ABSTRACT

CHEN, ZHONG. Applications of Redox Active Molecules in Solid State Electronics Devices
and Organic Photovoltaic Cells. (Under the direction of Dr. Veena Misra).

Redox active molecules have been studied for several years due to their interesting charge
storage properties for future application in molecular memory devices with multi-bit low-
voltage operation and ultimate scalability. Hybrid Si-Molecular devices with liquid
electrolyte as gate contact have been demonstrated for future DRAM and FLASH memories.
The focus of this dissertation work has been on developing the completely solid state hybrid
Si-Molecular devices embedded with redox active molecules to facilitate ease of integration.
In addition, redox active molecules have also been explored in potential application in
organic photovoltaic cells. This work exploits the charge storage properties of redox

molecules in solid state devices and the absorption profile of the redox polymers.

The charge transfer and charge screening process in conventional electrochemical cell with
liquid electrolyte has been characterized using cyclic voltammetry measurements. The role of
the liquid electrolyte and the electrical double layer in electrochemical cell for the redox
process has been discussed. The solid state approach to hybrid Si-Molecular devices has been
proposed. The solid state dielectric layer has been considered to replace electrical double
layer. The requirements of dielectric layer and deposition methods in solid state molecular
memory device are investigated for preservation and characterization of the redox molecules.
AIN, Al,O3; and HfO; are deposited and examined on top of redox active polymers or redox
monolayer in metal-insulator-molecules-silicon (MIMS) or metal-insulator-molecules-metal

(MIMM) capacitors. The CyV measurements indicate that the redox properties are preserved



after dielectric layer deposition on molecules. The leakage of MIMM capacitors has been
greatly improved after the optimization on HfO, atomic layer deposition conditions and the
W/WN gate stack. The low leakage current of MIMM structure provide a reliable test

platform for redox molecules as well as the other molecule with more functionalities.

The redox process in the ionic cell has been modeled with equivalent circuits. The
capacitance at different frequencies for EMS capacitors is simulated to study the electrical
properties of the solid state molecular device. The frequency dispersion of capacitance
measurements for MIMM capacitance has been explored for understanding the redox
charging or trapping in the molecular layer. Si nano-membranes are fabricated as an
alternative contact to molecules. Solid state molecular transistors are demonstrated for the
possible application in FLASH memory. Redox polymers are investigated for the application
in renewable energy area. The organic nanoparticles-polymer solar cell has been compared
with conventional bulk Si solar cell. The integration of redox polymers helps to improve the
absorption profile of active layer in organic solar cells. Organic solar cells with P3HT and

PCBM are fabricated and characterized for the future incorporation of redox molecules.

In summary, this work provides the fundamental insights and realistic approaches for the
applications of redox active molecules with unique charge storage properties into solid state
electronic devices and organic photovoltaic cells, which may enable the solutions for the low
cost multi-bit low-voltage scalable molecular memories as well as the high efficiency organic

solar cell embedded with redox molecules.
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1 Introduction

1.1 CMOS Trend

The semiconductor manufacturing industry has always tried to sustain the extraordinary
exponential growth of information technology by continuing its unprecedented success in
scaling CMOS [1]. The minimum feature size of a MOSFET has decreased from 10 pm
in 1971 to a predicted 25 nm in 2015 [2]. Many challenges to MOSFET scaling are raised
including (1) thin gate oxide stability, (2) channel length modulation, (3) mobility
degradation, (4) drain induced barrier lowering (DIBL), (5) hot carrier effect and (6) gate
induced drain leakage (GIDL). Continued growth of information technology beyond
ultimately scaled CMOS, will require solutions to meet these challenges. One of the
solutions is to integrate the heterogeneous new technologies or new structures with the
CMOS platform. The other solution is to find fundamentally new technologies to replace

CMOS technology.
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Figure 1.1 2007 ITRS Emerging Research Information Processing Devices [2]

Figure 1.1 shows the taxonomy for ITRS’ emerging technology sequence for various
technology vectors [2]. The elements shown in the yellow box represent the current
CMOS and other technologies based on electric charge as the computational state
variable used in von Neumann architecture. The taxonomy also includes different state

variables, materials, emerging devices and architectures.

Some of the recent approaches for enabling continued MOSFET scaling include research
on high-k dielectrics and metal electrodes for gate stack, reducing source/drain series
resistance, improving carrier transport properties of the channel, and designing new
transistor structures such as transport-enhanced FET with strained semiconductor, fully

depleted SOI, Schottky source, drain barrier and multiple gated FinFETs. These



technologies, coupled with the development of immersion lithography, can extend CMOS
beyond the 32 nm node. But fundamental thermal, quantum and power dissipation limits
are expected to be reached with further scaling [3]. While non-classical CMOS still
depends on the properties of bulk semiconductor materials, new technologies are trying
to utilize the properties of materials at the nano scale. The approaches towards
fundamentally new technologies mainly include coherent quantum computing, biological
computing, single/few electron devices, spin transistor and molecular electronics for the
applications in logic and memory devices [4]. In the following sections, different state
variables, materials, structures and architectures have been discussed for the future

evolutions of CMOS technology or new information technology.

1.1.1 State Variables

The current computational systems using the digital data representation are based on
electronic charge as the computational state variable. Besides electric charge, there are

many different state variables proposed for the future application of computation.

Spin orientation, which is one of the most interesting state variables investigated in recent
years, refers to the spin degree of freedom for the electrons. Spin based electronics

devices (spintronics) use electron spin rather than electron charge to store or manipulate



information [5]. A new generation of devices arises by adding spin orientation to the
conventional electric charge based device or using spin orientation alone as the state
variable. However, lifetime of the electron spin, detection of spin coherence and
manipulation of the spin degree of freedom will bring the major challenges for spin based

electronic devices [6, 7].

Molecular state is another state variable other than electric charge. Molecular states
describe the properties of the molecules on the acquisition or loss of energy [4]. The
molecular states can be characterized by the charge distribution in the molecules or the
energy difference between the initial states and final states. Molecules in various energy
states can be used as building blocks to display a particular structure or device properties,
such as molecular switch, molecular rectifier and charge storage materials. The best
model to describe molecular states is the molecular orbitals (MO) representation [8].

Detailed discussions on molecular orbitals can be seen in section 1.4.1.

1.1.2 Materials

Recently, Intel 45nm Technology has implanted high-k materials as gate dielectric
materials and metals as gate electrode [9]. High dielectric constant materials will greatly

reduce the gate leakage and improve the gate dielectric stability while keeping the driving



current. Metal gate electrode can eliminate the poly silicon depletion problem and is
compatible with high-k dielectrics. Besides these new materials for current advanced

CMOS technologies, there are many other materials proposed for future devices.

Carbon nanotubes (CNT) have been studied in past decade for future building blocks of
CMOS technology to replace Si material due to their unique electrical, thermal and
mechanical properties [10]. Carbon nanotubes are rolled up graphene strips in one-
dimensional (1D) tubular shapes. Single wall carbon nanotubes (SWCNT) have been
studied as a component in field emission transistor (FET) in digital IC [11]. CNT field
effect transistors (CNTFETs) have been demonstrated by using CNTs as semiconducting
channels. Carbon nanotubes have also been investigated in the application of scanning
probe microscopy (SPM) tips, IC interconnects and field emission displays [12-14].
Although the reported CNTFETSs performance is either comparable to or even better than
silicon based MOSFETs, the control of CNTs’ growth as well as their electrical
properties are still a major challenge for CMOS process integration and large area

manufacturing [15].

Graphene is a two-dimensional (2D) carbon based material which was discovered
experimentally in 2004 [16]. Graphene consists of carbon atoms densely packed into a
flat monolayer with hexagonal lattice structure. Graphene can be wrapped into fullerenes
(0OD) and rolled into CNTs (1D) [17]. Before graphene and other 2D materials were

discovered, people believed that there was no 2D crystal that existed since the structure is



theoretically thermodynamically unstable [18]. The experimental discovery of graphene
along with other 2D crystals opened a new page for the research on carbon based

materials.

Graphene as one of the free-standing 2D atomic crystals exhibits a high crystal quality,
exceptional electrical properties [19] and superior thermal conductivity [20]. The high
mobility of charge carriers even at high electric field and high doping conditions make
graphene suitable for the applications in future field effect transistor devices [21]. The
research on the graphene has just started in recent years. There is still no good quality
large area graphene film available. Most of the research groups try to isolate small areas
of monolayer graphene by micromechanical cleavage of bulk graphite [16, 22, 23].
Although this method can provide high-quality graphene up to 100um in size, a

controllable growth or deposition method for large area manufacturing is still desired.

Molecules play an important role as components in chemical applications for
semiconductor manufacturing such as lithography and etching [24]. For the last ten years,
molecules have been intensively studied as components in electronic devices such as
diodes, switches, interconnects, dielectrics, photovoltaics, transistors and memories [25-
29]. Many molecular electronic devices have been demonstrated in recently years [30-33].
A cross-bar structure, which embeds bistable rotaxane molecules, has been proposed by
Hewlett-Packard for the application in random access memory (RAM) [34]. Another

approach in molecular memory applications was proposed by research groups at NCSU



and University of California, Riverside, where monolayers of porphyrin redox-active
molecules are formed on Si or SiO, and the multiple stable charged states of the
molecules are utilized to store information [35-39]. These redox-active molecules can be
integrated into capacitor or transistors as charge storage materials for the application of
future DRAM or FLASH memory device [38, 39]. Although many electronic devices
have been demonstrated based on molecules, there are still some fundamental challenges

for molecular electronics [40]. More details discussion can be seen in Section 1.3.

1.1.3 Structure

As mentioned previously, continued MOSFET scaling will cause the conventional planar
gate to gradually lose control of transistor channel. The “off state” leakage current will
increase while the “on state” drive current will decrease when the planar gate MOSFET is
scaled down. A series of problems, such as short channel effect, DIBL, GIDL, gate
dielectric stability and speed, will limit the further scaling of planar transistors. The
multi-gate devices such as planar double gate, FInFET and Gate-All-Arround (GAA)
FETs have been proposed for better gate control in CMOS technologies beyond 32nm
[41, 42]. Double gate transistor is still a planar gate transistor using both top gate and
bottom gate for a more effective control the channel [43]. FinFET is a non planar

transistor built on Silicon-on-insulator (SOI) wafer [41]. Compared to planar double-gate



transistor, the conducting channel is a thin silicon “Fin”, which is the body of the device
in FInFET transistor. Compared with the tri-gate structure of FinFET, gate-all-around
(GAA) FETs employ the gate materials which surround the channel (i.e., silicon
nanowires) for even better gate control. The multi-gate strategy can effectively lower the
off-current and increase the drive-current. The challenge of these strategies is the
integration of this technology into the conventional planar CMOS process and the

increased complexity of the manufacturing.

1.1.4 Architecture

In the application of microprocessors such as CPUs or personal computers, scaling of the
MOSFETs improves the CPU performance, increases the speed of processor and lowers
the power consumption per logic operation. Pollack’s rule roughly describes that the
performance increases proportionally with the square root of the complexity of the
transistors in processors [44, 45]. For example, if the logic transistors doubled in the
processor, the performance will only improve 40%. A multi-core processor will
potentially provide a linear relationship between performance improvement and transistor
complexity. In addition to the performance benefit, the multi-core architecture can lower
the power consumption of the processor since the each individual core can be controlled

on and off separately. The physical limitation of transistors with decreasing gate length



can cause significant problem of heat dissipation. The multi-core processor can be
designed to have a balanced load on each core so that the generated heat can be dissipated

evenly across the die to reduce the CPU temperature.

1.2 Non Molecular Emerging Technologies

As shown in Figure 1, the 2007 ITRS Emerging Research Devices indicates that some
new technologies other than molecular electronics may be closer to application in real-
world devices such as SETs [46, 47], spintronics devices [5], ferromagnetic devices [49,
50] and Quantum devices [51]. This section will briefly discuss some of these non-
molecular emerging devices. In the next section after that, the latest achievements in

molecular electronics will be presented.

1.2.1 Spintronics

As discussed in section 1.1.1, electronic spin orientation has been studied as an
alternative state variable other than electronic charge for future logic and memory devices.
The beginning of the spintronics is known from the discovery of the Giant

Magnetoresistive effect (GMR) [51, 52]. The GMR sandwich structure, which consists of



alternate ferromagnetic and nonmagnetic layers, is already used in industry as a read head
for hard disk and memory storage cell. The GMR sandwich structure changes the
resistance from low to high when the relative orientation of magnetization in magnetic
layers changes from parallel magnetization to antiparallel magnetization. This effect is

called magnetoresistance effect and can be used to detect changes in magnetic fields.

Recently magnetic tunneling junction (MTJ) devices have been investigated as GMR-
based devices [52, 53]. This effect is based on the tunneling magnetoresistance (TMR). A
pinned layer, in which the magnetization is relatively insensitive to the magnetic field,
and a free layer, in which the magnetization can be changed by external magnetic field,
are separated by a very thin dielectric layer. The tunneling current through this junction
depends on the spin orientation of the pinned layer. The applications of GMR and MT]J
structures include the conventional read heads of hard drive, magnetic field sensors and

magnetoresistive random access memory (MRAM) [54].

1.2.2 Single Electron Devices

Single Electronic Transistor (SET) has been intensively studied after the discoveries of
the tunneling of single electron and the Coulomb Blockade phenomena [46]. Coulomb

Blockade effect describes the increase of resistance of a tunneling junction at small bias

10



voltage [55]. The tunneling current will be proportional to the bias voltage since the
tunneling barrier is thinner when external bias is applied to the electrode. The tunneling
junction capacitor is charged by the tunneling of single electron. The capacitance change
will cause a voltage build up on the tunneling junction so that the further tunneling

process will be prevented.

SET is one of the simplest devices in which Coulomb Blockade effect can be observed.
In SET, quantum dots or nanocrystals, which are sandwiched between two electrodes as
the Coulomb islands, are used to store one to a few or more electrons. In these confined
spaces, electrons can only occupy discrete energy states. Gate electrode controls single
electron’s transfer between the source and drain. The SET provide many advantages such
as low power consumption, high density, high switching speed and high sensitivity. In
order to observe Coulomb blockade effect, the temperature has to be low so that the
thermal energy of charge carriers is small and will not be able to charge the junction. In
order to observe the Coulomb Blockade effect and tunneling at room temperature,
junction capacitance must be low enough (i.e. the size of quantum dots should be reduced
to several nm). Large quantities of quantum dots below 10nm with precise position
control are hardly fabricated by the current conventional lithography. The integration of

SETs will depend on the future lithography process development.
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1.3 Molecular Electronics

Molecular electronics, as one of the emerging technologies to extend or replace silicon
technology, has been gaining more attention in the past few years due to the intrinsic
scalability of molecular properties and the ability to tune the electronic properties over a

broad range through molecular design and chemical synthesis [26-29].

The beginning of the molecular electronics is widely believed to have started when
Aviram and Ratner proposed a rectifier using a single organic molecule in 1974 [25].
Instead of a p- or n-type Si in p-n junction, substitute molecular groups are used from
aromatic systems. It is possible to increase or decrease the m electron density within the
organic and therefore to create relatively electron-poor (p-type) or electron-rich (n-type)

molecular subunits [25].

Aviram and Ratner theoretically calculated and demonstrated that the current-voltage (IV)
characteristics of a molecule consisting of a donor © system and an acceptor m system,
separated by a sigma-bonded tunneling bridge, acted as a rectifying diode similar to a
semiconductor p-n junction. Ever since their pioneering work, there have been numerous

research efforts in creating molecular devices for logic and memory applications [30-36].

Molecular memory is a broad definition of different approaches for using individual

molecules or an ensemble of molecules as building blocks of memory cells. One or
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multiple bits of information can be stored in the space of an individual molecule. There
are also some concepts for combining molecular components with current memory
technology, such as dynamic random access memory (DRAM) and floating gate memory.
There are generally two types of molecules used in current molecular memory research.
One of them is conductivity based molecules or resistivity switching such as rotaxane
molecules [56]. The other one is charge storage based molecules such as porphyrin

molecules [35-37]. The following sections will discuss the details on each of the category.

1.3.1 Resistive Switching Molecules

Resistive switching molecules are the most common approach in molecular memory
devices. A reversible change of effective resistance/conductance of molecules attached
between two electrodes can be controlled by external applied voltage [56-59]. The
external voltage can cause the transition of the molecules into one of two possible
conduction states. This type of molecular device is also named as bistable conductance
switch device [60]. Resistances changes in the molecular cell can be read as data
information — the different conductance states define the write and erase state of memory
device. The mechanism of conductivity switching in rotaxane molecules is due to the
electromechanical transformation between two stable mechanical states under applied

bias [61]. The different mechanical states will exhibit different tunneling current so that
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the effective conductivity of rotaxane molecules changed with bias. However, the
mechanisms of resistivity switching behavior of some other molecules are still not
completely understood. Recent experiment results suggest that some of the switching
behaviors in current-voltage (IV) measurements are not truly dependent of the molecules
[62]. Some reports on electron transport through the molecules suggested that the
conduction in molecules is due to formation and dissolution of individual nanoscale metal

filaments along the molecule attached between two metal electrodes [63].

The crossbar structure is the most typical architecture for the resistive switching
molecular device. Conductivity based molecules are sandwiched between the intersection
of two nanoscale metal lines. An example of 8 % 8 crossbar structure, with embedded
bistable rotaxane molecules, has been proposed by Hewlett-Packard research group for
the application in random access memory (RAM) [64]. The crossbar structure has the
advantages of simple architecture and high density. However, the high rate of defective
switching element is the main disadvantages of this structure [65]. There is also a

possible contact issue between metal wires and molecules.
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1.3.2 Charge Storage Based Molecules

There is another type of molecule different from resistivity switching molecules, which
can be used for current molecular memory device research, named charge storage based
molecules [36]. This type of molecule has a “redox” center, which can exchange
electrons with electrodes on which the molecules are attached. Redox concepts are often
invoked in discussions of molecular junctions, since they involve electron transfer,
reorganization energy, and electric fields. The charge-storage based molecules are often

named as redox-active molecules.

Ferrocene molecule is a typical example of charge-storage molecule, as show in Figure
1.2. The Fe metal atom in the center of the molecule is the redox center. When external
bias applied across the ferrocene molecules, the Fe atom will lose one electron to the
adjacent electrode. Redox center Fe atom then becomes Fe' and the redox molecules are

positively charged.

L—
Fe

Figure 1.2 Ferrocene redox molecules

The ferrocene molecules can be densely packed on the substrate to form a monolayer and
the charge density can be as high as 1x10"* cm™ [35]. The charge density of redox active

molecules can be improved through changing or adding redox centers to the molecules.
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Redox active molecules can also crosslink to each other and form multilayer polymers so

that total charge density can be increased.

1.4 Redox-Active Molecules

Redox active molecules have gained much research attention due to their inherent
scalability with molecular size [66-69]. The intrinsic discrete charge storage states in
redox molecules make a molecular switch between two or more stable structures possible.
The discrete states can be operated at the very low voltage so that the future redox
molecular devices are able to provide low power consumption and have less heating
problem. The intermolecular interactions can also be explored for self-assembled
structures on different substrates. Another advantage of redox molecules is the presence
of discrete energy levels at room temperature. The discrete electronic states will make the
total charge available in molecules independent of applied voltage. The electrical
properties of redox molecules can also be modified to have more charge density, multiple

discrete states and different operating voltage range.

Here is an example of a device involving redox active molecules — porphyrin molecules

[70-71]. The structure shown schematically in Figure 1.3 is an electrochemical cell with a

monolayer of porphyrin redox active molecules. This electrochemical cell consists of top
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silver (Ag) gate contact, liquid electrolyte containing mobile ions (i.e. TBA", PF4"),
porphyrin molecules with zinc (Zn) redox center and a silicon substrate to which the

redox molecules are attached.

— I Ag | TBA" PF,in

-
L~ carbonate

-

o 0
11 i

Figure 1.3 Redox storage cell using porphyrin molecules. The porphyrin redox center (Zn) is
oxidized to a positive ions to affect charge storage in a memory device [72]

For this electrochemical cell, an external voltage applied through the top Ag contact and
liquid electrolyte is needed to drop the appropriate electrical field across the redox active
molecules. As mentioned before, the cationic redox molecules can exchange electrons
through redox center (Zn) with the substrate (Si) and become positively charged. As is
well-known for electrochemical cells, charge transport between the conducting contacts
involves electrons at the two contact surfaces, ions in the electrolyte, and Faradaic
reactions to convert between electron flow and ion flow. In the case of the structure of
Figure 1.3, the positive charge stored by the oxidized porphyrin holds for several minutes
at open circuit, so the charge state of the porphyrin layer can be used as the basis of a
possible memory device application. The electron transport and charge storage of

interest to possible electronic applications are accompanied by ion movements and redox
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reactions in liquid electrolyte. A theoretical model often mentioned for charge transport
in redox active molecules is called Randle’s cell model [73]. The detailed discussion of

Randle’s cell models can be found in Chapter Two.

1.4.1 Molecular Orbital (MO) Theory

Molecular orbital (MO) theory is a method to describe the molecular structures in a
similar way as how we describe atoms orbital (AO) [74]. In atoms, electrons occupy
atomic orbitals which surround atoms; in molecules, electrons occupy similar molecular
orbitals which surround molecules instead of individual bonds between atoms. We also
assume that electrons fill up the molecular orbital as the same way the electrons fill the

atomic orbitals.

In order to understand more about molecular orbital diagram, a common model is
proposed as Linear Combination of Atomic Orbitals (LCAQO) approach [75]. The LCAO
approach assumes that MOs are formed from the overlapping AOs. There are two ways
overlapping AOs cause two different interactions of orbitals, one is called in-phase,
which leads to a bonding interaction, and the other is call out-of-phase, which leads to a
node between nuclei of the atoms. The outcome of MO bonding is decided by the number

of bonding interactions and number of nodes. When the number of bonding interactions
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exceeds the number of nodes, the MOs are bonding MOs. When the number of bonding

interactions is less than the number of nodes, the MOs are anti-bonding MOs.

In MO theory, electrons fill the MOs following the Pauli Exclusion Principle and Hund’s
rule [75]. Pauli Exclusion Principle states that two identical electrons cannot fill the same
quantum state. That means the maximum number of electrons that can occupy one orbital
is two. Hund’s Rule states that MOs of equal energy are half filled with parallel spin

before they begin to pair up.

In solid materials, the lowest unoccupied energy band is termed as the conduction band.
The highest filled energy band is termed as the valence band. For semiconductors, there
is a band gap between the conduction band and valence band. For organic materials, there
is a similar band structure as inorganic semiconductors. The filled MO with maximum
energy, which is called highest occupied molecular orbitals (HOMO), and the empty MO
with least energy, which is call the lowest unoccupied molecular orbitals (LUMO) in
molecules are similar to the valence band and conduction band in semiconductors,
respectively. The difference between the HOMO and LUMO is the band gap of the

molecules.
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1.4.2 Theoretical Modeling and Simulations

From LCAO theory, an individual molecule consists of a set of MOs. The wave function
y; of molecular orbitals can be calculated as the sum of constituent MOs (y;) with each

having its own weight (C;).

Vi :ZCijZi
i-1

In computational chemistry, this LCAO approximation is often used to model the
molecular system. Schrodinger’s equations are involved to determine the discrete MO
energy levels and their coefficiency cj Because the number of atoms and electrons in
molecules are quite large, the exact solutions of Schrodinger’s equations for molecules
wave functions are very difficult to get. Instead, the numerical analysis of molecular
systems is more useful to obtain an approximate model for organic molecules. In the
application of molecular electronics, electron transportation in molecules has been
observed [30, 33]. The theoretical model of electron transport in molecules is more

difficult than the modeling of the molecules themselves.

Although the exact solutions of Schrodinger’s equations for the modeling of organic
molecules and the electron transport through molecules are almost impossible, there are
many other models to simulate molecular systems. As mentioned before, for redox active

molecules with charge storage properties, a well know model in circuit level is called
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Randle’s Cell model. An equivalent circuit can be drawn to simulate the electrochemical
cell with redox active molecules. The detailed discussion of Randle’s Cell model and

simulation of redox transfer can found in Chapter Two.

1.4.3 Hybrid Si-Molecular Devices

Hybrid Si-Molecular devices are referred to as devices incorporating the organic
molecules into conventional Si fabrication and testing platform for the application of
future logic and memory devices [76-78]. Hybrid systems, which combine the high
integration and robustness of CMOS technology with the functionality of molecular

design, are promising systems for a variety of applications [79].

One example of a hybrid Si-Molecular device was proposed by Infineon Technologies in
2005 [80]. A fully CMOS compatible crossbar array of nanogap devices was
manufactured in a conventional CMOS technology and ready for the integration of
molecules. This crossbar structure may integrate molecular electronics with ultra high

density memories or advanced sensors.

21



Nanogap with molecules

Si0, spacer

Figure 1.4 Schematic representation of hybrid Si-Molecular devices with crossbar array. The inset
shows a zoom of a single cell including the under-etched top electrode and the active molecules [80]

As show in Figure 1.4, the device consists of a highly doped Si bottom electrode and a
gold top electrode, separated by a silicon dioxide spacer. The cells are electrically
separated from each other by a silicon nitride, which minimizes leakage currents. The
bottom P+ doping was carefully adjusted so that it gives both a high conductivity of the
bottom electrodes and a good electrical isolation between neighboring cells. The vertical
assembly of the device allows us to adjust the spacer thickness to the exact length of the
molecules by the process control of the rapid thermal oxidation. The molecules with
certain functionality can be inserted into the nanogap for the memory application as well

as the sensor application.

North Carolina State University and University of California, Riverside also reported a

hybrid structure for memory applications. Monolayers of redox-active molecules with

multiple stable charge states are incorporated on SiO, in the channel regions of field
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emission transistor (FET) devices [78, 81]. Figure 1.5 shows a schematic representation

of incorporating organic molecules on a silicon platform to create hybrid molFET devices.

Redox-active
molecules

Thin Si0,

Figure 1.5 Schematic of a moleFET incorporating redox-active molecules on SiO, surfaces in the
channel region of an FET structure [78]

The FET structures were fabricated using replacement gate (i.e., liquid electrolyte gate)
technology. A low temperature oxidation process was used to grow the gate oxides.
Monolayers of ferrocene redox molecules were formed on the gate oxides. Liquid
electrolyte gate placed on top of the molecules was used to perform electrical
characterization. The moleFET device was proposed to investigate the possibilities of
modulating the threshold voltage and current-voltage characteristics of the device by
charging and discharging of the redox molecules. This device is one of candidates for

future FLASH type memories.

