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ABSTRACT 

With the rapid development of the semiconductor industry, marked by the 

increasing density and complexity of the semiconductor chip circuitry, more 

attention is being given to novel materials that will overcome the difficulties 

associated with traditional materials. Organic polymers offer a viable alternative to 

the traditional inorganic materials in many applications because of their extremely 

small size, abundance, diversity, ease of fabrication and potential cost benefits. 

In this thesis, poly(3-hexylthiophene) was chosen as the semiconducting ma- 

terial under investigation. Electrical transport mechanisms, fabrication and elec- 

trical characterization of polymer MISFETs were studied. These MISFET were 

fabricated using conventional semiconductor processing technology, and excellent 

FET current-voltage characteristics were observed. Electrical parameters such as 

threshold voltage, mobility, conductivity, carrier concentration and transconduc- 

tance were typical of r-conjugated polymer based MISFETs. A circuit model 

using these electrical parameters is proposed. SPICE simulation results were 

in good agreement with experimental data. High frequency capacitance-voltage 

measurements were also conducted to study carrier formation at the semiconduc- 

tor surface. 

It is shown that, unlike traditional semiconductor devices, excitations such as 

solitons, polarons and bipolarons dominate carrier transport behavior. The poly- 

iii 



mer MISFETs operate by modulation of the accumulation layer at the semiconduc- 

tor-insulator interface. Improvements of the electrical performance of polymer 

MISFETs was accomplished by reducing polymer impurity levels during synthe- 

sis, photolytic tuning of polymer film thickness, and passivation of the active 

polymer region by organic materials. 
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Chapter 1 Introduction 

While it is expected that silicon-based technology will continue its dominance 

of the integrated circuit market, at least for the near term, other avenues must be 

explored in order to satisfy demands that cannot be easily accomplished with 

silicon. For examples, high speed optoelectronics circuits and microwave and 

millimeter wave circuits are now routinely fabricated with GaAs- and InP-based 

technologies; and high temperature electronics for which S i c  and diamond are 

being researched as possible candidates. 

As electronic and optoelectronic devices become increasingly complex, 

and the devices and materials from which they made are pushed to their 

limits, novel devices or devices utilizing novel materials are becoming in- 

creasingly attractive. In contrast to group IV materials (C, Si, Ge) or 

the group 111-V materials (GaAs, InP, GaSb) which are inorganic materi- 

als, organic polymers which can be processed to possess electrical prop- 

erties from highly insulating (resistivity - 1080 cm) to highly conducting 



(conductivity - 105s/ on)  are now under increasing research investigation 

[Yosh87,Tomo87,Gm87,Fich89,Tomo89,Glen89,Burr89,Koez87,Assa88,Horo9 1, 

Garn90,Tayl91] . The fact that they are organic materials means that they can 

be of extremely small size (order of molecular lengths), are abundant, and are 

relatively inexpensive. 

The most promising class of organic materials are the r-conjugated polymers 

which were prepared in pure form only 15 years ago [Ito74,Chia78]. These 

materials are under intense investigation because they exhibit semiconductor 

properties in their neutral state and high electronic conductivity in the partially 

oxidized state. Thin flexible films of the semiconducting plastic can be pre- 

pared by simple spin-casting of polymer solutions affording simple fabrication 

of devices utilizing flexible films. Prototype devices based on n-conjugated 

polymers have been reported. They include polymerlmetal Schottky barrier 

devices [Yosh87,Tomo87,Garn87,Fich89,Tomo89,Glen89], field effect transistors 

[Burr89,Koez87,Assa88,Horo9 l,Garn90,Tayl9 11. Recently elelectroluminescence 

from conjugated polymers was reported from which luminescent displays can be 

realized [Burr90]. 

The advantage of simplicity of fabrication must be weighed against the elec- 

tronic inferiority of current plastics. However, the semiconducting properties of 

these materials have only just been realized and there is great optimism that elec- 

tronic properties can be improved dramatically by chemical modification. Clearly, 



tailoring electrical properties of polymer semiconductors can only be achieved by 

a thorough understanding of their molecular, microscopic and macroscopic prop- 

erties. A detailed study of structure-property relationships as they pertain to 

microelectronic devices is therefore required. 

Field effect transistors incorporating semiconducting organic polymers are 

useful devices for characterizing electrical parameters of these materials be- 

cause they enable separation of the carrier generation and charge migration pro- 

cesses. r-conjugated materials studied by this technique include polyacetylene 

[Burr89], polythiophene [Yosh87,Koez87], oligothiophenes [Horog 1 ,Gun901 and 

poly(3-alkylthiophenes) [Assa88,Tayl91]. Electrical characteristics are found to 

vary widely depending on the nature of polymer and the method of device fab- 

rication. This reflects the embryonic nature of this research and the lack of 

understanding of structure-property, and morphology-property relationships. 

In this thesis, the r-conjugated polymer, poly(3-hexylthiophene), is cho- 

sen as the semiconducting material under investigation. MISFETs incorporating 

this polymer are made using conventional MOS technology. A processing pro- 

cedure has been customized in order to fabricate these plastics devices. The 

current-voltage measurements were performed with a probe station and auto- 

mated semiconductor parameter analyzer. Excellent FET characteristics were ob- 

served and important FET electrical parameters were extracted. We also proposed 

an equivalent circuit model for SPICE simulations of these polymer-MISFETs. 



The simulated results are in satisfactory agreement with experiment results for 

polymer-MISFET. In addition, high frequency capacitance-voltage measurements 

were carried out and a simple physical model was proposed to explain the un- 

usual capacitive responses. 

Based on the electrical transport mechanism reviewed in this thesis, several 

experiments were conducted on the polymer-MISFET structure. The motivation 

for doing these experiments was to improve polymer-MISFET performances by 

simultaneously increasing the effective mobility of carriers, device performance 

and environment stability. 

MISFETs incorporating polymers of different purities were fabricated. The 

different current-voltage responses suggested that MISFETs based on polymers 

of low impurity concentration possessed high mobility, conductivity and thus are 

most suitable for FET devices. In a separate study a laser source was used to 

render the top layers of polymer-MISFET insulating. By doing this, the bulk 

ohmic current was suppressed and FET characteristics sharpened. Conducting 

polymers are very sensitive to ambient air and light. In order to prolong the 

lifetime of polymer-MISFETs by protecting them from the environment, a layer of 

conventional photoresist was used in to cover active polymer region. The electrical 

characteristics of these encapsulated FETs were monitored over 2 months. The 

stability of polymer MISFETs was greatly increased compared to devices exposed 

to ambient atmosphere. 



Chapter 2 Carrier Transport Mechanisms 
in Conducting Polymers 

Polymers are not traditionally associated with high electronic mobilities, but 

the rapid development of T-conjugated polymers as conductors and semicon- 

ductors has become the focus of attention during the past two decades. These 

materials depend on the presence of a delocalized and extended n-electron sys- 

tem, in which there is a p, orbital on each carbon along the polymer backbone. 

This implies the possibility of metallic conductivity, but the instability of elec- 

trons energy state leads to singleldouble bond alternation of successive sites along 

the chain, thereby lowering the energy of the occupied states. This class of or- 

ganic semiconductors exhibits a range of energy gaps (1.0 - 3.0eV) between the 

T valence band and the T* conduction band. 

Conducting polymers are quasi-one-dimensional materials. As a result of 

strong intrachain T-bonding, and relatively weak interchain electron transfer 

interaction, carrier transport along the polymer chain occurs with high mo- 



bility. Carriers transport between the polymer chains is comparatively slow 

and these processes are the rate-limiting steps in three-dimensional transport. 

Anisotropic conductivity behavior has been reported in many conducting poly- 

mers [Kive8 1 ,Assa88,Wang86]. 

Understanding the transport properties in conducting polymers is one of the 

main goals in this field. It is commonly recognized that carriers in conducting 

polymers transport by thermal-assisted hopping between carbon sites, however, the 

interpretation of carrier transport data is still unclear, since transport properties 

are sensitive to structural defects and experimental data can not be interpreted 

unambiguously in terms of specific models. 

