistry,3!

which is known as silane-coupling.®?

1.21. SAMs on Hg

For solid-supported alkanethiolate SAMs, the strong interactions between thiols
and gold lead often to an order-induced epitaxiality by the crystalline structure of the
substrate. The strong chemisorption of the thiol head group makes these SAMs robust
which is a very desirable quality for the application of devices. However, it has been
found that alkanethiolate SAMs on solid surfaces have pinholes and other defects,*
which prevent applications that require complete blocking of charge transport. This is
because solid surfaces cannot be atomically flat over large areas. Therefore, mercury,
as a liquid metal, which has a homogeneous, reproducible atomically flat and defect-free
surface and electronic conductivity is an ideal surface for preparing pinhole-free SAMs.

Alkanethiols have strong affinity toward Hg, too. The packing of their SAMSs is
controlled by interactions between adsorbed molecules,3* rather than by the crystal
lattice surface.’® The Weaver group found monolayers formed from short-chain, cyclic
thiols on Hg are more impermeable than those formed on Au surfaces due to the fluidity
of the Hg surface.*® Clearly, defect-free films would be desirable for characterizing the
intrinsic properties of the films, and many other applications, like electron-transfer
studies, could also benefit. The first research to address the characterization of
extremely low defect-density long-chain alkanethiolate SAMs on Hg was done by
Harrison and co-workers.*® They measured the electrochemical impedance
spectroscopy (EIS) for both bare and hexadecanethiol (C16SH)-modified Hg drops in
electrolyte solutions free of electroactive species, and concluded that C16SH formed an
impermeable, pinhole-free layer on Hg.%® Images of octanethiol (C8SH) SAMs on Hg
drops were obtained by using scanning tunneling microscopy (STM).” The properties,
structure and the macroscopic phase transitions of these SAMs upon
compression/expansion of the Hg drop were examined by the Caldwell group.®® They
found that it is possible to control the packing of alkanethiols by changing the size of the
Hg drop, and the permeability of the SAMs was dependent on the alkanethiol chain
length.®® Later, the Majda group investigated the influence of the monolayer thickness

and found that alkanethiols with chain lengths from C9SH to C14SH are able to form
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densely packed, perpendicularly oriented monolayers on a hanging mercury electrode.3*
40 They proposed two pathways for electron tunneling caused by through-bond and
chain-to-chain coupling.3*#!* The White group investigated the oxidative adsorption of
alkanethiolates from a Hg surface in basic aqueous solutions by means of cyclic
voltammetry. They showed that a critical value of the alkyl chain length sets the limit for
the formation of densely packed monolayers, and that the formation of alkanethiolate
SAMs on Hg is energetically favorable and potential-dependent.*?> The Mandler group
found that an organized aggregation of alkanethiols leads to a condensed film after
adsorbing on the Hg surface; two states exist for alkanethiolate adsorption on Hg as
evidenced by their voltammetry and differential capacitance measurements.**** The
coverage-dependent phase behavior of these monolayers has been studied by Ocko
and Deutsch. They concluded that at low coverage, a surface-parallel monolayer was
formed, but at high coverage a monolayer of standing-up molecules was generated.*>46

The electrochemistry of alkanethiolate SAMs on Hg in aqueous solutions has
been intensively investigated. It is generally accepted that the adsorption of alkanethiols
on metallic Hg can be described by an oxidation process that is similar to the self-
assembly process on gold surfaces

aCnSH + Hg » Hg(SCn)g(qas) + aH* + ae” a=1or?2 (1.8)

The fast irreversible adsorption of thiols on Hg results in mercurous- or mercuric-thiolate
adducts.*"*® The final oxidation state of the mercury is still unclear. Recent
electrochemical studies and elemental analysis of the bulk synthesis products of
alkanethiols in agueous media*® and organic solvents® showed that the formation of
mercuric thiolates and alkanethiol self-assembly are associated with a transfer of one
electron per thiol. The Majda group revealed that the atomic ratio of Hg:S is 1:2

indicating that mercuric alkanethiolates are formed.*°

1.2.2. SAMs on Si

Organosilane molecules have been shown to readily self-assemble as

monolayers on different kinds of hydroxylated surfaces, like SiO» on Si substrates in the
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presence of a residue of water.>® However, the organosilane SAMs have a disadvantage
from the viewpoint of electronic applications. The formation of such SAMs requires the
presence of a thin 1-2 nm thick oxide layer which interferes the electrical properties of
the Si substrates. Besides, these monolayers are not uniform and not stable enough for
extensive chemical studies or effective isolation of the underlying substrate for electrical
measurements. Therefore, it is important to find a method to modify the oxide-free Si
surface by introducing a strong chemical bond. The formation of covalently bonded
organic monolayers on the hydrogen-terminated Si surface (H-Si=) is an effective way to
generate a passivation layer.>! Alkyl monolayers may be formed on silicon by UV
exposure,® thermal reaction,>® or Grignard reaction.> Furthermore, 1-alkynes are more
reactive than 1-alkenes on H-Si=.>® The surface coverage was measured to be
approximately 50%°% for alkyl monolayers and close to 65% for alkenyl monolayers.%®

The proposed mechanism for this type of reaction, using diacyl peroxides
([CH3(CH2)nCOO]2, n = 16 or 10) as example, is as follows: First, the diacyl peroxide
undergoes homolytic cleavage to form two alkoxy radicals ([RCOQO],— 2 RCOO-). This
is followed by the generation of alkyl radicals via decarboxylation (RCOO- — R- + COy).
Then a silicon radical is formed from H-Si= and an alkyl radical by hydrogen abstraction
by the alkyl radical (R- + H-Si — H-R + Si-). Finally an alkyl radical combines with silicon
to form the monolayer (R- + Si- — Si-R).

The mechanism of thermal reaction (Figure 1.4) is similar to the diacyl peroxide-
promoted reaction. The silicon radical is formed by extracting a hydrogen from the
silicon surface by heating it to a temperature above 150 °C. Then a terminal alkene or
alkyne reacts with the silicon radical to create a covalent bond, resulting in another
radical on the second carbon in the chain. This newly formed radical on a methylene
(CH) group can then subtract a hydrogen atom from an adjacent H-Si to continue the
reaction.®! It is also possible to form a monolayer on top of H-Si without UV exposure or
thermal heating at room temperature at a slow reaction rate.®’

R R R . R
Ol T DT R

— Si— Si—Si— ;. — Si—Si—Si— — Si—Si—Si— — Si—Si—Si— — Si —Si—Si—
H

Figure 1.4 Mechanism of terminal alkene reaction with H-Si= via radical initiation.
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1.3. Metal-Monolayer-Semiconductor Junctions

The incorporation of a monolayer of the MS junction creates a metal-monolayer-
semiconductor junction and provides the capability to modify its electrical characteristics
at the nanoscale.®® Typically, the formation of metal contacts on organic monolayers is a
destructive process, as high-energy metal atoms from most deposition techniques such
as thermal evaporation or sputtering will damage or even displace the organic
molecules.>® Furthermore, gold, as a metal contact, will react with remaining H-Si= at a
monolayer-silicon surface to form an Au-Si alloy. Therefore, mercury, as a liquid metal,
is chosen as the contact in MS junctions. Due to its high surface tension and low

reactivity, it will not “short” an MS junction by passing through the monolayer.5%-6

1.3.1. Hg | Monolayer-Si= (R-SiE) Junctions

The application of a mercury drop (Hg) as the top metal contact for preparing
metal-monolayer-semiconductor junctions has been explored previously to study a
diverse set of monolayers, particularly their effects on the electrical performance of the
modified junctions. By modification with an alkyl monolayer, we were able to tune a
Hg|H-Si= junction which behaved as a resistor to a Hg|monolayer-Si= junction which
behaved as a diode (Figure 1.5).%2

These monolayers were found to be robust and uniform, suitable for current-
voltage and capacitance-voltage measurements. Their stability suffers from a slow
oxidation process which also affected their electrical performance.®® Investigations of the
charge transport through such a metal-monolayer-semiconductor junction led to the
conclusion that chemical bonding was not an important factor for tunneling through alkyl

chains.50 64-65
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Figure 1.5 Schematic illustration of the electrical properties of a Hg|H-Si= junction
vs. a Hg|lmonolayer-Si= junction.

