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Abstract

Photovoltaic measurement is used to directly determine theimuyibtential in a phase-separated
ferroelectric diode. We observed no changes in built-in potentitdeoiiodes in different polarization
states. The remnant polarization of the blend is also measMeedhow that the polarization of the blend
is preserved upon increasing the content of the semiconductor in the blggmsitmn. The magnitude of
the polarization however linearly decreases with increasingceaductor content. The ferroelectric
tunnel junction is the next part of this research. An ultna-fin of poly(vinylidene fluoride)(P(VDF-
TrFE)) was made from solution with spin-coating. Preliminasults show that the presence of pinholes
prevents measurement to the tunneling current. Finally, we preseties of non-ferroelectric MIS-

diodes with p-type and n-type semiconductors and investigate their fetricgbetarization behavior.



1. Introduction

In the last two decades, extensive studies have been pedf@melectronic memories because of the
importance of information storage. Memories have many applicaliom radio frequency identification
(RFID) tags. These tags are based on silicon. Recently, orglaciconics have attracted great interest
because of their lower cost. Using organic materials ifDRfan lower the price from 25 cent per
conventional silicon-based tag to a few cents organic feotmiee To prevent the loss of information,
the embedded memory should be non-volatile. The hysteresis loop of gtidarizersus external applied
field of ferroelectric materials is a potential candidate for noatileldata storage. The polarization states
up and down can be used to store “1” and “0”, respectively. WHeeaxternal electric field is removed,
the polarization state of the memory remains unchanged. Asiky, ferroelectric materials are ideal for

non-volatile memory applications [1-3].

The ideal memory device has a crossbar pattern wherein sofuadathaterial is sandwiched between
bottom and top electrodes. In this device, changes of the conduademqrobed as the state of the
memory. Therefore read-out operation is resistive. A phaseaseg@adlend of organic ferroelectric and
semiconductor between two electrodes has recently been reporieddidtle showed conductance
switching between the two different polarization states ottmprising ferroelectric material [1-3]. The
change in conductance was attributed to improvement of chargganjato the semiconductor phase of
the blend due to polarization of the ferroelectric phase. Renoduak injection barrier by polarization

charges of the ferroelectric is thought to be the origin of bistability.

In this work we first devise an experiment to directly noeasnjection barrier removal by ferroelectric
polarization. Next we show why our measurements were not sudcéssghe second part of the report,
we present our study on the measurement of remnant polarizatios loehd diode. Our next attempt is

to realize an organic ferroelectric tunnel junction. Challenge preparing an ultra-thin film of
ferroelectric and results from initial electrical mea&soents are presented. In the last part, we present our
study of ferroelectric MIS-diodes. Understanding of the ferrdedegolarization behavior in MIS-diodes

is crucial to substantiate the device performance obdéctric field-effect transistors. The report ends
with an outlook for future studies that are needed in order to uaddrte behavior of ferroelectrically

driven electronic devices.



2. Theory

In this chapter, the concept of ferroelectricity and orgamito€lectrics are first explained. The second
part is about conjugated polymers and charge transport throughcosgamconductors. Then the theory
behind of organic ferroelectric diodes based on phase-separated bfeondganic ferroelectrics and
semiconductors is considered. In section four, the concept of built-émtf@dtin metal-semiconductor-
metal structures is described. The next section is focusetieothéory of tunneling in normal and

ferroelectric diodes. The final section is about ferroelectritran ferroelectric MIS-diodes.

2.1. Ferroelectricity and organic ferroelectrics

Ferroelectricity was first observed in Rochelle salN&{C,H405)-4H20) in 1921[4]. In these materials,
electrical properties like dielectric displaceme) énd polarizationK¥) showed changes with external
electric field €) in the same manner that magnetic fid) dnd magnetizatiorM) vary with magnetizing
field (H). Ferroelectric properties were discovered in 1944 in bariumatggaand later in ceramics like
lead zirconate titanate PZT (Pb(Zr,T§O Eventual widespread applications include in memories,

acoustic sensors and transducers [5, 6].

Let us first consider two metal electrodes separatedvayyathin layer of vacuum. An applied voltage

on two electrodes with distandanakes an electric field in vacuum:

E=— (2.1.2)
This voltage accumulates charge® on the two metal electrodes. Dielectric displacem&nti¢ the
surface charge density on electrodes:

D=¢E (2.1.2)

whereg, is the dielectric permittivity constant in free spadéth a layer of insulator between the two
metal electrodes, the dielectric constant is increasedTihen the dielectric displacement will increase

for a same electric field due to the polarization induced inrthdator by the metal plates. This induced



polarization attracts more charge in each metal plate ofc#ipacitor. As a result, the dielectric

displacement changes to:

D=g,E+P (2.1.3)

whereP is the induced polarization in the insulator. For a normal insuldisrpolarization depends only

on the external applied field on the capacitor. This polarization chéingady with electric field.

When a ferroelectric layer is between the two plates cdpmator, polarization depends only on the
history of the applied electric field. Polarization in ferrotlie materials does not change linearly with
applied electric field, in contrast to normal insulators. 8&eaments of dielectric displacement versus
applied electric field can be done with a Sawyer-Tower ci@siishown and explained in Figure 2.1.b.
Dielectric displacement measurements with different apptiectric fields in Figure 2.1.a show clear
hysteresis loops. When an electric field is applied to thedkectric in a capacitor, polarization is not
affected at low electric fields. With increasing electigtd, more dipole moments inside the ferroelectric
will align with the electric field. Finally, the polarizah will be saturated at a field called the coercive
field (E.). In this field, the sign of dielectric displacement will changfter removal of electric field,

ferroelectric will keep its polarization, called the remhpolarization. As a result, ferroelectric materials
are bistable, meaning they keep their polarization in pesiind negative states. Consequently,

ferroelectrics are an ideal choice for non-volatile memory applitatio

A very well studied organic ferroelectric material igaamdom copolymer poly (vinylidene fluoride-
trifluoroethylene) (P(VDF-TrFE)) with the molecular sturet shown in Figure 2.2. Ferroelectricity
exists for 50% -80% P(VDF-TRFE) [8-10]. P(VDF-TrFBas properties like relatively high remnant
polarization, short switching time, thermal stability, radiattolerance, non-flammability, stiffness and
resistance to harsh chemicals [1Tje coercive field for thin film P(VDF-TrFE) is 50 MV/m [9, 11].
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Figure 2.1. (a) Displacement current versus applied electric §ieldat showing hysteresis loop for a ferroelect@pacitor

measured with a Sawyer-Tower circuit. In the biggeps, the ferroelectric reached saturation poddion at high fields. (b) A
sinusoidal voltage signal is applied to a ferrogieacapacitor. The displacement charge is measuigedoltage buildup on a
reference capacitor that is connected in series. iditage drop over the reference capacitor is rmizéd by using a large

reference capacitor [7].