2.1 Conducting Polymers 

r-conjugated polymers, as prepared, are p-type semiconductors in their neu- 

tral form due to extrinsic carriers which arise from catalyst residue. The con- 

ductivity can be changed considerably (by a factor of lo9) by chemical doping 

and undoping [Chia77], but the behavior is unlike conventional semiconductors 

doped with donors and acceptors. This doping process is reversible by injection 

and withdrawal of electrons electrochemically (Figure 2.1.1). The actual poly- 

mer structure and dopant content is very sensitive to the conditions of synthesis. 

Hence the system is much more complicated than Si, Ge and GaAs. 

In addition to their chemical difference from traditional inorganic semiconduc- 



tors, n-conjugated polymers are exemplified by the parent n-conjugated polymer, 

polyacetylene, and are physically characterized by the following features: 

Figure 2.1.1 Schematic representation of reversible 
chemical doping and undoping of polythiophene. 

1) The optical absorption of polyacetylene can be considered to possess a 

bandgap in its neutral form. Upon doping, additional infrared absorption peaks 

appear, which are associated with transitions of sub-levels in gap region to 

conduction band and valence band. Moreover, these absorption energies are 

independent of dopant concentration [Suzu80]. 
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2) Pure polyacetylene exhibits pure Curie paramagnetism, corresponding to 

roughly one spin per several thousand (CH) groups. However, the electrical 

conductivity of pristine polyacetylene is small (< 104s/cm) [Wein79], which 

means that these spin defects have zero charge. The most striking fact is that 

Curie paramagnetism drops upon doping while conductivity goes up. It is difficult 

to explain these phenomena using the traditional semiconductor theory. 

In order to explain this special behavior in conducting polymers, a soliton 

model was introduced in 1979 by Su, Schrieffer and Heeger [Suwp79], and 

independently by Rice [Rice79]. A polaron-type excitation was first observed by 

Su and Schrieffer in molecular-dynamic studies on discrete chains [Suwp80], and 

analytic solution for polaron was discussed by Brazovskii and Kivora [Bra28 11, 

and Campbell and Bishop [Camp81]. 

2.2 Soliton, Polaron and Bipolaron Excitation 

Theoretical models of soliton, polaron and bipolaron excitation in conducting 

polymer were established by using the SSH (Su, Schriffer, Heeger) model for 

n-electron system [Suwp80]. 

A two-fold degenerate system, like polyacetylene, has two structural config- 

urations of identical ground state energy (Figure 2.2.la) [Gros74]. If an electron 

is introduced into the chain, it initially goes into the conduction band as shown 

in Figure 2.2.lb. The structural change associated with injection of electron in- 



creases the elastic energy, and the distorted chain relaxes to a form which has a 

reversed sense of band alternation inside the chain (Figure 2.2.ld). Associated 

with this electron is the non-bonding T-state inside the gap (Figure 2.2.1~). This 

electron and the associated phase kink is called a "soliton"; in fact it is an electron 

bound state associated with a topological defect in the lattice configuration. 

A Phase B Phase 

( a )  

Conduction Band $j$s@g@$gg$@ ...+.+.sA. >. >:fi ... * ~,h. .. 

Relaxahon 

( c )  - L 

unoccupied state occupied state 

A Phase B Phase 

( d )  

Figure 2.2.1 Schematic representation of the formation of a soliton on a polyacetylene chain 
(a) undistorted chain with two structural configurations but degenerate ground state. 
(b) when an electron is introduced onto chain. 
(c) chain relaxation creates a soliton non-bonding state in the middle of gap. 
(d) A reversed sense of bond alternation separated by a soliton. 

Depending on the electron occupancy on the non-bonding n-state inside the 

bandgap, the soliton has three configurations with different charge and spin. Figure 



2.2.2(a) shows that the neutral soliton SO has zero charge but spin 112; and when 

the electron is moved from non-bonding state, it posseses chrage +e but spin 

zero (Figure 2.2.2b); and when another electron is added to this state, it becomes 

charged -e and spin zero (Figure 2.2.2~). It is obvious that soliton has a special 

reversed spin-charge relation compared with electrons and holes. 

Figure 2.2.2 Schematic representation of three configurations 
of soliton excitation and the associated energy band diagram. 

According to the SSH continuum model, in fact, the bond alternation defect 

is not localized at a single carbon site, but spreads over 10 to 15 carbon sites, 

with a correlation length g=7a (a is the distance between carbon sites) [Suwp79]. 

The soliton formation energy Es is considered as follows: 
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a) The soliton resides in the middle of the energy bandgap, it is higher in 

energy than the top of the valence band by Eb. 

b) The elastic energy is modified by AEL. 

c) The valence band spectrum is modified by AE,. 

Therefore, 

where A is the energy band gap of conducting polymer. The soliton creation 

energy is smaller than the electron and hole energy, hence storage of added charge 

on the mid-gap state is energetically favored over storage in bond states. 

For non-degenerate systems like polythiophene, another popular family of 

conducting polymer under investigation (Figure 2.2.3a), the term "polaron" is 

used to denote a localized electron state with accompanying lattice distortion. It 

is a bound state of a soliton and anti-soliton pairs (one neutral and one charged, 

with centers separated by a sub-bandgap) [Barz81,Camp81], and it usually has 

two ground states E+ and E- inside the bandgap. Depending on the occupancy 

of two states, it can be classified as a "neutral polaron" (n+=O and n_=2), a "hole" 

polaron (n+=O and ~ = 1 )  or an "electron" polaron (n+=l and ~ = 2 )  (Figure 2.2.3b). 

The formation of a hole polaron excitation is energetically more favored than the 

other two configurations. 



The total energy of the polaron also consists of three parts: the bound state 

energy, the elastic energy, and the energy change of the extended state. The value 

of this energy is $A, which is larger than the creation energy of a single kink, 

but smaller than the electron and hole energy. 

A Phase B Phase 
( a >  

E::yi,.>.' ..:.: .;.: ... ...< $$$g&?$&q~i~q~~ 

hole neutral electron 
polaron polaron polaron 

Figure 2.2.3 Schematic representation of polaron excitations in polythiophene. (a) 
polythiophene has two structural configurations but non-degenerate ground states. (b) 
Two polaron states exist inside bandgap with energy separated by a gap, depending 

on the electrons occupancy inside bandgap, it has three excitation forms. 

For the non-degenerate system, the possibilities of n+=n_=0,1,2 give rise to 

"bipolaron" excitations. (Figure 2.2.4). The energy of a bipolaron is less than 

that of two polarons, EB < 2Ep, so that the reaction 



Bipolarons 

Figure 2.2.4 Schematic representation of three bipolaron excitations in polythiophene. 

takes place. However both repulsive coulomb interactions and entropic forces 

favor the existence of the two separate polarons [Heeg 9 11. Hence the free energy 

of creation of two polarons may be comparable to that of a bipolaron. Studies 

of polythiophene suggests that doping charges are stored in bipolaron states but 

small concentration of polarons can be expected. 

2.3 Hopping Model for Carrier lkansport 

In conventional semiconductors, electrons and holes dominate transport. In 

conducting polymer, solitons, polarons and bipolarons dominate transport. Two 

conduction mechanisms are possible: hopping between localized states [Park 801; 

and thermal excitation to the extended states [Suwp80]. 



For the conduction process to occur by hopping between localized states, the 

probability of hopping between sites of distance R is given by 

where the component exp(-2aR) is due to the wave function overlap, W is the 

hopping barrier height, uph is the frequency of phonons, and E is the external field. 

For weak fields eRE << kT, the mobility is given as 

From a topographical point of view, hopping can be classified as either 

intrachain or interchain. Townsend and Friend [Town871 consider that carriers 

hopping between polymer chains is the rate-limiting step for three-dimensional 

transport, since the hopping distance R and the hopping barrier W between chains 

are much larger those along the chain. Mobility is exponentially dependent on 

these two parameters: it decrease dramatically with the increment of R and 

W. Experimental observation shows that the room temperature conductivity of 

oriented polyacetylene along the direction of orientation is 3x 10-~s/cm, but the 

corresponding value for unoriented polyacetylene is 3x l ~ ~ s l c m ,  i.e., 1000 times 

lower [Town87]. The enhancement of conductivity along the oriented samples 

arises from the evidence that carriers in oriented samples are more likely to hop 

along the chain, and less interchain hopping is expected compared with unoriented 

sample. 



In a conduction process which involve thermal exciation to the extended states, 

e.g., like in conventional semiconductor, the d.c. conductivity 

The temperature dependence of the resistivity [Town871 indicates that carriers 

generation is thermally activated, with activation energies corresponding to dif- 

ference in energy between bandgap states to conduction band. 