=- CnH2:~.+1
(n=6,8, 10, 12)

1.3.2. Hg-Monolayer|H-Si= Junctions

Alkanethiolate SAMs on Hg have been studied in solution via electrochemical
measurements as mentioned above. It is of practical importance to study Hg-
monolayer|H-Si= junctions because most electronic devices are used in the solid state.
Furthermore, these solid state measurements permit the investigation of electron
transport through the interfacial alkyl monolayers without the interference of solution
diffusion.®® This type of junction has not yet been studied extensively but several
researchers did examine Hg-SAM||SAM-metal junctions in the past. The Whitesides
group studied Hg-SAM||SAM-Hg junctions in basic aqueous solutions of Ru(NH3)sCls
which are redox centers that can transport charge between the electrodes.® They found
that the electrical characteristics of these junctions were initially determined by a redox-
cycling mechanism when the electrode separation was minimal, and changed to a
conduction mechanism dominated by the physical diffusion of Ru(NHz)e>*?* to the
electrode surface after repeated measurements, with a contribution of electron hopping
to charge transport.®® These authors also created and examined Hg-SAM||SAM-Ag

junctions, for which current rectification was observed.®!
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1.4. Objectives of This Thesis

Previous studies have shown that for monolayers covalently bonded to an oxide-
free silicon surface, direct thermal metal (usually gold) deposition typically causes a
disruption in the ordering of the monolayer. Therefore, a mercury drop (as a soft contact)
has been used to examine metal|monolayer|silicon junctions. Assembling an organic
monolayer on a Si substrate is the most commonly used method to tune the electrical
property of a MS junction. Little research has been done on assembling a monolayer on
the metal side. The objective of my research was to construct Hg-SAM|H-Si= junctions
and carry out solid-state electrical characterization of such junctions. This research can
be considered significant as electronic devices are typically solid-state, as opposed to

solution phase.

My project initially focused on using an octadecanethiolate (C18) SAM on Hg for
preparing Hg-S-C18|H-Si= junctions. Octadecanethiol was chosen because it has been
shown to form a densely packed monolayer on a Hg surface. Electrical measurements
were the key characterization method used to study the system: conventional current
density-voltage (J-V) properties were examined by manual manipulation of the size and
shape of the Hg drop. Electron transport properties across the molecular junctions were
studied, and the J-V curve was analyzed using the thermionic emission model.
Rectification ratios, ideality factors and barrier heights were calculated to better
understand the system. Subsequently, molecular junctions formed with SAMs of various
alkyl chain lengths on the Hg electrode were studied. The modification of silicon was not
limited to small molecules like alkanethiolates; larger molecules such as fullerenes (C60
was used here) can also be immobilized on the silicon, between the mercury and silicon
interface, to form nanostructures. These nanostructures could be studied by scanning
tunneling microscope (STM) after gold deposition. |, therefore, also initiated a project to
study the effect of these nanostructures on MS junctions, i.e., the preparation and

preliminary characterization of Hg|C60-Si junctions.
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2. Experimental Section

2.1. Materials and Reagents

1-decanethiol (C10SH, 96%), 1-undecanethiol (C11SH, 98%), 1-dodecanethiol
(C12SH, 98%), 1-tetradecanethiol (C14SH, 94%), 1-hexadecanethiol (C16SH, 97%), 1-
octadecanethiol (C18SH, 98%), propargylamine (HC=C-CH»-NH-,98%), fullerene (Ceo,
99.5%), hexaammineruthenium (I1l) chloride (Ru(NH3)sCls, 98%), tetrahydrofuran (THF),
trifluoroacetic acid (TFA), and dichloromethane were purchased from Sigma-Aldrich.
These chemicals were of ACS reagent grade and used without further purification.
Sulphuric acid (H2S04, 96%), hydrogen peroxide (H202, 30%), and ammonium fluoride
(NH4F, 40%) were complementary metal-oxide-semiconductor grade and purchased
from Anachemia Science. Decane (anhydrous, = 99%) was bought from Sigma-Aldrich
and distilled once in the presence of sodium to get rid of the impurities.

Mercury was washed with 1 M HNO3 and filtered through a folded filter paper
(with a small hole at the bottom). Silicon wafers (n-type Si (111), phosphorus-doped, 0.5-

5 Ohm-cm, single-sided polished) were purchased from Virginia semiconductor, Inc.

2.2. Sample Preparation

2.2.1. Preparation of Hydrogen-terminated Silicon (H-SiS)

SiO, RoRRORRHH

Si Si Si Si Si Si Si

—/ NH4F (40%, aq.) |||I |||I |||I |||I |||I |||I |||I
n-Si (111) 15 i - n-Si (111)

Figure 2.1 Schematic illustration of the preparation of H-Si=.
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Si (111) wafers were first cut into small pieces (1.0 cm x 2.5 cm) and cleaned by
sonication in ethanol (95%) for 10 min. The samples were then rinsed with deionized
water (18.3 MQ-cm) and submerged in a “piranha solution” at 90 °C for 30 min. Piranha
solution is a 3:1(v:v) solution of 96% H.SO, and 30% H.O.. Caution: “Piranha solution”
is highly reactive and should be handled with extreme care. This was followed by
thorough washing with deionized water. Finally, the silicon wafers were etched for 15
min with NH4F (40%) which was deoxygenated by Ar gas for 30 min to remove the
native oxide layer. The wafers were washed by a trace amount of water to obtain

hydrogen-terminated silicon (H-Si=).

2.2.2. Preparation of a Hg-SAM|H-Si= Junction

A Hg-SAM|H-Si junction was formed using a custom-built device as depicted in
Fig. 2.2. A 1.0 mL gas-tight syringe filled with mercury was fixed on a vertically movable
stage and positioned vertically. A small glass cell was placed below the syringe allowing
for immersion of the hanging mercury drop (extruded from the syringe) in a desired
alkanethiol solution or pure solvent. A self-assembled monolayer of alkanethiols on
mercury was formed by immersing the Hg drop in a ~5 mM solution of CH3(CH2)n.1SH (n
=10, 11, 12, 14, 16, 18) in ethanol (95%) for 10 min. Subsequently the Hg drop was
cleaned twice with ethanol (95%) and once with water and dried in air. The modified Hg
drop was then used to form Hg-S-Cn|H-Si= junctions, upon carefully lowering the
syringe. The syringe was lowered slowly to avoid any disturbance to the Hg drop. The
Hg drops with low quality SAMs, i.e. the formed junctions behaved as resistors or the
current density under reverse bias was almost at the same level of that under forward

bias, would be abandoned.
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Figure 2.2 Schematic view of the formation of a Hg-S-Cn|H-Si= junction.

2.2.3. Formation of a Hg|R-Si= Junction

A freshly prepared H-Si= wafer was put in a Schlenk tube containing a 500-mM
C12SH solution in decane and heated in a silicone oil bath at 150°C for 5 hours under Ar
atmosphere. The monolayer-modified Si was cleaned at room temperature with 2% TFA
in THF, by sonication in dichloromethane for 30 s and then dried by a stream of N..

Similar to the procedure shown above, a bare Hg drop was used to fabricate the

Hg|C12-S-Si= junctions.