Figure 2.2. Molecular formula of P(VDF-TrFE) [7].



2.2. Conjugated polymers

Most organic semiconductors are conjugated polymers. Conjugefens to the alternation of single and
double bond along polymer backbone. Such a structure enables condadbingyconjugated polymer.
The alternation of single and double bond is a result of chelmicaling behavior of the carbon atoms.
The carbon atom has four valence electrons. Therefore, ibtiabalf-filled orbital by valence electrons.
In conjugated polymersgf-hybridisationwith three orbital will be formed for each carbon atom to make
three o-bonds, two with neighbouring carbon atoms and one with hydrogen. One electitos Rn
orbital remains for each carbon atom. These electrons makmiad due to overlap of neighbourify
orbitals. These electrons can be delocalized over large distaiang the polymer backbone. Abonds

are quite rigid and localized;bond are responsible for electric conduction in conjugated paodyriibe
highest occupied molecular orbital in organic materials iledadHOMO and the lowest unoccupied
molecular orbital is called LUMO. The energy difference laetwthese two levels gives the band gap of
materials .With longer polymer chain, the numbez-bbnd and therefore delocalization length increases.
As a result, the band gap of the semiconductor decreases deater gielocalization lengths, as shown
in Figure 2.3. [12].

In inorganic semiconductors, the conduction and valence bands ardefieéd. Therefore, inorganic
semiconductors show band transport model, in which electron transperthis conduction band and
hole transport in the valence band. The charge transport in organeoedunttors is completely different
because of disorder. This disorder is due to imperfection of polymains. As a result, HOMO and
LUMO of polymer have a Gaussian distribution instead of beinggbtréines. Consequently, charge
transport is described as hopping of charge carriers through differenta@oyzrts of the polymer. The
carriers in LUMO and HOMO levels are electrons and hotspactively. Organic semiconductors with

good transport of holes are called p-type. N-type semiconductors are goectioretransport [13].

In conjugated polymers, charge transport via hopping betweengate@ parts is phonon-assisted. This
is in contrast with the role of phonons in the band transport modebiiganic materials. The theory of

charge transport based on hopping from site to site was developed by Milksbraman[13].
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Figure 2.3. An overview of energy levels with increasing chlngth, from ethylene to the conjugated polymeryaoétylene
[12].

2.3. Interfacebarriers

In metal-semiconductor contact, an interface barrier existstaubke offset of semiconductor energy
levels relative to the Fermi-level of the metal. A msedniconductor energy band diagram for large
separations is shown in Figure 2.4.a for an intrinsic semicondwittoa defect-free interface. The work
function of the metal@®y, ) is the distance of the metal Fermi levE})(from vacuum level\{,). The
HOMO (Ey) and LUMO Ec,) level of the semiconductor are separated by the bandngagyeEs). The
vacuum level and LUMO level of the semiconductor are sepmhiatg, called the electron affinity. The
Fermi level of the semiconductdgg) is located in the middle between HOMO and LUMO. The work
function of the semiconducto®§) is the distance of its Fermi level from vacuum leVéhen metal and
semiconductor make contact, their Fermi levels are aligned. dlignment causes band bending in

semiconductor.

Figure 2.4.b shows a metal with a higher work function compar#eteemiconductor. As a result, hole
accumulation at the interface of metal and semiconductor ocausthe energy levels of the
semiconductor bend downward. This contact shows an ohmic electron @mcean injection limited
hole current.

10



i Jlx i VL I VL “y T L / VL
h 4 E - T k. i
’:DM (DS ) CDb T EC CDM ) I ) JL EC T;F EC
" il b s )
______ Ers -—-——-E - -——*-E °
L V F 7 F 77 EF
| _ /. 7
E, —E E y—E
Y v +/’" v
€)) (b) (c) (d)

Figure 2.4. Energy diagram for metal- semiconductor contacbé&ipre contact (b) with a higher metal work fuantcompared
to semiconductor with accumulation of holes atittterface, (c) with the same work function for metad semiconductor, i.e.

neutral contact, and (d) with a smaller work fuartof metal and electron accumulation at the iaterf{14]

When metal has the same work function as the semiconductor @giie E.4.c, there is not bending of

HOMO and LUMO bands after contact. Therefore, contact is neutral.

When the metal has a smaller work function compared to the @aictor as shown in Figure 2.4.d,
electrons are accumulated at the interface of metal anda®nctor in the HOMO level and the energy
level of semiconductor bend upward. As a result, metal-semicondwettarct is Ohmic for hole currents

and injection-limited for electrons currents.

The current in an organic semiconductor can be dominated bithdrarge injection or charge transport
in the bulk. If the injection barrier is low, the excess chasgmaximal and the current depends only on
transport in the bulk of the materidlhe current density is then determined by the voltayeand the
device thicknes4, leading to a square dependence on the voltage. This is gadled sharge limited
current (SCLC) and is described by Mott-Gurney’s law [15]:

2

9 Y%
= e iy (2.3.1)

In this equation,&,is the permittivity of vacuumg the dielectric constant of the polymer and p the

mobility of charge carriers inside the polymer [16].

When there is an injection barrier between the metal Fewsi bnd the semiconductor energy levels of

greater than 0.3 eM#{, > 0.3 eV), contact is injection limited and current through the semicondigto

11



called injection limited current (ILC). This current wdiscussed in Figure 2.2.b for hole injection limited

currents and Figure 2.2.d for electron injection limited currents.