It is well known that carriers mobilities in chemically doped polyacetylene can 

reach the metal regime [Base87], this transition of mobilities by chemical doping 

is the characteristics of the hopping transport, where the cooperative effects of 

high concentration of charges greatly reduce the interchain hopping distance and 

hopping barriers energy. If dopant species A is represented in polymer chain 

as [(CH)A,],, as y is changed from 0.001 to 0.01, there is a large increase in 

mobility. This is loosely described as the transition from semiconducting to 

metallic behavior, but a detailed model for the electronic structure at these dopant 

concentration is not well established. 

2.4 Current-Voltage Characteristics of Conducting Polymers 

For conducting polymers, current arises mainly from carrier drift under an 

applied electric field. The diffusive contribution to the total current is relatively 

small [Mark62]. Therefore the current density is related to applied voltage by 



where V is the applied voltage and d is the distance between electrodes. 

Using a weak field approximation, the hopping model predicts a mobility, thus 

conductivity, which is independent of applied electrical field, or any parameters 

related to the geometry. The current at this region can be expressed as linear 

function of the applied voltage, i.e., ohmic current. 

Under increasing electric field, charge unbalance is produced by the injection 

of electrons/holes through ohmic contact. Since the polymer has a relatively low 

density of free carriers, the current flow through polymer becomes limited by 

space charges. 

The space charge density for an ohmic contact is formulated as 

and the space charge limited current (SCLC) density as 

A typical J-V curve for conducting polymer is plotted in Figure 2.4.1 on 

logarithmic scale [Xuba91]. The ohmic current is proportional to voltage while 

the SCLC is proportional to the voltage squared. The current changes from ohmic 

to space charge limited at 



log J 

log V 

Figure 2.4.1 Current-voltage relationship for semiconducting polymer: ohmic 
current for small applied voltage, space-charge-limited current for high voltage. 

From the polymer J-V curve, the mobility can be determined at SCLC region, 

and conductivity can be obtained from ohmic current at low voltage. Results of 

mobility and conductivity value extracted from J-V are reported to be in good 

agreement with results by the other methods [Garn89]. 



Chapter 3 Review of MIS Structures 
and MISFETs 

In this chapter, basic concepts and mechanisms of silicon MIS structures and 

MISFETs are reviewed in order to compare with the electrical characteristics of 

polymer-based MIS structures and MISFETs. 

3.1 The MIS Structure and Its C-V Characteristics 

The metal-insulator-semiconductor (MIS) structure is a useful device for 

studying the semiconductor surface, since reliability, stability and device operation 

are intimately related to the surface conditions. A typical silicon MIS structure 

is shown in Figure 3.1.1. 

The energy-band diagram of an ideal MIS structure for a p-type substrate is 

shown in Figure 3.1.2. When an ideal MIS structure is biased with positive or 

negative voltages, three situations may exist at the semiconductor surface. When a 

negative voltage (V<O) is applied to the metal contact, the top of the valence band 
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Figure 3.1.1 A typical Si MIS structure. 
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Figure 3.1.2 The energy-band diagram of an ideal MIS structure for a p-type Si 
substrate. (a) accumulation region; (b) depletion region; (c) inversion region. 

bends upwards towards the Fermi level, while Fermi level remains constant 

(Figure 3.1.2a). This band bending causes an accumulation of majority carriers 



(holes) near the semiconductor surface. This is the "accumulation" case. When 

a small positive voltage (V>O) is applied, the bands bend downward, and the 

majority carriers are depleted from the surface (Figure 3.1.2b). This is the 

"depletion" case. When a large positive voltage is applied, the bands bend 

downward to a higher degree so that the intrinsic level Ei at the surface crosses 

over the Fermi level EF (Figure 3.1.2~). At this point, the number of minority 

carriers (electrons) at the surface is larger than that of the holes, the surface is 

thus inverted; the so-called "inversion" layer. 

This voltage dependency is reflected in capacitance-voltage (C-V) curves. 

A typical p-type silicon C-V curve is shown in Figure 3.1.3. At negative 

voltage, high differential capacitance exists due to the accumulation of holes at 

polymer/insulator interface. As a result the total capacitance is virtually the same 

as the insulator capacitance. When the negative voltage is sufficiently reduced, 

a depletion region is formed which act as a dielectric layer in series with the 

insulator. The total capacitance decreases and shows a minimum capacitance, 

Cmin, which corresponds to the maximum depletion depth, W,. 



accumulation depletion inversion 

Figure 3.1.3 Capacitance-Voltage responses for a Si p-type MIS structure. 

where 

and S is gate region area, E is dielectric constant, NA is acceptor dopant concen- 

tration and ni is intrinsic canier concentration. It can be easily seen from the 

above equation, the extrinsic canier concentration NA can be deduced from the 

minimum capacitance value. 



As the voltage is made more positive, the capacitance increases again as 

the inversion layer of electrons forms at the surface. Finally, a value close to 

insulator capacitance is obtained. Note that the increase of the capacitance in 

the latter region depends on the ability of the electrons to follow the applied a.c. 

signal. This occurs only at low frequencies where the rates of recombination- 

generation of minority carriers can keep up with the small-signal variation and 

lead to charge exchange with the inversion layer in step with the measurement 

signal. It is experimentally found that for metal-SO2-Si system the frequency 

must be between 5-100 Hz in order to observe the inverted region [Sze81]. As a 

consequence, C-V of MIS structures measured at high frequency does not show 

the increase of capacitance at high positive voltage. Figure 3.1.3 shows two 

cases for measurements made at high positive voltages: In case (a), the minority 

carriers can not be supplied to and extracted from the oxide/silicon interface 

rapidly enough (by diffusion or generation-recombination) to respond to the signal 

voltage variation at high frequency. Instead a steady-state concentration of the 

minority carriers is accumulated at the Si-Si02 surface. Case (b) is called "deep 

depletion", because the d.c. voltage sweep is so rapid that the minority carriers 

can not be accumulated at the oxide/silicon interface, or are generated so slowly 

that few are generated and accumulated at the gated Si surface before the C-V 

trace is completed, the depletion layer thickness increases with the applied gate 

voltage and no minimum capacitance is reached in this case. 



3.2 The MOSFET and Its I-V Characteristics 

The metal-oxide-semiconductor field-effect transistor (MISFET or MOSFET) 

is the basic device for digital circuitry and is widely used in very large scale 

integrated circuits such as microprocessors and semiconductor memories. The 

basic structure of an n-channel silicon MOSFET is illustrated in Figure 3.2.1. 

oxide 

Figure 3.2..1 Basic structure of Si n-channel MOSFET. 

It is a three-terminal device and consists of a p-type semiconductor substrate 

with two heavily doped n+ regions, the source and drain. The metal contact on the 

insulator is called gate. Heavily-doped polysilicon or a combination of silicide and 

polysilicon can also be used as the gate electrode. The basic device parameters 



are the channel length L, the channel width W, the insulator capacitance C,, for 

silicon oxide, and substrate carriers concentration NA. 

A qualitative discussion of device operation is presented: when no voltage is 

applied to the gate VG=O, the source-to-drain electrodes correspond to two p-n 

junctions connected back to back. The only current that can flow from source 

to drain is the reverse leakage current. When a sufficiently large positive bias 

is applied to the gate so that a surface inversion layer is formed between two 

n+ regions, the source and the drain are connected by a conducting channel for 

electrons, through which a large current can flow. If a small drain voltage is 

applied, the drain current ID is proportional to the drain voltage VD, since the 

channel acts only as a resistance. This is so called "linear region7', Figure 3.2.2a. 

As the drain voltage increases to VD,,~, the channel depth at drain end is reduced 

to zero, and is called pinch-off point (Figure 3.2.2b). When VD is made larger 

than the saturation voltage VDsat, the pinch-off point moves towards source end 

and the voltage at this point remains the same, VDS,~. Hence the current flow 

from the source keeps constant, and beyond this pinch-off point, the carriers are 

drifted by the applied electric field along the channel direction, the drain current 

remains essentially constant. It can be noticed that the effective channel length 

decreases from L to L', Figure 3.2.2~. 
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Figure 3.2.2 A schematic representation of MOSFET operation. 



The basic current-voltage characteristics of a MOSFET can be derived as 

follows. 