X

9 ‘
i Si Si Si Si Si Si Si Si si Si Si
500 mM C12SH in decane [l [I Il |l
n-Si (111)

D~

T

i

i Si
Il

n-Si (111)

T
® -1
®-T
® -1
» -

® -1

» —

‘*" n-Si (111) ‘

5hat150 C’

Figure 2.3 Formation of a Hg|R-Si= junction. The monolayer-modified Si was
cleaned with 2% TFA in THF, sonication in dichloromethane for 30 s
and then dried by a stream of Na.
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2.3. Solid-State Electrical Measurements

Current density versus voltage (J-V) measurements were carried out using the
setup shown in Figure 2.4. The backside of the silicon wafer was scratched with a
diamond knife for depositing the InGa eutectic paste that was essential for establishing
an ohmic contact. Then the sample was placed on top of a copper block for making the
Hg-SAM|H-Si= (Figure 2.4 (a)) or Hg|R-Si= junctions (Figure 2.4 (b)). The
measurements were carried out in a Faraday cage. The junction contact area was
determined by using a digital video microscope (40x objective lens) upon forming the
junction. The microscope was calibrated with a standard circle which had a diameter of
1000450 um. Therefore, we estimated a £5% precision of the contact diameter
determination. An Autolab electrochemical analyzer (PGSTAT30, Eco Chemie BV, The
Netherlands) carried out the electrical measurements. The current-voltage (I-V) curves
were typically taken between — 1.0 V and + 1.0 V range. At forwards bias scans (V>0),

the Hg was positive with respect to the n-type silicon.

(@) (b)

-
®E

InGa
i m— -

E—— —— <—Cu block — <—Cu block

L L

=  Faraday Cage =  Faraday Cage

Figure 2.4 Schematic view of the apparatus used to measure current density
versus voltage properties: (a) a Hg-SAM|H-Si= junction; (b) a Hg|R-Si=
junction.
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2.4. Electrochemical Studies of SAMs on Hg

Electrochemical measurements were performed in a conventional three-
electrode glass cell. The working electrode was the mercury drop controlled by the gas-
tight syringe as mentioned above. After the Hg drop was modified with a C18SH SAM,
the syringe was transferred to the electrolyte solution. A platinum wire with a diameter of
0.025 mm was used as counter electrode and the distance from the working electrode
was kept as 1.5 cm. An Ag|AgCI|3 M NaCl electrode was used as reference electrode,
and the supporting electrolyte was 0.1 M KCI. 5.0 mM Ru(NHs)s** was added to the
electrolyte for the cyclic voltammetry measurements. These measurements were
performed with an Autolab electrochemical analyzer (PGSTAT30, Eco Chemie BV, The
Netherlands) in a Faraday cage. All data were collected at a scan rate of 50 mV/s at

room temperature.

~—(F)

A

(B)

Figure 2.5 Electrochemical setup with the SAM modified Hg drop as the working
electrode. (A) Ag|AgCl|3M NaCl reference electrode, (B) Hg drop
modified with an alkanethiolate SAM, (C) platinum counter electrode, (D)
tungsten wire connecting the Hg working electrode, (E) the gas-tight
syringe, and (F) a glass cell of approximately 40 mL volume, (P)
potentiostat.
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2.5. Formation of Fullerene Monolayers on Si Surface

'\llHZ NH2 NH2
CH2 CH2 CH2

CH H H

C60 decane solution

’T‘Hz NH NH, reflux 48 h with Ar sealed
cl:H2 |CH2 cl:H2
CH CH

CH
S|
CH EH iH

Figure 2.6 Immobilization of Ceo 0n hydrogen-terminated Si surface.

The H-Si= sample was immersed in 150 mM propargylamine (HC=C-CH2-NHy)
solution in decane with Ar sealed, and heated to 90 C for 4 h. The modified silicon wafer
was cleaned with dichloromethane and 2% TFA in THF and then dried with N». Then the
silicon wafer was transferred to 150 uM Ceo solution in decane and refluxed for 48 h at
100° C under Ar. The formation of Ceo involved the reaction of the amine group with C=C
bonds in Cs0.%” The same setup (Figure 2.4 (b)) was used to obtain preliminary results

for the electrical properties of Hg|fullerene-Si= junctions.
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3. Results and Discussion

3.1. Electrical Properties of Hg-S-C18|H-Si= Junctions

3.1.1. Volume Expansion of the Hg Contact

As mentioned in section 2, the octadecanethiolate (C18) SAM on Hg was
prepared first, then the Hg drop was brought into contact with the silicon substrate,
leading to the formation of Hg-S-C18|H-Si= junctions. The size of the Hg drop was
increased gradually via ejecting additional Hg from the syringe.

The current density versus voltage (J-V) plots of the Hg-S-C18|H-Si= junction
upon enlarging the volume of the mercury drop are shown in Figure 3.1(a). In
comparison with the symmetric J-V curve observed for an Hg|H-Si= junction which
behaves as a resistor (ohmic behavior),®? the as-prepared Hg-S-C18|H-Si= junction
shows the rectifying property of a diode, i.e., the current densities at forward bias are
much higher than the saturation current at the reversed bias. The junction remained as a
rectifying contact when increasing the size of the Hg drop initially, illustrated in Figure
3.1 (a) with green and blue lines. Further expansion of the mercury drop led to a
remarkable change of the J-V properties from rectifying to ohmic (red curve in Figure 3.1
(a)). It is evident that the electrical property changes of the molecular junctions are

directly affected by the “mechanical manipulation” of the mercury drop.
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Figure 3.1 (a) Representative current-density vs. voltage (J-V) plots of a Hg-S-
C18|H-Si= junction upon enlarging the Hg drop volume. (b) Rectification
ratio (R) vs. surface area ratio, and (c) barrier height q¢es (black circles)
and ideality factor n (red squares) vs. A/Ao.
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The surface area (A) of a mercury drop at each volume was calculated from its
shape. In Figure 3.2, we have shown the spherical shape of an as-prepared mercury

drop. The surface area Asph in this case can be calculated from equation 3.1,

o= () (2]

where d; and d> were determined from the optical image (40x magnification). The
surface area (A) is compared to the original surface area Ao (before any mechanical
manipulation) to determine the ratio A/Ao and calculate the percentage increase. The

results derived from equation 3.1 are summarized in Table 1.

syringe
i

contact
i o~ diameter

e

Figure 3.2 Schematic view of the spherical shape of a Hg drop upon forming
contact with H-Si= as initially prepared and after volume expansion.
(The schematic view is around 25 times larger than the real size of Hg
drop.)
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Table 3.1 Volume expansion of Hg drop

contact di (mm) d> (mm) Ao (mm?) A (x10 AlAg
diameter mm?)
(mm)

0.63+0.03 1.00£0.05 1.65%0.08 9.70+0.88

0.71+0.04 1.00£0.05 1.74%0.09 1.01+0.09 1.04+0.14
0.85+0.04 1.00£0.05 1.77x0.09 1.06x0.10 1.09+0.14
1.05+0.05 1.00+0.05 1.85+0.09 1.11+0.10 1.14+0.15
1.21+0.06 1.00+0.05 1.92+0.10 1.18+0.11 1.21+0.16
1.44+0.07 1.00£0.05 2.05+1.10 1.31+0.12 1.35+0.18

The surface area ratio (A/Ao) allowed us to track the volume expansion process.
We plotted the rectifying ratio (R), defined in equation 3.2, as function of surface area
ratio (A/Ap) to illustrate the unique J-V switching property and to determine if at a specific
threshold area ratio the J-V property of the Hg-S-C18|H-Si= junction suddenly

changes.®®
R J(+1.0V)
~1ov (3.2)

where J (+1.0 V) is the current density at +1.0 V and J (-1.0 V) is the current density at
-1.0 V. As shown in Figure 3.1(b), the R value remained nearly unchanged at the level
of 1000 with the surface area increasing by 4%. It dropped to around 400 at A/A, =1.09.
Then a sudden decrease of the R value to around 1 was observed as the A/Ao increased
to 1.14. An R value of 1 means that the reverse current density is identical to that at

forward bias, indicative of ohmic characteristics of the junction.