2.4. Organic ferroelectric diodes and resistive switches

In this part, a summary of organic ferroelectric diodes witlorgianic ferroelectric and semiconductor

blend is presented.

Figure 2.5.a shows a cartoon of a device in which a phase-sepblene of organic ferroelectric and
semiconductor is sandwiched between two electrodes. The blend fobit®rdinuous network of
ferroelectric and semiconductor between two the electrodeserhieonductor polymer most commonly
used is poly(3-hexylthiophene)(P3HT), and it is responsible for conitydti the diode. As mentioned

in the last section, choosing metal contacts is important@oCSor ILC through the semiconductor. In a
ferroelectric diode, a metal like silver with work functidr8 eV is often chosen because it has a high
injection barrier of about 0.7eV relative to the HOMO level 8P (5.0 eV). Therefore, current through

the semiconductor is injection limited [1].

The band diagram in Figure 2.5.b illustrates the unpoled (pristiag) for the ferroelectric. This diagram

is for the A-B cross section in Figure 2.5.a.

The ferroelectric polymer is poled with negative bias voltagethe top electrode as shown in Figure
2.5c. As a result, negative charge accumulates at the Ao8s @ection, holes accumulate in the
semiconductor at the interface and the semiconductor HOMO and LURM@Ss bend. For thin
semiconductor layers, this band bending reduces the injectionrlaetigeen the HOMO level of the
semiconductor and the Fermi level of the metal. Consequerglgiltler metal acts as an ohmic contact

for P3HT when the ferroelectric is poled with negative bias voltage.

Figure 2.6 shows current density measurements versus biagevoltae current density for an unpoled
ferroelectric is very low. In negative poling, as shown in Bgib.c, charge injection is improved in the
bottom electrode whereas the top electrode remains poor injectimigct Therefore, in positive bias
voltage, there is an increase in current density of at least two orders ofudagrimpared to the pristine
ferroelectric. For reverse bias, injection should be done fopnelectrode. Therefore, injection is poor

and current density is low in negative bias voltage.

12



When the ferroelectric is poled positively, the top electiodle improved charge injection whereas the
bottom electrode remains a poor contact. As a result, in pobitige the bottom electrode cannot inject
any charge and current density is quite low. In negative biasothedntact can inject charge and

therefore current density increases by about two orders of magnitude.

—A _ B.x By
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HOMO HOMO
¥ v
(@ (b) (©

Figure 2.5. (a) Schematic cross section of a diode based on a rletdfcsemiconducting and ferroelectric polymers). The

band diagram at the bottom silver contact alongctbss section A-B for pristine diode (c) and padéatie [1].

2
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Figure 2.6. J — V characteristics of a diode based on a network34TPP(VDF-TrFE) (1:9) with two Ag contacts, for the

pristine film and after positive and negative piation [1].
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2.5. Built-in potential

When a thin layer of semiconductor is sandwiched between twoathtfetectrodes, the Fermi level of
two electrodes will align with the Fermi level of the seomductor after contact. This change in Fermi
levels causes band bending in the semiconductor. Under illuminatitime aemiconductor, pairs of
electrons and holes will be created. Due to band bending, a evatlpd the built-in voltage can
dissociate the electron-hole pairs and each charge carridvengibllected in one electrode. This process

is a general function of solar cells based on organic semiconductors.

2.6. Tunneling effect

Electron tunneling through a thin layer of insulator is velldied. This effect can be explained by
guantum mechanics and is based on the dual wave-particle progértiee electron. When two metals
are separated by a very thin layer of insulator or vacuummeling of electrons will occur through the
barrier from the Fermi level of one electrode to the other. &fiect is a direct consequence of the

overlap of the wave functions of electrons in both metals.

In Figure 2.7, a diagram of band model for a metal-insulator-riveétaface is shown. A very thin layer
of insulator with thicknesd is sandwiched between two electrodds,andM,. For a very thin film (a

few nm), we expect to see tunneling effects through the insutatording to wave properties of
electrons. In this diagrarkr is the Fermi levely is the electron affinity and is the barrier thickness.
@,, @, are the barrier height of bottom and top electrodes, respgctinghis diagram, a bias voltage is
applied on one electrode while another electrode is grounded. Time [Egel of the electrode under
positive or negative bias voltage moves upward and downwardctieshe The difference between the
two Fermi levels causes migration of electrons through tmeowabarrier from filled states of one

electrode to empty states of the other [17-18].

14
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Figure 2.7. Band diagram model for metal- insulator- metal ogunfation. [19]
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Figure.2.8. Electrostatic and tunneling potential in a FTJtfeo opposite polarization orientations [18].
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Figure 2.9. Charge distribution in metal-ferroelectric intedaat Metal-ferroelectric-Metal structure [18]

2.6.1. Ferrodectric tunnel diode

Now we consider a thin ferroelectric layer in place of a thgulator. Figure 2.8 shows electrostatic and
tunneling potential of two polarization states for an ultra-tlerroklectric sandwiched between two
metals M, andM,) with different Fermi energy levels. The tunneling potdrdiagram shows change in
tunneling distance for two polarization states. Polarization ofetiieelectric is also taken into account
schematically, as illustrated in figure 2.9, where negginlarization charges in the ferroelectrg, at

the interface of ferroelectric and metM,j induce charge distributiows, at this metal interfacéd; and

M, have different screening lengths. Theinduced on the metal electrodes at the metal-ferroalectri
interfaces therefore leads to creation of two differerdesgng lengths. The screening of the ferroelectric
polarization causes variation of the electrostatic poteatiass the junction in two different polarization
states. When different metal electrodes are appliedottact the ferroelectric, the difference in the
screening length of the metals, creates an asymmetry intipbterofile across the ferroelectric layer
upon ferroelectric polarization. As a result, the tunneling current changeshthihaufggrroelectric layer in
the two polarization states. The resulting tunneling curreaffected by the changes in the screening
length in different polarization states. The resistance oftuhael junction consequently changes by
several orders of magnitude, leading to giant electro aesist(GER) [20]. Figure 2.10 shows theoretical
current versus bias voltage characteristics of the asymanietroelectric tunnel junction presented in
figure 2.8. The mean barrier height of the two electrodes irptbiss changed by about 0.1eV between

the two different polarization states [17].