The hybrid Si-molecular device provides many advantages over conventional Si

technologies [82-84]. First advantage is the integration possibility with current CMOS

process. As shown in the previous examples, a few processing steps added on to the
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standard CMOS process can enable one to incorporate molecules with different
functionalities into the traditional Si platform by choosing suitable linkers with different
substrates. The easy integration will guarantee low cost of manufacturing for hybrid Si-
Molecular device. Various molecules with different functionality and inherent scalability
can be chosen for the hybrid Si-Molecular device in different application. Molecules’
assembly and recognition can also be tailored for different substrates. In the next section,
the challenges of redox active molecular device will be discussed as the one typical

example of the hybrid Si-Molecular device.

1.4.4 Challenges of Redox Active Molecules in Memory Application

The past decade has witnessed many advances related to the integration of electronic
functions into molecules [25, 29, 36, 60, 78]. These results have shown tunable
conductivity, rectification, negative differential resistance or switching behavior.
However, great challenges still exist in the device fabrication and integration for real

world application.

As the shown in “molFET” example [78], an electrolyte is necessary for gate contact of

redox active molecules in conventional electrochemical cell. Liquid electrolyte will make
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it very difficult for process integration of hybrid Si-Molecular devices and impossible for
large area manufacturing.

Contact to the molecules is the other big challenge for the real application of molecular
electronics. A reliable contact without altering the molecular structure and electrical
properties are highly desirable for the hybrid Si-Molecular devices in large area
manufacturing. Metal contacts to molecules are widely used for the top electrode in
hybrid Si-Molecular devices [63]. However, some reports have shown that top metal
deposition may cause the damage to the molecules as well as the leakage issue of devices

[40].

Stability of the molecules is always a concern during the demonstration of various hybrid
Si-Molecular devices. For integration, redox molecules are required to sustain processing
temperatures around 400 °C. The porphyrin molecules have been reported to have stable
behaviors even after 450 °C [72]. This property makes porphyrin molecules suitable for
the hybrid-molecular device application. Besides temperature, molecules’ stability is

known to be affected by the oxygen, water and light.

External electric field may affect the endurance and reliability of the molecules [85]. The
degradation of molecules after electrical stress can be characterized by millions of cycles.
The porphyrin molecules have been demonstrated to have repeated 10'* times read/write
cycles with minimal degradation [86]. Therefore, it is possible to overcome most of the

challenges for redox active molecules by using the appropriate molecules and devices.
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However, the main process integration issue of gate liquid electrolyte contact still
remains unresolved. In the next section, a concept of solid state approach for the redox

active molecular devices will be proposed and discussed.

1.5 Solid State Approach to Molecular Memory Device

In order to integrate redox active molecules with charge storage properties into future
DRAM or FLASH memory device, the main issue from conventional electrochemical
cells involves the liquid electrolyte gate. The examples shown in previous sections for the
demonstration of redox active molecular devices all included liquid electrolyte gate
contact to access the redox states of molecules. While a liquid electrolyte with mobile
ions is very useful to make effective and gentle contact to the molecules, it is not an ideal
contact method for real world applications for DRAM or FLASH. A complete solid state
redox active molecular memory device is needed for easy integration and large area
manufacturing. Furthermore, replacing the ionic electrolyte with metals could also speed
up the operation of the device since electrons and holes will inherently be faster than
mobile ions in liquid electrolyte. Hence, a solid state device may have faster operation

than the traditional electrochemical cell.
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However, new contact issues will likely be raised after replacing the liquid electrolyte. In
the conventional cell, liquid electrolyte provides a nearly perfect interface between gate
electrode and molecular layer without damaging the molecules. The redox molecular film
which could be a monolayer of molecules or polymers formed by just a few layers of
molecules, can be easily affected by the deposition of solid state contact materials on top..
Besides providing a reliable contact, the solid state materials on top of redox molecules
can also influence charge transfer. The solid materials will be able to effectively screen
the charges in positively charged redox active molecules so that it can replicate the role
of liquid electrolyte to charging and discharging the molecular layer. In Chapter Two,

detailed discussion on role of electrolyte and solid state approach is presented.

1.6 Emerging Applications of Redox Active Molecules: Energy
Harvesting

Redox active molecules have been demonstrated in hybrid Si-molecular memory devices.
Besides memory applications, an emerging application of redox active molecules has also

been explored in the area of renewable energy.

Renewable energy with large scale, low cost manufacturing has become more and more

interesting in recent years [87, 88]. Organic solar cells or organic photovoltaics (OPVs)

have been proposed to meet the requirement of renewable energy at a much lower cost
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than conventional solar cells. Additionally, organic solar cell can be fabricated on flexible
and transparent substrates. Polymer based organic solar cells have been reported with
reasonable power conversion efficiencies (PCE) [89, 90].

However, the current PCE of organic solar cell is still not sufficient to meet the
requirement for large area manufacturing [90]. One of the reasons for low PCE is the
limited absorption profile of the conducting polymer layer in organic solar cell. The
current research is focused on improving the PCE of organic solar cell through changing

polymer materials and structures.

Some redox active molecule (i.e., Porphyrin molecules) has been reported to have good
absorption range and strong absorption peak near 450nm in wavelength [91].
Furthermore, the absorption profile of redox active molecules can be adjusted through
tailoring the molecules structure and redox center. Adding one or more specific redox
active molecules to the conducting polymers can effectively broaden the absorption range
and improve the absorption profile of organic solar cell. PCE of organic solar cell may
also be improved after adding the redox active molecules. Detailed discussion on the

renewable energy application of redox active molecules is discussed in Chapter Five.
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1.7 Focus of My Research

My research focuses on the fabrication and characterization of complete solid state hybrid
Si-Molecular memory devices with monolayers and polymers of redox active ferrocenes
and zinc porphyrins on Si and TiN surfaces. In particular, a solid state approach focuses
on the deposition and characterization of the solid state charge-transfer layer to replace
conventional liquid electrolyte gate on top of redox active molecules. Furthermore, the
porphyrin molecules have also been studied for future applications in renewable energy

arca.

1.8 Dissertation Overview

This dissertation is divided into six chapters. The first chapter is “Introduction”. The next
chapter is “Molecules Assembly and Characterization”, which talks about the deposition
and characterization of redox active molecules employed in this research. This is
followed by a chapter on “Redox Active Molecules in Solid State Molecular Memory
Application”. In this chapter, role of liquid electrolyte is discussed. Different solid state
materials to replace liquid electrolyte have been detailed studied. The next chapter is
“Electrical Characterization of Solid State Redox Cells”, which presents the electrical
measurements of solid state redox molecular cells. A chapter on “Redox Active

Molecules in Energy Applications” follows. In this chapter, organic solar cells
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embedding with redox active molecules are discussed. The final chapter is “Summary

and Future Outlook”, which summarizes the dissertation and discusses the possible

research that lies ahead in this area.
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2 Molecular Assembly and

Characterization

A variety of different redox active molecules have been used in this research to build
hybrid molecular memory devices [1-5]. The redox active molecules are able to lose and
gain electrons and remain stable in both the neutral and charged states. These organic
compounds can be attached to a variety of substrates (Si, SiO,, TiN etc) through tethers
and linkers which form covalent bonds to the surface. Specific attachment procedures and
test structures have been developed to characterize the electrical properties of redox
molecules. The optical properties of redox polymers can also be tested. In this chapter,
the properties of various organic compounds will be discussed. The attachment,

fabrication of test structures and the electrical measurements are also presented.
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2.1 Molecules Experiments and Characterization

Molecules are usually defined as a group of atoms connected to each other through strong
chemical bonds. Molecules are electrically stable and neutral. One particular class of
molecules employed in this research is called redox active molecules which possess
charge storage properties. These nanosize redox molecules exhibit ultimate control of

diverse physical properties at the atomic level with inherent scalability.

2.1.1 Redox Active Organic Compounds

The redox active molecules most commonly used in this research are ferrocene and
metalloporphyrins [6, 7]. Figure 2.1 shows the structures of both molecules. Typically,
redox active molecules consist of metal charge storage center (Fe, Zn, Co, Cu), a tether or
linker for attaching the molecules to an electroactive surface via a covalent bond. These
redox molecules can lose electrons from their molecular orbitals and become positively

charged and stable.

Ar

é (a) AT (b)

Figure 2.1 Chemical structure of ferrocene (a) and metalloporphyrin (b); M=Zn, Co, Cu
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These redox-active molecules have discrete energy levels which can be accessed at very
low operating voltages. Since the redox states are quantized energy states, the voltages at
which the molecules are oxidized and reduced, are also discrete. The number of energy
states can be tuned by chemical synthesis. Hence, the discrete energy states within one

molecule may be utilized for multi-bit information storage [8, 9].

Ferrocene molecules are organometallic compounds with two stable chemical states. The
chemical formula is Fe(CsHs),. As shown in the Figure 2.1 (a), the chemical structure
consists of two cyclopentadienyl rings bound on opposite sides of a Fe ion. Ferrocenes
exhibit a reversible one-electron oxidization/reduction property at a very low voltage
(around 0.5v) and hence demonstrates two states: neutral state and monopositive state [9].
Both the neutral and the charged states of ferrocenes are very stable. In order to attach
ferrocene molecules onto different substrates, various functional groups can be
introduced to the cyclopentadienyl rings. The two stable and reversible redox states of
ferrocenes and their ability to attach to a variety of substrates make these redox active

compounds very attractive for hybrid Si-molecular memory applications [11-13].

Compared to ferrocene molecules which have two states, metalloporphyrins are
molecules which can have three states. Metalloporphyrins are porphyrins containing
central metal atoms. As shown in Figure 2.1, porphyrins are aromatic compounds made
from four pyrrole subunits linked through four methine bridges, which are ready to

combine with metals such as Zn, Co and Cu to form metalloporphyrins. Zinc-porphyrins
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can lose one or two electrons and become mono-positively or di-positively charged,
respectively. This results in zinc-porphyrins exhibiting three stable states (neutral,
monopositive and dipositive). Metalloporphyrins can also be attached to different

substrates through functionalized groups [14, 15].

Potentially, multi-state molecules can provide higher charge density and multi-bit storage
ability in one redox cell as compared to two-state molecules. One example of a multi-
state molecule is the ferrocene-porphyrin conjugate [16, 17]. As shown in Figure 2.2, the
ferrocene-porphyrin conjugate consists of one ferrocene and one porphyrin molecule
connected through a benzyl tether. There are a total of four states in this ferrocene-
porphyrin conjugate. To increase the charge density, more ferrocene molecules can be
linked to porphyrin molecules. The multi-bit storage in the space of a single molecule is
one key advantage of molecular memories over conventional semiconductor memory

devices [8].

Figure 2.2 Chemical structure of ferrocene-porphyrin conjugate
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2.1.2 Tethers and Linkers

The generic structure of redox active molecules consists of a redox active compound
(charge storage group), tethers (linkage components) and linkers (surface attachment
groups) [18]. An example of redox active monolayer namely ferrocene-porphyrin benzyl
alcohol (Fc-Por-BzOH) is shown in Figure 2.3. The charge storage group is the
ferrocene-porphyrin conjugate. The tethers and linkers are benzyl and alcohol,

respectively.

Charge Storage Group Tethers Linkers

Figure 2.3 Example of redox active molecules structure

Tethers and linkers are functionalized groups used to attach redox active organic
compounds to desired substrates. Figure 2.3 shows some structures of linkers and tethers.
Specific linkers (i.e -OH) are designed to attach to certain substrate (i.e Si), although
some of the linkers may be able to attach to a variety of substrates via strong covalent
bonds.

O

OH Ilil‘
(a) (b) S (o)

Figure 2.4 Chemical structures of tethers and linkers (a) benzyl alcohol, (b) phenyl alcohol, and (c)
phenyl phosphonate

a
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The covalent bonds, formed by the alcohol (—OH) linkers bonding to Si substrates, are
robust O-Si bonds. It has been reported that the O-Si bonds can be sustained up to
temperatures as high as 450 °C [19]. Thus, these linkers can provide good chemical
contacts and interfaces between organic molecules and an inorganic substrate in hybrid
Si-molecular devices. The self-assembled regularity of the attached molecules is also
affected by the linkers. In addition, electrical properties of the molecules may also be
impacted by the tethers. For example, benzyl tethers, can tune the charge transfer rate
between the molecule and the substrate. These tethers act as insulators between the
charge storage group and substrate. The length of tethers can be changed which in turn
will impact various electrical properties such as charge transfer rates, charge retention
time and oxidation/reduction voltages. Longer tethers may give better retention time but
will also have slower speed. The design of tethers can be guided by the application of the
molecular devices by considering the tradeoff between retention and speed. The redox
voltages are also affected by the tethers, since the insulating barrier may change the

oxidation and reduction kinetics [14, 15, 20, 21].
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2.1.3 Redox Active and Non-redox Polymer

Redox active molecules can form not only densely packed monolayers on substrates but
also multilayer polymer films. Figure 2.5 shows the structure of zinc-porphyrin
molecules with acetylene groups at both ends (Por-m). At elevated temperatures
(typically 400°C), these compounds can crosslink to each other and form redox active

polymer layers through covalent bonds [22].

Figure 2.5 Chemical structure of metalloporphyrin compound (Por-m), which can polymerize at
high temperature

The redox active polymers (Por-m) exhibit redox energy levels similar to the porphyrin
monolayer but provide much higher surface coverage since they are stacked multi-layers
of porphyrin molecules. In addition to increased charge density, these thin polymer
layers also are more robust when exposed to water and O, in the environment. The base
layer of the redox active polymers can attach to the Si substrate covalently through
carbosilane linkages [22]. However these carbosilane linkages are not found to form on
Si0, surface. These polymers are the most commonly used redox active molecules in this

work. Besides the electrical characteristics of the redox active polymers, the optical
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properties are also explored for applications in future renewable energy. The more

detailed discussion can be found in Chapter Five.

Redox active polymers (Por-m) and redox active monolayers (Fc-Por-BzOH) can be
compared as shown in Table 2.1. The redox polymers can crosslink to each other and
form long chain of molecules. The redox polymers contains multilayer of molecules
compared with the monolayer molecules. As mentioned before, the redox polymers
usually provide high coverage the monolayer molecules. The thickness of redox polymers
(i.e., around 10nm) is higher than redox monolayer (i.e., around 3nm). The speed of
molecular devices containing the redox polymers may be slower than that of monolayers
since the electron transfer rate inside the polymers is slow due to the low conductivity of
the polymers. When same amount of gate voltage applied, the electric field across the
polymers will lower than that across the monolayers due to the thickness difference. The
polymers usually has better stability and higher process tolerance than monolayer
molecules since the top layer of molecules in polymers will act as a barrier layer to

encapsulate and protect the bottom layer of molecules.
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Polymers

Monolayers

Redox Molecules (Por-m) (Fc-Por-BzOH)
Coverage High >lel4cm’ Low <leldem”
Thickness High Low

Speed Slow Fast

E-Field across molecules Low High
Stability in air Better Worse

Process Tolerance High Low

Table 2.1 Comparison of the redox polymers and redox monolayers

In this work, some non-redox polymers were also used as control samples in order to
better understand the redox behavior in redox active polymers. Figure 2.6 shows the
chemical structures of two non-redox control molecules. Biphenyl alcohol (a) is the
control non-redox monolayer molecule, which can be attached to Si substrate. Biphenyl
with acetylene groups (b) is the control for redox active polymers. These non-redox
molecules are attached to the substrates through the same steps or similar conditions as

those of the redox active molecules so that they can provide controlled conditions for

electrical measurements of redox molecules.
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Figure 2.6 Chemical structures of two non-redox control molecules, (a) biphenyl alcohol and (b)
biphenyl with acetylene groups

2.1.4 Molecular Attachment

As discussed before, there are several redox-active molecules used in this study.
Although each kind of molecule is designed to have a specific attachment condition, most
of the molecules share a similar attachment procedure. The specific procedure used in
this work is for attachment of Por-m, i.e., redox active polymers. The steps involved in
this molecular attachment to Si substrate are listed as follows:

1 Si substrate is cleaned and treated in 1% HF solution to remove the native oxide
and achieve a highly passivated surface. Samples are sealed in vials and purged in
argon gas (Ar) for about five minutes. The samples are then kept in this controlled
environment during the entire attachment process.

2 Por-m compounds are weighed and fully dissolved in an organic solvent to create
the molecular solution. The organic solvents can either be tetrahydrofuran (THF)
or Propylene Glycol Methyl Ether Acetate (PGMEA). An organic solvent with a

higher vapor pressure (i.e., PGMEA) will evaporate faster than one with a lower
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vapor pressure (i.e., THF). The typical concentration of molecular solution is
ImM. Generally speaking, for redox active polymers, a higher concentration of
molecular solution will produce a thicker or denser redox active polymer film.

3 The molecular solution is transferred to the substrate. There are two methods
which can be employed to coat the molecular solutions on the substrate. The first
one is named “drop-coating” where a small quantity of the molecular solution is
dropped on to active area of the substrate with a pipette or a needle. The other
method is “spin-coating”. The molecular solution is spun on the sample surface at
low speed (~300 rpm) with a spinner. While the drop-coating method is simple
and easy for attachment onto a small sample or specific active area, the spin-
coating method results in good uniformity over large areas. After the molecular
solution is evaporated on the surface, the samples are baked at 400°C for 2
minutes to polymerize the molecules in a controlled environment.

4 The last step is the rinsing of samples in an ultrasonic vibration in either THF or
PGMEA solution. This step is to remove any unattached molecules left on the
substrate. A typical rinse is performed three times to completely remove
unattached molecules. After rinsing, the samples are purged with an inert gas until

they are completely dry.

Some of the attachment conditions are varied depending on the type of molecule. Since
monolayer molecules (i.e., Fc-Por-BzOH) are attached to substrates through a self-

assembly process which results only in a monolayer, they have better tolerance of the
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attachment conditions than redox active polymers (i.e., Por-m). On the other hand,
attachment conditions such as molecular solution concentration, baking temperature and
time are highly critical to the polymer film formation. More discussion on the attachment

conditions for monolayer molecules and polymers can be found in [2, 3].

2.1.5 Test Structures and Devices

After molecules are attached to the substrate, various characterization techniques on test
structures and devices are carried out to understand the redox behavior in hybrid Si-
molecular devices. The test structures to characterize the molecules themselves are called
electrolyte-molecules-silicon (EMS) capacitors. The Figure 2.7 shows the schematic

structure of EMS capacitors.

Liquid
Electrolyte

Si Substrate

Figure 2.7 Schematic drawing of electrolyte-molecules-silicon (EMS) capacitor

A number of steps are involved in fabricating the EMS capacitors. The Si substrate was

first cleaned and transferred into an oxidation furnace to grow a 400nm thick field oxide
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on top. The defined active areas with a typical size of 100 um x 100 um were fabricated
and isolated by thick field oxide regions through conventional photolithography
processes. The size of the active region was varied from 5 pum X 5 um to 200 pm x 200
um. To achieve a highly smooth active region surface, a thin sacrificial oxide layer with
thickness of 15nm was grown in the active region using an oxidation process and then
etched off with a 1% HF solution. After this surface treatment, the molecules were
attached on the top of the sample using the attachment procedures discussed in Section
2.1.4. In order to do electrical measurements, a liquid electrolyte was dropped on the
active region to contact molecules and a silver (Ag) electrode was dipped into electrolyte
for electrical contact. The thick field oxide around the active region helps to reduce the
parasitic capacitance caused by the overlapping between the electrolyte and molecules
located outside the active area. Both Ag and electrolyte act as a conducting gate to the
redox active molecules. The details of electrical measurements can be found in section
2.1.6.1. The role of liquid electrolyte and silver electrode in the electrical measurements

are discussed in detail in Chapter Three.

2.1.6 Characterization

Using the EMS capacitors, various electrical measurements were performed with the

liquid electrolyte gate using a standard probe station. The most commonly used
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electrolyte in this work is a 1M solution of tetrabutyl ammonium hexafluorophosphate
(TBAH) in propylene carbonate (PC). The liquid electrolyte plays a critical role in the
electrical measurements. An electrolyte droplet imparts minimal damage to the molecules
upon contact as compared to direct metal electrode deposition on molecules. Since
molecules are sensitive to water and oxygen in the open air, an inert electrolyte also
provides a localized controlled environment for molecules during measurements. An
electrical double layer will form when liquid electrolyte contacts with molecules. The
mobile ions in the electrolyte (TBA™ and PF;") take the role of charge transfer and charge
balance on one side of the double layer. The electrons in the molecules are effectively
screened by the ions in the electrolyte on the other side of double layer. The role of the
double layer and the charge transfer mechanism in this conventional electrochemical cell
are thoroughly explained in Chapter Three. Electrical characterization in this study for
the EMS capacitors is focused on two types of measurements — cyclic voltammetry
measurements (CyV) and capacitance versus voltage measurements (CV). Beside the
electrical measurements, the optical properties of redox active polymers are also explored.
In the following sections, the principle and detailed information of each measurement is

explained.
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1.1.1.1.1 Cyclic Voltammetry Measurement

Cyclic voltammetry measurement has been widely used in electroanalytical chemistry for
studying the thermodynamics of redox process and the electron-transfer behavior of
electrochemical cells [23, 24]. There are different types of voltammetry measurements
depending on the types of DC voltage sweep. The normal voltammetry has a linearly
increasing DC voltage sweep. In cyclic voltammetry, the excitation signal is a triangular

wave as shown in Figure 2.8.

A

Time

Voltage

Figure 2.8 DC voltage scan used in the CyV measurements

The red curve shows that the DC voltage ramped in the negative direction and the blue
curve shows the voltage sweep back in the positive direction. The DC ramp rate can be
controlled in CyV measurements as scan rate. Figure 2.8 is the typical output obtained
from a CyV measurement on Fc-P molecules at 1 V/s scan rate. There is one redox state
in Fc-P molecules, which is corresponding to one oxidation and one reduction peak in the

figure.
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Figure 2.9 CyV measurements of ferrocene molecules

As shown in the CyV measurement, the negative scan of DC voltage is associated with
the oxidation process of the redox molecules. The positive scan is related with the
reduction process. When the negative scan voltage is applied (i.e., red curve in Figure
2.8), the energy levels of the MOs in ferrocenes molecules are raised. The electrons start
to tunnel through the tunneling barriers, which consist of the tethers and linker to the
redox molecules or the possible thin SiO, layer between the molecules and the Si
substrate. The redox molecules become positively charged after electron tunneling to the
substrate. This oxidation process is shown in the Figure 2.9 as a peak in the red curve.
When the positive scan voltage applied (i.e., blue curve in Figure 2.8), electrons begin to
tunnel back from the Si substrate to the molecules. This reduction process is shown as a
peak in the blue curve in Figure 2.9. After the reduction process, redox molecules are

returned to their neutral state.
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CyV measurements are voltage controlled measurements, where the charging current is
measured. The measured cyclic current consists of two current components. One is the
capacitive charging current, which is associated with the charging of the electric double
layer in the electrochemical cell. The other one is the faradaic current, which is associated
with the redox process. In the red curve of Figure 2.9, the faradaic peak current is
detected in addition to the capacitive background current at around 600mV gate voltage

during the oxidation process.

CyV measurements are also called electrochemical spectroscopy [25]. A lot of

information of the electrochemical cell or the EMS capacitors in this study can be

provided by CyV measurements. Some of the key parameters for redox molecules which
can be directly measured or calculated/interpreted from the CyV techniques are listed
below:

1 Number of redox states: the number of oxidation peaks and reduction peaks are
decided by the number of redox peaks.

2 The oxidation and reduction peak voltages. From the CyV results shown in Figure 2.9,
the oxidation and reduction voltage for ferrocenes molecules are about 0.6v and 0.5v,
respectively. For the application of DRAM or FLASH memory device, the oxidation
and reduction voltages of redox active molecules are directly related to write and ease
voltages of the memory device. The oxidation and reduction peaks voltage also

indicate the corresponding energy levels of redox states.
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Coverage of the redox active molecules attached on the substrate. The total area
under the individual oxidation or reduction peaks indicates the charge density of the
corresponding redox state. For the monolayer ferrocene molecules having a single
redox state, the coverage is about lel3 cm™ after integrating the area under the
oxidation peak.

Scan rate dependence. The cyclic current can be measured at different DC voltage
scan rates for a wide range from 10mv/s to 1000v/s. A linear dependence of peak
current level on the scan rate indicates that redox molecules are strongly attached to
substrate and immobilized. If the molecules are dissolved into solution, the peak
current will have square-root dependence on scan rate.

Peak separation. The difference between the oxidation peak voltage and its
corresponding reduction peak voltage provides information about the electron transfer
speed of molecules to and from the substrate. Peak separation increases with higher
scan rates, indicating that the increased input scan rate may be comparable to the
electron transfer rate. The series resistance in the electrochemical cell is another

reason why the peak separation increases with scan rate.

As listed above, the oxidation and reduction peaks in CyV measurements provide many

key parameters on the electrical properties of redox active molecules. The peaks in CyV

are a combination of the Faradaic current and the capacitive charging current. In order to

observe the oxidation and reduction peak, the faradaic current must be much higher than

the capacitive current. Since the redox molecules monolayer or polymers used in this
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study can provide very high charge density, the faradaic current peaks component are
usually much larger than background capacitive charging current component. That’s the
reason why clear oxidation and reduction peaks can be observed in CyV measurements.
The instrument used to conduct CyV measurement is CHI600a electrochemical analyzer

tethered with a traditional probe station.

1.1.1.2 Impedance Spectroscopy

For the EMS capacitors and other hybrid Si-Molecular devices used in this study,
impedance measurements at different frequencies are also widely performed to explore
charging and discharging of redox molecules. Compared with CyV measurements which
use a DC voltage sweep, impedance spectroscopy is an AC measurement technique,
which provides the capacitance versus voltage (CV) and conductance versus voltage (GV)
data. Figure 2.10 shows the input signal for impedance spectroscopy wherein a small AC
signal is superimposed onto a DC voltage sweep. The DC signal is typically scanned at a
slow scan rate. Besides the ramp rate, other key parameters of impedance spectroscopy

are DC voltage range, AC signal frequency and AC signal amplitude.
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Figure 2.10 AC voltage scan used in impedance measurements

There are two models for impedance measurements to extract CV and GV: parallel mode
and series mode [26]. In the parallel mode, the circuit model consists of a capacitance in
parallel with a conductance. In series mode, the capacitance is in series with a series
resistance. Capacitance value is calculated with the selected circuit model (parallel mode
or series mode) using the measured impendence magnitude and phase value. Impedance

measurements are done with an HP 4284A LCR meter.