To further understand how electrical properties change upon enlarging the Hg
drop, we applied classical thermionic emission theory to analyze the J-V curves, i.e., to
determine the effective barrier height (qgerr) and ideality factor (1) from the equations

below,4-15

J= [A*Tzexp <_C:I5Tef ! >] exp (;{—VT) [1 — exp (%)] (3.3)

25




Wers , 4V (3.4)

J L av
kT nkT

(D)

where V (V) is the applied voltage, J (A-cm™) is the measured current density, g (C) is
the absolute value of the electronic charge, A" (A-cm?-K) is the Richardson constant
which is 110 A-cm2-K2 for n-type silicon, and k and T are Boltzmann’s constant and

=1n(4*T?) —

In

absolute temperature, respectively.'®

From the linear fitting of the plots of In[J/(1-exp(-qV/KT))] vs. V (Figure 3.3) for a
representation of a rectifying junction, n can be obtained from the slope (qV/(nkT)), and

qderr can be calculated from the intercept (IN(A"T2)-q e/ (KT)).

In[J/(1-exp(-qV/KT))]

0.0 0.1 0.2 0.3
VIV

Figure 3.3 Calculation of the effective barrier heights and ideality factor from the
linear fitting of the J-V curves: plot of In[J/(1-exp(-qV/KT))] versus V for
a Hg-S-C18|H-Si= junction as prepared.

In Figure 3.1(c) we have plotted q¢err and n as function of the Hg drop area
change ratio (A/Ao). The g¢err and n values were 0.83 + 0.04 eV and 1.16 + 0.07 at the
initial stage, and changed to 0.43 £ 0.01 eV and 2.65 * 0.05, respectively. In this case,
the junction behaves as a resistor, and these values are close to those of the Hg|H-Si=
junction reported previously.®? It is also clear that a 10-15% increase in the surface area
of the mercury drop leads to complete switching between rectifying and ohmic behavior,

when all other conditions (components) are kept unchanged.
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3.1.2. Deformation of the Hg Contact

The above results demonstrate that the electrical properties of an Hg-S-C18|H-
Si= junction can be tuned by simply increasing the Hg drop surface area. However, it is
not feasible to reverse the change. Retracting the Hg drop (modified with SAMS) into the
syringe would contaminate the remaining Hg inside. Due to the design of gas-tight
syringes, it is also difficult to accurately control the expansion of the Hg drop. Therefore,
we explored an alternative approach of pressing “down” the syringe to deform the
relatively spherical drop into an oblate one and lifting it “up” to return to the spherical
shape. We calculated the surface area of the Hg drop according to its shape as shown in
Figure 3.1 and Figure 3.4. When the syringe was “up”, a spherical shape and equation
3.1 were adopted. At the “down”position, the shape of the Hg drop was oblate and the

following equation was used,®®

d2)2 7(1/2)? 1+ (1= 12/d2)V/? (ﬁ)z (3.5)

Aoni =2 A-z/a)p? "1-a-e/apr "\2

where ds, I, and d, were obtained from the enlarged optical image (40x magnification)
(Figure 3.4). The results are shown in Table 2.
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syringe

Figure 3.4 Schematic view of the oblate shape of a Hg drop upon pressing down
the syringe. (The schematic view is around 25 times larger than the real
size of Hg drop.)

Table 3.2 Deformation of Hg drop

contact di (mm)  dz(mm) [(202um) Ao(mm?) A (mm?) AlAg
diameter

(mm)
0.70+0.04 1.00+0.05 1.51+0.07 6.78+0.61
1.58+0.08 1.00+0.05 1.99+0.10 0.96+0.05 7.66+0.69 1.13+0.15
1.77+0.09 1.00+0.05 2.08+0.10 0.79+0.04 7.72+0.69 1.14+0.15
2.13+0.11 1.00+0.05 2.34+0.12 0.61+0.03 9.06+0.82 1.24+0.16
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Figure 3.5 (a) Representative current density vs. voltage (J-V) plots for Hg-S-
C18/H-Si= junction upon deforming the Hg drop. (b) Rectification ratio
(R) and (c) barrier height q¢peis upon changing the shape of the Hg drop.
Stage 0: freshly made Hg-S-C18|H-Si= junction; stage 1: “depressed”
drop; stage 2: “released” drop.
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We found that the J-V properties of this junction also changed significantly with
the shape change of the Hg drop. This “deformation” process of the Hg contact was
monitored by recording several consecutive J-V plots in the “up” and “down” positions
within 5 min of each other. During this process, the volume of the protruding Hg drop did

not change.

In Figure 3.5 (a) we have shown representative J-V curves of the initial contact
(Stage 0, black line), a “depressed” drop (Stage 1, red line) and a “released” drop (Stage
2, blue line) of a Hg-S-C18|H-Si= junction. Upon pressing down the mercury drop, the
initially asymmetric J-V curve significantly changed its appearance: it became symmetric
(the current at forward bias is similar to that at reversed bias). This indicates that the
junction switched from rectifying (Stage 0) to ohmic (Stage 1), similar to the volume
expansion result shown in Figure 3.1 (a). However, we noticed that the current density
was similar in both Stage 0 and Stage 1 at the forward bias (0.5 V to 1.0 V). After
releasing the droplet from Stage 1, the J-V curve became rectifying again (Stage 2) with
lower currents on both reverse and forward biases. Remarkably, the J-V curves could be
switched between Stage 2 and Stage 1 when the drop was repeatedly pressed down
and lifted up.

Figure 3.5 (b) depicts the variation of the rectifying ratio between Stage 1
(depressed drop) and Stage 2 (released drop). This switching experiment was
repeatable more than 10 times (7 cycles are shown here) with almost no change of the
current density at each stage. The R was almost 1 at Stage 1 and it was at the same
magnitude (~ 100) at Stage 2, but the value for each time were not the same. We also
noticed that the switching of g¢e« during the repetition was reproducible. As shown in
Figure 3.5 (c), the ohmic stage has a q¢ervalue of 0.46 + 0.01 eV which is the same as
that of an Hg|H-Si= junction (0.46 + 0.05 eV),%? while that of Stage 2 is 0.75 + 0.02 eV,

which is close to that of an alkyl monolayer-modified junction.®? 7°
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3.1.3.  Electrical Properties of Hg|C12-S-Si= Junctions
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Figure 3.6 Representative current density vs. voltage (J-V) plots for Hg|C12-S-Si=
junction upon enlarging the Hg drop. These junctions showed no
changes in their electrical behaviour during both volume expansion and
deformation of the Hg contact.

As a control experiment, we tested the junctions modified with covalently bonded
dodecanethiolate (C12)-monolayers on silicon (Hg|C12-S-Si=). We carried out both
volume expansion and deformation of the Hg contact to determine whether these
processes have any effect on the electrical performance of the junction. As shown in
Figure 3.6, the diameter of the mercury drop contact with the silicon surface changed
from 0.59 £ 0.03 mm to 1.50 + 0.08 mm and had little effect on the apparent shape of
the J-V plot.
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3.1.4. Electrochemical Studies of C18SH SAM on Hg
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Figure 3.7 Cyclic voltammograms of 5 mM Ru(NH3)s** on a C18 SAM-modified Hg
drop before (black line) and after 11% increase of the surface area (red
line). The scan rate was 50 mV/s, and the supporting electrolyte was 0.1
M KCI.