16
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Figure 2.10. Current — voltage curves of an asymmetric fereiletunnel diode in which the source of depolatian is on (1)
the biased electrode and (2) the grounded elecfiafe

2.7. M1S-diode

MIS-diode is a metal-insulator-semiconductor structure anchitbeaconsidered as a capacitor in which
one extra layer of semiconductor is placed between one of tia pretes and the insulator. If a normal
insulator is used in this structure, MIS-diode is non-ferroelectric, &t wsing ferroelectric insulators it

is called a ferroelectric MIS-diode. In this section, the citgrace of MIS-diode will be discussed first.

Secondly, ferroelectric MIS-diodes are examined.

2.7.1. Capacitancein MIS-diode

The important aspect of MIS-diode studies is capacitance meanisefor different bias voltages and
frequency. Figure 2.11 shows a schematic of a MIS-diode. Whentageois applied to the gate
electrode, charge carriers will be accumulated or depldtéiteasemiconductor insulator interface. In
Figure 2.12, a p-type semiconductor is sandwiched between an insulatoveagkkctrode plate. When a
positive gate voltage is applied, holes accumulate at thdaicgebetween insulator and semiconductor.

Under negative bias gate voltage, holes at the interfacara€@eductor and insulator will be depleted

17



because of upward band bending. These two regimes are explaineguia Eil2.b and ¢ and show
accumulation and depletion regimes in MIS-diodes. Depletion and atation regimes for n-type
semiconductor happen for positive and negative gate bias vakspectively as shown in Figure 2.13.b

and c.

Metal

[nsulator

Metal

Figure 2.11. MIS-diode schematic

(@ (b) (c)

Figure 2.12. Schematic of band energy of MIS-diode at (a) Zxi® bias voltage, (b) negative bias voltage, ahgdsitive bias
voltage for a p-type semiconductor [21]

18
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Figure 2.13. Schematic of band energy of MIS-diode at (a) zaxte dpias voltage, (b) negative bias voltage, ahpgdsitive bias
voltage for an n-type semiconductor [21]

In the accumulation regime, the p-type (n-type) semiconductor acts likeabameétthe total capacitance
of MIS-diode is the insulator capacitance. The calculation of capacitatioe accumulation regime of a

MIS-diode is as follows:

— gogin A

C= g (2.7.2)

in

In equation (2.7.1)&, is the permittivity of free space;,, the relative permittivity of insulatord,, the
insulator thickness anAlthe device area.

When a MIS-diode is in the depletion regime, holes (electront)el p-type (n-type) semiconductor are
depleted in the interface of semiconductor and insulator. Therefak¢apacitance can be calculated by

considering a semiconductor capacitor in series with an insutajoacitor. As a result, the total

capacitance of the MIS-diode is:

(2.7.2)

That semiconductor capacitance can be calculated in the samemae for the insulator. According to
equation (2.7.2) and (2.7.1), the total capacitance of MIS-diode in fitetida regime is smaller than

that in the accumulation regime.

19



Figure 2.14 illustrates a measurement of capacitance veiasiyvoltage for a MIS-diode with a p-type
semiconductor. As mentioned above in Figure 2.12, at positive and mebisvvoltage, the MIS-diode

shows depletion and accumulation regimes, respectively.
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Figure 2.15. A typical C-V measurements versus gate bias voltage in a feotoielMIS-diode with a p-type semiconductor
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2.7.2. Ferrodectric Ml S-diode

A MiIS-diode with a normal insulator will return to the flatnidacondition after removal of the bias
voltage. In a ferroelectric MIS-diode, the state of the diadei@ voltage is specified by the polarization
of the ferroelectric. As a result, when using a ferroeleatsalator in a MIS-diode, capacitance versus
gate bias voltage measurements show hysteresis loops as shbigare 2.12. In an ideal ferroelectric
MIS-diode with a p-type semiconductor, positive and negative bidagesl result in depletion and
accumulation with the hysteresis loop that is located aroundveoitemye because of the polarization of

the ferroelectric.

21



3. Experiments

3.1. Materials

In this section, the different materials used in this researehintroduced first. Then the processing
techniques for making devices are explained. Finally, thesunement instruments are mentioned.

Figure.3.1 shows the chemical structures of all materials used inafastpr
3.1.1. P(VDF-TrFE)

Poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE)) israndom copolymer of poly(vinylidene
fluoride) (PVDF) and poly(trifluoroethylene) (PTrFE). Falectricity can be observed for 50-80
weights percent of VDF monomer. P(VDF-TrFE) has two phasesnd S, that later of which is

ferroelectric. The coercive field and remnant polarization (fDF-TrFE) are 50 MV/m and 60-75
mC/n?, respectively. The relative permittivity constant of P(VDF-TrEEL1. The P(VDF-TrFE) that has
been used in this research, has 65% VDF and 35% TrFE monomers [11, 22].

3.1.2. PTrFE

The chemical structure of PTrFE is similar to P(VDF-Trih the only difference being the exchange
of one fluoride atom with hydrogen in P(VDF-TrFE). The physical ptagseof these two polymers are
completely similar to each other. The only difference is tRAatFE is not ferroelectric. These
characteristics of PTrFE make it an excellent choicecfanparison with ferroelectric P(VDF-TrFE) in
different devices such as MIS-diodes and field effect tramsisThe solvent that is used for both

materials is Methyl ethyl ketone (MEK).

3.1.3. P-type organic semiconductor

The p-type organic semiconductors used in this research ai@irregular poly (3-hexylthiophene) (rir-

P3HT), regio-regular poly (3-hexylthiophene) (rr-P3HT), Super yellow (BY)P
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In regio-regular poly (3-hexylthiophene) (rr-P3HT), all side gobave the same orientation, namely the

head- to- tail coupling. P3HT can be dissolved in chloroform. ThéM8Q0evel of this polymer is
4.9-5 eVand the LUMO level is 2.7 eV.