In order to understand the redox behavior, an equivalent circuit of our EMS capacitors
with redox active molecules should be modeled. Randle’s Cell circuit is a well known
model for redox processes in electrochemical cells [27]. Based on the Randles cell model,

the equivalent circuit of EMS capacitors can be drawn as shown in Figure 2.11.
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Figure 2.11 Schematic drawing of equivalent circuit of EMS capacitors

As mentioned before, the cyclic voltammetry current consists of two components —
capacitive current, which is due to double layer capacitance, and faradaic current, which
is due to redox process. Similarly, the equivalent circuit of capacitance of the molecular
cell consists of two components — double layer capacitance (Cq) and faradaic capacitance
(Cr). Resistance of the faradaic component (Rr) in series with the Cp represents the
impedance of charging and discharging associated with redox molecules. The circuit also
includes the series resistance of the electrolyte (Rg) and the substrate capacitance (Cs;).
Most of the capacitance and resistance values are voltage dependent and frequency
dependent. However, the double layer capacitance can be considered as a constant value

for a given electrochemical cell.
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Figure 2.12 Capacitance versus voltage curve for ferrocenes molecules

As shown in Figure 2.12, redox peaks can be observed in CV curves at 100Hz. Similar
peaks are also observed in GV curves (not shown). There is a very small peak separation
between the back and forth scans. The DC ramp rate is very slow in impedance
measurements, compared with the fast scan rate in CyV measurement. When the DC
ramp rate is much slower than the electron transfer rate, the peak separation in CV
between the oxidation and reduction becomes small. Capacitance/conductance peaks are
also strongly related with the measurement frequencies [28]. At lower frequencies, more
prominent peaks can be observed. The peaks in CV and GV plots are due to the
impedance components of faradaic capacitance Cr and resistance Ry, which are both
voltage dependent and frequency dependent. The frequency dependence of capacitance

peaks may also be affected by the slow ion movement in the liquid electrolyte [29].
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Based on the Randle circuit model, an analytical model can be used to simulate the
electrochemical cell embedded with redox active molecules. Detailed discussions and
simulations are presented in Chapter Four. For this EMS capacitor, the influence of the
semiconductor effects (accumulation, depletion and inversion) can also be observed in
the CV curve. Interface states located at the silicon surface can also impact the CV curve.
To avoid the influence of the semiconductor, metal substrates can be utilized for easier
understanding of the electrochemical cell since the substrate capacitance is no longer
voltage or frequency dependent. In this work, TiN substrates have also been included as a
replacement for Si substrates. However issues arose with the surface treatment of the TiN
substrate, the molecule attachment procedure and the leakage and were addressed in this

work. Detailed discussions on TiN substrates can be found in Chapter Three.

1.1.1.3 Ultraviolet and Visible Spectroscopy (UV-Vis Spectroscopy)

Apart from the electrical measurements (CyV, CV and GV) of redox active molecules,
optical properties of specific redox active molecules are characterized using ultraviolet
and visible (UV-Vis) spectroscopy. UV-Vis spectroscopy is a technique to measure the
absorption of sample. A beam of light of a single wavelength is split into two beams with
identical intensity. One of the beams passes through the sample to be studied. The
intensity of this beam is measured and compared with the control intensity of the other

beam passed through a reference sample. The absorption of sample can be given by the
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attenuation of the light after it passes through the sample. The UV-Vis spectroscopy also
provides a refection mode if the light cannot go through the sample. In this mode,
refection of light is measured instead of transmission of light. The UV-Vis spectroscopy
can scan not only a single wavelength but also a spectral range. The ultraviolet (UV)
region is from 200nm to 400nm. The visible region is from 400nm to 800nm. The UV-
Vis spectroscopy scans all of the UV and visible region from around 190nm to 900nm.

Absorption can be presented as transmittance or absorbance.

When the light beam passes through organic molecules, the energy of the incident light
can promote and excite the electrons from HOMO to LUMO, leaving an excited state in
both HOMO and LUMO levels. The absorption wavelength (1) is decided by the HOMO-
LUMO gap (AE) of the organic molecules. In general, the more highly conjugated
molecules are the smaller the AE and the longer the wavelength. In this study, a VARIAN

Cary 300 UV-Vis spectrophotometer was used to perform the UV-Vis measurements.

2.2 Current Status of Electrolyte Approach

So far, in the EMS test structures and other hybrid Si-Molecular devices, a liquid
electrolyte (i.e., TBAH in PC) is required as a conducting gate electrode to contact and

apply voltages to molecules. The liquid electrolyte plays a critical role in charge transfer
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and screening during the redox process. However, some disadvantages of involving a
liquid electrolyte become more obvious especially when considering the application of

redox molecules in DRAM and FLASH memory devices.

(@) The drop of liquid electrolyte gate on molecules does not have a long shelf-life.
The solvent in the electrolyte can evaporate or degrade in the open-air environment.
The concentration and aging of the electrolyte can affect the characterization of
molecules as well as their device performance.

(b) After testing/operating the device, liquid electrolyte is still present on the device
and may spread on the sample surface, which may create a cleanliness issue. The
residual electrolyte may cause contamination of the sample or possible parasitic
issue for the other devices on chip.

(c) The integration of liquid electrolyte into DRAM or FLASH memory is extremely
difficult and significantly increases the complexity of processing and handling. It is
almost impossible for large area manufacturing of hybrid Si-Molecular devices with
liquid electrolyte gate.

(d) All ionic cells with liquid electrolyte or even ionic gels are slower than all

electronic devices since the ion movement is slow.

One of the possible routes to replace the liquid electrolyte with a solid state material is to
use a solid state thin dielectric layer as the electrical double layer and a metal gate contact

for the redox charge screening and charge transfer. In Chapter Three, a complete solid
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state approach to hybrid Si-Molecular devices with various candidates is explored and

discussed.
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3 Redox Active Molecules In
Solid State Molecular Memory

Applications

3.1 Introduction

Many approaches have been demonstrated to integrate redox active molecules into hybrid
Si-molecular devices for applications in DRAM or FLASH memory devices [1-3]. For
these charge storage based redox active molecules, all approaches discussed in previous
chapters involved liquid electrolytes as gate contacts. In this Chapter, solid state
approaches to hybrid Si-Molecular memory devices are explored for easy integration into
CMOS process and possible future large area manufacturing. The role of the electrolyte
and the electrical double layer in a conventional electrochemical cell are analyzed in the
beginning. The concept of replacing the electrical double layer with a solid state
dielectric layer is then proposed. Different methods of depositing and characterizing
dielectric layers are discussed. Three kinds of the dielectric layer are examined as
candidates to replace liquid electrolyte. Finally, an alternative approach to solid state

molecular memory device using silicon nano-membrane is introduced.
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3.2 Electrolyte

The importance of electrolyte in the electrochemical cell has been mentioned before. The
liquid electrolyte with mobile ions provides the conducting path between top metal
electrode and the bottom redox molecules. When electrolyte contacts the redox molecules,
an electrochemical double layer is formed between electrolyte and molecules. This
double layer plays a very important role in the charge screening for redox process. The
capacitive current and Faradaic current in the system are both related to the electrical

double layer.

3.2.1 Electrical Double Layer

The electrical double layer (EDL) is an interfacial region formed on the surface of a solid
when the solid is placed into a liquid [4]. EDL plays a critical role in electrochemical
systems. Figure 3.1 shows the schematic drawing of EDL.
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Figure 3.1 Schematic drawing of electrical double layer and potential distribution, redraw from [4]
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When a negative voltage is applied to the solid electrode (i.e., Ag wire), which is
immersed into liquid electrolyte (i.e., TBAH in PC), positive ions are built up on the
surface of the solid electrode. The positive sheet of ions creates an electrical field and
affects the distribution of the ions in the liquid electrolyte to screen the charge on the
surface. The net positive-ions near the solid surface are equal to the number of electrons
in the solid electrode so that the total system is charge neutral. The sheet of positive ions
near the surface forms a sub-layer named “Stern Layer” which consists of the “Inner
Helmholtz Plane” (IHP) and “Outer Helmholtz Plane” (OHP) [4, 5]. Some of the other
positive ions, which gradually diffused outside the Stern Layer to balance the rest of
electrons in the solid electrode, formed the “Diffuse Layer”. The electrical double layer is
a combination of these two layers — “Stern Layer” and “Diffuse Layer” [6, 7]. The same

argument can be applied when a positive bias is used.

Figure 3.1 shows the distribution of the potential drop within the electrolyte. When the
negative voltage is applied on the electrode, the positive ions in the electrolyte are
attracted to the surface of the electrode and form the Stern Layer. Once there is a
significant amount of positive ions attracted to the surface, the majority of the potential
drop appears across the Stern Layer. The distance between the Stern Layer and the
surface of electrode is determined by the size of solvent molecules, which is typically a
few angstroms. The electrode potential dropped across this small distance gives a very
high field. The highest electric field is located at the interface of electrode/electrolyte and

decays exponentially towards the electrolyte region. This high electric field plays an
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important role in EMS capacitors where the redox molecules are attached to the surface

of electrode. More detailed discussion is presented in Section 3.2.2.

The double layer thickness is usually characterized by the Debye length (k') in the liquid
electrolyte, which is in the range of a few nanometers. The Debye length is proportional
to the inverse of the square root of the ionic concentration [7]. For the electrolyte in our
study (0.1IM TBAH in PC), the double layer thickness is around 10nm. If the
concentration of electrolyte is increased to 1M, the double layer thickness decreases to
less than 1nm. From an electrical point of view, the double layer can be treated as a
capacitor since it involves both the electrons/holes on the electrode and positive/negative
ions in the electrolyte. The dielectric constant of double layer is usually very high and
also depends on the concentration of electrolyte. In this work, the dielectric constant of a
double layer formed by 0.1M TBAH in PC is around 60. This electrical double layer has
a large DC blocking function. Since there are two different types of charge carriers (ions
and electrons/holes) on each side of the double layer, there is no direct current conduction
across the double layer. The only current that goes through the double layer is the
charging current associated with background charging and Faradaic components related

to redox processes.

There is an interesting property of the liquid electrolyte named the pseudo-battery effect
[8]. Once the EDL is formed, the bulk electrolyte acts like a battery and transfers most of

the applied voltage to the Stern Layer with minimum loss across the diffuse layer. This
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battery effect indicates that the voltage drop in the liquid electrolyte does not increase

linearly as is the case with solid state materials (voltage divider effect).

3.2.2 Role of Double Layer on EMS Capacitor

In the typical electrochemical cell — EMS capacitor, the electrical double layer not only
forms at the solid electrode/electrolyte interface, but also at the molecule/electrolyte
interface. Figure 3.2 illustrates the EDL formation when the liquid electrolyte contacts

the redox molecules attached on the Si substrate.

Figure 3.2 Schematic representation of double layer formation on redox molecules attached on Si
substrate

The schematic in Figure 3.2 shows the charge distribution around the redox molecules in
the EMS capacitors when the molecules are oxidized. The formation of a double layer

with redox active molecules is similar to double layer formation without molecules.
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When a negative gate bias is applied, the potential of Si substrate in EMS capacitor is
increased. The negative ions are attracted to the surface of Si substrate and form an
electrical double layer. It has been discussed before that there is very high electric field
generated near the interface between electrode and electrolyte. The redox molecules are
attached at the surface of electrode and located within the double layer. The increasing
high electric field inside the double layer causes the redox active molecules to lose their
electrons, which tunnel through the linker and tethers to the Si substrate, and become
positively charged when the electrode (i.e., Si substrate) potential is increased. The
Faradaic current is increased after this oxidation process begins. When the electrode bias
is increased further, more redox molecules become positively charged and experience a
net repulsion from each other as well as from the positively charged Si surface. The
oxidation process is slowed down resulting in a decrease of the Faradaic current.. In the
CyV measurements, the Faradaic current associated with oxidation of redox molecules
exhibits one peak in the cyclic current. The same argument is good for the reduction of
redox molecules, which gives the peak again when the gate voltage sweeps back from
negative to positive. It is noted that there is no DC leakage current component in the
EMS capacitors due to the double layer. Without the DC leakage current component, the
Faradaic current peak can be observed in CyV measurements once it is exceeds the

capacitive charging current.

The unique properties of the electric double layer also enable low voltage operation of the

redox active molecules. The high dielectric constant and low thickness of the double
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layer provide an effective screening of the positive charges in the redox molecules. The
significant amount of negative ions at the one side of the double layer guarantees a high
electric field across the double layer during the oxidation/reduction process so that further

oxidation/reduction can easily continue.

The double layer is actually formed all around the molecules so that the double layer is
effectively in parallel with the molecules. The double layer can be modeled as a capacitor
(Ca)) in the equivalent circuit. The Faradaic current associated with oxidation/reduction
can be modeled as Faradaic capacitance in series with resistance Rp. These two
components (double layer capacitance and Faradaic current) are in parallel in the

equivalent circuit of the EMS capacitors.

3.2.3 Replace Electrolyte with Solid State Dielectric Layer

The concept of replacing a liquid electrolyte with a solid state dielectric layer is based on
the formation and unique properties of the EDL. The simplest model for the electric
double layer in an EMS system is a capacitor. A solid state dielectric layer can provide a
similar screening behavior on top of the molecules. Figure 3.3 shows the schematic

structure of the solid state approach to hybrid Si-Molecular device.

74



Electrochemical Cell
with Liquid Electrolyte

Liquid Electrolyte

Solid State Approach
with Dielectric Layer
Dielectric Layer

PPPPPPIPIPPT D i e e e e
(b)

Figure 3.3 Schematic structures of (a) electrochemical cell with liquid electrolyte and the charge
distribution in this ionic cell (b) solid state approach with dielectric layer and the charge distribution
in the electronic cell

The charge distribution in the ionic cell has been discussed before. The positive charges
in the molecules are screened by the negative ions in the liquid electrolyte in the
electrical double layer. In the solid state approach, a dielectric layer on top of the
molecules replaces the electric double layer. The Ag electrode is also replaced by the
metal gate deposited on the solid state dielectric layer. The positive charges in the redox
molecules are balanced by the electrons in the metal layer because of the screening across

the dielectric layer.

The dielectric layer and metal film can be easily deposited via conventional

semiconductor processing methods. The solid state structure can be easily integrated into
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conventional CMOS process for large area manufacturing. In the completely solid state
cell, no liquid electrolyte is needed for operating the device. Correspondingly, there is no
ion movement involved in the charge transfer and charge screening process. An all
electronic operation may provide faster operation and low resistance compared to a
conventional electrochemical cell. In the solid state structure, the redox molecules are
also embedded into solid state dielectric layer. Once the dielectric layer seals the
molecules, it isolates the molecules from the outside environment. The stability of

molecules may thus be improved with a protective dielectric layer deposited on top.

However, achieving the solid state molecular device is not as simple as the concept itself.
From an electrical point of view, the double layer is a high-k dielectric layer with low
thickness and minimal DC leakage. It can provide high charge densities with relatively
low electric fields across it, which results in a good screening behavior. On the other
hand, the EDL also has pseudo-battery effect and no DC leakage component so the
Faradaic current peak associated with oxidation and reduction can be observed at low
applied voltage. The dielectric layer is not expected to exhibit the pseudo-battery effect
which will result in an increase in the oxidation and reduction voltages. Also, the
conventional EDL has been reported to have a very high breakdown field compared to a
solid state dielectric [9]. The inert electrolyte embeds redox molecules in the double layer
and provides an isolated control environment during the oxidation/reduction process. The
electrolyte contacts molecules without changing or damaging the structures of molecules.

All of these superior properties of the liquid electrolyte gate provide a big challenge to
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the solid state approach. However, their limited integration potential still warrants the
investigation of alternate approaches. The following sections investigate the requirements

for the dielectric layer in this solid state approach.

3.3 Dielectric Layer Consideration

The role of the double layer in EMS capacitors has been discussed. In order to replace
EDL with solid state dielectric layer, the electrical properties of dielectric layer need to
be similar with EDL. In general, the high capacitance value with low DC leakage current

is required for solid state dielectric layer.

The first requirement for the dielectric layer is the dielectric constant. The dielectric
constant for the conventional double layer is very high (~60). The solid state dielectric
layer needs to be a high-k material for better screening of redox charge. In addition, the
thickness of the dielectric layer needs to be low so that the voltage drop can be minimized
and the capacitance of high-k dielectric layer can be increased. Typical double layer
thickness is close to Inm however, there is a limitation on the thickness obtained by
conventional deposition techniques for a solid state dielectric layer. In addition, a critical
thickness of dielectric layer is required to maintain control of leakage current. If the

thickness of dielectric layer is lower than the critical thickness, the DC leakage current
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due to the tunneling process can dominate the current flow through the structure. The
Faradaic current associated with possible oxidation/reduction process cannot be observed
with high background leakage current. High leakage current may also cause the damage

of molecules or even the dielectric layer itself.

The thickness of the high-k dielectric layer is also related to the retention time of the solid
state molecular memory device. For DRAM applications where long retention time is not
required, the capacitance of high-k dielectric needs to be as high as possible. A dielectric
layer with high capacitance enables an effective screen of redox charge in the molecules
with fast and low voltage operation. For FLASH applications, in order to achieve non-
volatile charge storage with long retention time, the thickness of high-k dielectric may
need to be thick enough to ensure that electrons on the metal do not tunnel through the

dielectric layer and recombine with the positively charged molecules.

Dielectric AIN Al,O3 HfO,
Deposition method Reactive sputtering| ALD ALD
Dielectric constant ~8.5-9.4 ~8.6-10 ~16
Bandgap (eV) ~6 ~9 ~6
Breakdown field (MV/cm) 4-12 4-10 5-7

Table 3.1 Comparison of three dielectric candidates — AIN, Al,Oz and HfO,

78



In Table 3.1, three dielectric candidates are compared — Aluminum nitride (AIN),
Aluminum oxide (Al,O3) and Hafnium oxide (HfO;). AIN can be deposited by reactive
sputtering. Both Al,O3; and HfO, can be deposited by ALD process. The details on the
deposition methods can be found in Section 3.4. The ALD HfO, layer has highest
dielectric constant. All of the three dielectric layers have relative wide bandgap and high

break down field, which may help to provide low leakage current in solid state devices.

3.4 Dielectric and Metal Deposition

The deposition methods for dielectric layer also need to be considered. The conventional
electrochemical cell with liquid electrolyte does not involve any solid material deposition
directly on top of molecules. This gentle electrolyte contacts forms the double layer when
dropped and placed on top of molecules. In the solid state structure, the dielectric layer is
proposed to be deposited directly on top of molecules. As we discussed before, contact
formation to the molecules is a great challenge for molecular electronics since the
molecular film only consists of either a single or a few monolayers of molecules. Thus,
the dielectric deposition methods are critical for the conservation of molecular structure

and its redox properties.
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3.4.1 Sputtering Deposition

Sputtering deposition also called physical vapor deposition (PVD) is one of most
commonly used methods for depositing the dielectric layer as well as the top metal
electrode. First, an inert gas (i.e., Ar) is introduced into chamber and a high power (i.e.,
100W) is used to strike plasma between the substrate and target. lons are generated,
accelerated in the plasma and then collide with target material. Atoms are bombarded
from the target by the high energy ions and deposited onto the substrate. In this work,

Tungsten (W) is deposited using sputtering deposition as top metal electrode.

Some reactive gases (i.e., oxygen or nitrogen) can be added into the vacuum chamber
during the sputtering process. The target material can chemically react with the reactive
gas and form either an oxide or a nitride film on the substrate. This process is named as
“reactive sputtering”. The composition of the oxide or nitride film can be controlled by
the relative ratio of the inert gas and the reactive gas. In this study, Aluminum Nitride
(AIN) dielectric layers were deposited on Si substrates using reactive sputtering. More

details are presented in Section 3.6.
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3.4.2 Thermal Evaporation

Thermal evaporation is another common method to deposit thin films. In a vacuum
chamber, source materials (small pieces of materials with high purity) are placed onto a
W boat or other conducting materials which have a high melting point. A controlled
current goes through the W boat and heats up the source. Once the temperature is above
the melting point of the source material, it is evaporated and deposited onto the substrate,
which is placed on top of chamber, facing the evaporation source. A variety of metal
materials with relatively low melting point (< 1500°C), such as aluminum (Al), gold (Au),
nickel (Ni), can be deposited by thermal evaporation. In this work, the top Al contact was

usually deposited by thermal evaporation.

3.4.3 Atomic Layer Deposition

Atomic layer deposition (ALD) has recently been used to deposit dielectric layers or
metal layers with ultimate thickness control [10]. A typical ALD cycle consists of
alternating cycles of two precursors and is described as followed: First, chemical
precursor-A vapors are introduced into the ALD chamber and react on the surface of
substrate. The un-reacted precursors are then purged out with an inert gas. Next,
precursor-B is introduced into chamber. This precursor reacts with the first precursor to

form a monolayer of material on the surface of substrate. The un-reacted precursors and
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by-products from the reaction are purged out of the chamber together. Sequential pulsing

of these two precursors can grow a conformal coating film layer by layer.

One cycle of ALD deposition, which consists of precursor-A followed by precursor-B,
results in the deposition of one layer of material. Hence, ALD can precisely control the
deposition thickness at the atomic layer level. The self-limiting mechanism and
conformal deposition on large areas with atomic level thickness control makes ALD
extremely useful for thin dielectric layer deposition [11]. The property of conformal
deposition also makes it a suitable deposition method for porous structures and on

surfaces with defects and pin-holes (i.e., molecules surface) [12-14].

ALD conditions are critical for both surface nucleation and film growth. Appropriate
pulse, exposure and purging time for each precursor need to be chosen for constant
deposition rate. The pulse time is defined by the time between inlet valve being open and
closed, which decides the amount of precursor introduced into chamber. The exposure
time is the time between inlet valve being closed and the exhaust open, which defines the
precursors’ reaction time on the surface. The purging time refers to the time between the
exhaust open and closed. Enough purging time is necessary to remove any un-reacted

precursors and by-products.

An ALD process is used in this study for dielectric layer deposition. Aluminum oxide and

hafnium oxide are deposited via the ALD process. More details of the chemical reaction
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and ALD conditions can be found in the following sections. The ALD tool used in this
study is the Savannah™ 200 Atomic Layer Deposition tool made by Cambridge

NanoTech Inc.

3.5 Surface and Materials Analysis

Characterization of materials is necessary to understand the film thickness, uniformity,
surface condition, material composition and quality.

Ellipsometry measurement is widely used in this study to measure the thickness of a
dielectric layer. It is a very sensitive, contactless and non-destructive measurement
technique, which analyzes the change of polarization of reflected light traversing the film
and reflecting off the substrate. Wafer mapping with ellipsometry can provide
information about the film uniformity by measuring multiple sites over the whole
samples. In this work, ellipsometry has been used to measure the thickness of various
dielectric films, such as AIN, Al,O; and HfO,. The thickness of molecules layer can also
be measured by the ellipsometry utilizing appropriately calibrated materials files in the

Ellipsometry software.

The surface morphology of the molecules and dielectric layer deposited on top can be

characterized by atomic force microscopy (AFM) or scanning electron microscopy
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(SEM). In order to get the exact thickness of stacked layers and obtain information about
the interface, cross-section transmission electron microscopy (TEM) is used. X-ray
photoelectron spectroscopy (XPS) and Energy Dispersive X-ray (EDX) are used for

chemical analysis of the sample surface.

3.6 Aluminum Nitride Dielectric Layer

Aluminum nitride (AIN) was the first dielectric material used in the solid state approach
for molecular memory devices. The proposed solid state device structure is
Al/AIN/Molecules/Si stack. AIN can be easily deposited via reactive sputtering. AIN is a
high bandgap (> 6ev) material, and is considered a potential dielectric for SiC devices
[15]. The wide bandgap of AIN also helps to provide low leakage currents. The dielectric
constant of AIN is around 9 [16]. Although this k value is not as high as the double layer
dielectric constant (~ 60), AIN is still an interesting high-k dielectric compared to SiO,

(3.9) and even a polymeric dielectric film which typically has a low-k.

In the solid state structure, AIN layer is deposited on top of the redox molecules. These

molecules are susceptible to oxygen and moisture. There is no oxygen involved in the

AIN deposition as well as in the film itself, which helps to preserve the molecules during
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the deposition. AIN is also an excellent oxygen diffusion barrier. For this reason, AIN

may also act as a protective layer on top of the molecules and increase their stability.

3.6.1 Fabrication of Solid State Molecular Device with AIN

The schematic of the solid state molecular memory device with redox-molecules

embedded into AIN dielectric layer is shown in Figure 3.3.

AIN

hbhbdbbbdbdbdd

Figure 3.4 Schematic structure of solid state molecular device with AIN dielectric

N-type Si substrates (100) are used in this structure. A thin sacrificial oxide is grown and
etched off using 1% HF solution. As discussed before, AIN sputtering deposition may
cause damage of the attached molecules. Hence, redox active polymers are used in this
structure. The top few layers of molecules may be affected by the sputtering deposition
but the redox molecules near the Si surface may still be preserved. The two kinds of
polymers used in this structure are shown in Figure 3.5. One of them is redox active
polymers (Por-m). The other is the non-redox polymers (BiP-m) as control molecules in

the following electrical measurements.
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Figure 3.5 Chemical structures of (a) redox active Por-m and (b) non-redox BiP-m

Both the redox and non-redox molecules can polymerize at elevated temperatures
through the acetylene functional groups. The molecular attachment procedure has been
discussed previously in Chapter Two. The concentration of the molecular solution (in
tetrahydrofuran (THF) solvent) is typically 0.1M or 1M. The polymerization temperature

is 400 °C for redox molecules Por-m and 250 °C for non-redox molecules BiP-m.