To better understand the electrical switching behavior of Hg-SC18|H-Si=
junctions, we investigated the potential structural change of alkanethiolate SAMs on Hg
by using solution-diffused redox centers, e. g. [Ru(NHs)s]**. After the Hg drop was
immersed in a solution of C18SH, an impermeable and defect-free monolayer was
presumably formed on the Hg surface.®® After forming the SAM, the Hg drop was
transferred to a solution containing [Ru(NH3)e]** and tested electrochemically. Figure 3.7
shows the representative CVs obtained before and after the volume of the Hg drop was
increased. It was found that when the monolayer was first formed, no redox peak was
seen in the curve, indicating that the SAM is densely packed and impermeable to
[Ru(NHs)e]**2*. As the drop size gradually increased, the capacitive current became
larger, yet no obvious redox peaks were observable. With only a slightly larger change in
the drop size (10~11%), redox peaks due to the reduction and re-oxidation of
[Ru(NHs)e]**2* became predominant. It is evident that a minute increase in the surface
area of the drop leads to significant structural disruption of the SAM, i.e., facile electron

transfer between the solution-diffused redox centers and the electrode occurs,
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presumably at the defect sites created by the surface area increase. These results are in
fact consistent with previous studies on C18 SAMs formed on traditional hanging
mercury drop electrodes.*3° Particularly, Bruckner-Lea et al. discovered that upon
increasing the surface area of a Hg drop by 6%, the film starts to generate “bare spots,”
or defects. Slowinski et al. confirmed that a C18 monolayer remains impermeable until
the surface area of the drop has increased by approximately 6.9%.2° Further expansion

(~10.2%) of the drop fractures the monolayer, causing a sharp current increase.*®

3.1.5. Hypothetical Structural Change of SAMs on Hg Contact

With the additional evidence provided by these electrochemical study, we believe
that both the volume expansion and the above shape deformation produce dynamic
changes in the structural integrity of the C18 SAM on Hg. As illustrated in Figure 3.8 (a),
when the Hg-S-C18|H-Si= junction is freshly formed, the alkyl chains of the C18 SAM
initially orient themselves nearly perpendicular to the Hg surface before settling into an
energetically more favorable tilted orientation.*> 22 As the Hg drop volume increases or
pressure is applied, the alkyl chains begin to tilt and aggregate, creating defects in the
monolayer (Figure 3.8 (b)).%¥-*°The defects gradually propagate due to the mobility of
SAMs on such a liquid metal surface. Finally, as shown in Figure 3.8 (c), defects play a
dominant role in the junction, allowing the mercury to make direct contact with H-Si=

which results in the observed change of electronic properties from rectifying to ohmic.

We should also mention the differences in the electrical properties of the
junctions by volume expansion and by shape deformation of the Hg drop (beyond
reversibility). As shown in Figure 3.2 (a), the current density at forward bias for ohmic
contact (A/Ao = 1.14) is higher than that of the freshly made rectifying junction (A/Ao =
1.00). Whereas in the pressing/releasing experiment (Figure 3.5 (a)), at forward bias a
similar current density is found for both ohmic contact (Stage 1) and rectifying junction
(Stage 0). This is probably due to the formation of large bare spots when the volume of
the mercury drop is increased. For the deformation experiment, one may expect an
uneven distribution of thiol molecules at the interface. Such a difference may help to
explain the different behavior at Stage 0 and Stage 2. The much lower current measured
at the rectifying Stage 2 may be due to the presence of thiol molecules in a lying-down

conformation. Kraack et al. have confirmed that thiol molecules would undergo a
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transition from surface-parallel at low coverage to surface-normal orientation at high
coverage for a monolayer-covered Hg surface.®* The alkanethiolate monolayers on the
surface of liquid mercury are believed to form strong chemical bonds to Hg which is
initially atomically flat and unstructured; strong interactions of the thiol groups with the
Hg surface dominate the order of molecules over van der Waals interactions of the alkyl
chains.” Their inability to recover to an ordered state via simply releasing the pressure

may lead to the observed switching between Stage 1 and Stage 2.

Figure 3.8 Schematic view of the potential structural changes in a C18 SAM on Hg
(as top electrode) in contact with H-Si=: (a) a defect-free junction; (b)
alkyl chains tilted and small bare spots created when increasing the
surface area of the Hg drop; (c) direct contact between bare Hg and H-
Si= upon further increasing the surface area.

Although molecular electronic devices are not yet commercially available, the
ability to manipulate functional groups of organic molecules by the self-assembly
process to satisfy various technological requirements is of fundamental interest.® We
have discovered that by simply enlarging the volume or deforming the mercury drop, the
J-V response of these molecular junctions reversibly switches between ohmic and

rectifying behavior. Evaluation of the ideality factor and effective barrier height proves
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that we can mechanically switch the molecular diode “on” and “off”. The junction formed
by a C1s SAM-modified Hg junction can be switched “on” and “off” multiple times which
shows the ability of the monolayer to recover its ordered conformation and orientation.
By and large, this experiment provides a unique approach to study the structural

dynamics of molecular assemblies at the solid/liquid interface.

3.2. Electrical Properties of Hg-SAM|H-Si= Junctions with
Alkanethiols of Different Chain Lengths

To better understand the influence of dynamic structural change of the
embedded molecular monolayer on the electrical properties of Hg-SAM|H-Si= junctions,
| decided to examine a series of alkanethiolate SAMs with different chain lengths. In this
set of experiments, no volume enlargement or deformation of the Hg drop was
performed. Once the SAM-modified Hg drop contacted the H-Si=, we left it in the faraday
cage, and the solid-state electrical measurements were performed at different time
intervals. Here, | define C10SH, C11SH, and C12SH as short chain alkanethiols and
C14SH, C16SH, and C18SH as long chain alkanethiols, as they indeed behaved

differently in terms of the J-V properties (as will be described in detail below).

3.2.1. Electrical Behavior of Junctions Formed with Short Chain
Alkanethiols

Figure 3.9 depicts a typical set of current density-voltage (J-V) curves measured
with the Hg-S-Cn|H-Si= junctions (n = 10, 11, and 12). The logarithmic plots show the
exponential dependence of the current density on applied voltage. From the black line in
Figure 3.9 (a), we can see that the J-V curve of the freshly made Hg-S-Cn|H-Si=
junctions were all asymmetric, suggesting these are rectifying junctions (diode-like).
Taking the Hg-S-C10|H-Si= junction as an example, the J-V properties underwent
significant changes with a period of 250 min. The current density under reverse bias (V <
0) became smaller while the current density under forward bias (V > 0) did not change
much for the first 50 min (as illustrated in Figure 3.9 (a), black line to pink line) This is
rather interesting, as the current density changes under reversed bias, while it remained

almost unchanged under forward bias. From 50 to 100 min (Figure 3.9 (a) pink line to
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green line), the current density under reverse bias decreased further but the forward bias
current density increased slightly. As the time went by, the current density under reverse
bias increased together with the forward bias current density, but the extent was much
larger for the former (Figure 3.9 (b)). Finally, the J-V plot became symmetric (Figure 3.9
(b) dark pink line at 250 min). This is typical for an ohmic junction, i.e., the junction
behaves as a resistor. It should be noted that Hg-S-C11|H-Si= and Hg-S-C12|H-Si=
junctions have similar electrical behavior trends as that of Hg-S-C10; this is shown more

clearly by examining the rectification ratio.
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Figure 3.9 Variation of current density-voltage (J-V) curves of Hg-S-Cn|H-Si=
junctions (n =10, 11, 12) with time. Current density under reverse bias
initially decreases with time, as indicated by the black arrow. After
longer periods of time, the current densities under both reverse and
forward bias increase until the J-V curves become symmetric.
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Figure 3.10 Variation of the rectification ratio (R) as function of time for the Hg-S-
Cn|H-Si= (n=10, 11, 12) junctions.

Rectification ratio (R) is the comparison of current density at + 1.0 V as
mentioned before. We can see from Figure 3.10 that the R values of all three junctions
showed an increasing trend for a relatively short time period when the current density
went lower under reverse bias. The R value went up to a maximum when the reverse
bias current density reached a minimum and then dropped to almost unity. When R is
close to unity, the current densities are identical under both reverse and forward bias,

indicative of ohmic behavior.
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Figure 3.11 (a) Barrier height (q¢es) (circles) and (b) Ideality factor (n) (squares) as
function of time for the alkanethiols junctions prepared from short
chain.

Furthermore, the barrier heights (q¢e«) and ideality factors (1) were chosen to
demonstrate how the electrical properties changed as function of time for these
molecularly modified MS junctions. The calculations of g@erand n are based on the
thermionic emission theory as mentioned before. In Figure 3.11 (a) we can see that the
barrier heights of all three junctions increased at the same time as R increased, then
reached a maximum and decreased to about 0.44+0.02 eV, which is identical to the
value for a Hg|H-Si= junction. The n (squares) value showed a decreasing trend and
reached the minimum when the barrier height reached its maximum. Then it increased to
approximately 2.2+0.2 (Figure 3.11 (b)).
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3.2.2.  Electrical Behavior of Junctions with Long Chain
Alkanethiols
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Figure 3.12 Current density-voltage (J-V) curves of various Hg-S-Cn|H-Si= (n=14,
16, 18) junctions. Current density under reverse bias decreases with
time, as indicated by the black arrow.