In contrast to (rr-P3HT), regio-irregular poly (3-hexylthiophem#R3HT) has also head- to- head and
tail- to- tail coupling that causes interference of the gideip with each other and thus more amorphous
structure. Super Yellow is a derivative of Popyphenylene vinylene) (PPV) with HOMO and LUMO
levels of 5.2 eV and 2.8 eV, respectively. It can be dissolved in solvenathbeaised with PPV.
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Figure 3.1. Chemical structure of (a) P(VDF-TrFE) (b) PTrFERSHT (d) (SY-PPV) (e) N2200
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3.1.4. N-type or ganic semiconductor

The n-type polymer that has been used in this project is N2a60dolyera. This polymer has HOMO
level of 5.6 eV, a LUMO level of 4.0 eV. The solvent that is used for thtenal is toluene.

3.2. Device processing

First, the fabrication of ferroelectric diodes based on orgfmioelectric and semiconductor blends is
described. Next, the formation of ferroelectric tunnel diodedasean ultra-thin layer of P(VDF-TrFE)
sandwiched between two electrodes is discussed. Finally, theafidmi process for non-ferroelectric
MIS-diode, using a p-type organic semiconductor (rr-P3HT) and an nemgamic semiconductor is

described.

3.2.1. Ferrodlectric diodes

A blend of organic ferroelectric P(VDF-TrFE) and organic semductor (rir-P3HT or SY) is dissolved
with 9:1 weight ratio to a concentration of 20 mg/ml in tetrahydesfe (THF). Then, 20 nm of silver
(Ag) or gold (Au) is evaporated onto a clean glass substsadattom electrode. The solution is filtered
with 1um PTFE and is spin-coated onto the metal-coated gléstrate in a nitrogen glove box. After
spin-coating, the substrates are annealed in a vacuum oven at 1402Chéarrs to enhance the
crystallinity of P(VDF-TrFE). Finally, top electrode-15 nmriban and then 100 aluminum- is

evaporated. A cross-bar pattern is used for the bottom and top electrodes.dbea is 1mf

The measured film thickness for the blend of P(VDF-TrFE):SY R{MDF-TrFE):P3HT was 150 nm,

with a high roughness comparable with layer thickness.

3.2.2. Ferrodectric tunnel diodes

First, a solution of P(VDF-TrFE) with concentration of 5 migim prepared in cyclohexanone. The
purpose of this low concentration solution is to make an ultra-thim df less than 10 nm for a

ferroelectric tunnel diode. Then, 30 nm of gold is evaporated onto a cleanmgigon substrate.
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After gold evaporation, a filtered solution of P(VDF-TrFE) $pin-coated in air at 60°C solution
temperature. Then, the substrate is annealed at 140°C to erthanmgstallinity of the ferroelectric.

After the annealing step, a layer of PEDOT:PSS with 9Ghiokness is spin-coated on P(VDF-TrFE).
To dry the PEDOT:PSS layer, substrates are put in a vacavem at room temperature for 1 hour.

Finally, 60 nm of gold is evaporated onto the PEDOT:PSS laywr.dEvice area on glass substrate is
imnf.

For a silicon substrate, first a monolayer of HMDS is formed by dropping sevepddts onto the silicon
wafer and waiting for a second for evaporation. HDMS makestuiface of the silicon hydrophobic.
Hydrophobicity is necessary for depositing the photo-resist ontolib@nsivafer after gold evaporation.
Photo-resist with thickness of 500 nm is formed by spin-coatinglicorsiwafer. Then, for 90 second,
the substrate with photo resist is put on a hot plate at 95ft€ward, ultra-violet (UV) lithography with
special mask is performed. Device areas with different diametens,1fd um to 100 um, are made on the
photo-resist. After lithography, we put the substrate in developer for 90 seéoordsove the illuminated
part. Then, the substrate is annealed in a vacuum oven at 200°C for Z5Aftemrannealing, plasma
cleaning is performed for 90 seconds with oxygen plasma. Nextathgles is ready for spin-coating of
P(VDF-TrFE). The ferroelectric film should be annealed in vacouen for 2 hours at 140°C. As a final

step, PEDOT:PSS is spin-coated and gold is evaporated as described above.

3.2.3. MIS-diode

Solutions of P(VDF-TrFE) and PTrFE at 30 mg/ml and 50 mg/mpes/ely, are presented in Methyl
ethyl ketone (MEK). Silver (Ag) is evaporated to 40 nm thickress clean glass substrate. Then, the
substrate is put in the oven at 140°C for 10 minutes for bettexs@in of silver on the glass substrate.

After cooling down, the processing for p-type MIS-diodes and n-type MIS-disdesfollows:

M1S-diode with p-type semiconductor (rr-P3HT): regio-regular Poly (3-hexylthiophene) in chloroform
with 15 mg/ml concentration is spin coated on a silver coatesk glubstrate in nitrogen glove box to a
thickness of about 65-70 nm. Afterward, the substrate is anneald®t for 2 hours in vacuum oven.

Then, P(VDF-TrFE) or PTrFE is spin-coated on rr-P3HT in air. thieknesses for P(VDF-TrFE) and

PTrFE are 300 nm and 600 nm, respectively. After annealing agaimacuum oven at 140°C, silver is

evaporated as a top electrode with circular mask with diameter 1-4 mrthidkreess of the top electrode

is 800nm.

25



MIS-diode with n-type semiconductor (N2200): P(VDF-TrFE) and PTrFE solutions with a
concentration of 50 mg/ml are prepared in MEK. After filtgrwith 1 um PTFE, the solution is spin-
coated on to a silver coated substrate in air. Thicknessg%¥ DFPTTFE) and PTrFE layers are 450 nm
and 550 nm, respectively. After annealing in a vacuum oven for 2 holid®AE, an N2200 solution in
toluene (20 mg/ml) is spin-coated on substrates in air.thic&ness of N2200 is 140 nm. Finally, a
barium electrode with 10 nm thickness is evaporated, and then 40@mmwan as a protective layer is

coated on barium as top electrode.

In last two sections, MIS-diodes using P(VDF-TrFE) and PTnleEfexroelectric and non-ferroelectric,

respectively.