AIN is deposited using reactive sputtering deposition of Al in the both Ar and N, gases.
The reactive sputter power is 100W and deposition time is varied from 15mins to 60
minutes. After AIN deposition, a top Al contact was formed using evaporation. The Al
layer was then patterned using conventional photolithography process. A typical device,
which is metal-AIN-molecules-Si (MIMS), is 100um % 100um in size. A control device,
consisting of metal-AIN-Si (MIS), was also fabricated using the same steps without any

molecular attachment.
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3.6.2 Characterization of AIN Film

The composition of AIN film is controlled by the ratio of Ar and N, used in the reactive
sputtering process. AIN films were deposited at different N, gas flows, from Ssccm to
40sccm, with the same Ar gas flow (i.e., 40sccm). AIN films deposited with different
partial pressures of N, gas were characterized using CV techniques at different
measurement frequencies. An MIS capacitor with optimized Ar to N, ratio exhibits a

good CV curve with no hysteresis as shown in Figure 3.6.
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Figure 3.6 CV curve of AI/AIN/Si (MIS) capacitor measured at 1 kHz

The Ar to N ratio of 40sccm:20sccm was found to give best CV characteristics of MIS
capacitor as shown in the Figure 3.6. There is no hysteresis between forward and reverse
scans. However, there is large frequency dispersion of the CV curve and shift of the flat
band voltage when CV curves were measured at different frequencies. It should be noted

that in order to preserve the molecules as much as possible, there is no post deposition
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annealing process after the deposition of dielectric and metal. Hence, the MIS capacitors
with as-deposited AIN films are expected to have large amount of interface states
between the Si and AIN. From the CV curve, the thickness of AIN can be estimated from
the capacitance value in accumulation. The electrical characterization on MIMS

capacitors was done using an HP4284 LCR meter.

Figure 3.7 Cross-section TEM of AIN layer deposited on Si

For better understanding of the thickness of AIN and interface of Si and AIN, high
resolution TEM of AIN layer was obtained by the Evans Analytical Group (EAG®™)
Company. The AIN was deposited using reactive sputtering for 60 minutes with Ar to N,
ratio of 40sccm:20scem. The reactive sputtering deposition rate is around the 2A per min.
Using the thickness obtained from TEM and the capacitance from the CV curves, the
dielectric constant was estimated to be around 8.9. This value is quite close to many other

reports [16].
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The DC leakage data shown in the Figure 3.8 are for the MIS capacitor with 6nm AIN.
The leakage current of AIN confirms the dielectric properties of the AIN layer. Note that
the leakage measurements were focused on negative gate voltages where the n-type Si is

in accumulation.
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Figure 3.8 DC leakage current of MIS capacitor

3.6.3 Characterization of MIMS Capacitor.

Before the deposition of AIN on redox molecules, redox molecules (Por-m) attached on

the Si substrates were characterized using CyV measurements as controls.
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Figure 3.9 CyV measurements of Por-m polymers on p- and n-Si, insert show the monolayer
porphyrins on p-Si

The CyV measurements of Por-m redox active polymers with liquid electrolyte on both
n-type and p-type Si substrate clearly show the two redox peaks associated with two
redox states in the molecules. The coverage of the molecules is lel5 cm™ and 2e14 cm™
for p-type Si and n-type Si, respectively. The lower coverage of molecules on n-type Si is
attributed to the lower availability of holes on the substrate, which decreases the
tunneling current (i.e., the Faradaic current peak) between the redox states and the Si
substrate. The inset shows the CyV of monolayer porphyrins on p-Si. The coverage of
polymers is much greater than the monolayer coverage. High charge density of porphyrin
polymers may provide more obvious redox peaks in the electrical measurements after
they are integrated into the solid state device. The polymers also give some process
tolerance so that the coverage of molecules may still be maintained after AIN deposition.

Figure 3.10 shows the coverage of Por-m polymer after AIN deposited on top.
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Figure 3.10 CyV measurements on Por-m molecules after 60mins AIN deposition on top

After 60mins of AIN layer deposition, CyV measurements were used to characterize the
redox molecules underneath the thin AIN film. Two clear redox peaks were observed in
the CyV measurements, which indicate that the redox properties of Por-m molecules
were preserved after AIN sputtering deposition. The coverage of the molecules is
decreased due to the layer of AIN between the liquid electrolyte and molecules. This may

also suggest that some of the molecules on the top of the polymers are possibly damaged

during AIN deposition.
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Figure 3.11 CV measurements of MIMS capacitors. AI/AIN/Por-m/n-Si exhibits peaks and hysteresis
at different frequency. The insert shows the CV of Al/Por-m/n-Si. The MIMS capacitor with non-
redox molecules (BiP-m) does not show any peaks

Figure 3.11 shows the CV characteristics of an MIMS capacitor with Por-m redox
polymers embedded inside. Peaks and hysteresis were observed in CV curves at different
frequencies. The peaks in the capacitance measurements are observed in simulations as
discussed in the next section. The insert of Figure 3.11 (a) is the CV curve of Al/Por-
m/Si stack. Without AIN capping layer, no peaks or hysteresis were observed in the CV.
Figure 3.11 (b) shows the CV characteristics of the MIMS capacitor with embedded non-
redox active molecules (BiP-m). Compared with the MIMS capacitor with embedded
redox molecules, neither AI/AIN/Si nor AI/AIN/BiP-m/Si devices showed any peaks or
hysteresis in the CV. These non-redox active molecules were attached at 250 °C with
molecular solution of 0.1M. However, when the non-redox molecular solution is

increased to 10M and the attachment temperature is increased to 400 °C, peaks and
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hysteresis in CV characteristics were also observed which are similar to MIMS capacitors

embedded with the redox molecules as shown in Figure 3.12.
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Figure 3.12 CV of MIMS capacitors with non-redox molecules attached with a high concentration
molecular solution at 400 °C

The hysteresis and bumps shown in the CV characteristics of MIMS devices with
embedded redox active molecules as well as the high concentration non-redox molecules
suggest that a more thorough understanding on the relationship between interface states
and modulation of CV for MIMS capacitor is required. Device simulations can model the

behavior of interface states on the capacitance of devices.
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3.6.4 Simulations of MIMS Capacitors

For a clearer understanding of the peaks shown in the CV characteristics, device
simulations were performed using ISE-TCAD software on the MIMS capacitors with and
without discrete charge states. The structure of the capacitor is AI/AIN/Por-m/Si. The
dielectric constants used in the simulation were 8.5 and 3 for AIN and polymers,
respectively. Discrete localized donor-type energy states were placed at the interface of
Si/Por-m. A Gaussian distribution with a very small sigma value (0.01 eV) was used so
that the interface energy states were localized to better simulate the discrete redox states
in molecules. Different energy levels of interface states have been simulated to observe
the effects on the CV. Interface states with an energy level of 0.3eV located below the
conduction band of Si was proved to be able to present most similar CV behavior to the

experiments results shown in Figure 3.11.
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Figure 3.13 Simulated CV characteristics of MIMS capacitors with and without the presence of
energy states.
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The simulation results shown in Figure 3.13 are for CV curves from devices with either
no states or two different charge states. Neither the device without states nor the device
with a low density of energy states (1el11 cm™) show any peaks in simulated CV curves.
When the density of charge states increased to 2e14 cm™, the simulated CV of MIMS
capacitor exhibited a clear peak. This simulation suggests that only a very high density of

states (> 1e14 cm™) can contribute to the peaks observed in CV curves.
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Figure 3.14 Simulated CV characteristics of MIMS capacitors with and without a thin SiO,
underneath the polymer layer. The insert shows the experimental results.

The simulated results also suggested that a layer of SiO, placed underneath the polymer
layer can effectively decrease the charging and discharging of the polymer layer since the
thickness of the barrier layer to the Si substrate is increased. The inset of Figure 3.14

shows the experiment curves, which are similar to the simulation results.
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Figure 3.15 Comparison of simulations and experiment results of MIMS capacitors with different
AIN thickness.

The experimental results in Figure 3.15 (a) show the peak width increases with the
increase of top AIN thickness, which is due to an increasing voltage drop across the
dielectric layer. The simulated CV characteristics in the Figure 3.15 (b) also suggest that

the peak width increases with the AIN thickness, which is increased from 10 nm to 20 nm.

In summary, hybrid Si-Molecular memory devices fabricated using an AIN dielectric

layer with embedded redox active polymers showed clear peaks and hysteresis in the CV

characteristics of MIMS capacitors. However, since similar peaks were obtained with
non-redox polymers attached at high concentrations and temperatures, these cannot be
attributed to any redox behavior. The high temperature attachment may cause a large
amount of interface states between Si substrate and BiP-m layers, which will affect CV
characteristics. Trapping in the molecular layer with a high concentration of non-redox

molecules may also cause the hysteresis and peaks in the CV curves. The AIN process
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may cause the large amount of trapping in the molecular layer. This is one of the reasons
why an alternative deposition method is desired. The leakage data shown in Figure 3.16
further support this claim since they suggest that the dielectrics deposited by sputtering

may not be suitable for fabricating the hybrid Si-Molecular device.
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Figure 3.16 Leakage measurements of MIMS capacitors with and without molecules

The leakage of the MIMS capacitors as shown in Figure 3.16 suggests that a better
dielectric layer or method of dielectric deposition is needed for hybrid Si-Molecular
memory devices. The leakage current is increased by about one order of magnitude after
an AIN layer is deposited on top of the molecules. The high DC leakage current
dominates the total current in MIMS capacitors so that the possible Faradaic current
peaks are not able to be observed in IV measurements. Increasing the thickness of AIN
may not be an option since the voltage drop on the AIN layer will also be increased
requiring a larger gate voltage to reach the redox voltage of the molecules. Larger gate

voltages may cause even higher leakage current. Hence, a better dielectric material with
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high dielectric constant and lower leakage current is needed. Sputter deposition involves
ion bombardment with high energy, which may cause a large amount of trapping in the
molecular layer. An alternative deposition method may also be required for introducing

less damage and trapping to the molecular layer.

3.7 Aluminum Oxide Dielectric Layer

In order to achieve better DC leakage current above the molecules, various dielectric
materials along with different deposition methods were examined and compared with the
AIN dielectric layer deposited by sputtering deposition. Aluminum oxide (Al,O3) was the
next dielectric material considered for the solid state molecular memory device after AIN
in this study. The dielectric constant of Al,Oshas been reported between 9 and 11.4 [17,
18]. Al,Os can also be deposited by atomic layer deposition (ALD), which has been

reported to be a good deposition method on polymers [19-21].

3.7.1 Atomic Layer Deposition of Al,O;

As discussed before, ALD has many advantages over sputtering deposition for dielectric

deposition. In ALD, two precursor gases are introduced into a heated chamber alternately
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which react on the sample surface to form a dielectric layer [22, 23]. The deposition
damage is expected to be much less for Al,O3 than the AIN sputtering deposition, which
involves high energy ion bombardment. The ALD process has ultimate thickness control,
excellent step coverage and good interface quality, which is ideal for dielectric deposition
on molecules. The two precursors used to deposit Al,Os3, are tri-methyl Aluminum
Al(CHs3); (TMA) and water (H,O) vapor. Before the deposition of Al,Os, Si substrates
were treated with 1% HF to remove native oxide. TMA is introduced into the ALD
chamber which is heated up to 200 °C. The reaction of the first precursor, TMA, on the Si

surface is described as followed:

AI(CH;); + :Si-O-H — :Si-O-Al(CH3), + CH,

As shown in the formula, the TMA reacts with the hydroxyl groups on the Si surface,
producing methane (CHy) as the by-product. The un-reacted TMA and by-products, CHy,
are purged out of the chamber after this surface reaction. The second precursor, water
vapor, is then pulsed into the chamber to react with the dangling methyl groups on the
TMA surface forming an aluminum-oxygen (Al-O) bond. This reaction is shown in the

following formula:

2H,0 + :Si-0O-Al(CH;), — :Si-O-Al(OH), + 2 CH,
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Again the un-reacted precursors and by-products are purged out, and the surface is then
ready for the next TMA pulse. One layer of Al,O; has been deposited after this one cycle
of ALD. The ellipsometry measurements suggest that the thickness of Al,O3 deposited by
one ALD cycle is around 1A. The ALD conditions were varied to get uniform deposition
across the whole sample. The Al,O; layer was also electrically characterized using MIS
capacitors and found to have good CV characteristics. After optimization, the ALD
conditions (i.e., the pulse, exposure and purging time) for TMA/water precursors were

chosen as 0.2s/0.3s, 1s/1s and 5s/5s, respectively. The Al,03 ALD temperature is 200 °C.
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Figure 3.17 CV and IV characteristics of MIS capacitor measured at different frequencies with 40 A
Al,O; as an insulator

The CV curves shown in Figure 3.17 are the measurement results of a MIS capacitor with
AlLO3 deposited using optimized ALD conditions. From the CV characteristics shown in
Figure 3.17, there is a very small amount of frequency dispersion. Here the Al,O3 layer is
deposited with 40 ALD cycles at 200 °C. The estimated thickness of Al,O3 is 40 A. The

small bumps seen when the gate voltage is between -1v to -0.5v may suggest that there
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are interface states in the MIS capacitor at the Al,Os/Si interface. The IV measurements
indicate that a good Al,Os dielectric layer with low leakage current can be deposited on
Si substrate. In order to preserve the molecules, the devices were not subjected to any

high temperature annealing process, so a certain amount of interface states are expected.

3.7.2 Al,O5; on Molecules

Based on the previous structure with AIN, new MIMS capacitors with an Al,O; dielectric
layer were fabricated. Redox polymers (Por-m) were used in this device. A 40 cycle
Al,Os layer was deposited on top of polymers using the ALD process. The structure of

capacitor is Al/Al,Os/Por-m/Si.
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Figure 3.18 CV characteristics of the Al/40A-Al,O4/Por-m/Si stack at different frequencies
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ALD conditions used to deposit Al,O3 on top of Por-m redox molecules are the same as
those used to deposit on the Si substrate. Similar to the AIN MIMS capacitors, large
hysteresis and peaks in the CV curve were observed in the MIMS capacitors using Al,O3
as an insulator. The direction of the voltage sweep is shown in Figure 3.18. As discussed
before, the hysteresis of the CV characteristics is due to the charging and discharging of
the redox molecules. Small bumps were also observed in the CV curve, indicating a large
number of surface states in MIMS capacitor. However, the DC leakage was high for the

Al,O5 dielectric layer on top of molecules.
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Figure 3.19 Leakage measurements of eleven devices with same structure (Al/40cyclesAl,Oz/Por-
m/Si)

For a thin AlLOs dielectric layer deposited on top of polymers, the DC leakage
measurements experienced a large device to device variation. The variation of the DC

leakage may due to the deposition quality of thin Al,O3 on top of polymers. As discussed

before, leakage current should be low enough so that the Faradaic current component
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associated with oxidation/reduction from redox molecules may be observed. The high
leakage associated with an Al,Oj3 dielectric layer and its relatively low dielectric constant
finally drove us to move on and search for another dielectric material which can provide

a better film quality on top of redox active polymers or monolayers.

3.8 Hafnium Oxide Dielectric Layer

Among many potential high-k materials, HfO, has drawn significant attention as one of
the leading candidates to replace SiO, owing to its high dielectric constant, relatively
large band gap, and compatibility with conventional CMOS process [24-26]. Hafnium
oxide (HfO,) has been integrated into 45nm CMOS technology as a high-k material to
replace conventional SiO, gate dielectric layer [27, 28]. HfO, can be deposited using an
ALD tool with two precursors - tetrakis(dimethylamido)hafnium (tetrakis) and water [29,
30]. In this section, the optimization of a HfO, ALD process on Si, TiN and molecule
surfaces is discussed. Different materials analysis methods were also performed to
characterized the quality of HfO, layer. The electrical measurement results on the MIMM

capacitors with HfO, dielectric layer can be seen in Chapter 4.

103



3.8.1 HfO, on TiN substrate

A Titanium nitride (TiN) substrate was used in our solid state molecular memory device
for the following reasons. The TiN substrate is a highly conductive metal substrate.
Compared with a Si substrate, the TiN substrate doesn’t have any substrate effects, such
as accumulation, depletion and inversion. Without these substrate effects, a clear
understanding of redox states of molecules in CV and IV measurements of the solid state
molecular devices can be achieved. In the semiconductor industry, TiN is widely used as
a diffusion barrier for the contacts and vias in the back end of the line (BEOL) process
[31]. The study of dielectrics on molecules with TiN substrates helps to integrate the
solid state molecular devices into CMOS BEOL process for DRAM capacitor

applications.

In order to achieve a low leakage dielectric layer, ALD conditions (i.e. pulse, exposure
and purging time) were optimized for TiN substrates. ALD is a surface dependent form
of deposition, and the pulse, exposure and purging time play an important role on the film
quality. Figure 3.20 shows the leakage currents of different HfO, layers deposited with

changing ALD exposure times, a critical factor in ALD deposition.

104



1000 T T T T 1 1 T T T T 3

o~ 100‘; | '
5 ]

P E "
l-g 1

c ] ]

() 0.0l-g 3

(@] E E
 1E34 .

o= E [

L 149 | —m—Exposure time = 0s 3

8 154 | —e— Exposure time = 0.1s 4
16 Exposure time = 1s ]

1E-7 ] ]

T T T T T "~ T T T T " 17
-20 -18 -16 -14 -12 -10 -08 -06 -04 -02 00 02

Voltage (V)

Figure 3.20 Leakage current of 30cycles HfO, dielectric layer deposited with three different ALD
exposure times (0s, 0.1s and 1s)

In Figure 3.20, three HfO, layers are fabricated with different exposure time (0s, 0.1s and
Is). All the other ALD conditions are same, such as number of cycles, pulse and purging
time, deposition temperature, etc. From the IV curves, leakage current was improved
almost two orders of magnitude when exposure time is changed from Os to 0.1s. There is
also more than one order of magnitude leakage current improvement when the exposure
time is increased from 0.1s to 1s. For the comparison, similar measurements were
performed on Si substrate. As shown in Figure 3.21, the leakage current of HfO, ALD on
Si substrate didn’t show any obvious improvement when the exposure time changed from

Os to 5s.
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Figure 3.21 Leakage currents of 30cycles HfO, ALD on Si substrate with two different exposure
times (Os and 5s)

The huge improvement of leakage current on TiN substrates by varying the exposure
time suggests that the longer exposure time is required for a rougher surface. The
exposure time doesn’t affect the leakage current of the HfO, film on Si substrates because
the Si has an atomically smooth surface, on which the ALD precursors are easily able to
nucleate and react. The silicon surface was cleaned in 1% HF solution prior the ALD
deposition to remove the native oxide. The TiN substrate was cleaned in 0.1% HF for 2

mins to eliminate any possible oxide layers on surface.

For a better understanding of the starting surface condition for both Si and TiN substrate,
both surfaces were measured by atomic force microscopy (AFM) in tapping mode before
ALD deposition. Figure 3.22 shows the AFM image of the Si surface and TiN surface

with the surface roughness measurements in the marked region.
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Figure 3.23 Phase image of the surface of the TiN substrate

The Si surface is 3.5 um % 3.5 um in area. The surface roughness of Si substrate is
0.188nm. For the TiN substrate, the measured surface roughness in 1 um X 1 pum area is
1.62nm. The phase image from AFM measurement as shown in Figure 3.23 also indicates
the relatively rough surface of the TiN substrate. The different surface roughness
suggests that the ALD conditions on a TiN substrate are expected to be different those on

a Si substrate.

The optimized ALD conditions for HfO, deposition on TiN substrate at 200 °C are
described as followed. The pulse, exposure and purging time for the water precursor are
0.2s, 5s and 8s. The three conditions for the tetrakis precursor are 1s, 5s and 8s. With
these optimized conditions, the thickness of the HfO, on TiN substrate can be precisely

controlled by the number of ALD cycles. In the following devices, a TiN substrate
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replaces the Si substrate shown in previous MIMS capacitor data. The MIMM (metal-

insulator-molecule-metal) capacitor structure is proposed.

3.8.2 HfO, on Molecules

A monolayer of Fc-Por-BzOH molecules is used in MIMM capacitors instead of redox
polymers. This type of molecules has one ferrocene molecule tethered with one porphyrin
molecules, which can provide very high charge densities for a thinner molecular layer.
Compared with redox polymers (Por-m), the monolayer molecules are thinner so that a
larger electric field can develop across the molecular layer, which can facilitate the
oxidation and reduction of redox molecules. Figure 3.24 shows the chemical structure
and the CyV measurements of the monolayer Fc-Por-BzOH molecules with information

of molecular weight and mass.
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Figure 3.24 Chemical structure and CyV measurements on the Fc-Por-BzOH molecules

The monolayer Fc-Por-BzOH molecules exhibit a high charge density 1e14 cm™, which
is comparable to the charge density of redox active polymers. The three peaks clearly
shown in CyV measurements indicate three redox states in Fc-Por-BzOH molecules. The
first one at near 0.5v is due to ferrocenes; the other two are from porphyrins. The
attachment procedure has been discussed in Chapter Two. The molecular solution is 1M.

Attachment temperature and time is 400 °C and 2mins, respectively.
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The first HfO, ALD attempt on a monolayer of molecules was done at lower temperature
since the monolayer of molecules can easily be damaged by deposition on top [20]. ALD
process conditions were developed for operating at 85 °C, which helps to preserve the
molecules. However, 85 °C ALD requires the much longer purging time to achieve
uniform deposition than 200 °C ALD since the un-reacted precursors tend to stay on the
surface at 85 °C. A series of purging time (1s, 8s, 15s, 30s, 60s, 90s and 120s) in ALD
process were used to find the optimized deposition conditions. The selected purging time
was based on the improvement of the uniformity of the HfO, film versus the tradeoff of
the total ALD deposition time. The HfO, ALD conditions (pulse, exposure and purging
time) developed at 85 °C for water are 0.2s, 0.1s and 90s, respectively. The ALD

conditions for tetrakis precursors at 85 °C are 1s, 0.1s and 90s, respectively.

TEM image indicates a uniform HfO, layer deposited on top of the molecules. A good
interface between molecules and HfO, layer can be observed in Figure 3.25. The
molecular layer thickness is 30A, is corresponding to the molecular structure of the Fc-
Por-BzOH molecules. The 30 cycles ALD HfO,layer thickness is around 27A. The
deposition rate of ALD HfO, at 85 °C is 0.9A/s. The Al contact forms another interfacial

layer on top of the HfO, dielectric layer.
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Figure 3.25 TEM image of MIMS capacitor with 85 °C HfO, film

The compositions of different layers were characterized using the Energy Dispersive X-
ray (EDX) measurements as shown in Figure 3.25. The EDX spatial resolution is about
1.5nm. The first and second spectrums as shown in Figure 3.26 are the EDX results on
the molecules and HfO, films. A strong carbon (C) peak and small amount of Hf peaks
are detected in the molecular layer, which suggest the some HfO, may go in to the
molecular layer. The third layer exhibits a strong Al peak and a strong oxygen (O) peak,

indicating the possible interfacial oxide layer formation during the top Al evaporation.
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Figure 3.26 EDX results on the three layers in MIMS capacitor
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In order to prove the monolayer of molecules are still preserved after 85 °C HfO, ALD
deposition, the CyV measurements were performed on monolayer of molecules with
20cycles HfO, deposited on top. It is expected that the electrolyte will diffuse through the
~ 2nm of HfO, and allow measurements of cyclic voltammetry. This experiment was
done only to detect whether the molecules survived the HfO, processing. The results as
shown in Figure 3.27 indicate that the molecules’ redox properties were preserved after

ALD process.
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Figure 3.27 CyV measurements on Fc-Por-BzOH molecules with 20cycles ALD HfO, layer deposited
on top at 85 °C

Unfortunately, the leakage current of this MIMM capacitor with 85 °C ALD HfO, is still
not satisfactory. Figure 3.28 shows the IV curves of Al/36¢cyclesHfO,/Fc-Por-BzOH/TiN.
The large device variations and the noisy leakage current (a) indicate that the HfO, films
deposited at 85 °C are still not ideal. Even after the post metal annealing, the leakage
currents (b) did not improve. The interfacial layer formed by Al contact on HfO, layer
may also affect the electrical measurements of MIMM capacitors. Using a different gate

material — tungsten (W), the device variations on Si substrate (¢) and TiN substrate (d)
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were greatly improved. However, the leakage current of 85°C ALD HfO, on TiN
substrate is still high. The optimization of ALD process on TiN substrate is necessary
since the surface condition (i.e., surface roughness) of TiN substrate is different with Si
substrate). As mentioned before, the purging time for 85°C ALD HfO, is 90s. For
examples, the deposition time of 60 ALD cycles HfO, at 85 °C is around four hours. The
unreasonable long deposition time of 85°C ALD process made the optimization of ALD

conditions very difficult.
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Figure 3.28 Leakage measurement of MIMM capacitor with 36cycles HfO, deposited at 85 °C on top
of Fc-Por-BzOH molecules (a), the annealing (b) didn’t improve the device variations. Using W as top
gate materials, the device variations on Si substrate (c) and TiN substrate (d) are small.
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All of these issues suggested that the ALD film should be deposited on molecules at a
higher temperature (200 °C) since this improves the quality of the dielectric film. The
high temperature ALD process also has less purging time and facilitates the optimization
of ALD process on TiN substrate. Furthermore, it was expected that the molecules will be
stable at 200 °C as it has been reported that porphyrins are thermally stable at 400 °C [32].
Since the molecules used in this study contain both porphyrins and ferrocenes, the actual
thermal stability was not known in advance however they were expected to survive the
200 °C ALD process. The discussion on the 200 °C ALD HfO, on molecules can be seen

in Section 3.8.3.