The J-V behavior of the Hg-S-Cn|H-Si= junctions prepared with long-chain
alkanethiols (n = 14, 16, and 18) is quite different from that of the short-chain ones. The
J-V curves of Hg-S-Cn|H-Si= (n=14, 16, 18) junctions showed rectifying contacts when
freshly made (black line in Figure 3.12). Taking the junction Hg-S-C16|H-SI= as an
example, the current density under both reverse and forward bias decreased after 10
min (shown as red line). With increasing time (from 40 min to 80 min), the current
density decreased further under reverse bias, while it remained constant under forward
bias. After 190 min, the current densities under both forward and reverse bias became
stable. These junctions would not change to ohmic behavior, unlike the short-chain

systems.

For a direct comparison with the long-chain junctions, the R values were also
calculated and are shown in Figure 3.13. It is clear that the R values of all three types of

junctions increase at first and remain stable afterwards. The calculated g¢e and n
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values (based on the thermionic emission theory) showed different trends from the short-
chain systems as well. As depicted in Figure 3.14, the effective barrier height increased
for some time and then remained stable while n decreased (Hg-S-C14|H-Si= and Hg-S-
C16]|H-Si=) or remained almost unchanged (Hg-S-C18|H-Si=).
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Figure 3.13 Rectification ratio (R) as function of time for the long-chain Hg-S-Cn|H-
Si= junctions.
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Figure 3.14 (a) Barrier hight (qges) (circles). (b) Ideality factor (n) (squares) as
function of time for the alkanethiols junctions prepared from long chain.

3.2.3. Discussion

The J-V behaviors of short-alkyl-chain and long-alkyl-chain alkanethiolate SAMs
on Hg differed substantially. The short chain Hg-S-Cn|H-Si= (n=10, 11, 12) junctions
demonstrated an initial increase in rectifying property (R is increasing) with time,
however with additional time the contact eventually becomes ohmic (R = 1). This differs
from the long chain systems which showed a steady rise in rectifying behavior before
being stabilized.
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It is believed that by immersing a Hg drop in an alkanethiol solution for 10 min, a
high-coverage SAM is formed on the surface.®® To determine whether the immersion
time was responsible for the more rectifying behavior, we immersed the Hg drop in
C11SH for a longer period of time (i.e. 5 h). We found that the Hg-S-C11|H-Si= junction
behaved the same way as immersion in alkanethiol for 10 min; the rectifying behavior
increased initially before decreasing until becoming ohmic. For each alkanethiol, at least
15 junctions were made, and the contact area error was within £10%. When the
electrical signal was measured, the scan rate was set at 0.1 V/s. We also did continous
scans and discovered that the time for the junction to change to an ohmic contact did not
change substantially. Therefore, the rather unique electrical properties for different chain
lengths appear to be mainly due to the balance between the chemisorption of head
groups on the substrate and the van-der-Waals forces between the alkyl chains.

For the short-chain SAMs formed on the Hg surface, the first and most important
process is chemisorption. The interaction between head groups and substrate often
dominates the molecular structure of the film. In case of the sulfur atom of the thiol
interacting with the Hg substrate, the bond energy is about 128 kJ/mol.?® This is much
larger than hydrocarbon chains physisorbing on the mercury surface with a heat of
adsorption AH = 5 kJ/mol per CH; group and the adsorption energy of 5.4 kJ/mol of per
methyl head group.’ For short alkanethiols, the difference in adsorption energy between
a CH- chain and the CHs functional group is too small to make the molecules stand up
(Figure 3.15 (a)). However, as a result of the exothermic head group-substrate
interactions, molecules try to occupy every available binding site on the surface, and in
this case they push together molecules that have already occupied the available sites.
Therefore, the alkyl chains rearrange themselves in a more ordered way (Figure 3.15
(b)), which results in a larger separation between Hg and H-Si= and an increase of the
barrier height of the junction. The current density decrease under reverse bias is mainly
due to this barrier height increase which the electrons moving from the metal to the
semiconductor side must overcome. If the effective barrier is higher, fewer electrons will
overcome it under reverse bias. The current density under forward bias is not affected by
the effective barrier height since as previously mentioned, the electrons move from the
semiconductor to the metal (Figure 1.2) over the built-in potential which is reduced by

the forward bias. Finally, the inter-chain van-der-Waals interactions of short chain thiols
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(< 40 kJd/mol) is not large enough to keep the molecules in their original positions.
Besides, SAMs on a Hg surface reduce the surface tension of bare Hg.” This smaller
surface tension makes the short alkanethiols gather together, and the small van der
Waals forces cause the SAMs to separate. Bare Hg spots appear and touch H-Si= due
to these two effects, thereby generating Hg|H-Si= junctions which behave as resistors
(Figure 3.15 (c)). Here we should mention that during the entire process the contact area

between SAM-modified Hg and H-Si= has not changed.

Figure 3.15 (a) SAMs originally formed on the Hg surface. (b) The molecules are
packed more orderly. (c) Formation of Hg|H-Si= junctions at the defects
(bare spots) after rearrangement of the alkanethiols behaving as
resistors.

As to long alkanethiols on Hg, at the beginning of the C14, C16 and C18
chemisorption process on Hg, the alkyl chains arrange to form more ordered monolayers
than short-chain alkanethiols. With time, the long chain alkanethiols rearrange to form
densely packed monolayers due to larger van der Waals forces, causing the current
density under reverse bias to be lower than that of the originally formed junction. These

junctions remain as diodes because the van der Waals forces between the alkyl chains
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are large enough to maintain a densely packed and impermeable monolayer on the Hg
surface (Figure 3.15 (b)).

3.3. Preliminary Studies of Hg|fullerene-Si= Junctions

To further investigate the electrical properties of organic monolayers,
buckminsterfullerene (Ceo) was immobilized on Si to construct gold (Au)|C60-Si=
junctions. Cgo is a group of carbon atoms with a relatively large, spherical shape. It
consists of 12 pentagonal and 20 hexagonal rings. All carbon atoms are sp? hybridized.
Its unique structure, chemical and physical properties, and several promising
applications in semiconductor technology have been studied recently’. The direct
immobilization of Ceo on Si(111) substrates has been confirmed with scanning tunneling
microscopy’®, and the indirect immobilization of Cso 0n Si (100) involves conditions such
as prefunctional groups’’. As each Cgo consists of a large number of carbon atoms with
different types of bonds, their binding to a semiconductor surface is quite complicated.
Therefore, we placed Cso 0n top of H-Si= with a linker molecular monolayer that bears

NH2- groups.

Initially we studied the fullerene-modified silicon surface by using X-ray
photoelectron spectroscopy (XPS), J-V charaxterization with Hg as contact electrode,
ellipsometry and contact angle. Figure 3.16 shows our XPS data of the silicon surface
after modification with propargylamine (HC=C-CH,-NHz) and C60, respectively. The
atomic percentage of carbon (C1s) is found to increase from 16.26 to 25.28, and that of
nitrogen (N1s) decreases from 3.03 to 1.68 (from silicon modified with HC=C-CHz-NH>
to Ceo-functionalized silicon). The Si 2p 3/2 peak due to Si-C species is found in the 100-

eV binding energy region.
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Figure 3.16 XPS scan of a Si substrate modified with HCEC-CH>-NH (a) and of a
C60-functionalized silicon substrate (b).
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Figure 3.17 High-resolution XPS scans showing the Cls and N1s regions. (a) and
(b) are Cl1s peaks of HCEC-CH2-NH2 modified Si substrate and of a C60-
functionalized silicon substrate. (c) and (d) are N1s peaks of HC=C-CH.-
NH> modified Si substrate and a C60-functionalized silicon substrate.