3.3. Measurements

Photovoltaic measurements of the built-in potential in blends oDP{VrFE):rir-P3HT or SY have been
done in a nitrogen glove box with solar simulator in dark stateumder illumination. Agilent 8114A
pulse generator is used for poling ferroelectric positieglgl negatively. The blend is illuminated with

Steuernagel Solar Constant 1200.

Polarization measurements of blend P(VDF-TrFE): rir-P3HT wlifferent weight ratios of P3HT (1-
10%) were performed with a ferroelectric test system (RADIANT)he software Vision for this system,
the PUND (Positive polarization up- negative polarization dowethod is used to measure polarization
of blend.

Ferroelectric tunnel diode is measured with Keithly 2400 soumeter in vacuum in pressure
2x10°mbar at room temperature. With a Sawyer-Tower circuit, -thira P(VDF-TrFE) was tested for

ferroelectric properties. Film morphology images were captured byidtéonce Microscopy (AFM).

Capacitance versus gate bias voltage was measured giltmi®d284A Precision LCR Meter. The scan
frequency and amplitude are 1 kHz and 100 mV. This measurensntdane in vacuum at room
temperature. The range of applied bias voltages to the gated4® V to +40 V. High potential and high
current were applied to the electrode in the insulator partwi¢eland low potential and low current to

the electrode in semiconductor part.
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4. Results and discussions

4.1. Photovoltaic measurement of built-in potential in blend

The ferroelectric diode based on phase separated blendoajaanic ferroelectric (P(VDF-TrFE)) and a
semiconductor (rir-P3HT or SY) was described in chapter 2. Whawor injecting contact like silver
(Ag) is used as bottom and top contact, current density througlertieasductor is very low in pristine
state of ferroelectric, (ILC). When poling the ferroelectrigateely, the current density increases at least
two orders of magnitude at positive bias voltage and remains nonegative bias. The reason is
improvement of injection for the bottom contact while the top comastill a poor injector. As a result,
the injection barrier between the Fermi level of silver /3 and the HOMO level of rir-P3HT (5.2 eV)
or SY (5.6 eV) is surmounted up to 1.3 eMhe negatively polarized state of P(VDF-TrFE).

Photovoltaic measurements of built-in potential have been done sults rare discussed in this section.
The main idea is to find out if the built-in potential of the deodbhanges due to changes in the nature of
the contacts, and if so, can be directly measured. The deyaé la blend of P(VDF-TrFE):rir-P3HT or
P(VDF-TrFE):SY sandwiched between Ag or Au as bottom elecmadeBarium/Aluminum (Ba/Al) as

top electrode.

4.1.1. Built-in potential in PSHT: P(VDF-TrFE) diodes

Figure 4.1 shows the photovoltaic measurement of built-in potentiadiblend for positive and negative
polarization. Net photocurrent versus bias voltage shows about 0.88eW Ipotential for positive and

negative polarization. The following conclusions can be drawn from the exgreainesults:

1- rir-P3HT with 10% weight in blend has a very low light absorption
2- The current density versus bias voltage shows no change foinbpitential in positive and

negative polarization
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Figure 4.1. Net photocurrent versus bias voltage in positivd aagative polarization for device structure Ag@Qr/
P(VDF-TrFE):rir- P3HT / Ba(15nm) / Al(100nm). Thesiet shows built-in potential from net photocurrent

3.0 r -~ rr > "1t 1>
I E Positive polarization i
— 25 Negative polarization _
<1:,»:_ L 0.0 ]
~ 20} -
el
c L 4
L 15} ]
8 | -0.2 |
S 10fF L -
o L 4 ;
L
o 05F -
"G—J' s 4
Z 0.0}~ -
-05 NP P B B R AP R R

4 2 0 2 4 6 8 10 12
Voltage(V)

Figure 4.2. Net photocurrent versus bias voltage in positivd aagative polarization for device structure Au@Qn
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Figure 4.3. Dark current versus bias voltage in positive angiatige polarization for device structure Au(20nn®(¥DF-
TrFE):SY/ Ba(15nm) / Al(100nm). The inset showstagk in zero dark current.

4.1.2. Built-in potential in P(VDF-TrFE):SY diodes

In the next step, we replaced the semiconductor component ofetied With a PPV based polymer, SY.
The net photocurrent —voltage measurements are shown in Figure 4.2. The reasaog BY usia better
absorption compared to rir-P3HT in of the visible range. Assaltteno change in built-in potential is
observed for positive and negative polarization of the blend. éigu2 shows built-in potential of
about 2.15 eV. Observation of the same built-in potential for bothipatian directions indicates that
polarization of P(VDF-TrFE) does not have any effect on builpotential. For further comparison,
current in dark state versus bias voltage illustratesahme snanner as net photocurrent for determining

built-in potential as shown in Figure 4.3.

The reason that measurement of the built-in voltage ifaigsblend diode is explained in the following.
Figure 4.4 shows the current density versus voltage for a blend/BFP[rFE):PFO with Ag or Au as
bottom electrodes. The top electrode for both devices isdpaita Devices were measured in the dark.
For both devices, the current density in the negative polarizaiiestétes) starts to flow at voltage that
corresponds to the built-in voltage of the device. The slope foerdugensity in on-state crosses voltage
axis in 0.1 eV and 0.7 eV for Au / blend / Pd and Ag / blend / Pd, ctaggplg. These values are built in

potential and derived by considering the work-function of the electrodesZjnly [
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It is apparent from Figure 4.4 that the built-in voltage is@meed for the device in the on-state. Hence
ferroelectric polarization has no influence. The built-in potéimidlend diodes depends on the value of

the electrode work-functions. Therefore photovoltaic measurements chonotre effect of polarization

and the removal of the injection barrier.
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4.2. Polarization measurement in P3HT:P(VDF-TrFE) diode

This part is about polarization measurements for blends of P(MBE):rir-P3HT. For a capacitor with a
ferroelectric layer between electrodes, the polarization eandasured by the Sawyer-Tower method. In
contrast with ferroelectric capacitor, the Sawyer-Tower metioms not work out for blend. The reason
is the presence of rir-P3HT in the ferroelecric diode, makingakage current. For this reason, the
polarization of blends with different weight percents of rir-P3{@¥10%) was measured by PUND
(Positive Polarization Up, Negative Polarization Down) in raofdectric test system. In PUND, three
pulses are applied to the blend with an adjustable time int8ivalfirst pulse, polarizes ferroelectric to a
known polarization state, then two pulses with opposite polarities are appliedr fiest remnant+non-
remnant and then non-remnant polarization. Figure 4.5 shows polarizatesunaments on blend
diodes of P(VDF-TrFE):rir-P3HT with different weigh perterof rir-P3HT. The results show that,
ferroelectricity is preserved in the blend. The negative andiy@msemnant polarization are about the
same and decrease almost linearly with increasing rir-P8bitent of the blend. Consequently,

polarization in the blend only depends on the amount of P(VDF-TrFE) in the blend.