For the linear region: 

and for the saturation region: 

where VT is the threshold voltage for the formation of inversion channel layer, and 

X is called channel length modulation coefficient and is related to the effective 

channel length. 

The transconductance g, and the channel conductance g~ are defined as: 

 ID 
gm = - for constant VD avc 

pcoz F VD linear region 

= {  pCOzT(VG-VT) w saturation region 

 ID 
90 = - for constant VG 

WD 

p ~ , ,  T(vC -vT-vD) linear region 

= { ~AC, ,  ?(vG- v ~ ) ~ / z  saturation region 



Chapter 4 Electrical Characteristics 
of Polymer-MISFETs 

In this chapter, synthesis of poly(3-hexylthiophene) (prepared in the Depart- 

ment of Chemistry), and MISFET and MIS device fabrication are described. 

Current-voltage characteristics of thin film polymer MISFETs are investigated. 

Important electrical parameters such as mobility, conductivity, threshold voltage, 

transconductance and channel conductance have been extracted. A equivalent cir- 

cuit model is proposed for SPICE simulation, the simulation results based on this 

model are shown to have good agreement with experimental data. Capacitance- 

voltage characteristics of a polymer-MIS structure were also studied. The latter 

shows formation of accumulation layer and depletion layer at the polymer semi- 

conductor surface. A simple physical model is established to explain capacitance 

behavior of this structure. 



4.1 Synthesis of Poly(3-hexylthiophene) 

Poly(3-hexylthiophene), a derivative of intractable polythiophene has been 

chosen as the material under research. This materials was synthesized and char- 

acterized by M.S.A. Abdou of Department of Chemistry, Simon Fraser University. 

Derivatization of the 3-position of the thienyl ring with long alkyl chains imparts 

solubility, and thus processability, yet adjacent rings maintain coplanarity. Thus 

the polymer exhibits extensive r-conjugation, and possess the desirable electronic 

and optical attributes of unsubstituted polythiophenes. They have advantage of 

being spin-cast in addition to rigorous chemical characterization. 

The synthesis of poly(3-hexylthiophene) (Figure 4.1.1) is as follows: 

Figure 4.1.1 Chemical structure of Poly(3-hexylthiophene). 

3-Hexylthiophene was synthesized by coupling the Grignard reagent of 3-bro- 

mothiophene (Aldrich) with 1 bromohexane using bis(l,34iphenylphosphino) 
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propane nickel(I1) chloride as catalyst. The product was purified by fractional 

distillation under reduced pressure. Polymerization of the monomer was achieved 

by mixing 0.1 M solution of 3-hexylthiophene in chloroform with a 0.4 M chlo- 

roform solution of anhydrous ferric chloride. The mixture was stirred for two 

hours prior to precipitation into acidified methanol. The solid product was fil- 

tered, washed with NH40H, water and methanol. The crude polymer was dis- 

solved in hot dichloromethane and insoluble products were removed by filtration. 

Low molecular weight products were removed by cooling the filtrate and adding 

methanol. The precipitate was filtered and dried in a vacuum oven. The num- 

ber average molecular weight of the polymer was 26,200 as determined by size 

exclusion chromatography [Hold9 1-31. 

4.2 Fabrication of Devices 

Polymer device fabrication requires the successive deposition of insulator, 

metal and polymer, with appropriate patterns for the device structures. Silicon 

was chosen as the support substrate in polymer devices, because it can be heavily 

doped to form a gate electrode, and it can be easily thermally oxidized into 

silicon oxide insluator layer. The Si substrate, however, plays no active role in 

the devices operation. Silicon dioxide has excellent insulating properties with 

low defect density, relatively high dielectric constant 6, and a high dielectric 

breakdown field Eb. It is extensively used in polymer device fabrication. Gold 



was evaporated onto the substrate for source and drain contacts. Gold forms 

ohmic contact with the polymer [Burr89, Garn901, 

A schematic representation of the polymer-MISFET used in this study is 

shown in Figure 4.2.1. 
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Figure 4.2.1. (a) A schematic representation of polymer-MISFET. 
(b) Actual pattern of source and drain contact. 

Silicon is used as a substrate, a heavily doped Si layer served as the gate 

and a thermally grown oxide layer is employed as the insulator. Two inter-digital 



structures of gold were deposited photolithographically on top of the insulator 

and used as source and drain. The polymer semiconductor layer was spun on the 

structure to form working devices. The detailed description of fabrication process 

is given below and shown in Figure 4.2.2. 

Figure 4.2.2. Fabrication scheme for polymer-MISFET. 

A. The starting substrate is a 3", <loo> oriented n/p-type silicon wafer. After 

performing standard degrease and clean procedures, dopant source was spun on 

the wafer. Thermal diffusion of dopants was carried out at 1 100•‹C with N2 flow 

and 02 flow. The heavily doped layer served as gate for polymer-FET structure. 



B. A layer of silicon oxide (200nm) is grown by a combination of dry and 

wet oxidation procedures at 1 100•‹C. 

C. AZ 1312SFD photoresist was used to perform laser direct writing pho- 

tolithography on the oxide layer in order to open connection windows. The treat- 

ment procedures for photolithography are: spin casting and baking of photoresist 

at 95•‹C for 0.5hr; exposed to blue laser light; developed by AZ developer, and 

postbaking at 120•‹C for 0.5hr. 

D. A 20 nm layer of gold was vacuum evaporated onto the substrate. 

E. AZ 1312SFD photoresist was used again and one hundred gold fingers 

of width 10 pm and length 300 pm and spaced 14pm apart are patterned 

photolithographically. 

F. Photolithography was used to pattern the photoresist to expose an active 

region. Dilute polymer solution was spun on the wafer at 7000 rpm (film 

thickness -0.25pm). The photoresist was lifted off by immersion into solvent 

for photoresist. 

Figure 4.2.3 shows the MIS structure used in our capacitance-voltage mea- 

surements. MIS structures were also fabricated on a silicon wafer substrate, with 

silicon oxide as the insulator, and a heavily doped silicon layer acting as one of 

the electrodes. A layer of aluminum was evaporated and patterned as contact 

pads. Polymer was cast onto the insulator ( -1pm film thickness). On the top 



of polymer, a layer of silver epoxy glue was applied and the structure was an- 

nealed in N2 at 120•‹C for lhr. Gold wires, bonded to one aluminum pad, were 

buried into silver paste for connection. The use of silver paste was preferred 

over metal evaporation, since the polymer structure can not withstand the high 

temperatures (500-700•‹C) associated with metal evaporation. This structure was 

able to be bonded to dual in-line package (DIP), and plugged into HP 16058 test 

fixture with good electrical and magnetic radiation shielding. The whole C-V 

measurements were conducted in a dark environment. 

Silver Epoxy 

I p s i  heavily doped Si I 

Figur84.2.3 Polymer-MIS structure for Capacitance-Voltage measurements 

Around 100 polymer-MISFETs of 5 lots were fabricated in this study; 50-60 

devices worked, and most of the failed devices were from structural defects due 

to gold fingers shorting. The polymer-MISFET in the same lot had identical 



electrical performances, and electrical characteristics of polymer-MISFET from 

different lot were close. In the whole, the polymer-MISFET has good processing 

reproductivity and electrical behavior repeatability. 

4.3 Measurement Techniques 

An automated microelectronics measurement system has been implemented in 

this study. The hardware and software integrated measurement system is capable 

of taking measurements for current-voltage characterization and capacitance- 

voltage characterization. 

The current-voltage characteristics of polymer MISFET's were measured with 

a semiconductor parameter analyzer HP4145 and a BAUSCH & LOMB wafer 

probing station. The measurement processes for test configuration, data flow 

control and acquisition were programmed and controlled by personnel computer 

incorporated with IOTech IEEE 488 drive board and software driver. In our ex- 

periments, IDS-VDs was measured to observe polymer FET-like characteristics; 

plots of IDS-VGS were to determine the gate bias modulation on the FET con- 

ductive channel; and IGS-VGS measurements provided information on the quality 

of the silicon oxide layer. 

The capacitance-voltage characteristics of poly(3-hexylthiophene) were mea- 

sured with Keithly series CV meter, the voltage sweep was varied from -20V 

to 20V and the a.c. frequency was 1MHz. The measurement parameters selec- 



tion, data acquisition and analysis were controlled by Model82-DOS software. 