The HC=C-CH»>-NH> SAM and the Cgs-modified SAM on silicon surface were also

characterized by high-resolution XPS (Figure 3.17). The C1s peak for the HC=C-CH,-
NH2 monolayer appears between 284.0 eV and 289.0 eV. This region is rather wide due
to the multiplex substitutions (e.g., C-Si, C-C & C=C, C-N and C-O bonds). The peaks at
285.1eV and 285.8 eV are assigned to the C-Si and C-C & C=C bonds after the reaction
of HC=C-CH>-NH; with the H-Si= surface. The C-N bond is at 287.0 eV,”® and the C-O

bond at 288.2 eV could originate from partial oxidation of the silicon sample after
reaction with Ceo. Compared to spectrum (a), the intensity of the C1s peak at 287.0 eV
(C-N) in spectrum (b) is reduced from 19.9% to 7.5 %, and the intensity of C-C and C=C
in spectrum (b) is increased from 30.0% to 58% because of the Cg attachment to the
surface. The ratio of C-N to C-Si is 1.01 in spectrum (a) and 1.03 in spectrum (b). In
spectrum (b) the additional C1s shake-up peak at 291.3 eV is attributed to the mr-11*
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transition, indicating that the Ceo molecules are attached to the surface.”®”® Comparing
the N1s spectrum of the HC=C-CH,-NH,; SAM (c) and the Cgo attached surfaces (d), the
total N1s intensity is decreased by 1.90%, which may be due to damage caused by the
Ceo reaction with primary amino groups or to the screening effect of the Cgo molecules. In
spectrum (d), the main N1s XPS peak at 400.3 eV is assigned to the primary amino
group in the HC=C-CH»>-NH, SAM. The peak at 402.7 is assigned to secondary amino
groups directly bound to Ceo molecules. The NH2/NH peak area ratio is around 7:3,

indicating that about 30% of the primary amino groups react with Ceo molecules on the

surface.
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Figure 3.18 Current density-voltage (J-V) curves of HCEC-CH2-NH; SAM-modified
silicon surface (a) and C60-functionalized silicon surface (b) with a Hg
drop as the top contact electrode.

In Figure 3.18 (a) we show the J-V properties of the HC=C-CH,-NH> SAM-
modified silicon surface with Hg as the top contact electrode. Seven different junctions
were measured to show the reproducibility and stability of thus prepared supermolecular
junctions. Based on the thermionic emission theory explained before, the ideality factors
and barrier heights calculated from these J-V curves are 1.04 £ 0.02 and 0.77 £ 0.02 eV,

a7



respectively. In comparison, for the Ceo-functionalized silicon the ideality factor has
increased to 1.44 + 0.20 and the barrier height to 0.86 £ 0.03 eV. The binding of Cso
molecules certainly increases the distance between Hg and the silicon surface, although
C60, as a big molecule, is unlikely to form a densely packed monolayer. In addition,
C60 with a band gap of 1.7 eV is a semiconductor itself, which may change the barrier

height of thus formed junctions.
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4. Conclusions and Future Work

4.1. Conclusions

My research work has focused on a simple approach of manipulating
“‘metastable” Hg|monolayer|Si junctions. | have discovered that by simply enlarging the
volume or deformation the mercury drop, the J-V response of these molecular junctions
changes significantly (for example, from rectifying to ohmic) and more importantly, such
switching behavior is reversible and reproducible. This is an example for switching the
junction behavior without any complicated modification. The conversion of diodes and
resistors is important in electronic applications. It is impossible to change the electrical
properties of an Hg|R-Si= junction once it has formed by volume expansion and
deformation of Hg contact because the monolayer formed on the silicon surface via Si-S
bonding is densely packed and robust, such that Hg cannot contact H-Si=. Furthermore,
the formed Hg-S-C18|H-Si= junction can be switched “on” (ohmic) and “off” (rectifying)
more than ten times, indicating the ability of the monolayer to recover to an ordered

state.

The effects of SAMs formed on Hg surfaces with alkyl groups of different chain
lengths were also investigated. | found that metal-monolayer-semiconductor junctions
formed by short alkanethiols behave as diodes initially, and with time, the rectification
ratio increases. It is believed that this is mainly due to reaction of the metal with the thiol
group, whose interactions dominate the structure of monolayers at the beginning. As
time goes by, the rectifying ratio drops to unity, indicating that the junctions have
become ohmic. This likely occurs because the van der Waals forces between the alkyl
chains are not large enough for the molecules to sustain an ordered monolayer, thereby
leaving defects in the layer. These defects, usually bare Hg spots, can be in direct
contact with the H-Si= substrate, and resulting in the formation of ohmic contacts. In
comparison, the junctions formed from long alkanethiols show increasing rectifying

behavior which eventually becomes stable, with no signs of switching to ohmic behavior.
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It is thought that, unlike short alkanethiols, the longer chains have much larger Van der
Waals forces among themselves enabling the molecules to maintain the monolayer

order and resulting in a defect-free junction.

4.2. Future Work

For the monolayer on the Hg electrode, we did different alkyl chain length
alkanethiols. Then if we assembly the alkanethiols on the silicon side, we can have a
better understanding of how the barrier height is generated in this kind of metal-
monolayer-semiconductor junctions. However, there are some difficulties in assembling
the monolayer on it. As we tried making Hg|C12-S-Si= junctions, we need to use 500
mM dodecanethiol in decane. If we lowered the concentration, the monolayer couldn’t be
formed on the silicon surface. Besides, for longer chain alkanethiols such as C18SH, it
was quite difficult to get a uniform monolayer with the methyl group on top. When we did
the experiment, the contact angle of it was around 85° whereas for a uniform C12-S-Si=
substrate, the contact angle was around 110°. The monolayer modified Si surface could
be analyzed by atomic force microscope to find if there is any defects in the monolayer.
What’s more, we could use other methods to form an alkanethiolate monolayer on top of

Si surface.

Other than forming a monolayer on the silicon substrate, we can also use
alkanedithiols to assembly on top of the Si surface. The challenge for this approach is to
control the experiment conditions that only one layer of alkanedithiols is formed on the Si
surface. The generated Hg-S-Cn-S-Si= junctions are important on better understanding
of whether the chemical bonds playing any role in the electrical measurement of the
system. If the chemical bonds as we predicted, play a role in the current transfer, then
the current density for Hg-S-Cn-S-Si= junctions should be higher than Hg|CHs-Cn-S-Si=

junctions.

I have already completed the first two steps on the fullerene project and expect to
further explore it. Once a fullerene monolayer is formed, we are going to substitute a Hg
contact for a gold contact formed by thermal evaporation. Au is a more favorable contact

than Hg as it is physically, mechanically more inert. Ballistic electron emission
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microscopy (BEEM) will be used to measure the nanoscale electrical properties of thus
formed molecular junctions. As the scanning tunneling microscopy (STM) tip moves
from, for example, the apex of an Au-coated C60 molecule down its “slope”, the
measured BEEM current is expected to change significantly. This will provide us with an
additional means to tune the junction properties. In addition to C60, a variety of carbon-
based nanostructures, like single-layer carbon nanotubes and graphene sheets can also
react with primary amino groups. This will allow us to study the electrical properties of

these novel molecular MS junctions.
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Appendix A. Safe Handling Procedure of “Piranha” Cleaning

1. Chemicals

® Piranha solution (3:1, v/v, concentrated 96% H,SO.: 30% H»0;) is highly
reactive organic materials. Do not breathe the vapors or spill. Work must be
carried out in a fume hood.

2. Mandatory Personal Protective Equipment

® \Wear a lab coat, close-toed shoes, no shorts and sandals.
® \Wear goggles (to protect against vapors or accidently splashes).
® \Wear acid safe gear (properly rated gloves, e.g., neoprene gloves).

3. Equipment

® All usage of the cleaning must be recorded in the log book.

® Piranha attacks organic material (e.g., plastics); use only glass, Teflon or
stainless steel containers.

® Prepare the minimum quantity you need (all quantities should be < 20 mL).

4. Preparation of Piranha Clean Solution

Turn on the hot plate, wait until the temperature reaches 90 °C.

Add a measured volume of H.SO4 in to the reaction vessel.

Cap H.SO, reagent bottle and return bottle to acid storage cabinet.