4.3. Ferroelectric tunnel junction

The ferroelectric tunnel diode is based on an ultra-thin lafeferroelectric of a few monolayer
thicknesses, sandwiched between two electrodes. In this gadjeft, an ultra-thin layer of about 7 nm
of P(VDF-TrFE) was made by spin coating. The concentration of ¢h&ian was 5 mg/ml in
cyclohexanone. AFM topography image of the ultra-thin film ofB¥-TrFE) on a 10 pnmx 10 pum
scale show pinholes. However, the topography of smaller areahoas in Figure 4.6 illustrates a

pinhole free ultra-thin film.

Devices with structure Au / P(VDF-TrFE) / PEDOT:PS®uU were made on silicon substrate by
conventional photolithography, with device areas ranging from 0.0061or®n01mm. Most of devices
showed electrical shorts because of penetration of PEDOT:PSSggairitd P(VDF-TrFE) pinholes. .
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Figure 4.6. Topography AFM image of ultra-thin P(VDF-TrFE) wittmm thickness. The scanning areajism&2um, and
average film roughness is 5 nm.
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Figure 4.8. Schematic of ferroelectric tunnel diode with ste Au / P(VDF-TrFE) / PEDOT:PSS / Au.

Figure 4.7 illustrates hysteresis in current density versliage in positive bias voltage in a device with
the smallest area, where the chance of electrical sisott® least. This figure can prove ferroelectric
properties of P(VDF-TrFE) layer and bistability of deviesistance. The observed switching voltage of
about 0.35 V for 7 nm thickness film is consistent with the aeerfield 50 MV/m for bulk P(VDF-
TrFE) reported in the literature. Modulation of current can bébated to the penetration of PEDOT
particles into pinholes as shown in Figure 4.8. The final destroeture would be similar to that of blend
diodes. As a result, negative polarization in P(VDF-TrFEptthin films at 0.35Vodulates the current
through PEDOT:PSS in the same manner as in the blend of fetroel@od semiconductor for
ferroelectric diodes. In negative bias voltage, current dedsitg not show hysteresis. The reason is for
PEDOT:PSS as top electrode that cannot support compensatior ¢bafe\VDF-TrFE) polarization.
Therefore, hysteresis loop is vanished in negative bias voltage becaegelafidation in P(VDF-TrFE).
Further experiments on this subjects failed due to diffiesilih processing of ultra-thin, pinhole-free
films of P(VDF-TrFE).
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4.4. M|1S-diodes based on non-ferrodlectric insulator PTrFE

The aim for making non-ferroelectric and ferroelectric Métaulator-Semiconductor (MIS) diodes in
this part is to specify ferroelectric field effect tsgsior (FeFET) performance. Also, the study of the
insulator-semiconductor interface in MIS-diodes can give usaditine for using these materials in
FeFET. Therefore, the information obtained from MIS-diode can dmplementary to information
obtained from transistors. A MIS-diode is similar to a cé@paavith an extra semiconductor layer

between one of the electrode plates and the insulator [23].

In this part, the metal-insulator-semiconductor diode was matiePWitFE as the insulator. A MIS-diode
with PTrFE as insulator is a good choice to compare with P(VIHE)-based MIS-diode performance.
PTrFE is a non-ferroelectric polymer with the same phygioaperties as P(VDF-TrFE). The next two
subsections show the results of MIS-diodes using a p-type semitondueP3HT) and an n-type

semiconductor (N2200).

4.4.1. P-type non-ferroelectric M1 S-diode

Figure 4.9 shows capacitance measurement versus bias vokatje fer the device structure Ag / rr-
P3HT / PTrFE / Ag in a circular device with diameter 4 .nrhis plot illustrates the two regimes of
accumulation and depletion in negative and positive bias voltagpeatively for the p-type
semiconductor. When applying a negative bias voltage on silver oimdbkator side, holes will be
accumulated at the interface of insulator and p-type semicand(rcetP3HT). As a result, the total
capacitance of the MIS-diode is the insulator capacitor. Hueedse in capacitance at negative bias
voltage is because of the permittivity constant dependentteeafisulator on the bias electric field. At
positive bias voltage, depletion happens at +11V. Calculatingafrecitance of PTrFE and rr-P3HT with
thickness of 850 nm and 65-70 nm gives 1.44nF and 4.76nF, respectivelsestits for capacitance
versus bias voltage in Figure 4.9 show good agreement withatbelated ones. Capacitance in the

accumulation regime is 1.45 nF and in depletion partis 1.11 nF.