High frequency C-V results were utilized to study the formation of depletion and 

accumulation layers at different gate bias. 

4.4 Polymer-MISFET I-V Characteristics 

Prior to annealing the polymer-MISFETs, IDS-VDs curves of polymer- 

MISFETs showed a large resistive current, small gate bias modulation and an 

absence of a saturation region (Figure 4.4.1). This is primarily due to the presence 

of partially oxidized polymer which persists even after rigorous purification, these 

oxidized elements are mobile and contribute to the channel current under applied 

voltage. Scattering of carriers, arising from these oxidized elements, impedes the 

carrier transport through the channel and thus decreases the carrier mobility. 

Thermal annealing at 180•‹C in N2 is used to convert segments to their 

neutral form and thereby suppress ohmic contributions. It is well documented 

that oxidized and conductive polymer reverts to its neutral insulating state at 

elevated temperatures [Taka9 1, Wang9 11. The phenomenon is due to thermal 

enhancement of the torsional angle between adjacent thienyl rings in the chain 

leading to unstable segments of high oxidation potential [Gran92]. 
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Figure 4.4.1 1 ~ s - V ~ ~  characteristics of polymer-MISFET before annealing. 
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Figure 4.4.2 mica1 IDS-VDs curves obtained for an annealed polymer 
MISFET with a thin film (0.25pm) semiconducting polymer substrate. 



Figure 4.4.2 shows typical IDS-VDs curves obtained for an annealed polymer- 

MISFET with a thin semiconducting polymer film. As indicated in this figure, 

excellent FET-like behavior is observed with clear linear and saturation regions. 

At negative gate biases, IDS increases with VGS, indicating that, unlike en- 

hancement silicon MOSFETs, as-prepared p-type polymer-based thin film MIS- 

FETs operate through the modulation of accumulation layer at the semiconductor- 

insulator interface. It is assumed that negative gate biases attract majority carriers 

(e.g. positive bipolarons in P3HT) which accumulate at the polymer/insulator 

surface. With larger negative voltages, the carriers concentration at the surface is 

increased, therefore the current rises from the increment of carriers concentration. 

It is well known that for enhancement p-type Si MOSFETs, when gate bias 

is zero, or below the threshold voltage, the equivalent circuit between source and 

drain ends is composed of two p-n diodes: one is forward biased, and the other is 

reverse biased. Current that flows through Si surface under these conditions is the 

leakage current of reverse diode, usually this current is negligible. Figure 4.4.2 

shows that a considerable current exists at zero gate bias for polymer-MISFETs. 

The current is considered due to ohmic current that flows through bulk region of 

polymer, since no p-n diodes exist between the polymer substrate and both source 

and drain. Ohmic contacts at the source(drain)/polymer interface facilitates carrier 

drift under the applied source-drain voltage. 
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At positive gate biases, the carriers under the gate region are depleted from the 

insulator/polymer surface, and the polymer-MISFET works in depletion region, 

the total current arises mainly from the bulk current. As gate bias is made more 

positive, the depletion layer becomes thicker, while the bulk region becomes 

subsequently thinner, and thus the current flow through the bulk region decreases 

with the increased applied gate bias, but it does not show a considerable change 

with positive gate bias. 

It is shown that total current in polymer MISFET can be separated into 

two currents: channel current and bulk current. Using established MOSFET 

and semiconductor current-voltage relationships, the channel current Ich, can be 

formulated as 

and 

for linear and saturation operation modes respectively, while bulk current Ibk can 

be represented as 

where tp is polymer layer thickness, L and W are channel length and width. The 

total current is equal to 



In our analysis of IDS-VDs responses of polymer-MISFETs, three assumptions 

are made: 

(1) The current at zero gate bias is considered to be the ohmic current that flows 

through polymer substrate. The channel current below the threshold voltage is 

negligible compared with the bulk region current. 

(2) Bulk current at negative gate biases is almost equal to that at zero gate bias. 

The accumulation layer thickness is comparatively much smaller than the polymer 

bulk thickness, therefore, the bulk region thickness does not show a considerable 

change. 

(3) Mobility is considered to be weak function of gate biases, especially at low 

voltage range (0 to -30V). 

Based on the above assumptions and equations, the conductivity can be de- 

termined from IDS-VDs at zero bias, which is approximately the bulk current 

(Equation 4.4.3). The bulk current is subtracted from currents at negative bi- 

ases to determine the FET-like channel currents. Mobilities are determined using 

conventional MOS parameter extraction methods. We found it better to extract 

mobility from the linear region of the I-V plot rather than from saturation region, 

since the channel length modulation coefficient, X (equation 4.4.2), at saturation 

region makes the calculation more complex and less accurate. The field effect 

mobility was determined to be 3.2 x crn2v-Is-', the threshold voltage of 
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-1.2V and the conductivity of the polymer was 2.9 x 10-~~/crn. The measured 

mobility is consistent with previous studies on poly(3-hexylthiophene). In com- 

parison with other polythiophenes, the mobility is higher than 3-octyl and 3 4 0 -  

decylderivatives (1 o - ~  - c m 2  v-ls-') [Palog 11, but lower than 3-methyl 

and 3-butyl substituted analogues - c m 2  V - I  s-' ) [Tayl9 1 ,Van9 11. 

We attribute this to variations in crystallinity and interchain interactions which 

are more pronounced in short alkyl chain analogues. Based on the assumption 

that mobility is a weak function of gate bias at low voltage region, the majority 

carriers concentration can be estimated from 

0 -10 -20 -30 -40 -50 -60 
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Figure 4.4.3 m i c a 1  IDS-VGS responses at different VDS for an annealed 
polymer MISFET with a thin film (0.25pm) semiconducting polymer substrate. 
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IDS-VGS responses at different VDs are shown in Figure 4.4.3. At zero 

gate bias, IDS has a small current value, this is the bulk current at zero gate 

bias. For a small gate bias, IDS increases linearly with VGS. AS VGS is made 

more negative (-20 N -40V), IDS shows a sharp increase, which corresponds 

to large gate biases modulation in the saturation region. At even higher gate 

biases ( >-50V), current increment slows down. This is presumedly considered 

as the effect of surface scattering: At high gate bias, the carriers concentration at 

polymer/insulator surface is so large that the surface scattering, such as collision 

of carriers with insulator surface, becomes pronounced, therefore, mobility at this 

gate biases is comparatively lower than at small gate biases region. 

Figure 4.4.3 is replotted as 6 versus VGS at VDS=VGS (Figure 

4.4.4), a voltage condition that ensures MISFET is operating in the saturation 

region. From the intercept with voltage axis, a threshold voltage of -1 V is 

obtained, and from the gradient of this plot, we obtained a mobility of 3.5 x 

1 0 - ~ c m ~ ~ - ' s - ' .  The discrepancy of mobilities extracted from two methods, i.e., 

IDS-VDS characteristics and versus VGS, arises from the channel length 

modulation coefficient A, in fact the mobility value obtained from f i  - VGS 

curve is actually equal to ~ ( 1  + XVDs). The X for this device was found to be 

5 . 0 ~  ~o-~v-'.  

Transconductance g, is obtained from IDS versus VGS plot (Figure 4.4.2)and 

channel conductance g~ is obtained from the derivative of IDS versus and VDS 



plot (Figure 4.4.3). Figures 4.4.5 shows the variation of g, with VGS at different 
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Figure 4.4.4 6 - VGS curve at VDS=VGs for an annealed polymer 
MISFET with a thin film (0.25pm) semiconducting polymer substrate. 



Figures 4.4.5 Variation of g, with VGS at different VDs. 

0 -10 -20 -30 -40 -50 -60 

Voltage ( V ) 

Figures 4.4.6 Variation of g~ with V D ~  at different VGS biases. 



values of V D ~ .  Figures 4.4.6 shows the variation of g~ with VDS at different VGs 

biases. These characteristics are similar to those observed for silicon MOSFETs, 

except that they are several orders smaller in magnitude. 

4.5 SPICE Model for Polymer-MISFETs 

According to current-voltage characteristics in the polymer-MISFETs, we 

propose an equivalent circuit model (Figure 4.5.1). The channel region is treated 

as an enhancement mode PMOS transistor, and the bulk region as a resistor. We 

also consider the contact resistances at source and drain, which may related to 

poor formation of the gold-polymer contact. Using electrical parameters such 

as mobility, threshold voltage and zero bias resistance from experimental data, 

we have used the SPICE (Simulation Program with Integrated Circuit Emphasis) 

model to simulate IDS-VDs curves of polymer MISFETs. 