Slowly add a measured volume of H>O» to the reaction vessel.

Cap H.0Ozreagent bottle and return bottle to refrigerator (The H20; is added

before the etching process because it immediately produces an exothermic

reaction with gas (pressure) release. If the H.O, concentration is at 50% or

greater, an explosion could occur.)

® Soak your sample into the Piranha solution, slowly put the vessel onto the hot
plate.

® Unplug the hot plate when experiment complete or by the end of the day.

5. Waste and Clean up

® Allow Piranha to cool down to room temperature in an open container. Do not fill
over lines. DO NOT tightly seal a container with hot Piranha solution, as the
vapors generated could cause the container to explode.

® Pour Piranha solution that has cooled to room temperature (this takes~3 hours)
into a properly labeled Piranha waste container. Use a glass funnel if necessary.
Use a vented cap for Piranha waste bottle.

® Soak all vessels with 18 MQ water in the hood for 5 minutes. Discard washed
solution into Piranha Clean waste container slowly.

® Repeat the above washing procedure at least 2 more times.

® No (cooled down) piranha waste can be left in the hood overnight.
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6. First Aid Procedures

® Skin contact: remove contaminated clothing, rinse affected area with water for
10 minutes

® Eye contact: immediately flush eyes with water for 20 minutes

® Ingestion: Do not induce vomiting. Seek immediate medical attention (dial
security at 2-4500).

® |nhalation: remove to fresh air. Resuscitate if necessary. Ensure you do not
inhale any vapors released from the victim’s lungs.

7. Spill Procedures

For cleaning up spills < 2 mL, use the following procedure:

Soak a paper towel with water and use this soaked towel to mop up the spill.
Place this paper towel in a larger beaker (at least 500 mL with ~ 300 mL water).
Repeat this process with a second paper towel. Soak both towels for > 10 min.
Wring water from the towels and discard in garbage, pour rinse water into the
Piranha clean waste bottle.

For cleaning up spills > 2 mL, use the following procedure:
® Use the acid spill kits as instructed in the SFU Lab safety Course on Spill
Response.

Appendix B. Safe Handling Procedure of Ammonium
Fluoride 40% Solution

1. Chemicals

® Ammonium fluoride solid is white crystal and the solution is clear, colorless liquid
that has a slightly sharp, pungent odor. The concentration of ammonium fluoride
solution we use is 40% in water, with a pH of around 6.5-7.2. It poses risks on
skin, inhalation or ingestion exposure. Therefore, it should be used in a fume
hood and appropriate gloves should be weared.

2. SiO; Etching Mechanism?

® The SiO; etch chemistry and reaction mechanisms are summarized as follows.
® The NH4F is dissociated according to: NHsF = NH4s" + F~.
® NH.F react with SiO2: SiO2 + 6NH4F = SiFe?™ + 2H*" + 6NH3 + 2H,0.

3. Mandatory Personal Protective Equipment

® \Wear a lab coat and close-toed shoes; no shorts and sandals.

® \Wear goggles (to protect from vapors and accidental splashes).

® Gloves — wear nitrile gloves inside the long-arm neoprene gloves (outside).
Gloves and equipment should be sprayed with either calcium chloride or sodium
bicarbonate solution and rinsed with lots of water before being removed from the
fume hood.
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4. Equipment

® NHJF can only be used in specific Teflon containers.
® Do not mix up these containers with the ones used for piranha solution.
5. Usage

® Note: NH4F 40% solution is recommended to be used as the etching agent for
silicon wafers.

® Pour enough NH4F 40% solution to the container. (Depends on the size of the
silicon wafer.)

® Stick the tube into the bottom of the container through one of the two holes. Let
the other one open to air.

® Open valve 1 first. Then open switch 2 (or 3) (this is when the direction of the
valve is parallel to the tube, the gas flows in the direction of arrow) to
deoxygenate the NHsF 40% solution with Ar gas. Position the sash in front of
you when bubbling with Ar gas.

® The NH4F 40% solution should be bubbled with Ar gas for at least 30 min before
immersing a silicon wafer into it.

® Lift the tube to just above the surface of NH4F 40% solution after bubbling with
Ar gas.

® |Immerse the silicon wafer into NH4F 40% solution. (Note: The polished side of
silicon wafer should face the bottom of the container.)

® Etching the silicon wafer for proper time (Note: It takes around 15 min to obtain

H-Si=.)

switch 3

Figure A-1. The pictures for valve 1 and switches 2 and 3.

® Take the silicon wafer out with Teflon tweezers. Close switch 2 (or 3) (the
direction of the valve is perpendicular to the tube) first. Then close valve 1.
® Wash the silicon wafer with a trace amount of deionized water.
® Return the bottle to acid storage cabinet (under the fume hood) by the end of the
day.
6. Waste
® Pour the used NH4F solution into the designated waste bottle. Once the bottle is

filled to the maximum line, get it disposed of properly by requesting a disposal
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request from science store. (http://www.sfu.ca/srs/ehs/research-safety/chemical-
safety/protocols-resources/chemical-disposal.html)

Note: Do NOT pour any other liquid wastes to the designated waste bottle for
NH4F solution! Never use a glass bottle for NH4F solution!

7. First Aid Procedures

Skin contact

Take off contaminated clothing and shoes immediately.

Wash with plenty of water for at least 10 minutes.

Immediately apply Calcium Gluconate gel to skin which is stored in the first aid kit
beside the door. The gel will turn NH4F to a white precipitate (CaF2). Continue to
apply Calcium Gluconate gel after the pain has completely subsided for at least
15 minutes. (Note: Apply gel only after washing with water. Continue to apply
Calcium Gluconate gel to skin until further medical treatment is available.)

Call campus security (2-4500). If need to go to the hospital, take Calcium
Gluconate gel with you. Cover area with a dressing soaked in Calcium Gluconate
and bind it up tightly with bandage.

For severe exposures, Mylanta or 4 effervescent Calcium Gluconate tablets (600
mg) should be taken every 2 hours until the patient is sent to hospital.

Eye contact

Immediately flush eyes at the nearest eyewash for at least 15 minutes while
gently lifting the eyelids.

Do not use Calcium Gluconate gel.

Immediate medical attention is required.

Call campus security (2-4500).

Inhalation

In case of accidents of inhalation: move the victim to open areas.

Give oxygen or artificial respiration if needed.

Mylanta or 4 effervescent Calcium Gluconate tablets (600 mg) should be taken
every 2 hours until the patient is sent to hospital.

Call campus security (2-4500).

Ingestion

Do not induce vomiting unless directed by medical personnel.

Drink warm water and milk to protect mucous linings.

Keep body warm.

Mylanta or 4 effervescent Calcium Gluconate tablets (600 mg) should be taken
every 2 hours until the patient is sent to hospital.

Call campus security (2-4500).

8. Spill Control

Small Spills: Spills less than 50 mL of NH4F can be considered a small spill. Use
the acid spill kit as instructed on Spill Response.

Large spills: Call campus security and the Environmental Health and Safety office
for large spills. Do not attempt to clean these spills.
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Appendix C. Electrical Properties for Hg-S-C18|H-Si=
Junctions: Reproducibility
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Figure A.2 Current-density vs. voltage (J-V) plots of eight Hg-S-C18|H-Si=junctions.

Table A.1 Electrical Properties of Hg-S-C18|H-Si=Junctions (as prepared)

eert (eV) n R

H-S-C18|H-Si= 0.68+0.04 2.1+0.3 197+40
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Appendix D. Electrical Properties for Hg|C12-S-Si=
Junctions: Reproducibility
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Figure A.3 (a) Current-density vs. voltage (J-V) and (b) capacitance vs. voltage (C-V) plots

of sixteen Hg|C12-S-Si=junctions.

Table A.2 Electrical Properties of Hg|C12-S-Si=Junctions (as prepared)

R (10%) ederi (eV) n Vbi (V)  Ng (10 cm3)

5.0+2.1 0.80+0.03 1.04+0.01 0.43+0.05 2.0+0.3
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