3.8.3 TEM, XPS and EDX Analysis of MIMM capacitor

Before any further studies on the MIMM structure were conducted, the interfacial layer
between the Al gate and dielectric layer, shown in TEM image (Figure 3.25), needed to
be carefully considered. The thickness of this interfacial layer is around 4 nm, which is
comparable with the thickness of dielectric layer and molecular layer. The EDX data
(Figure 3.26) also suggests that the interfacial layer between the Al and HfO, layers may
be due to the oxidation of Al at the surface of HfO,. This interface layer may add another
capacitive component to the electrical measurements of the MIMM capacitors. In order to

eliminate the possible effects of this interfacial layer on the electrical measurements, the
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Al gate was replaced by a tungsten (W) gate. The W gate deposited by sputtering is

shown in Figure 3.30.
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Figure 3.29 TEM image of W gate deposited on HfO, layer

The W gate was deposited using sputtering at 100W for 60 mins in Argon (Ar) gas. The
HfO, was deposited by ALD at 200 °C with 30 cycles. From the TEM image, no
interfacial layer is observed between the W and HfO, layer as was the case with an Al
gate stack (Figure 3.25). However when the same W gate was deposited on
HfO,/molecules stack in MIMM capacitor, the damage from sputtering deposition to the
ultra thin HfO, layer starts to become apparent. Compared with the HfO, layer deposited
on a TiN substrate, the molecule layer is believed to have a significant amount of
pinholes and defects. The surface roughness of the HfO, deposited on the molecules is
expected to be large. As shown in Figure 3.30, the MIMM structure consists of the TiN

substrate, the monolayer molecules, 30 cycles HfO, layer and top W gate. There is no
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clear interface between HfO,/molecules or HfO,/W indicating that top W sputtering
deposition may be causing damage to the thin HfO, layer [33]. The HfO, dielectric is the
barrier layer to block DC leakage current. The damage of the thin HfO, layer caused by
the W deposition may be the reason for the high leakage current observed for our MIMM

capacitors.
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Figure 3.30 TEM image of the MIMM capacitor with W gate

In order to solve the problem of W gate sputter damaging the thin HfO, layer, many
possible solutions were tried. One of the solutions was to increase the thickness of the
HfO, layer. However the gate voltage needs to be increased after increasing the thickness
of HfO, to reach the redox voltage of the molecules, and devices easily broke down after

a large gate voltage was applied. W sputtering deposition conditions were also adjusted
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using lower sputtering power and different partial pressures. None of these solutions were

able to provide a reasonable low leakage current on MIMM capacitor.

Finally, a tungsten nitride (WN) layer was introduced into the MIMM capacitor between
the W and HfO, layer to minimize the top metal deposition damage. The WN was
deposited by reactive sputtering at SOW with adding 5% N, gas in the W sputtering. Low
power reactive sputtering has less damage to the surface of thin dielectric layer compared
with the high power sputtering damage. The MIM capacitor with W/WN gate and

HfO, dielectric was initially characterized using TEM as shown in Figure 3.31.
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Figure 3.31 TEM image of W/WN/HfO,/TiN stack
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In this W/WN/HfO,/TiN stack, 60cycles ALD HfO, layer was deposited on top of the
TiN substrate. The first layer of WN was deposited using reactive sputtering deposition at
50 W for 10 mins with Ar to N, ratio of 40sccm to 2sccm. The second layer of WN was
deposited at 100W for 10mins. After WN deposition, W layer was deposited using
sputtering deposition at 100W for 45mins. A clear interface between WN and HfO, can
be observed, indicating very limited damage of the HfO, dielectric from the WN layer.
The leakage current of MIM capacitor was also lower with W/WN gate stack than W gate
alone. The detailed electrical measurements of the MIM capacitors can be seen in

Chapter Four.

With this WN/W gate stack, a good MIMM capacitor with possibly low leakage current
can be fabricated using a thin HfO, dielectric layer. The fabrication of MIMM capacitor
involves HfO, dielectric layer deposition on molecules. The ALD conditions need to be
considered closely for the deposition on the molecules’ surface. The ALD process has
been reported to be difficult to nucleate on densely packed and hydrophobic molecular
surface [34-36]. The surface of porphyrins is hydrophobic so that the nucleation of ALD

precursors and film growth on molecules are not as easy as on a Si substrate.

However, the molecular surface in this study is believed to have a significant amount of
pin-holes and defects due to the bulky size of porphyrin molecules [37]. The ALD HfO,
precursors may be able to penetrate the molecules’ surface and nucleate on the

molecules/TiN interface. After the nucleation, the ALD HfO, film can continue to grow

120



on top of the molecules. The initial 200 °C ALD conditions used to deposit HfO; on
molecules were the same as the 200 °C ALD HfO, conditions used on TiN substrates,
which was discussed in Section 3.8.1. These conditions were chosen since, similar to TiN,
the molecular surface is not as smooth as silicon. It is encouraging that the leakage
current with HfO, on top of molecules was much lower than for the molecules
themselves. The growth of ALD HfO, on redox active monolayer molecules enables the

fabrication and characterization of MIMM capacitor in this work.

Going beyond changing just the dielectric layer, another type of monolayer of molecules
with higher charge density than Fc-Por-BzOH was also available to be employed in the
study. Compared with molecules containing only one ferrocene molecule in the Fc-Por-
BzOH, this type of the Por-Fc molecule consists of six ferrocene molecules, which are
tethered to one porphyrin molecules. The thickness of the Por-Fc monolayer molecules is
around 3nm. Due to the large amount of ferrocene molecules in the structure, the Por-Fc
monolayers exhibit very high charge density at the first oxidation/reduction peak as
shown in Figure 3.28. The charge density is 3.2¢14 cm™ from the measurement of first
oxidation peak. The high charge densities with low thickness of this Por-Fc molecule
provide even better properties for characterizing the redox process in the solid state

molecular device.
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Figure 3.32 CyV measurements of Por-Fc molecules

Using these Por-Fc molecules, the MIMM capacitor can be fabricated with a 200 °C
HfO, ALD process directly on the molecules with a W/WN gate stack. The interface and
different layers in MIMM capacitors were characterized using TEM techniques as shown

in Figure 3.32.
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Figure 3.33 TEM image of MIMM capacitor with 30cycles HfO, (a) and 60cyclesHfO, (b)
encapsulating the Por-Fc monolayer molecules
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Figure 3.33 shows the cross-section TEM of two stacks — W/WN/30cycles HfO,/Por-
Fc/TiN (a) and W/WN/60cycles HfO,/Por-Fc/TiN (b). Uniform and continuous layers
for molecules, HfO, and WN are displayed. A clear interface of HfO,/molecules and
HfO,/WN can be observed. The thickness of the HfO, has linear relationship with the
number of ALD cycles. The molecular layer thickness is around 2.2nm, which
corresponds to the single molecules’ length of the Por-Fc molecules. The EDX results on

the molecular layer and the HfO, layer are shown in Figure 3.34.
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Figure 3.34 EDX results on the molecular layer (left) and HfO, layer (right)

The EDX data on the molecular layer contains a strong C peak and a small Fe peak from
the ferrocene molecules. The spectral resolution for the EDX analysis on the cross-
sectioned samples is ~1.5nm. Therefore if the beam is confined within the middle region
of the molecular layer, minimal interference from the adjacent TiN and HfO, layers is
expected. However, the Hf peaks can also be detected in the molecular film, indicating
that the HfO, layer may go into pin-holes or defects and form within the molecular layer.

In the EDX spectrum of the HfO; layer, a strong Hf and O peaks are observed as
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expected. In addition, the EDX data for the HfO, on top of molecules matches that of
HfO, deposited directly on TiN metal, indicating that the molecules do not modify the

HfO; film properties.

In order to further understand the HfO, film formation on top of the redox active
monolayer, the XPS analysis was performed with a series of HfO, ALD depositions on
the monolayer Por-Fc molecules. The number of ALD cycles is increased from 0 to 1, 2,
5 and 10 cycles. Each of the devices with different ALD cycles is characterized using

XPS surface analysis. The results are shown in Figure 3.35 and Figure 3.36.
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Figure 3.35 XPS results of Hf peak with increasing HfO, ALD cycles on Por-Fc monolayer molecules

Figure 3.35 shows that the Hf 4f peak intensity increased with number of ALD cycles.
This suggests that under the optimized ALD conditions (long exposure/purging time),
HfO, layers are able to nucleate and grow on top of the redox monolayer molecules.

Figure 3.36 shows the XPS results on Zn and Fe, which is the redox center of the Por-Fc
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monolayer molecules. Before the ALD HfO, deposition, clear peaks on Zn and Fe can be
observed, indicating a good attachment of monolayer molecules on TiN substrate. While
increasing the number of ALD cycles, the redox peaks are still preserved. The peak
intensity of Zn 2p and Fe 2p scaled with the number of ALD cycles (i.e., HfO, film
thickness on top). The peaks are significantly suppressed because the top HfO, layer

encapsulated the monolayer molecules, which limits the surface XPS detection strength.
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Figure 3.36 XPS data for Zn and Fe in the Por-Fc monolayer molecules

3.8.4 Characterization of MIMM Capacitor

In order to prove whether the Por-Fc monolayer molecules’ redox properties are still
preserved after 200 °C ALD HfO, is deposited on top of them, the CyV measurements,
with an electrolyte drop placed on top of the HfO,, were performed to detect the redox

signatures of the Por-Fc molecules.
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Figure 3.37 CyV measurements of the Por-Fc molecules after 200°C ALD HfO, on top, the insert
shows the CyV before the HfO, layer is etched back

The first scan of CyV on the Por-Fc molecules didn’t show any significant redox peaks
as shown in the insert of Figure 3.36 suggesting that the HfO, layer was too thick to
facilitate electrolyte diffusion. After carefully etching back of the top HfO, layer by 1%
HF solution, the redox peaks start to show up. The CyV peaks associated with oxidation
and reduction of the Por-Fc molecules increase with the number of CyV scans.
Compared with the Figure 3.27, the redox peaks show up at the first scan of the CyV
measurements on redox molecules encapsulated by HfO, ALD at 85 °C. The liquid
electrolyte dropped on top of HfO, layer in CyV measurements is believed to be able to
diffuse through the thin HfO, layer and contact the redox molecules. The HfO, film may
form a denser film at 200 °C than that at 85 °C. The less dense film formed at 85 °C

facilitates easy liquid electrolyte diffusion through the dielectric layer and contact with
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molecules so that CyV measurement shows the peaks at the first scan. For the dense HfO,
film formed at 200 °C ALD, the liquid electrolyte takes a long time to diffuse through the
HfO, layer and hence only a small peak can be observed at the first scan. The selective
etching back of HfO, layer helps the liquid electrolyte to contact the monolayer
molecules underneath the HfO, layer. After many scans, the clear voltammetry with up to
90% of control charge density was established. These peaks in CyV measurements
suggest that the 200 °C ALD HfO, process still can preserve the molecules’ redox

properties.

So far, the MIMM structures have been discussed layer by layer. The W/WN gate stack
was used to replace Al and W gate to obtain less damage to the dielectric layer. The
200°C ALD HfO, layer was developed, instead of the 85°C ALD HfO, and other
dielectric materials (i.e. AIN, Al,O3), to deposit on top of the molecular layer and still
able to preserve the redox properties of molecules. The Por-Fc monolayer of molecules
was employed for high charge density and low thickness. TiN substrate was used instead
of a Si substrate for bettering understanding of redox process. The leakage measurements
of this MIMM stack were characterized along with the other two control devices, which

are shown in Figure 3.38.
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Figure 3.38 Leakage measurements of the three structures — W/WN/Por-Fc/TiN (top),
W/WN/HFfO,/TiN (middle) and W/WN/HfO,/Por-Fc¢/TiN (bottom)

TIiN

Three leakage currents for the corresponding structures, which are shown on the left, are
compared in the same plot. The top structure was fabricated with the W/WN metal
directly deposited on the Por-Fc molecules. The molecular layer is known to have the
pin-holes and defects, which can cause leakage due to the top metal penetration during
deposition. As shown in the top black curve, the structure of the W/WN/Por-Fc/TiN
exhibits huge leakage current as expected. The second structure shown in the middle of
the three devices is the MIM capacitor, which consists of W/WN top metal, 30cycles
ALD HfO, layer and TiN metal substrate. After the optimization of 200 °C ALD

conditions as well as the top metal deposition conditions, the HfO, dielectric layer shows
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a small leakage current compared with other pervious dielectric candidates such as the

AIN layer, Al,05 layer and 85 °C ALD HfO; layer.

The third structure is the final MIMM capacitor, which consists of the 30cycles HfO,
encapsulating the Por-Fc molecules. The leakage current of MIMM capacitor exhibits
much lower (around three orders of magnitude) leakage current than MIM capacitors
with the monolayer molecules. As we discussed before, the HfO, ALD process first
nucleates in the defects and pinholes of the redox molecules. The dielectric layer can seal
the defects and pin-holes so that it can prevent the top metal from penetrating [38]. Once
the molecular layer is sealed with HfO,, its intrinsic dielectric properties dominate the
leakage current across the molecular layer, resulting in a much lower leakage current in

the whole stack than the metal-molecules-metal structure.

In summary, high quality ultra thin uniform HfO, dielectric layers are able to be
deposited on top redox molecules without modifying or destroying the redox properties
of molecules. The MIMM capacitors show a lower leakage current than the dielectric
layer itself. The low leakage behavior of MIMM devices provide a reliable platform to
electrically characterize the redox molecules, which are embedded into a solid state
molecular devices. More electrical measurements on this MIMM capacitor can be seen in

Chapter Four.
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3.9 Alternative Approach: Silicon Nano-Membrane

Reliable contacts to the redox molecules as well as the other type of molecules become
the big challenge in current molecular electronics research [39]. The MIMM capacitor
with ultra thin ALD HfO, encapsulating the redox active monolayer provide a reliable
test platform, which can be applied to a variety of new molecules with more functionality.
This approach will be tested further in Chapter Four. In the meantime, alternate

approaches to make contacts are also worth mentioning here.

An alternative approach is proposed for contacting the molecules using a freestanding Si
nano-membrane (SiNM), which has been studied for stress engineering [40-42]. The Si
nano-membrane is an ultra thin layer of single crystal Si with thickness from 100 nm to
Ium. The area of the membrane can be as large as a few centimeters. The Si membrane
can be transferred to different substrates including the molecular surface. Since free
standing Si membranes are able to be fabricated before introducing to the molecular layer
on substrate, there is zero deposition damage to the molecular layer and no formation of
leakage paths in the molecules. The conductively and the Fermi level of SINM can be
adjusted by adjusting the doping concentration or changing the membrane material (i.e.,
SiGe) [43-45]. Freestanding ultra thin SiNM is compatible with transparent and flexible
substrates, which make it very attractive solution for many organic electronics

applications.
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In this work, free standing ultra thin (100nm) SiNMs with large area (Icm x lcm) on
different substrates (Si, TiN, Glass, etc) were fabricated to explore an alternative way to
contact redox molecules. Si membrane can also be doped to improve the conductivity of
the membrane as a top contact. The SiNM can be an interesting candidate to contact
molecules as gate electrode material and charge transfer layer. However, many
challenges associated with placement of the SINM on molecules limited its applicability.
The details on the fabrication and characterizations of Si nano-membrane can be seen in

Appendix 1.
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4 Electrical Characterization of
Solid State Redox Cells

The MIMM (metal-insulator-molecules-metal) structure, fabricated with an ALD-HfO,
layer encapsulating molecules, provides a reliable platform for testing both redox active
monolayers and redox polymers. As seen in Chapter Three, a low leakage behavior is
obtained for the MIMM stack, where Por-Fc monolayers were encapsulated by
depositing 30 cycles of HfO, by ALD at 200 °C. This chapter provides a detailed
discussion on the electrical characterization of the solid state molecular devices
embedding redox active molecules. The capacitance measurements of the MIMM
capacitor have been compared with the electrolyte-gated measurements. In order to have
a better understanding of the redox processes, this chapter also presents the modeling of
capacitance measurements at different frequencies for the stacks containing redox active
molecules. In the study discussed in this chapter, both redox active monolayers and
polymers were embedded into MIMM capacitors. Finally, a novel structure for solid state

molecular transistor has been proposed and discussed at the end of the chapter.
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4.1 Electrical Measurements of MIMM Capacitors

The solid state MIMM structure offers a reliable platform to perform electrical
measurements with low leakage currents, and this structure was further utilized to embed
different kinds of molecules for performing extensive electrical characterization. Two
different molecules have been used in this study. One comprises a redox active
monolayer with three redox states, Por-Fc and the other is a redox active polymer with
two redox states, Por-m. The molecules are attached to the TiN metal substrate. The
details about the attachment procedure and the chemical structure of these compounds
have been provided in Chapter Two, and the HfO, deposition conditions were given in
Chapter Three. W/WN forms the top electrode of the MIMM device and HfO, acts as the
dielectric layer, which is deposited by atomic layer deposition at 200 °C. The area of the

solid state capacitors measured in this study was 100 um % 100 pm.

4.1.1 CV with Liquid Electrolyte

In order to have a better understanding of the electrical properties for these solid state
molecular devices, redox active molecular layers were initially characterized using an
electrolyte-gate. The capacitances vs. voltage measurements with liquid electrolyte for

the Por-Fc molecules are shown in Figure 4.1. The capacitance values are measured
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using a HP 4284 LCR meter tethered with a probe station. More details about this

electrochemical cell can be found in the Chapter Two.
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Figure 4.1 Capacitance measurements of the electrochemical cell (Ag/electrolyte/Por-Fc/TiN) with
Por-Fc redox monolayer

The liquid electrolyte used in this measurement is 1M TBAH in PC. Ag wire, immersed
in the liquid electrolyte, forms the top electrode contact, and the TiN substrate acts as the
bottom contact for this cell. As seen in Figure 4.1, strong capacitance peaks show up in
both the forward and reverse voltage scans especially at lower frequencies and these are
attributed to the oxidation and reduction of the Por-Fc molecules [1]. Three peaks are
observed in the capacitance measurements, which correspond to the three redox states in
the Por-Fc molecules. The first peak with the highest capacitance is due to the ferrocene
molecules and the other two peaks are contributed by porphyrin molecules, which are
expected as the Por-Fc molecule consists of six ferrocene molecules that are tethered to

one porphyrin moiety. The localized capacitance peaks are due to the faradaic
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capacitance component associated with the redox process. It is possible to access the
three redox states within a small gate voltage range of 0.5 V to -1 V. As discussed earlier,
the electrical double layer (EDL) provides a low voltage of operation and shows the
presence of localized peaks, and this has been attributed to the pseudo-battery effect [2,
3], higher dielectric constant and lower thickness of the EDL [4, 5]. In the solid state
molecular memory device, a HfO, layer is used to replace the EDL. Although HfO, has a
higher dielectric constant and lower effective oxide thickness (EOT) than those of AIN
and AL,O3, the localized peaks are not observed due to the voltage divider effect of the

dielectric layer.

4.1.2 Simulation of Redox Molecular Cells

Chapter Two discusses the equivalent circuits of the EMS capacitors based on the
Randle’s cell model [6]. An electrical model of the -electrochemical cell
(Ag/electrolyte/Por-Fc/TiN) has also been developed [7], and Figure 4.2 shows the
equivalent circuit for the Ag/electrolyte/Por-Fc/TiN stack. The substrate capacitive
component is no longer in the equivalent circuit when the Si substrate is replaced with the
TiN substrate. Rg represents the series resistance related with the gate contact, such as the
series resistance in gate electrode and liquid electrolyte. C,, is the capacitive charging

component related with the capacitance of the electrochemical cell without redox
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properties, which is determined by the double layer capacitance and molecular layer
capacitance. Both Cp (faradaic capacitance) and Gr (faradaic conductance) are the
faradaic components, which correspond to the oxidation/reduction processes of the redox
active molecules. In the equivalent circuit, the faradaic components (Cr and Gg) and
capacitive charging component (Cp,) are in parallel to model the electrical properties of

redox molecules.

Figure 4.2 Equivalent circuits for the electrochemical cell Ag/electrolyte/Por-Fc/TiN

An analytical model can be derived based on this equivalent circuit. The series resistance
(Rg) and molecular capacitance without redox properties (Cn) are independent with
frequencies and gate bias. The faradaic components due to oxidation/reduction process of
the redox active molecules can be considered as filling/emptying states at the TiN surface
[8]. The redox states in molecules on the TiN substrate are treated as the interface states

between molecules and TiN substrate, which can be modeled using a Shockley Read Hall
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approach similar to that used for Si interface states modeling [9]. The Faradaic
components can be expressed as the following expressions:
Cr = Cradonl(1+0°0);
Gr = Credox 0T /(1+ 0’7
Credox = dQredox/dV,
Qredox = q.Ni/(1+exp(-q.Em(V¢)/kT)),

Em= Efbm_ EmTiN _Vf

o : measurement frequency

T : oxidation/reduction time constant

V¢ : surface potential on the TiN

Credox : faradaic capacitance of redox center
Cr, G : Impedance of redox center

Emrin : is the metal Fermi level

Efm : flat band voltage of redox molecules

N : redox charge density

For the redox active molecules with multiple states (i.e., three redox states in the Por-Fc),
the simulation models can be modified as the following:
Credox = eredoxitataI/ de,
Qredoxitotal = q-le/(1+eXp(‘q-Em1/kT))
+ q.Nm2/(1+exp(-q.Em2/kT))
+ q.Nms/(1+exp(-q.Ems/kT)),

Emi = Emrin — Efom1 — Vi,

Em>=Emrin— Epm2— Vi,
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Em; = Emrin— Epoms — Vi,

Emi, Nmi1, : Ferrocene molecule energy level and corresponding charge density
Em2, N2, : Porphyrin molecule first energy level and corresponding charge density

Em3, Nms, : Porphyrin molecule second energy level and corresponding charge density
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Figure 4.3 Simulations of CV characteristics on the Por-Fc redox active molecules with different
frequencies

Figure 4.3 shows the simulated CV curves of the Por-Fc redox active molecules at
different frequencies. The charge density of ferrocene molecules (Ny,;) was chosen as a
value which was six times higher than that of the other two redox charge states (Nppo,
Nm3). The simulated frequency dispersion of the electrochemical cell shows a good fit for
the experiment data (Figure 4.1). The MATLAB code is attached with initial parameters

below for reference:
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ni=1el0;
Na=1el5;
g=1.6e-19;

kT = 0.0259*q;
Cmol = 1.66e-5;

Rs = 2000;

Nmol = 6el3;
Nmoll = 1.2e13;
Nmol2 = 1.2e13;
pi = 3.1415926;
tau = le-3;

freq = 100000 ; %Change manually

for m = 1:100
Vs(1l,m) = -0.01*m ;
end

for n = 1:100
Emol (1,n)=0;

Emo11(1,n)=0;
Emo12(1,n)=0;
Qredox(1,n)=0;

t5(1,n) = 0;
Credox(1,n)=0;
end

for n = 1:100

Emol(1,n) = -Vs(1,n) -0.28;

Emol1(1,n) -Vs(1,n) -0.48;

Emol2(1,n) -Vs(1,n) -0.68;

Qredox(1,n) = g*Nmol/(1 + exp(-gq*Emol(1,n)/(KT))) + gq*Nmoll/(1 +
exp(-g*Emol1(1,n)/(kT))) + g*Nmol2/(1 + exp(-g*Emol2(1,n)/(kT)));
End

Credox = diff(Qredox)/0.02;

Ka = (freq*2*pi)*(freg*2*pi)*tau*tau;
Cp = Credox/(1+(freg*2*pi1)*(freq*2*pi)*tau*tau);
Gp =

Credox*(freq*2*pi)*(freg*2*pi)*tau/(1+(freq*2*pi)*(freg*2*pi)*tau*tau);

for m = 1:99

ZZ(1,m) = Rs + 1/(/(g*freq*2*pi*(Cmol + Cp(1,m)))+ Gp(1,m));
YY(1,m) = 1/22(1,m);
GGm(1,m real(YY(1,m));

):
CCm(1,m) = imag(ZZ(1,m))/(freq*2*pi);

end

CCm(1,100) = CCm(1,99);
outdata = CCm ;

plot (Vs, CCm);

143



4.1.3 Capacitance vs Voltage of Solid State Molecular Device

In the electrochemical cell with the Por-Fc molecules, there localized peaks can be
observed in the capacitance measurements due to the redox process [10]. The simulation
results also suggest similar frequency dispersions of the capacitance with a suitable time
constant (1) in the system. The solid state molecular devices with the MIMM structure

were characterized using CV and GV measurements. The results are shown in Figure 4.4.

260.0pd | ' ' LT —m—1M
| W/WN/30cycsHfO,/Por-Fc/TiN e 500K
240.0p - 299990 W% 100K
] o° 799202020392 \, —v— 50K
LL 220.0p- o Y 10K
o) ] ] \ 45K
]
s |4 o
B i QARIRA S Ay —k—
% 180.0p - :/ **********m; ‘ ) L ”: —e—50
o —0— 20
(C 160.0p
@] ]
140.0p
120.0p

-15 -1.0 -0.5 0.0 0.5 1.0

Voltage V

Figure 4.4 CV on the MIMM capacitor (W/WN/30cyclesHfO,/Por-Fc/TiN) at different frequencies

The MIMM capacitor consists of the W/WN gate stack, 30cycles ALD HfO, dielectric
layer, the Por-Fc molecules and the TiN substrate. The redox active molecules are
compatible with the MIMM structure since the oxidation and reduction of these
molecules do not rely on the conductance through the molecular layer. The redox

processes in the molecules occur due to the electrical field across the molecules, resulting
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in the exchange of electrons only with the substrate. The change in the charge states due
to the loss and gain of electrons can be further interrogated by impedance measurements.
As shown in Figure 4.4, a large increase in the capacitance of the MIMM structure is
observed with a decrease in measurement frequency. The increase in capacitance
qualitatively matches with the measurements in the electrochemical cell (Figure 4.1). The
calculated molecular layer dielectric constant increases by almost two orders of
magnitude when the measurement frequency is decreased from 1M Hz to 20 Hz. This
kind of a frequency dependent behavior is not shown by the control devices without

redox molecules.
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Figure 4.5 CV measurements of MIM capacitor (W/WN/30cyclesHfO,/TiN) at different frequencies

Figure 4.5 shows the CV measurements on the MIM capacitor without embedding redox
active molecules. Non-redox molecules were not used in the control molecules since

there are no equivalent non-redox monolayer molecules to Por-Fc molecules available.
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The control sample (W/WN/H{O,/TiN) without molecules was used in this measurement.
As expected, the CV characteristics do not change considerably with frequency,
indicating that the capacitance change in MIMM capacitors can be truly attributed to the
presence of molecules. However, in the solid state MIMM capacitor embedding redox
molecules, the capacitance increase occurs over a large range of voltage instead of
showing up as localized peaks, as seen in Figure 4.1. Similar capacitance increase in the
solid state device can also be observed in MIMS capacitor, where the TiN substrate is

replaced with p-Si substrate.
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Figure 4.6 CV on the MIMS capacitor (W/WN/30cyclesHfO,/Por-Fc/p-Si) at different frequencies

Figure 4.6 shows the CV for the MIMS capacitor, which has the same gate stack
structures as the MIMM capacitor but with a different underlying substrate. The MIMS
capacitors also show an increase in capacitance with a decrease in frequency. A decrease

in capacitance in the transition region of 1 V to 2 V can be attributed to the additional
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capacitive component in series, which comes from the depletion of the p-Si substrate at

positive gate voltage.