4.4.2. N-type non-ferroelectric M1 S-diode

The Non-ferroelectric MIS-diode with n-type semiconductor (N2200)ehdidferent device structure: Ag
/ PTrFE / N2200 / Ba / Al. Under positive bias, the MIS-dicleithe accumulation regime with only

insulator capacitance. The slight decrease in the capacitanpesitive bias is again due to the
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permittivity dependence on the electric field mentioned inabesection. Under negative bias, the MIS-
diode goes to the depletion regime with a decrease in total capacitatige.regime, MIS-diode behaves
like semiconductor and insulator capacitors in series. Theti@ploccurred at -11 V. Figure 4.10 shows

capacitance versus applied bias voltage results for this MIS-diode
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Figure 4.9. Capacitance — voltage measurements for non-fectvel MIS-diode with p-type semiconductor (rir-PBHN
frequency and amplitude scan range 1 kHz and 10@aintular device with diameter 4 mm)
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Figure 4.10. Capacitance — voltage measurements for non-fect@ MIS-diode with n-type semiconductor (N2200)
frequency and amplitude scan range 1 kHz and 10@aindular device with diameter 4 mm)
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4.5. MIS-diodes based on ferroelectric insulator P(VDF-TrFE)

After studying of behavior of non-ferroelectric MIS-diode based orPiheé-E insulator with p-type and
n-type semiconductors, we turn to the properties of ferroelddi$cdiode with ferroelectric insulating
polymer P(VDF-TrFE). As in the previous section, a p-typeisemductor (rr-P3HT) and an n-type

semiconductor (N2200) are used in the ferroelectric MIS-diodes.

4.5.1. P-typeferroelectric Ml S-diode

Ferroelectric MIS-diodes with a p-type semiconductor (rr-P3HMJ silver as both bottom and top
electrodes show accumulation and depletion in negative and pdsidisevoltage, respectively. The
difference between capacitance behavior at different bidaged for ferroelectric MIS-diodes versus
nonferroelectric diodes is the hysteresis loop. In negativevbltege, the ferroelectric MIS-diode acts in
the same manner as the MIS-diode with PTrFE. This is becautiee afependence of permittivity
constant of P(VDF-TrFE) to electric field. The ferroelecgate capacitance with 330 nm thickness is
2.08 nF and for rr-P3HT as mentioned in section 4.4.1. Figure 4.11 ihsstcansistency o€-V
measurements on the ferroelectric MIS—diode with these valles.d&vice is circular with 3mm

diameter.

4.5.2. N-typeferroelectric MI S-diode

For ferroelectric MIS-diode based on an n-type semiconductor (N2200)device structure Ag /
P(VDF-TrFE) / N2200 / Ag, the accumulation and depletion reganesit positive and negative voltage,
respectively. TheC-V sweep in n-type ferroelectric MIS-diode seems to be thersevof p-type. In
Figure 4.12, the depletion regime at negative bias volthgevs a hysteresis loop because of the
ferroelectricity of P(VDF-TrFE). This behavior can be conggawith the non-ferroelectric n-type MIS-
diode in Figure 4.10.
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Figure 4.11. Capacitance — voltage measurements for ferroelédtS-diode with p-type semiconductor (rir-P3HT) i
frequency and amplitude scan range 1 kHz and 10@aintular device with diameter 3 mm)
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Figure 4.12. Capacitance — voltage measurements for ferroaédiS-diode with n-type semiconductor (N2200) ieduency
and amplitude scan range 1 kHz and 100 mV (ciralgaice with diameter 4 mm)
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5. Conclusion

Photovoltaic measurement of the built-in potential of blends (WDP-TrFE):rir-P3HT and P(VDF-

TrFE):SY is not the proper method to characterize built-inrpgiastie The reason is that in the blend
diodes, the built-in potential is determined only by the work function of the nhettlasles. Ferroelectric
polarization, although it modulates the injection barrier for chamgetion, has no influence on the

device built-in potential.

The polarization of blends of P(VDF-TrFE):rir-P3HT with diffeteveight percents of rir-P3HT (0-10%)
was measured with a pulse-based technique, the PUND method. édsairements showed that the
ferroelectricity of blends with different weight percems rir-P3HT is preserved and its magnitude

decreases linearly with increasing rir-P3HT content.

In the third part, the ferroelectric tunnel junction was stddUltra-thin films of ferroelectric polymer
were prepared. AFM showed that a film thickness of 7 nm can be reachedhlulfiiarts suffer from the
presence of pinholes. However if devices can be made on vaflyaseas, the chance of having pinholes
is minimized.I-V sweeps of devices show either electrical shorts or modulafi current injection into
PEDOT:PSS. Both of these are attributed to the presence of pinholes.

The last part of this project concentrated on ferroelectric andemmelectric MIS-diodes based on using
P(VDF-TrFE) and PTrFE. P-type and n-type semiconductors wsd i both types of MIS-diodes.
The C-V measurement for non-ferroelectric MIS-diodes using a p-tymicenductor has shown
accumulation and depletion regimes in negative and positive bi@g&ptespectively. Inverse behavior

was obtained for the non ferroelectric MIS-diode with n-type semiconductor.

Ferroelectric MIS-diodes with p-type and n-type semiconductoe hlhg same behavior in thed-V
sweep as non-ferroelectric MIS-diodes, except for the existehdeysteresis loops because of the
ferroelectricity of P(VDF-TrFE). In the accumulation reginies ferroelectric is polarized. Compensation
charges are provided by the semiconductor. Using an n-type or geymeonductor stabilizes only the
positive or negative polarization state of the ferroelectaspectively. The opposite polarization of the
ferroelectric in either case is unstable due to the tdokompensation charges. Thus the ferroelectric

depolarizes.
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6. Outlook

First, depolarization measurements on blends of P(VDF-TrFHEBHT with an n-type semiconductor
are considered. In this part, an ad layer of n-type will beried between the bottom electrode and blend
in a ferroelectric diode. The polarization in the blend can besuned for different thicknesses of n-type

semiconductor. In this way, one can unambiguously study the depolarization mechanisrd didues.

The next subject that can be studied is ferroelectric dibdesd on blends of P(VDF-TrFE) and n-type

semiconductor.

Also, studies on ferroelectric tunnel diode based on organicialaiee quite interesting. Recently, many
groups in the world have studied on ferroelectric diodes based omoegal inorganic materials. The
main issue in this part is to make an ultra-thin film of PEVD'FE) defect-free with a few nanometer
thicknesses. There are some solutions for removing pinholes DAPTYFE) ultra-thin films. One is to
use alkanethiols to form self-assembled monolayer. The roétcule will attach to the gold surfaces
that are exposed in the pinholes. In this way a thin barriee#&ted between the bottom electrode and the
contacting PEDOT:PSS top electrode. Another method can be miSn@dtystyrene) with high-
molecular weight in P(VDF-TrFE) solution.
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