The current-voltage relationships in Figure 4.5.1 are represented as: 



where RD, Rs and RB are drain contact resistance, source contact resistance and 

bulk region resistance respectively. In our simulation process, we choose a contact 

resistance of - lKR, and bulk resistance which varies with polymer thickness. 

gate 

drain 

1 

source 

Figure 4.5.1 Equivalent circuit for the polymer-MISFET. 

The SPICE simulation results for polymer film thickness of 0.25pm and lpm 

are shown as solid lines in Figure 4.5.2 and Figure 4.5.3. Actual experimental 

IDS-VDs response are shown as dashed lines in the corresponding graph. Good 

agreements between simulated and experimental results are obtained, indicating 
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that the model shown in Figure 4.5.1 is a good circuit representation of the 

polymer MISFET. The Appendixes contains listings of SPICE decks used for 

the simulations. 

rlmulatlon 
-3.00 

expertmental 
-2.50 

-2.00 - 

Voltage ( V ) 

Figure 4.5.2 SPICE simulation results for 1 ~ s - v ~ ~  characteristics of polymer MISFETs with film 
thickness of 0.25pm. Experimental 1 ~ s - v ~ ~  response are shown as dashed lines in graph. 
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Figure 4.5.3 SPICE simulation results for IDs-V~s characteristics of polymer MISFETs with film 

thickness of lpm. Experimental 1 ~ s - v ~ ~  response are shown as dashed lines in graph. 



4.6 C-V Characteristics for Polymer-based MIS Structure 

The capacitance of polymer MIS structure was tested under high frequency 

of 1MHz. The d.c. voltage was ramped from -20V to 20V at a rate of 2V/min. 

We chose a high frequency and slow sweep rate, since the carriers in the polymer 

might require a long relaxation time to reach equilibrium. A high a.c. signal 

might exclude the influence of mobile elements residing in polymer. 

Electrical characterization of the MIS device is restricted to the measurement 

of the complex impedance. The equivalent circuit is shown in Figure 4.6.1, 

Figure 4.6.1. The schematic representation of equivalent circuit of polymer MIS structure. 

and it can be considered as a series circuit of the insulator capacitance Ci 

and the semiconductor impedance (capacitance C,, conductance Gs and series 



resistance R,). Series resistances equal to thick polymer film bulk resistance 

were compensated in our C-V results and the values of the compensated series 

resistance ranged from 30kR to 100kR. The relationships of series resistance 

compensated capacitance Cc with the measured capacitance CM and conductance 

GM is represented as: 

and 

Voltage ( V ) 

Figure 4.6.2 C-V characteristics for polymer-MIS 
structure at M H z  for relatively thick film (--lpm). 

Figure 4.6.2 shows the Cc-V responses for our polymer device at lMHz 

for a relatively thick film (-lpn). The capacitance decreases when the applied 



voltage is made more positive, but no obvious minimum capacitance is observed 

at high positive voltage. This behavior is similar to silicon C-V curves under deep 

depletion conditions. The formation of a deep depletion suggests that the minority 

caniers generation time is long, or the population of interface states is large. No 

observation of inversion layer in the polymer-MIS structure has been reported. 

The lack of this observation is presumedly due to the difficulties of generation 

of negatively charged caniers, i.e., anti-solitons, anti-polarons and antibipolarons 

in the depletion region and the very low migration rate of these charged carriers 

in the polymer. The variation of capacitance in the deep depletion regime can 

be modelled as [Goet66]: 

where S is polymer-MIS diode area, NA is approximately majority carriers 

concentration in polymer, Ci is insulator capacitance and Vf is the flat band 

potential. NA of 4 . 7 ~  10"km" can be estimated from the slope of a plot (c~ /c )~  

as function of voltage, and Vf of -1.W can be obtained from the intercept of 

the same plot (Figure 4.6.3). The majority carriers value is in agreement with 

the carrier concentration extracted from I-V MISFET using the same polymer, 

i.e., 5 . 0 ~  10%m-~. 
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Figure 4.6.3 Variation of (c~/c)~ vs voltage biases, the majority 
carrier concentration can be obtained from the slope of curve. 

At negative biases, it is reported [Burr89,Ziem91,Tsum88,Horo90] that the 

capacitance is independent of the voltage and the capacitance of the structure 

is approximately equal to the geometric capacitance of the insulator, Ci. This 

suggests the accumulation layer has a very high differential capacitance due to 

its very thin nature. However our C-V measurement indicate that capacitance 

decreased when voltage was swept more negative. We conclude that the accu- 

mulation layer for the polymer MIS structure is sufficient thick at high frequency 

that effects the capacitance of the MIS structure. This is the first evidence of 

a relative "thick" accumulation layer. We attribute it to the high purity of the 

polymer (see next chapter). 



During the formation of accumulation layer in p-type silicon MIS structures, 

majority carriers (holes) are attracted to the insulator surface. The large population 

of majority carriers at the silicon/insulator surface is sufficient to shield the electric 

field, and exhibits a high differential capacitance. In semiconducting polymers, 

carrier movement normal to the chain direction is limited by its topological 

property and the carrier mobility is lo8 orders smaller than silicon. Therefore, 

under high frequency signal, polarons and bipolarons can not respond quickly to 

the a.c. signal to screen electric field at surface. Instead of enhancement of the 

carrier concentration at the accumulation layer surface, the accumulation layer 

thickness increase in order to accommodate more carriers and thereby shield the 

applied electric field. In the process, the capacitance of the MIS structure at 

negative gate bias can be treated as an insulator capacitance Ci in series with 

accumulation layer capacitance C,, which can be represented as 

6 is the dielectric constant, S is the MIS structure effective area. Accumulation 

layer thickness d(V) is dependent on gate biases: it increases with the applied 

negative gate bias, and its associated capacitance subsequently decreases. The 

actual capacitance C, 



decrease as the accumulation layer capacitance decreases, so a capacitance drop 

is observed when gate bias is made more negative. From above equation, 

accumulation layer thicknesses at lMHz C-V measurement can be obtained and 

their relationship with applied gate biases is shown in Figure 4.6.4. 

Biar Voltage (V) 

Figure 4.6.4 The accumulation layer thickness obtained 
from M H z  C-V measurement versus gate biases. 

In addition to the differential capacitance, the conductance variation with 

voltage G-V was also obtained in our MIS structure and is shown in Figure 4.6.4 

. The variation conductance with voltage indicate the presence of the dissipative 

processes associated the charge injection precess. When capacitances drop at both 

voltage ends, associated discharge processes give rise to the displacement current 

and subsequent conductance increments. The G-V results are consistent with the 

C-V results. 



Voltage ( V ) 

Figure 4.6.5 Conductance-voltage response for polymer-MIS structure at high frequency. 



Chapter 5 Electrical Improvements 
on Polymer-MISFETs 

5.1 Photolytic I'uning of Thick film Polymer-MISFETs 

Thick film polymer MISFETs were also studied in this work. Figure 5.1.1 

shows IDS-VDs characteristics of polymer MISFET with polymer film thickness 

-1 pm. A large ohmic bulk current is observed, which obscures the FET 

characteristics. The saturation region can not be easily distinguished, but gate 

modulation can still be seen. The carriers mobility for this FET was determined 

to be 6.8 x 1 0 - ~ c m ~ ~ - ' s - '  using the same methods described in the last chapter. 

Thick films consistently gave higher surface mobilities than thin films, and this 

observation is consistent with other studies [Assa88, Van911. Figure 5.1.2 shows 

IDS-VGS characteristics of thick film MISFET. Although a thicker polymer film 

has larger mobility than a thin film, the channel current modulation does not 

show an appreciable change with the gate biases due to the large bulk current, 



the channel current ratio at OV and -30V is about 50 times smaller than the ratio 

for thin film MISFETs. 

Voltage ( V ) 

Figure 5.1.1 IDS-VDs characteristics of polymer-MISFET (polymer film thickness - 1 pm). 