The dependence of capacitance on frequency for both MIMM and MIMS capacitors
suggests that the charging of molecular layer in the capacitors is strongly affected by the
measurement frequency. The next section discusses the capacitance vs. frequency

measurements for these solid state molecular devices.

4.1.4 Capacitance vs Frequency of Solid State Molecular Device

In order to have a better understanding about the change in capacitance with frequency,
electrical measurements were performed on the MIMM capacitors with a Keithley 4200
Semiconductor Characterization System. The capacitance measurements can be
programmed easily with the Keithley to conduct capacitance versus frequency
measurements at a fixed gate voltage. The gate voltage is set to a value where the quality
factor is good enough for all the measurement frequencies [9]. For the MIMM capacitor
embedded with redox monolayer, the gate voltage was usually set at OV for the
capacitance vs. frequency measurements. While maintaining a decent quality factor, the
gate voltage range was able to be increased with a thicker dielectric layer as well as a

thicker molecular layer.
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The other parameter in the capacitance vs. frequency measurements is the AC amplitude,
which is the small signal AC voltage amplitude superimposed on the DC voltage. Usually,
the small signal ac voltage is less than 50mV for the conventional MOS capacitor
measurements for accurately extracting the parameters such as capacitance value, flat-
band voltage, etc., since the extraction using the small-signal model does not consider the
contribution of interface states to the capacitive small signal response [11]. However, in
this study, the molecular redox states were treated as interface states between the
molecular layer and the TiN substrate in the MIMM capacitor. For a better understanding
of the effect of redox states, the AC amplitude was varied from 10mV to around 1.5V so

that the redox states’ contribution to the capacitive small signal response can be observed.
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Figure 4.7 Capacitance vs frequencies measurements for the MIMM capacitor
(W/WN/30cyclesHfO,/Por-Fc/TiN) with different AC amplitude
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The structure measured in Figure 4.7 is W/WN/30cyclesHfO,/Por-Fc/TiN stack. The
HfO, layer is thick enough so that a large AC amplitude can be applied for the
capacitance measurement with a good Q-factor. When a sufficient electric field is applied
across the molecules, the redox molecules can lose/gain electrons to/from substrate and
change their charge states. The charge transfer in the molecular film can polarize the
molecules. The electronic polarization associated with this charge transfer increases the
dielectric constant of molecular layer so that the total capacitance increases for the
MIMM capacitor. The thin HfO, layer encapsulating the molecules plays the role of
screening charges of the polarization. The degree of the molecule’s polarization is
decided by the degree of charge screening from the HfO, layer. The HfO, layer charge
storage property depends on the electric field across it (i.e., Q=CV). Lower frequencies
and large AC amplitudes can effectively increase the charge screening of HfO, layer so
that the total capacitance increases. Compared with the control sample without molecules,
the capacitance is independent with the frequencies and AC amplitude, as shown in

Figure 4.8.

149



280.0p -
260.0p - H
] W/WN/90cycsHfO,/TiN —=—10mV

240.0p | —e—30mV
> 1 50mV
o 220001 v gomV
@© 1 100mV
o 2000, —<—300mV
8] 1 500mV

180.0p
S "] —e—800MV
£ 160.0p __|—*—1000mV
% 1 —e—1300mV
o 140.0p+ —eo—1500mV
@ ) —+—1800mV
O 120007 —x— 2000mV

100.0p

T T T T T
10 100 1000 10000 100000 1000000

Frequency Hz

Figure 4.8 Capacitance vs frequency measurements for MIM capacitor (W/WN/90cyclesHfO,/TiN)
with different AC amplitude

In this MIM capacitor, a thick HfO; layer (90cycles) was deposited on the TiN substrate
to match the capacitance value of MIMM capacitor with W/WN/30cyclesHfO,/Por-
Fc/TiN stack. As shown in the Figure 4.8, the capacitance is independent of either
frequency or AC amplitude, indicating that the large frequency dispersion observed in
Figure 4.7 is indeed due to the molecular layer. The thickness of the HfO, layer also
affects the capacitance change in the MIMM capacitor during the measurements. Figure
4.9 shows two MIMM capacitors with different HfO, thickness (i.e. 20cycles and
40cycles), comparing with the MIMM capacitors with 30cycles HfO, in Figure 4.7. The
thicker the HfO, layer is, the larger the AC amplitude that can be applied during the
measurement with good quality factor. With 40cycles HfO, layer on top of molecules, the

AC amplitude can be increased to 2V to result in even larger capacitance change.
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Figure 4.9 Capacitance measurements on the MIMM capacitors with different thickness of HfO,
layer, W/WN/20cyclesHfO,/Por-Fc/TiN (left) and W/WN/40cyclesHfO,/Por-Fc/TiN (right).

An annealing process has been performed on the MIMM capacitors to observe the
capacitance change. The devices were annealed at 500°C for 5min in the inert N, gas
using a rapid thermal annealing (RTA) tool. The high temperature annealing over 400°C
is expected to change the molecular structure of the redox active Por-Fc monolayers and
destroy the redox properties of molecules. The capacitance vs. frequency measurements
for the annealed capacitor are shown in Figure 4.10. Although the capacitance shows
strong dependence at the high frequency (> 100K Hz), there is no AC amplitude
dependence for the MIMM capacitors as shown in Figure 4.10. The CyV measurements
were also employed to prove that the redox properties of the Por-Fc molecules are no
longer preserved after 500°C RTA annealing. There is no significant capacitance change
(around 3%) when frequencies are changed from 20Hz to 100K Hz, which suggests that
the frequency dispersion in the CV due to redox process or molecular charging

disappeared after the annealing process.
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Figure 4.10 Capacitance vs frequencies on the MIMM capacitor after 500°C annealing to purposely
destroy the redox properties of the Por-Fc molecules

The MIMM structure provides a flexible test platform for different molecules. Besides
the Por-Fc redox active monolayers, the Por-m redox active polymers were also
integrated into the MIMM capacitors. The Por-m molecules are redox polymers, which
are cross-linked by a few layers of the molecules. Higher gate voltage on the both sides
was able to be applied on the MIMM capacitor embedded with the Por-m redox

molecules before the breakdown of the devices.

The capacitance versus frequency measurements were performed over a wide gate
voltage range as shown in Figure 4.11. The Por-m redox polymers exhibit asymmetric
frequency dispersion on capacitance when either negative or positive gate voltage is
applied. The left curves in Figure 4.11 are the capacitances when different negative gate

voltages were applied. The increase of capacitance at lower frequency was observed

152



when a sufficient negative gate bias was applied. The asymmetric capacitance vs.
frequency curves were shown in the right plot with same amount of positive bias applied.
When positive bias was applied to the MIMM capacitor, no matter how big the positive
voltage is, the capacitances do not change with the measurement frequency, indicating

that the there is no redox charging process in the molecular layer at positive gate bias.
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Figure 4.11 Capacitance vs frequency measurements on the MIMM capacitor embedding the Por-m
redox polymers

The asymmetric capacitance change with frequency is due to the redox voltage
requirement. In the electrochemical cell with Ag and liquid electrolyte, the negative
voltage on the Ag electrode is needed to access the redox states of the molecules.
Depending on the Fermi level of top gate and HUMO of the molecules, the gate voltage
required to charge the molecular layers can vary with the structure. The capacitance
increase at only negative gate bias is strong evidence that the frequency dispersion in

capacitance is due to the redox charging in the molecules.
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4.1.5 Molecular Transistor — Solid State MolFET

Molecular transistor structures integrated with the redox active molecules are proposed
not only for the application of DRAM capacitor but also for the application of FLASH
type memory device [12]. The fabrication and characterization of the hybrid Si-Molecular
transistor with liquid electrolyte can be found in another student’s dissertation [13]. In
this type of field emission transistor (FET), the channel conductance is modulated by the
redox charging in the molecules. The modulation of threshold voltage in the molFET due
to redox charge was observed as the hysteresis in Id-Vg characteristics [14]. The
hysteresis was significant improved by increasing the charge density of redox molecules

using redox polymers [13].

However, in the hybrid Si-Molecular FET (molFET) as shown in Figure 1.5, the liquid
electrolyte and Ag electrode are still required to operate the device. As discussed before,
although the electrolyte forms a perfect contact to the redox molecules, the liquid
electrolyte is not ideal in the real world application for the integration of conventional
CMOS process. Based on the MIMM solid state capacitor structure, a complete solid
state molFET structure is proposed. The schematic of the molecular transistor is shown in

Figure 4.12.
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Si substrate

Figure 4.12 Schematics of solid state hybrid Si-Molecular FET (molFET) device

In solid state molFET (Figure 4.12), the W/WN gate and the ALD HfO, layer replace the
Ag electrode and liquid electrolyte in electrolyte-involved molFET (Figure 1.4). As
discussed in the Chapter Three, the role of electrolyte has been taken by the ultra thin
high-k dielectric layer. The gate leakage current and threshold voltage can be controlled
by the ALD HfO, thickness and the molecular layer thickness. The charging and
discharging of the molecular layer can modulate the channel conductance by the charge
screening process. The screening from the charges in molecular layer is able to shift the
threshold voltage of the transistor, which can be observed in the source-drain
characteristics. Figure 4.13 shows the preliminary data on the I4-Vq4 characteristics of a
solid state molFET with 45cycles HfO, encapsulating the Por-Fc monolayer molecules

as the charge storage layer.
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As shown in Figure 4.13, gate voltage was applied from Ov to 0.5V with 0.1V step. The
drain voltage was applied from OV to -1.8V. As the PMOSFET, an interesting drain
current modulation was observed. Multiple peaks were shown in the drain current, which
may due to the redox charging of the Por-Fc molecules. With increasing the gate voltage
to a more positive value, the peaks in I4-V4 curves were greatly suppressed. As the gate
potential is increased, the molecules’ redox states may not be able to exchange electrons
with Si substrate due to the higher barrier. This interesting drain current modulation may
possibly be due to the redox charging in the molecules. However, in the control samples
without Por-Fc molecules, small peaks in the I,-V, curves, as shown in Figure 4.14,
indicate that HfO, dielectric layer may also contribute for the peaks in source-drain

characteristics when positive gate bias is applied. The gate voltage was scanned back and
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forth while the gate current was monitored. The peaks shown in the I-V, curves may
suggest that a large amount of interface states exist at the HfO,/Si interface when the
HfO, layer is directly deposited on Si substrate. As discussed before, the ALD HfO, on
monolayer molecules may penetrate into defects and pinholes of molecules and nucleate
on the interface between molecules and Si substrate. The solid state molFET may still

have a large amount of interface states due to the HfO, ALD process.
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Figure 4.14 14V, curve of the control sample with 40cycles HfO,

The interface between HfO, high-k dielectric and a Si substrate is reported to be not as
good as that of SiO, and Si [15, 16]. The high interface charges may cause the
trapping/de-trapping during the transistor measurements. Post deposition annealing after
ALD HfO, may be considered to passivate the interface between HfO, layer and Si
substrate. However, preservation of redox process after annealing process still needs to be
addressed. A thin layer of SiO; can also be added between the HfO, layer and the Si

substrate to improve the interface condition [15]. It should be noted that another approach
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using a different semiconductor in our laboratory has confirmed the redox behavior in a

solid state device [17]. More discussion about the solid state molFET can be found in

Chapter Six for future work.
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5 Redox Active Molecules In

Energy Applications

In previous chapters, redox active molecules have been discussed in detail for possible
applications in memory devices such as the molecular capacitors for DRAM and FLASH
type memories. The electrical properties of redox active molecules have been explored in
these solid state hybrid Si-Molecular devices. This chapter discusses work where the
optical properties of these redox active molecules have been explored for possible
applications in solar cells for producing renewable energy. This chapter will begin with a
brief description of conventional bulk crystalline Si solar cells, followed by a comparison
of thin film solar cells with the conventional bulk Si solar cell and subsequently, organic
solar cells. In order to improve the efficiency of organic solar cells, redox active
polymers have been incorporated into the active layer of organic photovoltaic cells and
some initial studies of fabrication and characterization of organic solar cell devices are

presented in this chapter.
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5.1 Introduction

The demand for a large-area, cost-effective production of renewable energy has increased
rapidly in recent years [1, 2]. The solar cell, based on the photovoltaic behavior, has
emerged as a potential source of renewable energy and has generated an incredible
amount of interest among researchers [3, 4]. Conventional solar cells use large area p-n
junctions made from silicon. Recently, organic polymer-based solar cells have been
fabricated with good power conversion efficiency (PCE) [5]. However, the PCE of the
current organic polymer-based solar cell is still not high enough for large area
manufacturing. The following section provides a discussion and comparison between Si-

based and organic polymer-based solar cells.

5.1.1 Inorganic Solar cell using Si Substrate

Photovoltaic (PV) technology is based on the phenomenon that when light is incident on
an active material, photons are absorbed by the material generating electron-hole pairs
which result in a direct current flow. The active materials that absorb light and generate
electrons/holes are called light absorbing or light harvesting materials. Crystalline bulk Si
is still the most prevalently used light absorbing material for commercial solar cells since

it can provide a stable solar cell with high PCE (~ 20%) [3]. Additionally, the fabrication
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process of crystalline Si solar cell is fully compatible with manufacturing processes in
semiconductor industry and hence, crystalline Si solar cells dominate the current

commercial solar cell market. The basic structure of Si solar cell is shown in Figure 5.1.
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Figure 5.1 Schematic structure of Si solar cell

Figure 5.1 shows a typical Si solar cell which consists of as p-type Si substrate, n-type Si
layer on top, bottom electrode and top electrode. The n-Si layer is formed by the
diffusion on top of the p-Si substrate. Top contacts are designed to have maximum light
exposure to increase the PCE. The surface of the n-Si is usually patterned into a triangle
or pyramid shape so that more surface area is exposed to the incident light. An anti-
reflective coating on the n-Si surface is also used to increase the incident light on Si.
Bottom contact can be formed by depositing an aluminum (Al) layer. When incident light

is absorbed by Si, an output voltage is developed between the top and bottom contacts.
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Figure 5.2 Band diagram of Si p-n junction solar cell

The thickness of the top n-Si layer should preferably be thin to allow light to reach the
depletion region between the p- and n-Si regions. The generation of electron-hole pairs in
the depletion region is important for the PCE of Si solar cell. Figure 5.2 illustrates the
band diagram of the bulk Si solar cell. When a photon with sufficient high energy is
absorbed by Si, the valence band electrons are excited into conduction band generating
electron-hole pairs or excitons. The electron-hole pairs generated in the depletion region
are separated by the built-in potential of p-n junction. If the solar cell is connected to an
open circuit, electrons and holes separated in the depletion region can drift to the bulk n-
Si and p-Si so that the top and bottom contact potentials are raised. The output voltage is
developed by the build up of electrons and holes. In a closed circuit with an external load,

the incident light can be transferred into a current flow.
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However, high fabrication costs for crystalline Si solar cell have led to research in finding
alternative and more economical means of producing energy such as the thin film solar
cells [7, 8]. A thin film solar cell contains thin layers of materials such as amorphous
silicon, polysilicon, cadmium telluride (CdTe) [9] and copper (indium, gallium) slenide
(Cu(In,Ga)Se,) [10] With the current advances in thin-film technology, the amount of
‘active’ material in each layer can be considerably reduced, thereby reducing the
processing cost of these cells compared to conventional bulk silicon solar cells. Among
the various ‘active’ layer materials mentioned earlier, only amorphous silicon has been
extensively studied and used for commercial applications. Thin solar cells based on
amorphous silicon have a PCE of 10% [11], which is smaller than that of a bulk Si solar
cell. This can be attributed to the dangling and twisted bonds that exist in amorphous
silicon, which create deep defects to trap free electrons or holes and, hence, lower the

efficiency [11].

The amorphous silicon based solar cells have a p-i-n structure [12]. As mentioned earlier,
electron-hole pairs are generated in the entire p-n junction region. However, only those
generated within the depletion region, where the built-in potential exists, can be separated
out and contribute to the output voltage/current flow. If an intrinsic region is added
intentionally between the p- and n-Si, most of the voltage would drop in this intrinsic
region due to its low resistivity. Consequently, the solar cell device performance is not
sensitive to the thicknesses of both p- and n-type amorphous Si layers, which are critical

for the structure of thin film solar cell.
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5.1.2 Organic Solar cell

Recently, organic polymers or molecules have been studied as alternative materials for
thin film solar cells, because of their simple processing steps, low thermal budget and low
fabrication cost [5, 13-15]. A single organic polymer layer usually doesn’t have both p-
and n-type properties are those in a Si substrate. Therefore, in order to develop an electric
field to drive and separate the electron-hole pairs generated in the polymer film, organic
solar cell usually consist of two different materials — one is the donor (p-type) material,
the other is the acceptor (n-type) material. A typical structure of organic solar cell is

shown in Figure 5.3.
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Figure 5.3 Schematic structure of organic solar cell

The organic solar cell is usually fabricated on a glass substrate with indium tin oxide
(ITO) as a bottom contact enabling light to go through the entire stack and reach the
Donor/Acceptor layers. Alternatively, the donor and acceptor molecules can also be

mixed together, to form a composite in a single layer, for higher efficiency. However, the

166



PCE of current organic solar cells is lower than that in inorganic solar cells. The highest
reported value of PCE for an organic solar cell is 5.5% [16]. The band diagram of the

organic solar cell is shown in Figure 5.4.
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Figure 5.4 Energy band diagram of the organic solar cell

The built-in potential (Vg) in organic solar cell is developed by the difference between
the HOMO of donor material and the LUMO of acceptor material [15]. When the photon
energy of incident light is higher than the bandgap of the donor materials, electron-hole
pairs are generated. If the LUMO band offsets between donor and acceptor materials is
high enough, the electron-hole pair will be dissociated and driven to opposite electrodes.
Electrons drift to the Al contact, and the holes drift to the ITO contact. Carriers are built
up on both the electrodes and contribute to the output voltage of the organic solar cell if it

is connected to an open circuit.
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5.1.3 Electrical Characterization of Solar Cell

As mentioned earlier, the key parameter to characterize solar cells is PCE, which is
defined by the ratio of maximum output power (Pmax) and incident light power (®.).
Incident light can be provided by a solar simulator with a calibrated power value. In order

to get the Pn,, of the solar cell, the current-voltage behavior is measured as shown in

Figure 5.5.
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Figure 5.5 Schematic I-V characteristics of a solar cell

In this measurement, the solar cell is illuminated with calibrated incident light, which is
usually generated by a solar simulator. An external voltage is applied to the cell and
current flow within the device is monitored with the change of incident light condition.
The typical current voltage (I-V) curve of an illuminated solar cell is shown in Figure 5.5.
The three key parameters of a solar cell, the open circuit voltage (V,), short circuit

current (I;) and maximum output power (Pnax), have been labeled on the curve. Ppy is

168



the maximum product of current and voltage in the I-V curve, which is labeled at Vi
and Imax, respectively. The relationship between the PCE and other three parameters are
listed below:

P

PCE =~
®e
fF - Pu pop _ laVeFF
SC " oC (De

@, is the incident light power. FF is the fill factor of the solar cell, which decreases with

increase in series resistance [17]. In order to achieve a high PCE value in organic solar
cell, large values of V. and I are required. The shape of the I-V curve also affects the
PCE of the device since both Py, and FF are related with the shape of the curve. A more
square-shaped I-V curve can produce larger values for Py, and FF. In the polymer solar
cell, series resistance and shunt resistance are strongly related with the I, and V,.. A
small series resistance is desired to get a square-shaped I-V curve and a large shunt
resistance is needed to achieve a large value of V. [17]. Square-shaped I-V, large I, and
large V. are required for obtaining large Pnax, Which is directly related with the PCE

value.

Different organic materials have been integrated into active layer of organic solar cell to

achieve large PCE value. The following section discusses some of the more extensively

studied donor and acceptor materials for organic solar cell applications.
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5.2 Solar Cell with P3HT Polymer

Poly (3-hexylthiophene) (P3HT) is the most commonly used donor polymer in organic
solar cell [18]. The structure is shown in Figure 5.6.

CeHy3
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Figure 5.6 Chemical structure of Poly (3-hexylthiophene) (P3HT)

P3HT is a light absorbing donor material with an absorption maximum around 550nm
[18]. The Sun’s maximum photon energy is located at around 500nm to 700nm [15] and
matches well with that of P3HT polymer, making it suitable for solar cell applications. As
discussed earlier, the electron-hole pairs are separated by the built-in voltage developed
between the donor and accepter materials and subsequently become free carriers which
drift to each electrode. The PCE value is strongly affected by the mobility of carriers in
the polymer layer. The reported hole-mobility in P3HT polymers is as high as 0.1cm?*/Vs
[18]. These properties make P3HT a good candidate for the light absorbing donor
material in organic solar cell. P3HT used in this work is highly regio-regular, and

electronic-grade P3HT from Rieke Metals, Inc (4002-EE).
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5.2.1 P3HT Embedding Nanoparticles

As shown in Figure 5.3, the electron-hole pairs (excitons) generated in the donor
materials need to diffuse to the interface between donor and acceptor materials where the
built-in voltage can separate them out and make excitons become free electrons and holes.
The average length, which the excitons can travel before recombination with an electron
or hole, is called exciton diffusion length [15]. The dissociation of the excitons must
happen before the process of recombination occurs. The exciton diffusion length of P3HT
is 10nm [18]. This indicates that only those excitons, which are generated within 10nm of
the donor-acceptor interface, have a good chance of splitting and contributing to the
output voltage/current. The short diffusion length in polymers limits the availability of

excitons, and this can reduce the device performance.

In order to solve the short diffusion length problem, inorganic or organic nanoparticles
are embedded within the P3HT polymers as acceptor materials, and this has
tremendously increased the PCE value of solar cells [15]. The acceptor materials such as
nanoparticles are evenly dispersed within the donor material. The average distance
between the donor material and the donor-acceptor interface is decreased so that more
excitons can diffuse to the interface before recombination happens. Compared with the
thin film material, nanoparticles have large surface area, which can further increase the
efficiency of the exciton dissociation. The structure of nanoparticles-polymer solar cell is

shown in Figure 5.7.
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Figure 5.7 Schematic of nanoparticles-polymer solar cell structure

A variety of nanoparticles have been studied to improve the PCE of the nanoparticles-
polymer solar cell. Phenyl-c61-butyric acid methyl ester (PCBM) has been reported to be
the best “nanoparticle” candidate as an acceptor in the nanoparticles-polymer solar cell to
provide highest PCE value [19]. PCBM is one of the carbon fullerene (Cg) bulky ball
derivatives, which has very small size (around Inm). The nanoparticle size is critical to
the solar cell device performance [15]. Compared with inorganic nanoparticles, the small
size of the of the PCBM gives a large surface area and small domain size of P3HT so that
it can help the dissociation of the excitons in the P3HT polymers and improve the PCE
value of the solar cell. PCBM used in this study was purchased from Sigma-Aldrich

(99.5% research grade level PCBM).
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5.2.2 P3HT + PCBM Solar Cell

As discussed earlier, the organic solar cell comprising PCBM as an acceptor material and
P3HT as donor polymers exhibits the highest PCE value. The typical device structure of

this nanoparticles-polymer organic solar cell is shown in Figure 5.8

P3HT
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Figure 5.8 Schematic structure and band diagram of P3HT+PCBM organic solar cell

A layer of poly(ethylene-dioxythiopene):poly(styrene sulfonate) PEDOT:PSS has been
deposited on the ITO electrodes as an efficient hole transport layer (HTL). It has been
reported that the PEDOT:PSS can electrically passivate the ITO surface, facilitating the
injection of holes [20]. The band diagram on the left suggests that the PEDOT:PSS layer
also provides a good matching between the Fermi level of ITO and the HOMO of P3HT

for hole injection [15].
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The built-in potential, which is developed by the energy level difference between the

P3HT and PCBM, has been reported to be related with the V. of the solar cell [15].

Voe = (IEnoMODonon)| - [ELumoecmy|)/q -0.3

With PCBM as acceptor material, the HOMO of donor material is directly related with
the open circuit voltage V,.. Apart from the energy levels of polymers, the workfunction
of both the photoanode and the photocathode are also important. The workfunctions of
the electrodes and the Fermi levels of the donor/acceptor materials decide the type of the
contact that is made, which could be ohmic or rectifying. Usually, materials with lower
workfunction such as Al, silver (Ag) and indium (In) haved been used as photocathode,
which collects electrons, and higher workfunction metals such as Au have been utilized

as photoanode, where holes are collected.

For the solar cell applications with a metal-insulator-metal (MIM) vertical capacitor
structure with transparent electrodes can facilitate incident light to travel through and
reach the active polymer layer. Indium Tin Oxide (ITO) has been widely used as a high
workfunction material for the photoanode because of its large bandgap, large
transparency and high conductivity [21]. ITO coated glass substrate is also commercially
available, which makes ITO on glass as an ideal substrate for building polymeric stacks

in organic solar cells.
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5.2.3 Advantages and Disadvantages

Organic solar cells comprising a polymeric layered structure offer many advantages over
the conventional bulk crystalline Si solar cell. The low fabrication cost is the biggest
advantage. The acceptor can be dissolved with the donor polymers solution and both of
the donor and acceptor materials can be deposited at one time on the substrate. The
fabrication of the polymeric-based organic solar cell doesn’t involve high temperature
processes as compared to the bulk Si solar cell. This enables the integration of organic
solar cell on transparent and flexible substrates at a very low cost and makes them

suitable for many applications.

However, the highest value reported for PCE in organic polymer-based solar cell has not
exceeded 6% [15], which is much lower than commercial bulk Si solar cells (20%). As
mentioned earlier, the short diffusion length of the polymer layer and trapping within the
polymer can cause electron/hole recombination, decreasing the total number of free
carriers. The limited absorption range for the donor polymer is another reason for a lower
value of PCE. In order to improve the PCE value for organic solar cells, the morphology
of the nanoparticle-polymer mixture layer has been intensively studied [18].
Nanoparticles with different sizes, shapes, composition and materials are synthesized for
uniform dispersion within the donor polymer so that the dissociation of the excitons can
be improved. Post annealing of organic cells has also been reported to enhance the

performance of the solar cells [22, 23].
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5.3 Redox Active Molecules Embedded within Organic Solar
Cells

The limited absorption spectrum of the donor polymer (P3HT) is one of the possible
reasons to cause a lower PCE in organic solar cell. In order to increase the width of the
absorption window of the solar cell, molecules with a wider spectral window are
incorporated within the stack/active layers. Porphyrin molecules have been reported for
being able to increase the absorption range of P3HT polymers [24]. In addition, although
porphyrins make excellent light accepting materials, their hole mobilities are expected to
be poor. By mixing porphyrins with known good hole-mobility materials, such as P3HT,
further efficiencies in the cell may be expected. In this section, the redox active polymers
Por-m are explored as the light harvesting layer, and they can be further added to the

P3HT and PCBM composites in order to improve the light absorption range.

5.3.1 Absorption of Redox Active Molecules

The UV-visible spectroscopy was used to characterize the absorption range of redox
active polymers (Por-m). The chemical structure of the Por-m redox molecules has been
discussed in Chapter Two. The absorption profile of redox molecules is shown in Figure

5.9. The scanned wavelength was from 400nm to 800nm.
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Figure 5.9 UV-visible spectroscopy of 1mM Por-m molecules

The Por-m redox polymers were spin-coated on glass/ITO substrates with a stock
solution of 1mM and a polymerization temperature of 150 °C. Although the
polymerization temperature for Por-m molecules is 400 °C (Chapter Two), a lower
polymerization temperature has been used because 150 °C is the recommended annealing
temperature for the organic solar cells with P3HT [23]. The absorption profile of Por-m
exhibits a strong peak around 430nm and smaller peaks between 500 and 600nm. As a
comparison, the absorption studies on P3HT polymers and P3HT+PCBM composite film
have been shown in Figures 5.10 and 5.11. The P3HT polymers were prepared from a
stock with 1wt% molecular solution in chlorobenzene (CBZ) and spin-coated on glass

substrate. 0.8wt% PCBM was added to 1wt% P3HT polymers and spin-coated to form
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the composite layer of P3HT+PCBM film on glass. The absorption profiles are shown in

Figure 5.10 and Figure 5.11.
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Figure 5.11 Absorption profile of Por-m with PCBM mixture

The absorption profile of P3HT layer shows the presence of an intense absorption peak
between 500nm and 600nm. The absorption spectrum is also affected by the organization
of P3HT molecules in polymers. Upon addition of PCBM molecules, the intensity of
absorption for the regioregular P3HT is reduced substantially due to changes in

morphology and composition of the composite polymer layer [22]. A similar suppression
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of absorption intensity is also observed for the mixture of Por-m polymer and PCBM.
The absorption peaks at 430nm is suppressed to a considerable extent after adding PCBM
as shown in Figure 5.11, suggesting that the ordering of Por-m polymers may also be

affected with the addition of PCBM, resulting in the change of absorption profile.

5.3.2 Mixture of Redox Active Molecules and P3HT+PCBM

The introduction of porphyrins into the P3BHT-PCBM composite can further broaden the
absorption range for the P3HT+PCBM film [23], and redox active polymers (Por-m)
have been mixed with the P3HT+PCBM to form Por-m+P3HT+PCBM composite films.
The weight percentages of Por-m, P3HT and PCBM molecules in CBZ solution have
been kept at 0.4wt%, 1wt% and 0.8wt%, respectively. After the attachment of the Por-
m+P3HT+PCBM molecular layer, the sample was subjected to annealing at 150°C under
an inert atmosphere in order to polymerize the Por-m molecules and improve the
ordering of the P3HT molecules. The absorption profile for the Por-m+P3HT+PCBM

molecular layer is shown in Figure 5.12.
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Figure 5.12 Absorption profiles of the mixture of Por-m, P3HT and PCBM molecules

Figure 5.12 shows the absorption profiles for the three active layers discussed earlier. The
curve (a) is the PSHT+PCBM molecules, which shows a strong absorption range between
500 and 600nm. The curve (b) is the Por-m + PCBM molecules, which exhibits the
absorption peak at 450nm. The curve (c) shows the absorption behavior for the Por-
M-+P3HT+PCBM molecular layer. An extra absorption peak at around 450nm shows up
due to the presence of Por-m molecules in the P3HT+PCBM polymer composite. For a
better understanding of this complementary behavior, different concentrations of Por-m
were incorporated into P3HT+PCBM layer to observe the change in absorption profile

with varying concentrations of Por-m molecules and this can be seen in in Figure 5.13.
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Figure 5.13 Absorption profiles of P3BHT+PCBM film after adding different concentrations of Por-m
polymers

Figure 5.13 compares the absorption profiles of two different Por-m+P3HT+PCBM
molecular layer, where only the concentration of Por-m molecules has been varied (ImM
and 10mM) in the stock solution. An increase in concentration of Por-m from 1mM to
10mM shows a concomitant increase in intensity for the peak at 430nm without any other
substantial change in the absorption profile. Hence, the addition of Por-m molecules to
P3HT+PCBM active layer could possibly improve the absorption profile of actual
organic solar cell device and contribute to the enhancement of device performance in
theory. However, the concentration of porphyrin molecules in these stacks can’t be
increased considerably as porphyrin molecules tend to aggregate at very high
concentrations [25]. As discussed earlier, it is desirable to have an even distribution of
molecules in the active organic layer. Hence, the aggregation of porphyrins may hinder

the diffusion of excitons, generated by the Por-m molecules, to the P3HT and PCBM
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interface. Addition of Por-m may also affect the V. and I, of the solar cell. As
discussed before, a small series resistance and large shunt resistance are required so that
the current generated in the solar cell are able to be dissipated in the external circuit [17].
The bulk size of Por-m molecules may increase the film thickness so that the series
resistance of solar cell may be increased. The shunt resistance can also be altered due to
the different rate of recombination and trapping in the active layer. Hence, the ratio of the
Por-m:P3HT:PCBMI, deposition and post annealing conditions play significant roles in
determining the absorption profile of the active layer as well as the device performance of

the organic solar cell.

5.4 Solar Cell Characterization

This section will discuss characteristics of the polymer-based organic solar cells
comprising P3HT and PCBM as the active layers. As discussed earlier, the composition
of P3HT and PCBM in the active layer is critical for the device performance, and post
deposition annealing of the active layer can further improve the organization of P3HT
film, thereby enhancing the PCE value of the solar cell. Preliminary data on the
fabrication and characterization of the P3HT+PCBM polymer-based organic solar cell
has been presented in this section. The P3HT-PCBM solar cell discussed in this section

utilizes a concentration of 1wt% and 0.8wt% for P3HT and PCBM, respectively, and the
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active layer was annealed at 150°C for 20mins in N, inert gas. These conditions have
been selected based on the values reported in literature for the mole fractions of P3HT
and PCBM molecules in the stack [22, 26] and for the post deposition annealing

conditions of the active layer [27, 28].

5.4.1 Device Fabrication

The device structure fabricated with P3BHT+PCBM active layer is shown in Figure 5.14.
The ITO coated glass substrate has been obtained from Sigma-Aldrich with surface
resistivity of 8-12 Q/cm®. The ITO glass substrate was initially sonicated in de-ionized
water for 10mins, followed by a 10 minutes sonication in acetone, in order to remove any
organic contamination. Subsequently, the surface was subjected to O, plasma treatment
for facilitating further modification with PEDOT:PSS layer. A high-conductivity grade
PEDOT:PSS solution was spin-coated on the ITO surface at 2000 RPM and baked at 100

°C for 5 mins.
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Figure 5.14 Schematic structure of polymer-based MIM solar cell device

The active molecular layer was formed by spin coating a stock solution comprising P3HT
and PCBM molecules on the ITO surface modified with PEDOT:PSS layer. The stock
solution was prepared by dissolving P3HT and PCBM in CBZ at 1wt% and 0.8wt%,
respectively. The samples were then annealed in N, purged vials at 150 °C for 20mins. In
order to deposit the top Al contact, the samples were loaded into a thermal evaporator in
vacuum. The top Al contact pads were formed by depositing 150nm of Al through a

shadow mask pattern with an area of 100 pm % 100 pm.

5.4.2 Characterization

The solar cell devices were characterized under ambient conditions with a conventional
probe station. In this preliminary solar cell measurement, a 150W light source

(TECHNIQUIP FOI-150) was used to test the solar cell devices instead of a calibrated
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solar cell simulator. The light source was guided through a fiber optic line and
illuminated on top of the solar cell. Even in the absence of a calibrated solar cell
simulator, the fabricated P3HT+PCBM organic solar cell device exhibited the

photovoltaic behavior as shown in Figure 5.15.
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Figure 5.15 1-V characteristics of organic solar cell with P3HT+PCBM active layer
The voltage range applied on the solar cell is from 0.6v to -0.2v. One of the contacts is
top Al pad and the other contact is the ITO conducting substrate. A clear photovoltaic

behavior can be observed in the I-V measurements when the light is illuminated. V. is

the around 0.4v which is close to other reported data [29, 30].

However, the current density is quite low for our current organic solar cell devices, and
there is a problem of device-to-device variation as shown in Figure 5.16. More

discussions on the current devices can be found in Section 5.4.3.
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Figure 5.16 1V plots of device-to-device variation on organic solar cells

5.4.3 Discussions on Current Devices

The low current density and device variation of organic solar cell in the preliminary data
are attributed to many reasons. The first reason is the lack of a solar cell simulator as a
calibrated light source. The incident light conditions (wavelength, intensity, etc.) may
change during the measurements, resulting in device variations. The current light source
is illuminated on the top surface of the organic solar cell. The Al metal surface is
reflective and most of the active area underneath the Al pad is not well exposed to the
incident light. The low efficiency of the light source due to the measurement setup is

another reason to get low current density. Also, in these initial experiments, the P3HT
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and PCBM molecules were not deposited in a controlled environment, and the organic
solar cells were not characterized in the glove box either. The molecules are known to
degrade in open air during deposition and characterization such that a controlled
environment for deposition and characterization is necessary for future measurements.
After all these improvements, the organic solar cell with P3HT+PCBM active layer is
expected to show much better photovoltaic properties. The incorporation of Por-m in the
active layer of solar cell devices can be further explored after the P3SHT+PCBM solar

cells with good photovoltaic behavior are achieved.
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6 Summary and Future Outlook

6.1 Goals of This Study

The focus of this work has been on investigating the application of redox active
molecules with charge storage properties in solid state memory devices as well as in
applications in renewable energy. The motivation was to study the electrical properties of
complete solid state molecular devices, which incorporated redox active monolayers or
redox active polymers. Beside the electrical properties, the other motivation was to
explore the possible application of redox polymers in organic photovoltaic cells due to
their interesting optical properties. The particular goals of this study were —

1. To understand the charging and discharging mechanism in conventional
electrochemical cells with redox active molecules and liquid electrolytes; to
study the role of the electrolyte in the electrochemical cell and to investigate
the possible solid state approaches to redox active molecules.

il. To find a suitable dielectric layer to encapsulate the redox active monolayer or
polymers and explore appropriate dielectric deposition methods to preserve

the redox properties.
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iil.

1v.

To study the electrical properties of redox active molecules in MIMM
capacitors for the future DRAM application

To investigate the possible application of redox active molecules in solid state
molFETs for FLASH memory devices

To explore the application of redox molecules in renewable energy and to

incorporate redox active polymers in the organic solar cell.

6.2 Conclusions and Specific Findings

Many significant findings have been made in this study during the working towards the

goals. The conclusions of this work and many specific findings are listed below:

1.

ii.

iil.

Different redox active monolayer and polymers have been characterized using
CyV measurements in conventional electrochemical cells on Si substrates as
well as on TiN substrates to understand the redox charging and discharging
mechanism.

The roles of the liquid electrolyte gate and the electric double layer in the
electrochemical cell have been studied to understand the mechanism of
charging screening in the ionic cell.

Equivalent circuits of the ionic cell have been described for -clear

understanding of electrical properties of ionic cell. Redox molecules’
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1v.

V.

Vil.

Viii.

modeling based on analytical calculations have been done to simulate the
capacitance versus voltage behavior at different frequency.

Based on the understanding of the electrochemical cell, a solid state approach
to molecular memory devices incorporating redox active molecules has been
proposed for possible future integration into DRAM or FLASH memory
devices. The dielectric layer was used in solid state molecular layer to replace
electrical double layer, which has been carefully considered in term of
dielectric constant, thickness and deposition method.

A novel method to contact molecules using freestanding Si nano-membrane
has been synthesized. The 100nm SiNMs on different substrates were
fabricated and characterized, which provide an alternative, solid state
approach to redox molecules as well as a contact method for other molecules.
Three dielectric layers, Aluminum nitride (AIN), aluminum oxide (Al,O3) and
hafnium oxide (HfO,) were deposited on molecules and characterized in
capacitor structures for applications in solid state molecular devices.

Atomic layer deposition of HfO, layer was optimized at different temperatures
on different substrates, such as Si, TiN, and molecules surface, to achieve
uniform deposition and low leakage current.

Metal-insulator-molecules-metal (MIMM) capacitors using ultra thin
HfO, high-k dielectric layer encapsulating redox active monolayers, were

characterized to understand the redox charging in the molecular layer.
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iX. A solid State molFET molecular transistor was proposed, measured and
discussed.
X. Redox active polymers (Por-m) were incorporated into organic solar cell

active layers to broaden the absorption range of the donor materials.

6.3 Future Outlook

In the development of completely solid state hybrid Si-molecular devices incorporating
redox active molecules, a deeper understanding of the charge storage based redox active
molecules has been achieved. In order to fully integrate the redox active molecules into
current CMOS technology and transfer this molecular electronics technology into real
world application, many interesting areas can be further studied. Meanwhile, the
emerging application of redox molecules in renewable energy area also requires more

efforts.

6.3.1 Memory Application (DRAM, FLASH)

For the future DRAM application, the MIMM capacitor embedding redox active

molecules provides a good test platform to characterize redox active molecules. The ALD
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process for dielectric layer deposition on top of molecules has been demonstrated to be
able to preserve the redox active monolayer molecules. Alternative characterization
methods such as pulse measurements and deep level transient spectroscopy may be

utilized for the better understanding of the redox charging.

For the FLASH memory application, characterization of solid state molecular transistors
can be continued with improved interfaces between the high-k dielectric layer and the Si
surface. A controlled sample with a better HfO,/Si interface may help to understand the
interesting modulation of drain current in the current solid state molecular transistor

embedding redox active monolayers.

6.3.2 Solid State Approach

The solid state approach to molecular memory device is based on the understanding of
the electrical double layer in an electrochemical cell. The effective screening at the
interface (Stern layer) between liquid and solid is due to the different type of carriers
(ions in electrolyte and electrons/holes in molecules). The ionic electrolyte also
effectively blocks all DC leakage current. Solid electrolyte or a dielectric layer
incorporating a significant number of mobile ions may be an alternative method to

contact molecules and provide more effective screening in solid state molecular devices.
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6.3.3 Dielectric Consideration

Different dielectric layer with higher dielectric constant may be considered to replace the
current HfO, dielectric layer while maintaining the low leakage current of whole device.
Future work can involve exploring suitable dielectric layer in the MIMM capacitor and

solid state molecular transistor to encapsulate redox monolayer or polymers.

6.3.4 Silicon Nano-membrane

Silicon nano-membrane (SiNM) provides a non-damaging contact to the surface of
molecules. Using 49% HF to remove the SiO, layer may create lots of surface states on
both sides of the SiNM. Future work in this arena requires the characterization and
improvement of the Si surface on the SINM. The SiNMs are able to provide transparent
top contacts without damaging the molecules. The Fermi level of the nano-membrane can
also be tuned by the doping concentration or changing the membrane materials (i.e.,
SiGe). The SINM may be considered to be integrated into organic solar cell structure as a

photoanode or photocathode due to these properties.
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6.3.5 Redox Active in Energy Application

Redox active molecules have been demonstrated as a light harvesting layer in organic
solar cells. Redox monolayer or polymers with a different redox center may provide a
different absorption range. Future work in this area needs to focus on the morphology and
composition change after adding the redox molecules into the organic active layer. Novel
structures consisting of nanoscale electrodes to improve the solar cell efficiency may also

be required.

6.4 Closing Remarks

Redox active molecules with high charge density have been investigated. With continued
research on redox molecules, the charge density of redox molecules is increasing and the
stability may also be improving. The solid state approach along with the current research
on the high-k dielectric layer and deposition methods can lead to a very interesting solid
state molecular device development. The redox active molecules will finally provide us a
stable charge storage unit with controllable molecules/dielectric or molecules/metal
interface, which finally can be integrated into future solid state hybrid Si-Molecular

devices to provide high charge density and possible multi-bit low voltage operation with
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ultimate scalability. Finally, the interesting optical properties of porphyrins may also

make them very suitable candidates for energy applications.
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Appendix 1

Fabrication and Characterizations of Silicon Nano-membrane

Single Crystal Si Single Crystal Si

SiO

Si Substrate Si Substrate [D

2. Patterned
Photoresist on Top

I Bl

0, H

[D ; @W[D o
Substrate

6. Transfer Si Nano-
membrane

1. SOl Wafer 3. Dry Etch until SiO,

4. Remove Photoresist 5. Wet Etch SiO,

Figure 1 Process flow to fabricate Si nano-membrane (SiINM). The step 1 is the surface
cleaning process on commercial silicon-on-insulator (SOI) wafer, which has
100nmSi/200nmSi0,/Si stack. The thickness of top Si can be varied from 100nm to 1pum,
which decided by the desired Si nano-membrane thickness. The step 2 is the photoresist
patterning on top of SOI wafer with 15um holes in diameter and 200m in pitch. The step
3 is the dry etching process to etch the Si layer until SiO, layer. The dry etching was
using chlorine (Cl,) gas for 4 mins. The etching time decided by the thickness of top Si
layer. The step 4 is the photoresist removal process. The underneath SiO, was exposed
with small area after the top Si etching. The step 5 is the wet etching process to

completely remove the SiO, layer and free the top Si nano-membrane from SOI wafer.
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49% HF was used to etch the SiO; layer. The final step is the transfer process to attach Si

nano-membrane on a new substrate. The details of transfer process are shown in Figure 2.

— D

Si Substrate

PMMA coated With PMMA supporting Transfer SiNM to a
on top of SINM layer to lift SiINM new substrate and
@ then remove PMMA

- e

SiNM on original SOI Lift up SINM in aqueous solution SiNM on a new
wafer and pick up with new substrate substrate

Figure 2 Two transfer methods of Silicon nano-membrane. First method is using transfer
supporting materials — PMMA, which is spin-coated on the surface and baked at 175 °C
for 5 mins. After PMMA is polymerized, the SiNM is attached to the PMMA and can be
moved to a new substrate. After removal of PMMA with acetone, SiINM is attached and
transferred to the new substrate. The second method is using surface tension of aqueous
solution (i.e. water) to lift up SINM. After SiNM is floated on the water surface, a new

substrate can pick up the SINM in the water.
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Figure 3 SEM image of free-standing SiNM on Si substrate. The Si nano-membranes

(100nm thick) were patterned with 2um holes. The hole-to-hole distance is 10um.

Figure 4 Microscopy of free standing SiNM on titanium nitride (TiN) substrate. The
holes on SiNM are 15 pm in size and hole-to-hole distance is 200 um. The thickness of
SiNM is 100nm. The total area of the free standing SiNM can be as large as 1cm x1cm.
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Figure 5 Microscopy of SINM on ITO/ATO substrate with tungsten (W) pads on top. The

thickness of SiNM is 100nm. W pads were deposited by sputtering deposition at SOW for
10mins and 100W for 50mins. Three sizes of W pads are patterned through shadow mask,
which are 200 pm x 200 pm, 150 pm x 150 um and 100 pm % 100 pm in area as shown
in left picture. The right picture is the zoom in of 200200 um W pads. The opening
holes on the SINM can also be observed. This structure is used for SiNM transistor,

which is discussed in Figure 6.
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W pads

ATO

ITO

Glass

Figure 6 Schematic of SiNM transistor and the [4-V4 characteristics. The gate of this
SiNM transistor is the ITO conducting layer at the bottom on glass substrate. The gate
dielectric layer is 220nm AlOy-TiOy superlattice (ATO), which is deposited by atomic
layer deposition. Gate voltage was applied from Ov to -2v. Id-Vd curves are plot on the

right. Clear transistor behaviors were observed for this SINM transistor, indicating a good
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contact between membrane and ATO surface has been achieved.
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Appendix 2

Solid State Molecular Devices Embedded with lonic Liquid

45 cycles HfO,

lonic Liquid

sesdidives
oo™

Figure 1 Structure of solid state molecular devices embedded with ionic liquid.
Monolayer molecules (Fc-Por-BzOH) were attached on the TiN substrate. lonic liquid
(EMI) was spun on the top of the molecular surface. A layer of 45 cycles HfO, was
deposited on top of ionic liquid using ALD process at 85 °C. After HfO, deposited, the
samples were loaded into Al evaporation chamber to deposit top gate electrode.

ﬁ ?
%
:

- n 1 I
MAS HD2300 200kV x1500k TE 20.0nm

Figure 2. TEM image of solid state molecular devices embedded with ionic liquid. The
thickness of HfO, dielectric deposited on ionic liquid is varied from around 50 A to
around 90 A. The thickness variation of ALD HfO, is due to the changing of surface
condition for ionic liquid during the deposition. There is interfacial layer between Al and
HfO, layer, which is discussed in details in Chapter Three.
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Figure 3. CyV measurements on solid state molecular devices embedded with ionic liquid.
Clear voltammetry peaks associated with redox process in Fc-Por-BzOH monolayer
molecules can be observed. The ionic liquid provides effective screening for the redox
charging in the molecules. The solid state molecular devices encapsulating ionic liquid
provide an alternative structure for the memory application.
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A molecular memory device formed by HfO, encapsulation of redox-active

molecules

Zhong Chen, Bongmook Lee, Smita Sarkar, Srivardhan Gowda, and Veena Misra®
Department of Electrical and Computer Engineering, North Carolina State University, Raleigh,

North Carolina 27695, USA

(Received 11 September 2007; accepted | October 2007; published online 23 October 2007)

Solid state metal-insulator-molecule-metal (MIMM) devices were fabricated by encapsulating a
redox-active molecular layer between a metal substrate and a dielectric thin film of atomic layer
deposition (ALD) hafnium dioxide (HfO,). Redox properties of molecules are preserved after
atomic layer deposition. The leakage current of devices is greatly improved by incorporating the
ALD HfO; thin layer. Capacitance measurements of these MIMM devices show a large frequency
dispersion indicating the charging and discharging of the molecular layer. © 2007 American

Institute of Physics. [DOL: 10.1063/1.2800824]

Molecular electronic devices have many attractive ad-
vantages, such as discrete energy states available at room
temperature, low voltage operation, and scalability to nanos-
cale dimensions. which can be used in emerging memory
and logic applications. In recent years, many studies on mo-
lecular electronics have relied on metal-molecule-metal
junclions.H However, metal-molecule-metal junctions are
vulnerable to defects and metal penetration. In this work, we
have investigated a metal-insulator-molecule-metal (MIMM)
device for molecular electronics that overcomes many of the
challenges involved with characterization in metal-molecule-
metal structures. We have used atomic layer deposition to
form an ultrathin dielectric directly on top of the molecules.
The atomic layer deposition process allows the nucleation of
hafnium oxide (HIO,) not only on top of the molecules but
also within the holes and defects that are present within the
molecular layer. Additionally, due to the excellent confor-
mality of the atomic layer deposition (ALD) process. a great
degree of defect coverage can be expected. The thickness of
the HfO, layer must be large enough to completely seal the
defects but also thin enough to achieve the appropriate elec-
tric fields across the molecules without requiring high oper-
ating voltages. The dielectric constant of the dielectric layer
is another knob that can tune the amount of voltage drop
across the molecules. The advantages of the MIMM memory
structures include (i) passivation of pinholes and defects that
prevent metal penetration and shorting, (i) new mechanisms
of molecular electronics beyond conductance such as charge
storage and spin control, and (iii) new metrologies to char-
aclerize molecular behavior such as impedance and time re-
solved methods. Finally, this structure also supports the use
of different molecules that have more complex properties
than just conductance switching. It should be noted that al-
though the dielectric layer can be formed underneath the
molecules, they will not remove the parallel paths associated
with metal penetration into the molecules. In addition, they
will also kinetically slow down the electron transfer rates
between molecules and substrates.

Solid state MIMM devices were fabricated by encapsu-
lating redox-active molecular layers with HfO, films via
atomic layer deposition. Since MIMM structures do not al-

“Electronic mail: vmista@ncsu.edu

low large dc due to the presence ol the dielectric layer, the
use of redox-active molecules is highly synergistic with
MIMM structures. In our previous work,”™ redox-active
molecules have been used for charge storage applications in
conjunction with ionic gates. In the present work, the ionic
gale 1s being replaced with an ultrathin dielectric followed by
a metal electrode. Titanium nitride (TiN) surfaces were used
in this study and exposed to 0.1% hydrofluoric acid (HF) to
remove the surface oxides prior to molecular attachment.
Figure | shows the molecules used in this study: (a) redox-
active porphyrin monomer and (b) redox-active porphyrin-
ferrocene combined monomer. The combined monomer
allows for three redox states useful for multiple states. The
molecules were dissolved in an organic solvent, spun on the

EAG HD2300 200kV x3500k TE

FIG. 1. Chemical structure shows the joint of three-state porphyrin-
ferrocene (Por-Fc) molecules. TEM images of two MIMM capacitors,
WIWN/30 cycles HfO,/Por-Fe/TiN  (a)  and  W/WN/60 cycles
HfO,/Por-Fc/TiN (b), shows that the Por-Fc molecular layer is still intact
after ALD of HfO,.
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surface, and subsequently annealed at 400 °C to creale a
dense layer. Porphyrin molecules have been reported to be
thermally stable at 400 °C.M Next, HfO, was deposited via
ALD using sequential exposures of water and tetrakis
hafnium at 200 °C. The ALD process had to be optimized to
ensure coverage of the large surface topology associated with
defects and this required much longer ALD exposure and
purge times. In each ALD cycle, the pulse. exposure and
purging time for water precursor are (1.2, 5, and 8 s, respec-
tively. The tetrakis precursor’s pulse, exposure, and purging
time are 1. 5, and 8 s, respectively. The top contact was
fabricated using a reactively sputtered tungsten nitride (WN)
gate. The WN layer was used to (i) limit the reactions be-
tween the metal and the molecule-insulator stack and (ii) to
reduce the sputtering damage on the thin HfO, film. The
electrical characterization was performed using CHI 600
electrochemical analyzer, HP 4284A LCR meter, and HP
4155B semiconductor parameter analyzer. Some samples
were electrochemically characterized using an electrolytic
gate with silver gate electrode.