Gate Bias ( V ) 

Figure 5.1.2 IDS-VGS characteristics of thick film MISFET (polymer film thickness -1 pm). 
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In an effort to fine tune MISFET electrical characteristics and eliminate the 

ohmic current observed for "thick film" MISFET, we utilized photochemically- 

induced degradation of r-conjugated polymers. The principle is shown schemat- 

ically in Figure 5.1.3 and explained as follows. 

Figure 5.1.3 A schematic representation of photolysis experiment on polymer-MISFET. 

Poly(3-akylthiophenes) sensitizes the generation of singlet oxygen upon 

exposure to UV or visible light [Abdo91]. The latter reacts with thienyl groups 

in the main polymer chain via a 1,4 Diels-Alder addition to break n-electron 

delocalization in the one dimensional chain. As a result, photolysis in the presence 

of oxygen results in loss of conjugation, optical bleaching and decreased electrical 

conductivity. A polymer MISFET was prepared using a relatively thick film of 



poly(3-hexylthiophene) (-1 pm). Upon irradiation of the film with laser light 

(442nm, 200 mJ/cm2), 1~~ drops considerably and the field-effect response is 

observed, The extinction coefficient of the polymer at 442nm is 5480 cm-', and 

the density is l.lg/cm3 [Van91], thus the penetration depth of irradiation at a 

transmittance equivalent to e-', i.e. 63% of light absorbed, was 0.12pm. Upon 

irradiation, the bulk conductivity in the polymer is reduced by photochemical 

degradation from the surface down. As photolysis proceeds and the surface layer 

of the polymer is photobleac hed, the depth of penetration increases. Eventually 

the n-conjugated region providing ohmic, bulk conductivity is destroyed, leaving 

the field-active polymer layer intact. Under these conditions, FET-like response 

functions are observed as shown in Figure 5.1.4. Mobility before photolysis 

was 6.4 x 1 0 - ~ c m ~ ~ - ' s -  ', but decreased to 3.2 x 10-~cm*~-'s- following laser 

irradiation. Field-effect mobilities are however an order of magnitude larger than 

thin film MISFETs, presumably because the former retains a r-conjugated thicker 

layer than 0.25 pm. This is evident from the observable ohmic current contribution 

to I-V curves. Irradiation of thin film (0.12pm) polymer MISFETs under the same 

conditions however results in lower values of IDS, lower effective mobilities and 

generally deterioration of MISFETs. This of course is due to direct degradation 

of the field-active layer of the polymer substrate. 



0 -5 -10 -15 -20 -25 -30 

Voltage ( V ) 

Figure 5.1.4 IDS-VGS chmcteristics of thick film MISFET ( - 1  pm) after photolysis. 

In order to have an idea about minimum film thickness about polymer 

MISFET, it is important to estimate the accumulation layer thickness under 

different gate biases. 

For p-type substrate under accumulation condition, the relationship among 

electrical field at interface Es, surface potential V, and applied gate voltage VG 

are represented by [Sze81]: 

where minority carriers contribution are neglected since its ratio with majority 

carrier is very small for the case of polymer. 
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Surface differential capacitance per unit area is 

therefore, 

when -qV, >> kT, C, can be simplified as: 

which corresponds to an accumulation layer with thickness of 

Using the above equation, the corresponding accumulation thicknesses under 

d.c. gate biases of -10V, -20V and -30V, are calculated to be 25nm, 23.4nm, 22.1 

nm respectively. Under d.c. condition, carriers created by the applied electrical 

field possess enough relax time to accumulate at polymer/insulator surface, thus 

the accumulation layer thickness is considerably thinner than under high frequency 

condition. 



5.2 Effect of Impurity Concentration on Polymer-MISFETs 

It is well known that as-prepared r-conjugated polymer is p-type semicon- 

ductor due to extrinsic doping. A possible source for the doping is catalyst 

residues. The following experiments were designed to determine the role of cat- 

alyst residues on FET characteristics: 

Poly(3-hexylthiophene) were synthesized in the Department of Chemistry by 

chemical oxidative-coupling using FeC13. Polymerization by chemical oxidative- 

coupling was performed according to the procedure described by Sugimoto et 

al. The solid product was filtered, washed successively with NH40H (28%), 

water and finally with acidified methanol. The crude polymer was dissolved in 

hot dichloromethane and insoluble products were removed by filtration. Low 

molecular weight products were removed by cooling the filtrate and adding 

methanol. The precipitate was filtered and dried under reduced pressure at 50•‹C. A 

fraction of the sample was purified further by soxhlet extraction using methanol 

(2 days) and acetone (5 days). Subsequently, a fraction of this polymer was 

purified even further treating a solution of the polymer in CHC13 with NH40H 

(28%). The polymer was precipitated, washed to chloride-free waste and dried as 

described above. By this route three polymers samples containing various levels 

of iron impurities were obtained. 

Iron content was determined by a standard acid digestion procedures followed 
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by atomic absorption detection. Dissolution of iron and break down the organic 

materials was achieved by digesting 50 mg of polymer with 10 mL of concentrated 

sulfuric and nitric acids (50 ~01%). Stock solutions of iron was prepared by 

dissolving 0.250 g of iron (Baker Chemicals) in 250 mL nitric acid (-5mL) and 

distilled water. Standard iron solutions (25mL) containing 2, 4, 8, 12, 16 and 20 

ppm iron were prepared by appropriate dilution with 0.1 HC1. 

Polymers prepared with different dopant levels were used for devices fabri- 

cation. Figure 5.2.1 (a),(b),(c) show the IDS-VDs curves of MISFETs based on 

polymers prepared by oxidative coupling techniques. Residual iron concentrations 

in polymer were determined to be (a) 3.296, (b) 1.32% and (c) 0.05% respectively. 

Mobility and conductivity for different polymer MISFET were extracted using 

the same methods as described in chapter 4: The conductivity was extracted at 

zero gate bias; the mobility was obtained at gate bias of -30V and VDs of 5V. The 

mobility and conductivity values are listed in Table 5.2.1. The majority carriers 

concentration in the MISFET were also estimated. As the external impurity 

concentration in polymer decrease, the bulk ohmic currents, and the FET gate 

bias modulation correspondingly increase. 



0 -5 -10 -15 -20 -25 -SO 
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Voltage ( V ) 

0 -5 -10 -15 -20 -25 -30 
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Figure 5.2.1 IDS-VDs curves of MISFETs based on polymers with 
varying degrees of iron salt impurity. The iron contents for top, 

middle, and bottom polymers are 3.2%, 1.32%, and 0.05% respectively. 



Table 5.2.1 The mobilities, conductivities and carrier concentrations of 
polymer-MISFETs fabricated with polymers of different iron dopant levels. 

These experiment results verify that impurities play an important role in carrier 

transport. The existence of external impurities create topographical defects in 

polymer. Soliton, polaron and bipolaron excitations associated with these defect 

increase carrier concentration, but carriers concentration does not vary linearly 

with impurity concentration. Presumably, impurities provide extrinsic carriers in 

addition to intrinsic carriers which are created by the application of electric field. 

These impurity ions residing in polymer are virtually immobile and attached to 

polymer chain end [Burr88]. Carrier movement near the surface is scattered by 

these impurities, thus the carrier mobility is greatly reduced due to the impurity 

scattering. Since mobilities increase with the decreasing impurity levels, it is 

concluded that polymer with low impurity concentrations are more suitable for 

MISFET. In addition, the bulk current is substantially enhanced due to the increase 

of conductivity, which arises from large enhancement of mobility at low impurity 

level. 

Iron Contents (wt%) 

#1 ( 3.2%) 

#2 (1.32%) 

#3 (0.05%) 

p (cm2v-Is-') 

6.4 x 1 o - ~  
8 . 4 ~  

2.3 x 1 0-5 

o (~cm- ' )  

3.7 

1 . 4 ~  lo-* 

1 . 2 ~  lo-7 

n ( ~ m - ~ )  

5.8 x l0l7 

1 . 7 ~  10'' 

5.1 x 1016 



5.3 Encapsulation of Polymer-MISFETs 

Conducting polymers are very sensitive to oxygen, light and moisture. As a 

consequence polymer-MISFETs have limited stability when exposed to ambient 

atmosphere for long periods. Passivation layers on the top of polymer-MISFET 

seem to provide a satisfactory solution. 

Figure 5.3.1 show a typical IDS-VDs curves for thin film P3HT MISFET upon 

exposure to air for four days. This should be compared to the IDS-VDs response 

of the pristine FET (Figure 4.4.2). It is observed that FET characteristics degrade 

substantially in air, the FET bulk current becomes large, and gate bias modulation 

becomes poor. 

0 -5 -10 -15 -20 -25 -30 

Voltage ( V ) 

Figure 5.3.1 IDS-VDs curves for thin film P3HT-MISFET upon exposure to air for four days 



The electrical performance of a pristine polymer-MISFET was monitored for 

a week. A plot of mobility and conductivity variation with time was shown in 

Figure 5.3.2. This change in FET response reflects the ability of molecular oxygen 

to act as a weak oxidantldopant for the polymer, this observation is consistent 

with studies of poly(3-methylthiophene). In addition, the possibility of light and 

moisture with polymer structure leads to further complications, at present this part 

of research has been done in our studies. 

Tlmo (day) 

-a- Mobility . . *- - Conduotlvky 

Figure 5.3.2 Variation of mobility and conductivity with time upon exposure to air. 



photoresist 

Figure 5.3.3 Schematic representation of a polymer MISFET encapsulated with a photoresist layer. 

In order to protect the polymer film from the atmosphere, a layer of photoresist 

was spin-cast onto the polymer-MISFET following device fabrication. Laser direct 

writing was used to photolithographically pattern the photoresist to uncover the 

source, drain and gate contacts. The photoresist layer was postbaked in air for 

30 minutes to remove residual solvents, cure the photoresist surface layer, and 

suppress its photochemical reactivity. The modified polymer MISFET structure 

is shown in Figure 5.3.3.The encapsulated P3HT MISFETs were monitored two 

months. I-V responses following postbaking of the photoresist, and exposed in air 

for lday, 15days and 60 days are shown in Figure 5.3.4. The change in mobility 

and conductivity with time are shown in Figure 5.3.5. Note that the mobility 



decreased by -60% after encapsulation. This suggests that the photoresist 

introduces minor changes to the underlying polymer film. Chemical analysis 

indicates two main sources for these changes: First, introduction of defects in the 

polymer film. This is attributed to swelling of the polymer due to the fact that the 

photoresist contains xylene as one of its components which is a good solvent for 

the polymer. Second, baking of the photoresist induces thermal decomposition 

of one of the photoresist active component namely diazonaphthoquinone which 

might introduce some impurities in the polymer film [Abou93]. Carrier mobility 

for passivated FETs, however, increases with time and reaches steady state. This 

implies enhanced chemical and electrical stability of the device compared to non- 

passivated FETs. 



Voltage ( V ) 

Voltage ( V ) 

0 -5 -10 -15 -20 -25 -SO 
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Figure 5.3.4 'Qpical I-V response of encapsulated polymer-MISFET 
exposed to air for (a) lday, (b) 15days and (c) 60 days. 
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Time ( days ) 
Figure 5.3.5 Variation of mobility and conductivity with elapsed time after photoresist passivation. 

and exposed to air. (a) mobility just after annealing polymer-MISFET; (b) mobility just after 
applying photoresist on annealed polymer-MISFET; (c) mobility after annealing photoresist. 
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Chapter 6 Conclusions 

In our research, we have fabricated MISFETs based on the semiconducting 

polymer, poly(3-hexylthiophene). We have developed an equivalent circuit of 

these polymer-based MISFETs, and have obtained very good agreement between 

simulations based on the circuit model and experimental results. We concentrate 

on describing current-voltage characteristics of MISFETs since the FET structure 

is ideal for studying the electrical field dependence of carriers in the polymers. 

Our current experimental results on mobility and transconductance are dependent 

on film thickness, but are significantly lower than that of silicon-based FETs. 

We expect that this gap will be narrowed as the technology matures through im- 

proved understanding of the structure-property relationships of semiconducting 

r-conjugated polymers. We have also investigated capacitance-voltage character- 

istics of P3HT MIS structure, A conventional depletion region occurs at positive 

voltage, and accumulation layer capacitances were observed at negative voltage. 
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In addition, we have shown for the first time how the thickness of the substrate 

can be tuned by photolysis; that passivation can stabilize the electrical performance 

of polymer MTSFET; and that impurities affect the performance of polymer- 

MISFETs. By utilizing this knowledge, electrical improvements of higher carrier 

mobility, low substrate current, and stability of polymer-based FET has been 

realized. 
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APPENDIX I 

THIS IS THE SPICE FILE FOR THIN FILM (0.25pm) POLYMER MISFET 

* This model treat palymer MISFET as combination of ordinary normally-off 

*MISFET and varistor. 

* D=l G=2 S=O 

.MODEL MPOLY PMOS VTO=O TOX= 1 U UO=3.6e-5 LAMBDA=5e-3 

M1 4 2 5 0 MPOLY L= IOU W4000U 

R1 0 1 2.4E10 

.DC V1 0 -60 -2 

R2 5 0 1K 

R3 1 4  1K 

v 1  1 3 

V2 2 0 DC -30 

VI1 3 0 

.WIDTH OUT=80 

.PRINT DC I(VI1) 

.PLOT DC I(VI1) 

.END 



* This model treat polymer MISFET as combination of ordinary normally-off 

*MISFET and varistor. 

* D=l G=2 S=O 

.MODEL MPOLY PMOS VTO=O TOX=lU UO=2.5e-5 LAMBDA=5e-3 

M1 4 2 5 0 MPOLY L=lOU W=4000U 

Rl 0 1 2.4ElO 

.DC V1 0 -60 -2 

R2 5 0 1K 

R3 1 4  1K 

Vl 1 3 

V2 2 0 DC -20 

VI1 3 0 

.WIDTH OUT=80 

.PRINT DC I(VI1) 

.PLOT DC I(VI1) 

.END 



* This model treat polymer MISFET as combination of ordinary normally-off 

*MISFET and varistor. 

* D=l G=2 S=O 

.MODEL MPOLY PMOS VTO=O TOX=lU UO=3e-5 LAMBDA=Se-3 

M1 4 2 5 0 MPOLY L=lOU W=4000U 

R1 0 12.4ElO 

.DC V1 0 -60 -2 

R2 5 0 1K 

R3 1 4  1K 

v 1  1 3 

V2 2 0 DC -10 

VIl 3 0 

.WIDTH OUT=80 

.PRINT DC I(VI1) 

.PLOT DC I(VI1) 

.END 



APPENDIX II 

THIS IS THE SPICE FILE FOR THICK FILM ( lpm)  POLYMER MISFET 

* This model treat polymer MISFET as combination of ordinary normally-off 

*MISFET and varistor. 

* D=l G=2 S=O 

.MODEL MPOLY PMOS VTO=O TOX=lU UO=3.6E-4 LAMBDA=0.019 

M1 4 2 5 0 MPOLY L=lOU W=4000U 

R l  0 1 3.3E8 

.DC V1 0 -60 -2 

R2 5 0 0.2K 

R3 1 4 0.2K 

Vl 1 3 

V2 2 0 DC -30 

VIl 3 0 

.WIDTH OUT=80 

.PRINT DC I(VI1) 

.PLOT DC I(VI1) 

.END 



* This model treat polymer MISFET as combination of ordinary normally-off 

* MISFET and varistor. 

" D=l G=2 S=O 

.MODEL MPOLY PMOS VTO=O TOX=lU UO=2.8e-4 LAMBDA=0.034 

M 1 4 2 5 0 MPOLY L=lOU W=4000U 

R1 0 1 3.3E8 

.DC V1 0 -60 -2 

R2 5 0 0.2K 

R3 1 4 0.2K 

v 1  1 3 

V2 2 0 DC -20 

VIl 3 0 

.WIDTH OUT=80 

.PRINT DC I(VI1) 

.PLOT DC I(VI1) 

.END 



* This model treat polymer MISFET as combination of ordinary normally-off 

* MISFET and varistor. 

" D=l G=2 S=O 

.MODEL MPOLY PMOS VTO=O TOX=lU UO=3.2e-4 LAMBDA=0.050 

M1 4 2 5 0 MPOLY L=lOU W=4000U 

R1 0 1 3.3E8 

.DC Vl  0 -60 -2 

R2 5 0 0.2K 

R3 1 4 0.2K 

Vl  1 3 

V2 2 0 DC -10 

VI1 3 0 

.WIDTH OUT=80 

.PRINT DC I(VI1) 

.PLOT DC I(VI1) 