In order to gain insight into the structural stability of the
molecules embedded within the MIMM structure, high reso-
lution transmission electron microscopy was performed. Al-
though it is expected that the electron beam may destroy
molecules, our intent was to analyze the sharpness of the
interfaces by coupling them with compositional information
such as energy-dispersive x-ray spectroscopy (EDX) analy-
sis. Figure 1 shows the transmission electron microscopy
(TEM) cross section of HfQO, deposited on molecules
followed by a WN/W deposition. Reasonably sharp and
stable interfaces of metal-molecule, molecule-HfO,, and
HfO»-metal are observed. The thickness of molecules is
around 22 A which is consistent with the molecular length
of porphyrins and ferrocenes. This suggests that the ALD
process does not significantly modify the molecular layer. In
order to correlate the layers observed in TEM with compo-
sitional analysis, we performed EDX results of various lay-
ers. The spectral resolution for the EDX analysis on the cross
sectioned samples is ~1.5 nm. Therefore, if the beam is con-
fined within the middle region of the molecular layer, mini-
mal interference from the adjacent layers is expected. A very
high carbon signal is observed when the beam spot is located
on the layer identified as molecules in the TEM. In addition,
a very large hafnium (Hf) signal is also obtained, suggesting
that the HfO; is forming within the molecular layer. This

agrees with the expectations that under long exposure/purge
times, ALD HfO, can nucleate within defects and holes
present in the molecular layer, thereby passivating the de-
fects. When the beam is placed on the HfO, layer, the ex-
pected Hf and O species are observed. In addition, the EDX
signature for the above HfO; layer matches that of HfO,
deposited directly on metal, suggesting that molecules are
not impacting or modifying the HfO; properties.

The MIMM structures were electrically characterized by
current-voltage measurements and capacitance-voltage (CV)
measurements at different frequencies. The devices with
metal deposited directly on top of the molecules exhibited
very large currents indicative of large defects associated with
the molecular layer. However, this measurement alone does
not reveal whether the leakage is associated with intrinsic
characteristics of molecules, gross physical defects. or metal
penetration into the molecular layer. To understand this, the
leakage currents for HIO, only and HIO,/molecule samples
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FIG. 2. Leakage current comparisons of three structures: W/WN/Por-Fc/
TiN, W/WN/HIO,/TiN. and W/WN/HFfO,/Por-Fc/TiN. Three devices
were measured for each structure. The presence of a thin layer of ALD HfO,
layer greatly lowers the leakage current of the whole system.

were compared. It should be noted that the TEMs of both
these samples indicated very similar HIO, thicknesses., As
shown in Fig. 2, the samples consisting of a series combina-
tion of molecules and HIO; displayed current three orders of
magnitude lower than that of the samples with just HIO,.
This suggests that metal on molecule structure has high leak-
age due to its large defects which can promote metal pen-
etration. However, once the molecular layer is sealed with
HfO, its intrinsic dielectric properties can emerge. This mol-
ecule, when placed in series with HfO;, results in a very low
leakage behavior consistent with a bilayer dielectric.

As was mentioned before, redox-active molecules are
compatible with MIMM structures since they do not rely on
conductance through the molecules to switch or display in-
teresting behavior. As long as an appropriate field is applied
across the molecules, they can lose or gain an electron to/
from the substrate resulting in a change of charge state which
could be interrogated either by a metal-oxide-semiconductor
field-effect transistor channel or by impedance measure-
ments. In many ways, this is similar to flash operation. We
have investigated the MIMM structures via impedance. Fig-
ure 3 shows the CV curve of WN/HIO,/molecular structure,
in which a layer of redox-active molecule is encapsulated by
a layer of ALD HfO,. As frequency is decreased, a large
increase in capacitance was observed which qualitatively
matches the behavior for traditional cells with ionic gates.

g
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FIG. 3. Capacitance measurements on MIMM capacitors with different fre-
quencies. The inset shows the capacitance measurements on MIMM capaci-
tors with the same HfO, thickness but without Por-Fc molecule layer. The
MIMM capacitance at low frequency is equivalent with the control MIM
device.
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FIG. 4. Capacitance vs frequency of MIMM capacitor with different ac
signal levels. Higher ac bias causes a further increase of capacitance. The
inset shows the measurements with same HfO; thickness but without Por-Fc
molecule layer.

From the calculation, the molecules™ dielectric constant in-
creases two orders of magnitude when the measurement fre-
quency decreased from 1 MHz to 20 Hz. However, in the
MIMM structures, the increase occurs over a large range of
voltages instead of being localized, as observed in the tradi-
tional cell/ionic gates. No such characteristics in CV were
observed for the control samples without molecules (see the
inset of Fig. 3), suggesting that the behavior is indeed related
to the presence of molecules. Also, the capacitance at the
lowest frequencies matched the capacitance of the single
layer HfO, with same thickness deposited directly on metal
without molecules.

Figure 4 shows the MIMM capacitance changes with
frequencies. As frequency is decreased or ac amplitude is
increased, a large increase in capacitance is observed. No
such characteristics were observed for the control samples
without molecules (see the inset of Fig. 4). Note that the
control sample in Fig. 4 was fabricated to match the high
frequency capacitance value for the MIMM capacitor. The
thickness of Hf(), in control sample is much thicker than that
in the MIMM capacitor. Under an appropriate electric field,
redox molecules can lose/gain an electron to/from the sub-
strate resulting in a change of charge state. The increase in
capacilance is atltributed to the redox-charge transfer which
polarizes the molecules and increases its diclectric constant,
The HfO, capacitor stores charge based on the voltage
dropped across it (Q=CV). The polarization charge in the
molecular layer requires screening which in the MIMM
structure comes from the HfO, layer. The degree of polariza-
tion of the molecule is limited by how effectively its charge
can be screened by the HIO,. This, in turn, depends on the
applied bias and is impacted strongly by increasing ac am-
plitudes and lower frequencies. A fit to the Randles cell

Appl. Phys. Lett. 91, 173111 (2007)

model.'? a well-known model for redox transfer, resulted in
excellent fits indicating that the capacitance increase is con-
sistent with redox mechanisms. As the HfO, thickness de-
creases, higher bias is dropped across the stack which results
in higher capacitance change. Larger cap can also be ob-
tained on thicker HfO, by applying higher ac bias. Finally,
MIMM structures show a continuous increase in capacitance
with voltage, whereas a traditional electrochemical cell
shows a localized increase. This difference is attributed to
the voltage divider effect in MIMM structures versus a bat-
tery effect in the electrochemical cells."”” With a very high
dielectric constant layer, localization of redox states can be
achieved.

We report on a MIMM structure as a memory test plat-
form for molecular electronics. With this structure, metal
penetration into the molecules can be prevented and true mo-
lecular properties can be measured. This structure is highly
compatible with redox-active molecules which possess mul-
tiple discrete states. With these molecules, the MIMM re-
sulted in large increases in capacitance which are consistent
with redox mechanisms. This test platform can be applied to

a variety of new molecules with more interesting functional-
ity than just conductance.
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Appendix 4 Paper to be submitted

Atomic Layer Deposition of Hafnium Dioxide on TiN and Monolayer Molecular
Film

Zhong Chen, Nivedita Biswas, Smita Sarkar and Veena Misra

Hafnium Dioxide (HfO,) thin films with thicknesses ranging from 20A to 100A were grown in a
viscous flow reactor using atomic layer deposition (ALD) with
tetrakis(dimethylamido)hafnium(IV) and water as the reactants. HfO, ALD films were deposited
successfully at 200°C on different molecular monolayers. X-ray photoelectron spectroscopy (XPS)
and Energy-dispersive X-ray spectroscopy (EDX) analysis showed a continuous growth of the
HfO, layer on molecules without any damage. Electrical properties characterized by
current—voltage measurements suggest that precursor pulse time, exposure of sample surface to
the precursor and the purging of unreacted precursor: all play important role in the physical
structure of HfO2. ALD conditions for different substrates have been optimized so that excellent
electrical properties could be obtained for HfO, films on molecules. Transmission Electron
Microscopy (TEM) of 30A and 60A ALD HfO, on TiN and molecular monolayers show
conformal deposition of HfO,. This process enables new class of molecular electronic devices.
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Recently, molecules have been investigated for their potential use in memory devices. In various
solid state molecular memory devices, the metal electrodes, which directly contact the molecules,
have been reported to alter the chemical structure of molecules as well as the electrical properties
of molecular devices [1-7]. Introducing an ultra thin layer of high-k dielectric on top of molecules
can prevent the damage to the monolayer molecules and even shorting during metal deposition [8].
The leakage current of molecular devices can also be improved with the dielectric layer
sandwiched between the metal electrode and molecules. However, it is critical to deposit the
dielectric in a manner that does not chemically alter or destroy the electronic properties of the

monolayer molecules.

Recently, atomic layer deposition (ALD) has received considerable attention as a method of
depositing ultra-thin films of materials for Silicon CMOS applications [9,10]. Among many
potential high-k materials, HfO, has drawn significant attention as one of the leading candidates to
replace SiO, owing to its high dielectric constant, relatively large band gap, and compatibility with
conventional CMOS process. Control of HfO, film depositions with excellent uniformity, accurate
thickness and low defect density are essential for applications in the next generation CMOS
devices. Based on their dielectric constant and bandgap properties, HfO, may also be suitable for
capping molecular capacitors. The ALD method of depositing HfO, employs alternating pulses of
precursor gases onto the substrate surface. It relies on a sequence of self-limiting surface reactions
of the precursors and results in sub-nanometer control of film growth on large areas. During the
ALD process, the reactor chamber is purged with an inert gas between two precursor pulses. With
carefully selection of the pulse, exposure and purge times, the growth can be stabilized and the
thickness increase is constant in each deposition cycle. The pulse time is defined by the time
between inlet opens and closes for introducing the precursors. The exposure time refers to the time
between inlet closes and outlet opens for precursors’ reaction. The purging time is defined by the
time between outlet open and outlet close for purging out the ALD by-product and unreacted
precursors. The self-limiting nature of ALD process facilitates the growth of conformal thin films
with accurate thickness which is extremely useful in coating nonplanar surfaces. ALD is a method
in which surface reactions play an important role for both surface nucleation and film growth. The
growth of different multilayer structures is also straightforward. These advantages make the ALD

method attractive for dielectric and barrier layer deposition.

Although, ALD has proven to be a good candidate for CMOS applications, its compatibility with
ultrathin organic monolayers is however not yet known. Organic polymers or monolayer
molecules have different surface chemistries compared with silicon or other inorganic substrates.
Several groups have reported area-selective ALD deposition with patterned polymer layer since
the ALD process was found to not nucleate on certain polymer surfaces [11-13]. We have recently
used ALD to form dielectric layers on polymer or monolayer surfaces for potential applications in
hybrid Si/molecular devices and solid state molecular electronics [8, 14]. ALD is a good candidate
for molecules due to its excellent conformality which can be useful in sealing pinholes and defects
in the molecular layer [15-17]. This paper discusses the optimization of the ALD process to yield
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ultra thin, continuous HfO, layers which result in good electronic properties. Besides XPS and
EDX, Transmission Electron Microscopy (TEM) and electrical analysis were used to measure the

properties of HfO, on molecular monolayers.

Experimental

Self-assembled redox-active molecules were formed on TiN substrates. ImM solution of the
redox-active molecules compound
5-(4-hydroxymethylphenyl)-15-(4-ferrocenylphenyl)-10,20-dimesitylporphinatozinc(Il) was prepared
in an organic solvent. Tetrahydrofuran (THF) or propyleneglycolmethyletheracetate (PGMEA)
was used to dissolve the molecules. A few drops of the molecular solution were then spin coated
onto the TiN substrate to achieve uniform deposition. Samples were then maintained at 400°C to
initiate the formation of covalent bonds between the molecules and the surface of substrate. After
the attachment of molecule monolayer on TiN substrate, the samples were then rinsed in PGMEA
to remove any unattached molecules left behind on the surface. The entire attachment process was
performed in a controlled ambient (i.e. Ar gas) environment to prevent the degradation of

molecules during the process of attachment.

The samples with molecular films on were then placed in the ALD chamber (Savannah 100,
Cambridge Nanotech) which was prebaked at 200 °C for 10 mins in vacuum (1.5><1071 torr) with a
steady N, stream of 20 sccm. The HfO, deposition was performed at 200°C using
tetrakis(dimethylamido)hafnium(IV) (tetrakis) and water as the hafnium and oxygen source,
respectively. Rigorous experiments were carried out to optimize the order and duration of the
available ALD knobs for both the precursors. Typically water was used as the first precursor and
so was pulsed first. To achieve better hydroxylation of the starting surface, the water pulse was left
in the exposure mode. The unreacted water was then purged by nitrogen. Similar process of pulse,
exposure and purge was also followed for the tetrakis precursor. The optimized cycle consisted of
water pulse/water exposure/water purge/tetrakis pulse/tetrakis exposure/tetrakis purge with the
time frame of 0.2s/5s/8s/1s/5s/8s. The thickness of the HfO, film was controlled by the number of
precursor/purge cycles. For a more accurate measurement of HfO, grown by ALD, control
samples consisting of cleaned Si and TiN substrates were also included. The Si substrates were
cleaned in 1% HF solution prior to the ALD process to remove native oxides whereas the TiN
substrate was cleaned in 0.1% HF solution for 2 mins to eliminate surface oxide layers.

To fabricate capacitors, a top contact electrode was formed on the HfO, layers. This contact
consisted of a 50nm reactively sputtered tungsten nitride (WN) followed by 150nm sputtered
tungsten (W) gate. WN layer was used to reduce the damage of the top W sputtering to the thin
HfO, film. The WN layer was reactively sputtered at SOW with Ar to N, gas flow rate of 40 to 2
sccm for 10 mins and 100 Watts for 10mins. W film was then sputtered at 100W with Ar flow rate
of 40 sccm for 40 mins. A Hewlett-Packard (HP) 4155A semiconductor parameter analyzer was
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used to characterize the leakage current of the capacitors.

X-ray photoelectron spectroscopy (XPS) was used for chemical analysis of the sample surface.
The thickness and interface of HfO, film and molecular layer were explored by Transmission
electron microscopy (TEM). Energy dispersion X-ray (EDX) was used to get the information
regarding chemical composition of different layers. Cyclic Voltammetry (CyV) on selected
samples was carried out using a CHI600A Electrochemical Analyzer. In CyV measurements, a 1M
solution of tetrabutyl ammonium hexafluorophosphate (TBA-PF6) in propylene carbonate (PC)
was used as a conducting electrolyte gate and a silver wire was used as the gate electrode. The
samples in CyV measurements were characterized at room temperature in an inert environment —

nitrogen purged in a glove box.

Results

As mentioned before, the starting surface chemistry and morphology can impact the ALD film
quality. Typically, rougher surfaces require longer exposure times during ALD to promote
complete nucleation. AFM results indicate that surface roughness RMS value is around 2 A for Si
substrate and around 16A for the TiN substrate. Since the starting TiN surfaces were rougher than
Silicon surface, the ALD process had to be modified. Figure 1(a) shows that direct deposition of
HfO, on these rough TiN surfaces leads to leaky films if the exposure times are short. Three
different exposure time (i.e. 0s, 0.1s and 1s) were chosen to compare the effect of ALD conditions
on HfO, film quality on TiN substrate in terms of leakage current. All the other ALD conditions
were kept the same for these three depositions. Figure 1(b) show that the leakage results with two
different exposure time (i.e. Os and 5s) with 30 ALD cycles on Si substrate are the same which is
expected due to the smooth surface of Si. However, on TiN, a large dependence of leakage current
on the exposure time was observed. As shown in Fig. 1(a), the leakage current decreased about
one to two orders of magnitude when the exposure time was increased from Os to 1s. On the other
hand, exposure time had no impact on Si surface due to its atomically smooth surface on which
nucleation occurs readily. Therefore, the optimal conditions for HfO, deposition on TiN substrate
were different from those on Si substrates and involved in a change in exposure and purge times.
The selection of purge times was based on the improvement in leakage vs. the tradeoff of a longer
ALD total cycle time.

The ALD deposition temperature was one of the first factors considered since many organic
molecules are vulnerable to high temperatures. Prior studies of porphyrin based redox molecules,
such as the ones used in this work, have indicated that they can sustain temperatures as high as
400°C and maintain their chemical and electronic behavior [18]. Therefore, it was hypothesized
that the molecules may survive the ALD process at 200°C, however, the role of the ALD chemical
precursors on the molecular integrity was still unknown. Low temperature ALD processes may
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reduce the degree of chemical attack, however, low temperature ALD processes require much
longer exposure and purge times because the HfO, precursor is difficult to nucleate and also
remove at temperatures such as 85°C. Therefore, in this work, we used 200°C for all ALD HfO,
film depositions on molecules. It should be noted that one can choose lower temperatures with

long exposure and purging time for the molecules that cannot sustain higher temperatures.

It has been reported that ALD processes do not nucleate well on densely packed and highly
hydrophobic surfaces. The surface groups of molecules used in this work are porphyrins and
ferrocenes. Since the surface of porphyrins is hydrophobic, it is expected that the ALD nucleation
directly on surface of porphyrins is not as easy as on Si substrates. However, the molecular layer is
believed to have many pinholes and defects due to the bulky size of porphyrins. The growth of
ALD process can initialize at the interface between molecules and the TiN substrate through these
pinholes and defects. After this initial nucleation, the ALD processes can continue on molecular
surface and eventually form a continuous layer on top of the molecules. The molecule’s surface is
known to have more surface roughness than Si surface so that a longer exposure and purging time
for ALD process on molecule’s surface are expected. To this end, we applied the modified ALD
conditions that we developed for TiN surfaces to the molecular surfaces. It is encouraging that the
leakage current with HfO, on top of molecules was much lower than the molecules or HfO,
themselves.

In order to investigate whether the molecules survived after the ALD deposition, two different
measurements were performed. Firstly, XPS was done on samples with and without the HfO,.
Different thickness of HfO, was deposited on molecules surface with 1, 2, 5 and 10cycles ALD
process, respectively. Figure 2(a), (b) presents the Zn 2p and Fe 2p peak on the surface of these
different samples. As shown in the figure, the molecules directly on TiN sample without HfO, on
top depicted clear peaks associated with the Zn and Fe present in the Porphyrin and Ferrocene
molecules. For the molecules encapsulated with HfO, the redox peaks are still observed however
they are significantly suppressed due to the presence of HfO, layer which limits the XPS
penetration into the molecules. The amount of Zn 2p and Fe 2p peaks are also scale with the
thickness of HfO, film, which indicates the ALD HfO, firstly happens at the top of the molecules
surface. In addition, Figure 2(c) shows fully oxidized Hf peaks suggesting that good quality HfO,
is formed on top of molecules. The amount of Hf 2p peak is also scaled with the thickness of HfO,

film deposited on molecule surface.

The second measurement involved electrochemistry on the structure to assess the chemical
viability after the HfO, layer was formed on the molecules. Figures 3(a) show the voltammetry
behavior for the control sample which consisted of a redox molecular layer (without HfO,)
tethered to a metal substrate and measured using an electrolyte drop with silver wire. As expected,
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clear peaks are observed in the voltammetry behavior which is associated with their three discrete
states. The charge density of redox-active molecules in this work is measured as high as 3.2 x 10"
cm™. For molecular samples covered with HfO,, no such peaks were observed at the beginning of
the measurements (insert of Figure 3(b)). However, the diffusion of ions from the electrolyte is
expected to be significantly reduced through HfO, dielectric layer. Therefore, utilizing a very
controlled etch rate, the HfO, layer on top of the molecules was etched in diluted HF just enough
to make sure that it was not completely removed to avoid exposing the molecules to HF solution
and the samples were re-measured with an electrolyte drop. Now, as shown in Figures 3(b), clear
voltammetry and capacitance peaks with up to 90% of control charge density were obtained. This
indicates that the ALD recipe can indeed preserve the redox functionality of these molecules.

In order to gain insight into the structural stability of the molecules embedded within the MIMM
structure, high resolution transmission electron microscopy was performed. Although it is
expected that the electron beam will destroy the molecules, our intent with the TEM analysis is to
analyze the sharpness of the interfaces by coupling them with compositional information such as
EDX analysis. Figure 4(a) and Figure 4(b) shows the TEM cross-section of HfO, deposited on
molecules followed by a WN/W deposition. Figure 4(c) shows the TEM cross-section of HfO,
deposited directly on TiN substrate. Reasonably sharp and stable interfaces of metal-molecule,
molecule-HfO, and HfO,-metal are observed. Interestingly the thickness of the 30cycle-HfO,
deposited on TiN/molecules stack is around 32 A and matches the thickness of HfO, deposited on
TiN directly as see in Figure 4(c). This result suggests that the initial nucleation of ALD HfO2 on
molecules is not affected by the presence of pin-holes and other defects in the molecular layer.
One may expect the comparable thickness of HfO, on molecules as the thickness of HfO, on Si
substrate subjected to similar ALD conditions/number of cycles. The thickness of molecular layer
is around 22 A which is consistent with the molecular length of porphyrins and ferrocenes. Figure
4(b) shows the same structure with thicker HfO, (60cycles ALD) on top of molecules. As can be
seen, the HfO2 thickness increased with the increased number of cycles without affecting the
thickness of the molecular underlayer. This is an encouraging result as the process of ALD HfO2

does not physically modify the molecular layer.

In order to correlate the layers observed in TEM with compositional analysis, we performed
energy dispersive X-ray (EDX) results of various layers. The spectral resolution for the EDX
analysis on the cross-sectioned samples is around 1.5nm. Therefore if the beam is confined within
the middle region of the molecular layer, minimal interference from the adjacent layers is expected.
As shown in Figure 5(a), a very high carbon signal is observed when the beam spot is located on
the layer identified as molecules in the TEM. In addition, a very large Hf signal is also obtained
suggesting that the HfO, is forming within the molecular layer. This agrees with expectations that
under long exposure/purge times, ALD HfO, can nucleate within defects and holes present in the
molecular layer thereby passivating the defects. When the beam is placed on the HfO, layer, the
expected Hf and O species are observed (Figure 5(b)). In addition, the EDX signature for the
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above HfO, layer matches that of HfO, deposited directly on metal suggesting that molecules are
not impacting or modifying the HfO, properties.

In Figure 6, three groups of leakage data are compared. As expected, the device with molecules
directly on metal substrate shows the highest leakage current since the molecule layer is expected
to have abundant defects and pin-holes. The top metal contact on molecules can penetrate into the
molecule layer and create many leakage paths. The 30 cycles HfO, on metal substrates show six to
seven order of magnitude lower current density than molecules directly on metal substrate. The
structure with 30 ALD cycles’ HfO, on molecule layer suggests three order of magnitude lower
leakage current than HfO, dielectric layer itself (i.e. Metal/HfO,/Metal stack). As previously
discussed, the ALD process may nucleate in the in the defects and pinholes of molecules. The
HfO, dielectric can seal the defects and pin-holes in the molecules film so that it can prevent the
top metal penetration. Once the molecular layer is sealed with HfO,, its intrinsic dielectric
properties dominate, which when placed in series with HfO,, result in a much lower leakage
current of the stack.

Conclusion

Atomic layer deposition of HfO, film has been studied on Si and TiN substrate as well as the
redox-active molecule surface. Compared with the ALD process on Si substrate, ALD on TiN and
molecules require longer exposure and purging time for higher quality of HfO, film and better
coverage. The ALD process directly on top of monolayer molecules has been demonstrated to be
able to preserve the redox prosperities of molecules. The HfO, layer on molecules also acts as a
protective layer isolating oxygen and water in ambient environment from molecule layer so that
the stability of molecules may be improved. The atomic layer deposition also cures the intrinsic
defects and pin-holes in the molecule layer so that the total stack of HfO, on molecule structure
shows a very low leakage current. ALD HfO, on molecule can be utilized in the application of the

hybrid silicon/molecule memory devices.

ALD conditions have been optimized to achieve high quality HfO, layer directly on redox-active
molecules with precise thickness control. The redox-properties of monolayer molecules were
found to be preserved after 200°'C HfO, ALD process. Furthermore, the conformal deposition of
ALD HfO, also cures the defect or pin-holes in the molecules monolayer. This
metal-insulator-molecule-metal structure provides much better leakage properties than the
structure without dielectric layer embedded since metal penetration to molecular layer is

prevented.
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Figure 1(a) Leakage current of HfO, film Figure 1(b) Leakage current of HfO, on Si
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Figure 2(a) XPS spectra of Zn in the Por-Fc
molecular layer before and after ALD of HfO,,
Zn peak still exist after HfO, ALD.

Figure 2(b) XPS spectra of Fe in the Por-Fc
molecular layer before and after ALD of HfO,,
Fe peak still exist after HfO, ALD.
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Figure 2(c) XPS spectra of Hf with different cycles
of HfO, ALD on top of Por-Fc molecular layer.
The increasing Hf peak indicating a good quality of
HfO, film formed on Por-Fc molecules.
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Figure 3(a) Cyclic voltammetry (CyV) of 144 e g
capacitors with Por-Fc molecules measured using 1'5 1'0 0'5 0'0 _0' 5 1' 0
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(positive currents) correspond to reduction of the Figure 3(b) CyV of 30cyclesHfO, on Por-Fc molecules
molecules. after HfO, etch back, measured using electrolyte and

silver wire. Redox related current peaks are observed
indicating that the redox properties of Por-Fc are
preserved after HfO, ALD. Insert shows there is a very
small CyV peak before HfO, etching.
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Figure 4(c) TEM image of MIM structure
W/WN/60cycsHfO,/TiN  indicate a  clear
interface between dielectric and substrate.

Figure 4(a), 4(b) TEM images of two MIMM
capacitors W/WN/30cyclesHfO,/Por-Fc/TiN(a) and
W/WN/60cyclesHfO,/Por-Fc/TiN(b), shows that
the Por-Fc molecular layer is still intact after ALD
of HfO,,
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Figure 5(a) EDX spectrum of Por-Fc molecule
layer in MIMM capacitor. A strong carbon peak
is observed in molecular layer.
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Figure 6 Leakage current comparisons of three
structures - W/WN/Por-Fc¢/TiN, W/WN/HfO,/TiN
and W/WN/HfO,/Por-Fc/TiN. The presence of a
thin layer of ALD HfO, layer greatly lowers the
leakage current of whole system.
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Figure 5(b) EDX spectrum of HfO, layer in
MIMM capacitor shows the expected Hf peak.





